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Spatial Ring Current Model of the [2.2]Paracyclophane Molecule
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A representation of the current density induced in the [2.2]paracyclophane molecule by a homogeneous magnetic
field parallel to the line joining the centers of the phenylene rings is given in compact form by a stagnation
graph that conveys essential information. Analogous graphs were obtained for two perpendicular directions.
Plots of streamlines are also reported to complete a ring current model that has been proved useful to understand
the magnetropicity of the system. Stagnation graphs, maps of streamlines and moduli of the current density,
and plots of Biot-Savart magnetic shielding density provide a basic tool kit for rationalizing magnetic response

of complex systems.

1. Introduction previously discussed in detd#.}2 The “conceptual imperfec-
tions™7 of the average NICS have been recognized. Other

Cyclophanes contain two distorted phenylene moieties con- _~ . . 5 N
nected by short aliphatic bridges. These compounds are endowed oticeable failures have been documertfd: Neither can the

- . - a3 - out-of-plane component of the central magnetic shielding
with interesting chemical propertiés3 However, the aromatic (usually indicated by NICS), proposed for monocyclic mol-
character of cyclophanes is still a matter of discussion. Attempts eculeé,%/and ado teg later O?TF; bg used with confiéllence for
have recently been made to assess the diatropicity of thesee 2 model s gtem made u, of two parallel benzene fin ’s in
species in terms of nucleus-independent chemical shift (NMCS). 9 y €up par; 9

. the presence of a magnetic fietRlperpendicular to them.

Caramori et af.compared NICS calculated for [2.2]cyclophanes .
with those of benzene and xylene dimers. They found that _Rec_ent analys_es C'ef?‘”y show that, in most cases, a local
superimposition of two aromatic rings causes NICS to decreasegh'?l_d'sng vatlule, I.eéSaLsm_gle_ nurfo1_b§r atlr?vedd a_tdby thhe {Etegral
with respect to the free molecules along the inner portion of a IOI ?Vard.a;” (. ): 'St |Jnsut tlr?enth o decide V‘:j ether a
line through their centers. Calculated values would imply that mo Iecu ? IS |afr0t|?]|c orﬁnot. u? Ie'? erway r?un ' rlgor:)us
there is a concentration of electronic charge between the ring explanations of the ellects ot electron currents on nuciear
as a consequence of the bridging prodess magnetic shielding are obtained by plots of the shielding density

: : 49 - function, that is, the integrand of the BSE.20

This conclusion was refuted by Poater et’akho claimed
that the decrease of NICS should instead be imputed to a
“magnetic coupling” between superimposed rings. These authors
also warn about the use of NICS as an aromaticity indicator

for compounds possessing closely packed phenylene gfoups.  The phenomenology of a molecule in a magnetic field can,
In a related paper, investigating stacked polyfluorenes, Osunain principle, be fully understood if an accurate description of
et al? still rely on the idea of magnetic coupling between  the subobservatigJ®, i.e., the quantum current density vector,
stacked rings to account for changes of local aromaticity. js available. Simple relationships of classical electrodynamics
However, the origin and the essential features of this coupling can then successfully be applied to interpret molecular magnetic
are not clear and, in our view, they should be explained in detail properties in terms ofJ8, say, the Ampere theorem for
for an educated guess of magnetotropicity of the [2.2]paracy- magnetizabilities and the BSL for nuclear magnetic shield-
clophane molecule. This is the aim of the present paper. ing.11:12.16,17.19.2 herefore anodel of the induced current density
Intuitively, one can say that juxtaposing two benzene rings yector fieldis needed for a reliable assessment of the magneto-
at a sufficiently short distance from one another, in the presencetropicity of [2.2]cyclophanes. On the other hand, such a model,
of an external magnetic field, will induce significant deviations easy to obtain for planar conjugated systéa®,is, according
from the magnetic response of a single ring, owing to mutual to our experience, more difficult to construct for stacked-ring
influence. Nonetheless, to avoid nominalistic traps, appropriate species, e.g., [2.2]paracyclophane, which constitutes a stimulat-
guantum mechanical tools are to be employed for understandinging challenge.
the nature of the “coupling”. The average NICS descripisr Recent studies report maps of the current density at points
basically unsuitable to investigate the magnetic interaction jn the plane of a conjugated cyclic molecule, or in a plane
between the two close phenylene rings of [2.2]paracyclophane, parallel to it, in a region where the-electron density is nearly
as demonstrated by actual calculatidfist the general reasons  maximum. This is usually enough to rationalize the magneto-
tropicity of most mono- and polycyclic systems in less difficult

2. Three-Dimensional Ring Current Models via
Stagnation Graphs
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Hl TABLE 1: Magnetic Properties of D, [2.2]Paracyclophane
CS method XX yy 2z Av
Xap [PPM au]
GIAO —1060.3 —1047.0 —2769.4 —1625.6
Cl CTOCD-PZ2 —1017.6 —998.0 —2708.6 —1574.7
Oy [PPM]
Ho | o
C:1(GIAO) —61.0 55 172.6 39.0
Cs(GIAO) 13.6 —44.4 173.1 47.4
C13(GIAO) 171.0 139.6 161.8 157.4
Hi (GIAO) 27.3 24.8 23.2 251
Hy (GIAO) 29.8 29.2 27.9 29.0
C,(PZ2) —61.8 5.0 169.9 37.7
Cs(PZ2) 12.9 —44.8 171.7 46.6
Ci3(PZ2) 168.1 137.5 159.3 155.0
Hi(PZ2) 27.2 23.9 23.4 24.8
Hq (PZ2) 29.3 29.0 27.7 28.7

. . . . 04s(r) [ppm] CTOCD-PZ2
Figure 1. Numbering of symmetry-unique atoms in the [2.2]paracy-  r(bohr)
CM

clophane molecule. —2.6 -55 50.2 14.0
) _ _ ) X2(0.94) -3.2 -35 49.7 14.3
which may cause incorrect interpretations. In other wotls, X3 (1.89) —20 —25 41.9 125
planar current models usually reported in the literature fail to X4(2.83) 3.6 -8.7 26.0 7.0
account for the third dimension of the current density field X5(3.78) 14.5 —7.3 19.8 9.0
The magnetic shielding at a nucleus depends on the second X5 (4.72) 36.5 28.8 33.2 32.8
. . . x7(5.67) 41.0 345 39.5 38.0
inverse power of its distance from an element of current, ¥ (6.61) 213 04 19.0 133
therefore it is the flow nearby the probe that determines the
bulk of the shielding. Thus statements currently made relying zz g'ggg :f'g :g'g ig'g ﬁ‘l"
on planar models for thd® field, e.g., that a probe nucleus va(2.83) —09 75 281 6.6
over a diamagneticz-ring current is shielded, although in y5(3.78) 0.0 —4.0 10.8 2.3
principle correct, may be affected by systematic errors. Detailed  ;, (g 94 —23 —92 44.3 10.9
information on what is going on in space is needed. 2(1.89) -02 —4.0 10.8 2.2
A description of the current density vector field induced in 7,(2.83) —-0.07 0.9 -25 -0.6
[2.2]paracyclophane by an external magnetic field parallel to ~ %(3.78) —0.5 1.8 —3.0 —0.6
the line connecting the centers of the phenylene rings, indis- 2(4.72) —0.5 14 —21 —0.4

pensable to interpret its magnetotropism, can in principle be . . .
obtained by plottingl® on several planes perpendicularBo sentations so obtained can be blown up and rotated for detailed

However, the model so obtained would be impractical for at INSPection:® Use of this software, freely delivered by the
least two reasons: (i) important details may be overlooked, authors, is recommended to understand the following discussion.
unless the series of planes is wide enough; (ii) it would carry
too many pieces of information, difficult to assemble in a single
mental picture. Molecular geometries for two model systems have been
As the most relevant features df are observed in the  optimized at the B3LYP/6-31G** level of accuracy, using the
proximity of its singular pointat which the vector field vanishes ~ GAUSSIAN98 code? The first consists of two stacked benzene
(i.e., the electrons stop moving), portable and compact modelsrings, the second corresponds toDay structure of [2.2]-
of the current density field are available to interpret magnetic paracyclophane (Figure 1). As a matter of fact, a system with
response via atagnation grapi{SG) showing the whole setof = D, geometry is slightly more stable, the B3LYP/6-31G** energy
singular isolated points and liné%.2 Significant economy of  for the Dy, (D,) being—619.32378784619.3426021) hartrees.
thinking is achieved via ab initio SGs obtained for planar cyclic On the other hand, calculated magnetic properties are virtually
molecules, e.g., the aromatighd, rings-26and five-membered  the same for the two geometries. A slightly idealized structure
heterocycled’ with higher symmetry guarantees more efficient use of the
Mathematical aspects and technical details for plotting SYSMO codé® and a graphic output much easier to read.
streamlines and modulus of current density, and SG, have been Magnetic properties have been calculated via a procedure
discussed at length elsewhété3-27 Phase portraits for singu-  using continuous transformation of the origin of the current
larities are shown in these papers; see, for instance, Figures Idensity-paramagnetic zero (CTOCD-P22)implemented in
and 2 of ref 11. Vortices consist of closed loops that can be SYSMO, employing the (13s8p/8s) [5s4p/4s] basis from van
either diamagnetic or paramagnetic. Two close vortices may Duijneveld? for C/H at the Hartree Fock level. The s basis
be separated by a saddle point. In its vicinity, the streamlines for C has been augmented by a diffuse function with exponent
are approximately rectangular hyperbolae. Stagnation lines (SL)0.0399. Two 3d functions, with exponents 2.1409 and 0.64240,
are continuous manifolds of stagnation points of the same type.and two 2p functions, with exponents 2.0731 and 0.49099, have
They may be either vortical or saddle lines, connecting the been added on C and H, respectively, obtaining a [6s4p2d/4s2p]
singular points of a given type, i.e., vortices or saddles, observedbasis set. A London basis of gauge-including atomic orbitals
in the streamline maps for planes at different heights along a (GIAO)33 was constructed by adding gauge-phase factors to the
vertical axis. Because SGs are complicated topological objects,gaugeless [6s4p2d/4s2p] basis set. The DALTON #bdes
a graphic software is available in the supporting material to employed to evaluate magnetic properties via the GIAO basis.
observe their spatial features in three dimensions. The repre-The results obtained for magnetic susceptibility, magnetic

3. Details of Calculation
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Figure 2. Perspective view of the stagnation graph of the current density vector field in [2.2]paracyclophane. The distance between the centers of
the phenylene rings is- 5.95 bohr. The uniform external magnetic fieBl,= Bes, is parallel to thez axis through the centers of the phenylene
rings. Green (red) lines denote diamagnetic (paramagnetic) vortices, saddle lines are blue.

shielding at C and H nuclei, and at few points along xhg, Quite remarkably, the central SL for [2.2]paracyclophane in
andzdirections, are reported in the Table 1. The good agreementFigure 2 is insteadsaddle-likein the outer regions of the
between CTOCD-PZ2 and GIAO calculations guarantees the molecular domain and along a short segment having the CM
accuracy of the numerical estimates. The SG of [2.2]paracy- as midpoint. At the distance of +0.4 bohr from CM, the
clophane has been constructed within the CTOCD-DZ2 scheme central SL splits into two saddle lines, lying on theplane,
by a graphic software available in the SYSMO packédp i.e., the plane of the €C bridging bonds, and a central
for a magnetic field along theaxis, i.e., the direction through  paramagnetic vortex line. Paramagnetic vortices flow through
the centers of the phenylene rings, (i) for thaxis through the  the phenylene groups as in the model system of two superim-
midpoints of the central €C aliphatic bonds, and (iii) for the posed GHes; compare with the SG in the Supporting Information.
y axis, normal to the plane of the aliphatic bridges. The origin Therefore, the “paramagnetic core”, typical of benzene ritgs,
of the coordinate system lies at the CM. is conserved on stacking them at short distances in [2.2]-
paracyclophane. Further splitting of each paramagnetic vortex
line into two paramagnetic vortical lines on theplane, and a
. saddle line extending beyond the phenylene rings, occurs at a

4.1. _Stagnatlon Graph for B.E Bea. TO understand the ouple of branchinggpoirsllts, symmpetrically placgd above and
essential aspects of the magnetic interaction between two StaCke(ielow the benzene rings, att4.6 bohr from the CM. A closed
phenylene moieties, it is expedient to compare the SG of [2.2]- SL fully lying in the zx 'plane. and containing ségments of
paracyclophane with that of a hypothetical molecule consisting ’

4, Results and Discussion

of two superimposed benzene rings at a distahsefficiently g:ﬁfgﬁﬁzgﬁgs’ hZiSIS;Se tr?r:O:gh these branching points. It
large that the magnetic interaction between the two stackidd C - pheny ) gs- ) ) )
molecules is small, assumirgnormal to the ring planes. For The splitting of the primary SL into other lines is regulated

d~ 6.62 bohr, the SG of the latter looks like the superimposition DY topological rules*~2> Two diamagnetic vortices flow at the

of the SGs of two single ring$;?6see the Supporting Informa- ~ sides of the central SL. The corresponding green SLs, lying on
tion. In comparison with that of [2.2]paracyclophane in Figure theyzplane, pass through four-€& bonds of the phenylene

2, it shows radical differences. In both cases, an SL, denotedrings. They extend to the tail regions of the molecule, approach-
asprimary, connects the centers of the rings. This Skdstical ing the central saddle SL. This set of SLs, a central saddle
in the model for two stacked benzene rings. It is diamagnetic between two diamagnetic vortices, is quite typical. It occurs
(green) along a segment through the center of mass CM and inafter the bifurcation of the primary diamagnetic vortical line in
the tail regions of the molecule, and it contains two paramagnetic the far out part of the molecule at branching poiftZ, not
(red) segments crossing each ring plane. visible in Figure 2. In this region, i.e., fde| > Z, the regime
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Z3

Figure 3. Streamlines (on the left) and contour levels for the modulus (on the right) of the current dinisitiuced by a magnetic fielB = Bes
with intensity 1 au directed upward. On thxg plot planes, diamagnetic currents are clockwise. The distandesm the center of mass are
specified in the Table. Atom positions are marked by crosses. The contours are associated with constant maghijtane afe drawn from the
initial value |J8| = 0.0 in steps of 4x 1073, 4 x 1073, and 1x 1072 au to the maximum values 4.46 1072, 4.38 x 1072, and 1.48x 10t au
in the maps forz, z,, andz;, respectively.

is fully diamagnetic, resembling that of an atom. Symmetry is onxy planes perpendicular to ttfield, at different distances
broken on approaching the molecular skeleton, and the externalfrom the CM, are shown in Figures 3 and 4. The results are
diamagnetic vortex splits up into two vortical lines at the sides fully consistent with the SG of Figure 2. The phase portrait of
and a central saddle line. the central saddle is observed on the magat 0 bohr of
Such a pattern is very different from that observed in the Figure 3 (the asymptotes through the saddle are not visible at
model of superimposedgls ring. Whereas six diamagnetic  the resolution adopted), in the proximity of the CM, coinciding
vortices flow across the €C bonds in benzene (and in the with the midpoint of the segment that joins two small diamag-
hypothetical system of two packed noninteracting benzene rings,netic vortices. The two green vortical SLs at the sides of the
see the SG in the Supporting Information), only two diamagnetic central saddle SL in Figure 2 pass through their centers. This
vortices through four phenylene bonds survive in [2.2]paracy- central pattern is contained within a wider region of diamagnetic
clophane. Therefore, one may conclude that close-packing viavortical regime. Ring currents flow all around the projections
aliphatic bridges reduces the diatropicity of the system about of the C and H nuclei on the plot plane. Spiralling currents are
the z axis. observed on the sides of this central vortex. Two diamagnetic
The SG indicates where most significant planes can be vortices flow nearby the aliphatic-€C links, on the left and
searched to visualize an “economical” ring current model of on the right of the plot, corresponding to the green segments in
[2.2]paracyclophane via a small setl5fmaps. The streamlines  Figure 2. The map atz ~ 0.94 bohr shows a central
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Zg

Figure 4. Plotting conventions are the same as in Figure 3. The contours are drawn from the initig0¥ata®.0 in steps of Ix 1072, 8 x 1072,
and 3x 1072 au to the maximum values 1.06 1071, 8.81 x 107%, and 3.67x 1072 au in the maps fow, z5, andz, respectively.

paramagnetic vortex between two diamagnetic vortices. This of the last plot atzs (again, the aymptotes are not visible at the
pattern is contained in an extended domain of diatropic regime. resolution adopted). Above and below the branching points at
Two small paramagnetic vortices can be observed on the leftzs ~ +4.6 bohr, the saddle regime takes place until the
and on the right. They are separated from the central pattern bybifurcation points at-Z are reached. Beyond them, the regime
saddle points. This map nicely completes the information given is vortical diamagnetic about theaxis.
by the SG of Figure 2. 4.2. Stagnation Graph for B= Be;. The SG for a magnetic
Other plots of streamlines and moduli 8% in planes at field parallel to thex axis through the midpoints of the aliphatic
different heightszz ~ 1.89,z4 ~ 2.83,2s ~ 3.78, andz ~ 4.72 bridge bonds is shown in Figure 5. The primary SL coincides
bohr along the central SL, is available in Figures 3 and 4. with the x direction. Paramagnetic vortical regime takes place
Interesting details can be found in these maps, illustrating in the proximity of the origin at CM. Branching of the (red)
different regimes along the vertical direction, e.g., the unfolding central SL occurs at two points on theaxis (at a distance
of the central paramagnetic vortex, of the diamagnetic vortices, ~40.35 bohr from CM), where three stagnation lines origi-
and of spiral flow at opposite sides. They elucidate essential nate: two (red) paramagnetic SLs forming a closed loop in the
features of the ring current model for [2.2]paracyclophane and zx plane, and a (blue) segment of saddle SL, whose midpoint
extend the concise information available from the SG of Figure coincides with the origin. Above and below the central set of
2. In particular, they show the persistence of the diatropic ring SLs, two undulating lines are observed. They have saddle
currents encompassing the whole molecule along-jtdrec- character in the vicinity of the center of the phenylene units:
tion. The portrait of a saddle is recognized in the central part vortical diamagnetic on crossing a—C bridge, then saddle
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Figure 5. Perspective view of the stagnation graph of the current density vector field in [2.2]paracyclophane. The external magnBtiefield,
Be,, is parallel to thex axis passing through the midpoints of the central@bonds of the aliphatic bridges. Graphical conventions are the same
as in Figure 2.

again up to the outer regions. This sequence of SLs is completely Four intense circulations are observed at the corners of the
contained on thex plane. figure. They are not vortices (in fact no green SL is found in
Two open red lines, also lying on tze plane, indicate local the SG of Figure 5). The flow spirals out in the electron-rich
vortical regime on opposite sides of the central paramagnetic region around the €C bonds of the phenylene units, and it is
loop. These SLs are truncated because the approximatedvisible also in maps at a larger distance from CM. It is
wavefunction is insufficiently accurate in the external region. characterized by superimposed diamagnetic (clockwise) and
A larger basis set enriched by atomic functions on pseudocentergparamagnetic (upward) components.
along thez direction would probably be necessary to improve ~ The map ai, describes the paramagnetic regime in a plane
the description, which is, however, beyond our present pur- outside of the paramagnetic loop with center CM in the region
poses. between the branching pointsatt0.35 and~+3.0 bohr. The
Another couple of branching points is observed on the central spiralling flow at the corners is still very intense. The other
SL at~+3.0 bohr from the origin, where the red line splits up plots give a clear visualization of the currents about the
into two red lines lying on they plane and a central saddle phenylene groups. Details are easily analyzed via the SG of
line connected to a closed loop on theplane in the basin of  Figure 5.
an aliphatic bridging bond. Each loop, on either side with respect  4.3. Stagnation Graph for B= Be,. The SG for a magnetic
to CM, contains a central green line bisecting an aliphati€C field perpendicular to thexplane of the aliphatic bridge bonds
bond, which means that the local electron distribution sustains is shown in Figure 8. The regime is paratropic in the central
a diamagnetic vortex. This green line splits up into two green part of the molecule up to the tail regions, as indicated by the
lines, belonging to the loop, and a central saddle line that extendscentral (red) vortical SL co-incident with theaxis, with the
to the tail regions. The loop contains also segments of saddleexclusion of a small domain containing the center of mass:
SL. The two branching points belonging to a given loop are saddlelike flow takes place about the blue segment, having the
found on thex axis, at~+4.5 and~+5.8 bohr from CM. CM as midpoint. The opposite ends of this segmenty£0.8
Four closed loops formed by saddle and paramagnetic vorticalbohr from CM, are branching points where the central vortical
lines lie on thezxplane in the vicinity of carbons at the opposite  SL splits up into two paramagnetic vortical lines, forming a
ends of each aliphatic bridge. Two external continuous saddle closed loop that lies on thezplane. This splitting of the central
SLs are observed on the plane, on either of CM. They go  SL into two vortex and saddle SL fulfills the Gomes theoRém.

without interruption to the border of the map. Two open SLs, containing blue and green segments, lie on the
Plots of streamlines and moduli ¢z planes normal to the  yz plane, on either side of the central diamagnetic loop. The
Bx field, at distancese = 0.94,x3 = 1.89,x4 = 2.83,%5 = regime is saddlelike on crossing the—C bonds of the

3.78,xs = 4.72,x; = 5.67, andxg = 6.61 bohr from CM= x; phenylene rings and in the outer regions. Onxgiglane, at

=0, are given in Figures 6 and 7. The map through the origin opposite sides with respect to the CM, two closed loops, formed
of the coordinate system shows the central saddle, the twoby saddle and paramagnetic vortical stagnation segments, are
paramagnetic vortices above and below it alongzthris, then found. On the same plane, the SG shows that diamagnetic
two external paramagnetic vortices corresponding to the trun- vortices flow nearby the midpoint of the central-C bonds in
cated red lines in Figure 5. The two saddle points orzthes, each aliphatic bridge.

separating the central pattern from the external paramagnetic Maps of streamlines and moduli for selected planes perpen-
vortices on top and bottom of the map, belong to the blue SLs dicular to they axis, at distanceg = 0, y, ~ 0.94,y3 ~ 1.89,

on thezx plane of the SG. y4 ~ 2.83=~, andys ~ 4.05 bohr, are shown in Figure 9. These
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Figure 6. Streamlines (on the left) and contour levels for the modulus (on the right) of the current dinisitiuced by a magnetic fielB = Be;
with intensity 1 au directed upward. On tlya plot planes, diamagnetic currents are clockwise. The distaxcesm the center of mass are
specified in the Table. Atom positions are marked by crosses. The contours are associated with constant maghijtane afe drawn from the
initial value |J8 = 0.0 in steps of 4x 1073, 2 x 1072, 3 x 1072, and 6x 1072 au to the maximum values 4.64 1072, 2.81x 107%, 3.0 x 1074,
and 6.39x 107! au in the maps fok... Xa.

plots are easily analyzed with the help of the SG in Figure 8. segments in the closed loops formed by red and blue SLs; see
The central region of paratropic regime is clearly visible through the analysis of the SG in Figure 8. The diamagnetic vortices
the whole series. In the mapyat= 0 bohr, the pattern illustrates  on opposite sides of theaxis flow about the midpoints of the
the bifurcation of the central paramagnetic vortex line into two aliphatic C-C bridges; compare with the green SL in the same
vortical lines and a saddle line in between, visible in Figure 8. figure. Localized diamagnetic vortices are observed along the
The paramagnetic vortices next to the central pattern, left and periphery of the system. Their spatial extension varies with the
right of it on the horizontalx axis, correspond to the red distance from the origin at CM.
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Xg

Figure 7. Plotting conventions are the same as in Figure 6. The contours are drawn from the initid0%ata.0 in steps of 4« 1073, 7 x 1073,
1 x 102 and 5x 1072 au to the maximum values 4.24 1072, 7.16 x 1072, 9.68 x 1072, and 6.58x 1072 au in the maps foxs... Xe.

4.4. Rationalizing Magnetic Response via Stagnation  circuit, is evaluated by the differential BieSavart law
Graphs. SGs and related current density maps are instrumental (DBSL)720
in understanding nuclear magnetic shielding. Let us consider
the eleptrqnic current density®, induced by an externlal dB, (1) = }JB % LdV= — X()-B dV 1)
magnetic fieldB = Bej in the electrons of a molecule, focusing c r3
on a closed circuit in thgy plane, which carries a diamagnetic
(Larmor) current. The element of magnetic field induced at an denoting byX the magnetic shielding densi®?® at the point
observation poinP on xy, at a distance from dV, the volume P. The sign of the componenBgy, depends on the sine of the
which contains an element of electronic charge flowing in the angle between the vectad8 andr (both lying on thexy plane),
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Figure 8. Perspective view of the stagnation graph of the current density vector field in [2.2]paracyclophane. The external magnBtiefield,
Be,, is parallel to they axis perpendicular to the plane of the aliphatic bridges. Graphical conventions are the same as in Figure 2.

@ O

Y5

Figure 9. Streamlines (on the left) and contour levels for the modulus (on the right) of the current dinisitiuced by a magnetic fielB = Be,
with intensity 1 au directed upward. On the plot planes, diamagnetic currents are clockwise. The distapcesem the center of mass are
specified in the Table. Atom positions are marked by crosses. The contours are associated with constant maghijtane afe drawn from the
initial value |[JB| = 0.0 in steps of 2.5¢ 1072, 1 x 1072, 4 x 1072, 2 x 1072, and 5x 1072 au to the maximum values 26 1071, 1.02 x 1074,

4.32x 10% 2.73x 10%, and 5.37x 102 au in the maps foy;...ys.
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Figure 10. Shielding density obtained by the DBSL (eq 1) at points orztaeis, see the Table, induced by a magnetic field in the same direction.
The contours are associated with constant magnitudeand are drawn in steps of:2 1074, 1 x 1073, 1.5x 1072, 2.0x 1072 5.0 x 1073, and

1 x 1073 au in the maps fog;...z.

thus the contribution from\placed in a portion of the circuit

the sign of @BingA(Rn) and BingAr) will also change. The sign

closer to a probe, e.g., a proton H outside of it, with coordinates of the shift ofo,{Ry) ando,Ar) is also reversed.

Rn, reinforces the external fiel, by providing a positive B, ;.

(Ru), so that theaZHZ component diminishes (paramagnetic
shift). On the other hand, the distant portions of the circuit will

induce negative contributionsBglq; (Rw), enhancingvsz (dia-

magnetic shift).

4.4.1. Magnetic Shielding along the z Adlowing for these
simple rules, the SG can be used to analyze the trend of magnetic
shieldingso,{r) along thez axis through the centers of the
phenylene rings reported in the Table. The task is much
facilitated by plotting the shielding densi}y,, defined in eq 1,

As the contribution depends on the second inverse power of see Figure 10.

the distance of the probe fromVdaccording to eq 1, the total
effect of a diamagnetic current lodp with radiusr., on an
external proton at distand@y > r_ is that of increasing the
uniform magnetic fieldB by adding a locaB(Ry) Il B, thus

decreasing the shielding, component’:20

A diamagnetic current will induce a negativBigi A(r) at any

point inside the circuit, causing a diamagnetic shift on a probe

that would be placed at, i.e., providing a positive infini-
tesimal contribution to the locab,Ar). At the center of a

vortex, JB vanishes, e.g., a diamagnetic current proportional to

B x r p(r), denoting byp(r) the local electron charge density,
goes td asr, wherea(r) = 0. If the origin of the coordinates

coincides with the center of a diamagnetic loop, the DBSL

magnetic shielding density defined by eq 1 diverges at the

origin as|r|7%, and a positive spike is observed in the maps.

If the sign of the curreni® flowing in the circuit is reversed,

These maps show the regions of molecular domain in which
shielding/deshielding mechanisms are operat¥#§By super-
imposing the shielding density maps in Figures 10 to the
corresponding streamline plots in Figures 3 and 4, the effect of
the currents on magnetic shielding is easily understood via the
DBSL (eq 1), according to the rules expounded above.

The shielding density on they plane atzy = 0 bohr provides
a clear-cut explanation for the high valug, = 50.2 ppm at
CM. For anyr within the central segment of saddle SL
containing CM, the diatropic currents flowing all around enhance
the out-of-plane component(r); compare with Figures 2 and
3. Weak deshielding arises only from the diamagnetic vortices
in the region of the aliphatic carbon nuclei on the left and on
the right of the map. It is caused by the portion of closed circuits
closer to CM, whereas the more distant parts provide a small
shielding contribution.
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The variation of ther,{r) component of the central shielding
at various distancesz from the origin (see the Table) is
interpreted analogously by the DBSL (eq 1). The values for

Pelloni et al.

These results seem to imply that the downfield shift at
phenylene protons attributable #ering currents is not signifi-
cant. In fact, the estimate f(m’;Z is bigger than that typical of

z71..Zs decrease by increasing the distance from CM due to the aromatic systems bst 3ppm (a near Hartree=ock value for

downfield shift caused (i) by the portion of diamagnetic vortices
closer to thez axis and (ii) by the central paramagnetic regime
originating at the branching points+0.4 bohr, see the SG of
Figure 2. Thus the,; values atz, andz;, 44.3 and 10.8 ppm,
respectively, are smaller than thatatThe effect is documented
by the sequence of shielding density map.aizs. Stronger
deshielding was found foms, where o,Ar) is ~ —3 ppm.
Negative values;-2.5 and—2.1 ppm, were found also faz
andzs, respectively.

Therefore, the variation along threaxis of NICS,, defined
as—o,{r), a problem unsolved so f&£is well understood via
the spatial ring current model built via SG, streamlines, and
shielding density maps.

4.4.2. Magnetic Shielding along the x and y AxXdsps of
shielding densityy xx, at various distances from the origin, along
the x direction through the central aliphatic<C bonds, are
shown in Figure 11. The values afx onyzplanes akj,Xp,... Xs
are reported in the Table. Allowing for the DBSL (eq 1), these

~
~

the deshielded out-of-plane component in benzene is 20.4
ppmtl), and the average), is predicted 1.2 ppm bigger than
that for benzene. Therefore, it can be safely concluded that the
diatropism of [2.2]paracyclophane about the direction through
the phenylene rings is smaller than that expected for a
hypothetical model system containing two superimposed ben-
zene molecules.

4.4.4. Magnetic Susceptibilitythe SGs of [2.2]paracyclo-
phane for different directions of the external magnetic field can
be used to interpret also calculated values of the magnetic
susceptibility tensor. The CTOCD-PZ2 predictions reported in
the Table argy= —1017.6,y,, = —998.0, and;,,= —2708.6
ppm cgs au per molecule (the conversion factor to ppm cgs
emu per mole is®/N = 8.9238878x 102, further conversion
to Sl units is obtained by 1 J% = 0.1 cgs emu). These values
are smaller than the corresponding GIAO by 2—5/% in
absolute value.

The anisotropy\y = yxzz — (M2)(xx + xyy) = —1700.8 ppm

estimates are easily interpreted by superimposing the shieldingcgs ay of the susceptibility tensor is quite big. The estimates
densities of Figure 11 to the corresponding plots of streamlines gre consistent with the spatial ring current model developed in

and moduli in Figures 6 and 7. The central part of the map at s study. On the one hand, paramagnetic flow takes place in
x1 accounts for deshielding at CM caused by the (clockwise) {he central region and in the proximity of the-C aliphatic

diamagnetic component of strong currents spiralling about four bridges of [2.2]paracyclophane when the external magnetic field

C—C bonds of the phenylene moieties, and, to a lesser extent,is girected as the andy axes, as shown in Figures 5 and 8,

by local paramagnetic flow of weak intensity. The map clearly
evidences an abrupt change of sign of Jefunction. A closed

reducing the magnitude ¢y andyyy. On the other hand, the
diatropism of the molecule all along telirection, documented

continuous line through four C nuclei encompasses the deshield-y Figure 2 and by the maps in Figures 3 and 4, explains the
ing domain. According to the rules quoted above, the element gnhanced value Ofz

of field dBinqx, parallel (antiparallel) to the externBi inside
(outside) of this domain, is induced by the part of each spiralling
circuit closer to (farther from) CM.

The map atx; ~ 0.94 bohr, Figure 6, shows four basins of
strong spiral currents that flow anticlockwise along the direction
of phenylene GC bonds, i.e., in the opposite direction
compared with the plane ai = 0. Each anticlockwise spiral

5. Concluding Remarks

Ring current models that represent the currents induced by
an external magnetic field in the electrons of a big molecule on
a few planes are in most cases insufficient to assess its
magnetotropicity and to interpret its magnetic response. Planar

current lies between two weaker clockwise spirals; compare with models proposed so far become totally impractical in complex
the corresponding modulus map. The paramagnetic componeninolecular systems such as [2.2]paracyclophane.

of the intense anticlockwise currents gives a positive (negative)

contribution tooyy at the origin arising from the portion closer

A powerful tool is available to build ugpatial ring current
models, i.e., a stagnation graph showing the set of points and

to (farther from) it. The other shielding density maps of Figure |ines at which the current density vanishes. Stagnation graphs
11 providing the information needed to interpret the change of yield a practical and abridged compendium of the essential

the central shielding along thxdirection, are similarly analyzed
via the DBSL (eq 1).

The shielding densityyy, on a fewzx reference planes at
distancesn,ys,...ys from CM (see the Table) are represented in

information necessary to evaluate molecular magnetotropism
all over the molecular domain by neatly showing the regions
of diamagnetic and paramagnetic regime. They indicate the
molecular basins in which maps of current density are needed

Figure 12. They are analyzed by the same general rules fortp visualize the most representative phase portraits of the flow,

understanding the trend of,.
4.4.3. Magnetic Shielding of Phenylene Proto@snsider
the phenylene proton Hwith coordinates<(2.32, 4.05, 2.94).

i.e., vortices and saddles. Therefore stagnation graphs are
valuable to assess local “magnetic” aromaticity and antiaroma-
ticity.

There is good agreement between theoretical predictions The stagnation graphs obtained for they, andz axes of a

from CTOCD-PZ2 and GIAO methods, which indicates their
accuracy. The calculated CTOCD-PZ2 componem%,w
23.9 ando;'Z ~ 23.4 ppm, are very close to one another
and smaller tharo), ~ 27.2 ppm. The average magnetic
shieldingoﬂv is as big as 24.8 ppm. A theoretical valiie ~

6.3 ppm for the chemical shift from tetramethylsilane (TMS)
is obtained, allowing for the calculated valaﬁ, = 31.14 ppm

in TMS.37 This is close to the experimental value 6.50 ppm
quoted in the Supporting Information of the paper by Caramori
et al®

coordinate system visualize the currents induced by a uniform
external magnetic field parallel to that direction. They help
rationalize the components of tensor properties, e.g., magnetic
susceptibility, magnetic shielding at the nuclei, and more
generally, magnetic shielding at any point within the molecular
dimensions.

Auxiliary tools are provided by maps of streamlines and
moduli of the current density field. Plots of the shielding density
defined via the differential BietSavart law can be combined
with these maps to interpret magnetic shielding, by showing
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Figure 11. Shielding density obtained by the DBSL (eq 1) at points onxthgis, see the Table, induced by a magnetic field in the same direction.

The contours are associated with constant magnitu@g.aind are drawn in steps of1 1073, 4 x 1073, 1 x 1072, 2 x 1072, 3 x 1072, 2 x 107},
and 3x 10°% au in the maps fok;... Xs.

the regions which provide contributions of different sign to this molecule is less diatropic than a hypothetical system formed
guantity at an arbitrary observation point. by two superimposed benzene rings. Magnetic fields normal to
The usefulness of stagnation graphs for practical purposesthe diatropism axis induce paratropic currents in some domain
has been demonstrated in the present study of magnetic responsef the molecule, which substantially reduce its diamagnetism.
of the [2.2]paracyclophane molecule, for which inconclusive Therefore, the absolute value of the corresponding components
results had been reported in the literature. Our investigation of magnetic tensors decreases.
shows that a magnetic field directed as the axis through the The ring current model developed for [2.2]paracyclophane
phenylene rings (the “diatropism axis” of [2.2]paracyclophane) nicely accounts for the magnitude of measurable properties. The
induces intense diamagnetic currents about it. However, this magnetic susceptibility is strongly anisotropic, the component
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Figure 12. Shielding density obtained by the DBSL (eq 1) at points onythgis, see the Table, induced by a magnetic field in the same direction.
The contours are associated with constant magnitudg,oéind are drawn in steps of 2 1072, 1 x 1073 1 x 102, 1 x 1072 and 3x 10 au
in the maps fory...ys.

corresponding to the diatropism axis bein@.7 times bigger for the stagnation graphs in Figures 2, 5, 8, and for the stagnation

(in absolute value) than the average component in orthogonalgraph of the system of two superimposed benzene molecules.

directions. This material is available free of charge via the Internet at http:/
The average magnetic shielding at the phenylene protons ispubs.acs.org.

stronger than that of aromatics, the predicted upfield shift of
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