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Abstract

Nuclear magnetic shieldings have been calculated at the density functional theory

(DFT) level for stacks of benzene, hexadehydro[12]annulene, dodecadehydro[18]annulene

and hexabenzocoronene. The magnetic shieldings due to the ring currents in the ad-

jacent molecules have been estimated by calculating nucleus independent molecular

shieldings for the monomer in the atomic positions of neighbor molecules. The calcula-

tions show that the independent shielding model works reasonable well for the 1H NMR

shieldings of benzene and hexadehydro[12]annulene, whereas for the larger molecules

and for the 13C NMR shieldings the interaction between the molecules leads to shield-

ing effects that are at least of the same size as the ring current contributions from the

adjacent molecules. A better agreement is obtained when the nearest neighbors are

also considered at full quantum mechanical (QM) level. The calculations suggest that

the nearest solvent molecules must be included in the quantum mechanical system, at

least when estimating solvent shifts at the molecular mechanics (MM) level. Current

density calculations show that the stacking does not significantly affect the ring current

strengths of the individual molecules, whereas the shape of the ring current for a single

molecule differs from that of the stacked molecules.

1 Introduction

Environmental effects are often taken into account by performing calculations using a com-

bined quantum and molecular mechanical (QM/MM) treatment.1 In QM/MM calculations,

the investigated molecule is considered at the QM level, whereas the electrostatic interac-

tions with the surrounding molecules are treated at the classical level of theory using point

charges. Realistic solvent contributions can be obtained as the average value by performing

molecular dynamic (MD) simulations and recalculating the property under consideration for

many solvent configurations taken from the MD simulation.2,3 It might though be necessary

to include the solvent molecules nearest to the solute in the QM system, especially when the
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interactions between the solvent and the solute are strong. An accurate but computationally

expensive approach is to completely omit the MM part. Instead, the size of the quantum

mechanical system is enlarged until the studied property is not significantly affected by in-

creasing the system size.4 Also in the full QM approach, the investigated property has to be

sampled over a large number of solvent configurations rendering the calculations computa-

tionally expensive. Frozen-density embedding (FDE) calculations have also been employed in

calculations of solvent effects.5,6 The embedding potential of the FDE calculations is deduced

from a separate calculation using the average electron density of many configurations of the

solvent molecules, whereas the QM calculation on the solute is performed only once.7 The

more traditional approach to calculate solvent effects is the use of continuum models such as

the conductor-like screening (COSMO) and the polarizable continuum models (PCM).8–11

The common denominator for the approximate approaches is that they may be well aimed

for considering electrostatic effects as the environment is simulated with point charges or

using a continuous dielectric medium, whereas they may be less appropriate for studies of

magnetic properties,12,13 because the magnetically induced current densities in the solvent

molecules are not taken into account. In molecular solids, the ring currents of the individual

aromatic rings significantly shift the peaks in the measured NMR spectra.14–21 Current den-

sities of neighboring molecules might bring significant contributions to magnetic properties,

even from molecules that are far away from the molecule under consideration.22 Thus, a

series of cluster calculations at the QM level are so far the only means to consider the most

important contributions to the environmental effects on magnetic properties, even though

several attempts with QM/MM approaches have been made.23–28 Linear scaling and nucleus

selected calculations open the avenue towards computational studies of NMR chemical shifts

for large molecular systems.29–32

For polar solvents, the solvent shift originating from the magnetically induced current

densities of the solvent molecules is usually smaller than the contributions due to the electro-

static moments of the solvent molecules. Hydrogen bonding and van der Waals interactions
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between solvent molecules and the solute as well as structural relaxation of the solute also

affect NMR chemical shifts. Electrostatic effects are less pronounced for nonpolar molecules,

whereas external magnetic fields induce strong ring currents in aromatic molecules result-

ing in an additional magnetic field contribution that significantly affects the NMR chemical

shifts. Since aromatic solvent molecules surrounding the solute contribute to the observed

magnetic properties of the solute,26,33,34 some kind of cluster model has to be employed when

aiming at very accurate calculations of solvent effects on magnetic properties. Calculations

on crystalline benzene have shown that the closest neighbor molecules have to be included

in the QM treatment together with the solute, whereas the contributions from more distant

solvent molecules may be estimated by performing calculations of nucleus independent mag-

netic shieldings (NIMS) in the position of the atoms of the solute caused by the surrounding

molecules.33

A similar approach can be employed for estimating contributions to NMR chemical shifts

from more distant solvent molecules. When the position of the solute molecule relative to

each solvent molecule is known, a single QM calculation can be performed on the solvent

molecule as illustrated in Figure 1. By performing NIMS calculations in the relative position

of the investigated solute atoms with respect to the solvent molecule, the shielding contribu-

tion can be obtained as a sum of the contributions from all solvent molecules. In addition,

the contribution from all solvent configurations can be obtained in a single calculation on the

solvent molecule. In this approach, it is assumed that the molecular structures of all solvent

molecules are identical. They are of course not exactly identical. However, the long-ranged

contribution is rather small implying that tiny errors in the molecular structure does not

significantly affect the long-ranged current contribution to the NMR chemical shifts.

In this work, we investigate how the current contributions from adjacent and more distant

molecules affect the magnetic shieldings and how the current densities of stacked aromatic

and antiaromatic molecules changes due to the presence of the surrounding molecules. The

aim of the study is to understand how to consider current contributions from aromatic
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Figure 1: The method to calculate the magnetic shielding contributions from solvent
molecules to a selected nucleus of the probe molecule is illustrated. The nucleus inde-
pendent magnetic shieldings (NIMS) are calculated for one solvent molecule at the relative
coordinates corresponding to a given nucleus of the probe molecule. All significant solvent
molecules can be considered in one magnetic shielding calculation. The picture has been
made using VMD 1.9.2 and Gimp 2.8.35

moieties in NMR chemical shift calculations on substances dissolved in a solvent or on

molecules in the liquid and solid phases.

The computational levels are described in Section 2. The theory is briefly discussed

in Section 3. The results of the shielding calculations are presented in Section 4 and the

electrostatic effects are discussed in Section 5. Results of the current density calculations

are reported in Section 6. The main conclusions are drawn in Section 7.

2 Computational details

The molecular structures of benzene, hexadehydro[12]annulene, dodecadehydro[18] annulene,

and hexabenzocoronene were optimized at the density functional theory (DFT) level using

Turbomole.36,37 The Perdew-Burke-Ernzerhof hybrid functional (PBE0) was employed in

combination with the Karlsruhe split-valence (def2-SVP) basis set augmented with polar-

ization functions.38–40 The optimized monomer structures were adopted when constructing

the molecular stacks of benzene, hexadehydro[12]annulene, and dodecadehydro[18]annulene.
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The separation between the individual benzene molecules was chosen to 3.9 Å, which is

close to the van der Waals minimum of the benzene dimer.41 The same procedure was used

for constructing the hexadehydro[12]annulene and dodecadehydro[18]annulene stacks. For

the hexabenzocoronene stacks, the separation distance between the individual molecules

was adopted from the PBE0/def2-SVP/D3 optimization of the structure for the hexaben-

zocoronene trimer, where D3 denotes Grimme’s semiempirical dispersion correction.42 The

atomic positions of the two and four outer hexabenzocoronene molecules of the pentamer and

the heptamer, respectively, were obtained by adopting the same intermolecular distance as

for the trimer. The individual molecules as well as the molecular stacks of benzene, hexade-

hydro[12]annulene, and dodecadehydro[18]annulene, and hexabenzocoronene were assumed

to belong to the D6h, D3h, D3h, and D6 point groups, respectively. The enumeration of the

molecules in the stacks begins symmetrically from the ends of the stack as shown in Figure

2 for the decamer. The molecule(s) in the middle has the highest number.

The nuclear magnetic shielding tensors were calculated with Turbomole at the DFT

level using the Becke-Lee-Yang-Parr three-parameter hybrid functional (B3LYP), the m5

integration grid, and triple-ζ (def2-TZVP) basis sets.39,43–46

Magnetically induced current densities and ring-current susceptibilities were calculated

using the GIMIC program,47–50 which is an independent program that uses the magnetically

perturbed and unperturbed one-body density matrices and basis-set information as input

data.47,48 The density matrices are obtained in NMR shielding calculations with Turbomole.

The calculated current densities are origin independent with a fast basis-set convergence,

because gauge-including atomic orbitals (GIAO) are employed.51–54 Explicit values for cur-

rent strengths (susceptibilities) are obtained by numerical integration of the current density

passing through cut planes perpendicularly to selected bonds of the molecular system.47 The

ring-current susceptibility can be used as a reliable measure of molecular aromaticity.49 The

sign and magnitude of the obtained ring-current strengths indicate whether molecular rings

are aromatic, antiaromatic, or nonaromatic thus having diatropic, paratropic, or vanishing
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net ring current, respectively.34

Figure 2: The enumeration of the stacked molecules of the decamer used in the graphs. The
picture has been made using Xmakemol 5.16 and Gimp 2.8.

3 Theory

The magnetic shielding of the probe molecule (σstack) can be divided into the following main

contributions

σstack = σmonomer + ∆σcurrent + σcurrent + σelectrostatic + σrelaxation (1)

where σmonomer is the shielding calculated for the monomer, ∆σcurrent is due to changes in

the current density of the studied molecule due the presence of the adjacent molecules.

σcurrent and σelectrostatic are the current and electrostatic contributions from the adjacent

molecules, respectively, and σrelaxation is the contribution due to structural changes of the

molecule. σrelaxation vanishes here, because the structure of the individual molecules are fixed.

Vibrational contributions have also been omitted. The σelectrostatic and ∆σcurrent contributions

are difficult to separate. However, they have different physical background. The ∆σcurrent

contribution originates from the confinement of the monomer wavefunctions between the two

molecules, whereas σelectrostatic is due to electrostatic interactions with the atomic charges of

the surrounding molecules. σelectrostatic should be possible to model by using point charges,

whereas calculation of ∆σcurrent requires a full QM treatment.

Aromatic and antiaromatic molecules have been chosen to maximize the current contri-

bution to the magnetic shieldings. The magnetically induced ring currents of the adjacent

(anti)aromatic molecules lead to a significant shift in the shieldings, whereas the electrostatic
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contribution is expected to be small for the nonpolar system. The electrostatic contribu-

tions have been estimated for one of the dimer molecules and for the central molecule of

the pentamer stack by using point charges to describe the surrounding molecules. The ring-

current contribution from more distant molecules can be estimated by performing nucleus

independent magnetic shielding (NIMS) calculations in the position of the studied nucleus

(RI) relative to the adjacent molecules. See Figure 1 The total ring-current correction for

the investigated molecule (σ0
current) is estimated by adding the individual NIMS contributions

from all molecules outside the QM region.

σ0
current =

∑
I 6∈QM

σINIMS(RI) (2)

The long-ranged solvent effects can be considered analogously, by averaging over a large

number of solvent configurations taken from molecular dynamics simulations. However, here

we have considered only one molecular structure for each stack.

4 Shielding Calculations

The current-density and ring-current contributions to the nuclear magnetic shieldings of ben-

zene, hexadehydro[12]annulene, dodecadehydro[18]annulene, and hexabenzocoronene stacks

have been analyzed by performing four series of calculations

1. The nuclear magnetic shieldings are calculated for the individual molecules in the

molecular stacks. The obtained shieldings are compared to the corresponding shieldings

calculated for a single molecule (monomer).

2. The deviations between the monomer shieldings and the shieldings for the molecules in

the stacks are corrected for the ring-current contributions of the surrounding molecules

by adding NIMS corrections.

3. The nuclear magnetic shieldings are calculated for the individual molecules in the
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molecular stacks. The obtained shieldings are compared to the corresponding shieldings

calculated for a trimer. The shieldings of the first molecule in the stack are compared

to the shieldings of the outer molecules of the trimer, whereas the shieldings of the rest

of the molecules are compared to the shielding of the middle molecule of the trimer.

4. The deviations between the trimer shieldings and the shieldings for the molecules in the

stack are corrected for the ring-current contributions from the molecules surrounding

the trimer probe. The shieldings of the trimer are calculated at the QM level, whereas

the ring-current contributions to the shieldings are estimated using NIMS.

Benzene and dodecadehydro[18]annulene represent aromatic molecules,55 whereas hex-

adehydro[12]annulene is antiaromatic.55–57 Hexabenzocoronene consists of annelated conju-

gated rings that sustain diatropic or paratropic ring currents.15,18,47

4.1 Benzene stacks

The nucleus independent magnetic shielding (NIMS) calculations show that the ring-current

contributions from the adjacent rings is about 1.7 ppm for the 13C NMR shieldings in the

middle of the decamer stack of benzene molecules. However, the interaction between the

nearest neighbors significantly affects the current density leading to a 85% cancellation of

the long-ranged ring-current shielding effect. The ’Monomer’ curve in Figure 3a shows the

differences in the 13C NMR shieldings as obtained for a benzene stack consisting of ten

molecules. The numbers along the abscissa in Figure 3 denotes the position of the molecule

in the stack. Thus, number 1 corresponds to the first molecule in the stack implying that

the central molecule of the decamer is labelled 5. See the decamer numbering in Figure 2.

When the long-ranged ring-current contributions are added to the monomer shieldings,

the NIMS corrected 13C NMR shieldings systematically deviate by 2 ppm from the shieldings

calculated at the full QM level for the stack. The ’Monomer+NIMS’ curve in Figure 3a shows

the corrected shielding differences obtained as described in case 2 above. The Trimer and
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Trimer+NIMS curves in Figure 3a shows the corresponding data with the trimer as starting

point as described in cases 3 and 4 above, respectively. The shielding difference between the

trimer calculation and those obtained for the decamer is of the same size but with opposite

sign as compared to those obtained in the monomer calculation. When the NIMS correction

is added to the trimer values, the largest deviation between the corrected 13C NMR shieldings

and the ones obtained in the full QM calculation is about -0.05 ppm. Negative difference

values mean that the simulated shieldings are smaller than the fully calculated ones.

Similar calculations of the 1H NMR shieldings show that the neighbor ring-current shield-

ing effect for the benzene decamer is about -1.2 ppm. When the NIMS correction is added

to the 1H NMR shielding of the monomer, the discrepancy to the fully QM value of the

benzene decamer is about -0.2 ppm. The largest deviation of the trimer calculation is -0.35

ppm, which becomes -0.07 ppm when adding the NIMS corrections. The four cases for the

1H NMR shielding differences are shown in Figure 3b.

Comparing the shieldings of the inner benzene molecules with the outermost benzene

molecule of the decamer shows that the shielding difference for the molecules with only one

nearest neighbor differ significantly from shielding differences obtained for the molecules

surrounded by two benzenes. To accurately simulate the shieldings of the benzene stacks,

the nearest neighbor molecules have to be considered at the QM level, whereas the ring-

current contributions from the rest of the molecules can to first approximation be considered

by adding NIMS corrections from the other benzene molecules in the stack. Detailed graphs

analogous to the ones in Figure 3 are reported for shorter benzene stacks in the Supporting

Information.

4.2 Hexadehydro[12]annulene stacks

Hexadehydro[12]annulene is an antiaromatic molecule with 12 π electrons along the con-

jugation pathway around the 12-membered carbon ring. For antiaromatic molecules the

long-ranged shielding contribution is negative (deshielding) in the cone above and below the
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Figure 3: (a) 13C NMR and (b) 1H NMR shieldings of ten stacked benzene molecules are
given for the individual molecules in the decamer. The number on the abscissa enumer-
ates the molecules beginning from the end of the stack. The graph shows the shielding
difference between the decamer and the monomer (Monomer) as described in case (1), and
(Monomer+NIMS) as in case (2), where the rest of the molecules is considered by NIMS
corrections. The graph also shows the shielding difference between the decamer and the
trimer (Trimer) and as in case (3) and with the rest of the molecules is considered by NIMS
corrections (Trimer+NIMS) as described in the text as case (4). The graphs have been made
using Gnuplot 4.6.

molecular plane.22 The differences between the 13C NMR and 1H NMR shieldings at the

C=C double bond of the hexadehydro[12]annulene stacks and the corresponding shieldings

for the monomer are shown in Figure 4a and Figure 4b, respectively. The carbon shieldings

of the monomer differ by 6-7 ppm from those calculated for the decamer and the difference

in the 1H NMR shieldings is about 2 ppm. By adding the NIMS corrections (case 2), the

largest deviation for the hydrogen shielding is -0.2 ppm as shown by the ’Monomer+NIMS’

curve in Figures 4b. The NIMS corrections reduce the deviation in the 13C NMR shielding

to 1.6 ppm as shown by the ’Monomer+NIMS’ curve in Figure 4a.

The corresponding trimer calculations (case 3 and 4) are also shown with the Trimer and

Trimer+NIMS curves in Figures 4a and 4b. Comparison of the shielding values of the trimer

and the decamer in Figure 4 shows that the largest deviation obtained for the decamer is

about 1 ppm. By adding the long-ranged ring-current contributions estimated from the NIMS

calculations to the trimer shieldings one obtains agreements of -0.1 ppm for the hydrogen

shieldings and the carbon shieldings agree within 0.4 ppm for the decamer. Graphs reporting
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the shielding differences for all atoms of the studied hexadehydro[12]annulene stacks are

reported as Supporting Information.
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Figure 4: (a) 13C NMR and (b) 1H NMR shieldings at the C=C double bond of the ten
stacked hexadehydro[12]annulene molecules are given for the individual molecules in the
decamer. The number on the abscissa enumerates the molecules beginning from the end of
the stack. The graph shows the shielding difference between the decamer and the monomer
(Monomer) as described in case (1), and (Monomer+NIMS) as in case (2), where the rest
of the molecules is considered by NIMS corrections. The graph also shows the shielding
difference between the decamer and the trimer (Trimer) and as in case (3) and with the rest
of the molecules is considered by NIMS corrections (Trimer+NIMS) as described in the text
as case (4). The graphs have been made using Gnuplot 4.6.

4.3 Dodecadehydro[18]annulene stacks

Dodecadehydro[18]annulene is an aromatic molecule with 18 π electrons along the conju-

gation pathway around the 18-membered carbon ring. The carbon shieldings for the sp2

hybridized carbon are shown in Figure 5a. The ’Monomer’ curve in Figure 5a shows that

the deviations for the 13C NMR shieldings obtained in the monomer calculations are in the

range of -1 ppm to -3 ppm. The deviation increases with the position in the stack and is not

converged even for the molecule in the middle of the decamer. The ’Monomer+NIMS’ curve

in Figure 5a shows that more systematic values are obtained when considering the NIMS

contributions from the other rings. The shielding deviations of the monomer plus NIMS cal-

culations are almost as large as the absolute shielding differences obtained when comparing
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with the uncorrected monomer shieldings. The largest deviations obtained in the trimer cal-

culation is about 2 ppm. Considering the NIMS correction in combination with the trimer

calculations leads to shielding values that agree within 1 ppm with the carbon shieldings

calculated for the whole dodecadehydro[18]annulene decamer. Detailed graphs reporting the

shielding differences for the atoms of the all the studied dodecadehydro[18]annulene stacks

are given in the Supporting Information.

The difference between the 1H NMR shieldings of the monomer and the individual

molecules of the dodecadehydro[18]annulene decamer increases systematically from -0.5 ppm

for the molecule at the end of the stack to about -3.0 ppm in the middle of it. See Figure

5b. For the molecules at the end of the stack, the ring-current shieldings differ from those

in the middle of the decamer, because the molecule at the end of the stack has only one

adjacent molecule. For the dodecadehydro[18]annulene decamer, the deviating ring-current

shielding for the molecules at the end of the stack penetrates far into the stack, because the

large radius of the ring current leads to more a long-ranged ring-current shielding than for

the smaller rings. For the hydrogens, the NIMS corrected monomer shieldings agree within

0.5 ppm with the corresponding values calculated for the molecular stacks. The largest devi-

ation is obtained in the middle of the decamer. The deviations obtained in the calculations

on the trimer are about half the ones obtained for the monomer, whereas the shielding dif-

ferences of the NIMS corrected trimer is about the same as obtained in the NIMS corrected

monomer calculation shown with the ’Monomer+NIMS’ and ’Trimer+NIMS’ curves in Fig-

ure 5b, respectively. The NIMS correction is not as accurate for the hydrogen shieldings

of the dodecadehydro[18]annulene stacks as for the smaller molecular rings. The agreement

is not significantly better when the pentamer is taken as the starting point either. The

long-ranged contributions have to be considered to obtain satisfactory agreement with the

full QM calculation. The corresponding graph for the pentamer is shown in the Supporting

Information.
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(a) (b)

Figure 5: (a) 13C NMR and (b) 1H NMR shieldings at the C=C double bond of the of ten
stacked dodecadehydro[18]annulene molecules are given for the individual molecules in the
decamer. The number on the abscissa enumerates the molecules beginning from the end of
the stack. The graph shows the shielding difference between the decamer and the monomer
(Monomer) as described in case (1), and (Monomer+NIMS) as in case (2), where the rest
of the molecules is considered by NIMS corrections. The graph also shows the shielding
difference between the decamer and the trimer (Trimer) and as in case (3) and with the rest
of the molecules is considered by NIMS corrections (Trimer+NIMS) as described in the text
as case (4). The graphs have been made using Gnuplot 4.6.

4.4 Hexabenzocoronene stacks

The 1H NMR and 13C NMR shieldings of the hexabenzocoronene monomer and trimer

were calculated at the B3LYP level using the def2-TZVP basis sets. The shieldings for the

trimer were also estimated by adding NIMS contributions calculated for the monomer to the

monomer shieldings. The differences between the monomer shieldings and the shieldings of

the inner and outer molecules of the trimer as well as the the NIMS simulated shieldings

for the trimer are shown in Figure 6a. The figure shows that the adjacent molecules cause

large changes in the carbon shieldings, which cannot be simulated by calculating nucleus

independent magnetic shieldings (NIMS) for the monomer. The shieldings obtained in the

NIMS calculations deviate rather systematically up to 5 ppm from the values obtained in

the trimer calculation. The largest deviations are obtained for the carbons at the center of

the hexabenzocoronene, whereas for the hydrogen shieldings the NIMS calculations yield a

rough estimate for the chemical shifts due to the adjacent molecules. The calculations have
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to be performed using large basis set, since calculations at the B3LYP level using def2-SVP

basis set yielded qualitatively different results as seen when comparing the graphs in Figure

6a with those in Figure 6b.
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Figure 6: (a) The differences between 1H NMR and 13C NMR shieldings calculated at the
B3LYP/def2-TZVP level for a hexabenzocoronene (HBC) molecule and the corresponding
shieldings calculated for the inner and outer molecules of the hexabenzocoronene trimer.
The difference between calculated trimer shift and the NIMS simulated shielding contribu-
tions are also shown for the inner and outer molecules of the trimer. (b) The differences
between 1H NMR and 13C NMR shieldings calculated at the B3LYP/def2-SVP level for a
hexabenzocoronene molecule and the corresponding shieldings calculated for the inner and
outer molecules of the hexabenzocoronene trimer. Lower atom numbers corresponds to the
symmetry unique carbons in the inner part of the molecule and the 7 last atoms are the
symmetry unique hydrogens at the outer edge. The graphs have been made using Gnuplot
4.6.

5 Electrostatic interactions

The electrostatic interaction of the adjacent molecules is taken into account by using point

charges for the carbons and the hydrogens. The point charges were determined using

Kollman’s electrostatic point approach.58 The following point charges were employed: qC

= -0.1244 and qH = 0.1244 for benzene; qC(double)=-0.1060, qC(triple)=-0.0260, and qH =

0.1320 for hexadehydro[12]annulene; qC(double)=-0.1045, qC(triple)=-0.0015, qC(triple)=-0.0303

(central), and qH = 0.1363 for dodecadehydro[18]annulene.

The calculation with point charges were performed on the dimer, where one molecule was
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represented by point charges. The pentamers were also studied by using point charges. The

two outermost molecules of the pentamers were represented by point charges. The magnetic

shieldings were calculated for the molecule in the middle of the trimer that was treated

quantum mechanically.

For benzene, the electrostatic shifts are very small. For the carbons, the shifts are even

in the wrong direction leading to a larger deviation from the shielding obtained in the dimer

calculation than when the electrostatic contributions are omitted. For the hydrogens the

electrostatic shifts improve the agreement with the shieldings obtained in the dimer and

pentamer calculations.

For the hexadehydro[12]annulenes, the electrostatic contribution seems to have the wrong

sign for the shieldings of the C=C carbons and the hydrogens. However, for the dimer the

electrostatic shift improves the agreement with the dimer shielding when also the ring-

current contribution is taken into account. For the dimer, the C≡C carbons the electrostatic

correction has the correct sign but is too small leading to a rather large deviation from the

dimer shielding. For the pentamer, the electrostatic shift of the C≡C carbons is slightly

too large leading to a larger deviation than when only the ring-current contributions are

considered.

For the dimer of the dodecadehydro[18]annulene, the electrostatic correction to the hy-

drogen shielding is about a factor of two too large, whereas for the C≡C carbons, the

electrostatic corrections are a factor of 2-3 too small. For the C=C carbons, the electrostatic

shift increases the deviation with the shieldings calculated for the dimer. For the pentamer,

the electrostatic contributions to the H shieldings, the shieldings of the outer C≡C carbons,

and the shieldings of the C=C carbons are too small, whereas for the central C≡C carbons

the electrostatic contribution is too large even though it is very small. In that case, a bet-

ter agreement with the shieldings obtained in the calculations on the pentamer is obtained

when omitting the electrostatic contributions. The different contributions to the magnetic

shieldings of the dimer and pentamer are shown in Figure 7.
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(a) (b)

Figure 7: The deviation from the exact shieldings for (a) the dimers and (b) the pentamers.
Case (A) shows the deviation between the shieldings obtained for the molecular stack and the
shieldings of the monomer. (B) as in case (A), but with the monomer shieldings corrected for
electrostatic interactions introduced by point charges. In case (C), the current contribution
is estimated by using the nucleus independent shielding correction from the neighbor has
been added to the values of case (A). In case (D), both electrostatic contributions obtained
using point charges and the current correction are added to the values obtained for case
(A). In case (E), the shieldings obtained in the calculation on the molecular stack. For the
pentamer the trimer is the starting point. The pentamer data are given for the shieldings of
the central molecule. The graphs have been made using Gnuplot 4.6.

6 Current density calculations

After the ring-current effects originating from the neighbor molecules have been considered

by NIMS corrections, the main reason for the remaining deviation in the magnetic shieldings

is the detailed changes in the current density due to the presence of the neighbor molecules.

The vector potential of the nuclear magnetic moments is proportional to (m×r)/|r|3, where

m denotes the three components of the magnetic moment and r is the distance from the

nucleus. This implies that small changes in the current density in the vicinity of the studied

molecule significantly affect the shieldings. Thus, the current contributions from nearest

neighbors have to be estimated by performing calculations on two or three molecules in the

stack.

Current density calculations on the benzene dimer show that the net strength of the

ring current is not much affected by the presence of the adjacent molecules. Electrostatic

effects are not important, because simulating the other molecule of the benzene dimer using
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point charges leads to almost no change in the magnetic shieldings. The main reason for

the dimer shift in the magnetic shieldings is the confinement of the ring current between the

rings as shown in Figure 8. The shape of the current density slightly differs from the linear

combination of the two monomers. The plot in Figure 8 shows that the current density is

somewhat weaker between the two benzene molecules than the sum of the current density

for two benzenes. Since the changes in the current density occur relatively near the studied

molecule, small changes in the current density may have a significant effect on the shieldings.

The relation between the elements of the magnetic shielding tensor of nucleus I (σIαδ) and

the current density tensor (JBδγ (r)) is given by the Biot-Savart expression59

σIαδ = −1

c
εαβγ

∫
JBδγ (r)

(rβ −RIβ)

|r−RI |3
dr (3)

where c is the speed of light, α, β, γ, δ denote Cartesian directions, εαβγ is the Levi-Civita

symbol, Bδ is the external magnetic field, and
(rβ−RIβ)
|r−RI |3

is the vector potential for the magnetic

interaction of the nuclear magnetic moment of nucleus I.

The ring-current susceptibility of the benzene dimer is 23.92 nA/T yielding a ring cur-

rent strength of 11.96 nA/T in each molecule. Calculations on the benzene decamer yielded

a total ring current of 118.70 nA/T or 11.87 nA/T/benzene molecule. The superposition

of two benzene molecules yields a current strength of 24.04 nA/T. Thus, the interaction

between the molecules leads to a slightly weaker current strength of 0.12 nA/T. However,

more important is the redistribution of the current density shown in Figure 8a. For hex-

adehydro[12]annulene and dodecadehydro[18]annulene, the ring current strengths of the in-

dividual molecules are also rather independent of the length of the stack. For hexade-

hydro[12]annulene, the ring current strength of the individual molecules in the monomer,

dimer and the decamer is -25.43 nA/T, -25.58 nA/T, and -25.64 nA/T, respectively. For do-

decadehydro[18]annulene, the corresponding current strengths are 17.40 nA/T, 17.50 nA/T

and 17.81 nA/T. The current density difference in Figure 8b shows that the paratropic ring

current in the hexadehydro[12]annulene dimer is slightly stronger than for the monomer,
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whereas for dodecadehydro[18]annulene the current density difference shown in Figure 8c is

less systematic. The shorter distance between the molecules of the hexabenzocoronene dimer

leads to larger changes in the current density between the two molecules as seen in Figure

8d. This is the basic reason why the NIMS correction fails for hexabenzocoronene.

7 Conclusions

The calculations of the 1H NMR and 13C NMR shieldings for the benzene stacks suggest

that the ring-current contributions from more distant molecules can be estimated using NIMS

calculations, whereas the nearest neighbors must be included in the shielding calculations,

because small changes in the current density in the vicinity of the probe molecule significantly

affect the shieldings. The neighbor molecules affect the shape of the current density even

though the current strengths of the individual molecules are little affected. The calculations

on the trimers with the shielding contribution of the rest of the molecules considered using

NIMS leads to rather accurate estimates for the shieldings of the molecules in the stacks.

Electrostatic effects are small for the nonpolar molecules. Because the size of the electrostatic

corrections is small the corrected shieldings are in some cases in better agreement with the

shieldings obtained in the fully quantum mechanical calculations. Thus, the uncertainty of

the electrostatic corrections are for these nonpolar molecules larger than the electrostatic

shifts.
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(a) (b)

(c)

(d)

Figure 8: The current density difference between the dimer and the superposition of two
monomers. Positive current density difference is blue and the negative one is red. The cur-
rent density difference is shown for (a) benzene (b) hexadehydro[12]annulene (c) dodecadehy-
dro[18]annulene and (d) hexabenzocoronene. Negative values corresponds to weaker current
density in the dimer. The cut-off for benzene is a factor of five smaller than for the rest of
the molecules, whose cut-off threshold is 0.0005. The pictures have been made using Jmol
12.2 and Gimp 2.8.
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(8) Klamt, A.; Schüürmann, G. COSMO: a new approach to dielectric screening in solvents

with explicit expressions for the screening energy and its gradient. J. Chem. Soc., Perkin

Trans. 2 1993, 799–805.
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(36) Ahlrichs, R.; Bär, M.; Häser, M.; Horn, H.; Kölmel, C. Electronic Structure Calculations

on Workstation Computers: The Program System TURBOMOLE. Chem. Phys. Letters

1989, 162, 165–169.

(37) Furche, F.; Ahlrichs, R.; Hättig, C.; Klopper, W.; Sierka, M.; Weigend, F. Turbomole.

WIREs Comput. Mol. Sci. 2014, 4, 91–100.

(38) Perdew, J. P.; Ernzerhof, M.; Burke, K. Rationale for mixing exact exchange with

density functional approximations. J. Chem. Phys. 1996, 105, 9982–9985.

(39) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and

quadruple zeta valence quality for H to Rn: Design and assessment of accuracy. Phys.

Chem. Chem. Phys. 2005, 7, 3297–3305.
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(48) Taubert, S.; Sundholm, D.; Jusélius, J. Calculation of spin-current densities using

gauge-including atomic orbitals. J. Chem. Phys. 2011, 134, 054123:1–12.

(49) Fliegl, H.; Taubert, S.; Lehtonen, O.; Sundholm, D. The gauge including magnetically

induced current method. Phys. Chem. Chem. Phys. 2011, 13, 20500–20518.

(50) Sundholm, D.; Fliegl, H.; Berger, R. J. Calculations of magnetically induced current

densities: theory and applications. WIREs Comput. Mol. Sci. 2016, 6, 639–678.

27
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