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Abstract

For the analysis of the paramagnetic spin orbit (PSO) term of the NMR spin–spin coupling constant (SSCC), ring current density

and PSO density distribution are derived and used to explain magnitude and sign of the isotropic PSO term. Decomposition of the

PSO components into orbital contributions helps to identify those orbital pairs (occupied, virtual) dominating the PSO term. The

induction of strong ring currents requires low excitation energies and complementing nodal properties of zeroth and first order

orbitals. The PSO components for a typical triple, double, and single CC bond are explained.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is

one of the most important tools to investigate molecular

structure and molecular conformation [1]. The NMR

chemical shifts of a molecule probe the electronic
structure in the vicinity of the nuclei while the indirect

NMR spin–spin coupling constants (SSCCs) provide

valuable insight into the bonding situation of a molecule

[1–3]. During the last five decades a wealth of NMR

data has been collected and many relationships between

the NMR parameters of a molecule and others of its

properties have been derived [1–3]. Nevertheless, there is

still a lack of understanding concerning the spin–spin
coupling mechanism between two nuclei. According to

the classic theory of Ramsey [4], there are four different

terms, the diamagnetic spin–orbit (DSO) term, the

paramagnetic spin–orbit (PSO) term, the Fermi contact

(FC) term and the spin–dipole (SD) term, which add to

the indirect isotropic SSCC. Each of these terms probes

the electron density of a molecule in a different way.
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DSO and PSO term arise from the orbital currents in-

duced by the magnetic fields of the nuclei, the FC term is

mediated by the spin polarization of the contact density

at the nuclei while the SD term results from the spin

polarization caused by the magnetic dipole field of the

nuclear moment. Accordingly, the FC term depends
preferentially on the r-electrons of a molecule because

only those possess a substantial density value at the

contact surface of the nucleus. The DSO term is large at

positions of high density, but otherwise its magnitude is

mostly smaller than that of the PSO term. The latter as

well as the SD term are sensitive to the presence of

p-electrons.
Considering the normally small magnitude of the

DSO term, one can simplify these observations by

stating that the FC term probes the r-electronic struc-

ture of a molecule while the non-contact (NC) terms

probe its p-electronic structure. This could be used to

determine via the SSCC and its four Ramsey terms the

p-bond character of a bond. For example, in the case of

a C–C single bond (ethane), C@C double bond (ethyl-

ene) and CBC triple bond (acetylene), the magnitude of
the NC term increases from 1.5 to 23.6 SI units with a

minimum of )8.4 SI units for the CC double bond ac-

cording to SSCC calculations carried out in this work
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(Table 1). Since the total SSCC compare reasonably

with the experimental 1J (CC) values [5] (vibrational

corrections of )10.0–0.9 Hz calculated for 1J (CC) of

acetylene and ethylene have to be added [6]), it is justi-

fied to consider also the calculated Ramsey terms of
these SSCCs as reasonable. Clearly, there is a relation-

ship between the magnitude of the NC terms and the

p-character of the CC bond, which could be exploited to

determine the p-character of conjugated, hyperconju-

gated, homoconjugated or strained CC bonds, thus

providing a valuable asset to the description of bonding

via measurement of SSCCs. However, two obstacles

hinder the direct use of a relationship between the p-
character of a bond and the magnitude of the NC terms

of the corresponding one-bond SSCC.

1. The SSCC is measured as the sum of the four Ramsey

terms. However, the Ramsey terms of the SSCC are

not observable quantities.

2. The NC terms are negative for typical C@C double

bonds, but positive for typical CBC triple bonds

(Table 1). As long as this is not understood it is difficult
to set up a relationship between the p-character of a
bond and the value of the NC term of the corre-

sponding one-bond SSCC.

There are well-known relationships between the

magnitude of the FC term of a SSCC and the s-char-

acter of a bond [7,8]. For example, it is known that the

SSCC 1J (CH) is dominated by the FC term and that

both FC term and 1J (CH) are related to the s-character
of the CH bond orbital by the Muller–Pritchard equa-

tion [9]. If all 1J (CH) values for a particular CC bond

are known, it is possible to determine via the sum rule

for hybrid orbitals [10] the s-character of the hybrid

orbitals forming the CC bond. This provides the basis

for predicting the FC part of the SSCC 1J (CC) using for

example the Frei–Bernstein equation [11]. The difference

between the experimental SSCC 1J (CC) and the pre-
dicted 1FC(CC) value provides a measure for the

p-character of the CC bond. This approach can be

improved in several ways by determining the s-character

of the substituent bonds either via other measured bond

properties or by calculating it directly employing
Table 1

The four terms of the isotropic SSCC 1K(CC) for C2H2, C2H4 and C2H6
a

Molecule DSO PSO FC SD

C2H2 0.11 9.07 221.52 14.40

C2H4 0.11 )13.12 87.12 4.59

C2H6 0.17 )0.03 33.13 1.37

aCalculations were carried out at CP-DFT/BPW91/(11s, 7p, 2d/6s, 2p)[7s

geometrical parameters rCC ¼ 1:526 �AA, rCH ¼ 1:088 �AA, aHCH ¼ 107:4� are u

Y. Tsuno, J. Chem. Phys. 66 (1977) 2660. The CC bonds are oriented along th

SSCC 1K(CC) in SI units (1019 kg m�2 s�2 A�2) and of the SSCC 1J (CC) in
bExperimental values from [5].
c 176.0 Hz when vibrational corrections from [6] are added.
d 60.6 Hz when vibrational corrections from [6] are added.
quantum chemical methods. In this way, one can get an

experimentally-based estimate of the NC term of the

SSCC 1J (CC).
Hence, it remains to clarify trends in the values of the

contact term in dependence of the p-character of the
bond. We have recently started a research program to

decode the spin–spin coupling mechanism in terms of

orbital contributions, spin densities and orbital currents.

The steps of this program involved: (a) the derivation of

a Coupled Perturbed Density Functional (CP-DFT)

method to calculate SSCCs is an economical but reliable

way [12]; (b) generation of J -hypersurfaces (generalized
Karplus relationships) to study the influence of geo-
metrical changes on the SSCC in a systematic way [13];

(c) decoding of time-averaged SSCCs with the help of

theory [14]; (d) analysis of the spin–spin coupling

mechanism in terms of orbital contributions to the in-

dividual Ramsey terms [15]; (e) identification of different

coupling paths in a molecule for one particular SSCC

(multipath coupling) [16]; (f) description of the FC

coupling mechanism with the help of first order molec-
ular orbitals and the FC spin density distribution [17].

The present research report connects directly to the

latter work, in which we could show how the FC spin

density distribution determines sign and magnitude of a

particular orbital term and how certain orbital terms

such as bond orbital or lone pair orbital contribution

dominate the magnitude of the FC term [17]. In this

work, we focus on the PSO term as the most important
of the NC terms. We will introduce the PSO density

distribution and show how different orbital currents

influence sign and magnitude of the PSO part of the

SSCC.

The results of this work will be presented in the fol-

lowing way. We will first derive the tools to analyze the

PSO term (Section 2). Then, in Section 3 we will dem-

onstrate the usefulness of these tools by explaining the
different PSO contributions found for the 1J (CC) value
of a CC double and a CC triple bond. These explana-

tions will be the basis for future work, which focuses on

the use of SSCCs as sensitive antennas for the descrip-

tion of chemical bonding (Section 4).
NC 1K(CC) 1J (CC) 1J (exp)b

23.58 245.09 186.02c 169.7

)8.42 78.70 59.73d 67.5

1.51 34.65 26.30 34.5

, 6p, 2d/4s, 2p] using experimental geometries [23,24]. For ethane, the

sed taken from E. Hirota, K. Matsumara, M. Imachi, M. Fujio and

e z axis, the H atoms in C2H4 are in the xz plane. Values of the reduced

Hz.
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2. Derivation of the PSO density distribution

As the present work is concerned with electronic

processes connected with spin–spin coupling, we will use

the reduced SSCCs K rather than the full SSCCs J so as
to make the discussion independent of the gyromagnetic

ratios of the nuclei involved.

Ramsey [4] established the microscopic theory of

SSCC by employing second-order perturbation theory

with respect to the magnetic moments of the coupling

nuclei. This derivation can be understood in the way

that one of the nuclei (called perturbing nucleus in the

following) perturbs by its magnetic moment the electron
system, which in turn gives rise to a magnetic field at

the location of the second (responding) nucleus. Within

CP-DFT, the SSCC is represented as sum of the four

Ramsey terms given by Eqs. (1)–(4) [4,12]

KDSO
AB ¼ 2

3

Xocc
k

/ð0Þ
k jTrhDSO

AB
j/ð0Þ

k

D E
; ð1Þ

KPSO
AB ¼ � 4

3

Xocc
k

/ð0Þ
k jhPSOA j~//ðBÞ;PSO

k

D E
; ð2Þ

KFC
AB ¼ 2

3

Xocc
kr

wð0Þ
kr jhFCA j~wwðBÞ;FC

kr

D E
; ð3Þ

KSD
AB ¼ � 2

3

Xocc
kr

wð0Þ
kr jhSDA j~wwðBÞ;SD

kr

D E
; ð4Þ

where the DSO, PSO, FC and SD operators are defined

by Eqs. (5)–(8)
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The position of nucleus N (A or B) is given by vector

RN, rN ¼ r� RN gives the distance between electron and

nucleus, e0 is the dielectric constant of the vacuum, a is
Sommerfeld�s fine structure constant, I is the unit tensor
and s is the electron spin in units of �h. The prefactors

enclosed in braces in Eqs. (5)–(8) become equal to one in

atomic units. Note that hFCA and hSDA are 2� 2 matrices

with respect to the electron spin variables. The DSO and

the PSO part of the SSCC can be expressed in terms of

spin-free orbitals /k while the FC and the SD part are

given in terms of spin-dependent orbitals wk. Zeroth-
order orbitals are denoted by superscript (0) while su-

perscript (B) denotes first-order orbitals resulting from

the perturbing nucleus B. The indices of the occupied

orbitals will be k; l; . . . ; those of the virtual orbitals

a; b; . . .. The vectors ~wwðBÞ;X
k and ~//ðBÞ;X

k summarize the
three first-order orbitals corresponding to the three

components of hXB (X ¼ PSO, FC, SD).

In their general definition, the SSCCs are tensors with

respect to the orientations of the perturbing and re-

sponding nuclei (see e.g. [4]). The isotropic SSCCs as

given by Eqs. (1)–(8) are 1/3 of the trace of the corre-

sponding SSCC tensors. They describe the SSCCs av-

eraged over all orientations of the perturbed nucleus and
correspond to the results from NMR measurements in

gas phase or solution [1–3]. For the purpose of investi-

gating the electronic mechanism of spin–spin coupling,

it is necessary to consider the individual diagonal com-

ponents of the SSCC tensors, which specify the SSCC

for a given orientation of the perturbed nucleus. For the

DSO and PSO tensors, the diagonal terms along a given

direction n have the form:
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The DSO and PSO terms describe the coupling be-

tween the nuclei mediated by orbital currents in the

system. The perturbing nucleus induces a current density

in the electron system, which in turn gives rise to an
extra magnetic field. The value and orientation of this

field at the responding nucleus favors either a parallel or

an antiparallel orientation of the magnetic moments of

the perturbing and responding nucleus.

For a given orientation n of the perturbing nucleus,

the DSO and the PSO term can be written as a weighted

integral over the electronic current density, where the

weighting factor extracts that part of the total current
density that forms a ring current around nucleus A, i.e.,

the current density is re-expanded into ring-current

contributions around A

KX
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where now X¼PSO, DSO and jðBÞ;Xn ðrÞ are the first-

order PSO and DSO currents for a perturbation at

nucleus B:
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with .ð0ÞðrÞ ¼ 2
Pocc

k j/ð0Þ
k ðrÞj2 being the zeroth-order

electron density.

An unambiguous separation between DSO and PSO

term is not possible. The gauge ambiguity of the mag-

netic vector potential allows to move contributions to

the current density between PSO and DSO term. Also,

the PSO and the DSO current densities usually do not
fulfill the continuity equation one by one but only in

their sum. Still, DSO and PSO terms describe different

induction mechanisms: the DSO term describes the in-

duction of ring currents by Larmor precession (see

Fig. 1a). This effect is present for any orbital. The PSO

term, in contrast, describes the modification of existing

ring currents by the magnetic moment. This is shown in

Fig. 1b: assume that a pair of (complex) orbitals p� in
an atom is fully occupied (the PSO term is easiest to

discuss for complex orbitals; note that p� forms a torus

in real space, which is schematically indicated in Fig. 1b).

The pþ and p� electron carry opposite ring currents,

which cancel each other exactly. If a magnetic pertur-

bation is applied, the p� electrons are influenced in an

opposite way. One of the two ring currents is increased,

while the other is decreased, which results in a non-
Fig. 1. (a) Induction of diamagnetic currents in an atomic s orbital, (b)

induction of paramagnetic ring currents in a pair of atomic p� orbitals.

(c) The induced ring currents in C2H2 for the perturbing nucleus along

the CBC axis. The upper part shows the magnetic dipole field gener-

ated by the magnetic moment ~ll of nucleus C2. For some positions

close to C2 and C1, the magnetic field is marked with dashed arrows.

In the lower part, the modification of the ring currents by the magnetic

dipole field is shown. The dashed arrows for B are repeated in the

lower part to indicate that B points to the right around C2 while it

points to he left around Cl. This opposite orientation of B around

C1 and C2 gives rise to the opposite orientation of the induced ring

currents.
vanishing net ring current for the p� orbital pair. The

PSO mechanism is effective only for orbitals with non-s

character around the perturbed nucleus A. For these

orbitals, however, it typically outweighs the DSO con-

tribution.
The operator hPSOB is essentially the operator for the

orbital angular momentum related to RB, weighted with

jr� RBj�3. This implies that only occupied and virtual

orbitals contribute to the PSO term that have non-s

character at B, which is in line with the picture that the

PSO mechanism modifies existing orbital currents. Of-

ten the PSO mechanism is realized with p orbitals. In

this case, for the perturbing moment oriented in z di-
rection, only excitations of the kind pþ ! p�þ and p� !
p�� contribute to the PSO mechanism. If real orbitals

rather than complex ones are considered, the corre-

sponding transitions are px ! p�y and py ! p�x .
The considerations in connection with the PSO and

DSO mechanisms can be directly generalized to mole-

cules, where the role of the p orbitals is taken over by p
orbitals.

We calculated SSCCs for C2H2 and C2H4 employing

CP-DFT [12] for the BPW91 exchange-correlation

functional [18–20] and the (11s,7p,2d/6s,2p)[7s,6p,2d/

4s,2p] basis set [21,22] designed for the calculation

of magnetic properties. Experimental geometries were

used: rCC ¼ 1:203 �AA, rCH ¼ 1:061 �AA for C2H2 [23],

rCC ¼ 1:339 �AA, rCH ¼ 1:088 �AA, aHCH ¼ 117:4� for C2H4

[24].
For the PSO contribution of the SSCC, the diagonal

components of the SSCC tensor were calculated indi-

vidually. Reduced SSCCs K are given in SI units, i.e.,

1019 kg m�2 s�2 A�2, while J values are given in Hz

where the conversion factor from K(CC) to J (CC) is

0.759.

Utilizing calculated j/ð0Þ
k i and j~//ðBÞ;PSO

k i, we per-

formed a local analysis of the contributions to the PSO
term. As revealed by Eq. (10), the PSO term can be

represented as a weighted integral over the current

density jðBÞ;PSOn ðrÞ. The PSO mechanism will be efficient

only if: (i) the perturbing nucleus induces paramagnetic

ring currents in the electron system and (ii) these ring

currents are effective in generating a magnetic field at the

position of the responding nucleus. We studied therefore

both the distribution of jðBÞ;PSOn ðrÞ for given orientations
of the perturbing nucleus and the weighted current

density, i.e., the integrand in Eq. (10) for X¼PSO, for

which we coined the term PSO density distribution. The

current densities are represented as contour plots in a

plane perpendicular to a component of the actual cur-

rent. This representation gives a better account of the

current distribution than stream lines or arrows in sit-

uations where the current densities vary by several or-
ders of magnitude. Furthermore, stream lines are

problematic when the current density is not divergence-

free. The PSO densities, which are scalar, are also
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represented as contour plots. It should be noted that the

plots of the current densities are specific to the per-

turbing nucleus only, whereas plots of the PSO density

are specific for both the perturbing and the responding

nucleus.
For the purpose of identifying the main orbital con-

tributions to the PSO term, we used the J-OC-PSP

(decomposition of J into Orbital Contributions using

Orbital Currents and Partial Spin Polarization) devel-

oped recently [15,17]. All SSCC calculations were car-

ried out with the CP-DFT algorithm [12] implemented

in the ab initio program package COLOGNE 2003 [25].
3. Results and discussion

First we will discuss results for the PSO term of the

SSCC 1J (CC) of acetylene, then the corresponding re-

sults for ethylene. The two CC bonds in these molecules

can be considered as the prototypes for all triple or

double bonded first row systems. CP-DFT values of the
three PSO components, as well as the orbital contribu-

tions for the C–C bond orbitals determined with the

J-OC-PSP analysis [15,17], are summarized in Table 2

where as a reference the corresponding values of the
1J (CC) constant of ethane are added. Calculated current

densities and PSO densities are graphically displayed in

form of contour line diagrams in Figs. 2 (acetylene) and

3 (ethylene). For the current density dashed contour
lines indicate that the current flows from above the

plane into the plane perpendicular through the center of

the closed contour lines. For solid contour lines the flow

direction is opposite. In all plots discussed in the fol-

lowing, C2 is the perturbing nucleus and Cl the re-

sponding one. The bond axis will give the z-direction,
the xz-plane will be the molecular plane of ethylene and

the y-direction will be the direction of the p-orbitals. The
contour line values are given in form of a geometric

progression using a multiplication factor of 1001=5 ¼
2:5118864. In this way, the contour level value of each

fifth contour line has increased (decreased) by a factor of

100. For the purpose of simplifying the comparison of
Table 2

Diagonal components of the PSO part of the SSCC tensor for the SSCC 1K(C
orbitalsa

Orientation C2H2 C2H4

Total r(C1C2) px(C1C2) Total

xx )18.05 )12.97 0.07 )33.79
yy )18.05 )12.97 1.15 )0.15
zz 63.31 0.0 31.65 )5.43
Isotropic 9.07 )8.65 10.96 )13.12
aCalculations done at CP-DFT/BPW91/(11s,7p,2d/6s,2p)[7s,6p,2d/4s,2p] u

terms obtained by a J-OC-PSP analysis according to [15,17]. For further de
the diagrams shown in Figs. 2 and 3, the contour lines

with the values 0.1 and 10 are given in bold.

3.1. PSO term for 1J(CC) of acetylene

Fig. 2a shows a contour plot of the perpendicular

current density for C2H2 in the yz-plane containing the

axis of the molecule with the perturbing nuclear moment

along the CC bond direction (z-direction). The diagram

reveals that the nucleus induces relatively large ring

currents, which are of opposite direction around Cl and

C2. If one looks from C2 to Cl, the ring current at Cl is

clockwise around the CC axis while that at C2 is
counterclockwise oriented. The former is clearly larger

than the latter as reflected by the extension of the cur-

rent densities into space. Fig. 2b shows the corre-

sponding PSO density. One finds that the ring current

around Cl makes a positive contribution to the PSO

term, the ring current around C2, a negative one. Es-

pecially, for small distances from the CC bond, the

positive contribution is larger than the negative one.
This effect is enlarged by the fact that the PSOzz density

of Fig. 2b is rotational symmetric around the z-axis.
Integration according to Eq. (10) eventually leads to a

value of +63.3 SI units for 1KPSO
zz (CC) (see Table 2).

The opposite directions of the paramagnetic ring

currents around the two C atoms can be rationalized

considering the form of the magnetic dipole field (see

Fig. 1c): In the p-space of C2, this field points prefer-
entially in the direction Cl!C2, however in the p-space
of C1 in the opposite direction (dashed arrows in

Fig. 1c). An orbital analysis of the current density shows

that the ring currents are mainly due to excitations from

the p� orbitals in the corresponding p�� orbitals. This

excitation allows for an efficient induction of paramag-

netic ring currents for a number of reasons: (i) the zero-

order – first-order orbital pairs involving p� and p��
overlap strongly thus facilitating excitations (actually,

one has to consider the products /ð1Þ
k r/ð0Þ

k and

/ð0Þ
k r/ð1Þ

k in Eq. (11)); (ii) the excitation energy is rela-

tively low (BPW91/[7s,6p,2d/4s,2p] orbital energies of

)0.263 and )0.011 a.u., respectively); (iii) the nodal
C) of C2H2, C2H4 and C2H6 and contributions from the C–C bonding

C2H6

r(C1C2) py(C1C2) Total r(C1C2)

)18.01 )7.13 0.98 )1.43
)1.99 0.05 0.98 )1.43
0.00 )0.74 )2.04 0.00

)6.67 )2.61 )0.03 )0.95

sing experimental geometries [23,24]. Orbital contributions to the PSO

tails see note in Table 1.



Fig. 2. Contour line diagrams of the current densities induced by the PSO coupling mechanism and the PSO density distribution for C2H2 in a plane

containing the molecular axis. All calculations done at the BPW91/ (11s, 7p, 2d/6s, 2p)[7s, 6p, 2d/4s, 2p] level of theory using the experimental

geometry [23]. The contour levels are chosen equally tempered, i.e., in a geometric progression. The bold lines denote contour levels of 0.1 and 10; the

relative spacing between two adjacent contours is 1001=5 ¼ 2.5118864. Solid lines denote positive, dashed lines negative and the dotted lines a zero

value of the current density (or the PSO density). In the current density diagrams, positive (negative) values indicate a current out of (into)

the drawing plane. The perturbing nuclear moment is at C2: (a) current density in the yz-plane for the perturbing moment parallel to the CBC axis

(z-direction); (b) PSO density in the yz-plane for the perturbing moment parallel to the CBC axis (z-direction); (c) current density in the yz-plane for
the perturbing moment perpendicular to the CBC axis in y-direction; (d) PSO density in the yz-plane for the perturbing moment perpendicular to the

CBC axis in y-direction; (e) PSO density in the yz-plane for the perturbing moment perpendicular to the CBC axis in x-direction; (f) PSO density

averaged over all orientations of the perturbing moment.
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Fig. 3. Contour line diagrams of the current densities induced by the PSO couplingmechanism and the PSOdensity distribution for C2H2 in the yz-plane
containing the C@C bond and orthogonal to the molecular plane (xz-plane). All calculations done at the BPW91/ (11s, 7p, 2d/6s, 2p) [7s, 6p, 2d/4s, 2p]

level of theory at the experimental geometry [24]. For further details, see caption of Fig. 2: (a) current density for the perturbing moment parallel to the

C@C axis (z-direction); (b) PSO density for the perturbing moment parallel to the C@C axis (z-direction); (c) current density for the perturbing moment

perpendicular to the C@C axis in y-direction; (d) PSO density for the perturbing moment perpendicular to the C@C axis in y-direction; (e) PSO density

for the perturbing moment perpendicular to the C@C axis in x-direction; (f) PSO density averaged over all orientations of the perturbing moment.
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plane of the p�� orbitals, which is in the plane bisecting

the CBC bond and standing perpendicular to it, ensures

that the local contributions to hp��jhðC2Þ;PSOz jp�i from the
region around C2 (where the magnetic field B points to

the right, Fig. 1c) and around C1 (where B points to the

left) have the same sign (the vector product in Eq. (10)
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becomes positive in both cases) and add up. Circum-

stances (i), (ii) and (iii) account for the resulting large

ring currents. Regarding the weighting of the current

density, it is known from magnetostatics (Biot–Savart

law) that the magnetic field of a ring current decays with
the 3rd power of the distance from the ring axis. This

explains why the ring currents around Cl are much more

effective (larger PSO densities close to the nucleus;

Fig. 2b) than those around C2 for the PSO term. Ac-

cordingly, a large positive value of 1KPSO
zz (CC) (63.3 SI

units, Table 2) results. This value is exactly twice the

contribution of each p(CC) orbital (see Table 2), which

reflects the fact that all other orbitals have r character
and thus do not contribute to PSOzz.

Fig. 2c presents the current density for C2H2 in the

yz-plane with the perturbing nuclear moment in y di-

rection, i.e., perpendicular to the CBC bond axis in the

drawing plane. The contour plot shows two ring cur-

rents, with equal orientation, one around C2 and one

around an axis close to C1. The corresponding PSO

density is shown in Fig. 2d. In the region around C2, the
PSO density looks similar to the current density itself.

One sees that the ring current around C2 makes both

positive and negative contributions to the PSO term,

which partially cancel each other. Around C1, however,

the orientation of the weight factor gives rise to an ad-

ditional nodal plane. As a consequence, the sign of the

PSO density is uniformly negative around C1, except for

a small (perpendicular) ring close to C1. These negative
contributions eventually give rise to a value of )18.0 SI

units calculated for 1KPSO
yy (CC) (Table 2). An orbital

analysis shows that a large part of the ring currents is

carried by excitations (i) from the rz(CC) orbital into the

appropriate p�(CC) orbital and (ii) from px(CC) orbital
into the r�z (CC) orbital. Both excitations give rise to a

pair of equally oriented ring currents as it is observed in

Fig. 2c. The resulting orbital contributions are )13.0 SI
units for the rz(CC) and 1.2 SI units for the px(CC)
orbital.

The perturbing moments in x and y direction are

symmetry-equivalent for C2H2 and, therefore, there is

no need to repeat the analysis for the x-direction. As a

matter of fact, the current density in the xy-plane bi-

secting the CBC bond vanishes because of opposite

current directions in this plane. Instead, it is interesting
to consider the PSO density resulting from the in-plane

currents (yz-plane), which is symmetry-equivalent to the

PSO density in the xz-plane resulting from a perturba-

tion in y direction. This PSO density is shown in Fig. 2e.

One finds again a dominance of negative contributions

and a region with positive contribution left to C2.

The orientation-averaged PSO density for C2H2 is

shown in Fig. 2f, which gives a superposition of the
features discussed for Figs. 2b, d and e. The toroidal

region with positive contributions around C1 from the

zz term still dominates, but is partly compensated by the
negative contributions arising from the xx and yy terms.

The contributions from the ring currents in x and y di-

rection are averaged cylindrical around the axis of the

molecule. Hence, the integral over the total PSO density

(see Eq. (10)) is smaller than the large positive 1KPSO
zz

(CC) value leading to an isotropic PSO value of just 9.1

SI units (Table 2).

3.2. The PSO term for 1J(CC) of ethylene

In the case of ethylene, there is no pair of degenerate

p orbitals in C2H4 and therefore we use real p orbitals in

the following discussion. Fig. 3a shows the perpendic-
ular ring current density for C2H4 for the perturbing

moment parallel to the C@C bond. Note that the py
(C@C) orbital is intersected by the drawing plane (yz-
plane). The ring currents are considerably weaker than

for C2H2 (Fig. 2a), which becomes obvious when fol-

lowing the outermost bold contour line from C2 to C1

(Fig. 3a). Besides, the ring current is oriented uniformly

throughout the molecule, the current around C2 being
larger than that around C1. The PSO density is shown in

Fig. 3b. It is predominantly negative, leading to a value

of )5.4 SI units for 1KPSO
zz (CC) (see Table 2).

For excitations from the py orbitals, there are no

virtual p orbitals available but only pseudo-p orbitals,

i.e., orbitals composed of a 2pp(C) orbital and an anti-

symmetric combination of the 1s orbitals at the neigh-

boring H atoms. The lowest of these virtual orbitals is
the pseudo-p�x(H2CCH2) orbital, which overlaps only

moderately with the py orbital. Apart from this, it is

C–C bonding, i.e., the local contributions to hpseudo-
p�x jhðC2Þ;PSOz jpyi from the regions around C2 and around

C1 cancel each other partly thus leading to a smaller

current density at C1 (Fig. 3a). Finally, its energy rela-

tive to the HOMO (BPW91/[7s,6p,2d/4s,2p] orbital en-

ergies: )0.246 and +0.064 a.u., respectively), is higher
than for the p� ! p�� excitations in C2H2. These

circumstances account for the lower efficiency of the

induction mechanism as compared to C2H2. The per-

turbing field is strongest around C2 and the orientation

of the ring current is determined by the field in this

region. Consequently, the contribution of the ring cur-

rent to the PSO term is negative. Its value is just )0.7
SI units, or about 14% of the total 1KPSO

zz (CC) value
(Table 2). The remaining part of the PSOzz term is due

to excitations from the r(CH) bonds into the p�x(CC)
orbital.

Clearly, the py (C@C) orbital is much less effective for

the induction of ring currents around the C@C axis than

the p system in C2H2. The in-plane pseudo-px
(H2CCH2) and pseudo-p�x(H2CCH2) orbitals can only

insufficiently play the role of the p� and p�� orbital of
acetylene and therefore the conducting cylinder around

the CC axis found for acetylene is strongly distorted in

the case of the ethylene molecule. Most important is the
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CC bonding character of the pseudo-p�x(H2CCH2) or-

bital contrary to the antibonding character of the p��
orbital in acetylene. Note that the py ! p�y excitation

cannot contribute to the PSO mechanism since the PSO

operator is an angular momentum operator.
The current density distribution in the yz-plane for

the perturbation in the y direction is shown in Fig. 3c.

There is a ring current around C2, but contrary to

acetylene (Fig. 2c) there is no second ring current

around C1. The PSO density shown in Fig. 3d has a

nodal plane through each C atom. Consequently, posi-

tive and negative contributions to the PSO term cancel

each other to a large extent, thus leading to the relatively
small value of )0.15 SI units for 1KPSO

yy (CC).

For the perturbation oriented in y direction, the main

contribution to the ring current comes from the rz(CC)
orbital and involves the excitation rz(CC) ! pseudo-

p�x(H2CCH2). (The excitation pseudo-p�x(H2CCH2) !
r�(CC) plays a smaller role because of the high energy of

the r�z (CC) orbital.) These orbitals do not possess a nodal

surface perpendicular to the bond axis, which implies
that there are not two ring currents but just one around

C2 while the perpendicular current density around C1 is

uniformly positive (Fig. 3c) as already discussed in con-

nection with the perturbation in the z-direction (Fig. 3a).

Neither the ring current around C2 nor the uniform

current around C1 generates a sizable magnetic field at

C1, which explains the small value of the yy component

of the PSO term. The orbital analys reveals that the
contribution of the rz(CC) orbital to PSOyy is )2.0 SI

units, i.e., much larger than the total PSOyy value. Ac-

tually, contributions from the r(CH) orbitals compen-

sate a large part of the rz(CC) contribution.
Fig. 3c shows that the paramagnetic current may vi-

olate the continuity equation: There is a clear over-

weight of the out-of-plane current, which will be

compensated by a surplus of the in-plane DSO current
density. This underlines the fact that the splitting of the

spin–orbital part of the SSCC into PSO and DSO con-

tribution is connected with some arbitrariness and only

done to facilitate the analysis of PSO and DSO term.

For the perturbing moment oriented in x direction,

the induced currents are in the molecular plane (xz-
plane). As in the case of acetylene, the current density

vanishes in the xy-plane bisecting the C@C bond. The
current density in the yz-plane (not shown) resembles

that displayed for C2H2 in Fig. 2c as is confirmed by the

PSO density (Fig. 3e) shown for the yz-plane. Indeed, an
orbital analysis shows that the main contribution arises

from the excitation rzðCCÞ ! p�y , which gives rise to a

pair of ring currents around C1 and C2. The resulting

value for 1KPSO
xx (CC) is )33.8 SI units, which is of the

same order of magnitude than the corresponding value
for C2H2 ()18.0 SI units, Table 2). The larger value for

ethylene is due to the stronger pz character of the rz(CC)
orbital in ethylene (sp2 rather than sp) and to the fact
that, because of the larger electronegativity of a sp-hy-

bridized C atom, the rz and p orbital are lower and the

p� higher in energy than in ethylene. Consequently, the

excitation energy rzðCCÞ ! p�y in ethylene is signifi-

cantly smaller thus leading to the larger magnitude of
the PSOxx contribution. The orientation-averaged PSO

density shown in Fig. 3f resembles that for the per-

turbing moment oriented into x-direction (Fig. 3e). This

is in line with the fact that the xx component of the PSO

tensor dominates the isotropic average (see Table 2).

The orbital analysis reveals that the rz(CC) orbital

stands for the main contribution to PSOxx ()18.0 SI

units), while the second sizeable contribution comes
from the py(CC) orbital ()7.1 SI units).
4. Chemical relevance of results

In this work, the principally different PSO contribu-

tions obtained for the SSCC 1KðCCÞ (or 1JðCCÞ) of

double and triple bonds are explained. The analysis re-
veals that the isotropic PSO term is a consequence of

several, sometimes contradicting factors: (a) the exis-

tence of orbital pairs (occupied, virtual) with pp char-

acter and the right angular relationship, i.e., xy, xz or yz
for perturbation in the z, y or x direction. The second

component of the orbital pair is important for the nodal

behavior of the first order orbital; (b) the induction of

strong ring currents requires low excitation energies
from the x to the y (y to x), the x to the z (z to x) or y to

the z (z to y) component of the orbital pairs; (c) the

orbital overlap between zeroth order and the first order

orbital influence the magnitude of the ring current where

one has to consider that two terms enter Eq. (11) as the

gradient of the orbital can be taken with regard to the

zeroth or first order orbital; (d) the nodal properties of

zeroth and first order orbital are decisive whether a local
ring current is increased or decreased. The direction of

the nuclear dipole field in combination with the nodal

properties of the orbitals involved decides on the di-

rection of the local ring currents; (e) the weighting factor

of Eq. (10) can lead to the introduction of additional

nodal surfaces into the PSO density. The PSO densi-

ties shown in this work reveal that with an increase

of the number of nodal surfaces in the PSO density
the magnitude of the corresponding PSO component

decreases.

On the basis of these general observations one can

rationalize the PSO components for the SSCC of
1K(CC) in staggered ethane (Table 2). Suitable orbital

pairs are (pseudo-px, pseudo-p�y ) for the z-perturbation,
(pseudo-px; r�z ) for the y-direction and (pseudo-py ; r�z )
for the x-direction. The excitation energies are relatively
large so that the ring currents will be rather weak. As in

the case of acetylene, there should be two components of

the same magnitude and sign, i.e., PSOyy ¼PSOxx and a
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third component (PSOzz) with different magnitude and

sign. Since the pseudo-p(H3C–CH3) orbitals have a

different nodal behavior in the CC bond than the p or-

bitals in acetylene (pseudo-p has a nodal surface per-

pendicular to the CC axis bisecting the latter, pseudo-p�

does not have such a nodal plane), the signs of the PSO

components should be opposite to the corresponding

PSO components of acetylene. The magnitude of the

PSOzz component should be larger than those of the

other components for the same reasons as discussed for

acetylene. Since the excitation energies imply in general

much smaller values, there is not a similar dominance of

PSOzz as in the case of acetylene. Accordingly, the three
PSO components will cancel each other largely in the

isotropic average yielding a relatively small PSO con-

tribution for 1K(CC) in ethane. These predictions are

confirmed for the PSO contributions listed in Tables 1

and 2. The PSO term has a value of just )0.03 SI units,

which however does not mean that there are no orbital

currents in ethane, only that positive and negative PSO

components cancel each other largely. This will hold for
all single bonds similar to the ethane single bond,

however it can change as soon as the CC single bond is

strained (getting more p-character) as in small ring

molecules.

The PSO term reflects the electronic structure of a

molecule in a more complex way than the FC term does.

It reflects the existence of pairs of pp molecular orbitals

such as (px; p�y ) (pseudo-px; p�y ) (pseudo-px, pseudo-
p�yÞ; ðpx; r�z ), (pseudo-px; r�z ), (py ; r�z ), etc., which are

responsible for ring currents around the bond axis

(z-perturbation) or for the ring currents around the two

axes perpendicular to the bond axis (x- and y-pertur-
bation). The magnitude of the resulting PSO component

is a direct reflection of the magnitude of the lowest ex-

citation energy because the corresponding orbital term

should dominate the PSO component. Thus, the
px ! p�y excitation energy is smaller than the pseudo-

px ! p�y excitation energy, which in turn is smaller than

the pseudo-px ! pseudo-p�y excitation energy. The cor-

responding PSOzz components decrease in magnitude

from 63 to j�5:4j and j�2:0j SI units (see Table 2).

Similar relationships hold for excitations involving the

rz orbital.
Decisive for the PSO term is actually the density. If

this density is distorted by environmental effects such as

the presence of a second molecule in a complex, the PSO

term can increase in magnitude even if the bond

in question is formally considered to involve just s-

electrons. The correct description of the distortion of the

density implies the admixture of p-type functions, which

enter the formulas for the PSO components given in this

work.
Since the sign of the different PSO components

mostly differ, a sizable isotropic PSO value will be only

obtained if one of the PSO components dominates lar-
gely: this is for triple bonds the large positive PSOzz

value caused by the cylindric ring currents around the

bond axis. For double bonds, the py or p�y orbital must

be involved, which indicates that the largest contribu-

tion is PSOxx.
We have shown in previous work that the Fermi

contact spin density distribution at the nuclei depends

on the electronegativity of the coupling atoms and the

polarizability of atom (and bond) densities. The larger

the polarizability is the better can spin polarization be

transferred from one nucleus to the other. It can happen

that electronegativity and polarizability effects are

counteractive leading to a decrease in the magnitude of
the FC term [17]. The electronegativity plays an im-

portant role also for the PSO term, however in a more

indirect way. Since the C atom in ethylene (less s-char-

acter) has a lower electronegativity than a C atom in

acetylene (more s-character), the energies of relevant

occupied orbitals are higher, those of relevant virtual

orbitals are lower thus leading to smaller excitation

energies and a larger impact of the corresponding PSO
component. The role that is played by the polarizability

in the case of the FC term is taken over by the mag-

netizability n. It is well known that the n-increment for

the CC triple bond is 232� 10�30 J T �2 while that for a

double bond is just )58� 10�30 J T �2 [26].

Another factor beside electronegativity and mag-

netizability is the topology of p-bonding. Formal sin-

gle bonds between p-bonds should be associated with
a significant PSO contribution to the corresponding

one-bond SSCC larger than that of ethane. At the

same time, the highest occupied p orbital has a nodal

plane cutting through the formal single bond so that

the corresponding PSO density will have, contrary to

that of an isolated double bond, also a nodal surface.

Areas with positive and negative density will cancel so

that the PSO term for the corresponding one bond
SSCC will be probably closer to that of a single bond

than its p-bond character suggests. Nevertheless we

predict that the PSO term will be (together with the

SD term) a useful descriptor for the determination of

the p-character of a bond. Following the procedure

described in the introduction it should be possible to

use measured SSCCs, derive the FC term in another

way and determine the NC terms as the difference
between these quantities. Work is in progress to ex-

plore this possibility of describing the p-character of

bonds.
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