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Abstract The previously proposed pcJ-n basis sets,

optimized for calculating indirect nuclear spin–spin cou-

pling constants using density functional methods, are re-

evaluated for finding the optimum contraction scheme as a

compromise between computational efficiency and mini-

mizing contraction errors. An exhaustive search is per-

formed for the H2, F2 and P2 molecules, and candidates for

optimum contraction schemes are evaluated for a larger test

set of 21 molecules. Using the criterion that the contraction

error should not exceed the basis set error relative to the

basis set limit, the optimum contraction is defined for each

basis set. The results show that it is difficult to contract

basis sets for calculating spin–spin coupling constants to

any significant degree without losing the inherent accuracy.

The work provides guidelines for searching for optimum

contraction schemes for other properties and/or at theo-

retical levels where a systematic search is impractical.
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1 Introduction

The calculation of nuclear magnetic spin–spin coupling

constants is a challenging theoretical task, as the results

depend significantly on the quality of the wave function,

the basis set, the molecular structure, as well as vibrational

and solvent effects [1–13]. We have in recent work shown

that it is possible to design basis sets that systematically

reduce the basis set error in the calculation of spin–spin

coupling constants by either density functional [14] or high

level wave function (CCSD) methods [15]. These pcJ-n

(n = 0, 1, 2, 3, 4) and ccJ-pVXZ (X = D,T,Q,5) basis sets

are derived from the corresponding pc-n [16–19] and

cc-pVXZ basis sets [20] by addition of high-exponent basis

functions to the uncontracted basis set followed by a

recontraction. The contraction was done using guidelines

from previous work, and it was found that only a small

number of basis functions could be contracted without loss

of accuracy. This leads to a relatively high computational

cost which limits the use for calculations on large systems,

and in the present work we describe a more systematic

search for the optimum contraction of the pcJ-n basis sets.

The notation for the spin–spin optimized polarization

consistent basis sets is pcJ-n, where n indicates the level of

polarization beyond the atomic system, i.e. pcJ-0 is unpo-

larized, pcJ-1 includes a single polarization function, pcJ-2

has two types of polarization functions, etc. The uncon-

tracted pcJ-n basis sets with n = 0, 1, 2, 3, 4 provide a

systematic convergence towards the basis set limiting

results, which allows a definition of the inherent error at a

given n-level as the error relative to the basis set limit. Basis

set contraction improves the computational efficiency, but

introduces additional errors as the basis set becomes less

flexible with respect to describing differences due to the

molecular environment. The inherent error at a given

n-level provides an objective measure of how strongly the

basis set can be contracted. The goal is therefore to find the

highest level of contraction where the contraction error is

less than, but comparable to the inherent basis set error, as

there is no point in reducing the contraction error to a small

value for a basis set with a large inherent error.

There are two limiting types of basis set contraction,

denoted segmented and general [21–23]. In a segmented
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contraction, each primitive basis function is only allowed

to contribute to one contracted function, while in a general

contraction, all primitive functions are allowed to con-

tribute to all contracted functions. Segmented contractions

are thus a subset of general contractions. In a segmented

contraction, the partition of the primitive functions into

contracted functions is usually defined a priori, and the

basis set exponents and contraction coefficients are nor-

mally optimized simultaneously, while in a general con-

traction the basis set exponents are optimized for the

uncontracted basis set, and kept fixed in the subsequent

contraction. The contraction coefficients for a general

contraction are normally obtained from atomic SCF coef-

ficients, but have in some cases been obtained from

molecular calculations [24–26]. The latter may improve the

performance for systems resembling the reference mole-

cule, but can potentially bias the results for a more diverse

set of systems.

The optimization function for basis sets designed to

describe properties related to the potential energy surface,

like molecular structures and vibrational frequencies, is an

atomic or molecular energy, and the contraction error can

be quantified by an energetic criterion. As the core orbitals

are relatively insensitive to the molecular environment, the

basis functions with large exponents can be contracted with

little loss of accuracy, while the functions with small

exponents describing the valence orbitals must be left

uncontracted. The optimum general contraction can thus be

decided by including more and more valence functions into

the contracted functions until the contraction error exceeds

the inherent basis set error. For basis sets designed to

describe molecular properties, the selection of contraction

strategy is less clear, since the contraction error is defined

by the molecular property. Spin–spin coupling constants

are sensitive to the description of the electronic structure

near the nucleus and contain contributions from four dif-

ferent operators, each of which have different basis set

requirements, and a sequential contraction based on the

magnitude of basis set exponents is therefore not neces-

sarily the optimum strategy. Lacking a physically moti-

vated strategy for the basis set contraction, we have in the

present work opted for a brute force search over a large

number of possible contraction schemes. For the smaller

basis sets (pcJ-0, -1 and -2) a practically exhaustive search

has been performed, and based on these results, a search

over all reasonable contraction schemes has been done for

the pcJ-3 and -4 basis sets.

The contraction error depends on the molecular system,

but an unacceptable contraction error for a single molecular

system is sufficient to disqualify the contraction scheme for

all systems. We have thus used a few systems for discarding

many unacceptable contractions schemes, and only sub-

jected a much smaller number of possible contraction

schemes to a larger variety of molecular systems. The sys-

tems used for the initial screening of contraction schemes

should have coupling constants containing significant con-

tributions from all four operators, and be small enough that

thousands of calculations, of which some employ quite large

basis set, should be feasible. We have in the present work

used the H2 (B3LYP basis set limit value = 321 Hz), F2

(B3LYP basis set limit value = 15,516 Hz) and P2 (B3LYP

basis set limit value = 354 Hz) systems, which fulfill these

criteria.

2 Computational details

The indirect spin–spin coupling constant is calculated

using Eq. 1.

J ¼ W0h jHDSO W0j i

þ
XPSO;SD;FC

k

X

n6¼0

W0h jHk Wnj i Wnh jHk W0j i
E0 � En

ð1Þ

The four operators [diamagnetic spin–orbit (HDSO),

paramagnetic spin–orbit (HPSO), spin–dipolar (HSD) and

Fermi-contact term (HFC)] are defined in Eqs. 2–5 [27].

HDSO ¼
X

i

gAgBl2
N

2c4

rt
iAriB � riBrt

iA

� �

r3
iAr3

iB

ð2Þ
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X

i
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c2
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iAriA � 3riArt

iA

� �

r5
iA

si ð4Þ

HFC ¼
X

i

8pgelBgAlN

3c2
d riAð Þsi ð5Þ

Here, riA denoted the position vector between electron i

and nucleus A, lB/N is the Bohr and nuclear magneton, ge/A

is the electron and nuclear g-factor and si is the electron

spin operator. The isotropic spin–spin coupling constant

used in the present case is defined as 1/3 of the trace of J.

All calculations have been performed with the Dalton

[28] program package using the B3LYP exchange-corre-

lation functional [29, 30], as this has been one of the more

successful for predicting NMR properties [31, 32]. The

GIAO technique has been employed to ensure gauge

independence of the calculated results [33–36].

We have only considered contraction of the s- and p-

functions, while polarization functions are left uncon-

tracted. The contraction has been done using atomic SCF

coefficients calculated with the B3LYP functional, and all

exponents are kept fixed at their optimized value for the

uncontracted basis sets. In the analysis phase for deciding

the optimum contraction, we have used a measure of the
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contraction error defined as the sum of the absolute errors

for each of the four contributions to improve the robust-

ness, as this prevents artificial low contraction errors aris-

ing from random error cancellations. For the final quality

analysis, we have used both the (unsigned) error in the total

spin–spin coupling constants, as well as the sum of abso-

lute values for each of the four contributions. The basis set

limit has been taken as the results with the uncontracted

pcJ-4 basis set.

3 Results and discussion

We will employ the following notation in the present

paper. Contractions are classified according to the number

of contracted functions as 1-contracted, 2-contracted and 3-

contracted. The number of primitive functions in each

contracted function is indicated in parentheses, i.e.

(n,1,1,1,…) for a 1-contraction having n primitive basis

functions in the contracted function, (n,m,1,1,…) for a 2-

contraction having n and m primitive basis functions in the

two contracted functions and (n,m,k,1,…) for a 3-contrac-

tion having n, m and k primitive basis functions in the three

contracted functions. For a segmented 2-contraction, the

sum of n and m must equal the number of primitive

functions contracted ðnþ m ¼ Nc
primÞ, with the first con-

tracted function containing the primitive functions 1 to n,

and the second contracted function including the primitive

functions n ? 1 to n ? m and similarly for a 3-contraction.

For a general 2-contraction, both n and m can vary between

2 and Nc
prim with the restriction that nþ m�Nc

prim, and

simply denoting the number of primitive functions in each

contracted function is not a unique classification. We will

use the notation (n,m,1,1,…) [nstart, mstart] to indicate a

contraction where the nstart to nstart ? n primitive functions

contribute to the first contracted function, while the mstart to

mstart ? m primitive functions contribute to the second

contracted function and similarly for a 3-contraction. In

order to facilitate the discussion, the first contracted func-

tion is taken to always include the innermost primitive

function, i.e. nstart is always 1. This is not a restriction of

the possible contraction schemes, but merely allows for an

easier organization of the results. The next section will

illustrate the notation for a specific example.

3.1 The F2 molecule, contraction of the p-functions

It is generally found that the contraction of the s- and p-

function space is virtually independent and can be con-

sidered separately. A search over possible contractions for

a given primitive basis set is a combinatorial problem that

is perhaps best illustrated by an example. The uncontracted

pcJ-1 basis set for F is 9s5p2d in composition compared to

7s4p1d for the pc-1 basis set. The s- and p-functions for the

latter were contracted to 3s2p based on the performance for

molecular structures and energies, where it was found that

the outer s- and p-function must be left uncontracted [16,

17]. The maximum contraction for the five p-functions in

the pcJ-1 basis set is thus to two functions, where the inner

four functions are contracted to one function, and the

outermost function is left uncontracted. For the F2 mole-

cule, this leads to a contraction error for the spin–spin

coupling constant of 340 Hz which is unacceptably large

compared to the inherent basis set error of 87 Hz.

While the contraction to two p-functions is unique when

the outermost function is left uncontracted, the contraction

to three functions can be done in six different ways, as

illustrated in Fig. 1. The first three corresponds to seg-

mented contractions denoted (3,1,1), (2,2,1) and (1,3,1),

while the latter three are general contractions denoted

(3,3,1) [1,2], (3,2,1) [1,3] and (2,3,1) [1,2]. Note that these

are the only unique contractions, as the primitive functions

of a contracted function cannot be a subset of the primitive

functions of another contracted function when only a single

set of contraction coefficients is available (2p SCF coeffi-

cients). A general contraction corresponding to (3,4,1)

[1,1], for example, is equivalent to a segmented (3,1,1)

contraction, since the inner three functions of the second

contracted function can be removed by a simple linear

transformation [37]. The six possible contractions to three

p-functions illustrated in Fig. 1 have contraction errors of

Fig. 1 Illustrating six different contractions of five primitive

functions to three contracted functions. Solid squares indicate basis

functions in the first contracted function, open squares indicate basis

functions in the second contracted function, while open circles
indicate the third (uncontracted) function. Lines between the symbols
indicate that the ratio between these functions is fixed by the

contraction coefficients
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84, 167, 310, 1,574, 5,142 and 1,090 Hz, respectively.

While the contraction error of 84 Hz for the (3,1,1) con-

traction is just below the inherent error of 87 Hz, it is still

unacceptably large since the s-functions will contribute a

similar contraction error.

There are five possible contractions of five p-functions

to four functions, three segmented contractions denoted

(2,1,1,1), (1,2,1,1) and (1,1,2,1) and two general contrac-

tions denoted (2,2,1,1,1) [1,2] and (1,2,2,1,1) [2,3]. The

corresponding contraction errors are 4, 62, 169, 1,302 and

3,740 Hz, respectively, where the lowest value of 4 Hz is

well below the inherent error of 87 Hz. The maximum

contraction of the five p-functions in the pcJ-1 basis set is

thus to four functions, and the optimum contraction cor-

responds to a segmented (2,1,1,1) contraction.

While the number of segmented contractions for a given

combination of primitive and contracted functions is rela-

tively small, the number of general contractions increases

rapidly with the number of primitive functions. For the

smaller basis sets, where a complete search is possible, we

observe that combinations where high exponent primitive

functions are left uncontracted, while smaller exponent

functions are contracted, always have larger contraction

errors than combinations where all the uncontracted func-

tions are the outermost primitive functions. In the above

example, the (3,1,1) and (2,2,1) combinations have lower

contraction errors than the (1,3,1) combination, the seg-

mented (2,1,1,1) contraction is better than (1,2,1,1) and

(1,1,2,1), and the general (2,2,1,1,1) [1,2] contraction is

better than (1,2,2,1,1) [2,3]. This is in line with normal

principles for basis set contraction, but as mentioned in the

introduction, it was not clear from the onset of this work

that this strategy was also optimum for molecular proper-

ties depending on the near-nucleus region. We view the

finding as the result of a zero-sum game: for a fixed number

of contracted functions, the uncontraction of a core basis

function dictates contraction of an inner-valence basis

function. The valence region indirectly determines the

spin–spin coupling constant by changing the electron

density near the nucleus (this is the origin of the molecular

dependence of the spin–spin coupling constant), and the

error from contracting a valence basis function always

exceeds the error from contracting a core basis function. In

order to reduce the number of possible contractions, we

have thus limited the search to combinations where

uncontracted functions always are taken as the outermost

primitive functions.

Using these principles for the p-functions for all the pcJ-n

basis sets gives the results shown in Table 1. The inherent

error for each basis set is given both as the error in the total

J-value and as the sum of the absolute errors for each of the

four contributions. For the pcJ-0 basis set, the two values

are 185 and 1,647 Hz, showing that significant error can-

cellation occurs in the total J-value. It is in all cases

observed that segmented contractions give a lower error

than general contractions. Using the criterion that the

contraction error must be below or comparable to the

inherent error, gives the recommended contractions levels

indicated in bold. For the pcJ-3 basis set, a contraction to

6p is suitable for F2, but a 7p contraction is required for

Table 1 Contraction errors (sum of absolute errors for the four contributions in Hz) for 1- and 2-contractions of p-functions of the pcJ-n (n = 0,

1, 2, 3, 4) basis sets for the F2 molecule

Basis set (Nprimitive) [Inherent error]

{Inherent absolute error}

Contraction 1-Contracted 2-Contracted

Segmented (n,1,1,…) Segmented (n,m,1,…) General (n,m,1,…) [nstart,mstart]

pcJ-0 (4p) [185] {1,647} 2p 390 (3,1) – –

3p 9.1 (2,1,1) – 2,929 (2,2,1) [1,2]

pcJ-1 (5p) [87] {387} 3p 84 (3,1,1) 167 (2,2,1) 1,090 (2,3,1) [1,2]

4p 3.6 (2,1,1,1) – 1,382 (2,2,1) [1,2]

pcJ-2 (7p) [4.7] {28.1} 4p 42 (4,1,1,1) 25 (3,2,1,1) 117 (2,4,1,1) [1,2]

5p 6.1 (3,1,1,…) 16.5 (2,2,1,…) 189 (2,3,1,…) [1,2]

6p 0.4 (2,1,1,…) – 218 (2,2,1,…) [1,2]

pcJ-3 (10p) [21.3] {21.3} 5p 37.1 (6,1,1,…) 6.6 (5,2,1,…) 16.8 (6,6,1,…) [1,2]

6p 9.3 (5,1,1,…) 6.5 (4,2,1,…) 13.0 (2,5,1,…) [1,2]

7p 2.0 (4,1,1,…) 0.8 (3,2,1,…) 15.0 (2,4,1,…) [1,2]

pcJ-4 (12p) 7p 7.8 (6,1,1,…) 4.1 (5,2,1,…) 5.4 (6,6,1,…) [1,2]

8p 0.53 (5,1,1,…) 0.74 (4,2,1,…) 5.6 (2,5,1,…) [1,2]

9p 0.18 (4,1,1,…) 0.13 (3,2,1,…) 4.4 (2,4,1,…) [1,2]

Only the combinations with lowest errors are shown. The recommended contractions are given in bold

The inherent error in brackets is the error relative to the uncontracted pcJ-4 result for the total spin–spin coupling constant. The inherent error in

curly brackets is the sum of the absolute errors of the four components to the spin–spin coupling constant relative to the uncontracted pcJ-4 result
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other systems (Sect. 3.5). Both 8p and 9p contractions can

be considered for the pcJ-4 basis set, but since the com-

putational cost will be dominated by the multiple polari-

zation functions (7d4f2g1h), the savings from a 8p

contraction will be marginal compared to 9p. Since the pcJ-

4 basis set is aimed at establishing basis set limiting results,

we recommend the 9p contraction.

3.2 The F2 molecule, contraction of the s-functions

The contraction of the s-functions follows the same prin-

ciples as illustrated for the p-functions above, except that

there now are two sets of contraction coefficients available

(1s and 2s SCF coefficients). Contraction of the nine s-

functions of the pcJ-1 basis set to four functions or less

gave unacceptable large contraction errors ([173 Hz), and

the search for an optimum contraction scheme is illustrated

below for the contraction to five s-functions.

The simplest contraction scheme to five s-functions

consists of one contracted function with five primitive

functions, leaving the outermost four functions uncon-

tracted, i.e. (5,1,1,1,1). There are two such 1-contracted

functions, where either the 1s or 2s SCF coefficients are

used for the contraction, with the associated contraction

errors of 33.7 and 40.3 Hz shown in Table 2. It is perhaps

slightly surprising that contraction with the 2s-coefficients

gives almost the same result as contraction with the 1s-

coefficients. This reflects that the (5,1,1,1,1) contraction

only contracts primitive functions with large exponents

([100 for F) and that the two sets of coefficients are nearly

linear dependent in the region close to the nucleus, but

differ of course in the valence region.

At the 2-contraction level, the contraction is denoted

(n,m,1,1,1), when n and m indicate the number of primitive

functions (from 2 to 6) contracted with either 1s or 2s SCF

coefficients. If only one set of coefficients are used for both

contracted functions (1s,1s or 2s,2s), there are 13 unique

combinations, of which three are of the segmented type

while ten are of the general type. If both sets of contraction

coefficients are used, there are 32 different contraction

schemes when the innermost function always is contracted

with the 1s coefficients (1s,2s), of which three are of the

segmented type and 29 are of the general type. A further 31

contractions (one is redundant) can be generated if the

innermost functions always are contracted with the 2s

coefficients (2s,1s). There are thus a total of 89 possible

ways for contracting nine primitive functions to five con-

tracted functions when the outermost three functions are

left uncontracted.

The 2-contracted combinations with the smallest con-

traction errors are shown in Table 2. The segmented con-

traction corresponding to (4,2,1,1,1) gives a lower error

than (3,3,1,1,1) and (2,4,1,1,1), in agreement with usual

principles for basis set contraction. The use of only 1s-

coefficients for both contracted functions in the (4,2,1,1,1)

combination gives a lower contraction error (28.8 Hz) than

any combination involving 2s-coefficients (88.4, 31.6,

89.5 Hz). The best general contraction using 1s-coeffi-

cients for both functions is a (4,5,1,1,1) [1,2] contraction

with an error of 43.8 Hz, while the use of 2s-coefficients

for both functions gives a slightly larger contraction error

(55.6 Hz). Significantly lower contraction errors are found

when the two functions are contracted using different set of

coefficients, i.e. 7.9 Hz for the (6,4,1,1,1) [1,2] contraction

using (1s,2s) coefficients, and 6.8 Hz for the (6,3,1,1,1)

[1,3] contraction using (2s,1s) coefficients. It is again

slightly surprising that the use of 2s-coefficient for con-

tracting the innermost primitive functions gives a slightly

Table 2 Contraction errors (sum of absolute errors for the four contributions in Hz) for 1-, 2- and 3-contractions of nine primitive s-functions to

five contracted functions for the pcJ-1 basis set for the F2 molecule

Contraction

level

Contraction

type

1s-coefficients 1s- and 2s-coefficients 2s-coefficients

(1s) (1s,1s)

(1s,1s,1s)

(1s,2s)

(1s,1s,2s)

(2s,1s)

(1s,2s,2s)

(2s,1s,2s) (2s) (2s,2s)

(2s,2s,2s)

1-Contraction Segmented

(n,1,1,1,1)

33.7 (5,1,1,1,1) 40.3 (5,1,1,1,1)

2-Contraction Segmented

(n,m,1,1,1)

28.8 (4,2,1,1,1) 88.4 (4,2,1,1,1) 31.6 (4,2,1,1,1) 89.5 (4,2,1,1,1)

General (n,m,1,1,1)

[nstart,mstart]

43.8 (4,5,1,1,1) [1,2] 7.9 (6,4,1,1,1) [1,2] 6.8 (6,3,1,1,1) [1,3] 55.6 (5,5,1,1,1)

[1,2]

3-Contraction Segmented (n,m,k,1,1) 284 (2,3,2,1,1) 425 (2,3,2,1,1) 416 (2,3,2,1,1) 425 (2,3,2,1,1) 416 (2,3,2,1,1)

General (n,m,k,1,1)

[nstart,mstart,kstart]

81.7 (3,5,4,1,1)

[1,2,4]

2.1 (6,2,7,1,1)

[1,6,1]

6.1 (6,5,2,1,1)

[1,1,6]

0.9 (6,5,6,1,1)

[1,2,2]

32.9 (5,5,5,1,1)

[1,2,3]

Only the combinations with lowest errors are shown
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smaller error than using the 1s-coefficients, although for

practical purposes, the difference is not significant.

At the 3-contraction level, the contraction is denoted

(n,m,k,1,1), where n, m and k can have values from 2 to 7,

and each containing either 1s or 2s SCF coefficients. If the

1s-coefficients are used for all three contracted functions,

there are 73 combinations of which three are segmented

and 70 are of the general contracted type. Using also the

2s-coefficients, and exploring the combinations (1s,1s,2s),

(1s,2s,2s), (2s,1s,2s) and (2s,2s,2s) increases the total

number of combinations to 1,554. We have performed a

complete search over all these combinations and those with

the lowest contraction errors are shown in Table 2.

The best segmented 3-contraction is a (2,3,2,1,1) com-

bination, which gives a contraction error of 284 Hz when

using only 1s-coefficients, but significantly larger errors

when the 2s-coefficents are included (416–425 Hz). Gen-

eral contractions using only one set of coefficients (1s,1s,1s

or 2s,2s,2s) have contraction errors (81.7 and 32.9 Hz) that

are significantly larger than those using mixed combina-

tions (1s,1s,2s, 1s,2s,2s or 2s,1s,2s) (2.1, 6.1 and 0.9 Hz).

For deciding the optimum contraction scheme, it is

important that the contraction is robust, i.e. low contraction

errors that are due to fortuitous error cancellations for the

target system(s) should be discarded. The best 3-contrac-

tion with the (1s,1s,2s) coefficient combination is

(6,2,7,1,1) [1,6,1] with a contraction error of 2.1 Hz, where

the first two contracted functions have only a single

primitive function in common. Removing this function

overlap to give a (5,2) segmented contraction increases the

error to 79.5 Hz, showing that the (6,2,7,1,1) [1,6,1] con-

traction is not robust. Similar analyses suggest that 3-

contractions in general do not offer an improvement over

2-contractions, as 3-contraction combinations with lower

errors than 2-contractions are not robust. The optimum

choice for a contraction of nine s-functions to five con-

tracted functions is thus either a segmented or general 2-

contraction, which have contraction errors (28.8, 7.9 and

6.8 Hz) well below the inherent error of 87 Hz. The final

choice between a segmented or general contraction will be

discussed in the following.

We have performed analogous complete searches for the

pcJ-0, pcJ-1 and pcJ-2 basis sets with all 1-, 2- and 3-

contractions to between three and seven contracted func-

tions. For the larger pcJ-3 and pcJ-4 basis sets the number

of possible contractions increases rapidly, especially at the

3-contraction level. For the pcJ-3 basis set, for example,

the contraction of 16 primitive s-functions to seven con-

tracted functions can be done in 339 different ways at the

2-contraction level, and *18,000 different ways at the 3-

contraction level. In order to limit the search space, we

have restricted the number of combinations based on the

analysis for the pcJ-0, pcJ-1 and pcJ-2 basis sets. As

mentioned earlier, general 3-contractions that produce

lower errors than 2-contractions are not robust, and we

have therefore only considered segmented 3-contractions,

in addition to segmented and general 2-contractions. The

number of segmented 2-contractions is small, and we have

considered both (1s,1s) or (1s,2s) combinations of con-

traction coefficients, while only the latter has been used for

general 2-contractions. As shown in Table 2, the general 2-

contractions using either (1s,1s) or (2s,2s) coefficients have

significantly larger errors than (1s,2s) and (2s,1s). The

latter two give very similar errors for the optimum con-

tractions, and we have selected the (1s,2s) combination

based on physical arguments, i.e. the innermost primitive

functions are always contracted using the 1s-coefficients.

For the segmented 3-contractions we have considered

the (1s,1s,1s), (1s,1s,2s) and (1s,2s,2s) coefficient

combinations.

Table 3 shows the lowest contraction errors for the F2

molecule for each of the pcJ-n (n = 0,1,2,3,4) basis sets as

a function of number of contracted functions. The optimum

contraction for the pcJ-0 basis set is to four s-functions,

with either a segmented (4,1,1,1) or general (5,3,1,1) [1,2]

contraction with errors of 118 and 66 Hz, respectively. The

optimum contraction for the pcJ-1 basis set is to five s-

functions, with either a segmented (4,2,1,…) or general

(6,4,1,…) [1,2] contraction with errors of 28.8 and 7.9 Hz,

respectively, as discussed in more detail above. The opti-

mum contraction for the pcJ-2 basis set for the F2 molecule

is to six s-functions, but tests for other systems (Sect. 3.5)

showed that a contraction to seven functions is required,

where a segmented (5,2,1,…) and a general (7,2,1,…) [1,4]

contraction have errors of 7.6 and 3.0 Hz, respectively. A

contraction to seven s-functions for the pcJ-3 basis set

gives contraction errors of *1 Hz, but tests for other

systems (Sect. 3.5) showed that a contraction to nine

functions is required to sufficiently reduce the contraction

errors. Both 9s-, 10s- and 11s- contractions for the pcJ-4

basis set can be considered based on contraction errors, and

we recommend the 11s-contraction since the pcJ-4 is

designed to produce high accuracy results and the com-

putational savings by stronger contractions will be

marginal.

Table 3 shows only the contractions with the lowest

errors at a given contraction level and type, but there are in

many cases several other contractions with almost the same

error, and the exact combination that produces the lowest

error will depend on the specific system. By analyzing the

results for all the general 2-contractions, it is found that a

close to optimum contraction can be located by starting

from a fully contracted basis set ðNc
prim;N

c
prim; 1; 1; . . .Þ,

and uncontracting the first function from the outermost

primitives in combination with uncontracting the sec-

ond function from the innermost primitives, until the
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contraction error reached a minimum. This procedure sig-

nificantly reduces the number of possible contraction

schemes to be considered.

Considering only the segmented contractions in Table 3,

the optimum contraction moves from 1-contraction for the

smallest basis set towards 3-contraction for the largest

basis set. For the pcJ-0 basis set, the (4,1,1,1) contraction is

better than (3,2,1,1), for the pcJ-1 basis set the (4,2,1,…)

contraction is slightly better than (5,1,1,…), while for the

pcJ-2 basis set the (5,2,1,1,…) contraction is significantly

better than (6,1,1,1,…) and (3,3,2,1,…), the latter being

the best 3-contraction. For the pcJ-3 basis set, the 2-con-

traction (9,2,1,1,…) is better than the 3-contraction

(6,4,2,1,…) when contracted to seven s-functions, while

the (5,4,2,1,…) 3-contraction is marginally better than

the (6,4,1,1,…) 2-contraction for a contraction to eight

s-functions. For the contraction of the pcJ-4 basis set to

nine s-functions, the 3-contraction (7,4,2,1,…) is margin-

ally better than the 2-contraction (10,2,1,1,…). For the

contraction to 10s-functions, a (5,5,2,1,…) 3-contraction is

somewhat better than a (7,4,1,1,…) 2-contraction, but the

former contains a fortuitous error cancellation, as the cor-

responding (5,4,2,1,…) contraction to 11s-functions has a

larger error.

When comparing the contraction errors for the best

segmented and best general contraction in Table 3, the

latter always has the lowest error, but the differences are

small. For the pcJ-2 basis set contracted to seven s-func-

tions, for example, the contraction error for the best seg-

mented contraction is 7.6 Hz, compared to 3.0 Hz for the

best general contraction. This difference is insignificant

compared to the (absolute) inherent error of 28.1 Hz. For

the smaller pcJ-1 and pcJ-0 basis sets, the difference

between the optimum segmented and general contraction is

larger, but still well below the inherent error. There does

not appear to be any systematic trend in the composition of

the best general contracted function, and the slightly

smaller contraction errors are therefore likely due to for-

tuitous error cancellation. Opting in favor of simplicity, we

thus recommend the segmented contractions indicated in

bold in Table 3.

Table 4 shows the contraction errors for the combined

contraction of the s- and p-functions in Tables 1 and 3,

and compares the errors to those from the previously

recommended contractions where only 1-contractions

were considered [14]. The improvements in terms of

contraction errors and number of contracted functions are

small.

Table 3 Contraction errors (sum of absolute errors for the four contributions in Hz) for 1- and 2-contractions of s-functions of the pcJ-n (n = 0,

1, 2, 3, 4) basis sets for the F2 molecule

Basis set (Nprimitive) [Inherent error]

{Inherent absolute error}

Contraction 1-Contracted 2-Contracted 3-Contracted

Segmented

(n,1,1,1,…)

Segmented

(n,m,1,1,…)

General (n,m,1,1,…)

[nstart,mstart]

Segmented

(n,m,k,1,…)

pcJ-0 (7s) [185] {1,647} 3s 984 (5,1,1) 531 (4,2,1) 186 (6,3,1) [1,4]

4s 118 (4,1,1,1) 169 (3,2,1,1) 66 (5,3,1,1) [1,2]

5s 49.4 (3,1,1,1,1) – 21.9 (3,3,1,1,1) [1,2]

pcJ-1 (9s) [87] {387} 4s 351 (6,1,1,1) 215 (5,2,1,1) 173 (7,2,1,1) [1,6] 2388 (2,4,2,1)

5s 33.7 (5,1,1,1,1) 28.8 (4,2,1,1,1) 7.9 (6,4,1,1,1) [1,2] 284 (2,3,2,1,1)

6s 23.2 (4,1,1,1,1,1) 5.8 (3,2,1,1,1,1) 1.7 (5,2,1,1,1,1) [1,4] 26.7 (2,2,2,1,1,1)

pcJ-2 (12s) [4.7] {28.1} 5s 320 (8,1,1,1,1) 135 (7,2,1,1,1) 60.1 (9,5,1,1,1) [1,3] 195 (6,2,2,1,1)

6s 32.4 (7,1,1,…) 10.4 (5,3,1,…) 9.2 (8,7,1,…) [1,1] 47.8 (3,4,2,…)

7s 36.4 (6,1,1,…) 7.6 (5,2,1,…) 3.0 (7,2,1,1…) [1,4] 14.1 (3,3,2,…)

pcJ-3 (16s) [21.3] {21.3} 6s 150 (11,1,1,…) 27.0 (9,3,1,…) 10.8 (12,5,1,…) [1,6]

7s 50.8 (10,1,1,…) 1.5 (9,2,1,…) 1.0 (11,2,1,…) [1,10] 15.2 (6,4,2,…)

8s 8.5 (9,1,1,…) 2.6 (6,4,1,…) 0.36 (10,3,1,…) [1,5] 1.1 (5,4,2,…)

9s 4.5 (8,1,1,…) 0.89 (6,3,1,…) 0.76 (6,8,1,…) [1,2] 0.37 (5,3,2,…)

pcJ-4 (19s) 8s 35.8 (12,1,1,…) 4.8 (11,2,1,…) 4.1 (13,6,1,…) [1,5] 14.0 (6,5,3,…)

9s 24.1 (11,1,1,…) 1.8 (10,2,1,…) 0.33 (12,10,1,…) [1,1] 0.76 (7,4,2,…)

10s 16.3 (10,1,1,…) 1.1 (7,4,1,…) 0.28 (11,7,1,…) [1,4] 0.21 (5,5,2,…)

11s 12.7 (9,1,1,…) 0.57 (6,4,1,…) 0.39 (7,8,1,…) [1,3] 0.83 (5,4,2,…)

Only the combinations with lowest errors are shown. The recommended contractions are given in bold

The inherent error in brackets is the error relative to the uncontracted pcJ-4 result for the total spin–spin coupling constant. The inherent error in

curly brackets is the sum of the absolute errors of the four components to the spin–spin coupling constant relative to the uncontracted pcJ-4 result
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3.3 The P2 molecule, contraction of the p-functions

The contraction strategy for second row systems like P2

follows the guidelines discussed for F2 in the previous

section. The contraction of the p-functions using 2p and 3p

SCF coefficients is analogous to the contraction of

s-functions for F2, with the results shown in Table 5. For

the pcJ-1 the inherent error in the total J-value is relatively

low, although the sum of absolute errors shows that this is

partly due to error cancellations, and 5p is the highest

contraction level which produces acceptable contraction

errors. For the pcJ-0 and pcJ-2 basis sets, the contraction

errors suggest that the highest contraction level is 3p and

5p, respectively. We feel, however, that there should be a

smooth progression in the overall quality of the pcJ-n basis

sets as a function of n, and therefore suggest contractions to

4p and 6p, respectively, instead. For the pcJ-3 basis set, a

contraction to either a 6p or 7p produces acceptable errors

for the P2 system, and based on the progression argument,

we have chosen the 7p contraction. The pcJ-4 basis set is

designed to provide high accuracy, and 9p is the maximum

contraction that has acceptable errors. At the chosen con-

traction levels, there is little difference in performance

between a segmented and general contraction and we rec-

ommend the segmented contractions given in bold.

3.4 The P2 molecule, contraction of the s-functions

A contraction of the s-functions for P2 can employ infor-

mation from the 1s, 2s and 3s SCF coefficients, and

Table 4 Contraction errors for the total J-value, with the sum of the absolute errors for each of the four contributions given in curly brackets

(Hz) for recommended contractions of the pcJ-n (n = 0, 1, 2, 3, 4) basis sets for the F2 molecule

Basis set (Nprimitive) [Inherent error]

{Inherent absolute error}

Primitive Previous contraction [14] Contraction error New contraction Contraction error

pcJ-0 [185] {1,647} 7s4p 4s3p (4,1/2,1) 123 {123} 4s3p (4,1/2,1) 123 {123}

pcJ-1 [87] {387} 9s5p 5s4p (5,1/2,1) 34.2 {36.7} 5s4p (4,2/2,1) 16.5 {28.4}

pcJ-2 [4.7] {28.1} 12s7p 7s5p (6,1/3,1) 38.1 {42.3} 7s5p (5,2/3,1) 8.0 {13.0}

pcJ-3 [21.3] {21.3} 16s10p 10s8p (7,1/3,1) 4.9 {5.2} 9s7p (6,3/3,2) 1.0 {1.5}

pcJ-4 19s12p 15s10p (5,1/3,1) 3.1 {3.2} 11s9p (6,4/3,2) 0.48 {0.69}

The inherent error in brackets is the error relative to the uncontracted pcJ-4 result for the total spin–spin coupling constant. The inherent error in

curly brackets is sum of the absolute errors of the four components to the spin–spin coupling constant relative to the uncontracted pcJ-4 result

Table 5 Contraction errors (sum of absolute errors for the four contributions in Hz) for 1- and 2-contractions of p-functions of the pcJ-n (n = 0,

1, 2, 3, 4) basis sets for the P2 molecule

Basis set (Nprimitive)

[Inherent error]

{Inherent absolute error}

Contraction 1-Contracted 2-Contracted 3-Contracted

Segmented

(n,1,1,1,…)

Segmented

(n,m,1,1,…)

General (n,m,1,1,…)

[nstart,mstart]

Segmented

(n,m,k,1,…)

pcJ-0 (7p) [739] {739} 3p 17.9 (5,1,1) 245 (4,2,1) 22.2 (6,6,1) [1,1] 121 (2,3,2)

4p 38.7 (4,1,1,1) 15.9 (3,2,1,1) 3.4 (4,5,1,1) [1,1] 9,998 (2,2,2,1)

pcJ-1 (9p) [7.2] {81.9} 4p 60.6 (6,1,1,1) 36.3 (5,2,1,1) 15.3 (7,7,1,1) [1,1] 69.6 (4,2,2,1)

5p 13.2 (5,1,1,1,1) 4.5 (4,2,1,1,1) 3.2 (5,6,1,1,1) [1,1] 39.6 (3,2,2,1,1)

pcJ-2 (11p) [17.8] {56.5} 4p 44.2 (8,1,1,1) 32.2 (7,2,1,1) 34.1 (9,9,1,1,1) [1,1]

5p 45.8 (7,1,1,1,1) 6.8 (5,3,1,1,1) 1.9 (6,8,1,1,1) [1,1] 51.1 (5,2,2,1,1)

6p 16.6 (6,1,1,1,…) 2.3 (4,3,1,1,…) 0.69 (5,7,1,1,…) [1,1] 2.1 (2,4,2,1,…)

pcJ-3 (14p) [9.7] {9.7} 5p 12.9 (10,1,1,1,…) 65.2 (9,2,1,1,…) 21.5 (11,11,1,1,…) [1,1]

6p 38.4 (9,1,1,1,…) 3.6 (7,3,1,1,…) 1.9 (7,10,1,1,…) [1,1] 16.6 (7,2,2,1,…)

7p 21.9 (8,1,1,1,…) 1.5 (6,3,1,1,…) 0.68 (9,8,1,1,…) [1,2] 2.0 (5,3,2,1,…)

pcJ-4 (17p) 7p 38.1 (11,1,1,1,…) 4.8 (8,4,1,1,…) 0.80 (10,9,1,1,…) [1,4] 19.2 (9,2,2,1,…)

8p 23.7 (10,1,1,1,…) 1.2 (7,4,1,1,…) 0.18 (11,9,1,1,…) [1,3] 1.5 (7,3,2,1,…)

9p 8.6 (9,1,1,1,…) 0.63 (6,4,1,1,…) 0.08 (10,8,1,1,…) [1,3] 0.34 (5,3,3,1,…)

Only the combinations with lowest errors are shown. The recommended contractions are given in bold

The inherent error in brackets is the error relative to the uncontracted pcJ-4 result for the total spin–spin coupling constant. The inherent error in

curly brackets is sum of the absolute errors of the four components to the spin–spin coupling constant relative to the uncontracted pcJ-4 result
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(general) 3-contractions may now offer a real improvement

over (general) 2-contractions. A complete search over all

possible general 3-contractions is a significant effort, as

even the smaller pcJ basis sets contain a fair number of

primitive functions. We have limited the search over 2-

contractions to combinations employing both 1-s and 2-s

coefficients, as this was found to provide the lowest con-

traction errors for F2, and over 3-contractions to combi-

nations where each of the three functions are contracted

using different sets of coefficients (1s,2s,3s). Within these

limitations, we have furthermore only searched 3-contrac-

tions where the first function was sequentially uncontracted

from the outermost primitive functions, the third function

was sequentially uncontracted from the innermost primi-

tive functions, while both inward and outward uncontrac-

tion was used for the second function relative to a fully

contracted basis set ðNc
prim;N

c
prim; Nc

prim; 1; . . .Þ. The inner

uncontraction for the third function was required to be at

least the same as for the second function. The pcJ-3 basis

set contains 19 primitive s-functions, and even with the

aforementioned restrictions on the contractions, there are

*9000 possible combinations for contracting to seven s-

functions, and *7000 combinations for contracting to

eight s-functions. We have not attempted searching for the

best general 3-contraction for the pcJ-4 basis set due to an

even larger number of possible combinations, and limited

the search to segmented 3-contractions.

The best 2- and 3-contractions for a given number of

contracted functions and contraction type are shown in

Table 6. 1-contractions were found to produce significantly

larger contractions errors and are not reported. Considering

the data in Table 6, we note that the error reduction upon

going from a general 2-contraction to a 3-contraction is

only significant for the most contracted forms (4s and 5s)

of the pcJ-0 and pcJ-1 basis sets. As discussed earlier, the

large number of possible 3-contractions offers rich oppor-

tunities for random error cancellations when applied to a

single system, and analysis of contractions similar to the

optimum combinations in Table 6 suggest these results are

due to fortuitous error cancellations. There are therefore no

indications that 3-contractions offer a real improvement

over 2-contractions.

The pattern for the segmented contractions follows the

results for F2. For the smaller pcJ-0, pcJ-1 and pcJ-2 basis sets,

a 2-contraction is better than a 3-contraction for the recom-

mended contractions (five, six and seven s-functions,

respectively). Note that the best segmented 3-contraction for

the pcJ-2 basis set corresponds to a (2,3,6,1,…) partitioning,

while a (5,4,2,1,…) combination has a somewhat higher error

(26.2 Hz). Combinations where the outer contracted func-

tion(s) contain more primitive functions than the inner con-

tracted function(s), are considered to be artifacts resulting

from random error cancellations. For the pcJ-3 and pcJ-4 basis

sets the 2- and 3-contractions have very similar errors.

Table 6 Contraction errors (sum of absolute errors for the four contributions in Hz) for 1- and 2-contractions of s-functions of the pcJ-n (n = 0,

1, 2, 3, 4) basis sets for the P2 molecule

Basis set (Nprimitive)

[Inherent error]

{Inherent absolute error}

Contraction 2-Contracted 3-Contracted

Segmented

(n,m,1,1,…)

General (n,m,1,1,…)

[nstart,mstart]

Segmented

(n,m,k,1,…)

General (n,m,k,1,…)

[nstart,mstart,kstart]

pcJ-0 (10s) [739] {739} 4s 482 (5,3,1,1) 287 (8,8,1,1) [1,1] 36.8 (2,4,3,1) 3.5 (9,5,7,1) [1,3,3]

5s 30.4 (4,3,1,1) 2.2 (6,7,1,1) [1,1] 50.4 (4,2,2,1) 1.0 (8,4,4,1) [1,5,5]

pcJ-1 (13s) [7.2] {81.9} 5s 153 (7,3,1,1,1) 76.1 (7,6,1,1,1) [1,5] 83.1 (7,2,2,1,1) 6.9 (9,7,4,1) [1,3,8]

6s 13.0 (5,4,1,1,…) 2.5 (8,9,1,1,…) [1,1] 67.2 (6,2,2,1,…) 1.0 (10,6,4,1,…) [1,1,7]

pcJ-2 (15s) [17.8] {56.5} 6s 27.0 (5,6,1,1,…) 3.7 (11,8,1,1,…) [1,4] 26.8 (5,5,2,1,…) 1.8 (10,8,9,1,…) [1,4,4]

7s 4.7 (7,3,1,1,…) 1.3 (8,8,1,1,…) [1,3] 6.7 (2,3,6,1,…) 0.22 (11,8,4,1,…) [1,4,8]

pcJ-3 (19s) [9.7] {9.7} 7s 11.1 (9,5,1,1,…) 1.3 (10,13,1,1,…) [1,2] 7.2 (9,3,3,1,…) 0.19 (13,10,2,1,…) [1,4,14]

8s 5.9 (9,4,1,1,…) 3.8 (13,10,1,1,…) [1,4] 1.1a (5,5,4,1,…) 0.31 (14,9,3,1,…) [1,3,12]

9s 2.3 (8,4,1,1,…) 0.67 (12,10,1,1,…) [1,3] 0.42 (8,3,2,1,…) 0.18 (13,2,2,1,…) [1,10,12]

pcJ-4 (22s) 8s 13.7 (11,5,1,1,…) 3.7 (12,15,1,1,…) [1,2] 7.8 (10,4,3,1,…)

9s 5.6 (10,5,1,1,…) 2.0 (15,12,1,1,…) [1,4] 3.0 (4,8,4,1,…)

10s 5.2 (10,4,1,1,…) 1.0 (4,14,1,1,…) [1,1] 0.47 (10,2,3,1,…)

11s 0.33 (9,4,1,1,…) 0.48 (7,12,1,1,…) [1,2] 0.31 (8,4,2,1,…)

Only the combinations with lowest errors are shown. The recommended contractions are given in bold

The inherent error in brackets is the error relative to the uncontracted pcJ-4 result for the total spin–spin coupling constant. The inherent error in

curly brackets is sum of the absolute errors of the four components to the spin–spin coupling constant relative to the uncontracted pcJ-4 result
a 7.5 Hz for a (9,3,2,1…) contraction
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At the contraction levels where the contraction error

becomes acceptable relative to the inherent errors, there is

little difference between the best segmented and general 2-

contractions for the pcJ-2, -3 and -4 basis sets, and we

recommend the segmented contractions indicated in bold in

Table 6. A contraction to eight s-functions for the pcJ-3

basis set is suitable for the P2 molecule, but tests for other

systems (Sect. 3.5) indicated that this basis set should not

be contracted to less than nine functions. For the smaller

pcJ-1 and -0 basis sets, a general contraction offers a real

advantage over a corresponding segmented one, and the

former are thus recommended.

Table 7 shows the contraction errors for the combined

contraction of the s- and p-functions in Tables 5 and 6, and

compares the errors to those from the previously recom-

mended contractions where only 1- and a subset of

2-contractions were considered [14]. The new contraction

schemes offer some reduction in the contraction errors for

the pcJ-1 and -2 basis sets for essentially the same number

of functions, while a small reduction in the number

of contracted functions is achieved for the pcJ-3 and -4

basis sets without significantly increasing the contraction

errors.

3.5 Other molecules

The H2 molecule was subjected to a similar analysis for

redefining the contraction for hydrogen with the results

shown in Table 8. Except for the most strongly contracted

versions of the pcJ-2 and pcJ-3 basis sets, segmented

contractions are found to have smaller contraction errors

than general contracted.

Table 7 Contraction errors for the total J-value, with the sum of the absolute errors for each of the four contributions given in curly brackets

(Hz) for recommended contractions of the pcJ-n (n = 0, 1, 2, 3, 4) basis sets for the P2 molecule

Basis set (Nprimitive) [Inherent error]

{Inherent absolute error}

Primitive Previous contraction [14] Contraction error New contraction Contraction error

pcJ-0 [739] {739} 10s7p 5s4p (6,6,1/4,1) 4.8 {42.5} 5s4p (6,7,1/3,2) 16.7 {16.7}

pcJ-1 [7.2] {81.9} 13s9p 6s5p (8,8,1/5,1) 14.4 {28.8} 6s5p (8,9,1/4,2) 0.7 {2.0}

pcJ-2 [17.8] {56.5} 15s11p 8s6p (8,8,1/6,1) 13.9 {28.3} 7s6p (7,3,1/4,3) 1.8 {4.9}

pcJ-3 [9.7] {9.7} 19s14p 11s10p (9,9,1/5,1) 1.0 {1.0} 9s7p (8,4,1/6,3) 1.9 {3.4}

pcJ-4 22s17p 16s12p (7,7,1/6,1) 0.29 {0.49} 11s9p (9,4,1/6,4) 0.40 {0.64}

The inherent error in bracket is the error relative to the uncontracted pcJ-4 result for the total spin–spin coupling constant. The inherent error in

curly brackets is sum of the absolute errors of the four components to the spin–spin coupling constant relative to the uncontracted pcJ-4 result

Table 8 Contraction errors (sum of absolute errors for the four contributions in Hz) for 1- and 2-contractions of p-functions of the pcJ-n (n = 0,

1, 2, 3, 4) basis sets for the H2 molecule

Basis set (Nprimitive) [Inherent error]

{Inherent absolute error}

Contraction 1-Contracted 2-Contracted

Segmented

(n,1,1,…)

Segmented

(n,m,1,…)

General (n,m,1,…)

[nstart,mstart]

pcJ-0 (5s) [16.1] {19.3} 3s 2.4 (3,1,1) 30.9 (2,2,1) 7.7 (2,3,1) [1,2]

4s 0.63 (2,1,1,1) – 29.5 (2,2,1,1) [1,2]

pcJ-1 (6s) [9.2] {10.1} 3s 15.0 (4,1,1) 12.5 (3,2,1) 13.2 (3,4,1) [1,2]

4s 1.7 (3,1,1,1) 1.4 (2,2,1,1) 18.5 (2,3,1,1) [1,2]

pcJ-2 (8s) [2.5] {2.5} 4s 27.6 (5,1,1,…) 6.9 (4,2,1,…) 0.65 (4,5,1,…) [1,2]

5s 1.8 (4,1,1,…) 0.18 (3,2,1,…) 1.5 (2,4,1,…) [1,2]

6s 0.09 (3,1,1,…) 0.30 (2,2,1,…) 7.7 (2,3,1,…) [1,2]

pcJ-3 (11s) [0.54] {0.54} 5s 186 (7,1,1,…) 3.0 (5,3,1,…) 0.83 (3,6,1,…) [1,3]

6s 12.8 (6,1,1,…) 0.21 (4,3,1,…) 2.4 (4,6,1,…) [1,2]

7s 8.9 (5,1,1,…) 0.40 (4,2,1,…) 0.60 (3,5,1,…) [1,2]

pcJ-4 (12p) 7s 23.5 (6,1,1,…) 1.6 (4,3,1,…) 2.7 (4,6,1,…) [1,2]

8s 2.2 (5,1,1,…) 0.05 (3,3,1,…) 0.78 (5,5,1,…) [1,2]

9s 0.33 (4,1,1,…) 0.09 (3,2,1,…) 4.3 (2,4,1,…) [1,2]

Only the combinations with lowest errors are shown. The recommended contractions are given in bold

The inherent error in brackets is the error relative to the uncontracted pcJ-4 result for the total spin–spin coupling constant. The inherent error in

curly brackets is sum of the absolute errors of the four components to the spin–spin coupling constant relative to the uncontracted pcJ-4 result
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Based on the contraction analysis for the H2, F2 and P2

systems, we have constructed analogous contractions for

the remaining first and second row elements, and tested the

performance for a larger selection of systems (H2, C2, N2,

F2, Si2, P2, Cl2, HF, CO, SiS, H2O, HCN, Cl2S, CH4, C2H2,

C2H4, C2H6, C2F2, H2CO, H2CS, H2PF) for a total of 51

unique coupling constants. As mentioned in the previous

sections, this larger test set showed that it in some cases

was necessary to slightly relax the contraction compared to

the optimum contractions derived from the F2 and P2

molecules, and these relaxed contractions are the recom-

mended contractions in Tables 1, 3, 5 and 7.

Table 9 shows the average (unsigned) contraction error

in Hz and a percentage error relative to the (unsigned)

inherent error of the uncontracted pcJ-n basis set relative to

the uncontracted pcJ-4 results. As spin–spin coupling con-

stants span a range from essentially zero to several thousand

Hz, the percentage error has been calculated as a sum of

contraction errors divided by a sum of inherent errors, rather

than as a sum of percentage errors, to avoid the percentage

error being dominated by contributions from systems with

small values of the spin–spin coupling constant.

Comparing the results in Table 9 with the contractions

in Tables 4, 7 and 8, it is seen that the new contractions

lead to slightly smaller errors for the pcJ-0, -1 and -2 basis

sets with essentially the same number of contracted basis

functions. For the pcJ-3 and -4 basis sets, the new con-

tractions lead to both fewer basis functions and lower

contractions error, but it should be recognized that the

computational cost for these basis sets will be dominated

by the large number of polarization functions.

4 Summary

We have performed a systematic search for the optimum

contraction schemes for the pcJ-n basis sets designed for

calculating spin–spin coupling constants using density

functional theory. Only modest improvements have been

made compared to the previously proposed contraction,

and given the exhaustive search in the present work, this

shows that it is difficult to contract these basis sets to any

significant degree without losing the inherent accuracy. A

similar conclusion has been reached for calculating

hyperfine coupling constants [38].

The present work provides guidelines for searching for

optimum contraction schemes at theoretical levels, like

CCSD, where a systematic search is impractical. We sug-

gest that the maximum number of general contracted

functions is the number of independent sets of contraction

coefficients. A complete search over all possible general

contractions is a combinatorial problem that rapidly

becomes unmanageably large, and is furthermore prone to

fortuitous error cancellations. A close to optimum general

contraction can be found by starting from a fully contracted

basis set, and sequentially uncontracting the inner con-

tracted function from the outermost primitive functions,

combined with an uncontraction of the innermost primitive

functions in the outer contracted function, until the con-

traction error reaches a minimum. For the present case of

spin–spin coupling constants, there is relatively little dif-

ference in performance between a segmented and general

contraction, and the difference diminished as the basis sets

become larger. For other properties, the use of general

contractions may offer a definite advantage, but this will

have to be settled on a case-by-case study.
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