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I. INTRODUCTION

It is well known that the indirect nuclear spin spin coupling constant, J , is very sensi-

tive to structural changes, which makes it a powerful tool for determining molecular struc-

tures as well as conformations. However, calculations of indirect nuclear coupling constants

are also intrinsically difficult127–130 because uncorrelated calculations at the self-consistent-

field (SCF) level are often not even qualitatively correct due to triplet-instabilities131–136,

a problem well known from semi-empirical calculations137–144. Furthermore, standard en-

ergy optimized basis sets are not flexible enough to represent the operators involved in the

calculation of indirect nuclear spin-spin coupling constants correctly145–148. Accurate cal-

culations of J require therefore correlated methods, such as the second order polarization

propagator approximation (SOPPA)134,149–155, the second order polarization propagator ap-

proximation with coupled cluster singles and doubles amplitudes - SOPPA(CCSD)134,156, the

multiconfigurational self-consistent field linear response method157, various Coupled Cluster

based methods such as EOM-CCSD158–160, CCSD161 or CC3161 or density functional the-

ory (DFT)162–167 with appropriate functionals and the use of large basis sets optimized for

coupling constants.

The need for highly correlated methods makes it necessary to employ small basis sets

optimized specially for indirect coupling constant, if one wants to study molecules with

more than a couple of atoms. Furthermore it is desirable that such basis sets can be applied

in calculations using at least some DFT functionals as well as correlated wave function

methods.

Several groups have therefore recently developed slightly different approaches to mod-

ify standard basis sets in an easy-to-implement manner in order to produce such basis

sets134,135,168–176. They are all based on the fact that the Fermi contact operator contains a

delta function and thus measures the electron density at the position of the nucleus which

is not well described by standard basis sets.

We had taken as the starting point of our development of such optimized basis sets134,135,170,177–179

the correlation consistent aug-cc-pVTZ basis sets by Dunning and co-workers180–182. The

calculations in the optimization steps were carried out at the SOPPA although the original

study was performed at the level of self-consistent-field (SCF) linear response theory134. The

final approach134,135,177 consisted of total uncontraction of the original basis sets, addition of
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four tight s functions for H, C, N, O and S as well as three additional sets of d functions for

the elements of the third row, Si and S, and removal of the most diffuse second polarization

function in the aug-cc-pVTZ basis sets. The addition of tight functions was done in an

even-tempered manner with the ratio of the two largest exponents of the original basis set.

However, these basis sets, called aug-cc-pVTZ-Juc135, are rather large basis sets, which

restricts their use to relatively small systems. One possibility for reducing the size of the basis

set in calculations would be to use locally dense basis sets, i.e. to use basis sets adequate for

coupling constant calculations only on the atoms in question136,170,172. Another possibility

is reducing the size of the basis set by contracting the occupied atomic orbital functions in

the basis set again. Earlier, Geertsen148 or Guilleme and San Fabián169 recontracted the

basis sets with the SCF molecular orbital coefficients of the molecule in question following a

segmented contraction scheme. However, this would require to generate a new basis set for

each molecule studied, which is rather inconvenient. We had thus generalized this idea and

employed the SCF molecular orbital coefficients of the simplest hydrides of each atom in

question, which lead us to the aug-cc-pVTZ-J sets135. Recently, Jensen176 presented also a

contracted version of his pcJ-n series of basis sets employing a more general search strategy.

Peralta and co-workers could show that the aug-cc-pVTZ-J basis sets perform also very

well in DFT calculations171,183 and give results in close agreement with a much larger basis

set based on the correlation consistent cc-pCV5Z basis set184. Deng et al.173 recently wrote

that it is unfortunate that the aug-cc-pVTZ-J basis sets are only available for H, C, N,

O, F and S. Furthermore, very recently it was shown185 that in DFT calculations of NMR

shielding constants the aug-cc-pVTZ-J basis sets can even give results in close agreement

with complete basis set estimates from the pcS-n62 and pcJ-n basis sets174 of Jensen. The

purposes of this paper is therefore to fill this gap and to report aug-cc-pVTZ-J basis sets

also for B, Al, P, Si and Cl.

In the papers, by Peralta et al. and Deng et al. as well as many other DFT calculations

of spin-spin couplings163–167,171,186–190 the Becke three parameter Lee-Yang-Parr (B3LYP)

hybrid functional is employed191,192. Therefore, in this work we study the convergence of the

basis sets at the SOPPA(CCSD) level and test them also with the DFT/B3LYP method.
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II. DETAILS OF THE CALCULATIONS

The theory of indirect nuclear spin-spin coupling constants and of the different response

theory methods for calculating them has extensively been described in the literature127,134,165,193,194.

Here we want to mention only that there are four contributions: the Fermi contact term (FC)

and the spin-dipolar term (SD), which come from the interaction of the nuclear magnetic

moments with the spin of the electrons as well as the orbital dia- (DSO) and paramagnetic

(PSO) contributions which are due to the interaction of the nuclear spins with the orbital

angular momentum of the electrons.

All calculations of the indirect spin spin coupling constants were performed with the 2.0

version of the Dalton program package195. Calculation were performed at the DFT/B3LYP165,191,192

and SOPPA(CCSD)134,156 level of theory.

The geometries employed in the current study are all equilibrium geometries, experimen-

tal or optimized and are taken from earlier publications: BH−

4 from ref.177, BF and AlF from

ref.196, AlH from ref.134, SiH4, SiF4, PH3, PF3, H2S and SF6 from ref.173, ClF from ref.197

and finally HCl from ref.198.

III. BASIS SET DEVELOPMENT

A. Uncontracted Basis Sets

The main aim of this work was to extend the aug-cc-pVTZ-J series of basis sets with

basis sets of the same quality and structure for the new atoms B, Al, P, Si and Cl. This

implies decontraction of the original aug-cc-pVTZ basis set, addition of four tight s-type

functions and three tight d -type functions for the third row atoms as well as removal of

the most diffuse f -type function followed by contraction with the SCF molecular orbital

coefficients. However, we have used the occasion to re-investigate the validity of this scheme

by testing also other correlation consistent basis sets as well as the addition of tight p- and

f -type functions. Results of this extended investigation are presented in Figures 1 and 2 for

two representative molecules, PH3 and SiH4, both at the SOPPA(CCSD) and DFT/B3LYP

level. Tables with the corresponding results are given as supplementary material199. We

have chosen two hydrides as test molecules in order to be able to carry out SOPPA(CCSD)

calculations with basis sets as large as the aug-cc-pV6Z basis set. In addition we have tested
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our scheme for the two fluorides SF2 and ClF but only with the aug-cc-pVTZ. Results of

this study are shown in Figures 3 and 4 and tabulated in the supplementary material199.
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FIG. 1. Convergence of the one-bond spin spin coupling constant in PH3 for aug-cc-pVXZ basis

sets by Dunning et al at SOPPA(CCSD) and B3LYP levels.

We started from the original aug-cc-pVXZ (with X = D, T, Q, 5 and 6) basis sets by

Dunning and co-workers180–182 and uncontracted them. Tight s-type functions were added

then until saturation was reached. The addition of the tight functions is done in an even-

tempered manner using the ratio of the two largest exponents of the original basis set.

Jensen174 could recently show that this is not the most cost effective way. One can obtain

results of same quality with a smaller number of extra tight functions, if one increases the
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SiH4 SOPPA(CCSD)
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FIG. 2. Convergence of the one-bond spin spin coupling constant in SiH4 for aug-cc-pVXZ basis

sets by Dunning et al at SOPPA(CCSD) and B3LYP levels.

ratio between them. However, in order to be consistent with the existing aug-cc-pVTZ-

Juc basis sets we continue with an even-tempered series. Besides, the difference becomes

irrelevant when the basis sets are contracted as in the aug-cc-pVTZ-J basis sets. Depending

on the cardinal number X different numbers of tight s-type functions were necessary: 5 for

X = D, 4 for X = T, 3 for X = Q, 2 for X = 5 and 1 for X = 6. To these basis sets we

added tight p-type functions. But for most of the systems studied in this work, with the

exception of ClF, we found no significant effect of the extra tight p-type functions. For

ClF the addition of an extra tight p-type function generates changes comparable to the
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ones introduced but the addition of the four extra tight s-type functions. In both cases

changes are within 1 Hz which is approximately 0.1% of the total. This fact does not imply

that an extra p-type function has to be included but rather that the four extra tight s-type

functions are not really necessary for this special molecule. Therefore these p-type functions

were removed and d-type functions were added instead until saturation was reached. Finally

the most diffuse f-type function was removed and tight f-type functions were added which

did not give rise to any significant change in the coupling constants as can be seen in figures

1 and 2.

The most commonly observed behavior is the one shown in figures 1 and 2. In the case of

PH3 we have not included the results of the SOPPA(CCSD) calculations with the modified

aug-cc-pV6Z basis sets, because a triplet instability or quasi-instability appeared, when the

basis set was uncontracted. The same happens also in the SOPPA(CCSD)/(aug-cc-pV5Z

+3d) and SOPPA(CCSD)/(aug-cc-pV5Z +3f) calculations. In Figures 3 and 4 we illustrate

the effect of adding additional tight functions to the aug-cc-pVTZ basis set for SF2 and

ClF. We observe a small effect ( 1%) of the additional f -type functions but only at the

SOPPA(CCSD) level.
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FIG. 3. Convergence of the one-bond spin spin coupling constant in SF2 for aug-cc-pVTZ basis

sets by Dunning et al at SOPPA(CCSD) (left axis) and B3LYP levels (right axes).

We can see from the figures that the results obtained with the ”aug-cc-pVTZ+4s+3d−diffuse

f function” basis set differ by less than 1 Hz (or 1 % for the fluorides) from the results with

7



Optimized Basis Sets for the calculation of ...

ClF SOPPA(CCSD) and B3LYP
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FIG. 4. Convergence of the one-bond spin spin coupling constant in ClF for aug-cc-pVTZ basis

sets by Dunning et al at SOPPA(CCSD) (left axis) and B3LYP levels (right axes).

the largest basis sets at the SOPPA(CCSD) level and even less at the DFT/B3LYP level.

We choose therefore this basis set as our aug-cc-pVTZ-Juc for P, Si, Al and Cl and the

”aug-cc-pVTZ+4s−diffuse f function” basis set for B. The final aug-cc-pVTZ-Juc basis sets

consist then of (15s6p3d1f) functions for B and (20s10p6d1f) functions for Al, Si, P and Cl.

The details of the basis sets, i.e. the exponents of the additional functions, have already

been reported for B (basis set II in134), and Si177,200, whereas the aug-cc-pVTZ-Juc basis

set for Al is essentially basis set II from134 but extended with three sets of tight d functions

with exponents ζd = 1.017, 3.108, 9.495. Finally, the exponents of the additional functions

for P and Cl were newly generated: four tight s functions (P: ζs = 2085336, 13920068,

92919431, 620257056, Cl: ζs = 905429579, 135645698, 20321575, 3044449) and three sets of

tight d-functions (P: ζd = 1.97, 5.94, 17.9; Cl: ζd = 29.407, 9.671, 3.180) were added and

the most diffuse set of f functions was removed. Details of the basis sets for H, S and F have

been published previously134,135,170,201,202.

B. Contraction of the Basis Sets

The converged uncontracted basis sets obtained in the previous section IIIA are still

rather large and therefore mainly useful for calculations on small molecules. A convenient
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TABLE I. One-bond spin-spin coupling constants (in Hz) obtained with the aug-cc-pVTZ-Juc and

aug-cc-pVTZ-J basis sets at the B3LYP and SOPPA(CCSD) levels: Fermi contact contribution,

total coupling constant as well as the absolute and per cent errors in the Fermi contact term and

the total coupling due to the contraction in the aug-cc-pVTZ-J basis sets.

Molec. Method aug-cc-VTZ-Juc aug-cc-VTZ-J Error (Hz) Error (%)

FC Total FC Total FC Total FC Total

BH−

4
B3LYP 87.57 88.31 87.94 88.65 0.37 0.34 0.43 0.39

SOPPA(CCSD) 74.87 75.46 75.06 75.63 0.19 0.17 0.26 0.22

AlH B3LYP 5.15 3.44 5.14 3.39 -0.01 -0.05 -0.22 -1.50

SOPPA(CCSD) 9.14 6.75 9.09 6.64 -0.05 -0.11 -0.60 -1.60

SiH4 B3LYP -212.85 -212.67 -214.36 -214.17 -1.51 -1.50 0.71 0.70

SOPPA(CCSD) -195.34 -194.98 -196.30 -195.94 -0.96 -0.96 0.49 0.49

PH3 B3LYP 160.45 165.89 162.96 168.39 2.51 2.50 1.57 1.51

SOPPA(CCSD) 177.81 181.94 179.16 183.29 1.36 1.35 0.76 0.74

H2S B3LYP 19.52 24.08 20.10 24.71 0.59 0.63 3.01 2.62

SOPPA(CCSD) 26.70 30.74 26.99 31.08 0.29 0.33 1.08 1.08

HCl B3LYP 8.34 24.53 9.17 25.46 0.83 0.94 9.89 3.82

SOPPA(CCSD) 21.99 36.89 22.37 37.38 0.38 0.49 1.72 1.33

BF B3LYP -242.56 -347.07 -244.09 -348.80 -1.53 -1.72 0.63 0.50

SOPPA(CCSD) -206.74 -301.77 -206.09 -301.48 0.65 0.29 -0.32 -0.10

AlF B3LYP -502.45 -680.41 -507.25 -685.42 -4.80 -5.01 0.96 0.74

SOPPA(CCSD) -437.31 -595.81 -441.29 -600.45 -3.98 -4.64 0.91 0.78

SiF4 B3LYP 272.09 350.96 272.68 351.50 0.59 0.54 0.22 0.15

SOPPA(CCSD) 124.23 192.54 123.32 191.38 -0.91 -1.16 -0.73 -0.60

PF3 B3LYP -1329.96 -1607.82 -1337.71 -1615.30 -7.75 -7.48 0.58 0.47

SOPPA(CCSD) -1170.22 -1390.45 -1175.92 -1396.36 -5.70 -5.91 0.49 0.43

SF6 B3LYP -299.83 -323.97 -301.41 -325.50 -1.58 -1.53 0.53 0.47

SOPPA(CCSD) -255.47 -270.08 -256.52 -271.12 -1.05 -1.04 0.41 0.39

ClF B3LYP -107.53 1013.90 -109.72 1012.71 -2.19 -1.19 2.04 -0.12

SOPPA(CCSD) -122.84 937.49 -124.29 938.42 -1.45 0.93 1.18 0.10

way of reducing their size is by contraction. The contraction scheme we use is a general-

ization of the idea of Geertsen148 and Guilleme and San Fabián169, which consists of using

the SCF molecular orbital coefficients of the simplest hydride one can form for the atom in

question135, i.e. BH, AlH, SiH4, PH3 and HCl. In preliminary calculations we have investi-

gated how much the results will change on using e.g. the molecular orbital coefficients from

the DFT/B3LYP calculation instead of the SCF calculation as contraction coefficients. How-

ever, we found that this changes the contraction coefficients by less than 10% and the most
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sensitive coupling constant by only 0.2 Hz, which is in agreement with our earlier findings135.

Also using the molecular orbital coefficients of other molecules than the smallest hydrides

did not change the contraction coefficients significantly203. The aug-cc-pVTZ-J basis sets

consist then of (15s6p3d1f) contracted to [9s5p3d1f] functions for B and (20s10p6d1f) con-

tracted to [10s7p6d1f] functions for Al, Si, P and Cl. For the contraction we used a general

contraction scheme where we included in the contraction all primitive Gaussian functions,

whose molecular orbital coefficients are only slightly changed on going from one molecule

to another. The remaining primitive basis functions were kept uncontracted. For B we

generated one contracted s- and p-type function whereas for Al - Cl two. In addition we

have successively added the most diffuse primitive functions from the contraction. The final

contraction pattern became then for B 15s →(13 1 1 1 1 1 1 1 1), 6p →(5 1 1 1 1) and for

Al - Cl 20s →(17 17 1 1 1 1 1 1 1 1), 10p →(7 7 1 1 1 1 1). Details of the basis sets are

given in the supplementary material199.

In the following we will discuss the errors introduced by this contraction and which

term is most affected by it. The Fermi contact contribution and the total coupling con-

stants obtained with the aug-cc-pVTZ-Juc and aug-cc-pVTZ-J basis sets at the B3LYP

and SOPPA(CCSD) level are shown in Table I. The absolute and percentage deviations

of the results obtained with the contracted basis set from the results obtained with the

aug-cc-pVTZ-Juc basis set are also included in the tables.

We can see that the errors in the SSCCs introduced by contraction of the aug-cc-pVTZ-

Juc basis sets are at most 1.5 Hz at the SOPPA(CCSD) level or 2.5 Hz at the B3LYP level for

the molecules studied here with the two exceptions AlH and PF3. In the latter two cases the

absolute errors are larger due to much larger coupling constants, while in percent the errors

amount to less than 1%. Comparing the SOPPA(CCSD) with the B3LYP results we observe

that, in most cases, the contraction affects the B3LYP results more. We have mentioned

earlier that employing the B3LYP Kohn-Sham orbital coefficients as contraction coefficients

instead of the Hartree-Fock molecular orbitals has a minimal effect on the coupling constants.

The explanation must therefore be sought in the intrinsic different basis set dependence of

DFT and wave function methods. With the exception of the two silicon compounds the

absolute errors are smaller for the hydride compounds, whereas in percent the errors are

typically smaller for the flourides and are always less than 1%.

Analyzing which term is most affected by the contraction, we can conclude that the FC
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TABLE II. One-bond spin-spin coupling constants (in Hz) obtained with the aug-pcJ-n series174,

the UGBS2P204,205, and the aug-cc-pVTZ-J basis sets and the Gaussian version of the B3LYP

functional.

Molecule SiH4 PH3 H2S SiF4 PF3 SF6

FC Total FC Total FC Total FC Total FC Total FC Total

aug-pcJ-0 -200.0 -199.8 91.4 95.7 -2.6 1.6 464.4 559.2 -1060.4 -1382.0 -272.2 -297.8

aug-pcJ-1 -209.2 -209.1 146.8 152.2 16.6 21.2 299.9 381.4 -1355.2 -1637.5 -294.1 -317.0

aug-pcJ-2 -214.4 -214.4 166.6 172.3 21.2 25.9 272.0 353.9 -1333.5 -1618.9 -301.2 -325.0

aug-pcJ-3 -211.6 -211.5 160.2 165.7 19.6 24.2 266.5 347.5 -1325.3 -1608.0 -299.5 -323.5

aug-pcJ-4 -211.7 -211.6 159.3 164.9 19.5 24.1 265.0 346.0 -1323.6 -1606.4 c c

UGBS2P173 -210.0 -209.9 158.4 164.0 19.3 23.9 262.4 343.1 -1312.0 -1595.0 -296.1 -320.5

aug-cc-pVTZ-J -214.5 -214.3 162.9 168.3 20.1 24.7 272.7 351.5 -1337.8 -1615.4 -301.4 -325.5

∆(UGBS2P) a) -4.5 -4.4 4.4 4.3 0.8 0.8 10.3 8.4 -25.8 -20.4 -5.3 -5.1

∆%(UGBS2P) a) 2% 2% 3% 3% 4% 4% 4% 3% 2% 1% 2% 2%

∆(aug-pcJ-4) b) -2.8 -2.7 3.5 3.4 0.6 0.6 7.7 5.5 -14.2 -9.0 -1.89 -1.98

∆%(aug-pcJ-4) b) 1% 1% 2% 2% 3% 2% 3% 2% 1% 1% < 1% d
< 1% d

a) Deviation of the aug-cc-pVTZ-J results from UGBS2P results.

b) Deviation of the aug-cc-pVTZ-J results from aug-pcJ-4 results.

c) The calculation do not converge. d) Deviation of the aug-cc-pVTZ-J results from aug-pcJ-3 results.

term is the dominating source of the deviations with the exception of ClF. This molecule,

however, is a special case and will be discussed in more detail in a later section IVB. For

all but AlH and SiF4 the absolute value of the FC term is slightly overestimated with the

contracted basis set, as we have already observed in the first paper on the aug-cc-pVTZ-J

basis sets135.

In order to be able to compare the performance of our new basis sets with the much

larger UGBS2P basis sets (H: 20s20p20d; F: 24s40p40d16f; Si, P and S: 27s46p46d19f)204,205

employed in the work of Deng et al.173 we have also carried out calculations with the Gaussian

version of the B3LYP functional. The results and deviations from the results obtained by

Deng et al. with the UGBS2P basis sets are given in Table II. In all cases, the couplings

11
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calculated with aug-cc-pVTZ-J basis set have larger absolute values than the UGBS2P

results similar to the comparison with the uncontracted aug-cc-pVTZ-Juc basis set. The

differences between the aug-cc-pVTZ-J and UGBS2P results of Deng et al.173 are small and

almost completely due to the Fermi contact term. The differences are between 1% and 2%

with the exception of H2S, where the difference is as high as 4% but only 0.8 Hz in absolute

values.

In addition we compare in Table II also with the aug-pcJ-n series of basis sets of Jensen174.

We can see that the aug-cc-pVTZ-J basis sets give results lying somewhere between the

results of the aug-pcJ-2 and aug-pcJ-3 basis sets, despite the fact that the aug-cc-pVTZ-J

basis set is smaller than the aug-pcJ-2 basis set. This holds not only for the hydrides but

also for the fluoride containing molecules. Compared to the largest basis set in this series,

aug-pcJ-4, we observer even smaller differences as in the comparison with the UGBS2P basis

set.

We conclude from both comparisons that the aug-cc-pVTZ-J basis sets are also for the

third row atoms Si, P and S able to reproduce results of B3LYP calculations with much

larger basis sets as it was shown previously for the first and second row atoms by Peralta

and co-workers171.

IV. DISCUSSION OF THE CALCULATED COUPLINGS

During the development of the basis sets we have calculated couplings for a series of

simple hydrides and flourides of the atoms B, Al, P, Si, S and Cl. In the following we will

discuss different trends exhibited by these coupling constants.

A. Comparison with Experiment

In Table III we present results for the one-bond coupling constants J (in Hz) and for

the reduced one-bond coupling constants K, and all four contributions to K, obtained

with the aug-cc-pVTZ-J basis set and the two method used in this study, i.e. B3LYP

and SOPPA(CCSD). The comparison of reduced coupling constants has the advantage that

the differences in analogous couplings between different atoms are then solely due to the

differences in electronic structure and not the possibly quite different nuclear g-factors.

12
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We have also listed all the experimental, mostly liquid phase values (converted to reduced

coupling constants), that we are aware of. One can see that the agreement between theory

and experiment is very good in accordance with earlier studies134,135,177,179,188,189,200,206–226

The differences are under 12 % and therefore clearly within the range of what can be

expected from vibrational correction147,148,157,177,186,188,189,200,206–213,218,219,227–237 and solvent

contributions190, which were not included in our calculations.

B. Differences between hydrides and fluorides

Comparing now the one-bond couplings in the hydrides and fluorides only at SOPPA(CCSD)

level, we observe firstly that the coupling in the majority of the hydrides is dominated by

the FC term whereas the fluorides have also a significant PSO contribution. There are,

however, three exceptions: the PSO term in AlH amounts to a significant fraction of the FC

term; the ratio between the PSO and FC term is in H2S larger than in SF6 and finally HCl,

where the PSO term is 2/3 of the FC term. The interhalogen compound ClF stands apart

from the other systems, because of its very large non-contact, i.e. PSO and SD, terms,

which dominate the total coupling. This behavior is quite typical for couplings between

atoms with more than one lone-pair135,160,172,215,216,244,245. The PSO term is thus the largest

contribution in ClF and is more than six times as large as the FC term. The SD terms are

less than 4% of the total couplings with the exception of AlH, where it amounts to 6%, SF2

where it amounts 47% and ClF again, where it is a 32 % of the total coupling, i. e. the

second largest contribution in the latter two cases. The DSO terms, finally, are negligible

in all compounds.

Morover we can see that the FC contribution to the reduced coupling constants is positive

for all hydrides studied here and negative for the corresponding fluorides. The decrease

observed in the FC term is a well known effect of the lone pairs of fluorine (see Ref.246,247

and therein cited references). As a consequence also the total reduced coupling constants of

the hydrides are positive and negative for the fluorides with the exception of ClF, because

it is dominated by the large and positive PSO and SD contributions.

Comparison of the results from the DFT/B3LYP and the correlated wave function

method, SOPPA(CCSD), calculations (see Figure 5) corroborates the known fact that

DFT/B3LYP underestimates the coupling constant which involve fluorine atoms, whereas

13
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TABLE III. Reduced one-bond spin-spin coupling constants 1
J (in Hz) and 1

K (in 107 rad s−1

T−1) obtained with the aug-cc-pVTZ-J basis sets at SOPPA(CCSD) level.

Molec. Method K J

DSO PSO SD FC Total Total

BH−

4
B3LYP 0.07 0.08 0.03 22.81 23.00 88.65

SOPPA(CCSD) 0.08 0.06 0.01 19.47 19.62 75.63

Exp.a 20.9 - 21.5 80.7 - 83

AlH B3LYP -0.03 -0.86 0.33 1.64 1.08 3.39

SOPPA(CCSD) -0.03 -0.88 0.13 2.90 2.12 6.64

SiH4 B3LYP 0.01 -0.15 0.06 89.75 89.68 -214.17

SOPPA(CCSD) 0.01 -0.17 0.01 82.19 82.04 -195.94

Exp.b 84.29±0.17 -201.3±0.4

PH3 B3LYP 0.00 1.28 -0.17 33.48 34.60 168.39

SOPPA(CCSD) 0.00 1.09 -0.24 36.81 37.66 183.29

Exp.c 38.77 188.7

Exp.d 37.44±0.06 182.2±0.3

H2S B3LYP -0.01 5.05 -0.05 21.78 26.77 24.71

SOPPA(CCSD) -0.01 4.57 -0.14 29.24 33.67 31.08

HCl B3LYP -0.02 13.44 0.41 7.78 21.61 25.46

SOPPA(CCSD) -0.02 12.48 0.28 18.98 31.72 37.38

Exp.e 32 38

BF B3LYP -0.11 -26.96 -1.80 -67.27 -96.13 -348.80

SOPPA(CCSD) -0.11 -24.92 -1.27 -56.80 -83.09 -301.48

AlF B3LYP -0.02 -59.53 -0.87 -172.04 -232.46 -685.42

SOPPA(CCSD) -0.03 -52.91 -1.05 -149.67 -203.65 -600.45

SiF4 B3LYP 0.25 -37.17 1.86 -121.30 -156.36 351.50

SOPPA(CCSD) 0.25 -32.38 1.85 -54.85 -85.13 191.38

Exp.f -79.2 178

PF3 B3LYP 0.17 -68.75 7.98 -292.00 -352.59 -1615.30

SOPPA(CCSD) 0.17 -56.41 8.12 -256.68 -304.80 -1396.36

Exp.g -314.5 -1441

SF2 B3LYP 0.12 38.39 58.54 -248.40 -151.34 -131.49

SOPPA(CCSD) 0.11 63.16 55.02 -235.87 -117.58 -102.16

ClF B3LYP 0.07 692.67 319.28 -98.93 913.08 1012.71

SOPPA(CCSD) 0.07 690.64 267.46 -112.07 846.10 938.42

Exp.h 757±5 840±6

a depending on counterion and solvent238,239

b in pure liquid200

c in complex solution240

d in neat liquid241

e in liquid phase242

f in neat liquid243

g in neat liquid243

h in unknown phase197
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FIG. 5. Correlation plots for FC reduced coupling constants in 107 rad s−1 T−1: B3LYP versus

SOPPA(CCSD).

the correlation is almost perfect for hydrides. And as explained above such a behavior is

mainly due to the FC term. The exception in the present series of compounds is ClF which

has an FC term that is overestimated by the DFT/B3LYP calculation.

V. CONCLUDING REMARKS

We present aug-cc-pVTZ-Juc and aug-cc-pVTZ-J basis sets for the calculation of indirect

nuclear spin-spin coupling constants for the atoms B, Al, Si, P and Cl. We show that the

selection of functions in the aug-cc-pVTZ-Juc basis set is very well justified as it gives results

in close agreement with the results obtained by extending the correlation consistent basis

sets aug-cc-pVXZ, with X = D, T, Q, 5 and 6.

The contraction of aug-cc-pVTZ-Juc basis set to the aug-cc-pVTZ-J basis set using the

Hartree-Fock molecular orbital coefficients obtained for the smallest hydrides allows a re-

duction in the basis set size without a significant loss in accuracy. Comparison at the

DFT/B3LYP level with calculations carried out with the much larger UGBS2P and aug-

pcJ-4 basis sets show that the aug-cc-pVTZ-J basis sets are also for the third row atoms

able to reproduce the results of much larger basis sets.

As a first application of the new basis sets we have calculated the one-bond indirect
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spin-spin coupling constants in the hydrides and fluorides of B, Al, Si, P, S and Cl with the

aug-cc-pVTZ-J basis sets at the DFT/B3LYP level and employing SOPPA(CCSD) method.

We find that, for the equilibrium geometry, the SOPPA(CCSD) results of the one-bond

couplings are in good agreement with the available experimental values.

With respect to the four contributions to the coupling constants we observe that the

one-bond couplings in the majority of the hydrides are dominated by the FC term whereas

the fluorides have also significant PSO terms, which is also true for some of the hydrides

because the importance of the PSO increase with the atomic number. The coupling in ClF,

however, exhibits a completely different pattern of contributions and is dominated by very

large PSO and SD terms.
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142R. H. Contreras, M. C. Ruiz de Azúa, C. G. Giribet, G. A. Aucar, and R. Loboyan de Bon-

czok, “Viewpoint 8 - Polarization propagator analysis of spin-spin coupling constants,” J.

Mol. Struct. (Theochem) 284, 249–269 (1993).

143R. M. Lobayan and G. A. Aucar, “NMR-K reduced coupling constant calculations within

the CLOPPA-PM3 approach: I. General results,” J. Mol. Struct. (Theochem) 452, 1–11

(1998).

144R. M. Lobayan and G. A. Aucar, “NMR-K reduced coupling constant calculations within

the CLOPPA-PM3 approach: II: shortcomings and how to overcome them,” J. Mol.

Struct. (Theochem) 452, 13–23 (1998).

145J. M. Schulman and D. N. Kaufman, “Application of Many-Body Perturbation Theory

to the Hydrogen Molecule,” J. Chem. Phys. 53, 477–484 (1970).

146J. Kowalewski, A. Laaksonen, B. Roos, and P. Siegbahn, “Finite perturbation-

configuration interaction calculations of nuclear spin-spin coupling constants. I. The first

row hydrides and the hydrogen molecule,” J. Chem. Phys. 71, 2896–2902 (1979).

147J. Oddershede, J. Geertsen, and G. E. Scuseria, “Nuclear Spin-Spin Coupling Constant

of HD,” J. Phys. Chem. 92, 3056–3059 (1988).

148J. Geertsen, J. Oddershede, W. T. Raynes, and G. E. Scuseria, “Nuclear Spin-Spin Cou-

pling in the Methane Isotopomers,” J. Magn. Reson. 93, 458–471 (1991).

18



Optimized Basis Sets for the calculation of ...

149J. Oddershede, P. Jørgensen, and N. H. F. Beebe, “Coupled Hartree-Fock and second order

polarization propagator calculations of indirect nuclear spin-spin coupling constants for

diatomic molecules,” Chem. Phys. 25, 451–458 (1977).

150E. S. Nielsen, P. Jørgensen, and J. Oddershede, “Transition moments and dynamic po-

larizabilities in a second order polarization propagator approach,” J. Chem. Phys. 73,

6238–6246 (1980).

151E. S. Nielsen, P. Jørgensen, and J. Oddershede, “Erratum: Transition moments and

dynamic polarizabilities in a second order polarization propagator approach [J. Chem.

Phys. 73, 6238 (1980)],” J. Chem. Phys. 75, 499 (1981).

152J. Geertsen and J. Oddershede, “Second order polarization propagator calculations of

indirect nuclear spin spin coupling constants in the water molecule,” Chem. Phys. 90,

301–311 (1984).

153M. J. Packer, E. K. Dalskov, T. Enevoldsen, H. J. A. Jensen, and J. Oddershede, “A new

implementation of the second order polarization propagator approximation (SOPPA):

The excitation spectra of benzene and naphthalene,” J. Chem. Phys. 105, 5886–5900

(1996).

154S. P. A. Sauer, G. H. F. Diercksen, and J. Oddershede, “Second-Order Polarization Prop-

agator Calculations of Dynamic Dipole Polarizabilities and C6 Coefficients,” Int. J. Quan-

tum Chem. 39, 667–679 (1991).

155K. L. Bak, H. Koch, J. Oddershede, O. Christiansen, and S. P. A. Sauer, “Atomic inte-

gral driven second order polarization propagator calculations of the excitation spectra of

naphthalene and anthracene,” J. Chem. Phys. 112, 4173–4185 (2000).

156S. P. A. Sauer, “Second Order Polarization Propagator Approximation with Coupled

Cluster Singles and Doubles Amplitudes - SOPPA(CCSD) : The Polarizability and Hy-

perpolarizability of Li-,” J. Phys. B: At. Mol. Opt. Phys. 30, 3773–3780 (1997).
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spin-spin coupling constants,” Theor. Chem. Acc. 99, 175–182 (1998).

169J. Guilleme and J. San Fabián, “Basis sets and active space in multiconfigurational self-

consistent field calculations of nuclear magnetic resonance spin-spin coupling constants,”

J. Chem. Phys. 109, 8168–8181 (1998).

20



Optimized Basis Sets for the calculation of ...

170P. F. Provasi, G. A. Aucar, and S. P. A. Sauer, “The Use of Locally Dense Basis Sets in

the Calculation of Indirect Nuclear Spin-Spin Coupling Constants : The Vicinal Coupling

Constants in H3C-CH2X (X = H, F, Cl, Br, I),” J. Chem. Phys. 112, 6201–6208 (2000).

171J. E. Peralta, G. E. Scuseria, J. R. Cheeseman, and M. J. Frisch, “Basis set dependence

of NMR spin-spin couplings in density functional theory calculations: First row and

hydrogen atoms,” Chem. Phys. Letters 375, 452–458 (2003).

172M. Sanchez, P. F. Provasi, G. A. Aucar, and S. P. A. Sauer, “On the usage of locally

dense basis sets in the calculation of NMR indirect nuclear spin-spin coupling constants:

Vicinal fluorine-fluorine couplings,” Adv. Quantum Chem. 48, 161–183 (2005).

173W. Deng, J. R. Cheeseman, and M. J. Frisch, “Calculation of Nuclear Spin-Spin Cou-

pling Constants of Molecules with First and Second Row Atoms in Study of Basis Set

Dependence,” J. Chem. Theory Comput. 2, 1028–1037 (2006).

174F. Jensen, “The Basis Set Convergence of Spin-Spin Coupling Constants Calculated by

Density Functional Methods,” J. Chem. Theory Comput. 2, 1360–1369 (2006).

175U. Benedikt, A. A. Auer, and F. Jensen, “Optimization of augmentation functions for

correlated calculations of spin-spin coupling constants and related properties.,” J. Chem.

Phys. 129, 64111 (2008).

176F. Jensen, “The optimum contraction of basis sets for calculating spinspin coupling con-

stants,” Theor. Chem. Acc. (2010).

177S. P. A. Sauer and W. T. Raynes, “Unexpected differential sensitivity of nuclear spin-spin

coupling constants to bond stretching in BH−

4 , NH+
4 and SiH4,” J. Chem. Phys. 113,

3121–3129 (2000).

178J. I. Melo, M. C. Ruiz de Azua, C. G. Giribet, G. A. Aucar, and P. F. Provasi, “Relativistic

effects on nuclear magnetic shielding constants in HX and CH3X (X = Br,I) based on

the linear response within the elimination of small component approach,” J. Chem. Phys.

121, 6798–6808 (2004).

179Y. Y. Rusakov, L. B. Krivdin, S. P. A. Sauer, E. P. Levanova, and G. G. Levkovskaya,

“Structural trends of 77Se-1H spin-spin coupling constants and conformational behavior

of 2-substituted selenophenes.,” Magn. Res. Chem. (submited).

180T. H. Dunning Jr., “Gaussian basis sets for use in correlated molecular calculations. I.

The atoms boron through neon and hydrogen,” J. Chem. Phys. 90, 1007–1023 (1989).

21



Optimized Basis Sets for the calculation of ...

181R. A. Kendall, T. H. Dunning, and R. J. Harrison, “Electron affinities of the first-row

atoms revisited. Systematic basis sets and wave functions,” J. Chem. Phys. 96, 6796–6806

(1992).

182D. E. Woon and T. H. Dunning Jr., “Gaussian basis sets for use in correlated molecular

calculations. III. The atoms aluminum through argon,” J. Chem. Phys. 98, 1358–1371

(1993).

183S. N. Maximoff, J. E. Peralta, V. Barone, and G. E. Scuseria, J. Chem. Theory Comput.

1, 541–545 (2005).

184D. E. Woon and T. H. Dunning Jr., “Gaussian basis sets for use in correlated molecular

calculations. V. Core-valence basis sets for boron through neon,” J. Chem. Phys. 103,

4572–4585 (1995).

185T. Kupka, M. Stachów, M. Nieradka, J. Kaminsky, and T. Pluta, “Convergence of Nuclear

Magnetic Shieldings in the Kohn-Sham Limit for Several Small Molecules,” J. Chem.

Theory Comput. (10.1021/ct100109j).

62F. Jensen, “The Basis Set Convergence of Nuclear Magnetic Shielding Constants Calcu-

lated by Density Functional Methods.,” J. Chem. Theo. Comp. 4, 719–722 (2008).

186T. A. Ruden, O. B. Lutnæs, and T. Helgaker, “Vibrational corrections to indirect nuclear

spin-spin coupling constants calculated by density-functional theory,” J. Chem. Phys.

118, 9572–9581 (2003).

187O. B. Lutnæs, T. A. Ruden, and T. Helgaker, “The performance of hybrid density func-

tional theory for the calculation of indirect nuclear spinspin coupling constants in substi-

tuted hydrocarbons,” Magn. Reson. Chem. 42, S117–S127 (2004).

188S. P. A. Sauer and P. F. Provasi, “The Anomalous Deuterium Isotope Effect in the NMR

spectrum of Methane: An Analysis in Localized Molecular Orbitals,” ChemPhysChem 9,

1259–1261 (2008).

189P. F. Provasi and S. P. A. Sauer, “Analysis of Isotope Effects in NMR One-bond Indirect

Nuclear Spin-spin Coupling Constants in Terms of Localized Molecular Orbitals,” Phys.

Chem. Chem. Phys. 11, 3987–3995 (2009).

190A. Møgelhj, K. Aidas, K. V. Mikkelsen, S. P. A. Sauer, and J. Kongsted, “Prediction

of spin-spin coupling constants in solution based on combined density functional the-

ory/molecular mechanics.,” J. Chem. Phys. 130, 134508 (2009).

22



Optimized Basis Sets for the calculation of ...

191C. Lee, W. Yang, and R. G. Parr, “Development of the Colle-Salvetti correlation-energy

formula into a functional of the electron density,” Phys. Rev. B 37, 785–789 (1988).

192A. D. Becke, “Density-functional thermochemistry. III. The role of exact exchange,” J.

Chem. Phys. 98, 5648–5652 (1993).

193N. F. Ramsey, “Electron Coupled Interactions between Nuclear Spins in Molecules,” Phys.

Rev. 91, 303–307 (1953).

194S. P. A. Sauer and M. J. Packer, “The Ab Initio Calculation of Molecular Properties

other than the Potential Energy Surface,” in Computational Molecular Spectroscopy, P. R.

Bunker and P. Jensen, eds., (John Wiley and Sons, London, 2000), Chap. 7, pp. 221–252.

195Dalton, a molecular electronic structure program, Release 2.0 (,

http://www.kjemi.uio.no/software/dalton/dalton.html, 2005).

196S. P. A. Sauer, “A Relation between the Rotational g-factor and the Electric Dipolar

Moment of a Diatomic Molecule,” Chem. Phys. Lett. 297, 475–483 (1998).

197D. L. Bryce and R. E. Wasylishen, “Indirect Nuclear Spin-Spin Coupling Tensors in Di-

atomic Molecules: A Comparison of Results Obtained by Experiment and First Principles

Calculations,” J. Am. Chem. Soc. 122, 3197–3205 (2000).

198E. K. Dalskov and S. P. A. Sauer, “Correlated, static and dynamic polarizabilities of small

molecules. A comparison of four black box methods,” J. Phys. Chem. A 102, 5269–5274

(1998).

199“See EPAPS Document No.E-JCP-xxx-xxx-xxx. A direct link to this document may be

found in the online article’s HTML reference section. The document may also be reached

via the EPAPS homepage http://www.aip.org/pubservs/epaps.html or from ftp.aip.org

in the directory /epaps/. See the EPAPS homepage for more information,”.

200S. P. A. Sauer, W. T. Raynes, and R. A. Nicholls, “Nuclear spin-spin coupling in silane

and its isotopomers: ab initio calculation and experimental investigation,” J. Chem. Phys.

115, 5994–6006 (2001).

201K. L. Schuchardt, B. T. Didier, T. Elsethagen, L. Lisong Sun, V. Gurumoorthi, J. Chase,

J. Li, and T. L. Windus, “Basis Set Exchange: A Community Database for Computational

Sciences.,” Magn. Reson. Chem. 47, 1045–1052 (2007).

202T. aug-cc-pVTZ-J basis sets can also be downloaded from, https://bse.pnl.gov/bse/portal

203P. F. Provasi, G. A. Aucar, and S. P. A. Sauer, J. Chem. Phys. 115, 1324–1334 (2001).

23



Optimized Basis Sets for the calculation of ...

204D. M. Silver, S. Wilson, and W. C. Nieuwpoort, “Universal basis sets and transferability

of integrals,” Int. J. Quantum Chem. 14, 635–639 (1978).

205E. V. R. de Castro and F. E. Jorge, “Accurate universal Gaussian basis set for all atoms

of the Periodic Table,” J. Chem. Phys. 108, 5225–5229 (1998).

206R. D. Wigglesworth, W. T. Raynes, S. P. A. Sauer, and J. Oddershede, “The calculation

and analysis of isotope effects on the nuclear spin-spin coupling constants of methane at

various temperatures,” Molec. Phys. 92, 77–88 (1997).

207R. D. Wigglesworth, W. T. Raynes, S. P. A. Sauer, and J. Oddershede, “Calculated spin-

spin coupling surfaces in the water molecule; prediction and analysis of J(O,H), J(O,D)

and J(H,D) in water isotopomeres,” Molec. Phys. 94, 851–862 (1998).

208S. P. A. Sauer, C. K. Møller, H. Koch, I. Paidarová, and V. Špirko, “The vibrational
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131J. Č́ıžek and J. Paldus, “Stability Conditions for the Solutions of the Hartree-Fock Equa-

tions for Atomic and Molecular Systems. Application to the Pi-Electron Model of Cyclic

Polyenes,” J. Chem. Phys. 47, 3976–3985 (1967).

132G. Chambaud, B. Levy, and P. Millie, “Ab initio Hartree-Fock Instabilities in Closed-Shell

Molecular Systems,” Theo. Chim. Acta 48, 103–118 (1978).

133G. E. Scuseria, J. Geertsen, and J. Oddershede, “Electronic spectra and response prop-

erties of BH and AlH,” J. Chem. Phys. 90, 2338–2343 (1989).

134T. Enevoldsen, J. Oddershede, and S. P. A. Sauer, “Correlated Calculations of Indirect

Nuclear Spin-Spin Coupling Constants using Second Order Polarization Propagator Ap-

proximations : SOPPA and SOPPA(CCSD),” Theor. Chem. Acc. 100, 275–284 (1998).

135P. F. Provasi, G. A. Aucar, and S. P. A. Sauer, “The effect of lone pairs and electroneg-

ativity on the indirect nuclear spin-spin coupling constants in CH2X (X = CH2, NH, O,

S): Ab initio calculations using optimized contracted basis sets,” J. Chem. Phys. 115,

1324–1334 (2001).

136P. F. Provasi, G. A. Aucar, and S. P. A. Sauer, “The Effect of Substituents on Indi-

rect Nuclear Spin-Spin Coupling Constants : Methan- and Ethanimine, Methanal- and

Ethanaloxime,” Int. J. Mol. Sci. 4, 231–248 (2003).

137G. E. Scuseria and R. H. Contreras, “Unrestricted Hartree-Fock Instabilities in Semiem-

pirical CNDO/S and INDO/S Calculations of Spin-Spin Coupling Constants,” Theo.

28



Optimized Basis Sets for the calculation of ...

Chim. Acta 59, 437–450 (1981).

138G. E. Scuseria, A. R. Engelmann, and R. H. Contreras, “Unrestricted Hartree-Fock In-

stabilities in Nuclear Spin-Spin Coupling Constants. The MNDO Method,” Theo. Chim.

Acta 61, 49–57 (1982).

139G. E. Scuseria and R. H. Contreras, “calculation of spin-spin coupling constants with the

self-consistent polarization propagator approximation in non-singlet unstable wavefunc-

tions,” Chem. Phys. Lett. 93, 425–428 (1982).

140R. Righini, C. G. Giribet, M. C. Ruiz de Azua, and R. H. Contreras, “The use of the SPPA

method for the semi-empirical analysis of indirect nuclear spin couplings in Si-containing

compounds,” J. Mol. Struct. (Theochem) 210, 199–204 (1990).

141G. A. Aucar and R. H. Contreras, “New Method to Study Spin-Spin Coupling Constants

Involving Heavy Nuclei at the MNDO-RPA level with Localized Orbitals,” J. Magn.

Reson. 93, 413–418 (1991).
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