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13C chemical shift tensor data from 2D FIREMAT spectra are reported for 4,7-di-t-butylacenaphthene and
4,7-di-t-butylacenaphthylene. In addition, calculations of the chemical shielding tensors were completed at
the B3LYP/6-311G** level of theory. While the experimental tensor data on 4,7-di-t-butylacenaphthylene
are in agreement with theory and with previous data on polycyclic aromatic hydrocarbons, the experimental
and theoretical data on 4,7-di-t-butylacenaphthene lack agreement. Instead, larger than usual differences are
observed between the experimental chemical shift components and the chemical shielding tensor components
calculated on a single molecule of 4,7-di-t-butylacenaphthene, with a root mean square (rms) error of(7.0
ppm. The greatest deviation is concentrated in the component perpendicular to the aromatic plane, with the
largest value being a 23 ppm difference between experiment and theory for the13CH2 carbonδ11 component.
These differences are attributed to an intermolecular chemical shift that arises from the graphitelike, stacked
arrangement of molecules found in the crystal structure of 4,7-di-t-butylacenaphthene. This conclusion is
supported by a calculation on a trimer of molecules, which improves the agreement between experiment and
theory for this component by 14 ppm and reduces the overall rms error between experiment and theory to 4.0
ppm. This intermolecular effect may be modeled with the use of nuclei independent chemical shieldings
(NICS) calculations and is also observed in the isotropic1H chemical shift of the CH2 protons as a 4.2 ppm
difference between the solution value and the solid-state chemical shift measured via a13C-1H heteronuclear
correlation experiment.

Introduction

Solid-state nuclear magnetic resonance (SSNMR) has become
an important tool to elucidate the structure of biological
macromolecules as well as organic and inorganic materials. It
is a technique routinely available in many NMR laboratories.
The study of chemical shift tensors and their intermolecular
effects has been an important source of information on molecular
environment and electronic structure.1 In general, the intermo-
lecular effects on13C NMR chemical shift tensors of neutral
nonpolar molecules have been found to be modest.2 The
excellent agreement observed between recent experimental shifts
and calculated chemical shielding tensors3 of PAHs (polycyclic
aromatic hydrocarbons) further supports this observation. None-
theless, extensive studies of ring current effects4 and recent
calculations of aromatic NICS5-8 (nuclei independent chemical
shieldings) indicate that the highly anisotropic molecular
magnetic susceptibility that exists in PAHs may lead to strong
intermolecular shielding effects for certain molecular packing
arrangements in a crystal. Many PAHs crystallize in a T or
herringbone type of arrangement with respect to their adjacent

neighbors. This arrangement, however, is not conducive to
observing intermolecular effects in the13C chemical shifts that
lie along a direction perpendicular to the molecular planes.

There are, however, crystal structures of aromatic hydrocar-
bons (designated asγ- andâ-structures) in which there are stacks
of molecules lying parallel to one other.9,10 In these cases, the
ring currents can produce a large magnetic susceptibility effect
on the13C chemical shifts of neighboring molecules. This type
of ring current or intermolecular shift11 has been postulated to
explain the observation of three different isotropic1H resonances
for hydrogen atoms that are expected to be magnetically
equivalent in a substituted hexabenzocoronene.12 In this case,
there was no crystal structure; however, quantum calculations
of the 1H chemical shifts on a stack of molecules reproduced
the trend observed experimentally.13

As part of our work in the development of a database of
chemical shielding tensors of PAHs, we recently studied 4,7-
di-t-butylacenaphthene, where we observed much larger than
usual variations between several of the calculated and experi-
mental13C chemical shift principal values. These divergences
were well above those previously found in these types of studies,
suggesting that intermolecular effects are important for this
compound. The analysis of the X-ray structure of 4,7-di-t-
butylacenaphthene revealed a packing arrangement of the
molecules in the crystal with the molecular planes of neighboring
molecules lined up parallel, as shown in Figure 1. This
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arrangement is similar to the planes in graphite but with every
other molecule rotated by 180° relative to the one above and
below it. These13C chemical shift principal values are different
from those measured on the acenaphthene withoutt-butyl
substituents, which crystallizes in the more typical herringbone
structure.2b

In this paper, we present the measured13C chemical shift
tensor principal values in triclinic 4,7-di-t-butylacenaphthene
with coparallel planes. The related 4,7-di-t-butylacenaphthylene,
which packs in the monoclinic and typical herringbone structure,
is also shown in Figure 1. Calculations demonstrate that the
observed intermolecular effects can be properly taken into
account with an intermolecular shift. The effects observed
experimentally are reproduced nicely by the chemical shifts
calculated on the central molecule of a stack of three molecules
as well as by NICS calculations using both naphthalene and
4,7-di-t-butylacenaphthene. This intermolecular effect is ob-
served in a dramatic manner in the solid proton isotropic
chemical shifts of the CH2 group of 4,7-di-t-butylacenaphthene
using a solid-state13C-1H hetcor experiment.

The experimental data also reveal a break in symmetry caused
by the crystal packing, which gives rise to additional spectral
lines beyond those that one would predict on the basis of
molecular symmetry in an isolated molecule. A careful exami-
nation of Figure 1 indicates that the twot-butyl methyl groups
have nonequivalent environments in both crystal structures, and
in both cases two different methyl peaks (as well as other
resonance lines, vide infra) were observed. Extensive evidence
of such nonsymmetrical interactions has been noted by Harper
and co-workers14,15 in comparing X-ray data obtained at the
Argonne Advanced Photon Source with solid-state NMR
chemical shift data that revealed additional spectral peaks
because of crystal packing.

Experimental Methods

Synthesis of 4,7-Di-t-butylacenaphthene and 4,7-Di-t-
butylacenaphthylene.The syntheses of 4,7-di-t-butylacenaph-
thene and of 4,7-di-t-butylacenaphthylene were carried out in
the laboratory of Larry Scott, and the details are presented in a
recent paper.16 The numbering system is given in Figure 2.

X-ray Structures of 4,7-Di-t-butylacenaphthene and 4,7-
Di-t-butylacenaphthylene.The X-ray structures of these two
molecules were determined by Scott and co-workers and can
be obtained from the Cambridge Crystallographic Data Center.17

The data for 4,7-di-t-butylacenaphthene and for 4,7-di-t-
butylacenaphthylene reveal triclinic P-1 and monoclinic Cc
structures withZ ) 2 and 4, respectively. These crystal
symmetry groups both have values ofZ′ ) 1, but the mirror
plane symmetry through the two naphthalene central bridgehead
carbons of the isolated molecule is destroyed by the lattice.

NMR Measurements.The13C NMR spectra were obtained
after the fashion of data acquisition and processing methods,
known as FIREMAT,18 that are commonly used in the Utah
laboratory. Cross polarization with magic angle spinning
(CPMAS) spectra are referenced to tetramethylsilane (TMS) via
the methyl peak of hexamethylbenzene at 17.35 ppm. A variable

Figure 1. Crystal structures of 4,7-di-t-butylacenaphthene (top two views, colors are used to give specific molecular projections) and 4,7-di-t-
butylacenaphthylene (below) showing how neighboring molecules align in the typical herringbone structure. In 4,7-di-t-butylacenaphthene, the CH2

groups lie on top of and below the naphthalene ring of the neighboring molecules, maximizing the potential for ring currents or magnetic susceptibility
effects reported here.

Figure 2. Numbering system for 4,7-di-t-butylacenaphthene (where
C1-C2 is a single bond as shown) and for 4,7-di-t-butylacenaphthylene
(where C1-C2 is a double bond).
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contact time experiment (20 points were taken from 10µs to
25 ms) indicated that a 7-ms contact was optimal for both
structures studied. Identification of protonated and nonprotonated
carbons in both structures was obtained by means of CPMAS
and dipolar dephasing experiments (42µs interrupted decoupling
using pulse sequence C described by Newman19). The proton
decoupling power was 62.5 kHz. The proton T1 values were
determined by the saturation recovery method; the values were
about 160 ms for 4,7-di-t-butylacenaphthylene and 450 ms for
4,7-di-t-butylacenaphthene. A pulse delay of 2 s was used for
both structures as well as a contact time of 7 ms for both the
CPMAS and 2D FIREMAT experiments. The FIREMAT data
were processed using the TIGER method20 where a chemical
shift sideband pattern is extracted for each model used to fit
the GUIDE (isotropic spectrum without sidebands) spectrum.
The fitting process and data analyses were carried out on a Sun
workstation.

4,7-Di-t-butylacenaphthylene.The solid-state spectra of this
compound were taken on a Chemagnetics CMX-100 spectrom-
eter operating at a proton frequency of 100.02 MHz and a carbon
frequency of 25.152 MHz using a 7.5-mm PENCIL rotor probe
with a ceramic housing. The proton decoupling power was 62.5
kHz, the spinning speed was 4.1 kHz, and the proton 90° pulse
was 4.2µs.

The FIREMAT18 experiment was run at a spinning speed of
501 Hz with 16 evolution points. The spectral width in the
acquisition was 48.096 kHz and 8.016 kHz in the evolution
dimension. Four thousand ninety-six data points were collected
for each evolution increment and 2304 scans were acquired in
each increment. The GUIDE spectrum was simulated with 13
isotropic lines representing the 20 carbons in the molecule. The
carbons of thet-butyl groups were represented by too few
sidebands for a tensor determination at the 501 Hz spinning
speed. Therefore, the shift tensor principal values for these
carbons were determined from a static spectrum fit with the
isotropic shifts locked to those from a CPMAS spectrum.

4,7-Di-t-butylacenaphthene.The solid-state13C CPMAS and
2D FIREMAT18 NMR experiments were performed on a
Chemagnetics CMX-400 spectrometer with a13C Larmor
frequency of 100.619 MHz, using a Chemagnetics 7.5-mm
PENCIL rotor probe. The CPMAS experiment was run as
described above with the addition of TPPM (two-pulse-phase
modulation) decoupling21 on the1H channel using a TPPM pulse
of 8.6 µs and the TPPM phase of 14.0°. The spinning rate was
4 kHz and the proton 90° pulse was 4.2µs. TPPM decoupling
was also used in the 2D FIREMAT experiment, with a TPPM
pulse of 8.6µs and a TPPM phase of 36.0°.22 The spinning
rate was 850 Hz. Theπ/2 pulse width for1H was 4.2µs, while
the π/2 pulse width for13C was 4.3µs. Data (i.e., 96 points)
were collected during each rotor cycle. The spectral width was
81.6 kHz in the acquisition dimension and 13.6 kHz in the
evolution dimension. A total of 4034 data points were collected
per increment, with 16 increments in the evolution dimension.
In each evolution increment, 1152 scans were acquired. The
GUIDE spectrum was simulated with 11 isotropic lines repre-
senting the 20 magnetically nonequivalent carbons in the
molecule.

The 1H spectrum of solid 4,7-di-t-butylacenaphthene was
obtained from an evolution dimension projection of a13C-1H
heteronuclear correlation experiment utilizing a wide-bore 600
MHz Varian Infinity spectrometer (13C frequency 150.834
MHz). The pulse sequence proposed by van Rossum et al.23

and Vinogradov et al.24,25 was employed together with three
Lee-Goldberg cycles pert1 increment and an 80-µs mixing

time. The other parameters included a spinning speed of 13.0
kHz, a1H 90° pulse of 2.16µs, and spectral widths of 35.9 and
17.4 kHz in the acquisition and evolution dimensions, respec-
tively, with TPPM decoupling in the acquisition dimension. The
1H dimension was referenced to a nonspinning sample of liquid
TMS in a sealed capillary at 0.0 ppm. The13C dimension was
referenced to the high-frequency peak of adamantane at 38.56
ppm. All reported proton shifts were scaled by 0.577 as required
for Lee-Goldburg homonuclear decoupling.26

Experimental Results

The FIREMAT spectra of 4,7-di-t-butylacenaphthene and 4,7-
di-t-butylacenaphthylene are shown in Figures 3 and 4, respec-
tively. The chemical shifts from these spectra are reported in
the Supplemental Tables 1 and 2, respectively. Figure 5 contains
the 13C-1H heteronuclear (hetcor) experiment, showing an
unusual1H resonance for the CH2 hydrogens at about-0.5 ppm.
The solution-phase spectrum places the proton shift of the CH2

group at 3.65 ppm indicating a 4.2 ppm decrease in the shift of
these protons in going from the solution to solid samples.

While the apparent molecular symmetry should render the
peak assignments rather straightforward, such is not the case.
In an individual molecule in the crystal, the bond lengths/angles
are slightly different from one side of the molecule to the other,
leading to each carbon being magnetically unique. These effects
are compatible with the lattice symmetry of the X-ray structures
of the two molecules under investigation.

In Figure 3, the pair of methyl groups (CH3(a) and CH3(b),
see Supplemental Table 1) are separated by less than 1 ppm,
and the shift tensor principal values also show minor differences.
However, the nonprotonated carbons in thet-butyl groups, a
and b, are accidentally degenerate with a shift of 35.9 ppm. A
careful examination of the line shape suggests that a second
line is present, but the solid-state resolution is not sufficient to

Figure 3. FIREMAT guide spectrum versus spinning sideband
spectrum for 4,7-di-t-butylacenaphthene.
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resolve the tensors of the two carbons. The CH2 carbons could
not be completely decoupled (this is frequently observed when
the decoupler frequency is centered among the proton frequen-
cies in MAS experiments). Only one tensor could be obtained
from this peak. The spectral lines for substituted carbons C2a

and C8a were also degenerate as were thet-butyl substituted
carbons C4 and C7. The shift tensors can be used to make the
peak assignments for C5a and C8b. The C5a peak is expected to
be axially symmetric with aδ33 principal value near zero or
negative. Bond strain at C8b, because of attachment of a five-
member ring to a naphthalene structure, produces a significant
shift (16.4 ppm) in theδ33 principal value for the bridgehead
carbon, C8b, compared to that of C5a, as well as a significant
separation (17.3 ppm) ofδ11 and δ22.2b The principal values
for δ33 for C5a and C8b in the parent compound, acenaphthene,
are-3.1 and 13.3 ppm, respectively. The corresponding values
in the t-butyl derivative are 2.5 and 17.8 ppm. The separation
in the δ11 and δ22 principal values is 19.4 ppm at C8b in the
t-butyl derivative, whereas the principal values are degenerate
in the parent compound because of axial symmetry at C5a.
Hence, one sees, in these data, the value of utilizing shift tensor
data in making peak assignments in complicated structures. In
4,7-di-t-butylacenaphthene, the protonated carbons C3, C8 and
C5, C6 are closely spaced but nondegenerate. Three peaks, each
separated by 1 ppm, are observed with an intensity ratio of 1:2:
1. This “triplet” indicates that two of the carbons are overlapped
sufficiently that they cannot be resolved. The FIREMAT data
for this line may be fit to two separate pairs of principal values,
but the irreducible principal values of the three spectral
combination of lines clearly indicate that four tensors may be
extracted. Unfortunately, unambiguous assignments of the
spectral data to these nonequivalent carbons are not possible.
The data in Supplemental Table 1 present tentative assignments
for these four carbons on the basis of the order that gave the
best agreement with the theoretical calculations.

The FIREMAT data, obtained for the 4,7-di-t-butylacenaph-
thylene, are presented in Figure 4. Again, a break in the
molecular symmetry is apparent from the presence of two methyl
groups separated by approximately 1 ppm (also see Supple-
mental Table 2). The central carbons in thet-butyl groups are
degenerate as are the substituted carbons C4 and C7. Two
overlapping lines (the bridgehead carbons C5a and C8b) are
discernible at 127.5 and 128.0 ppm. The assignments to C5a

and C8b follow from the same arguments used to make the
assignments of the bridgehead carbons in 4,7-di-t-butylacenaph-
thene. Carbons C1 and C2 are separated by 1 ppm, but the
principal values are quite similar and do not provide a means
for making even tentative assignments. In addition, the theoreti-
cal calculations fail to provide an assignment strategy for these
carbons. Carbons C2a and C8a are closely spaced (shoulders are
observed at 140.2 and 139.7 ppm), and they can be identified
as substituted aromatic carbons on the basis of the shift principal
values. The assignments for the protonated aromatic carbons
C3, C8 and C5, C6 cannot be made because of their respective
close proximity, 125.3 and 123 ppm. The spectral line at 125.3
ppm is due to degeneracy of two of the protonated carbons.
The peak at∼123 ppm appears to consist of two closely spaced
lines separated by less than 1 ppm. The theoretical data do not
provide any clues to unambiguous assignments of these peaks.

Calculations. All the chemical shielding calculations pre-
sented in this paper were performed with the GAUSSIAN03
suite of programs,27 using the density functional theory (DFT)
approach proposed by Cheeseman and co-workers,28,29 that is,
the B3LYP exchange correlation functional,30,31 the 6-311G**
basis set,32 and the GIAO method.33,34The calculations in both
compounds were done using the experimental X-ray structures
provided by Professor Scott. Following precedence from previ-
ous investigations,35,36the position of the hydrogen atoms were
first optimized using the GAUSSIAN03 program with the same

Figure 4. FIREMAT guide spectrum versus spinning sideband
spectrum for 4,7-di-t-butylacenaphthylene.

Figure 5. Solid-state13C-1H heteronuclear correlation spectrum of
4,7-di-t-butylacenaphthene is shown with the1H shifts given along the
ordinate axis and the13C shifts along the coordinate axis in ppm. The
CH2 group is farthest upfield.
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exchange correlation functionals and basis sets used for the
shielding calculations. The experimental NMR spectra show that
the three methyl groups in each of thet-butyl groups have the
same chemical shift, indicating that theset-butyl groups undergo
rapid rotation on the NMR time scales. Consequently, the
calculated chemical shielding tensors for the three methyl groups
of eacht-butyl group were averaged in the molecular frame.35,36

As the experimental assignments for the four overlapping
protonated aromatic carbons (C3, C8, C5, and C6) of either
compound could not be determined with sufficient statistical
certainty, the assignments presented here are those that lead to
the best agreement between the calculated and experimental
values for these carbons. The calculated chemical shielding
tensor components were transformed into chemical shifts using
the correlation between the experimental and calculated values
to determine the best intercept and slope,36 shown in Figure 6.

For 4,7-di-t-butylacenaphthene, the associated intermolecular
calculations use a trimer molecular model in which the two first
neighbors, one above and one below, were included (the
structure shown in Figure 1). The chemical shielding values
from these calculations were corrected for BSSE (basis set
superposition errors) using the counterpoise correction in
GAUSSIAN03.37,38 The calculations of the intermolecular
electrostatic effects were carried out using the EIM (embedded
ion method) as discussed in previous work.39,40 The EIM
calculations were done both with a single molecule and with
the stack of three molecules imbedded in the charge array.

The intermolecular effects were also modeled using the
NICS5-8 (nucleus independent chemical shieldings) calculated
at the desired positions using the same methods and basis sets.
Calculations were done using both the full molecule and just
the electronic structure of naphthalene as the source for NICS.
The NICS results were also evaluated in an 18× 18 × 18
regular grid with the naphthalene molecule in the center. The
grid extends from 3 Å to 12.75 Å in thez direction (perpen-
dicular to the naphthalene molecule) and from 4.5 Å to 12.75
Å in thex andy directions, with these distances being measured
from the center of mass of the naphthalene molecule.

For 4,7-di-t-butylacenaphthylene, calculations were completed
on an isolated molecule for the trimer shown in Figure 1 and
using the EIM with a single molecule.

Discussion

In Supplemental Table 1, we present the comparison between
the calculated and experimental13C chemical shift tensors in
4,7-di-t-butylacenaphthene, using the IUPAC numbering system
as shown in Figure 2. The linear correlation between the
experimental and calculated chemical shift for an isolated
monomer, shown in Figure 6, has a slope of-0.9621 and an
intercept of 176.9 ppm and a root mean square (rms) of 7.0
ppm. This large rms value is quite surprising when considering
that values in the range of 3-5 ppm are routinely obtained for
this type of calculation,3,41,42even when the calculation neglects
the long-range intermolecular effects. In contrast, this same
information is presented for 4,7-di-t-butylacenaphthylene in
Supplemental Table 2. In this herringbone case, the rms is 4.8
ppm, as anticipated for this class of compounds; there is linear
correlation between experiment and theory, which have a slope
of -0.9667 and an intercept of 178.9 ppm.

Moreover, in the monomer circumstance for 4,7-di-t-buty-
lacenaphthene, the largest outlier in the correlation is clearly
theδ11 principal value of the13CH2 chemical shift tensor, with
a difference of nearly 23 ppm between the calculated and
experimental value. The calculations, as well as previous

precedence,43 assign this component to be essentially perpen-
dicular to the plane of the molecule. The large difference
between the calculated and experimental values is quite surpris-
ing as the chemical shift tensor principal values of CH2 are
typically calculated with high precision.2b,43 Moreover, it is
difficult to justify the small13CH2 value, 37.8 ppm, of 4,7-di-
t-butylacenaphthene when compared with the respective 48.92
and 50.46 ppm for the two methylene moieties in the parent
acenaphthene compound using a previous single crystal
measurement.2b This shift of over 11 ppm is much too large to
be a remote intramolecular substituent effect of thet-butyl
groups. In addition, calculations of this shift component for the
nonsubstituted acenaphthene reproduce the experimental values
quite well, that is, 48.4 and 52.8 ppm when using the RHF/DZ
and 62.1 and 56.6 ppm when using the B3LYP/DZ methods,
for the two CH2 groups, respectively. The calculated value, 61.1
ppm, of this component for an isolated 4,7-di-t-butylacenaph-
thene using B3LYP/6-311G** is in good agreement with the
calculated value in the parent compound. Therefore, this
unexplained very large shielding effect observed in theδ11

component of the chemical shift tensor of the CH2 carbon of
4,7-di-t-butylacenaphthene warrants further investigation. The
focus of this effort was on potential intermolecular effects
because of the uncommon crystal packing that may lead to this
difference.

Previous work39,40,44-48 has demonstrated that charge field
models are an effective way to take into account intermolecular
effects in the calculation of chemical shifts. However, in the
case of 4,7-di-t-butylacenaphthene, the use of the EIM method39

resulted in only a modest improvement in the rms from 7.0 to
6.2 ppm (see Supplemental Table 1). Most noticeably, no
improvement is observed on the calculated valued of theδ11 of
the CH2 chemical shift tensor principal value. The most
significant improvements provided by the EIM calculations are
observed in theδ22 components of the bridgehead carbons C2a

and C8a. This is quite consistent with previous observations that
electrostatic effects are the largest in the shielding components
perpendicular to the direction of the interaction. Theδ22

component of the bridgehead carbons lies in the molecular plane
and the proton of the CH2 group of the neighboring molecule
is only 2.6 Å above these carbons.

The lack of success of the EIM electrostatic model on 4,7-
di-t-butylacenaphthene suggests that it is necessary to use the

Figure 6. The correlation between the calculated13C chemical shielding
and the experimental chemical shift values for 4,7-di-t-butylacenaph-
thene and for 4,7-di-t-butylacenaphthylene. The significant CH2 outlier
is at 120 and about 35 ppm.
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more computationally intensive cluster method,48,49 in which
the neighboring molecules are explicitly included in the calcula-
tions. Therefore, a calculation was performed for a cluster
configuration of three molecules (trimer model), adding one
molecule above and one below the central molecule of interest,
while preserving the geometry and interatomic distances taken
from the X-ray data, along with the optimized hydrogen
positions. The results of this trimer calculation are included in
Supplemental Table 1. The calculated results for the trimer, with
an rms value of 4.0 ppm, clearly indicate that intermolecular
effects, other than those accounted for in the EIM calculation,
play a very important role in the determination of the13C
chemical shifts of 4,7-di-t-butylacenaphthene, particularly for
the δ11 of the CH2 carbons where the difference between
experiment and theory is improved from 23 to 9 ppm. The rms
between experiment and theory for the trimer system is
consistent with the values obtained in many other calculations
of chemical shielding in PAHs. Adding electrostatic effects by
applying the EIM to the trimer has very little additional effect,
leaving the rms unchanged. This indicates that the electrostatic
effects originating in proximate neighbors are included implicitly
in the calculations of the trimer cluster.

Aside from the change of 14 ppm in theδ11 of the CH2

carbons, there are also substantial changes in several of theδ33

components of the aromatic carbons (the component perpen-
dicular to the molecular plane). These changes in going from a
single molecule to the trimer are summarized in Table 1 in the
column headed full electron trimer. The change is the largest
for carbons that are located above and below the naphthalene
unit of the two neighboring molecule.

Traditionally these effects, which may also be referred to as
molecular susceptibility effects,11 have been described as “ring
current effects” and have been calculated using different
approximations.4 Here, the use of NICS eliminates the need of

any explicit “ring current approximation” as the NICS is
calculated exactly using the quantum mechanical formulation
of the chemical shifts. The calculated NICS at the position of
interest is the proportionality constant between the external
magnetic field and the induced field because of electron currents.
Therefore, the NICS calculated at the position of interest, in
this case at the position of the CH2 of the central molecule, in
the presence of neighboring molecules will give the intermo-
lecular shielding contribution because of this effect. Using the
two adjacent molecules, one above and one below, an effect of
14.5 ppm is calculated perpendicular to the molecules at the
position of the CH2 carbon. A second calculation, done by
adding only one of the two neighboring molecules, resulted in
a calculated effect of 7.3 ppm. The NICS calculations show a
surprising additivity, indicating that the intermolecular effects
are not due to indirect effects originating in the interaction of
the electrons localized in the neighboring molecules but are a
direct magnetic shielding effect because of the circulation of
the electrons in the neighboring molecules. In Table 1, the
intermolecular effects on the perpendicular shielding components
of all the ring carbons in 4,7-di-t-butylacenaphthene calculated
using the models discussed above are presented. All the effects
reported in this table follow closely the trends discussed for
the CH2 carbon. In addition, the effect quickly becomes smaller
as the point of interest is no longer directly above or below the
aromatic portion of the structure of the neighboring 4,7-di-t-
butylacenaphthene molecules.

Also given in Table 1 are the corresponding NICS calculated
using the electronic structure of naphthalene as the source
instead of the full 4,7-di-t-butylacenaphthene molecule. It is
apparent that these NICS are quite close to those calculated for
the full molecule, indicating that the intermolecular effects
observed in this compound can be described entirely by the
magnetic effects of field induced by the circulation of the
electrons in the aromatic portion of the molecule. Therefore,
further investigation of this effect may be conducted using only
the aromatic portion of the molecule.

To further understand the spatial dependence of this magnetic
intermolecular effect, we also calculated the NICS generated
by naphthalene in a grid of points. In general, the magnetic
effects exhibit the general pattern of a point dipole field, but as
shown in Figure 7, there are short-range effects that do not
follow the overly simple (1- 3 cos2 θ)/r3 dependence.
Therefore, it is not possible to use a point dipole model to
calculate the intermolecular effects; nonetheless, it is possible
to use interpolated data in the grid to calculate the magnetic
shielding effects at any arbitrary position in the space relative
to the source using numerical methods. This method can be
used to explore the effect of second and third neighbors on the
perpendicular component of the chemical shielding in the CH2

groups of 4,7-di-t-butylacenaphthene. The results presented in
Table 2 indicate that the intermolecular contributions are clearly
dominated by the 14.7 ppm contribution from the fields
generated by the first two neighboring molecules (one above
and one below) along thea crystallographic axis. The second
layer contribution is much more modest at 1.7 ppm, while the
third layer contributes less than 1 ppm, for a total of 17.3 ppm.
This result indicates that the remaining 9 ppm difference
between experiment and theory observed in the full electron
trimer calculation could be further reduced to about 6 ppm by
doing a calculation of a heptamer arrangement, whenever the
costs of the calculation are feasible. Finally, the contributions
from the molecules in the plane of the 4,7-di-t-butylacenaph-

TABLE 1: Comparison of the Calculated Effects on the
Shielding Components, Perpendicular to the Molecular
Plane, Using the Full Electron Trimer Model and the
Calculated NICS at the Equivalent Positions for the Trimer,
Dimer, and Naphthalene Electronic Structuresa

NICS

full electron trimer trimer dimer naphthalene

CH2 (C1) 13.7 14.5 7.3 7.6
CH2 (C2) 13.5 14.6 7.4 7.2
C2a 7.7 9.4 4.9 5.4
C8a 8.0 9.7 5.0 4.9
C8b 5.4 7.6 4.0 3.6
C5a 0.9 3.2 1.7 1.0
C3 1.0 4.5 2.4 2.9
C8 1.8 4.8 2.5 2.3
C7 1.2 1.5 0.8 0.6
C4 1.0 1.3 0.7 0.8
C5 1.1 1.2 0.7 0.4
C6 1.4 1.3 0.7 0.3

a All values are in ppm.

TABLE 2: Contributions to the Intermolecular Shielding
Effects to the Perpendicular Component of the Chemical
Shift Tensor of the CH2 Carbons in
4,7-Di-t-butylacenaphthene Calculated Using Interpolation of
a Grid of NICS Values Calculated for Naphthalenea

first molecule above/below (a-axis) 7.36
second molecule above/below (a-axis) 0.85
third molecule above/below (a-axis) 0.46
first molecule along theb-axis 0.06
first molecule along thec-axis 0.01

a All values are in ppm.
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thene molecule (along theb and c crystallographic axes) are
totally negligible, as is expected because of the cos2 θ term.

The CH2 hydrogens are even closer to the neighboring
molecules (2.6 Å) and therefore should show an even larger
effect than the CH2 carbon, as the magnitude of the effect is
independent of the nucleus being measured. As this effect is
only observed in the solid state, a comparison of the solution
and MAS1H isotropic chemical shift was employed (via a13C-
1H hetcor experiment) to measure the difference because of
intermolecular shielding. As noted earlier, the CH2 hydrogen
resonance in the solid state was found to be about-0.5 ppm,
a difference of 4.2 ppm from the solution isotropic chemical
shift of 3.65 ppm. This 4.2 ppm decrease in the isotropic1H
chemical shift is huge, and the effect on the shielding solely in
the direction of the NICS field would most likely be larger than
this. This is an immense shift on the basis of the normal
chemical shift range for protons. For comparison, the effect on
the isotropic shift for the carbon of the CH2 group is only about
2 ppm in going from solution to solid state. In the calculations,
the effect on the carbon isotropic chemical shift in going from
a single molecule to the trimer is less than 2 ppm because of
an offset in the changes of the two other components. These
changes in the other components are not necessarily due only
to intermolecular effects; they can (and the EIM suggests they
do) arise also from electrostatic intermolecular effects because
of the presence of the neighboring molecules.

Finally, similar EIM and trimer calculation was completed
on 4,7-di-t-butylacenaphthylene to see the effect on the agree-
ment between experiment and theory. The EIM calculation,
which uses a charge array to reproduce the crystal field lattice,
does give a slight improvement of 0.1 ppm in the rms. This is
indicative of cases in which intermolecular effects are negligible.
The trimer calculation, on the other hand, increases the rms to
6.9 ppm.

Conclusions

In this paper, the chemical shift tensors measured via 2D
FIREMAT on 4,7-di-t-butylacenaphthene and 4,7-di-t-butyl-
acenaphthylene are reported along with a series of calculations
on both compounds. The effects of crystal packing are noted in
both the chemical shielding data and molecular symmetry in
both the experiment and theory. In 4,7-di-t-butylacenaphthene,
the comparison of the experimental shift tensor components with

calculations on an isolated molecule shows an overall rms
agreement of only 7.0 ppm, with large differences in the
components that are perpendicular to the plane of the molecule.
These differences are much larger in the five-member ring
portion of the molecule and get smaller in regions further away
from the CH2 carbons. The largest difference is nearly 23 ppm
in theδ11 component of the CH2 carbon shift. Previous studies
on polycyclic aromatic hydrocarbons completed in this labora-
tory have never shown this type of disparity. No similar
disagreement between theory and experiment exists in the case
of 4,7-di-t-butylacenaphthylene, where the rms between experi-
ment and the single molecule calculation is 4.8 ppm.

Intermolecular interactions were explored as a potential source
of this difference in 4,7-di-t-butylacenaphthene. The embedded
ion method (EIM) was applied to this case with little success.
A cluster calculation including the two nearest neighbors, one
above and one below, and a central 4,7-di-t-butylacenaphthene,
however, greatly improves the agreement, reducing the overall
rms agreement from 7.0 to 4.0 ppm. Therefore, the effect would
not seem to be an electrostatic intermolecular interaction but
rather a magnetic effect due to the nucleus of interest being
affected by the presence of additional magnetic fields from the
aromatic sample.

Finally, this intermolecular effect was explored with the use
of nucleus independent chemical shift calculations. The NICS
calculations are less computationally extensive and can be used
to calculate effects beyond the first set of nearest neighbors.
The NICS calculations using only the aromatic portion of the
molecule reproduce the improvement in the affected tensor
components just as well as the full electron calculation on the
trimer. More important, the effect is additive, allowing for
summation of the effects at a position of interest from individual
but different surrounding molecules. The effect is very sensitive
to the intermolecular geometry; it falls off with increasing
distance with an approximate (1- 3 cos2 θ)/r3 dependence.
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