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30 Abstract

34 Ring-current maps give an immediate visualisation of aromaticity on the magnetic
criterion - by which a cyclic system that supports diatropic (paratropic) current
37 induced by a perpendicular magnetic field is aromatic (anti-aromatic). Calculations of
39 maps with the ipsocentric choice of origin are made in the 6-31G** basis set at
41 Hartree Fock (HF) and Density Functional (DFT) levels (PW91 and B3LYP
functionals) on porphyrin, porphycene, orangarin, sapphyrin and hexabenzocoronene.
44 In these systems, DFT and HF approaches produce optimal geometries with different
46 point-group symmetries and/or different patterns of bond alternation. The ring-
48 current maps derived with all four combinations of methods indicate that the main
50 features of the current (global nature, direction, estimated strength) survive in systems
with symmetry-breaking, but that choice of geometry is more critical for the detail of

53 the current than is the electronic-structure method.
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1 Introduction

Maps of the current density induced by an external magnetic field have been used to
elucidate aromaticity of many molecules [1-11]. On the magnetic criterion, the ability
to sustain a diatropic ring current is the defining characteristic of an aromatic system
[12-17]. Visualisation of this current can give crucial details that are not obvious
from integrated magnetic properties such as 'H chemical shifts [14], Nucleus
Independent Chemical Shifts (NICS) [18], exaltation of magnetisability [19] or
magnetisability anisotropy [20], and calculation of the sense and strength of a global
circulation gives a clear yes or no answer to the question of aromaticity on the
magnetic criterion. Computation of ring currents within the ipsocentric [21]
(CTOCD-DZ) approach [22-26] has the specific advantage that it provides uniquely
defined orbital contributions [27], and it therefore allows the current to be rationalised
in terms of virtual excitations from a given set of (canonical or localised) occupied
orbitals to empty orbitals [28].

The ipsocentric method for the calculation of ring currents is economical in terms
of basis set and has long been used at the Coupled Hartree-Fock (CHF) level of theory
[22,24,26]. More recently it has been implemented within the framework of Density
Functional Theory (DFT), where the contributions are defined for Kohn-Sham
orbitals in a gauge-independent basis [29]. This approach has been used with a
variety of functionals [30]. Other approaches to calculation of magnetic response
properties at the DFT level mainly involve the use of Gauge-Including Atomic
Orbitals [31-38].

For shieldings and other integrated properties, Hartree-Fock and DFT-based
approaches can give results that differ significantly [30] but questions of aromaticity
usually involve consideration of global patterns in the © currents, and hence currents
in regions of molecular space that are not close to nuclei, and for such maps all initial
indications [29,30] are that ipsocentric calculations at CHF and DFT levels are in
excellent agreement, both at the qualitative level of assignment of a given system to
aromatic, non-aromatic or anti-aromatic categories, and at the semi-quantitative level
of the current strengths. The largest quantitative differences are found for systems

dominated by paratropic response, i.e., anti-aromatics [29,30].
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Where there is in fact a discernible difference between CHF and DFT current-
density maps, it is natural to ascribe part of the discrepancy to variations between
optimised geometries. In many cases, CHF currents themselves show only a weak
dependence on the geometry used, whether HF-optimised, DFT-optimised or
experimental [39,40], but sometimes HF and DFT geometries can differ drastically.
In particular, it may happen that geometry optimisation at the Restricted Hartree-Fock
(RHF) level leads to an equilibrium geometry with lower than expected symmetry,
whereas DFT optimisation restores higher symmetry, leading to the suspicion that the
RHF symmetry breaking is spurious. Examples of this particular version of the
‘symmetry dilemma’ have been encountered for a number of small molecules [41],
and also for the larger systems to be discussed below. DFT and RHF geometries may
also exhibit systematically divergent patterns of bond alternation [42], with DFT often
tending to favour more ‘delocalised’ geometries [43]. All the molecules studied here
have closed shells: the extent of symmetry-breaking in open-shell species such as the
metallo-porphyrin m-cation radicals is the subject of a long-running debate [44].

An (untested) strategy for dealing with the dilemma, needed before DFT codes for
current-density mapping became available, was to re-calculate the CHF current
density or other magnetic properties at the DFT-optimised geometry [45], or constrain
the RHF optimisation to the symmetry of the DFT structure. With the availability of
a DFT ipsocentric code for the calculation of ring currents, the separate effects of
geometry and electronic structure can now be studied. Here, we report maps of the
induced current density evaluated consistently with two different functionals and
compare them with maps obtained at both the CHF//RHF level, and at mixed
CHEF//DFT DFT//RHF levels (where // means ‘at the geometry of’) in order to help
disentangle the influences of geometry, method and functional on induced current

density.

2 Computational details

The molecules considered are (Scheme 1): porphyrin (1), porphycene (2), orangarin
(3), sapphyrin (4) and hexabenzocoronene (§). They illustrate some of the

possibilities for disagreement between HF and DFT approaches. The first two

examples show broken symmetry. The porphyrin [46] framework would belong in
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maximum symmetry to the Dy, point group [10], but when optimised at the RHF level
under the Dy, constraints, it shows a large imaginary frequency (v= 1718i cm'l,
RHF/6-31G**) for the mode representing distortion to C5,; with the B3LYP
functional, maximum D,, symmetry is retained, with the wavenumber for every
vibrational mode exceeding 50 cm™ (B3LYP/6-31G**). Similarly, porphycene
[47,48] in Cy;, symmetry is distortive towards planar C; at the RHF level (v= 1459i
cm'l, RHF/6-31G**), but has C,, symmetry at the B3ALYP/6-31G** DFT level. The
expanded porphyrin, orangarin, and the polycyclic aromatic hydrocarbon,
hexabenzocoronene, are examples of floppy molecules for which the symmetry of the
global minimum is a delicate question. RHF calculations in high symmetry (C5, and
Dg), for 3 and 5, respectively) show distortive modes with low imaginary frequencies
(38i and 20i cm™' for 3, 23i, 18/ cm™ (doubly degenerate) for 5) leading to non-planar
structures (C; and D34, respectively) that are almost iso-energetic with the higher-
symmetry parent; B3LYP/6-31G** calculations, however, yield optimal geometries
with the ideal higher symmetry in both cases. The remaining molecule on the list,
sapphyrin, is again highly flexible, giving optimal geometries of C,, symmetry at both
RHF and DFT levels, but with low (real) frequencies for out-of-plane distortion (15
and 28 cm™ RHF/6-31G**, 25 and 31 cm™ B3LYP/6-31G**).

In detail, in the present work, geometries of 1-5 were re-optimised under
constraints of high symmetry (1: Dyp; 2: Cop; 3: Coy; 4: Cay; 5: Dgy) at the RHF/6-
31G**, B3LYP/6-31G** and PW91/6-31G** levels of theory, using GAMESS-UK
[49] and GAUSSIANO3 [50]. Evaluation of the Hessian showed that B3LYP/6-
31G** and PW91/6-31G** optimised geometries were genuine minima, but the high-
symmetry RHF/6-31G** optimised geometries for all but 4 were stationary points
with at least one imaginary frequency. Relaxation and optimisation in lower
symmetry resulted in RHF/6-31G** minima (1: C,; 2: Cy; 3: Cg; S5: D3g). All
geometries of 1, 2, 4 are planar; the low-symmetry forms of 3 and S are non-planar,
with some rings bent slightly away from the median plane. Details of the computed
bond lengths (RHF and B3LYP) are given in Scheme 1. For both 1 and 2, the RHF
geometries, constrained to Dy, and Cz, symmetry, respectively, and also the B3LYP
optimal geometries, are very similar: on average, bond lengths are ~0.01 A longer at
the B3LYP/6-31G** level of theory. Distortion to lower symmetry results in
significant changes in bond lengths: the difference in bond length between a CC bond

and its formerly symmetry related bond can be as large as 0.08 A. Also, a
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considerable change of 0.04 A in the CN bonds is found in the non-H bearing-pyrrole
rings. For 3 and 4, the geometries calculated at the RHF and B3LYP levels differ: the
DFT bonds are not systematically longer in comparison with those obtained at the
RHF level, but alternate along the perimeter in such a way that the significant bond
length alternation found at the RHF level is damped at the B3LYP level. The
symmetry breaking at RHF/6-31G** for 3 is associated with an out-of-plane
movement of one of the pyrrole rings, but this has very little effect on the bond
lengths of the macrocycle. Also, for 5, RHF/6-31G** predicts an out-of-plane
distortion of the outer benzenoid rings, which has little effect on the CC bond lengths
[51].

The current density induced by a perpendicular external magnetic field was
calculated at the CHF/6-31G** level for all RHF/6-31G** and B3LYP/6-31G**
geometries, at the B3LYP/6-31G** level for B3LYP and RHF optimal geometries,
and at the PW91/6-31G** level for PW91/6-31G** optimal geometry. The mapping
calculations followed the procedure described before [29] and used a combination of
GAMESS-UK and SYSMO [52] program packages. The ipsocentric method allows
decomposition of total induced current density into contributions from individual
molecular orbitals or subsets thereof [26]. In particular, this approach gives a well
defined separation into ¢ and 7 current densities. Typically, for conjugated systems,
the o contributions are simply sums of localised bond circulations, and all the
interesting and characteristic features of these systems, such as ring currents, appear
in the m maps. Whereas the individual orbital contributions have a dependence on the
choice of molecular orbitals, the sums over ¢ and m manifolds are independent of
changes within the two sets, provided that the system is planar. In systems that depart
by only a small amount from planarity, approximate © maps can be constructed by
summing contributions of those orbitals of m ancestry [51]. In each map in the
present paper, the  current density is plotted in a plane 1ay above the molecular plane
(or above the median plane) with standard plotting conventions [11]: contours denote
the modulus of the current density and arrows show its in-plane projection; anti-
clockwise circulations in the maps indicate diatropic, and clockwise paratropic,
current. The maximum value of the current per unit inducing field, j,..., taken over
the plotting plane, is given as a useful measure for comparison between different

versions of the map. For wider comparison, note that the yardstick for aromatic
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currents, the © current in benzene, gives a value for j,,, of 0.080 a.u. when calculated
in the standard plotting plane with the 6-31G** basis in both HF [53] and B3LYP
[29] approaches. Table 1 summarises the calculated energies, HOMO and LUMO
orbital energies and corresponding current strengths. As might be expected, the
HOMO-LUMO gaps are substantially larger at the RHF level than at DFT levels, with
unbound RHF LUMO energies. Symmetry breaking in the RHF calculation is
associated with widening of the HOMO-LUMO gap.
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Table 1. Total energies (in au), HOMO and LUMO orbital energies (in eV), and

maximum induced current densities (in au) for systems 1 to S, evaluated with

©CoO~NOUTA,WNPE

different combinations of methods.

Molecule/Method Etot Enomo Evrumo Jmax
(1) RHF//RHF (D) -083.2809474  -5.94 (2a,) 0.49 (4by) 0.172
(1) RHF//RHF (C5,) -983.2871206  -6.41 (5ay) 0.87 (6ay) 0.095
(1) BABLYP//B3LYP (D2,) -989.5777670  -5.16 (5bsy) -2.25 (4byy) 0.163
(1) RHF//B3LYP (D2) -9083.2740146  -5.99 (2a,) 0.37 (4byy) 0.169
(1) B3LYP//RHF (C3,) -989.5606716  -5.19 (8b;) -2.13 (6ay) 0.138
(1) PWO1//PWO1 (Day) -989.2369599  -4.70 (5bsy) -2.77 (4byy) 0.159
“(2) RHF/RHF (Cy) -083.2724284  -6.16 (7a,)  -0.29 (7by)  0.164
(2) RHF//RHF (Cy) -083.2771868  -6.56 (13a") 0.15 (14a") 0.100
(2) B3LYP//B3LYP (Cs) -989.5792685  -5.26 (7a,) -2.82 (7by) 0.150
(2) RHF//B3LYP (Czp) -983.2637109  -6.19 (7a,) -0.39 (7by) 0.161
(2) BALYP//RHF (Cy) -989.5612540  -5.27 (13a")  -2.69 (14a") 0.133
(2) PWO1//PWI1 (C2p) -989.2428382  -4.88 (7ay) -3.28 (7by) 0.145
“(3)RHF/RHF (C;,) - -1114.0558408  -6.09 (7a) 0.53(9b;)  0.095
(3) RHF//RHF (Cy) -1114.0559300 -6.10 (43a") 0.53 (49a) 0.102
(3) BABLYP//B3LYP (C5,) -1121.1355006  -4.50 (7ay) -2.87 (9by) 0.224
(3) RHF//B3LYP (C3,) -1114.0413415  -5.82 (7ay) 0.14 (9b)) 0.115
(3) B3LYP//RHF (Cy) -1121.1223497  -4.64 (43a") -2.64 (49a") 0.145
(3) PWO1//PWO1 (C3,) -1120.7592614  -4.07 (7ay) -3.44 (9b) 0.315
(4 RHF/RHF (C;,) - -1190.9412672  -6.14 (Ta) 0.69 8a;)  0.086
(4) B3LYP//B3LYP (C5,) -1198.5514649  -4.78 (9b) -2.40 (8ay) 0.189
(4) RHF//B3LYP (C3,) -1190.9176528  -5.71 (7ay) 0.14 (8ay) 0.157
(4) BABLYP//RHF (C3,) -1198.5308575  -4.96 (9b)) -2.28 (8ay) 0.130
(4) PWO1//PWO1 (C3,) -1198.1428152  -4.39 (9b,) -2.86 (8ay) 0.187
(5)RHF/RHF (D3y) - -1601.2049304  -6.71 (23e,)  1.62(22¢,)  0.112
(5) BBLYP//B3LYP (Dsp)  -1611.5492384  -5.25 (4eqy) -1.66 (4ezy) 0.103
(5) PWO1//PWO1 (Dg;) -1610.9681763  -4.80 (4ei,) -2.32 (4emy) 0.102
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3 Current-density maps
Figures 1 to 5 show the maps of © current density calculated for molecules 1 to S.

Porphyrin (1): The three consistently evaluated maps (top row, Figure 1) all show a
global diatropic ring current, and hence predict aromaticity for this macrocycle. The
circulation is weakest in the symmetry-broken CHF//RHF map (top right in the
figure), but even here is still ~20% stronger than the ‘standard’ benzene 1 current, as
judged by values of j,.. (Table 1). All maps computed for geometries of D,
symmetry are closely similar in appearance, all indicating a macrocyclic current that
is twice as strong as the ring current in benzene, bifurcated in the two H-bearing
pyrrole rings, and avoiding the CC bonds of the other five-membered rings. Apart
from the relative intensity of the currents, the main difference in detail between the
maps evaluated for C;, and D5, geometries is that the symmetry breaking renders the
H-bearing pyrrole rings inequivalent, leading to the current taking the inside path in
one case and the outside path in the other. This asymmetry is reduced but not
eliminated in the map calculated for this RHF geometry at the DFT level. In spite of
the differences between the RHF Dj,-constrained and DFT fully optimal Dy,
geometries (Scheme 1), the chemical interpretation of the maps is identical. This
provides a post hoc justification for use of symmetry constraints [10,54,55] or taking
DFT geometries in CHF calculations of current [48,56].

The broad agreement between RHF and DFT maps calculated at similar
geometries is readily understood in terms of the orbital model [10,26] of induced
current. Ipsocentrically calculated currents can be accounted for in terms of virtual
excitations from occupied to empty frontier orbitals obeying selection rules that are
based on nodal character of the orbitals involved. Orbital energy differences modify
the strength of the contribution, but in the absence of major topological changes to the
orbitals, the origin of the major contributions to current remains unaffected. Detailed
consideration of orbital contributions [29] suggests that the orbital picture survives the
change from RHF MOs to KS orbitals, despite minor reordering of energies. In this
respect, KS orbitals, though fictitious, are useful [57]. This was checked in the
present case by explicit computation and mapping of orbital contributions. The

current density in porphyrin is dominated by the four electrons in the HOMO and
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HOMO-1 and their excitations to the LUMO and LUMO+1 in both RHF [10] and
DFT models, despite the fact that the RHF HOMO and HOMO-1 swap over at the
B3LYP level.

Porphycene (2): The maps for porphycene display the same trends as those for
porphyrin: relative weakness of the current in the symmetry-broken CHF//RHF map
(here C;), uniformity of all maps in the higher symmetry (here C»;) and differences in
detail of the bifurcation pattern, which is partly recovered at the DFT//RHF level.
Again, chemical interpretation in terms of aromaticity is unaffected by the precise
details of the calculation, all maps showing a global diatropic ring current, of about
twice the strength of the benzene current in high symmetry cases.

Orangarin (3): This system differs from (1) and (2) in that the predicted global
current is paratropic and hence the system is anti-aromatic. All six maps in Figure 3
show a current that has this sense of circulation, but now the predicted intensity is
strongly dependent on calculation type, functional and geometry. The three
consistently calculated maps (top row, Figure 3) show a variation of a factor of three
in juq, both DFT maps exhibiting much larger currents than predicted by the CHF
calculation, and with the strength of current following the trend in the HOMO-LUMO
gap. These large differences outweigh the minor effects of geometry and symmetry
change shown by the remaining maps.

The distinction between (3) and the relatively insensitive diatropic systems (1) and
(2) is easily rationalised on the orbital model of induced currents [21,26]. In
cylindrical symmetry, diatropic currents arise from virtual transitions between orbitals
that differ by one unit in angular momentum (one in the number of angular nodes) and
are typically separated by a substantial energy gap. In contrast, paratropic currents
arise from virtual excitations between occupied and unoccupied members of a pair
with the same angular momentum, which are typically separated by a small splitting
(arising for example from the Jahn-Teller effect). As such, paratropic currents are
expected to be more sensitive to the size of the HOMO-LUMO gap, and hence to
electron correlation. Sensitivity to calculation type (HF or DFT) and to functional
have been noted in mapping of the paratropic current in (planarised) cyclooctatetraene
[29,30], and has the same rationale as in the present case. In spite of the difficulty of
obtaining a precise value for the current, which is reflected in the sensitivity of NMR
parameters to the method of calculation [30], the qualitative interpretation remains

clear: free-base orangarin is an anti-aromatic compound.
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Sapphyrin (4): Here, there is no difference in symmetry between HF and DFT
optimal geometries. However, the maps show strong differences between CHF//RHF
and other levels. When the HF level is consistently applied, the resulting map has
only a weak diatropic perimetric circulation (1.1 times the strength of the benzene &t
current). All the other maps show significantly stronger diatropic macrocyclic
circulations with similar strengths for both functionals (B3LYP: 2.4 times the
standard benzene value, PW91 2.3 times, Table 1). The maps calculated consistently
at the DFT levels show a bifurcation in all five pyrrole rings. This detail is not
reproduced at the CHF//RHF level where two of the rings show evidence of small,
local diatropic ring currents within the pyrrole subunits. The major difference
between the CHF//RHF map and all others is presumably ultimately attributable to the
strong variation in the degree of bond alternation (Scheme 1) between RHF and DFT
optimal geometries, although it apparently requires the combination of localised
electronic structure with a localised underlying geometry to reduce the ring current of
the macrocycle. Nevertheless, at the ‘yes/no’ level of chemical interpretation, all
maps indicate aromaticity for sapphyrin (4), and all but one agree on the main
pathway for the current.

Hexabenzocoronene (5): The three consistently computed maps for this molecule
(Figure 5) are essentially identical, indicating that the small geometrical changes
accompanying symmetry breaking at the RHF level are ineffective in changing the
current map. All three maps show the superposition of local Clar-sextet diatropic ring
currents and overall diatropic perimeter current that is characteristic of totally-
resonant-sextet benzenoids [58]. The qualitative chemical interpretation of the
magnetic response of this molecule remains unchanged from that given in Ref. [51].
As has been found for clamped aromatic and anti-aromatic systems, current can
survive a significant degree of bond alternation, provided that there is no essential
alteration in the nodal structure of the magnetically active frontier orbitals [3,59].
Small out-of-plane distortions in § evidently do not alter this structure, which is

common to both HF and KS frontier orbitals.

1
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LN
7
I AN I

CHF//B3LYP(D,p,) CHF//RHF(D5p) B3LYP//RHF(Cyy)

Figure 1. Maps of the m-current density calculated for porphyrin (1) at different
levels of theory, all in the 6-31G** basis set. Plotting conventions are described in

the text.
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CHF//B3LYP(Cay) CHF//RHF(Cay) B3LYP//RHF(Cy)

Figure 3. Maps of the m-current density calculated for orangarin (3) at different
levels of theory, all in the 6-31G** basis set. Plotting conventions are described in

the text.
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Figure 4. Maps of the m-current density calculated for sapphyrin (4) at different
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the text.
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4 Conclusions

A short survey has been made of some molecules where correlation effects as
represented by DFT functionals have a significant effect on predicted molecular
symmetry and patterns of bond lengths. At the gross level of prediction of
aromatic/anti-aromatic character through the qualitative characteristics of the induced
current density, it appears that HF and DFT methods in any combination give the
same verdict, but at the semi-quantitative level of the current strength, consistent
results are obtained with both methods only where the DFT geometrically delocalised
structure is employed. The recommendation is to use this structure.

The qualitative similarity of all methods, regardless of geometric detail, follows
from the general ipsocentric explanation of induced current in terms in nodal
character of the frontier orbitals. Conversely, the sensitivity of the systems with
dominant paratropic currents also follows from this global explanation as a
consequence of sensitivity to HOMO-LUMO gap of the important frontier-orbital
contribution.

Detailed comparison of the properties that arise from integration of the current
density (such as magnetisability, nuclear shieldings and chemical shifts) has not been
attempted here. Experience with variants on the ipsocentric method [25] indicates
that for these properties, which depend on the total current density and on features
close to nuclei, the PZ2 choice of origin is numerically superior to the pure
ipsocentric (DZ) strategy, even if both methods give essentially perfect agreement for
the m current-density maps from which assignments of aromaticity are determined
[60]. Experience with calculation of magnetic properties with DFT methods [30,34]
shows that good results for chemical shifts can be obtained with appropriately chosen
functionals. The present study has added another strand to the discussion, in
indicating that an appropriate geometry is important too, especially in symmetry-

broken cases.
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