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Abstract 
Experimental Solid State Nuclear Magnetic Resonance (SS-NMR) has been used to 
analyze different theoretical models for Polycyclic Aromatic Hydrocarbon crystals of 
similar structure (naphthalene, anthracene, phenanthrene, picene, and triphenylene). We 
compare the accuracy of four modeling approaches to compute SS-NMR chemical shifts 
using ab-initio Density Functional Theory (DFT). Models based on X-Ray cell 
parameters, on optimization of cell with Perdew, Burke and Ernzerhof (PBE) 
approximation and on two methods adding dispersion forces were compared (using 
Pearson’s and Mean Absolute Deviation correlation factors). Even if the intermolecular 
distances and cell volumes are different depending on the model, there is an overall good 
agreement between theoretical and experimental 13C chemical shifts for all of them. An 
analysis of intermolecular distances and deviation from planarity in different models and 
their influence on theoretical chemical shieldings is also performed. 
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Introduction 
Solid-State Nuclear Magnetic Resonance (SS-NMR) is a structural technique with a 
considerable sensitivity to the position of atomic nuclei (cores). Precise ways to compute 
NMR shifts through Density Functional Theory (DFT)1-2 in finite-size clusters have been 
available for some time using the Gauge-Independent Atomic Orbital method (GIAO)3, 
and more recently the Continuous Set of Gauge Transformations (CSGT)4. Computation 
of chemical shifts based on plane waves and DFT, which is best adapted to extended, 
periodic systems, has been developed in a direct5-6 and a converse7 approach. Over the 
last decade, the use of Gauge-Independent Projector Augmented Wave Pseudopotentials 
(GIPAW)8-9 has demonstrated considerable success computing NMR resonances in 
extended systems10. The concept of NMR crystallography has emerged by the combined 
use of experimental NMR and diffraction data with theoretical results obtained by DFT. 
A book11 and thematic issues12-14 have been dedicated to this structural approach. The 
method involved in NMR crystallography and examples covering a wide variety of 
materials are reviewed by Martineau et al15. In particular this approach is used by Czernek 
et al.16-17 to predict and assign SS-NMR spectra of organic systems and by Dudenko et 
al.18 and Kobayashi et al.19 to analyze intermolecular packing of organic materials. 

In this context, this work has three goals. First, we seek to further our knowledge of 
crystals of polycyclic aromatic hydrocarbons (PAHs), which are molecules that attract 
attention for a number of different reasons, just to cite two of them, its potential role in 
hydrogen storage and in the chemistry of protoplanetary disks surrounding young stars20-

21. NMR analyses for some of these (e.g. naphthalene and anthracene) have been 
previously reported in the literature7, 22. Second, we seek to compare solid-state NMR 
calculations for PAH crystals based on GIPAW, with the aim to further the experience on 
fundamental choices for the theory like the exchange and correlation functional, or the 
role of dispersion forces. We use quantitative R-factors to discriminate among models for 
NMR data. Following ideas that have been proved useful in other structural techniques 
(e.g. LEED or XRD), we argue that the best way to construct agreement R-factors is to 
make it dependent on positions of peaks only. Uncertainties related to peak widths, both 
theoretical and experimental, advise using R-factors as insensitive to them as possible. 
Finally, we analyze differences between methods in determining intermolecular distances 
and planarity of molecules which highlight the different approaches used to include 
dispersion forces. Their influence on certain chemical shieldings is also reported. 

Experimental 

Samples 

PAHs samples of naphthalene (99%), anthracene (>99%), phenanthrene (>99.5%), and 
triphenylene (98%), were best grade commercially available (Sigma-Aldrich). 
Picene(>99%) was synthesized by a photochemical route and purified by recrystallization 
from toluene23. 
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MAS-NMR 
13C CP-MAS NMR spectra were obtained in a Bruker Avance 400 spectrometer, using a 
standard cross-polarization pulse sequence. Samples were spun at 10 kHz in MAS 
(magic-angle-spinning) NMR experiments. Spectrometer frequencies were set at 100.62 
and 400.13 MHz for 13C and 1H respectively. A contact time of 2 ms and a period between 
successive accumulations of 240 s were used. To improve resolution 13C spectra were 
recorded during 1H decoupling. The number of scans was 600. Chemical shift values were 
referenced to TMS. The NQS (Non-Quaternary Suppression) sequence has been used to 
identify the quaternary carbons. 

Theory 

NMR chemical shifts have been computed using plane-waves as implemented in 
CASTEP (v8.0)24 and VASP (v5.4)25. The exchange and correlation functional has been 
approximated by the generalized gradient approximation due to Perdew, Burke and 
Ernzerhof (PBE)26. For plane-waves, we have used cutoff energies in the range of 775 to 
725 eV corresponding to pseudopotentials implemented by Pickard et al.8 (CASTEP) and 
PAW27-28 (VASP), and k-points spacing grids of 0.4 nm-1. These values ensured that 
chemical shifts were converged better than 1 ppm. Other threshold parameters for 
CASTEP/VASP are as follows: total energy converged to better than 10-7 eV, a maximum 
force on any atom better than 0.05 eV/nm, a maximum atom displacement of less than 
5x10-5 nm, and a maximum stress on the unit cell better than 0.02 GPa. Semi-empirical 
dispersion corrections have been included following Tachenko and  Scheffler29 as 
implemented in the CASTEP code by McNellis, Meyer and Reuter30. The non-local 
functional proposed in the literature to include van der Waals interactions inside the self-
consistency cycle31-32 has been used as recommended by Soler et al.31 in VASP. 

Results and Discussion 

We report SS-NMR experiments and DFT calculations on five PAHs: naphthalene 
(C10H8), anthracene (C14H10), phenanthrene (C14H10), picene (C22H14) and triphenylene 
(C18H12). The four first molecules are linear while the last one is disc-shaped. Naphthalene 
and anthracene belong to the acene family and phenanthrene and picene to the phenacene 
family. Assuming that all these molecules are planar and lie on a mirror plane, 
naphthalene and anthracene possess one binary axis perpendicular to that plane and two 
mirror planes resulting in three and four chemically inequivalent carbon atoms 
respectively. Phenanthrene and picene only possess an additional mirror plane, increasing 
the number of inequivalent carbon atoms to seven and eleven, respectively. In the case of 
triphenylene, there are three additional mirror planes and a ternary axis giving only three 
inequivalent carbon atoms. The four linear molecules crystallize in a monoclinic unit cell, 
naphthalene and anthracene belonging to space group num. 14 in the international tables 
for crystallography (P21/c), and phenanthrene and picene to space group num. 4 (P21). 
They present a stacking in sheets showing CH-π hydrogen bonds. Molecular stacking in 
these four compounds is similar to the one shown in Figure 4 for naphthalene. The 
interaction between molecules is weak, either due to electrostatic interaction of permanent 
dipoles with their images in neighboring electronic clouds (CH-π) or electrostatic 

Page 3 of 17

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

 

interaction of fluctuating dipoles (van der Waals). The fifth compound studied 
(triphenylene) crystallizes in space group num. 19 (P212121). The stacking in this 
compound is built by CH-π and π-π interactions. In these molecules, internal C-C and C-
H chemical bonds are well described as sp2 hybridized orbitals, with C-C distances in the 
range 136-146 pm and C-H distances near 109 pm. 

Fig.1 shows a schematic description of these molecules with the carbon atoms classified 
in five types: (1) tertiary at the short end (apex) of the molecule (green), (2) tertiary on 
the zigzag edges (blue), (3) tertiary at the armchair bay (purple), (4) quaternary on the 
zigzag edges (red) and (5) quaternary at the armchair bay (orange). 

 

Figure 1. Schematic view of naphthalene (C10H8), anthracene (C14H10), phenanthrene (C14H10), 
picene (C22H14) and triphenylene (C18H12) molecules where different types of carbon atoms 
associated to different NMR shifts are denoted by the following color code (common to Table 1): 
green (apex), blue (tertiary zigzag), purple (tertiary armchair bay), red (quaternary zigzag) and 
orange (quaternary armchair bay). 

NMR spectra 
Spectra obtained in solution show the same number of resonances as predicted by theory 
for naphthalene, anthracene and triphenylene. For phenanthrene, NMR signals 
corresponding to carbons labelled two and seven overlap with those marked three and six. 
In the case of picene, all peaks have been resolved and are reported here for the first time. 
(Table 1 gives the detailed chemical shift values) 

The crystal packing of these compounds reduces the symmetry in the molecules, thus 
increasing the number of independent peaks. While naphthalene and anthracene keep an 
inversion center, all carbon atoms become inequivalent for phenanthrene, picene and 
triphenylene. Therefore, the number of solid-state NMR resonances increase theoretically 
up to 5, 7, 14, 22 and 18, respectively, but not all peaks could be resolved in powder 
samples. 
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The solid-state NMR spectra (Figure 2) were best-fitted with Gaussians or mixed 
Gaussian/Lorentzians. Chemical shifts of deconvoluted peaks are summarized in Table 
1. Regarding line widths, we argue that a precise knowledge of their values is not crucial 
to retrieve useful information; they depend on different experimental factors that are 
difficult to control and are also difficult to compute from theoretical models. Typical 
values for linewidths in triphenylene (best case) as determined from fitted normalized 
Lorentzian functions are between 0.1 and 1 ppm. 

 

Figure 2. Experimental 13C CP-MAS NMR spectra for triphenylene, picene, phenanthrene, 
anthracene and naphthalene. 

Experimental resolution in naphthalene and anthracene 13C CP-MAS NMR spectra allows 
the identification of the same number of peaks as in solution: three and four peaks 
respectively. For phenanthrene, we have obtained a deconvolution composed of seven not 
well-resolved peaks; two are detected at 132.22 and 130.31 ppm (quaternary carbons) and 
another five are between 128.46 and 122.59 ppm (one more than in solution). Picene also 
presents a not well-resolved spectrum with eight components (one more than in solution) 
that reproduce well the experimental profile. Thus the number of peaks for the first four 
compounds correlates to the number of inequivalent atoms in isolated molecules. 

On the other hand, triphenylene shows twelve well-resolved peaks (labelled from 1 to 12 
in graphical TOC), and six shoulders (A to F), which correspond to the 18 expected 
resonances, grouped in three sets of six elements. In the case of triphenylene, the small 
width of the components suggests the presence of residual molecular precessions around 
a ternary axis, which reduces dipolar H-H interactions, improving the spectral resolution 
of its components. 

The assignment of NMR peaks to different carbon atoms was performed according to 
DFT calculations. Differences between solid state and solution NMR chemical shifts are 
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below 1.5 ppm in acene compounds but can go up to 3.2 ppm in the case of triphenylene, 
e.g. see Table 1.
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Table 1. (Color online). 13 C NMR shifts for the different samples considered in the paper: (1) Experimental values for dissolution ("exp. dissol."), (2) Experimental values for 
solid-state ("exp. sol."), (3) Theoretical values for solid-state ("calc. sol."), (4) Fractional contribution of each adjusted peak to the experimental NMR spectra (solid-state). 
The color code corresponds to Figure 1: red (quaternary zigzag), orange (quaternary armchair bay), blue (tertiary zigzag), green (apex), and purple (tertiary armchair bay). 
____________________________________________________________________________________________________________________________________________ 
    quaternary zigzag   quaternary armchair bay    tertiary zigzag     apex         tertiary armchair bay     
____________________________________________________________________________________________________________________________________________ 
NAPHTHALENE 4a, 8a               1, 5, 4, 8             3, 7, 2, 6      
exp. dissol.   133.45               127.84              125.75       
exp. sol.    134.1                128.6               124.6       
calc. sol.   135.1               128.5; 128.1            124.7;123.8      
area %    20.57                41.13               38.30       
____________________________________________________________________________________________________________________________________________ 
ANTHRACENE   9a, 10a, 4a, 8a           4, 8, 1, 5    9, 10        2, 6, 3, 7      
exp. dissol.    131.70              128.16     126.21       125.33       
exp. sol.     131.7               128.7      126.8        124.2       
calc. sol.    132.6; 132.2           128.7; 128.6    126.4       124.4; 124.3      
area %     28.92               30.99      13.26        26.82       
____________________________________________________________________________________________________________________________________________
PHENANTHRENE 10a, 4a    8a, 4b          9, 8     1, 3     7, 10     2, 5     6, 4   
exp. dissol.   131.99    130.25         126.84;128.46 128.46; 126.46 126.84; 126.46 126.46; 122.59 126.46;122.59  
exp. sol.    132.3     130.6           128.6     127.5     126.2     125.0     123.8   
calc. sol.  134.0; 132.5  132.4; 130.2        128.1; 127.9  127.2; 125.7  125.6; 125.5  125.4; 123.9  122.9; 122.7  
area %    14.00     11.97           13.27     14.50     16.85     15.68     13.74   
____________________________________________________________________________________________________________________________________________
PICENE   4a, 14b    8a, 12a    6b, 12b   6a, 14a, 9, 8, 4        2, 10, 5, 3       12, 1, 11    6, 14, 7, 13  
exp. dissol. 132.02;130.58 132.02; 130.58 128.68; 128.69 128.68;128.69; 128.56;   126.84; 126.62;    123.17; 123.17;    121.70;121.67; 
                       127.56; 128.56      127.56; 126.62      126.84     121.70; 121.67 
exp. sol.   131.9     130.8     128.9     127.5          125.9        124.3      121.1  
calc. sol. 133.0;132.4  132.1;130.4  130.2; 128.8  128.7- 127:0       125.7-125.3     124.1-122.8    121.2-119.5 
area %   7.15     8.41     11.25     26.50          16.30        13.50      17.06   
____________________________________________________________________________________________________________________________________________
TRIPHENYLENE 12a  8a   4a   8b   12b  C4b   7   11   6   3   2   10     9   8   5   12   4   1 
exp. dissol.   129.82 129.82 129.82 129.82 129.82 129.82  127.21 127.21 127.21 127.21 127.21 127.21  123.31 123.31 123.31 123.31 123.31 123.31 
exp. sol.    130.4  130.1  129.6  129.0  128.5  128.2   126.5  126.2  125.7  125.4  124.9  124.5   123.1  122.5  122.5  121.5  120.6  120.1 
calc. sol.   131.7  131.5  130.9  130.8  130.7  130.6   126.6  126.1  125.3  125.3  124.7  124.2   123.3  122.5  121.3  120.8  120.3  118.9 
area %    3.50  12.12  2.61  6.06  7.59  5.12   6.88  8.75  7.18  5.51  8.15  2.73   6.10  9.57  9.57  2.73  2.71  2.68 
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DFT calculations 

The starting point for the crystal structures of the different compounds was the X-rays 
structural determination as found in the literature32-36. DFT was then used at different 
levels of sophistication to optimize the geometry of the cell and the positions of the atoms 
forming its basis. 

We compare four different approaches to calculate solid-state NMR resonances: (1) 
optimization of the atomic positions of H and C atoms inside the unit cell, while keeping 
fixed the experimental XRD parameters for the unit cell (XRD), (2) optimization of forces 
on every atom and stresses on the periodic cell, using for exchange and correlation the 
PBE approximation (PBE), (3) same procedure than the previous one but adding semi-
empirical dispersion corrections (VDW1) and (4) adding ab-initio dispersion corrections 
(VDW2). 

After geometry optimization by XRD, PBE and VDW1 methods, bond distances differ 
less than 0.6 pm. We notice that DFT calculations validate Clar’s aromatic π-sextet rule 
which states that the aromatic character of benzenoid species could be used to predict 
shorter or longer C-C distances in the molecules of this study. In the compounds of Figure 
1 the shorter bonds are the ones linking either blue carbon atoms with each other, or blue 
and purple carbon atoms, indicating a high double bond character. On the other hand, the 
longest distances are the ones linking orange carbon atoms labelled with the same 
number, evidencing a high single bond character. 

Intermolecular distances are more clearly influenced by the method used in geometry 
optimization. The shorter intermolecular distance in each compound calculated by PBE 
method is 30-60 pm longer than calculated by the other three methods. While the same 
distance calculated by XRD, VDW1 and VDW2 differ less than 15 pm. This is caused by 
the constraints (XRD) or the different description of intermolecular interactions (PBE, 
VDW1 and VDW2). Intermolecular interactions are mostly responsible for the shape and 
size of the periodic cell. In Table 2 cell parameters of the five compounds of this study 
optimized by the four methods described above are summarized. It is shown the well-
known inadequacy of PBE to describe interactions where correlation dominates, as are 
the van der Waals, CH-π hydrogen bond or image forces. The unit cell volumes are 
overestimated with this method by as much as 35%. VDW1 causes a decrease of cell 
volume between 3 and 5% and VDW2 modifies it in less than 2%. 

The order of carbon atoms arranged by increasing chemical shielding showed slight 
differences in the sequences among the different methods in phenanthrene, picene and 
triphenylene. As VDW2 showed the best Pearson’s correlation factor between theoretical 
and experimental chemical shifts for naphthalene and anthracene and its cell volume was 
also the closest to the experimental one, the assignment of increasing experimental 
chemical shift to increasing calculated chemical shieldings was done according to this 
method. 
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Table 2: Structural data for unit cells (left): Lengths a, b, c (in pm). Angles α, β, γ (in º). Volume 
V (in nm3) and merit factor (right): Mean absolute deviation for NMR shifts, 𝐷 =

∑ |𝑒 − 𝑡 |(in ppm) 

 
a (pm) b (pm) c (pm) α (°) β (°) γ (°) V (nm3) D (ppm) 

Naphthalene 

XRD32 794 595 817 90 115.10 90 0.350 0.87 

PBE 869 648 923 90 119.05 90 0.455 0.39 

VDW1 786 587 807 90 114.43 90 0.339 0.87 

VDW2 804 594 817 90 116.42 90 0.349 0.49 

Anthracene 

XRD33 855 602 1117 90 124.60 90 0.473 1.04 

PBE 974 656 1171 90 123.83 90 0.621 0.61 

VDW1 836 594 1107 90 125.07 90 0.450 1.02 

VDW2 852 597 1104 90 123.93 90 0.465 0.31 

Phenanthrene 

XRD34 844 614 944 90 97.96 90 0.484 0.86 

PBE 971 652 981 90 100.40 90 0.611 1.12 

VDW1 849 583 933 90 97.51 90 0.458 0.98 

VDW2 848 605 932 90 97.84 90 0.474 0.86 

Picene 

XRD35 848 615 1352 90 90.46 90 0.705 0.62 

PBE 978 652 1389 90 92.45 90 0.884 0.87 

VDW1 856 584 1342 90 90.15 90 0.671 0.76 

VDW2 853 609 1341 90 90.32 90 0.696 0.85 

Triphenylene 

XRD36 1297 1670 528 90 90 90 1.144 0.99 

PBE 1469 1521 695 90 90 90 1.552 0.96 

VDW1 1298 1645 514 90 90 90 1.098 1.23 

VDW2 1315 1663 524 90 90 90 1.146 0.81 

 

To evaluate quantitatively the validity of the four methods, correlations between 
computed chemical shieldings (σ) vs the measured chemical shifts (δ) were calculated 
(shown in Figure 3). Since the latter are referred to an arbitrary common origin (TMS), it 
is first necessary to determine a value for the offset between theory and experiment. This 
is accomplished by a least squares fit to the equation δ = σ0 – m·σ. Although ideally m 
should be equal to one, it is frequently observed a small deviation from this value37-39. As 
the range of chemical shifts involved in this work is small, the effect of a slope close to 
one will be weak. Using different slopes for each method could disturb a direct 
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comparison between different theoretical approaches. For these reasons, we have decided 
to consider m=1 in all cases. 

 

Figure 3. For the entire database, determination of a common offset between theoretical chemical 
shieldings (σ) and experimental chemical shifts (δ) from a least-squares fit of the form δ = σ0 – σ. 
Values for σ0 are 168.6 ppm for XRD (upper left panel), 168.8 ppm for PBE (upper right panel), 
168.5 for VDW1 (lower left panel) and 161.0 ppm for VDW2 (lower right panel). The database 
is composed of: (1) red squares: naphthalene, (2) green diamonds: anthracene, (3) orange down 
triangles: phenanthrene, (4) magenta up triangles: picene, (5) blue circles: triphenylene. 

We obtain the following values for σ0: 168.6 ± 0.3, 168.8 ± 0.3 ,168.5 ± 0.3 and 161.0 ± 
0.2 ppm, respectively for XRD, PBE, VDW1 and VDW2 models. Pearson’s correlation 
coefficients (a measure of the linear correlation between variables δ and σ) computed for 
each method according to the assignment of VDW2 method are: 0.949, 0.952, 0.931 and 
0.961, while the mean absolute residual errors (a measure of the dispersion of data around 
the fitted straight line) are 0.88, 0.83, 0.99 and 0.70 ppm, respectively for XRD, PBE, 
VDW1 and VDW2. We remark that the mean absolute error is good for all models, always 
below 1 ppm considering all the compounds of this study. In Table 2 (right) the mean 
absolute deviation obtained for each compound with each theoretical model is shown. We 
can observe that there is not one model with the smaller mean deviation for all the 
compounds and all mean deviations are smaller than 1.25 ppm showing the accuracy of 
all the tested methods. Table 1 compares detailed values for the experimental chemical 
shifts and the theoretical results with VDW2 approach; we have used five different colors 
to highlight that each type of carbon belongs to a characteristic range of chemical shifts 
values. 

As commented above, we expect solid-state NMR technique to be more sensitive to the 
atomic positions determined by the intramolecular electronic structure, and less sensitive 
to the intermolecular interactions that determine the size and shape of the unit cell. 
Holmes et al.40 investigated the intermolecular effects on 13C NMR chemical-shielding 
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tensors modeling organic systems as isolated molecules and molecular clusters. A study 
of intermolecular effects under periodic boundary conditions could be done comparing 
the calculation of the crystal with that of a molecule in a cell surrounded of enough 
vacuum to consider it isolated from the molecules of neighboring unit cells41. Instead of 
that, we have considered that certain effects of packing could be detected directly on 
crystals and its influence on chemical shielding studied. One of this effects is the bending 
or deviation from planarity and another one is the differentiation of atoms that would be 
equivalent in solution. Following these ideas, we have analyzed the deviation from 
planarity of the molecules in the different systems. In the crystal structures obtained by 
XRD, the mean deviation of C atoms from the best fit plane of the molecule is always 
smaller than 3.5 pm. In the DFT geometry optimized models we have found that 
naphthalene and anthracene (lineal molecules which keep an inversion center in the 
crystal) showed a mean deviation smaller than 5 pm. And the difference between the 
chemical shielding of carbon atoms that would be equivalent in solution is smaller than 
0.7 ppm. For phenanthrene and picene the mean deviation of the model calculated by PBE 
method is around 10 pm, having also a difference in chemical shielding (of C atoms 
equivalent in solution) smaller than 0.7 ppm. However, for phenanthrene and picene with 
XRD, VDW1 and VDW2 methods and for triphenylene (with all the methods) the mean 
deviation is always bigger than 15 pm. All those models show at least a couple of carbon 
atoms that are equivalent in solution whose chemical shieldings differ more than 1.5 ppm 
(in one case as much as 5.6 ppm) in calculations performed on the crystals. In this way it 
is stated that the deviation from planarity caused by packing can have a considerable 
influence on chemical shieldings of carbon atoms in these molecules. 

In the case of naphthalene (which do not deviate significantly from planarity) C1, C4, C5 
and C8 are equivalent in solution, but the calculated shielding for C1 (and C5 which is 
equivalent in the crystal structure) is lower than for C4 (and C8). If we take a closer look 
at the structure (Figure 4) we can see that C1 and C5 are the ones involved in CH-π 
interaction with neighboring molecules. DFT calculations with all methods assign less 
shielding to those carbon atoms compared to their homologues which are more distant to 
the nearest molecule. The difference in shielding is smaller for PBE method (0.27 ppm), 
bigger for VDW2 (0.46 ppm) and even bigger for XRD and VDW1 (0.59 ppm). These 
differences correlate with decreasing distances between the H atom and the center of the 
neighboring ring. The effect on the shielding of H atoms involved in CH- π interaction is 
greater. H1 is 1.95, 2.79, 2.88 or 3.08 ppm more shielded than H4 depending on the 
method used: PBE, XRD, VDW1 or VDW2. Due to the difficulty in obtaining a resolved 
1H spectrum of this compound we could not corroborate experimentally this prediction. 
In anthracene, the intermolecular distances are not so different comparing carbon or 
hydrogen atoms which are equivalent in solution and we could not find such a clear 
influence between packing and chemical shielding. 

Page 11 of 17

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12 

 

 

Figure 4 Intermolecular distances between H atoms and the center of the nearest aromatic ring in 
the model obtained for naphthalene with VDW2 method. 

CONCLUSIONS 

Often, the inherent insolubility and poor crystallinity of large-sized PAHs represent an 
insurmountable obstacle for an adequate structural characterization. While reasons that 
affect the experimental resolution of solid state 13C CP-MAS NMR are not easily 
attributed to well-defined variables, badly resolved spectra of solid polycyclic aromatic 
hydrocarbons can be analyzed with the help of methods investigated in this work. It is 
observed that homologous series of PAHs belonging to the same family (e.g. acenes, 
phenacenes, p-phenyls, etc.) tend to pack in similar crystal structures, often within the 
same space group. In addition, they tend to display a linear correlation between the length 
of the cell axes and the length of the molecular axes as the molecular size increases within 
the series42. Extrapolation from the internal crystalline structure of known crystals of 
small PAHs towards their larger problematic homologues is a simple exercise, setting the 
initial seeds for plane-waves DFT optimization and solid state NMR analysis. We expect 
that the procedures described here will help experimentalists in the task of structural 
characterization of high molecular weight PAHs, such as graphene segments, 
nanoribbons and islands, for which few techniques of experimental elucidation are 
available when dealing with the bulk. 

The combined use of Pearson’s correlation coefficient, and the mean absolute deviation 
from experiment and theory shows that calculations based on ab-initio dispersion 
corrections (VDW2) yield a nice agreement in both the structural parameters and the 
NMR chemical shifts, with an averaged mean absolute deviation over all the compounds 
of <D>= 0.70 ppm. On the other hand, PBE yields a consistent agreement with the 
positions of the resonances, with <D>= 0.83 ppm, but cannot reproduce well the size and 
shape of the unit cell for these materials. PBE tends to overestimate the distances between 
molecules due to its limited amount of correlation. Including dispersion forces via a semi-
empirical scheme improves these distances and restores volumes for the unit cell to 
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similar values than determined by XRD. Bonding distances between pairs of C-C and C-
H get values that agree well with reported values in the literature, independently of the 
different approximations. Typical C-C distances within the family of PAHs show roughly 
three peaks: around 136 to 138 pm for the lowest, 139 to 142 pm for the intermediate, and 
143 to 146 pm for the largest one. We should comment in passing that models based in a 
local density approximation for exchange and correlation consistently produced worse 
results. 

SS-NMR chemical shifts are sensitive to feel some effects of packing. DFT calculations 
predict two main effects. Mean deviations of carbon atoms, from the best fit plane of 
those molecules, higher than 15 pm cause differences in chemical shieldings higher than 
1.5 ppm in some of the carbon atoms that are equivalent in solution. In naphthalene, the 
effects of CH-π interaction on chemical shieldings could be analyzed. We have seen that 
a decrease in the distance between the hydrogen atom and the ring of a neighboring 
molecule produces a significant increase in the chemical shielding of the hydrogen atom 
and some decrease in the chemical shielding of the carbon atom. 
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