
Vol.:(0123456789)1 3

Theoretical Chemistry Accounts (2018) 137:41 
https://doi.org/10.1007/s00214-018-2215-2

REGULAR ARTICLE

Spin–spin coupling constants in HC≡CXH
3
 molecules; X=C , Si, Ge, Sn 

and Pb

Katarzyna Jakubowska1 · Magdalena Pecul1 · Michał Jaszuński2

Received: 23 September 2017 / Accepted: 28 November 2017 / Published online: 28 February 2018 
© The Author(s) 2018. This article is an open access publication

Abstract
The nuclear spin–spin coupling constants in a series of acetylene derivatives HC≡CXH

3
 , where X is C, Si, Ge, Sn, Pb, have 

been calculated employing both coupled-cluster theory (CC) and density functional theory (DFT), the latter in nonrelativ-
istic and relativistic four-component approach with different exchange–correlation functionals and basis sets. In addition, 
property derivatives with respect to molecular geometry parameters have been computed with nonrelativistic and relativistic 
Hamiltonians in order to evaluate the usefulness of the calculated nonrelativistic vibrational corrections. Generally, the CC 
method reproduces the experimental values somewhat better than DFT. In the case of the latter, the performance of B3LYP 
functional was the most satisfactory. The relativistic effects become noticeable for the couplings including heavy atom in 
tin- and lead-containing molecules. The calculations of the derivatives of the coupling constants indicate that these deriva-
tives are even more sensitive to the relativistic effects than the corresponding coupling constants.

Keywords Nuclear magnetic resonance · Spin–spin coupling constant · Relativistic effects · Vibrational corrections

1 Introduction

Calculations of nuclear spin–spin coupling constants, impor-
tant structural parameters, present some unique challenges. 
Firstly, electron correlation plays a crucial role for these 
second-order response properties, since, at the nonrelativis-
tic level, they are determined mostly by triplet perturbation 
operators, which means that the Hartree–Fock results, often 
affected by triplet instabilities, are practically meaningless 
[1]. Secondly, they are properties associated with electron 
density at the nucleus, where the electron velocity is the 
largest, which means that in heavy-element containing com-
pounds relativistic effects are expected to play a large role. 
In fact, it turns out that the relativistic phenomena affect not 

only the NMR parameters of heavy nuclei, but also of the 
nearby light nuclei, the phenomenon known as heavy-atom-
on-light-atom (HALA) effect (see e.g., Refs. [2, 3]).

Accurate description of the electron density at the 
nucleus, and therefore also the nuclear spin–spin coupling 
constants, requires also specially constructed basis sets with 
large number of ’tight’ functions. Another factor contribut-
ing to the difficulty of calculations of the spin–spin coupling 
constants is their strong dependence on molecular geometry, 
and, therefore, relatively large vibrational effects.

In contemporary computational quantum chemistry, there 
are two approaches to electron correlation: the use of density 
functional theory and of conventional methods, employing 
wave function models based on the Hartree–Fock approxi-
mation. Among the latter methods, the coupled-cluster (CC) 
theory is probably the most successful one. As far as the 
spin–spin coupling constants calculations are concerned, 
both approaches are proven to be useful. The coupled-cluster 
theory presents the advantage of taking the electron cor-
relation into account in a systematic manner, allowing for 
hierarchical improvement of the results. On the other hand, 
the performance of DFT strongly depends on the analyti-
cal form of the exchange–correlation functional. However, 
DFT is often more efficient then CC in terms of resource/
performance ratio, and, moreover, it is currently the only 
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correlated computational method implemented for calcula-
tions of molecular properties such as spin–spin coupling 
constants with relativistic Hamiltonians. More informa-
tion about these theoretical methods and their application 
in the studies of spin–spin coupling constants can be found 
in numerous works (see e.g., [4–7]) and reviews (see e.g., 
[8–10] and references therein).

Over the years, there has been a number of both experi-
mental [11–16] and computational [17–20] studies of the 
coupling constants in variously substituted acetylenes. 
Ref. [16] presents an extensive review of the experimen-
tally measured coupling constants in these compounds. In 
Ref. [17], the values of 1J

C≡C
 for a large series of substituted 

acetylenes have been calculated using the DFT method. Not 
only did the DFT calculated data follow the trends observed 
for the experimental results, but also the values were in satis-
factory agreement with the experiment (in most cases within 
several Hz). However, no relativistic effects were taken into 
account and the agreement was obviously worse for heavy 
atom-substituted acetylene derivatives. No vibrational cor-
rections were taken into account, either. Apart from the com-
monly investigated values of 1J

C≡C
 also other coupling con-

stants involving the alkynyl carbon atoms,1J
HC≡

 and 2J
H,C≡ , 

were analyzed. In Ref.  [14] the experimental values of 
carbon-tin and carbon-lead spin–spin coupling constants in 
alkynyl tin(IV) and alkynyl lead(IV) compounds have been 
presented, including 1J

SnC≡
 , 1J

PbC≡
 , 2J

Sn,C≡ and 2J
Pb,C≡ . In 

the most recent work [20], relativistic effects on the shield-
ing and spin–spin coupling constants in methyl-substituted 
acetylene derivatives were examined.

The aim of this work is to calculate spin–spin coupling 
constants in a series of acetylenes HC≡CXH3 , including 
those containing heavy atoms (X is C, Si, Ge, Sn, Pb). Par-
ticular attention is paid to the vibrational corrections and 
comparison of the geometry derivatives calculated at the 
relativistic (with four-component Dirac–Coulomb Hamil-
tonian) and nonrelativistic level. We discuss the results for 
1J

C≡C
 , 1J

HC≡
 , 2J

H,C≡ , 1J
XC≡

 and 2J
X,C≡ constants, which have 

been observed in the experiment. Since the experimental 
data mostly come from the ethylene-substituted derivatives, 
nonrelativistic DFT calculations have been carried out also 
for these compounds (too bulky for coupled-cluster or rela-
tivistic four-component calculations) to assess the effect of 
the substitution.

2  Computational details

Nonrelativistic DFT calculations of nuclear spin–spin 
coupling constants used to study the influence of basis 
set and exchange–correlation functional choice have been 
performed with the Dalton program [21]. Three different 
exchange–correlation functionals: BLYP, B3LYP, BHLYP 

and two different basis sets have been used. In the first 
basis set, later referred to as basis set A, for all atoms 
the all-electron augmented triple-� set with polarization 
functions (ATZP) [22–24] basis set has been used. For 
acetylene derivative containing lead ADZP basis set [25, 
26] was used instead of ATZP. In the basis set B, we used 
for the light atoms (hydrogen, carbon) augmented version 
of triple-� Dunning basis set modified for spin–spin cou-
pling constants (aug-cc-pVTZ-J) [27] and ATZP (ADZP 
for lead-containing molecule) basis set for heavy atoms 
(silicon, germanium, tin, lead). All of these basis sets have 
been uncontracted. The nonrelativistic calculations have 
been carried out using point-nucleus model.

Furthermore, nonrelativistic DFT calculation of vibra-
tionally averaged spin–spin coupling constants have been 
performed employing the B3LYP functional (we report 
only basis set A results; similar values have been obtained 
with basis set B). The method, relying on second-order 
perturbation theory and requiring the first and diagonal 
second derivatives of the spin–spin coupling constant 
as well as the harmonic frequencies and the semi-diag-
onal part of the cubic force field (described in detail in 
Ref. [28]), is implemented in the Dalton program.

The nonrelativistic CC calculations have been per-
formed at the coupled-cluster singles-and-doubles (CCSD) 
level using the CFOUR program [29] (modified locally to 
include the g factors for the heavy nuclei). To optimize the 
CCSD molecular geometries, the basis set A in contracted 
form has been used. To compute the coupling constants the 
same basis sets, but in uncontracted form were applied.

The relativistic four-component DFT calculations of 
spin–spin coupling constants have been performed with 
Dirac program [30] using the default four-component 
Dirac–Coulomb Hamiltonian with the simple Coulombic 
correction [31]. The computations employed the B3LYP 
exchange–correlation functional and the uncontracted 
basis set B. These calculations have been carried out 
using Gaussian charge distribution nuclear model (some 
computations have also been performed using the point-
nucleus model in order to compare the results). Addition-
ally, corresponding nonrelativistic DFT calculations have 
been performed with Dirac program. These computations, 
used to assess the relativistic effects, have been carried out 
with the same computational parameters as the relativistic 
ones, with one exception: the value of the speed of light 
has been increased to 2000 a.u.

The geometric parameters of acetylene derivatives 
under study have been obtained through structure opti-
mization; the relevant results are shown in the Appendix. 
Relativistic geometries are based on four-component DFT 
calculations (similar approach has recently been used in 
Ref. [32]). Unless otherwise noted, the following calcula-
tion of the nuclear spin–spin coupling constants has been 
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carried out on the same level of theory as the structure 
optimization.

The derivatives of the coupling constants with respect to a 
single geometry parameter have been computed numerically 
using the three-point formula for the optimized geometry.

It should be noted that we did not want to use a different 
basis set at each stage (geometry optimization, geometry 
derivatives, relativistic contribution etc.), as it would make 
the comparison between the calculated values even harder 
and the aim of this work was to examine a simple methodol-
ogy that could be used more routinely.

3  Results and discussion

We begin with the comparison of spin–spin coupling con-
stants calculated for acetylene derivatives substituted either 
with ethylene groups or with hydrogen atoms so as to esti-
mate the changes resulting from this substitution. Afterward, 
the influence of the chosen basis set and nucleus model will 
be studied. Then, the values of coupling constants obtained 
with CC method and nonrelativistic DFT method will be 
compared in order to evaluate the performance of different 
exchange–correlation functionals in reproducing the electron 
correlation. Next, a comparison between nonrelativistic and 
relativistic DFT values will be drawn so as to estimate the 
contribution of relativistic effects. Finally, the zero-point 
vibrational corrections to spin–spin coupling constants cal-
culated at nonrelativistic DFT level of theory will be pre-
sented. The derivatives of the calculated coupling constants 
with respect to single geometry parameters (relativistic and 
nonrelativistic results) will be examined in order to assess 
the quality of vibrational corrections calculated at the non-
relativistic level.

The values of spin–spin coupling constants, J, will be 
given in Hz, the values of the reduced constants, K, in 
10−19J T−2 s−1 . The K values will be used whenever we com-
pare the coupling constants for different X nuclei.

3.1  The influence of the substitution of H atoms 
with ethylene groups

Most of the available experimental data refer to ethylene-
substituted acetylene derivatives HC≡CX(C2H5)3 , whereas 
the coupling constants discussed below in detail have been 
calculated for compounds containing hydrogen atoms 
instead of ethylene groups. Therefore, the influence of the 
substitution of H atoms with ethylene groups on the coupling 
constants was studied by comparing the nonrelativistic DFT 
values for both types of molecules. The results can be seen 
in Table 1.

The differences between coupling constants calculated 
for the studied acetylene derivatives and corresponding 

ethylene-substituted derivatives turn out to be significant, 
which makes it difficult to compare directly the computed 
values with the experimental ones. However, for the cou-
plings not including a heavy atom, there are some trends that 
can be observed. The difference between the values obtained 
for HC≡CXH3 and HC≡CX(C2H5)3 fluctuates around 10 Hz 
in case of 1J

C≡C
 , 5 Hz in case of 1J

HC≡
 and 2 Hz in case of 

2J
H,C≡ . We note that although a different approach has been 

used in the recent study of HC≡CX(CH3)3 acetylene deriva-
tives [20] the values of the computed constants (except for 
Sn-compound) are in between our results for HC≡CXH3 and 
HC≡CX(C2H5)3 derivatives.

In order to make the comparison between the calculated 
values and the experimental ones easier, the evaluated 
’experimental’ values for HC≡CXH3 will be given in paren-
theses next to the experimental values for HC≡CX(C2H5)3.

Table 1  1J
C≡C

 , 1J
HC≡

 , 2J
H,C≡ , 1J

XC≡
 and 2J

X,C≡ values (in Hz) calcu-
lated for HC≡CXH3 and HC≡CX(C2H5)3 acetylene derivatives (non-
relativistic DFT approach, B3LYP functional, basis set B)

X atom HC≡CXH3 HC≡CX(C2H5)3 ΔJ (ΔK)

1
J
C≡C

 C 205.7 195.2 10.5
 Si 165.7 155.3 10.4
 Ge 167.8 155.5 10.3
 Sn 155.9 145.3 10.6
 Pb 151.6 139.0 12.6

1
J
HC≡

 C 272.2 269.9 2.3
 Si 263.3 258.3 5.0
 Ge 263.6 258.4 5.2
 Sn 260.5 253.8 6.7
 Pb 259.3 252.0 7.3

2
J
H,C≡

 C 56.6 54.7 1.9
 Si 49.5 47.5 2.0
 Ge 49.9 47.6 2.3
 Sn 48.0 45.8 2.2
 Pb 47.4 44.6 2.8

1
J
XC≡

 C 70.3 70.4 − 0.1 (− 0.1)
 Si − 91.3 − 73.5 − 17.8 (29.6)
 Ge − 32.3 − 20.5 − 11.8 (111.6)
 Sn − 546. 6 − 445.4 − 101.2 (89.3)
 Pb 492.8 283.0 209.8 (327.3)

2
J
XC≡

 C 13.8 10.4 3.4 (4.5)
 Si − 19.8 − 14.0 − 5.8 (9.7)
 Ge − 7.3 − 4.1 − 3.2 (30.3)
 Sn − 129.0 − 90.4 − 38.6 (34.1)
 Pb 117.4 61.9 55.5 (86.6)
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3.2  The basis set choice

In order to investigate the basis set dependence of the calcu-
lated spin–spin coupling constants, calculations have been 
carried out using basis sets A and B described in Sect. 2. 
The values of 1J

C≡C
 , 1J

HC≡
 and 1J

XC≡
 obtained using differ-

ent basis sets and B3LYP (see Table 2), BLYP and BHLYP 
functionals have been compared. In every case the abso-
lute values obtained using basis set B were higher. What is 
more, the relative differences arising from the use of either 
basis set B or basis set A seem to be systematic (excluding 
HC≡CPbH3 ; however, in this case it is impossible to get reli-
able results employing a nonrelativistic method). No matter 
which exchange–correlation functional has been used, the 
relative difference between the values obtained with basis 
set B or basis set A comes to 6.3–6.7% for 1J

C≡C
 , 3.6–4% for 

1J
XC≡

 and 12.9–13% for 1J
HC≡

 . In case of 1J
HC≡

 the experi-
mental results (see Table 6 below) are in between the results 
obtained using basis sets A and B, with the basis set A val-
ues being somewhat closer to the experiment.

In principle, stand-alone aug-cc-pVTZ-J basis set should 
give better results in spin–spin coupling calculations, since 
it was specially modified for this use. It contains tight expo-
nents necessary for a proper description of the electron 
density close to the nuclei, probed in the NMR experiment. 
On the other hand, in case of this work the performance 
of ATZP basis set seems to be more satisfying, since the 
obtained values are in better agreement with the experiment. 
There is a possibility that for the ATZP basis set different 
effects have canceled out, thus giving results closer to the 
experimental values.

3.3  Electron correlation effects

First, the values of the constants obtained with CC 
method and nonrelativistic DFT method using differ-
ent exchange–correlation functionals: BLYP, B3LYP and 
BHLYP have been compared. All the results are collected 
in Tables 3 and 4 together with the experimental data. Each 
set of calculations has been carried out within the same 
approach as used for geometry optimization, with the excep-
tion of CC calculation for the tin compound. In this case, the 

bond lengths obtained using CC were unphysically small, 
and DFT-optimized geometry has been used instead.

A priori, the CC method should, at least as long as heavy 
atoms are not present and relativistic effects are negligible, 
give results in better agreement with experiment than DFT. 
The values of 1J

C≡C
 obtained by the CC method are indeed 

in much better agreement with the experiment than these 
obtained with any of the used DFT functionals. However, 
DFT values of 1J

HC≡
 are closer to the experiment than those 

obtained by the CC method. It is possible that in this case the 
environmental effects, neglected in the calculations, coun-
terbalance the deficiencies of the DFT method.

Table 2  1J
C≡C

 , 1J
XC≡

 , 
1
J
HC≡

 values (in Hz) 
calculated using basis sets A 
(ATZP(ADZP)) and B (aug-
cc-pVTZ-J + ATZP(ADZP)) 
(nonrelativistic DFT approach, 
B3LYP functional)

X atom 1
J
C≡C

1
J
XC≡

1
J
HC≡

Basis set A Basis set B Basis set A Basis set B Basis set A Basis set B

C 192.0 205.7 67.7 70.3 237.0 272.2
Si 154.9 165.7 − 87.9 − 91.3 229.2 263.3
Ge 156.9 167.8 − 31.0 − 32.3 229.5 263.6
Sn 145.8 155.9 − 526.9 − 546.6 226.8 260.5
Pb 138.7 151.6 463.5 492.8 208.9 259.3

Table 3  1J
C≡C

 , 1J
HC≡

 and 2J
H,C≡ values (in Hz) calculated using CC 

method (basis set A) and DFT method (basis set A) with BLYP, 
B3LYP and BHLYP functionals

aExperimental values for HC≡CX(C2H5)3 , estimated experimental 
values for HC≡CXH3 in parenthesis
b In CD3COCD3

c In C6D12

d In neat liquid with the addition of 5–10% acetone

X atom CC DFT Experimentala

CCSD BLYP B3LYP BHLYP

1
J
C≡C

 C 174.6 188.1 192.0 210.3 175.0 [11]
 Si 139.4 149.7 154.9 173.3 131.8b [13] (142.2)
 Ge 141.3 151.9 156.9 174.6 132.5 [12] (142.8)
 Sn 130.0 140.6 145.8 163.0 122.0c [13] (132.6)
 Pb 123.2 133.5 138.7 156.0 113.0 [33] (125.6)

1
J
HC≡

 C 212.5 242.1 237.0 252.9 248.0 [34]
 Si 205.3 233.3 229.2 245.3 236.8d [35] (241.8)
 Ge 205.4 233.8 229.5 245.3 235.7d [35] (240.9)
 Sn 200.1 230.9 226.8 242.3 233.5 [14] (240.2)
 Pb 192.1 212.5 208.9 223.3 230.0 [33] (237.3)

2
J
H,C≡

 C 46.1 50.8 49.9 49.1 50.1 [34]
 Si 42.9 43.9 43.7 43.2 42.3d [35] (44.3)
 Ge 40.8 44.6 44.0 42.8 41.9d [35] (44.2)
 Sn 39.2 42.9 42.4 41.2 40.5 [14] (42.8)
 Pb 34.1 38.6 38.1 36.5 40.5 [33] (43.3)
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One of the aims of this work was to assess the perfor-
mance of different exchange–correlation functionals. For the 
1J

C≡C
 constants, the BLYP functional gave results that were 

in the best agreement both with the values obtained by the 
CC method and with the experiment. The B3LYP values 
vary only slightly (up to 4%) from those calculated using 
the BLYP functional, whereas the differences between the 
values calculated using the BHLYP functional and the BLYP 
functional are bigger and reach almost 15%. For 1J

XC≡
 and 

2J
X,C≡ the B3LYP values were the closest to the CC results 

(there are not enough experimental data for comparison). 
In case of 1J

HC≡
 , the BHLYP values are in best agreement 

with experiment, yet, the values computed using the B3LYP 
functional are the closest to the CC results. The 2J

H,C≡ cou-
pling constants obtained with the B3LYP and BHLYP 
functionals do not differ much (about 4%) and are in good 
agreement both with the experiment and with the CC values. 
Taking everything into consideration, the performance of 
the B3LYP functional seems to be the most satisfactory and 
consequently it was used in relativistic DFT calculations.

3.4  The model of the nucleus

Another factor which should be taken into account in rela-
tivistic calculations is the nucleus model [36]. We present 
the results obtained using the Gaussian charge distribution 
model. We have compared them with the values computed 
using the point-nucleus model, applying the relativistic 

DFT approach, B3LYP functional and basis set B. We do 
not show these values, since in most cases the difference 
between point-nucleus and finite-nucleus model is below 
0.2 Hz, the only exceptions are 1J

XC≡
 and 2J

X,C≡ couplings 
in HC≡CSnH3 and HC≡CPbH3 . When the change from 
point-nucleus to finite-nucleus model is made, a reduction 
by about 0.2% of the total value for HC≡CSnH3 and 2% for 
HC≡CPbH3 in the results can be noticed.

3.5  Relativistic effects

Unfortunately, at present, there is no possibility to include 
the relativistic effects in the CC calculations of the spin–spin 
coupling constants; in most cases, relativistic DFT approach 
is applied to take electron correlation into account (see e.g., 
Refs. [37–39] and references therein). All relativistic com-
putations in this work have been performed using the four-
component DFT method.

To investigate the relativistic effects, the values obtained 
using the Dirac program with relativistic and nonrelativistic 
approach were compared. In case of the couplings that do 
not involve a heavy atom ( 1J

C≡C
 , 1J

HC≡
 , 2J

H,C≡ ), the dif-
ferences between nonrelativistic and relativistic results are 
negligible. The largest differences occur for HC≡CPbH3 , but 
even in this case they do not exceed 1.5% of the total value 
(2 Hz for 1J

C≡C
 , 2.7 Hz for 1J

HC≡
 , 0.7 Hz for 2J

H,C≡).
As shown in Table 5, the relativistic effects on the couplings 

that involve a heavy atom ( 1J
XC≡

 , 2J
X,C≡ ) become relevant for 

Table 4  1J
XC≡

 and 2J
X,C≡ values 

(in Hz) calculated using CC 
method (basis set A) and DFT 
method (basis set A) with 
BLYP, B3LYP and BHLYP 
functionals

aExperimental values for HC≡CX(C2H5)3 , estimated experimental values for HC≡CXH3 in parenthesis
b In CD3COCD3

c In C6D6

d In CDCl3

X atom CC DFT Experimentala

CCSD BLYP B3LYP BHLYP

1
J
XC≡

 C 63.4 64.7 67.7 79.4
 Si − 90.1 − 81.2 − 87.9 − 103.6 (−) 75.0b [13] (− 92.8)
 Ge − 35.1 − 26.1 − 31.0 − 39.8
 Sn − 597.3 − 439.8 − 526.9 − 677.6 (−) 344.2c [14] (− 445.4)

(−) 315.7d [14] (− 416.9)
 Pb 584.3 378.1 463.5 615.2 312.0c [14] (521.8)

361.5d [14] (571.3)
2
J
X,C≡

 C 12.5 13.5 13.3 12.6
 Si − 19.2 − 19.5 − 19.1 − 17.6 (−) 18.6b [13] (− 24.4)
 Ge − 7.5 − 7.0 − 7.1 − 6.8
 Sn − 128.0 − 122.2 − 124.7 − 120.8 (−) 64.7c [14] (− 103.3)

(−) 58.9d [14] (− 97.5)
 Pb 118,1 107.3 109.7 107.0 68.0c [14] (123.5)

75.5d [14] (131.0)
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the molecules that contain tin and lead. For HC≡CSiH3 and 
HC≡CGeH3 the constants calculated with relativistic and non-
relativistic approach differ by only about 1.5% of the total value 
in case of 1J

XC≡
 and about 2.5% in case of 2J

X,C≡ , whereas the 
difference between the relativistic and nonrelativistic results 
for 1J

XC≡
 for HC≡CSnH3 and HC≡CPbH3 is significant, since 

it is 30.8 Hz (over 5% of the total value) for the tin-containing 
molecule and 198.8 Hz (almost 50% of the total value) for 
the lead-containing molecule. The comparison of relativis-
tic and nonrelativistic results for 2J

X,C≡ for HC≡CSnH3 and 
HC≡CPbH3 indicates that, in this case, the relativistic effects 
are more pronounced in the tin-containing molecule. The 
difference in 2J

X,C≡ for HC≡CSnH3 comes to 14 Hz, that is 
≈ 10% of the total value, whereas for HC≡CPbH3 it is only 
6.6 Hz, ≈ 6% of the total value.

All in all, it appears that in case of the discussed acetylene 
derivatives it is sufficient to consider the relativistic effects 
only for the 1J

XC≡
 and 2J

X,C≡ coupling constants and for the 
tin- and lead-containing molecules. Essentially, the differences 
between the values calculated using the nonrelativistic and 
relativistic methods are significant only for these couplings.

3.6  Vibrational effects

Spin–spin coupling constants depend strongly on the nuclear 
positions, which means that they often have large vibrational 
contributions and exhibit a strong temperature dependence 
[8, 40]. Consequently, particularly the zero-point vibrational 
(ZPV) corrections cannot be neglected when a comparison 
with experimental data is made. For instance, in acetylene, 
the vibrational correction to 1J

C≡C
 exceeds 10 Hz [41].

The ZPV correction to a given property can be calcu-
lated from the expectation value of this property over the 
vibrational ground-state wave function, therefore calculating 
vibrational corrections to the coupling constants for polya-
tomic molecules is computationally demanding. Thus, it 
becomes cost-effective to calculate the equilibrium values 
of the coupling constants at an advanced level of theory, and 

then estimate the vibrational corrections at a less expensive 
level, for instance DFT [8]. We use here such a simplified 
approach, vibrationally averaging spin–spin coupling con-
stants at the nonrelativistic DFT level and then comparing 
the dependence of the coupling constants on selected geom-
etry parameters as calculated with nonrelativistic and rela-
tivistic Hamiltonians.

3.6.1  Nonrelativistic ZPV corrections

The comparison of vibrationally averaged spin–spin cou-
pling constants and the results for the optimized geometry 
can be found in Tables 6 and 7.

For 1J
C≡C

 , 1J
HC≡

 , 2J
H,C≡ the ZPV correction does not 

change significantly with the X atom, whereas for the values 
of reduced spin–spin coupling constants of carbon and the 
X atom ( 1K

XC≡
 , 2K

X,C≡ ) a clear trend can be observed. With 
the increase in the atomic number of the X atom, the value 
of the ZPV correction increases.

In most cases ( 1J
C≡C

 , 2J
H,C≡ , 1J

HC≡
 , 1J

XC≡
 ) the differences 

between the vibrationally averaged and optimized geometry 
results constitute only 2–4% of the values. For 1J

C≡C
 and 

1J
HC≡

 the addition of the ZPV correction leads to improved 
agreement with the experimental values. As far as 2J

X,C≡ is 
concerned, the difference exceeds 10% of the value.

3.6.2  Comparison of vibrational effects computed 
with relativistic and nonrelativistic method

In order to estimate the importance of different vibrational 
effects, the derivatives of the coupling constants with respect 
to the C≡C and C−X bond length have been computed, both 
with relativistic and nonrelativistic method. In addition, sec-
ond derivatives of the constants with respect to C≡C − X 
angle have been calculated (the first derivatives vanish by 
symmetry). All the results can be found in Table 8. To inter-
pret the role of the relativistic effects, we have also computed 

Table 5  1J
XC≡

 and 2J
X,C≡ 

values (in Hz) calculated using 
relativistic and nonrelativistic 
approach (B3LYP functional, 
basis set B)

a See footnotes a–d in Table 4

X atom 1
J
XC≡

2
J
X,C≡

DFT Experimentala DFT Experimentala

Rel Nonrel Rel Nonrel

 C 70.6 70.3 14.0 13.9
 Si − 92.1 − 91.1 (−) 75.0 [13] (− 92.8) − 20.2 − 19.9 (−) 18.6 [13] (− 24.4)
 Ge − 32.7 − 32.1 − 7.6 − 7.4
 Sn − 575.9 − 545.1 (−) 344.2 [14] (− 445.4) − 143.4 − 129.4 (−) 64.7 [14] (− 103.3)

(−) 315.7 [14] (− 416.9) (−) 58.9 [14] (− 97.5)
 Pb 284.2 483.0 312.0 [14] (521.8) 109.3 115.9 68.0 [14] (123.5)

361.5 [14] (571.3) 75.5 [14] (131.0)



Theoretical Chemistry Accounts (2018) 137:41 

1 3

Page 7 of 11 41

the derivatives with respect to the C≡C bond length at the 
relativistic equilibrium geometry, but using the nonrelativ-
istic approach.

The conclusions that can be drawn from the comparison 
of the nonrelativistic and relativistic values of derivatives 
of the coupling constants with respect to the bond lengths 
and of the second derivatives with respect to the angle are 
largely similar to the conclusions drawn from the compari-
son of the corresponding coupling constants. In case of the 
couplings that do not include a heavy atom ( 1J

C≡C
 , 1J

HC≡
 , 

2J
H,C≡ ) the differences between nonrelativistic and relativis-

tic results are small, whereas larger differences occur for the 
couplings that include a heavy atom ( 1J

XC≡
 , 2J

X,C≡ ). On the 
other hand, in case of the coupling constants the relativistic 
effects became observable only for tin- and lead-containing 
molecules, whereas for the first and second derivatives of the 
coupling constants these effects can be clearly seen also for 
the germanium-containing molecule. As far as the deriva-
tive of 1J

XC≡
 with respect to the C≡C bond length is con-

cerned, with the change from nonrelativistic to relativistic 

approach for the lead-containing molecule the absolute value 
increases by one order of magnitude. A sign change can also 
be observed for the second derivative of 2J

X,C≡ with respect 
to the C≡C−X angle in case of lead-containing molecule. 
This indicates, not unexpectedly, that the derivatives of the 
coupling constants with respect to geometric parameters are 
even more sensitive to the relativistic effects than the cou-
pling constants.

All the discussed reduced coupling constants are posi-
tive. When the first derivatives of the reduced spin–spin 
coupling constants ( K′ values) are analyzed a clear trend 
can be noticed. For each of the derivatives under considera-
tion: 1K′

C≡C
 , 1K′

HC≡
 , 2K′

H,C≡
 , 1K′

XC≡
 and 2K′

X,C≡
 the value of the 

derivative decreased with the increase in the atomic number 
of the X atom. There were only two significant exceptions 
- the nonrelativistic values of 1K′

HC≡
 and 1K′

XC≡
 for the tin-

containing molecule. A comparison with the nonrelativistic 
derivatives with respect to the C≡C bond length computed 
at the relativistic equilibrium geometry indicates that in this 
case the latter values are correct (in all the other cases, the 

Table 6  Optimized geometry values of 1J
C≡C

 , 1J
HC≡

 and 2J
H,C≡ con-

stants, vibrationally averaged values (nonrelativistic DFT, basis set A, 
B3LYP functional) and estimated experimental data (in Hz)

a See footnotes a–d in Table 3

X atom Optimized 
geometry

ZPV correction Vibration-
ally aver-
aged

Experimentala

1
J
C≡C

 C 192.0 − 6.3 185.7 175 [11]
 Si 154.9 − 5.3 149.7 131.8 [11] 

(142.2)
 Ge 156.9 − 5.9 151.0 132.5 [12] 

(142.8)
 Sn 145.8 − 5.8 140.0 122 [11] (132.6)
 Pb 138.7 − 5.6 133.2 113.0 [33] 

(125.6)
1
J
HC≡

 C 237.0 4.6 241.7 248.0 [34]
 Si 229.2 4.8 234.0 236.8 [35] 

(241.8)
 Ge 229.5 4.6 234.2 235.7 [35] 

(240.9)
 Sn 226.8 4.4 231.2 233.5 [14] 

(240.2)
 Pb 208.9 4.1 213.0 230.0 [33] 

(237.3)
2
J
H,C≡

 C 49.9 − 1.7 48.2 50.1 [34]
 Si 43.7 − 1.5 42.2 42.3 [35] (44.3)
 Ge 44.0 − 1.6 42.4 41.9 [35] (44.2)
 Sn 42.4 − 1.6 40.8 40.5 [14] (42.8)
 Pb 38.1 − 1.4 36.7 40.5 [33] (43.3)

Table 7  Optimized geometry values of 1K
XC≡

 and 2K
X,C≡ , vibration-

ally averaged values (nonrelativistic DFT, basis set A, B3LYP func-
tional) and the experimental data

a See footnotes a–d in Table 4

X atom Optimized 
geometry

ZPV correction Vibration-
ally aver-
aged

Experimentala

1
K
XC≡

 C 89.1 0.6 90.1
 Si 146.4 − 2.2 144.2 (+ ) 124.9 [13] 

(154.5)
 Ge 293.4 − 11.9 281.5
 Sn 465.1 − 15.8 449.4 (+ ) 303.8 [14] 

(393.1)
(+ ) 278.7 [14] 

(368.0)
 Pb 723.1 − 23.3 699.8 486.7 [14] 

(814.0)
564.0 [14] 

(891.3)
2
K
X,C≡

 C 17.5 − 1.4 16.1
 Si 31.8 − 2.8 29.0 (+ ) 31.0 [13]

(40.7)
 Ge 67.0 − 7.8 59.2
 Sn 110.0 − 11.2 98.8 (+ ) 57.1 [14] 

(91.2)
(+ ) 52.0 [14]

(86.1)
 Pb 171.2 − 16.9 154.3 106.1 [14] 

(192.7)
117.8 [14] 

(204.4)
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nonrelativistic K′ values computed at nonrelativistic and 
relativistic equilibrium geometries were similar—e.g., the 
largest difference for Ge-containing molecule was ≈ 15%).

The same trend can be observed for the second deriva-
tives ( K′′ values) with respect to the C≡C−X angle, how-
ever, in this case the values for HC≡CCH3 stand out.

In Ref. [41] SOPPA(CCSD) calculated coordinate and 
internal valence coordinate coefficients for each of the 
four spin–spin coupling surfaces of the acetylene mol-
ecule—1J(C,H) , 1J(C,C) , 2J(C,H) , and 3J(H,H)—have 
been presented. It has been shown that for acetylene the 
dominant nuclear motion effect comes from bending at 
the carbon atoms, with stretching being of greater impor-
tance only for 1J(C,H) . The comparison of some of the 

values calculated for HC≡CCH3 with those for acetylene 
(Table 8) suggests that the role of the nuclear motion 
effects on the spin–spin coupling constants for HC≡CXH3 
might be similar.

It should be noted at this point that since the relativis-
tic effects on the derivatives of the coupling constants with 
respect to molecular geometry parameters tend to be more 
pronounced than on the coupling constants themselves, the 
zero-point vibrational corrections calculated at the nonrel-
ativistic level are not necessarily reliable. The relativistic 
effects on the quadratic and cubic force field (not investi-
gated in this work) may also contribute.

Table 8  Derivatives of reduced 
coupling constants with respect 
to the C≡C and the C−X bond 
length and second derivatives 
with respect to the C≡C−X 
angle computed with relativistic 
and nonrelativistic method 
(B3LYP functional, basis set B)

dK∕dr
C≡C

 and dK∕dr
C−X in 10−19 J T−2

h
−1 Å −1 ; d2K∕d∠2

C≡C−X
 in 10−19 J T−2 s−1rad−2

Ref. [41] values are for acetylene
a In parentheses, nonrelativistic values computed at the relativistic equilibrium geometry (see the text)

X atom dK∕dr
C≡C

dK∕dr
C−X d

2
K∕d∠2

C≡C−X

Rel Nonrela Ref. [41] Rel Nonrel Rel Nonrel Ref. [41]

1
K
C≡C

 C − 123.4 − 121.3 − 102.2 38.7 39.0 − 176.7 − 174.0 − 165.8
 Si − 165.4 − 162.8 31.5 32.0 − 131.6 − 130.2
 Ge − 174.6 − 171.5 6.0 9.8 − 137.6 − 135.3
 Sn − 190.9 − 188.6 − 5.9 3.2 − 154.5 − 122.0
 Pb − 200.1 − 193.2 − 34.5 − 2.3 − 127.1 − 118.0

1
K
XC≡

 C 91.8 91.3 − 113.8 − 112.8 − 32.9 − 32.6
 Si 26.4 28.1 − 204.9 − 200.1 − 69.6 − 66.8
 Ge − 78.0 − 38.4 − 500.5 − 450.2 − 180.3 − 166.1
 Sn − 255.3 215.1(− 62.3) − 764.3 − 587.4 − 407.8 − 253.2
 Pb − 1873.5 − 197.4 − 1867.2 − 906.3 − 670.4 − 431.8

2
K
X,C≡

 C − 28.0 − 27.9 − 11.4 − 11.3 1.66 1.95
 Si − 59.1 − 57.9 − 26.2 − 25.5 − 19.3 − 18.8
 Ge − 151.6 − 138.5 − 59.9 − 55.7 − 26.7 − 24.7
 Sn − 258.0 − 180.2 − 101.7 − 78.6 − 88.4 − 76.8
 Pb − 636.8 − 329.4 − 257.0 − 144.5 50.1 − 152.8

1
K
HC≡

 C 57.5 57.1 97.5 3.0 2.9 − 20.4 − 20.5 − 16.6
 Si 7.2 7.0 2.8 2.8 − 15.2 − 15.3
 Ge 7.7 7.4 2.0 2.2 − 16.2 − 16.0
 Sn 5.9 41.6(5.6) 1.7 2.2 − 18.2 − 14.6
 Pb 5.7 5.0 0.2 2.0 − 15.5 − 14.2

2
K
H,C≡

 C − 10.1 − 10.1 − 11.1 1.3 1.3 − 22.3 − 22.0 − 20.6
 Si − 18.7 − 18.6 1.9 1.9 − 13.0 − 12.8
 Ge − 19.4 − 19.3 1.1 1.2 − 13.9 − 13.6
 Sn − 21.6 − 20.7 0.6 1.0 − 15.1 − 11.8
 Pb − 23.2 − 22.2 − 0.7 0.7 − 12.9 − 11.3
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4  Summary and conclusions

The nuclear spin–spin coupling constants calculated for a 
series of acetylene derivatives HC≡CXH3 , where X is an 
element from group XIV of the periodic table (C, Si, Ge, 
Sn, Pb), have been presented. The calculations have been 
performed using different methods (nonrelativistic CC, 
nonrelativistic and relativistic DFT) in order to estimate the 
effects of electron correlation and relativity.

The values of coupling constants obtained with CC 
method and nonrelativistic DFT method have been com-
pared in order to investigate the performance of DFT in the 
description of electron correlation. The CC method repro-
duced the experimental values better in case of 1J

C≡C
 , how-

ever, in case of 1J
HC≡

 and 2J
H,C≡ the DFT method brought 

the results in better agreement with the experiment. As far as 
the performance of different exchange–correlation function-
als in reproducing the electron correlation is concerned, the 
use of B3LYP functional turns out to be the most satisfac-
tory. The BLYP values vary only slightly (up to 4%) from 
those calculated using the B3LYP functional, whereas the 
differences between the values calculated using the BHLYP 
functional and the B3LYP functional are bigger and come 
to almost 15%.

For the studied systems, the use of ATZP basis set gives 
results in better agreement with the experiment than the aug-
cc-pVTZ-J basis set. No matter which exchange–correlation 

potential has been used, the relative difference between the 
values obtained with basis set B or basis set A comes to 
approximately 7% for 1J

C≡C
 , 4% for 1J

HC≡
 and 13% for 1J

XC≡
.

A comparison between nonrelativistic and relativistic 
DFT results has been drawn to estimate the contribution of 
relativistic effects. In case of the molecules under considera-
tion it is sufficient to take the relativistic effects into account 
only for the couplings including heavy atoms ( 1J

XC≡
 and 

2J
X,C≡ for the tin- and lead-containing molecules), in these 

cases the difference between the relativistic and nonrelativ-
istic value can reach almost 50% of the value. In general, 
as far as the acetylene derivatives including a light X atom 
are concerned, proper description of the electron correlation 
seems to have greater impact on the calculated values of the 
coupling constants than the relativistic effects. Furthermore, 
the difference between point-nucleus and finite-nucleus 
model is negligible.

The calculations of the derivatives of the coupling con-
stants confirm that in the comparison with experiment the 
related vibrational effects should be taken into account. It 
appears that, similarly to acetylene, the C≡C−X bending 
motion might be the most significant. Moreover, the deriva-
tives of the coupling constants are even more sensitive to the 
relativistic effects than the corresponding constants.

One factor which we did not take into account are solvent 
effects. As a rule, they do not affect significantly the nuclear 
spin–spin coupling constants, however, 1JCC in acetylene has 
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been shown to be an exception [42]. The coupling constants 
transmitted through triple bonds in the studied acetylene 
derivatives may change to similar extent (5–6%).
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