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This paper presents a hierarchical cluster analysis of the principal values of the13C chemical shift tensors
encountered in polycyclic aromatic hydrocarbons (PAHs). Because of the limited set of experimental data
presently available, the analysis was performed using chemical shifts tensors calculated using the DFT
(B3PW91) GIAO method with a D95 basis set on optimized molecular geometries obtained using the CVFF
force field and the DISCOVER routine in MSI’s InsightII package. The good correlation observed between
the calculated and the available experimental values supports the use of calculated values in the analysis. The
hierarchical cluster analysis was performed for two data sets of increasing size and the classification was
found independent of the size of the sample, leading to the conclusion that the results presented here are
valid for the types of PAHs reported. The classification of the tensors using hierarchical cluster analysis
produces classes of chemical shift principal values that can be associated with intuitive chemical types of
carbons present in PAHs.

Introduction

NMR spectroscopy has a long tradition of being used to gain
structural information from complex materials, such as coals,
soots, tars, chars, and so forth.1 One common characteristic of
all these materials is that they are not pure substances or even
well-defined mixtures of pure substances in the chemical sense.
Therefore, the analysis of the solid-state NMR (SSNMR) spectra
of these substances is hindered by the lack of information on
how many distinct spectral signatures should be encountered.
For a pure substance, even in the presence of accidental
degeneracy or lack of resolution, the number of peaks or tensor
components in a spectrum is a known quantity. In complex
substances, the concept of the number of peaks or of individual
signatures is undefined, and therefore, it is more appropriate to
cast the problem in terms of a distribution of spectral signatures.

The task at hand is to infer the distribution of chemical
environments of resonant nuclei in the sample from the
measured spectrum. The resultant information on the types of
chemical environments present and their relative amounts can
be used to derive realistic models or to formulate surrogate
formulations of the material under consideration.2 These models
or surrogate ensembles can then be used for modeling the
behavior of the material under different physical conditions or
chemical processes. It is important to realize that the task of
finding the distribution of chemical environments is an inverse
problem; therefore, any useful analysis tool should provide
statistical estimates of the number of different spectral signatures
that can be extracted with confidence from the spectrum as well
as information on the uniqueness of the solution.

The isotropic chemical shift has traditionally been relied on
to provide details of structural elements in complex hydrocarbon
materials.3 Using modern SSNMR experiments, such as the13C
CP/MAS spectral editing techniques pioneered by the Zilm

group4 and recently refined and adapted to principal value
measurements by Hu,5-7 it is possible to extract the more
detailed information provided by the principal values of the
chemical shift tensor in these materials. A good account of the
state of the art in the measurement of chemical shift tensor
components and using this information to gain structural
information in coals, etc. has been published recently by Hu et
al.7 However, even using these modern spectral editing tech-
niques, significant problems remain in extracting structural
information in these substances due to the overall spectral
broadening observed in the samples.8 This broadening of the
NMR signals can be classified as homogeneous and inhomo-
geneous. The first originates from interactions with the lattice
and/or incomplete decoupling, whereas the second originates
in the diversity of chemical or magnetic environments of closely
resonant nuclei. Separation of these two effects is necessary
when trying to find the number of statistically different chemical
shift tensors contributing to the spectrum of a complex material.

The labor-intensive experimental methods used to measure
chemical shift tensors or their principal values have restricted
the analysis and classification of the chemical shift tensor values
in PAHs. By using modern computational chemistry techniques
to calculate molecular geometries and NMR chemical shift
tensors,9 it is possible to enlarge the number of compounds and
type of structures that can be included in the analysis. To
accomplish this at a reasonable computational cost, the choice
was made to do the geometry optimizations using the molecular
mechanics approach followed by the calculation of the chemical
shift tensors at the GIAO/D95 level of theory. These choices
reflect a compromise between accuracy and computational cost.
Although most of these individual molecules could be treated
at more refined levels of theory, the computational cost
associated with applying these methods to the entire set of
molecules studied here is prohibitive. The choice of the levels
of theory adopted can be justified by the comparison of the
results obtained with existing experimental data and by literature
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precedence.9 For the subset of compounds for which experi-
mental data is available, the calculated shifts agree with the
experimental ones almost within the experimental errors.
Therefore, we believe that the use of calculated values, at the
chosen level of theory, does not degrade the analysis in any
significant way.

This paper presents a classification scheme of the principal
components of the13C chemical shift tensors of PAHs using
hierarchical cluster analysis techniques.10 This classification can
be used to determine the number of possible distinct aromatic
signatures expected in the SSNMR spectrum of highly aromatic
systems. This method has been used to classify the principal
values of the13C chemical shift tensors of 25 PAHs, which have
150 different sets of the three principal values of the shift tensor.
The results of this analysis lead to the determination of the
number of statistically different sets of chemical shifts tensors
(characterized by their three principal values) that can be used
to fit an experimental spectrum dominated by resonance signals
of aromatic carbons belonging to PAH structures. The dispersion
of values within each class can be used as an indication of the
amount of inhomogeneous broadening for each class of tensor.
The chemical shift classes correlate well with the intuitive
chemical classification of carbon types.

Althouhg this paper looks at the application of these clas-
sification concepts to SSNMR, the concepts developed here are
also applicable to other spectroscopic techniques used to analyze
complex materials that do not have a well-defined chemical
formula.

Computational Procedures

Chemical shift calculations were performed with the
GAUSSIAN9811 suite of programs. The calculations were done
for most of the PAHs for which the Utah lab has collected
experimental data, along with PAHs from which experimental
data has been reported by Duncan12 and a number of “interest-
ing” PAHs for which the experimental chemical shift tensors
have not yet been reported. The additional “interesting”
compounds are a selection of nonplanar PAHs, including the
canastanes13 and the so-called buckybowl compounds,14 which
are thought to be present in young soots, nanotubes, and
fullerenes.15 A list of all the compounds included in this study
and their calculated chemical shift tensor principal values is
given as Supporting Information along with the experimental
principal values, when available. The geometries were fully
optimized prior to the calculation of the chemical shieldings
using the molecular mechanics procedures and the consistent-
valence force field (CVFF) available in the MSI suite of
programs.16

The chemical shift calculations employed the method pro-
posed by Cheeseman et al.17 with the B3PW91 exchange-
correlation functional,18-19 as implemented in the GAUSSIAN98
program using a D95 basis set.20 This method makes use of an
efficient implementation21 of the gauge including atomic orbitals
(GIAO) methods.22-23

It is well-known that the agreement between experimental
and calculated NMR chemical shift values can be improved by
adjusting the calculated values by linear regression.24 This
procedure tends to correct systematic errors in the inclusion of
correlation effects, which are observed as slopes different than
unity in the correlation, and in the inaccuracies in the referencing
procedures, seen as small differences in the intercept from the
shielding value of TMS. Using all the PAHs for which
experimental values of the principal values of the chemical shift
tensors are known (see Supporting Information), the experi-
mental (shift) values correlate with the calculated (shielding)

values with a slope of-1.0082 and an intercept of 194.6 ppm.
This value for the intercept compares well with the estimated
value of 185.4 ppm, which can be obtained from the calculated
shielding in methane minus the 7 ppm reported as the difference
between liquid TMS and gas-phase methane.25 The RMS for
the fit, given in Figure 1, for 51 sets of three chemical shift
principal values is 7.0 ppm.

The excellent agreement between the calculated and the
experimental principal values of the13C chemical shifts tensors
in this set of compounds validates the use of computational
methods to secure a larger set of representative values for
chemical compounds and to include moieties for which experi-
mental chemical shift values are not available. Calculations
provide a very expeditious way to increase the variety of carbon
structures that can be included in the analysis of SSNMR spectra
as well as a method to test the different hypothesis on the carbon
structure of soots or other materials inferred from kinetic models
of their formation.26

The hierarchical cluster analysis27-30 of 150 different sets of
three principal values of chemical shift tensors was performed
using the Clustan Graphics (version 3.16) program.10 The
following parameters were used in the cluster analysis: prox-
imities were calculated using the squared Euclidian distance,
the increase in the sum of squares was the classification criteria,
and the upper tail criteria was chosen to obtain the “best cut”,
i.e., the maximum number of statistically significant clusters.31-32

Analysis of the variance in the identified clusters was performed
using the standard statistical tools available in the Excel
program.33 This analysis of variance was used to provide
quantitative estimation of the distance among the clusters as
well as their specificity, information that was not available from
the classification using cluster analysis tools.

Classification of 13C Chemical Shift Tensors in PAHs.
Figure 2 presents the results of the hierarchical cluster analysis
of all the 13C chemical shift principal values included in the
first data set (150 different sets of chemical shift principal values,
see Supporting Information). The figure presents the results for
classifications including one to seven clusters, which is the
maximum allowable number of clusters using the “best cut”
method. In Table 1, the distances between all the centers of the
clusters given in Figure 2 are presented. The members of each
class, using the notation given in Figure 2 are given in the
Supporting Information.

The cluster analysis of the13C chemical shift tensor principal
values is a purely mathematical formulation and was performed
without any consideration of the chemical environment of the
carbon nuclei that gives the tensor. The relationship between

Figure 1. Linear relationship between experimental (shifts) and
calculated (shieldings)13C chemical shift principal values in PAHs.
All values are in ppm; the values included in the correlation are given
in the Supporting Information.
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the classes obtained by the cluster analysis and the chemical
environment of the nuclei given in the caption of Figure 2, which
is the ultimate information desired, was established by judicious
inspection of the different classes. Note that there is no a priori
reason for which the mathematical classification has to map
onto the intuitive chemical classification by carbon type (see
below for the case of the isotropic values). The existence of
such a relationship is proof of the sensitivity of the data to the
property, in this case the sensitivity of the principal values of
the 13C chemical shift tensors to the molecular structure.
Fortunately, for this case there is a very strong correlation
between the mathematical classification and the chemical
environment. In fact, careful analysis of the classes obtained
by cluster analysis reveals only a few misclassifications.

Following the progeny of the final seven classes, it is
interesting to note how the separation into classes emerges
during the classification process. Note that in many cases, the
way in which the classifications emerge is not intuitive. For
instance, although the first classification (m) 2) is quite natural,
separating bridgehead carbons and aromatic carbons attached
to an aliphatic bond, the split atm) 3 separates different classes
of bridgehead carbons while the split between substituted
carbons and protonated carbons does not occur untilm ) 5.

In addition to the set of average principal values for each
class, Figure 2 gives the standard deviations of these values.
As the level of classification increases, these standard deviations
decrease, as does the distances between clusters. Comparing
the standard deviations in Figure 2 with the distances between

the centers of the clusters given in Table 1, it becomes apparent
that when the distances between clusters reach a value close to
twice the standard deviation of the principal values, the
mathematical basis for further separation no longer exists; i.e.,
the “the best cut” cluster classification is reached. For the PAH
chemical shift data, this point is reached atm ) 7. Further
classification will lead to clusters with substantial overlap for
which the classification scheme is not statistically significant.

The level of classification useful for the interpretation of
experimental data depends on the intrinsic resolution of the data.
In the case of the chemical shifts studied here, it is clear that
we can use the highest level of classification given by the “best
cut” analysis,m) 7. At this level of classification, the standard
deviations in the principal values of the shift tensors ranges from
3 to 10 ppm which is comparable to the uncertainties of∼5
ppm achievable by the SSNMR.34 Note that if experiments with
lower resolution are used, the classification level should be
reduced accordingly. For instance, the results in Figure 2 indicate
that at the level of∼20 ppm error in the SSNMR measurements,
the resolution of the classes of carbon is totally lost.

A serious concern associated with the analysis presented
above is to understand how the classification scheme depends
on the data set used in its determination. To address this issue,
11 compounds with an additional 132 sets of three principal
values was added to the data set. These compounds and their
calculated principal values are also included in the Supporting
Information. The hierarchical cluster analysis of this new
extended set of data did not change from the original classifica-
tion scheme presented above in any significant way. Both the
average values and standard deviations for the new set are within
the deviations observed in the original set. This is an indication
of the robustness of the classification scheme.

The results discussed above show that the hierarchical cluster
analysis produce quite satisfactory results for the analysis of
the sets of three principal values. Unfortunately, when the same
analysis is applied to the average or isotropic values the results
are much less satisfactory. The hierarchical cluster classification
of the isotropic chemical shifts of the 150 carbons included in
the original analysis leads to only five different classes. The
average isotropic chemical shift values for these classes of
carbons are given in Table 2. It is apparent from Table 2 that
the classification of isotropic values is less representative of
the chemical environment of carbons in PAHs. First, the number
of classes is smaller (five vs seven) than when using the principal
values of the chemical shift tensors. Second, the results in Table
2 show that there is very poor correspondence between the
isotropic classes and the type of carbons. For instance, the
isotropic class labeledA, with an isotropic value of 126 ppm
includes 44 C-H carbons and 25 bridgehead carbons and within
the C-H carbons there is no discrimination between those with
and without steric interaction. Similar problems are apparent
for the other isotropic classes, indicating that the use of isotropic
shifts alone to obtain structural information in PAHs is
problematic.

Conclusions

This paper demonstrates that it is possible to augment existent
experimental data of principal values of the13C chemical
shielding tensors with calculated values using modern compu-
tational techniques. The computational methods used here can
produce a large collection of principal values in a reasonably
short time with accuracy close to that obtained from experi-
mental methods. It should be pointed out that this method
appears to be invalid for those cases in which force field used

Figure 2. Hierarchical cluster analysis of the13C chemical shift tensor
principal values of the PAHs studied. The hierarchy includes clas-
sifications of from one to seven clusters. The number in square brackets
after the principal values is the standard deviation. Seven is the number
of significant clusters given by the “best cut” procedure. The seven
classes can be associated with the following types of carbons: I: C-H
aromatic carbons.II : C-H aromatic carbons that are subject to steric
strain.III : C-Ca aromatic carbons where Ca is an aliphatic carbon in
a planar configuration.IV : C-Ca aromatic carbons where Ca is an
aliphatic carbon in a nonplanar configuration.V: Bridgehead aromatic
carbons attached to two six membered rings and one five membered
ring. This is always a nonplanar configuration.VI : Bridgehead aromatic
carbons attached to three six membered rings in a planar configuration.
VII : Bridgehead aromatic carbons attached to three six membered rings
in a nonplanar configuration.
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for the geometry optimizations does not reproduce the molecular
structure. Such a case has been found in biphenylene, which
has not been included here.35

Using hierarchical cluster analysis techniques, it is possible
to analyze a large collection of principal values of the13C
chemical shift tensors of PAHs. This analysis leads to a
classification of the principal values that correlates well with
the intuitive classification of the carbon atoms according to the
common chemical criteria of hybridization and steric effects.
This classification method allows for a precise determination
of the characteristic sets of principal values for each type of
carbon. The classification scheme also provides standard devia-
tions within each class; these can be used as a measure of the
inhomogeneous broadening expected for each characteristic
NMR signal in complex mixtures of PAHs.

The comparison of the classification schemes obtained using
isotropic chemical shift values with the one using the full sets
of principal values shows clearly the advantages of using tensor
information when available. Although this claim has been made

many times based on qualitative arguments, the hierarchical
cluster analysis provides quantitative verification for the first
time.

The hierarchical cluster analysis method for classification and
its application to provide insight in the inhomogeneous broaden-
ing of 13C NMR signals can be extended to the analysis of other
types of carbons atoms, other NMR nuclei and even other
spectroscopic techniques without significant changes. This
method provides a systematic way to resolve problems encoun-
tered when trying to differentiate between homogeneous and
inhomogeneous broadening of spectroscopic signatures from
complex materials.

Acknowledgment. This research was partially supported by
the University of Utah Center for the Simulation of Accidental
Fires & Explosions (C-SAFE), funded by the Department of
Energy, Lawrence Livermore National Laboratory, under Sub-
contract No. B341493. The authors also acknowledge a generous
allocation of computer time on the CHPC systems and insightful
discussion with Dr. Byron Davis (CHPC) on classification
techniques.

Supporting Information Available: A list of all the
compounds included in this study and their calculated chemical
shift tensor principal values. This material is available free of
charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Smith, K. L.; Smoot, L. D.; Fletcher, T. H.; Pugmire, R. J.The
Structure and Reaction Processes of Coal,Chapter 4; Plenum: New York,
1994.

(2) Westbrook, C. K.Nineteenth Symposium (International) on Com-
bustion; The Combustion Institute: Pittsburgh, 1982, p127.

TABLE 1: Distance between the Centers of the Clusters Given in Figure 2a

a The notationn.m indicates the clustern in the classification usingm clusters. The distances between clusters in the same classification scheme
are given in bold in the diagonal blocks of the matrix. All values are in ppm.

TABLE 2: Classification of Isotropic Chemical Shifts

no. of carbons in the
principal values classesb

isotropic
class

average isotropic
chemical shifta I II III IV V VI VII

A 126 30 14 25
B 132 3 14 6 4
C 139 7 8 13
D 150 3 6
E 158 11 6

a All values in ppm, referenced to TMS.b The classes refer to the
classes described in Figure 2. These classes correspond to the
classification done using the same 150 sets of three principal values
included in the classification of the isotropic values.

13C Chemical Shift Tensor Principal Values J. Phys. Chem. A, Vol. 105, No. 31, 20017471



(3) Solum, M. S.; Pugmire, R. J.; Grant, D. M.Energy Fuels1989, 3,
187.

(4) Wu, X.; Burns, S. T.; Zilm, K. W.J. Magn. Reson. 1994, A111,
29.

(5) Hu, J. Z.; Wu, X.; Yang, N.; Li, L.; Ye, C.; Qin, K.Solid State
NMR 1996, 6, 187.

(6) Hu, J. Z.; Taylor, C. M. V.; Pugmire, R. J.; Grant, D. M.J. Magn.
Reson.2000, 142, 326.

(7) Hu, J. Z.; Solum, M. S.; Taylor, C. M. V.; Pugmire, R. J.; Grant,
D. M. Energy and Fuels2001, 15, 14.

(8) Solum, M. S. private communication.
(9) Facelli, J. C., de Dios, A., Eds.;Modeling NMR Chemical Shifts:

Gaining Insights into Structure and EnViroment, ACS Symposium Series,
732, 1999.

(10) Wishart, D.Clustan Graphics Primer: A Guide to Cluster Analysis;
Clustan Ltd.: Edinburgh, 1999.

(11) Gaussian 98, Revision A.7, Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;
Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,
J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; C. Peng, Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A. Gaussian, Inc., Pittsburgh, PA, 1998.

(12) Duncan, T. M.A Compilation of Chemical Shift Anisotropies;
Farragut Press: Chicago, 1990.

(13) Baldridge, K. K.; Siegel, J. S.J. Am. Chem. Soc.1999, 121, 5332.
(14) Rabideau, P. W.; Sygula, A.Acc. Chem. Res.1996, 29, 235.

(15) Winans, R. E., personal communication.
(16) DISCOVER User Guide, Molecular Simulations, San Diego 1996.
(17) Cheeseman, J. R.; Trucks, G. W.; Keith, T. A.; Frisch, M. J.J.

Chem. Phys. 1996, 104, 5497.
(18) Becke, A. D.Phys. ReV. 1988, A38, 3098.
(19) Perdew, J. P.; Burke, K.; Wang, Y.Phys. ReV. B 1996, 54, 16533

and references therein.
(20) Dunning, T. H.; Hay, P. J. InModern Theoretical Chemistry;

Schaefer, H. F., III., Ed.; Plenum: New York, 1976, p 1.
(21) Wolinski, K.; Hinton, J. F.; Pulay, P.J. Am. Chem. Soc.1990, 112,

8251.
(22) Ditchfield, R.Mol. Phys. 1974, 27, 789.
(23) London, F.J. Phys. Radium1937, 8, 397.
(24) Grant, D. M.; Liu, F.; Iuliucci, R. J.; Phung, C. G.; Facelli, J. C.;

Alderman, D. W.Acta Crystall.1995, B51, 540.
(25) Jameson, A. K.; Jameson, C. J.Chem. Phys. Lett.1981, 134,461.
(26) Appel, J.; Bockhorn, H.; Frenklach, M.Combust. Flame2000, 121,

122.
(27) Wishart, D.J. Comput. Sci. Stat.1998, 30, 257.
(28) Wishart, D.J. Comput. Sci. Stat.1997, 29, 48.
(29) Arabie, P.; Hubert, L. J. InClustering and Classification; Arabie,

P., Hubert, L. J., De Soete, G.,Eds.; World Scientific Publ.: River Edge,
New Jersey, 1996, 5.

(30) Milligan, G. W. InClustering and Classification, Arabie, P., Hubert,
L. J., De Soete, G., Eds.; World Scientific Publ.: River Edge, New Jersey,
1996, 341.

(31) Mojena, R.Comp J.1977, 20, 359.
(32) Mojena, R.; Wishart, D.COMPSTAT, 426.
(33) Excel program, Microsoft 1999.
(34) Orendt, A. M. InEncyclopedia of Nuclear Magnetic Resonance,

Grant, D. M., Harris, R. K., Eds.; John Wiley: London, 1996, 1282.
(35) Barich, D. H.; Orendt, A. M.; Pugmire, R. J.; Grant, D. M.J. Phys.

Chem. 2000, A104, 8290.

7472 J. Phys. Chem. A, Vol. 105, No. 31, 2001 Facelli et al.


