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ABSTRACT: Using proton and carbon chemical shifts, we
investigated the self-association of three isomers of naphthale-
nedicarboxylic acid, a model for the aggregation of asphaltenes.
Experimental proton chemical shifts of each isomer were
measured as a function of concentration in an aprotic solvent.
Several potential structures of the monomer and dimer of each
naphthalenedicarboxylic acid were considered, and calculated
proton chemical shifts for the potential monomer and dimer
structures were compared to the experimental chemical shifts to
find the weighted average structure that best fit the experimental
shifts. Calculated carbon chemical shifts were also compared to
experimental values. The chemical shift comparison and
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calculated energies indicate that z-stacked dimers are not likely to contribute significantly to the dimer structure of any of

the three naphthalenedicarboxylic acid isomers studied.

B INTRODUCTION

Aromatic carboxylic acids are important starting materials for
the synthesis of metal—organic frameworks (MOFs)'~ and
metal—organic coordination complexes®™"” and for use in
crystal engineering.'¥'> The variety of positions of the
dicarboxylic acids that are available, often commercially,
makes this kind of molecule an ideal synthetic building block.
Substituted naphthalenes also have importance as model
compounds for asphaltene, the heavy component of crude oil."®

The self-association of aromatic carboxylic acids is important
to study. Self-association in solution can lead to aggregation,
reduce bioavailability, and alter the optical properties of
molecules. Self-association is also related to nucleation and
crystal formation. In this work, we explore the factors behind
self-association in three isomers of naphthalenedicarboxylic
acid. Because the formation of carboxylic acid dimers is well-
known, we expect hydrogen bonding between carboxylic acid
groups to be a major factor in the self-association of these
compounds. Additionally, polycyclic aromatic hydrocarbons
(PAH) such as naphthalene and anthracene are also known to
form 7-stacked dimers. In the present work, we aim to deduce
the relative importance of these two factors, hydrogen bonding
and z-stacking, in naphthalenedicarboxylic acids. These results
are important in understanding aggregation of asphaltenes,
when using high concentrations of similar compounds for
synthesis of metal—organic complexes, and in directing crystal
growth of this kind of compound when used in crystal
engineering.

7m—n interactions are related to crystal packing, aromatic
molecules interacting with carbon nanotubes and graphene,'”
intercalation of molecules between DNA bases,"®'? and
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stabilization of protein structures due to z—x interactions
between aromatic residues.”” Despite the importance of 7—7x
interactions, they are still not well understood.”'~** One of the
difficulties in studying z—n interactions by computational
methods is that these interactions are dominated by dispersion
interactions.”” Dispersion interactions are not accounted for in
density functional theory (DFT), a popular method due to its
ability to achieve high accuracy with relatively little computa-
tional cost. Aggregation of aromatic compounds due to 7-
stacking has been investigated by both solution-state’*~** and
solid-state”™>* NMR. In particular, solid-state 'H NMR
methods have been used to elucidate the interplay between
m-stacking and hydrogen bonding contributions to the
dimerization of a carboxylic acid derivative of hexabenzocor-
onene.”

In this work, we considered the self-association of three
structural isomers of naphthalenedicarboxylic acid (see Figure
1) in deuterated dimethyl sulfoxide (DMSO-dg). Self-
association was clearly seen by measuring changes in proton
chemical shifts as a function of naphthalenedicarboxylic acid
concentration. We then calculated the chemical shifts for
several monomer and dimer structures of each naphthalenedi-
carboxylic acid to determine which dimer structures lead to
chemical shifts that best agree with experiment. Dimers that
represent carboxylic acid dimer formation and dimers that
incorporated both z-stacking and carboxylic acid dimer
formation were considered. The degree of agreement between
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Figure 1. Chemical structures of the three isomers of naphthalene—
dicarboxylic acid considered in this work: (a) 1,4-naphthalenedicar-
boxylic acid, (b) 2,3-naphthalenedicarboxylic acid, and (c) 2,6-
naphthalenedicarboxylic acid. Standard naphthalene proton/carbon
numbering is shown in structure a.

chemical shifts calculated for each potential dimer structure and
the experimental chemical shifts allowed us to determine the
relative importance of z-stacking and carboxylic acid dimer
formation in these naphthalenedicarboxylic acids.

B EXPERIMENTAL METHODS

Naphthalenedicarboxylic acids were purchased from Sigma-
Aldrich, Inc. (St. Louis, MO, United States). Deuterated
dimethyl sulfoxide was purchased from Fisher Scientific
(Hampton, NH, United States). Samples were made by
weighing out the appropriate amount of each acid to make
40 mM, and subsequent samples at lower concentrations were
made by serial dilution. DMSO was chosen as the solvent to
avoid complications due to different protonation states of the
carboxylic acid groups. A small amount of trimethylsilylpropa-
noic acid (TSP, Sigma-Aldrich) was added to the DMSO
solution for chemical shift referencing.

'"H NMR spectra were collected on a JEOL Eclipse+500
MHz spectrometer operating at 500.15992 MHz. Spectra were
collected with a spectral width of 7507.51 Hz and 16 384 data
points and zero-filled to 65 536 points for a digital resolution of
0.11 Hz/point. All 'H NMR measurements were made at room
temperature in the absence of variable temperature control. 'H
NMR shifts were referenced to TSP at 0.000 ppm. *C NMR
spectra were collected on a 600 MHz Varian/Agilent DD2
spectrometer operating at a *C frequency of 150.8185987
MHz with a 3 mm HCN coldprobe at the Complex
Carbohydrate Research Center at the University of Georgia.
A spectral width of 37 878.8 Hz was used, and 65 536 points
were collected and zero-filled to 757 576 for a digital resolution
of 0.05 Hz. *C chemical shifts were referenced to the DMSO
solvent peak at 39.500 ppm. Carbon peak assignments were
made by assigning the protonated carbons based on
heteronuclear multiple quantum coherence (HMQC)™ spec-
tra. For the HMQC spectra, 64 scans with 16 dummy scans and
between 78 and 256 t; increments were collected. Spectral
widths of 15—16 ppm in the 'H dimension and 150—180 ppm
in the '*C dimension were used. The recycle delay was 2 s. The
two aromatic nonprotonated carbons were assigned based on

calculated chemical shifts.
H COMPUTATIONAL METHODS

All calculations were done with the Gaussian 09 program.’’
Geometry optimizations of monomer and dimer structures
were done at the B3LYP/6-31G* level of theory.”®™%
Frequency calculations were then performed on the optimized
structures at the same level of theory to ensure that all
geometry-optimized structures were in fact local minima, as
indicated by the absence of imaginary vibrational frequencies.
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Single-point energy calculations and chemicals shift calculations
were then performed on these geometry-optimized structures
using B3LYP/6-311G****°" with the gauge-including atomic
orbitals (GIAO) method®” for calculation of chemical shifts.
Solvent effects were included in all calculations using the
polarizable continuum model (PCM)*™% with dimethyl
sulfoxide as the solvent.

Calculated chemical shielding values were converted to
chemical shifts using the following equation:

6= Of — O (1)
where 0 is the chemical shift, o is the calculated shielding, and
Oyt is a reference shielding, equal to the shielding of a reference
compound that is taken to be 0 ppm on the experimental
chemical shift scale. In this work, 6, for "H was taken to be a
variable parameter in the data fitting. This was done to
minimize the dependence of the results on the choice of
reference, since the chemical shift difference between the
monomer and dimer is always independent of the value chosen
for the chemical shift reference. For the *C nucleus, a value of
183.2 ppm was used for o, This value corresponds to the
calculated shielding of '*C in TMS, using benzene as an indirect
reference compound. The shielding of benzene was calculated
at the same level of theory and with the same solvent model as
the naphthalenedicarboxylic acid chemical shifts and was added
to the experimental chemical shift of benzene as a trace
impurity in DMSO, 128.3 ppm.”’ Using benzene as an indirect
reference has been shown to lead to better agreement between
calculated and experimental chemical shifts for aromatic
carbons than calculating the shielding of TMS directly.®**
This was also seen to be the case in the current work. The value
of 183.2 ppm for o, that we used in the current work led to
better agreement with experiment than the value for o,.¢ that we
obtained by calculating the shielding of TMS in DMSO solvent
directly (190.4 ppm). Using the value for o, that was
determined using benzene as an indirect reference gives a very
good agreement between experiment and calculated chemical
shifts, especially for the aromatic naphthalene carbons.

Conformational Space Sampling. Conformational space
was sampled by rotating about the (C=)C—C(=O0) bond.
Geometry optimizations were performed for monomers with
starting configurations having C=C—C=0O dihedral angles
ranging from O to 360° in 10° increments. From these
calculations, six local minima were found for the monomer of
1,4-naphthalenedicarboxylic acid, and three local minima each
were found for the monomers of 2,3-naphthalenedicarboxylic
acid and 2,6-naphthalenedicarboxylic acid. The structures of
these local minima, along with the dihedral angles, are shown in
Figure S1 of the Supporting Information. For each local
minimum, a single-point energy calculation was done at the
B3LYP/6-311G level of theory, and relative energies (in kcal/
mol) calculated at this level of theory are listed in Figure S1 as
well.

Up to 15 geometry-optimized dimer structures, including 7-
stacked and nonstacked dimers, were considered for each
compound. For 1,4-naphthalenedicarboxylic acid, local minima
for the monomer were found with C=C—C=O0 dihedral
angles of approximately +25 and +155°, leading to the 6 local
minima in Figure S1. These 4 possibilities for each carboxyl
group would result in 256 possible nonstacked dimer structures
to consider. However, chemical shift calculations performed on
the monomer revealed that the conformations with dihedral
angles of +25 and —25° led to similar chemical shifts, as did the
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Figure 2. Experimental and calculated proton chemical shifts as a function of naphthalenedicarboxylic acid concentration. Diamonds, triangles, and
squares are experimental data and solid lines are best-fit lines according to eq 2 with monomer and dimer chemical shifts determined from calculated
chemical shifts of monomer and dimer structures weighted by one of three different methods as described in the text: (a, d, and g) 1,4-
naphthalenedicarboxylic acid, (b and e) 2,3-naphthalenedicarboxylic acid, and (c, f, and h) 2,6-naphthalenedicarboxylic acid. In panels a—c, the
monomer and dimer chemical shifts were determined from a Boltzmann weighted average of chemical shifts in all local minima structures. In panels
d—f, monomer and dimer chemical shifts were determined from a weighted average that led to the best least-squares fit between the predicted and
experimental proton chemical shifts. In panels g and h, the monomer structures were equally weighted, and only the stacked dimer structures were
taken to contribute to the dimer chemical shift. The stacked dimer structures were also equally weighted.

two conformations with dihedral angles of +155 and —155°.
This is similar to what was seen for different rotamers of 2-
hydroxybenzoic acid and 2-aminobenzoic acid.”’ Therefore,
only one case of either +25 or —25° and either +155 or —155°
was considered, leading to 16 possibilities for nonstacked dimer
structures. Due to symmetry, only 10 of these 16 possibilities
resulted in a different structure, so 10 nonstacked dimers were
considered for 1,4-naphthalenedicarboxylic acid. Five different
stacked dimers were also considered. For 2,3-naphthalenedi-
carboxylic acid, only two nonstacked local minima were found
for the dimer structure. For 2,6-naphthalenedicarboxylic acid,
10 nonstacked and 2 stacked local minima were found for the
dimer structure. All dimers were confirmed to be local minima
based on frequency calculations. The dimer structures that were
considered are illustrated in Figure S1 along with their relative
energies calculated at the B3LYP/6-311G level of theory.
Analysis. Assuming that the chemical shift of each proton at
a particular concentration is a weighted average of the chemical
shift of the monomer and dimer, the change in chemical shift
with concentration for each proton can be predicted using the

following equation:*
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where ., is the observed chemical shift at a total
concentration C,, K is the association constant for dimerization,
and &, and J, are the chemical shifts of that proton in the
monomer and dimer, respectively. Curves were fit to the
experimental data by minimizing the squares of the differences
between each experimental and predicted data point. As
described below, average monomer and dimer shifts were
calculated by Boltzmann weighting the calculated chemical
shifts, by equally weighting only the 7-stacked dimer structures,
and by performing a full least-squares fit to determine the best
weighting of the various monomer and dimer structures.

B RESULTS AND DISCUSSION

Experimental "H chemical shifts are shown as a function of
concentration for the three naphthalenedicarboxylic acids
considered in Figure 2. Also shown in Figure 2 (as solid
lines) are predicted chemicals shifts as a function of
concentration using eq 2. In eq 2, the variable parameters are
K, the association constant, and &, and 84 the monomer and
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dimer chemical shifts, respectively. It was found that the value
of K did not significantly affect the resulting fit, so a value of K
= 1000 M™" was used in all fits. This method is not expected to
be a reliable way to determine the value of K.

The parameters that are most crucial to the quality of the fit
in Figure 2 (vide infra) are the monomer and dimer chemical
shifts. To extract an observed monomer and dimer chemical
shift from the calculations, we assume a fast exchange between
several low-energy structures. Chemical shifts were calculated
for each geometry-optimized monomer and dimer structure,
and averaging of these calculated chemical shifts was done in
three ways: (a) Boltzmann weighting of all structures
considered, (b) allowing the population of each structure to
be determined by optimizing population of each structure to
obtain the best fit with respect to experimental proton chemical
shifts, and (c) assuming that the monomer structures
contribute equally and considering only the 7-stacked dimer
structures also contributing equally.

From Figures 2a—c, a reasonable fit to the experimental
proton chemical shifts measured at various concentrations was
obtained by a Boltzmann weighting of all monomer and dimer
structures. Notably, experiments indicate that all protons
become less shielded (higher chemical shift) as the
concentration increases with the exception of protons 1 and
4 of 2,3-naphthalenedicarboxylic acid. This trend is reproduced
by the Boltzmann weighting: the calculations predict that all
protons are less shielded in the weighted dimer chemical shift
than in the weighted monomer chemical shift with the
exception of protons 1 and 4 in 2,3-naphthalenedicarboxylic
acid.

In addition to using the Boltzmann distribution and
calculated energies to determine the relative contribution of
each monomer and dimer structure, we also considered finding
the weighting of the different monomer and dimer structures
that leads to the best fit between experimental and calculated
proton chemical shifts. The solid lines in Figures 2d—f are the
predicted chemical shifts according to eq 2 by allowing the
contribution of the various monomer and dimer structures to
the overall monomer and dimer chemical shift to vary to
minimize the difference of the squares of the predicted and
experimental chemical shift of each proton at each concen-
tration. As can be seen by comparing the first and second row
of Figure 2, the agreement between experimental and calculated
proton chemical shifts does not significantly improve when
using the best least-squares fit to select the relative amount of
each monomer and dimer structure that contributes to the
overall chemical shift, as compared to Boltzmann weighting the
monomer and dimer structures. This indicates that the
Boltzmann weighting in fact does an excellent job reproducing
the experimental chemical shifts, meaning that the agreement
between experimental and calculated chemical shifts is
consistent with the calculated energies.

For 1,4-naphthalenedicarboxylic acid, weighting the dimer
structures according to a best fit between calculated and
experimental chemical shifts leads to a weighted average that
contains one stacked dimer, dimer 12 (see Supporting
Information for dimer and monomer numbers) that contributes
30% to the overall dimer chemical shift. The rest of the
contribution to the dimer chemical shifts of 1,4-naphthalene-
dicarboxylic acid consists of low-energy nonstacked dimer
structures, including dimer 2 (29.7%), dimer 1 (23.1%), dimer
4 (12.2%), dimer S (3.4%), and dimer 6 (1.5%). As can be seen
from Figure 2d, although the best-fit averaging reproduces the
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chemical shifts at high concentrations, inclusion of the stacked
dimer does not reproduce the trend of protons 2 and 3 being
less shielded in the dimer than in the monomer (increasing
chemical shift at increasing concentrations). On the other hand,
the Boltzmann weighting shown in Figure 2a does reproduce
this trend. For 2,3-naphthalenedicarboxylic acid, no local
minima were found corresponding to stacked dimer structures.
The best least-squares fit leads to a weighted average of 88%
dimer 2 and 12% dimer 1. Again, the best fit does not lead to a
significant improvement in the agreement between calculated
and experimental proton chemical shifts as compared to
Boltzmann weighting the monomer and dimer structures, as
can be seen by comparing Figures 2b and e. For 2,6-
naphthalenedicarboxylic acid, the stacked dimers make only a
minor contribution to the best-fit dimer structure (0.8% for
dimer 11 and 0.05% for dimer 12), and the weighted average is
comprised of a similar contribution of nonstacked dimers S
(19%), 8 (18%), 4 (17%), 10 (13%), 6 (12%), 3 (8%), 2 (7%),
and 9 (4%).

As can be seen from the energies in Figure S1, z-stacked
dimer structures are much higher in energy than nonstacked
dimer structures. Thus, Boltzmann weighting leads to an
insignificant contribution to the weighted dimer chemical shift
from the z-stacked structures. As mentioned in the
introduction, 7—7 interaction energies are difficult to predict
and generally require much higher-level calculations than those
done in the present work. In particular, DFT does not
accurately consider dispersion interactions, which are expected
to contribute significantly to s#—z-stacking interactions. As an
illustration, energies of 1,4-naphthalenedicarboxylic acid dimers
were calculated at the MP2/6-311G level of theory and are
compared with the DFT-calculated energies in Table S1. The
MP2 calculations predict energies of stacked dimers that are
closer to those of nonstacked dimers than the B3LYP
calculations, although the stacked dimer structures are still
generally higher in energy than nonstacked dimers. Because we
expect z-stacking to contribute to dimerization in naphthale-
nedicarboxylic acids, we also considered these z-stacked dimers
in Figures 2g and h despite their higher calculated energy. In
Figures 2g and h, only z-stacked dimers are included in the
calculation of the overall dimer chemical shift. However, as can
be seen from this figure, the agreement between calculation and
experiment when only the s-stacked dimer structures are
considered is quite bad. Thus, our experimental chemical shift
changes are in agreement with the B3LYP/6-311G calculated
energies for these three naphthalenedicarboxylic acids in that 7-
stacked dimer structures are not likely to contribute
significantly to the overall structure. This is also in agreement
with the trend of most protons becoming less shielded as the
concentration of naphthalenedicarboxylic acid increases. If 7-
stacked dimers were predominant, ring current effects from the
second naphthalene ring in the dimer would cause the majority
of protons to experience a shielding effect, causing the proton
chemical shifts to decrease with increasing concentration, the
opposite of what is observed experimentally. This can also be
seen by comparing the predicted and experimental proton
chemical shifts in Figures 2(g and h). To increase confidence in
these results, we performed chemical shift calculations at the
MP2 level of theory with the same basis set and same B3LYP/
6-31G* geometry-optimized structures for 1,4-naphthalenedi-
carboxylic acid as a representative case. These results are
presented in the Supporting Information in Figure S2. The
MP2-calculated proton chemical shifts also indicate that
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Table 1. Experimental Carbon Chemical Shifts

1,4-naphthalenedicarboxylic acid

2,3-naphthalenedicarboxylic acid

2,6-naphthalenedicarboxylic acid

carbon 40 mM 2 mM 1 mM carbon 40 mM 2 mM 1 mM carbon 40 mM 2 mM 1 mM
C=0 168.413 168.401 168.414 C=0 168.672 168.640 168.633 C=0 167.162 167.153 167.156
C9,C10 132219 C9,C10 132.758 132.750 132.753 C9,C10 134.121 134.113 134.107
C1,C4 130.664 130.653 130.657 C2,C3 129.834 129.858 129.879 C1,Cs 130.141 130.127 130.116
C2,C3 127.786 127.766 127.749 C1,C4 129.073 C2,C6 130.080 130.086 130.082
Cé6,C7 127.514 127.498 127.475 C5,C8 128.507 128.494 128.493 C3,C7 129.693 129.684 129.671
C5,C8 125.829 125.821 125.829 C6,C7 128.389 128.369 128.363 C4,C8 125.869 125.863 125.864
(a) (b) (c)
stacked dimers only
best least-squares fit
Boltzmann weighting
experimental
180 160 140 120 180 160 140 120 180 160 140 120
Carbon Chemical Shift (ppm) Carbon Chemical Shift (ppm) Carbon Chemical Shift (ppm)
(d) (e) (f)
136 134 132 130 128 126 124 136 134 132 130 128 126 124 136 134 132 130 128 126 124

Carbon Chemical Shift (ppm)

Carbon Chemical Shift (ppm)

Carbon Chemical Shift (ppm)

Figure 3. Stick spectra containing experimental and calculated carbon chemical shifts: (a and d) 1,4-naphthalenedicarboxylic acid, (b and e) 2,3-
naphthalenedicarboxylic acid, and (c and f) 2,6-naphthalenedicarbxylic acid. Panels d—f are expanded versions of panels a—c, focusing on the
aromatic carbon region. In each graph, the lowest row (dark blue) is a stick spectrum containing the experimental chemical shifts at 40 mM
concentration; the second row (red) is a stick spectrum of the Boltzmann-weighted dimer chemical shifts, and the third row (green) is a stick
spectrum of the best least-squares fit dimer chemical shifts. The top row (light blue) is a stick spectrum containing the average dimer chemical shifts

of the stacked dimers only.

Boltzmann weighting or weighting according to a best fit to
experimental proton chemical shifts does a good job at
reproducing the experimental trends, while considering only
stacked dimer structures does not.

Carbon chemical shifts of the three naphthalenedicarboxylic
acid isomers at concentrations of 40, 2, and 1 mM are listed in
Table 1. The carbon chemical shifts do not change significantly
with concentration, shifting by at most 0.0S ppm between the
highest and lowest concentrations. This is also an indication
that stacked dimers do not contribute significantly to the
structure of these naphthalenedicarboxylic acids because
stacked structures would lead to ring current effects that
would increase the shielding of the aromatic carbons.
Calculated carbon chemical shifts of the dimers are considered
in Figure 3. Carbon chemical shifts calculated at the MP2 level
of theory are also included for 1,4-naphthalenedicarboxylic acid
in Figure S3. For each isomer of naphthalenedicarboxylic acid,
experimental carbon chemical shifts at 40 mM concentration,
calculated dimer chemical shifts using Boltzmann weighting of
all monomer and dimer structures, calculated dimer chemical
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shifts using the best-fit weighting, and calculated chemical shifts
considering only 7-stacked dimers are shown. In each case, the
agreement between calculated and experimental *C chemical
shifts does not strongly depend on the averaging method used.

B CONCLUSIONS

Both single-point energy calculations and comparisons between
experimental and calculated proton chemical shifts indicate that
m-stacked dimers are not as important as non-z-stacked dimers
in the three isomers of naphthalenedicarboxylic acid considered
in this work. This is in contrast to our initial expectations;
although we anticipated that carboxylic acid dimer formation
would be more important than z-stacking, we expected that
dimer structures incorporating both stabilizing effects would be
lower in energy and closer to the true dimer structure than
those structures that contained only carboxylic dimer
formation. However, from the geometry-optimized structures
shown in Figure S1, it appears that in the stacked structures and
formation of carboxylic acid dimers results in distortion of the
naphthalene ring. This distortion to form the carboxylic acid
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dimer presumably results in an increase in energy that offsets
any additional stabilization afforded by the 7—7 interactions.

The methods we used in this study can have broad
applications in the study of self-association in other similar
compounds. We used fairly straightforward DFT calculations
employing a widely available functional and small basis sets.
The dimer geometry optimizations at this level of theory
usually took less than 24 h using 8 CPU processors, and the
dimer chemical shift calculations were complete within
approximately 35 min. However, despite the ease of the
calculations, the resulting calculated monomer and dimer
chemical shifts were generally in good agreement with
experimental chemical shifts, and when they were not in
agreement, it allowed us to select between dimer structures that
were likely to contribute to the true structure in solution (e.g.,
nonstacked dimers) and those that were not likely to contribute
significantly to the true structure (stacked dimers in this case).
As expected, the structure of a molecule in solution can best be
modeled by a weighted average of several low-energy structures
that are populated according to the Boltzmann distribution and
the predicted relative energies of each structure. By weighting
the calculated chemical shifts for each structure accordingly, we
obtained a good agreement between experimental and
calculated chemical shifts.

This study considered changes in proton chemical shifts
rather than changes in carbon chemical shifts as in our previous
studies.’””" This has the advantage that proton chemical shifts
are more easily measured due to the large gyromagnetic ratio
and natural abundance of the 'H nucleus. Although carbon
chemical shifts are generally more reliably predicted by
computational methods due to carbon having a larger chemical
shift dispersion and being less influenced by solvent effects,
measuring carbon spectra, especially for compounds containing
slowly relaxing nonprotonated carbons, takes orders of
magnitude more time. We showed here that proton chemical
shifts predicted by rather standard DFT methods can reliably
reproduce experimental monomer and dimer chemical shifts in
naphthalenedicarboxylic acids.
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