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Within the ipsocentric method for calculation of molecular magnetic response, projection of perturbed orbitals
onto the virtual orbital space allows partition of induced current density into contributions from individual
virtual excitations between occupied and unoccupied orbitals, enabling detailed assignment of the origin of
currents in, e.g., benzene, cyclooctatetraene, borazine, coronene, and corannulene. Whereas delocalized currents
in benzene and planar cyclooctatetraene are described by transitions within the valence space, localized currents
in the boraziner system involve excitations outside the valence space.

Introduction A claim to explain, rather than simply compute, current
. ) . density maps therefore faces two natural questions. If a given
In the ipsocentric approach to molecular magnetic response grpital current density map has a clear diatropic (or paratropic)
theory, the origin of vector potential for calculation of the current  paitern, s it correct to attribute this to a specific excitation, or
density induced at a point is placed at the point itself* is the map in reality a sum of contributions from excitations to
Compared with single- and few-origin methods, this choice has e jndefinitely large number of unoccupied orbitals of compat-
practical computational advantages of economy, accuracy, andipje symmetry? If the symmetry rules permit both translational
convergence with basis size. It also has a decisive conceptualyng rotational excitations from a given occupied orbital, can
advantage: uniquely among distributed-origin methotise we be sure that an explanation of the resulting map in terms of

ipsocentric choice Ie_ads_to partitioning of_propert_ies into distinct g cellation or cooperation of these different excitations is
nonredundant contributions from occupied orbitals, free from jstified?

occupied-occupied mixing. Within a defined set of canonital * 1he jgeal tool for exploration of these questions is an analysis
or localized occupied orbitals, current density maps can be that preaks the orbital contributions down further, into explicit
assigned to groups of electrons. contributions from virtual excitations. The present paper reports

The mathematical form of the ipsocentric perturbed wave such an analysis and illustrates its use in refining our under-
function leads naturally to interpretation of computed current standing of ring currents in some simple systems.
density maps in terms of energy differences and symmetry
selection rules, i.e., to a frontier-orbital theory of ring currénts. Method

Each perturbed molecular orbital in the magnetic field can be q tric” d ot horthand t for th thod
written as a double series of contributions from virtual excita- psocentric’ IS our descriptive shorthand term for the metho

i 2
tions to unoccupied orbitals. One series involves excitations previously known as CTGband CTOCDDZ?. In coupled

induced by the component of angular momentum about the field Hartree—Fock (C.HF_) pertprbanon theory for a m°'e°“'e. n an
direction, and the other excitations induced by the componentseXternal magnetic f'e.ld with the ipsocentric chou;e of onain of
of linear momentum normal to the field, weighted by the vector potennal,_the fwst-order_response of occupu_ed oritél
reciprocal of the difference in energy between occupied and to the applled fieldB (neglecting small self-consistency cor-
unoccupied orbitals. These “rotational” and “translational” series rections) i8

correspond respectively to paratropic and diatropic effects in

the single-center approach. W o 1 w(o)@p“ WnDB

(V)

Maps of orbital contributions obtained in this way have been *n Yo'+ ¥n 2.4, " e —«
useful in explaining the systematics of currents in monocytles, P P
circulenes, macrocycles$,and many other systems. Sometimes 1 © @plplyaU
the total current is dominated by a single allowed excitation, as + 5 R x Yo — B
in the 41 HOMO-LUMO diatropic ring current of benzete, p=N2
but often the selection rules permit virtual excitations within N
the valence space that share the same starting orbital but hava'here the transition operatorsindp are one-electron angular
different character, or single excitations with mixed translational @nd linear momenta, aridis a displacement from the origin,
and rotational character. Both are invoked in explanations of Which in the CTOCDBZ/ipsocentric approach is to be set equal
the induced currents in, e.g., large annulehes. to the e]ectromc position after_ the differentiation step in the

calculation of the current density.
T Universit Contributions of the different virtual excitations to second-
y of Exeter. . . .
1 Katholieke Universiteit Leuven. order magnetic response properties could be calculated in the
§ University of Sheffield. RPA formalismi® by contraction of excitation amplitudes with
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appropriate perturbation operators expressed in the molecular-diatropic and paratropic contributions with respect to a given
orbital basis. However, an equivalent procedure that avoids theorigin, and so on. Some illustrations for typicalsystems are
expensive four-index transformation can be carried out in the now given.

atomic-orbital (AO) basis if all perturbed orbitals have been

calculated by means of the CHF approximation cast in the Applications

McWeeny-Diercksen density-matrix formalisfd.

In the SYSMG? implementation of the ipsocentric method,
two first-order density matrices are calculated, one for perturba-
tion by angular-momentum operatotg, and one for linear-
momentum operatorg,. Combination of the two functions
according to eq 1 yields the total density matrix appropriate
for the calculation of the induced current density.@erturbed
molecular orbitals for positionare therefore available and can
be projected on the space of virtual orbitals, yielding separately

the rotational and translational virtual-excitation terms in the . . . rarye .
current density. density with respect to the inducing field is plotted at a height

The decomposition requires only the AO-projection of the of l_bohr above the molecula_lr plane, using arrows to represent
perturbed molecular orbitals, the SCF coefficients for occupied the in-plane comp_ongnt 9f this vector and contours to .ShOYV the
and virtual orbitals, and the overlap matrix in the AO basis, all tota}l modulus. An |nd|cat|op of overalllcurrent strength is given
available from the standard ipsocentric calculation. A relatively PY Jmax the largest value in the plotting plane of the current

minor modification of the SYSMO program yields this extra density per unit inducing field; values are quoted as multiples
information. of the benzene value of 0.08 au obtained with the same choices

Consider a closed-shell molecule with electrons. and of plotting plane, basis, and method. Anticlockwise circulation

write the expansion of thath perturbed MOsz]l) in both the of arrows in the plot corresponds to diatropic current and

. . : . clockwise circulation to paratropic current.
m atomic basis functiongs and the (h — N/2) virtual MO’s . . ) . I
% u ) Previous studies have dealt with maps of orbital contributions

All calculations to be described followed the standard model
that has been used extensively for small and medium
systems: the geometry of the molecule is optimized at the
Restricted HartreeFock (RHF) level in a 6-31G** basis and
the current density induced by a perpendicular external magnetic
field is calculated in the same basis at the Coupled Hatrtree
Fock (CHF) level, using the ipsocentric distribution of origin
of vector potential (i.e., CTOCIDZ/6-31G**//RHF/6-31G**).

Plotting Conventions. The derivative of induced current

(0)
Vp 8S to current density, contributions from andsz-manifolds, and
m m total induced current density. Here we will show maps for
D=V ¢, = CDy,)© 2 specific excitations that contribute to those totals. The systems
n snAs pnwp . .
& pN2 studied are benzene, cyclooctatetraene (optimized under the

constraint of planarity), and borazine, as examples of aromatic,
where coefficientsCé,lr? are given formally by eq 1 up to a  antiaromatic, and nonaromatic monocycles, and coronene and
correction due to self-consistency, and coefficiedf® are corannulene, as examples of polycyclic molecules with more
obtained via a self-consistent CHF procedure. The values of complex patterns of current.

the C{}) can be easily obtained by projecting (2) on the virtual () Benzene.Figure 1 shows the results of the spectral
orbital wE)O)’ to obtain decomposition of the diatropic ring current in benzene. Benzene

has three occupied bonding orbitals(a:g) and three empty

m m antibondings* orbitals (e, byg) in the r valence space. The
ch= Z Oy o= > 9 cs, (3) doubly degenerate HOMO and LUMO pairs of orbitals can be
& sr=1 split into “a” (symmetric) and “b” (antisymmetric) components
i ] according to their behavior under reflection in the mirror plane
whereSs = [6[ysis an element of the overlap matrix. that intersects the molecular plane in a horizontal line in the

The global contribution from occupied orbitah to the three  stryctures shown in the figure. The current density maps for
Cartesian components of the total current density, given by the the four componentsiga — €u.a €1ga — €ub €igb — Eua
expression €1gb — €u,p Of the HOMO-LUMO virtual excitation (allowed

i by translational but not rotational selection rd)eare shown
I = - By 0y @ — Oy My a=xy,z (4) in Figure 1, parts a to d.

m All four maps are different in appearance, as they should be,
but all share the common feature that they are individually
incomplete: they show no closed current loops. Summed
together, they recover the 4-electron HOMO orbital-pair con-

can now be partitioned by means of eqs 2 and 3 into a sum
over single self-consistent occupied-to-virtual orbital transitions,

written as S T .
tribution, which itself recovers essentially the whole of the
) __ihe A1) O O _ O (O m-electron current density map for benzene, i.e., the classic
J(n——p)a(r) T m Cpn{ Vo Vo¥n' ~ ¥n Vo¥p I C)) diatropic ring current (see, e.g., Figure 2 of ref 4). Maps of the
HOMO — z* excitations for virtual orbitals of £ symmetry
In the absence of symmetry, a system wihoccupiedsz outside the valence space show no significant current density,

orbitals andM empty #* orbitals has BIM excitations of confirming that the HOMO-LUMO excitation accounts quan-
potential interest. We would be swamped by the extra detail titatively for the diatropic ring current of benzene. No other
afforded by full spectral decomposition, if it were not for the orbitals are required. This is entirely consistent with the simplest,
fact that, at least for delocalizedsystems, only a small number  Huckel-based, picture where thanly virtual excitation that
of excitations make significant contributions to the current contributes to the ring current of benzene is the node-increasing,
density. translationally allowed HOMO-LUMO transitioh.

Various schemes for analysis of magnetic response could be (i) (Planar) CyclooctatetraeneFigure 2 shows the results
envisaged: by orbital, by excitation per orbital, by diatropic of the spectral decomposition of the paratropic ring current in
and paratropic contribution per orbital or excitation, by total planar cyclooctatetraene (COT). In thé d¢kel picture of ring
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Figure 2. Current density maps computed at the RHF/6-31G**//
Figure 1. Current density maps computed at the RHF/6-31G**// CTOCD-DZ/6-31G** ipsocentric level for planar cyclooctatetrene
CTOCDDZ/6-31G** ipsocentric level for benzene. Paneilscashow (COT). Panels a, c), and e show the contributions of theHOMO,
contributions of the HOMO-LUMO virtual excitations, component to  attributed to the virtual excitation to the,pLUMO (a), to the g
component: §a — €ua €ga — €ub €igb — €ua Eigb — ECub LUMO+1 (c), and to the sum of these excitations (e). Panels b, d, and
respectively, where subscript a (b) indicates mirror symmetry (anti- f analyze the contributions of thg EOMO-1, attributed to the virtual
symmetry) with respect to the horizontal mirror axis of the picture. excitation to the b, LUMO (b), to the g LUMO++1 (d), and to the
Values ofjmax are respectively 60%, 40%, 60%, and 40% of the value sum of these excitations (f). Plotting conventions are described in the
for benzene calculated in the same approach. Panel e shows the suntext.
of all four contributions. Plotting conventions are described in the text.

paratropic excitation current is270% of the standard benzene

current of Dgn planarized COT there is one dominant virtual ring current; the diatopic excitation current is 30% of the
excitation, b, — by, across the small energy gap opened up benzene standard, and after cancellation the net paratropic
by Jahn-Teller distortion from theDg, symmetry of the open-  current is—190% of the standard. The diatropic counter current
shell equilateral monocycle. The small size of the gap, and the of the HOMO-1 orbital pair (Figure 2f) (40% of the benzene
perfect rotational match between the components of the erstwhilestandard) is seen to be dominated by the global circulation
degenerate pair ensure the dominance of the (paratropic) HOMOarising from virtual (diatropic) excitation to the LUMO (Figure
orbital contribution in the totair current density map, which  2d), moderated by the partial cancellation over the shorter bonds
shows only a uniform paratropic circulatiéf.Though domi- arising from the virtual (paratropic) excitation to the LUMQ
nant, this is not the only allowed virtual excitation. Symmetry (Figure 2b). Again, excitations to orbitals outside the valence
also allows the HOMO to LUM@ 1 excitation to contribute  space are not significant.
under the translational selection rule, but in the usual HOMO  (iii) Borazine.Figure 3 shows the results of the spectral
orbital map this would be masked by the strength of the decomposition of the current density induced in borazine by a
paratropic excitation. Likewise, allowed excitations from the perpendicular external magnetic field. Borazine is a nonaromatic
HOMO-1 to LUMO and from HOMO-1 to LUMG-1 are of system and supports neither a diatropic nor a paratropic global
opposite translational and rotational character, but are subsumeding current. The overall response of thesystem is instead a
into one map when the HOMO-1 orbital contribution is pattern of local “lone-pair” circulations on the three nitrogen
computed. centerst® This Day-symmetric molecule has three bonding

Deconvolution of the different excitations confirms this orbitals ofz symmetry, spanning,a + €', and three antibond-
Huckel-based picture in detail. The net paratropic circulation ing orbitals, also spanning'a+ €. A simple Huckel treatment
in the HOMO orbital current density map 2(e) is seen to that allows for the electronegativities of N and B indicates that
originate from a combination of two excitation currents: an the bonding orbitals will localize in N centers and the anti-
intense paratropic HOMO-LUMO excitation (Figure 2a) and a bonding orbitals on B centers, greatly weakening global ring-
weaker but still continuous diatropic HOMO-LUMEL excita- current-type circulatiod* This localization rationalizes the
tion (Figure 2c). Judged by comparison jafax values, the pictures seen in Figure 3. Excitations within the valence space
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Figure 4. Current density maps computed at the RHF/6-31G**//
CTOCDDZ/6-31G** ipsocentric level for coronene. Panels a, ¢, and
e depict the contribution of the,eHOMO pair: (a) the rotational.g

— ey, Vvirtual excitation to the LUMG-1, (c) the translational.g —

ey Virtual excitation to the LUMO, and (e) their sum, yielding the
characteristic [7] pattern of counter-rotating rim and hub currents. Panels
b, d, and f depict the contribution of thegeHOMO-1 pair: (b) the
rotational g; — eyq virtual excitation to the LUMO, (c) the translational

. N . e4— ey Virtual excitation to the LUMG-1, and (f) their sum. Plottin
(Figure 3a,b) produce no significant current density. The net cgnvenaons are described in the text. ® g

effect of excitations in this space is a very weak diatropic
circulation, which is exactly what would be predicted by the Analysis of orbital contributiorishas shown that iDg, coronene
Huckel-London model for a 6-cycle with strong alternation in  both parts of the pattern arise from the HOM& @air, whereas
electronegativity. In contrast, excitationsstd orbitals that are in corannulene (either in the constrain@s, planar form
outside the valence space give rise to fragments of currentconsidered here or in the equilibrium bowl form) the rim and
(Figure 3b,d) that sum to a set of three concerted local hub circulations are separately identifiable &% OMO and
circulations on nitrogen sites. Again, this is in line with e/ HOMO-1 contributions.
semiempirical calculations with the pseudanodel?* If, in such For coronene, the left-hand column of Figure 4 shows the
a model, each center bears only the single cylindrically decomposition of the HOMO contribution to current density.
symmetric orbital representing thg Ipasis function, localization Under the rotational selection rule, the virtual excitation to the
of currents cannot be reproduced; only when orbitals with e, LUMO+1 supplies the central paratropic current, along with
angular nodes passing are introduced do the local current loopsa perimeter current in the same sense (Figure 4a). Under the
appear. In the present ab initio calculations, the nodes neededranslational selection rule, the virtual excitation to thg e
for the description of the first-order wave function are supplied LUMO supplies the perimeter diatropic current (Figure 4c). The
by d basis functions; in the pseudoealculations they arose  summed current (Figure 4e) is indistinguishable in strength
from in-plane p orbitald* Thus, whereas delocalized currents (judged byjmay) from the paradigmatic benzene ring current.
are described by transitions within the valence space, localizedAs the right-hand column of Figure 4 shows, virtual excitations
currents inr systems involve excitations outside the valence from the ag HOMO-1 to the g; LUMO (rotational) and g,
space. LUMO++1 (translational) produce canceling effects which sum
(iv) Coronene and Corannulen€igures 4 and 5 show the to a small central paratropic circulation.
results of the spectral decomposition of the current density In (planar) corannulene, the picture is different in that both
induced by a perpendicular external magnetic field in the [6]- HOMO and HOMO-1 pairs contribute to the overall pattern of
and [5]-circulenes, coronene and (planar) corannulene, respecthe & current density map. The contribution of the virtual
tively. Both wheel-like molecules exhibit an overall pattern of excitation from ¢’ HOMO to "' LUMO (Figure 5a), allowed
counter-rotating diatropic-rim and paratropic-hub currénts. under both rotational and translational selection rules, is a set

Figure 3. Current density maps computed at the RHF/6-31G**//
CTOCD-DZ/6-31G** ipsocentric level for borazine. Panels a, c, and e
show the effects on the current density arising from virtual excitations
into thesr* valence space from, respectively,'ae’' & bonding orbitals
and their &' + €' sum. Panels b, d, and f show the current density
arising from equivalent excitations intg* virtual orbitals beyond the
valence space. Plotting conventions are described in the text.
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the contributions of HOMO-LUMO virtual excitations. The
more complex patterns of current in th@-Eirculenes are also
derived from frontier-orbital excitations that do not leave the
valence space.

Although excitations beyond the valence space are unimpor-
tant for benzene, COT, and the circulenes, they are found to be
essential for describing the magnetic response of borazine. The
distinction between valence-space and other contributions to
orbital current density maps gives an illuminating account of
the source of the localized circulations.

The results for the hydrocarbons suggest that the pseudo-
method!® which has been used so far to model totaturrent
and the orbital contributions to it, with good results, would also
be useful for estimating the spectral breakdown of currents. Trial
calculations on benzene, COT, coronene, and corannulene
confirm this expectation, and the combination of psemdimd
spectral decomposition methods is a promising one for the study
of, e.g., large graphitic systems.

Finally, we note that the “spectroscopic” approach to ring
current is given an extra interest by recent theoretical work on
induction of periodic circulations by laser pulses. It has been
proposed® 17 that the chirality of a circularly polarized pulse
may be transferred to intense unidirectional circulation of
electrons on the femtosecond time scale, in what would be
effectively a “real” version of the virtual excitations that figure
in the ipsocentric theory of ring currents. If this can be brought
to experimental realization, different transitions could be
stimulated by tuning the pulses, giving the possibility of
switching between patterns of current to obtain physical
realizations of the component maps that are calculated within
the present approach.
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Figure 5. Current density maps computed at the RHF/6-31G**// .
CTOCDDZ/6-31G** ipsocentric level for planar corannulene. Panels  Acknowledgment. P.W.F. thanks the Royal Society/Wolfson
a, ¢, and e depict the contribution of te¢ HOMO pair: (a) rotational Research Merit Award Scheme for support. A.S. thanks the

(and translational) # — e virtual excitation to the LUMO, (c) Francqui Foundation and the Research Council of the University

summed translational virtual excitations t @&, and ' LUMO+1, of Leuven for financial support.
LUMO++2, and LUMOGH*+3, and (e) the sum of (a) and (c). Panels b, d,
and f depict the contribution of the”” HOMO-1 pair: (b) rotational Supporting Information Available: List of Cartesian

(and translational) £ — &' virtual excitation to LUMOF3, (d)
translational ¢’ — e, virtual excitation to the LUMO, and (f) the
sum of (b) and (d). Plotting conventions are described in the text.

coordinates and total energies for the five molecules treated here.
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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