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A method for calculating the various components of the magnetically induced current-density tensor
using gauge-including atomic orbitals is described. The method is formulated in the framework of
analytical derivative theory, thus enabling implementation at the Hartree—Fock self-consistent-field
(HF-SCB as well as at electron-correlated levels. First-order induced current densities have been
computed up to the coupled-cluster singles and doubles (E&5D augmented by a perturbative
treatment of triple excitationfCCSI(T)] for carbon dioxide and benzene and up to the full
coupled-cluster singles, doubles, and triglE€SDT) level in the case of ozone. The applicability

of the gauge including magnetically induced current method to larger molecules is demonstrated by
computing first-order current densities for porphin and hexabenzocoronene at the HF-SCF and
density-functional theory level. Furthermore, a scheme for obtaining quantitative values for the
induced currents in a molecule via numerical integration over the current flow is presented. For
benzene, a perpendicular magnetic field inducéeld dependentring current of 12.8 nAT? at

the HF-SCF level using a triple-zeta basis set augmented with polarization funCtioRs At the
CCSDT)/TZP level the induced current was found to be 11.4 nATGauge invariance and its
relation to charge-current conservation is discussed20®4 American Institute of Physics.
[DOI: 10.1063/1.1773136

I. INTRODUCTION Ditchfield and others:?*??However, the actual breakthrough
of the GIAO approach is due to the work of Wolinski

The current density induced in the molecular electronet al.®’ who demonstrated that modern analytic derivative
density by an external magnetic field is invariant undertheory® can be efficiently used for the calculation of nuclear
gauge transformations. In quantum chemical calculations ofnagnetic shieldings within the GIAO framework. The GIAO
magnetic properties, however, the issue of gauge invariancgpproach has since then been implemented in most of the
is usually limited to the discussion of gauge-origin indepen-popular quantum chemical program systémsand also ex-
dence, i.e., the transformation properties with respect to gnded to computational levels beyond the Hartree—Fock
special class of gauge transformations. Most of the so fajeye|810-20.23
reported calculations of magnetically induced current densi-  Even though the use of GIAOs is currently the most
ties do not satisfy gauge-origin independence due to the ussopular approach to resolve the gauge-origin issue in shield-
of finite basis sets in the same manner as corresponding cahg calculations, magnetically induced current densities are
culations of nuclear magnetic shielding constants. The use dfi most cases still obtained using computational methods
gauge-including atomic orbital§IAO), also known as Lon-  with an explicit gauge-origin depender®’ Recently, the
don orbitals, represents one, and in our opinion the mostontinuous transformation of current-densifCTOCD)
elegant possibility to resolve the gauge-origin problem inapproach®~2¢ has become available for computing induced
nuclear magnetic shielding calculatioh$! By employing  current densities. In this approach, the gauge-origin problem
explicitly magnetic-field-dependent basis functions theis resolved by using a different gauge origin for each point
gauge-origin dependence of calculated nuclear magnetior which the current density is calculated. Within the
shielding constants as well as other magnetic properties caDTOCD-DZ variant the gauge origin is identical to the point
be eliminated. The idea to use field-dependent basis func-at which the current density is comput&f® while in the
tions to remove the gauge-origin dependence can be traceliTOCD-PZ variant the gauge origin is chosen such that the
back to the work of LondoA.It was first used in nuclear transverse component of the paramagnetic current density is
magnetic shielding calculations by Hamékand later by  annihilated®®3* Improved CTOCD approaches obtained by
shifting the gauge origin have also been sugge&téy334
dElectronic mail: jonas@chem.helsinki.fi, sundholm@chem.helsinki.fi Experience with nuclear magnetic shieldings, however, indi-
PElectronic mail: gauss@mail.uni-mainz.de cates that the CTOCD schemes generally are less efficient
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than the GIAO approach for computing magnetic with
properties’’ AB(r)=1BX(r—Rg) 3
In this article, we present a new computational approach 2 ©
to calculate magnetically induced current densities based ocand
GIAOs and analytical derivative theory. Due to the use of m X (r—R,)
GIAOs, no reference to the gauge origin appears in the final  A™(r)= az'—3'_ (4)
expression for the first-order induced current density. The r=Ry|
obtained currents are gauge-origin independent but gauge im the given equation®}y represents the chosen gauge ori-
variance is achieved only in the limit of complete basis setgin of the magnetic fieldn, the nuclear magnetic moment of
The derivation is based on the Biot—Savart expression for théhe Ith nucleus andR, the position of this nucleus, andis
nuclear magnetic shielding ten$di*®as well as the corre- the fine-structure constant. Atomic units are used in this
sponding expressions obtained within analytic derivativework. In an isolated system charge conservation holds, i.e.,
theory®1012-1417The resulting expression is cast in a form charge cannot be created nor destroyed. For a molecule in a
which only requires knowledge about the unperturbed andtationary state the charge-conservation condition becomes
perturbed one-electron density matrices. Current densitie¥-J=0. For closed-shell molecules in the absence of an ex-
can thus be calculated within the present approach at aternal magnetic field, this reduces e 0.
computational levels for which these one-electron density In an isotropic medium, the magnetic flux densyis
matrices are available. The presented scheme is applied tmiquely defined via the vector potentidl. However, the
carbon dioxide (CQ), ozone (Q), and benzene ({E) at reverse is not true sinceB=VX(A(r)+Vd(r))
various electron-correlated quantum chemical levels as wel=V XA(r). Here, ®(r) stands for an arbitrary scalar func-
as to large molecular systems such as porphigpNgH14) tion, thus rendering the choice of the gauge more specifi-
and hexabenzocoronene 4H;g) at the Hartree—Fock self- cally the gauge originRg) for a magnetic field undeter-
consistent-field (HF-SCH and density-functional-theory mined. While gauge-invariance holds for the exact solution
level. of the Schrdinger equations and also for some approximate
In an external magnetic field, aromatic and anti-aromaticsolutions when using a complete one-particle basié®sae
molecules sustain induced ring currents whose strength camse of finite one-particle basis sets unavoidably introduces a
be used as a measure for the degree of aromaticityauge-dependence in quantum chemical calculations of mag-
(anti-aromaticity.**° The induced ring current leads to an netic properties. A number of different approaches exist to
additional(induced magnetic field that can be observed as aremedy this problem:"*°**None of these approaches ac-
long-range magnetic shielding contribution. In our previouscomplish true gauge invariance but rather gauge-origin inde-
work,"=*" we estimated ring-current strengths from the pendence. In the present work, gauge-origin independence is
shape of the long-range magnetic shielding function basedbtained by using GIAOs,
gn Biot—Savart's law for an infinitely thln'and C|rc'ular con- (1) = (DEXIR,~Rol), O) ) )
uctor. In the present paper, we obtain the ring-current m s
strengths for benzene, porphin, and hexabenzocoronene dir Eq. (5), X;O)(r) denotes a standard Gaussian-type basis
rectly via explicit numerical integration over the net currentfunction withR,, as center an®o as the chosen gauge ori-
flow through one of the bond cross sections within the congin. The use of GIAOs eliminates all explicit reference to the
sidered molecular ring. This approach has the advantage th@jlobal gauge originRy in the corresponding expressions
current strengths can also be obtained for molecules witland in addition it ensures rapid basis-set convergence for the
complex connected ring structuresuch as, for example, in  corresponding second-order magnetic properties.
the case of hexabenzocorongnaed thus provides a detailed

and quantitative magnetic measure of aromaticity. B. Analytic derivative based current-density theory

The electronic energy of a molecular system can gener-
Il. THEORY ally be written in terms of density matrices as

A. The current density 1
E: E hp,VDp,V—’_ E E g,u(rvpd,uO'Vp ' (6)
y7ax

In the presence of a uniform, time-independent magnetic uvap
field with a flux B, a current density is induced within the

. whereh ,, andg,,,, are the one- and two-electron interac-
molecular electron density:

tion integrals,

J(r):%f dry..dr(W* VW —WUVE* + 2 AV P), h;w=f dr xS,
()
In Eq. (1), ¥ is the wave function, and is the vector po- g,u,a'vpzj f drdrox  XET 15 XX s (7)
tential describing both the external magnetic field and the _ o
magnetic fields arising from the nuclei in a molecule D, andd,,,, the one- and two-electron density matrices in
N the atomic-orbital representation, ard the one-electron
AN =ABT)+ > AM(r) ) Hamiltonian. To derive a derivative-theory-based expression
|

for the magnetically induced current density, we start from
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the corresponding derivative expression for the nuclear mag- (rs— ng)
netic shielding tensor that is obtained by differentiating the— €5, ———=3 R (r)y= 2 ’” XE(r) —x.,(r)
total energy in Eq(6) with respect to the nuclear magnetic wy M,
moments and the components of the external magnetic field ax*(r) oh
in the limit of zero magnetic field: + —E -
g % mv C7B (9m| Xv( )
| &°E @
O o= 7T T .= .
@B om! 9B 4| B=0 Ix.(r)
@ B m,; =0 +2 D[LVX,[,L( ) ﬁBﬁ
Evaluating Eq(8) via the energy expression in E®) yields on
the following expression for the magnetic shielding tensor +2 D y*
X (1) X(1)
elements; IR gm,,dB g
2 %h, 5 Dy (14
aﬁ "”am 0BB+ < 9By ,;mla ©) with the derivatives of the one-electron Hamiltonian given
by
with 9D ,, /9B as the magnetically perturbed density matri-
ces andah ,/oml, as well ass*h ,,/gm. B, as the corre-  Jh =a2(r—R,)><p 15
sponding derlvatlves of the mtegrals bfin the AO repre-  dm, n?jo Ir=R® "
sentation.
On the other hand, the second-order interaction energy 52 @ [(r—=Ro)(r—R)1—(r—Ro)(r—R))]
due to the interaction of nuclear magnetic moments with arb— 02 R .
|
external magnetic field can also be given in terms of the |70
current density and the vector potential due to the corre- (16)
sponding nuclear magnetic momeft, Although these operators explicitly depend on the gauge ori-
gin Rp and thus seem to render the first-order current tensor
EMB= —J A™M(r)-JB(r)dr. (10 gauge dependent, it can be shown that the gauge-dependent

terms cancel exactly against terms arising from the differen-
Evaluation of the second derivative in E§) using Eq.(10) tiation of the GIAOs.
yields an alternative expression for the nuclear magnetic Further simplifications of Eq(14) yield the working

shielding tensor equations for the calculation of the various components of
the magnetically induced current-density tensﬁ?f*(r),
L (rs—Rys) By “
%ﬂ——fasyf T=Rrp 79 (1) . axu(r) Jh
THr)=2 D, Fra XAD)
where my
5 FAN(Y ﬂ IxX»(1)
TH0="g, (12) + 2 DN 5o e

are the tensor elements of the first-order induced current den-

ah
sity, ande,, s, is the Levi-Civita tensor. Equating Eq®) and + . aB (f) o X(T)
(11) and explicitly introducing the one-electron basis func-
tions, we obtain the following equation that relates nuclear . 9%h
magnetic shieldings and the current-density tensor: —€aBs % DX (1) [?m|—0,,B(sXV(f) , (1)
2
: 1 |
% ’”am 7B, {X,L(f)hxy r)kdr where we have defined a new set of operatohdgm,, and

#*h/om' 9B 5, without the denominatolr —R,|. Note that
Eqg. (17) is easily evaluated at any space point, since it only

E , {)( r)h)( (r)}dr involves basis functions and derivatives of basis functions at

v &Bﬁ am, "H ; . .

that point as well as the corresponding one-electron density

(rs—Ris) & matrices. It should be also noted that the explicit dependence
aﬁyf ijﬁ(f)df- (13 of each individual contribution on the nuclear positiBp

cancels out in the sum of all contributions, thus making the
It can easily be seen from the general expression for theurrent-density tensor independent of the nuclear positions
magnetic interaction energg™E that the integrands on the R, and the magnetic moments, , as it should be.
left- and right-hand sides of Eq13) must be identical. In It is also possible to derive an expression t@Pﬂ in
order to determine7”° ﬁ(r) in discrete space points we drop terms of the corresponding expressions for the magnetlzabll-
the integral signs on both sides in E§3). Together with the ity tensor. Although such an approach might seem to be more
use of field-dependent basis functidits. (5)] this yields natural, since the first-order current density is independent of
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the nuclear magnetic moments, this approach leads to com- [dP,(x;)
plications when working with GIAOs. Due to the magnetic- (T
field dependence of GIAOs the generalized Hellmann—

Feynman theorem cannot be as easily applied whel one dimension, Gauss quadrature yields

evaluating Eq.(8) thus rendering that approach more in- b m /n
volved. f foodx= 2, ( w?fkm)), (22)
a k=1 \i=1
C. Implementation details where the sum ovek originates from the piecewise integra-

tion andf, is the functionf shifted to[ —1,1] on thekth

In order to implement the given equations f6F4(r) in . . . . :
P 9 N wi(r) interval. The integration weights are given by

a computer program, it is advantageous to recast{Eg).in
a matrix-vector form. The starting point for such a form is a G 2 dP,(x;)
vectorv whose vector elements consist of the basis-function Wi = (1-x9) ( dx
values at each grid poimt Furthermore, we need to evaluate

the derivative values of the basis functions with respest, to In the Lobatto integration, the integration points are de-
y, andz. Due to the explicit field dependence of the GIAOs termined via the nodes of the first derivative of the Legendre
we also need to evaluate the first derivative of the basis fund?0lynomials of orden—1,

tions with respect to the components of the external magnetic  /gp . (x)

field as well as a mixed second derivative with resped to (T

andx, y, andz. The vector expression fQVSﬁ(r) is then
In addition, the function values at the end points of the in-

2

(23

given by _
terval are also considered in the Lobatto integration. The
Jiﬁ=VTPﬁda—bEDda+VTanﬁ—Eaﬁy%(VTDV)fy integration weightsw- are obtained fromP,_;(x;). The
(18 one-dimensional Lobatto quadrature then reads
with D as the AO density matrix®, the perturbed AO den- b m n-1
sity matrices, and the quantities, d,,, q,4 given by J f(x)dx= > (w'ifk(—l)+w,';fk(1)+ > wh(x)
a k=1 i=2
ov
b=, 19 29
9By with the corresponding weights given by
du=rr (@=Xy.2 20 L 2
a:_ av :nyaz ) =
. TR (P2 29
g J*v (21) and the integration weights for the end points by
“Bgr By 5
Wi =w,= (26)

The density matrice® and P, are obtained from standard

n(n—1)°
ab initio program packages capable of calculating nuclear ical val for the i ) . d weidh
magnetic shielding tensors. Numerical values for the integration points and weights are

tabulated in Ref. 51.

Cyclic systems such as aromatic molecules can sustain a
net current that flows around the molecular rings. The net

Although the current density is a proper quantum me-current should be independent of where in the ring it is cal-
chanical observable, it has not been directly observed expergulated. Due to practical issues, this is not necessarily always
mentally. As such, current-density maps can convey informathe case. In the numerical integration of the currents passing
tion about molecules, thus aiding the understanding of tha given bond, one has to be careful where and how to cut the
current paths in the molecule. However, current-density plot®ond. The choice of grid and method of integration is by far
do not provide any quantifiable measures of the currenless critical. For benzene, convergence of the integrated cur-
strengths nor are they suitable for comparing currentent is achieved with a grid that starts in the ring center,
strengths in different molecular systems. By integration ovepasses through the center of the bond, and is perpendicular to
the current flow passing through specific bonds, it is possiblé¢he molecular plane. The integration area has to be extended
to obtain the net current strengths around a molecular ring aio about 5 bohr outside the bond and 5 bohr above and below
through a bond. In noncyclic molecules, the net current flowthe ring to incorporate the most significant part of the current
however, must be zero, in order for the law of charge conflow. In principle, it does not matter where the bond cross
servation to hold. section is positioned, but it is recommended to use cross

The integration of the current density is carried out usingsections containing the bond midpoint. The reason is that in
two-dimensional Gaussian or Lobatto quadrattrever a  the vicinity of the nuclei, the current-density vector field can
bond cross section. The Gauss integration pointre given  be rather strong and thus render integration more difficult.
by the nodes of the Legendre polynomi&s(x), while the  Dense grids are then needed to converge the integrals, while
integration weightsv® are obtained from the differentiated for integrations over bond cross sections containing the bond
polynomials, midpoint as few as 20 grid points in each direction are often

D. Integration of current densities
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sufficient for obtaining accurate integral values. The diver-only on the electron density, since DFT studies indicated that
gence problem discussed in Sec. Il E also suggests that tleirrent-density functionals are so far unable to provide an
integration plane is chosen as far away from the nuclei agnproved description of the magnetic perturbatiéhdhe
possible. induced current densities for GOO;, and GHg have also
For noncyclic moleculege.g., carbon dioxide, ozope been studied at various coupled-clusteC) levels such as
the net current is necessarily zero. In spite of this, it is stillCC singles and doubld€CSD and CCSD augmented by a
possible to obtain the strength of the current in individualperturbative treatment of triple excitatiof€CSIO(T)]. For
bonds by splitting the integral into positive and negative con-O3, additional calculations at the full CC singles, doubles,
tributions, or alternatively, integrating over only half of the triples (CCSDT) level have been performed. All calculations
bond cross section. Currents obtained in such a way are hovtave been carried out using equilibrium geometries opti-
ever dependent on the location of the cut-plane. Such “bondnized at the CCSO) level using Dunning’s correlation-
currents” might prove useful as some kind of measure ofconsistent polarized valence quadruple-z€t-pVQ2

electron delocalization. basis>®
For CG,, the basis-set convergence was checked at dif-
E. The divergence of the current ferent levels of theory by performing calculations with in-

_ ) creasing size of the basis set. The following sets that have
As mentioned earlier, the current obeys the law of charggyready proven useful in shielding calculations have been

.conservatio.n, i.e., the diverg.ence 01_‘ the current must bg Z€1@sed: split-valence plus polarizatié8VP), triple-zeta single
in every point of space. This requirement holds for time- ;14 double polarizatiofTZP and TZ2P, quadruple-zeta

independent systems. For time—dependent systems, the dive[s pje polarizatioQZ2P, and a polarized near pentuple-
gence must be equal to a corresponding change of the depg, quality basi¢PZ3D25.5455 In the study of charge con-

sity at timet. Alternatively, the law of charge conservation gonation Dunning’s pentuple-zetic-pV52) basis sets
can be viewed as a consequence of gauge invarrarieus, were used35°
if true gauge invariance is not achieved, the calculated cur-  The molecular structures of porphin 48,H,,) and

rent will to some extent be divergent. Ep_stein has showeg,oyapenzocoronene (&, have been obtained at the
that the use of GIAOs does not necessarily lead to the_ e"r‘esolution-of-identity density-functional-theory(RI-DFT)
pected current conservat®neven though the magnetic levef’ using the Becke—PerdeWBP86 functionaf®—° to-
shielding tensor is gauge-origin independent. This is not SUrgether with the SVP basis set. In the current-density calcula-
prising, since the GIAO approach can be viewed as a recipgyns on GoHys, a triple-zeta quality basis sets augmented

for the unique definition of a set of local gauge-origins for yy, no|arization function§TZP) were employed® whereas in
the basis functions. Gauge-origin dependence is in this way,q current-density calculations on porphin we used triple-

eliminated, but gauge invariance cannot achieved in thiSes valence basis sets augmented by polarization functions
manner. The use of GIAOs significantly improve basis-se TZVP) 8

convergence toward gauge invariant results at the basis-set ~gjculations of the unperturbed and perturbed density
limit, in particular for nuclear magnetic shielding tensors.  5trices have been performed using the Mainz-Austin-

By calculating the divergence of the curreM-0(r)) in - \grsjon of theaces 1l program packad® (MP2 and CC cal-

selected points of space, one can obtain a measure of tr&%mﬂons as well as theTURBOMOLE program packagé
gauge-invariance errors, and thus of the basis-set complet@;”:_SCF and DFT calculatiohs

ness. In our code, the divergence is calculated by using a five

point formula for numerical differentiation on a locally tight,
three-dimensional grid. The law of charge conservation cahV- RESULTS
alternatively be expressed using the Sambe—Epstein integral Carbon dioxide

condition for charge-current conservatitn . . o
9 Carbon dioxide (C9) is a fairly simple molecule whose

current density has previously been studied by Zanasi
et al 2% A visual comparison of the current density for £O

For molecules with a center of inversion this integral is forcalculated_ at the HF'_SCF level with the correspono_lmg cur-
symmetry reasons equal to zero, whereas for general moT-ent density reported in Ref. 32 shows that the two indepen-

. : : _ dent approaches provide essentially identical current densi-
gglrj\lli(sj' Ea.(27) is fulfilled only when the charge is con ties. In Fig. 1a), the magnitudémodulus of the first-order

induced current density is shown. The displayed current den-

sity is calculated in a plane containing the nuclei with the
Ill. COMPUTATIONAL DETAILS external magnetic field perpendicular to the plane. In Fig.

First-order induced current densities have been coml(b), the current vectors projected onto the plane are shown.

puted for carbon dioxide (C{, ozone (Q), and benzene The vectors have been obtained by contracting the current-
(CgHg) at Hartree—Fock self-consistent-figldF-SCH and ~ density tensorjiﬁ(r) with the applied external magnetic
density-functional theory(DFT) levels using the above field.
theory as implemented in the prograemic. The current The basis-set study shows that the calculated current
densities at the DFT level are obtained within the usual asdensity is rather basis-set independent. Since one hardly can
sumption that the exchange-correlation functional dependsee any differences in the plotted current densities calculated

f J(r)dr=0. (27)
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FIG. 2. The basis-set convergence for the induced curfiennA T~1)
calculated at the HF-SCF, DFT-BP86, MP2, CCSD, and CO%evels
3 e for CO,.

CCSDOT), and DFT calculations. As one might expect, the
electron-correlation contributions to the current density of
CO, are found to be small. The basis-set dependence of the
integrated current calculated at the different levels of theory
is shown in Fig. 2. The electron correlation reduces the inte-
grated current strength for GQby roughly 6%. Since both

. basis-set errors and electron-correlation corrections decrease
. S e A S e s the induced current, the current strength calculated at the
P A CCSDOT)/PZ3D2F level is about 9% smaller than the corre-
sponding HF-SCF/SVP value.

N~ —— e
R o

B. Benzene

-4 : : : : . : : Benzene is the classic example of an aromatic molecule.
’ ) ’ ) The criteria often used for aromaticity are low reactivity,
planar structure, energetic stability, proton chemical shifts,
(b) and magnetic susceptibility anisotrofiyThe concept of aro-
FIG. 1. The magnitudéa) and direction(b) of the induced current density ma_tICIty has also befen extended to m0|ecu_|es that deviate
(in a.u) calculated in the molecular plane of G@t the HF-SCF/TZP level.  (Slightly) from planarity such as homoaromatic molecuies,
and even to three-dimensional molectfiés.

The reason for the large magnetic susceptibility anisot-
with different basis sets, the integrated current strength isopy is the strong ring current in the molecular frame in-
used to illustrate the convergence. The reported strengthduced by the external magnetic field. The strength of the ring
have been obtained by numerical integration over half of theurrent is today a generally accepted measure of
bond cross sectioffnote that the full integration yields a aromaticity>2%3%°05-"Ane have previously estimated the
vanishing current strengthcontaining the midpoint of the strength of the induced ring current by applying our aromatic
CO bond. In the basis-set study, we considered the SVP, TZFing-current shieldingARCS) method*! Using this method,
TZ2P, QZ2P, PZ3D2F, and cc-pV5Z sets. Although these seta ring-current strength of 8.0 nA® was estimated for ben-
have not been constructed in a systematic manner, the expeene from the long-range magnetic shielding. However, for
rience is that they work rather well for magnetic properties.molecules with connected rings and complex three-
As seen in Fig. 2, the current strength decreases monota@imensional structures, no reliable means to quantify the cur-
nously by about 3% when increasing the basis-set size froment strengths have existed so far.

SVP to PZ3D2F. The only exception is the current density  In the present work, we use current-density calculations
obtained using the TZ2P basis sets. The integrated currents determine the induced currents in benzene. The strength of
obtained with the TZ2P basis set are somewhat larger thatie ring current is obtained by numerical integration of the
those calculated using the TZP, QZ2P, and PZ3d2F basiset current through a bond cross section of one C—C bond.
sets; the TZ2P basis set seems to be somewhat unbalancElde calculations were performed at the HF-SCF and at vari-
compared to the other basis sets employed. ous electron-correlated levels of theory using the TZP basis
Electron-correlation effects on the current density ofset. The obtained ring-current strengths are summarized in
CO, have been investigated by performing MP2, CCSD,Table I. Electron-correlation effects on the ring-current
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TABLE I. The strength of the induced ring currgieurrent susceptibility, in 6
nAT™1) in benzene and the positive current contribution at the center oxy-
gen in ozone calculated at different levels of theory using the TZP basis set.

Level Benzene Ozone Ar e 7
HF-SCF 12.81 225.89 i
DFT-BP86 11.41 23.23 il
MP2 12.04 145.21 2r | \ti 4
CcCcsD 11.79 107.35 BN
ccsoT) 11.43 93.99 BN
CCSDT 100.85 ol : i
ARCS* 8.0 .
s
3See Ref. 41. L /7
2 . f\(\1 4
N

strength in benzene amount to about 10%. At the CO3D
level, we obtain a net current strength of 11.4 nA'Tas |  -~~------ .
compared to the previous ARCS estimate of 8.0 nAT

In Fig. 3(@), the current-vector field in the molecular
plane is shown for the case of a perpendicular magnetic field.
In Fig. 3(b), a similar plot of the current-vector field for a ® s
plane 1 bohr above the molecular plane is displayed. It can
be seen that the net current in the molecular plane is essen
tially zero, while in the plane 1 bohr above the ring, a net © ' ' ' ' '
current is clearly visible. This means that the ring current is
induced in the “r-electron cloud” and that significantly less
current is flowing along the-bond framework. 4

C. Ozone

Ozone was chosen as an example for a molecule for ?
which an accurate electron-correlation treatment is of great
importance for a proper determination of the wave function.
Although it is a particularly difficult system that is unusually
badly described by single-reference methods, accurate
nuclear magnetic shieldings have been obtained at the
CCSDT level!’ Due to the correspondence between nuclear -

P N

I AN

magnetic shieldings and current densities, we are thus confi- RN\ s R

dent that the current density in ozone is also reasonably well NN\t
described at the CCSDT level. Figure 4 shows the magnitude ™ [ NN 1
and the directions of the induced current density in ozone. N i?i:"{i: o

When comparing the current density obtained at the CCSDT . LT . .

level with those calculated at the HF-SCF level, it is imme- °g 4 2 0 2 4 6

diately obvious that for @ the current density is strongly
affected by the electron-correlation effects. At the HF-SCF
level, the circulation around the central oxygen is found to beFIG. 3. The induced current density in benzene calculated at the HF-SCF/
Significanﬂy weaker as Compared to the current density callZzP level.(a) The current density in th_e plane defined_ by the nuclei, @nd
culated at the CCSDT level. Similar comparisons of current; gﬁz: f(‘)btohvee r;hjer:lﬁﬁcs:;ze?lane with the magnetic field chosen perpen-
densities calculated at the the MP2, CCSD, CCBband

DFT levels reveal that the qualitative picture is correct at

these levels of theory, but there are though substantial differ:

) - ) . fused benzene rings in,8H.g could in principle carry its
ences !n.the current densities around the nuclei, especially Bwn ring-current, it is not obvious which pathway the overall
the vicinity of the central oxygen.

current actually takes and how strong are the net currents in
the bonds of the molecule. The current density fQeHGg
calculated at the DFT-BP86/SVP level is shown in Fig. 5. In
Hexabenzocoronene () is a planar molecule con- Fig. 5a), the current density calculated in a plane 1 bohr
sisting of 13 fused benzene rings belonging tohg point  above the molecular framework is shown. The calculations
group. Hexabenzocoronene has been chosen here to repatearly show that preferred aromatic pathways exist. This is
sent large molecules in order to show the applicability ofseen even more clearly in Fig(l), which shows the modu-
current-density calculations to both larger and more complidus of the current 1 bohr above the molecular plane. The
cated molecules with connected rings. Since each of thealculations show the main current pathways; one around the

D. Hexabenzocoronene
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FIG. 4. The induced currents for ozone calculated at the CCSDT/TZP level (b)

(a) and the difference in the currents obtained at the CCSDT/TZP and HF-

SCF/TZP levelgb). The currents are displayed in the plane containing the FIG. 5. The induced current densitg) and the modulus of the current

nuclei with the magnetic field chosen perpendicmar to this p|ane_ denSIty(b) for hexabenzocoronene calculated at the DFT-BP86/TZP level.
The current density is displayed in a plane parallel to the molecular frame-
work and 1 bohr above it with the magnetic field chosen perpendicular to the
molecular plane. The symbols are used to define the cut planes for the

central benzene ring, and another is along the outer edges Bfmerical integration of the currents.

the molecule. The main current pathways conform tehu

els 4n+2 m-electron rule. The smaller paths having six

m-electrons and the large path involves d¢lectrons. dicular to the bond was integrated numerically. The rings of
The current-density plots does not provide any accuratéhe benzo groupcut-plane throughy—4in Fig. 5(b)] sustain

information about the absolute current strengths and howan individual current of 7.5 nAT.. The current strength

strong they are as compared to the current strengths in bealong the molecular edgex—45) around the whole molecule

zene, i.e., they do not provide any quantitative measure aé 7.7 nAT ! yielding a total current of about 15 nAt in

the degree of aromaticity of gH;g.”® In order to quantify the outer half y—e) of the benzo groups. The benzene ring at

the current strength in the different bonds, the current densitthe molecular center o—«) sustains a current of

passing the cut plane at the center of the bond and perpefi3.5 nAT 1. These values were calculated at the HF-SCF/
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TABLE Il. The strength of the induced ring curretdurrent susceptibility, T T T T T
in nA T™1) in C—C bonds for hexabenzocoronene calculated at the HF-SCF/

TZP and DFT-BP86/TZP levels using the RI-DFT-BP86/SVP structure. or 1
Bond HF-SCF/TZP DFT-BP86/TZP
o—a 13.46 10.93
a—p 0.00 0.00 st 1
a—y —7.50 —7.69
a—0 7.74 6.30
X—€ 15.48 12.91
Y=y ~14.96 ~12.30
0-6 21.20 17.22 ot 4
a—¢d 7.47 4.64

TZP level. The corresponding currents obtained at the DFT- |
BP86/TZP level are somewhat smaller. The net current
strengths are summarized in Table II.

E. Porphin

Free-base porphyrin or porphin {$8l,H,;,) consists of 2o s o 5 prs
four pyrrolic rings connected by conjugated bonds to form a _ _ ,
macro cycle. The aromaticity and the aromatic patways o g ey e e o Sersly, o Pt cacusted ot e
porphyrins have been subject to numerous stutfié:*In molecular framework and 1 bohr above it with the magnetic field chosen
this work, we have calculated both the induced current denperpendicular to the molecular plane. The symbols are used to define the cut
sity and the current strength in the different bonds of porphirplanes for the numerical integration of the currents.
at the DFT-BP86/TZVP level. See Table Ill. The induced
currents in porphifwith the magnetic field perpendicular to
the molecular planel bohr above the molecular framework
is shown in Fig. 6. In the figure, it can be seen that the mossignificantly deviates from zero in the vicinity of the nuclei,
preferential path for the current is on the “back side” of and in regions where the current direction changes rapidly.
pyrrole units with an inner hydrogen atom and on the “in- By systematically augmenting the basis sets with functions
side” of pyrrole units lacking the inner hydrogen. The inte- of higher I-quantum numbers, the divergence slowly con-
grated values for the current also clearly shows this trendverges toward small values even close to the niisk Figs.
For the pyrrolic ring with an inner hydrogen the “back side” 7(b) and 7c)]. For H,, the use of a basis set of cc-pV5Z
current is 18.1 nAT?, whereas the inside current is only quality reduces the maximum value of the divergence to a
8.2nAT L. The corresponding values for the pyrrolic ring value which is for all practical purposes equal to zero. The
without the inner hydrogen are 12.0 and 14.0 nATre- same quality basis for COstill yields nonzero divergence
spectively. The total aromatic path is thus clearly a superponear the nuclei. Discouraging as this may seem, a corre-
sition of several aromatic pathways fulfilling then42  sponding HF-SCF/SVP calculation without GIAOs and with
Huckel rule. An interesting feature of this phenomenon is thethe gauge origin at the carbon atom yields a maximum value
additivity of the currents in the conjugated bridges whichof the divergence which is more than factor of 15 times
have an integrated current of 25.9 nAY which is the sum larger than the largest divergence of the GIAO calculation. In

of the inner and outer currents in the pyrrole units. the conventional calculation, the divergence also has a much
broader spatial distribution. The effect of the GIAOs on the
F. Current conservation divergence can clearly be seen in Figéa)7and 1b). How-

) _ ever, judging the magnitude of the divergence is not always
Calculations of the divergence forpHand CQ at the  gasy. Therefore, one has to examine other properties of the
HF-SCF/SVP level showed that the divergence of the currentyrent to be able to evaluate the quality of the results. The
difference in the currents calculated at the HF-SCF/SVP and

TABLE . The strength of the induced ring currefaurrent susceptibility, HF-SCF/cc-pV5Z levels is found to be smadlee Figs. 1,

in NAT™Y) in C-C and C—N bonds for porphin calculated at the DFT- 8(a), and 8b)].
BP86/TZVP level using the RI-DFT-BP86/SVP structure. Also, by studying the convergence of the integrated cur-

rent through a bond, one finds that induced current only

Bond DFT-BP86/TZVP changes by few percent when increasing the basis-set size
a—p 18.12 from SVP to cc-pV5Z. At the HF-SCF level, the integrated
¢ 25.89 value for the current passing half of the bond in LCe-

f:é 15'33 creases from 10.03 to 9.81 nAT when increasing the
e 13.95 basis-set size from SVP to cc-pV5Z. For noncyclic mol-

ecules, for which the symmetry does not constrain the total
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FIG. 7. The divergence of the current in gObtained in a conventional
HF-SCF/SVP calculatioita). The corresponding divergence plots obtained 2| 4
at the GIAO HF-SCF/SVP and the GIAO HF-SCF/cc-pV5Z levels are de-
picted in (b) and (c), respectively. The iso-surfaces have been drawn to
encompass any divergence larger than 0.01. B b

current to be zero, the effects of the nonzero divergence can (b)

be seen more clearly. In water and ozone, which belong t@,g. g. The difference between induced current in,GBtained using the
the C,, point group, the integrated current through the sym-SvP and cc-pV5Z basis sefs), and the same figure enlarged ten times
metry plane is particularly hard to converge to zero, becaust# ()

the cut plane goes through a nucleus where the divergence is

lt?vrge.chr(r)(;nvtvactg;;t:irt])it(ijc;frzirecrglzc?uFaitevt\;ezrt] ?ﬁ;'tm:a gg?: /nse\?sdoes not seem to be negligible, the integrated currents are
level is 0.68 nA T * as compared to the individual contribu- well converged even when using fairly small standard basis
tions of 24.67 and-23.99 nAT 1, respectively. The corre-
sponding values obtained in a HF-SCF/cc-pV5Z calculatio
are 0.0002, 23.4171, and23.4169 nAT 1, respectively.

By evaluating the Sambe—Epstein condition in EZy) We have presented a novel method for calculating mag-
separately for each tensor component, one can estimate thetically induced current densities, and applied it to carbon
total current leakage. At the HF-SCF/SVP level, the totaldioxide, ozone, benzene, hexabenzocoronene, and porphin.
leakage of thexy andyx components of the current tensor is Since GIAOs are used in the present approach, accurate cur-
—3.95 and 2.45nAT!, respectively, whereas at the HF- rent densities are in general obtained already with standard
SCF/cc-pV5Z level, the corresponding values ar®.2295  basis sets of SVP quality. The method thus opens the avenue
and 0.0044 nAT?. Thus, even though the divergence is notto current-density calculations on large molecules of nano-
equal to zero in every point in space and the current leakagechnological importance. In the current-density calculation,

r\/. SUMMARY AND OUTLOOK
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