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Two hundred and twenty-three aromatic carboarbon bond lengths in high precision crystal structures
containing 22 planar condensed benzenoid polycyclic aromatic hydrocarbor$@Hs) were related to

the Paulingr-bond order, its analogue corrected to crystal packing effects, the number of hexagonal rings
around the bond, and the numbers of carbons atoms around the bond at topological distance one and two.
Principal Component Analysis (PCA) showed that the bond lengths inH3-s are at least two-dimensional
phenomenon, with well pronounced classification into 12 types of bonds, as confirmed with Hierachical
Cluster Analysis (HCA). Consequently, Multiple Linear Regression (MLR) and Partial Least Squares (PLS)
models were superior to univariate models, reducing the degeneration of the data set and improving the
estimation of Julg’s structural aromaticity index. The approximate regression models based on topological
descriptors only were built for fast and easy prediction of bond lengths and bond orders-PAPS.

1. INTRODUCTION nonplanar PAHSs, helicenes, even graphite and conjugated
molecules as ethylene and butadiene) and in some cases
without experimental accuracy, as unidimensional functions
of the Paulingz-bond ordeipe, logpe, other functions ope,

It is well-known that due to the size of atoms the chemical
bond lengthsl in organic molecules are usually-2 A (with
: . AN
relative experimental error of structural determinatie®1%), other bond orders, or topological indices® But today, as

and carbor-carbond's are usually 1.21.6 A For planar . :

; . experimental techniques are more advanced than some two-
and nearly planar benzenoids (condensed benzenoid pOIy'three decades ago, usually new effects such as crystal packin
cyclic aromatic hydrocarbons, PBPAHS) thed range is 90, y rystal p 9

1.33-1.48 A (10% variation¥. The variations ind usually effects, temperature, phgse, quality of the crystal, and_the
reflect differences in charge distribution around the bonds measurement affect the final _res_ults of structu_ral determina-
and so bond lengths can be useful in structural, QSAR, O’rtlons. So what before was all inside the experl_mental errors,
theoretical studies. Logical questions appear, like the fol- gg\évjﬁfr:givtnovgeriggltésmatlrk:])einaitki)si?ucs ocl:fet;(c?r:adngentalnlénown
lowing: Which properties, molecular descriptors (in fact, ’ y g

bond descriptors), defind? Isd one- or multidimensional orc'je.r relaponsmps see7m to be more clegr a’?d rather
phenomenon? How to predict rapidly and easily, with unidimensional probler#. Then, which analysis, univariate

or multivariate is preferred? Somebody interested in bond
enough accuracy’ length predictions, especially a nonspecialist in graph theor
Why to study carborrcarbon bonds? PBPAHS, their gih p » €SP Y b grap y

derivatives, fragments, and heterocyclic analogues are widel or quantum chemistry, would ask is highly accurate predic-
abundant i'n sgnthetic’ and natural );ubstancegs especiall i):]tlon of d possible, or if not, then is there at least any fast
. : y oo : €SP Y Mnd approximate prediction dfandpp without complicated
biological systems as the following: organic solvents, procedures
environmental carcinogens and mutagens, DNA-intercalators, : .
- : S . Bond lengths and other structural variables derived from
constitutive parts of various drugs, nucleic acids and proteins, o -
o . bond lengths are the structural criterion of aromaticity, one
vitamins and coenzymes, etc. Intra- and intermolecular - P :
; . S . of the main aromaticity indice’$- 22 By other words, various
(hetero)aromatic-(hetero)aromatic stacking interactions of . . o !
- ; indices on bond lengths equalization should point out how
PB—PAHs and analogue fragments stabilize chemical and X
. . . ; much some molecule, or ring, or other molecular fragment
biological systems, especially in crystal phas&hen,

’ ) . is aromatic, being closer or farther from benzene in the
naturally, how to rationalize aromatic<C, C-N, C~Oand 00 o7 alectron delocalization. In general, variation in
other d's if not starting with PB-PAHs as the simplest 9 "9 4

-systems besides hexagonal gragHitend fullerenes®? bond lengths of aromatic hydrocarbons (0.1 i& less than

Mor s studied of PAHS or heter lic anal minimum variation between formal single and double bonds
ore papers st 0 S Or NELerocyclic analogues, - i, 4 ntiaromatic hydrocarbons (0.21%. Although being
sometimes as heterogeneous sets (including planar an

mportant, the structural aromaticity indices are not enough
. - 21
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3023; e-mail: rudolf@igm.unicamp.br. As has already been said, the accuracy of the experimental
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Brazil. criteria may affect the quality and parameters of the
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predictions. Cambridge Structural Database (CS&ntains b. Calculation of the Bond Descriptors for the Training/
enormous number of crystal structures including-fFFB\Hs Validation Set and the Variable Selection.The bond
and other aromatic molecules in their crystals, in crystals of descriptors were calculated without computer assistance as
molecular complexes, in crystals where these molecules arefollows:
solvates, clathrates, or ligands bound to metals. The number - ps bond orders by empirical 2’ or Randicmethod27:28
and the quality of PAHs structures in CSD seems to be a for those molecules if not known from literature
function of time. In his work in 1974 Herndéhused 13 - Per bond orders;pP corrected to Crystal packing effects
PAHs with 100 unique (symmetrically independent) bonds, (described below)
having average experimental estimated standard deviations - n number: the number of C atoms around the bond
on bond lengther = 0.008 A, the correlation coefficiemt (topological distancé, = 1)
betweend and the Pauling-bond ordempe beingr = 0.92, - mnumber: the number of hexagons around the bond
and the average deviation of calculated .from expenmental -1 number: the number of C atoms around those atoms
dwasA = 0.009 A. Herdon and Parkafyised practically counted fom number f, = 2)
the same set in 1976. Paulingtudied nine molecules with K .

. ; T - k number: the number of C atoms around those atoms
82 unique bonds in 1980. Kiralj et #l.made a new search counted forl number to = 3)
in CSD October 1995 Release finding 14 PBAHs with b

124 unique bondsy = 0.006 A,r = 0.898,A = 0.010 A. - analogous npmberisj, v at topological distances 4, 5,
The next sear¢fin CSD April 1996 Release resulted in 16 6 from the considered bond o
molecules with 147 bonds; = 0.005 A,r = 0.905,A = - M numbers:m number corrected by adding its square,
0.010 A. The last searéin CSD October 1998 Release gave With coefficients found from parabolic fitting td, pe, and
17 molecules and 153 bonds= 0.005 A,r = 0.910,A = Per

0.010 A. It is obvious that extensive mining in CSD and the - ler NUmMbers: | number corrected by adding its square,

most recent literature (for the newest structures which are €UPe, fourth to sixth powers, with coefficients found from
not yet in current CSD Release since it is updated biannually) SXth-order polynomial fitting tad, pe, and per

and update ofl-pe study is recommendable. Besides, from  The estimation ope bond orders was based only on the
the statistical point of view, increase of data can reveal some first valence-bond approximation: only ground state (Kékule
new trends which have not been observed before. Here we'€Sonance structures were included with the same weight.
extend previous studi&s® by updating the set of experi- Even in the case of formally single bonds, the first nonioniq
mentald’s for PB—PAHSs, use multivariate versus univariate €xcited (Dewar) resonance structures were excluded, in
techniques to classify the bonds by Principal Component contrary to Pauling.

Analysis (PCA) and Hierarchical Cluster Analysis (HCA) Then, m, 1, ki, j, » numbers can be considered topological
and to predict bond lengths using Multiple Linear Regression descriptors (indices). Stoichétfshowed that €C bond
(MLR) and Partial Least Squares (PL%¥5 This study can lengths in organic molecules depend linearly on thg n'umber
be considered QSPR (Quantitative StructuPeoperty Re- of c_arbon atoms bound_to the bond u_nder study. This integer
lationship) since it relates experimental properties measuredvariable (here index) includes environmental effects as
by X-ray or neutron diffraction methods to counted/calculated qrb|tal hybr|d|zat|op,. electron dglocallz.ano_n, steric interac-
descriptors. The matter can be characterized also as structurONS. electronegativity, and ionic contribution to bondifig.
correlation as variables in question are structural, electronic, APPIYing this idea to formal €C bonds* in organic

or topological derived from 2D (chemical schemes) and 3D crystald the lineard-n relationship is shown to be fairly well

(experimental geometries) structures of-FBAHS. establishedr(= 0.967, average deviation = 0.009 A).
This justifies estimation afi and other topological descriptors

for PB—PAHSs.
The maximum crystal packing effect on bond lengths

a. Database Mining. The search for the best crystal (shortening or lengthening of a bond) is considered to be
structures (crystallographie < 0.07, other criteria as defined ~ @pproximately 0.0+0.02 A% In the case of PAHs, where
beforé*-19) in CSD December 2000 Reled$and in the most of intermolecular contacts are of the typel..H,
most recent literature (1992001) was performed. The H...H, C()...C(x), C(7)...H, the maximum crystal packing
values and their estimated standard deviatiensvere effect is even smaller. Investigating this effect in the set of
averaged over maximum (gas phase) molecular symmetr studied molecules by comparing the bonds which \{vould be
and later on treated as unique bonds. For example, in theSymmetrically equal in gas phase (structures with CSD
case of benzene whose molecule Gagcrystallographic) ~ REFCODEs: KEKULN10, BENZEN, PENCENOL, see the
symmetry and three different values for bond lengths, the list O_f R_EFCODES n Appendix), using a method reported
bonds were averaged &= (ch + dy + ds)/3 and their by Birgi,* the following was concluded: shorter the bond,

- -~ harder to deform it, so the crystal packing effect is
estimated standard deviations as= + 0, + 03)/3 to . ‘ X
I viatl (01 + 02 + 03) eproportlonal tope and can be considered being 0.001 A as

minimum and 0.007 A as maximum. Calculategls from
d - pe linear relationship showed that, when compared to
experimentald’s, pe should be corrected in this way:

2. METHODOLOGY

with Den Symmetry. This way of averaging, although not
being statistically correct, treats all the unique bonds with
the same weight, and from the point of view of chemical
crystallography is justified. A few PBPAHSs with structures 0.
in CSD not suitable for the training/validation set were Per=Pp= Pp if [d —dc| = 0.001 A

chosen for the prediction set. (no change in crystal)
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Py =a, pp+ b, =pp if d—d; > 0.001A
(bond is shortened in crystal)

Py =2a,Pp+b,=pp" if do —d > 0.001 A
(bond is lengthened in crystal)

wherea; = 1.041,a, = 0.959,b;, = 0.007,b, = —0.007.

Numerical (correlations with > 0.5) and graphical studies
of bond length-bond descriptor relationships were per-
formed. Also, polynomial fits oh, m, I, k to d, pp, andpcr
made clear thain, andl could be used. Thus, the bond
descriptors utilized in the further study wepg per, n, m, I,
Mer, lor. Parabolic, logarithmic, and Pauling cufv@f the
form 1.84/(0.84x +1)) fits of pr andpe; were also performed.

c. The Statistics of the Data Set Degeneratioffwo bond
lengthsd; and d, from crystal structure determination are
considered not to be significantly different (or “equal”) at
0.99 probability level (normal distribution of the bond lengths
in crystal is assumed) if

q=|d, — dyl/[0°(dy) + o*(d,)]"* < 2.58

whereo(d;) ando(d,) are estimated standard deviations of
d; andd,, respectively’® The degeneration statistics in this
work is considered as the study of degenerated bond lengths
i.e. those which have the same value of one or more bond
descriptors. This wayd-pe, d-pe, d-(Pp, Pery N, M, 1)

relationships were studied. The data set was rearranged s
that the bonds with equal values of considered descriptors

come to the same group. Inside the groups, the number of

comparisons (to see if the bonds are equal or not) was
counted, and in some cases correspondjnglues were
estimated. Some other statistical parameters were calculate
for the d-(pe, per, N, M, I) degeneration (see Results and
discussion) using Matlab 5%4.

d. Classification of the Bonds. Principal Component
Analysis and Hierarchical Cluster Analysis were performed
on training/validation autoscaled data sets. Pirouette®3.01
was employed. The identification of structural fragments
around the bond, based on HCA dendogram and-H&12
score plot, was performed. PCA for the prediction set was
also carried out.

e. The Validation of the Regression ModeldUnweighted
linear regression (LR) models for calculationdyfoased on
bond ordersgp andp,,, were performed using Matlab 534.
Unweighted MLR models for predictingwere build using
the data setsn( m, I), (n, m, |, me, ler), (Ppy Per, N, M, 1), and
(Pey Per, N, M, |, Mgy, ler). MLR was performed by Matlab
5.43% Due to correlations between the bond descriptors,
Principal Component Regression (PERy with all the
Principal Components (PCs) was performed as equivalent
to MLR. The PLS models were established in the very same
way as MLR models. The MLR and PLS models were built
to predictpe andpe, using f, m, 1) and f, m, I, mg,, l¢;) data
sets as variables. Besides the standard validation paramete
average deviatiolh and average] = Al/o were used. The
analysis was performing by Pirouette 3$®tn autoscaled
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same way as for the training/validation set. The corrected
Paulingzr-bond ordep. was calculated for both the training/
validation and the prediction set, based on statistics observed
in HCA/PCA analysis of the training/validation set. The
procedure was performed in the following steps.

(1) Calculation of the number of unique bonds which
should be unchange@{), shortenedgr"), and lengthened
(pp™) with respect to their calculated bond lengths froipe
linear relationship. The ratio of these bonds shouldds®:(
(pe):( ppt) = 10.3%:45.3%:44.4% as is for the 223 bonds.

(2) Initial bond distribution betweempg") and @p"). It is
preferred to choose bonds with= 4 for (ps"), especially if
they occur closer to the molecular center or having greater
neighborhood at topological distange= 2—4. For p) is
the opposite: bonds with = 2, far from molecular center,
with more hydrogens ab = 2—4 are preferred. The rest,
especially bonds witim = 3, should be distributed between
(P=), (pr), and s").

(3) Assigning the bonds forpg?). All the rest are
candidates for). At first, the bonds should be tested if
satisfying the relationship + m + | = 15.574-11.253pp
found in the training/validation set for alp{’) bonds ¢ =
0.716). Those bonds predictimg+ m + | with 0 or 1 as
deviation from countedh + m + | should remain for the
further elimination step. Here, the bonds are rejected if their
n+ m+ | numbers are not main characteristics of the classes
1=V, VIII, X =Xl in PCA of the training/validation set (see
Results and Discussion). If there are still more candidates

®han required, what could be possible due to high degenera-

tion of the data set, bonds havingt- m + | different from

10 or 11 are rejected (the average+ m + 0= 10.6 for

the training/validation set). Further elimination criteria are
onditonsh=3+ 1, m=2+ 1,1 =5+ 1 (the average
alues of the training/validation set are 3.2, 2.2, and 5.1,

respectively). At the end of the numerical elimination, it is

required than =3, m=2,| = 5.

(4) If still there are more candidates than required, the
distribution of the bonds for the three ways of calculating
per should be done optionally: to sign bonds with greater
neighborhood asptt), more isolated bonds ags(), and
some middle cases (frequently with= 3) as @°). This
way, some information on crystal packing effects was
introduced into the prediction set. It is worth to note that
the relations used here are not accurate, and so it can result
in some loss of original information.

g. Predicting the Bond Lengths.The simplest and the
best multivariate model was used to predict the bond lengths
of the prediction set by Pirouette 3.87l1As an additional
validation of the prediction, the predicted values were
compared to the experimental data.

h. Julg’s Aromaticity Index as Additional Validation
Parameter. The multivariate model applied on the prediction
set was compared with lineat-pr and d-p;; models by
calculating the Julg’s structural aromaticity ind&% A and
gverage bond lengtliJusing expressions

A=1-— 255 [S/d]?

data and leave-one-out crossvalidation was used for PLS and

PCR models.
f. Calculation of the Bond Descriptors for the Predic-
tion Set. Bond descriptorge, N, m, | were counted in the

S =73 [d — @I/N
o[y = [% o*(d)] "IN
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o(2) = [ (d — MO 0%(d)/=? + N o([dD)] > (Table 1) with average = 0.005 A. This data set was treated
Y ' as the training/validation set. Furthermore, five low precision
o(A) = 510 [£2 oA(=)/@d + = oz(ﬁli[j/miﬁ]m crystal structures of PBPAHs (Figure 2) with 86 sym-

metrically independent €C bonds were used as the predic-
whereo's are standard deviations 6] = andA, 3 is the tion set. This way, bond lengths from these five structures
standard deviation of the data s&t[dand their errors were ~ could be compared with predicted values, rather than making
calculated for the molecules, including all unique bonds with Prediction for bond lengths without experimental values.
their multiplicities. Original, unaveraged bond lengths as well ~ The training/validation set consists of 12 catacondensed
as bond lengths corrected to thermal motion were used forand 10 pericondensed PBAHs, with variation in size from

some molecules. 1 to 15 hexagonal rings and-®2 carbonr-carbon bonds.
The prediction set has one catacondensed and four pericon-
4. RESULTS AND DISCUSSION densed molecules, ranging from 4 to 11 rings and-23

. nds. In h he number of ringnis~ 4 + 4 n
The molecules under study are schematically presented\?v%e?:nb isbt(r)fe :uertnséér if (;Cbt?on?js gns 0

in Figures 1 and 2. The results of PCA, HCA, and PLS are . .
illustrated in Figures 36. Table 1 contains experimental, The bond lengths follow a normal distribution with almost

calculated, and predicted QSPR data for aromatic bonds in50% of the bonds in the range 1.405.435 A and over 90%

PB—PAHSs. Bond lengthrbond descriptor correlations are within 1.360-1.450 A. The shortest_ bond is 1.331(2) and

presented in Table 2. The PCA results for the training/ the longest 1.484(6) A, corresponding to pure double and

validation set are in Table 3. The regression models are formally single bond, respectively, which gives the maxi-

compared in Table 4, and the experimental and calculatedMum difference in lengths 0.153(6) A.

(by models 1, 2, 8) structural aromaticity indices are in Table  b. Bond Length—Bond Descriptor Relationships for the

5. Training/Validation Set. Table 2 shows that nonlinear
a. Database Mining Results.The CSD and recent regressions including bond orders and p. are not

literature mining resulted as follows. There were found 22 significantly better than LR models, although they have been

high precision crystal structures containing 22-FBAHs used in the literaturé!®*” The topological indices, m, I,

(21 from CSD October 2000 release, one from the most my, = m + an¥, I, = | + al>+ bl® + cl* + dI® + el® are

recent literature, Figure 1), what comprised 223 sym- those used for the regression models. Among polynomial

metrically independent (unique) aromatie-C bond lengths regressions, only those containing, and I, satisfied the

OV 0 R XD

NAPHTA10
ANTCEN10 PHENANOE PENCENO1

benzene naphthalene anthracene

TRIPHE11 CRYSENO1 DUPCIA10 1.2.3-pgrsipentaphens

& d &
A triphenylene chrysene BNPERY02 coronene

“ a benzofghiperylene

C - . a_ i

\/

PERLENO3
perylene 1,2,5,6-dibenzanthracene

BNPYRE10

34-benzopyrene

PINZOB KEKULN10 YOFCUR

dibenzo{fy.opjtetracens Kekulene benzo{1,2,3-be:4, 5,6, c]dicoronene

Crystal packing effects:
=== bond shortening {p.)
=== no change (p")

== pond lengthening (s")

Figure 1. Molecules of the training/validation set represented by Kelsitectures, bond numeration, crystal packing effects, IUPAC
names, and literature sources.
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BZAPRM10

DBPERY
benz[a]anthracene

2,3,8,9-dibenzoperylene

BEANTH
OVALEND1

ovalene

TBZHCE

tetrabenzo[de,no,st,c’,d'lheptacene

Crystal packing effects:
=== bond shortening (p;")
=== no change (p;%)

=== bond lengthening (p;*)
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atoms on the bond under consideration. By other words, the
bond neighborhood of the size and shape of ovalene (Figure
2) ends after this limit.

There is a degeneration of data in terms df— pp
relationship as already noticéd® there are morel values
(with differences beyond the experimental err@ysvith the
samepp values due to structural variations in the chemical
bond, packing forces, unknown experimental errors, and
other effects. This degeneration is more pronounced as the
data set increases, and exists even in heterocychef?81s
analogueg:®>The previous studyon 17 PB-PAHs with 153
bonds revealed that 145 bonds are degenerated in 18 groups.
There was a total of 682 comparisons between the bond
lengths in the groups} ranging up to around 12. About 30%
of the comparisons had > 2.58, implying the need of
multivariate analysis. The most populate groups were those
with pp = 0.300 and 0.500 (9 bond$) = 0.400 (10 bonds),
and pr = 0.333 (27 bonds). This high degeneration was
expected as a consequence of the first valence-bond ap-
proximation, where only ground-state resonance structures
with the same weight were used to calculpte The set of
22 PB—PAHSs in this work is even more degenerated, having
216 degenerated bonds spread in 40 groups. There are 1040
comparisons, and around 30% of them are significantly
different, @ > 2.58. The most populated groups are those
with pp = 0.200 (10 bonds)pr = 0.300 (12 bonds)pe =
0.333 (28 bonds)pr = 0.400 (19 bonds)ps = 0.500 (17
bonds), angb» = 0.667 (11 bonds). These six groups can be
easily observed if the groups averalgh(including the
seven one-membered groups) is plotted vs their population
fyr (rangingldy = 1.37—1.45 A) in normal distribution with
maximum at 1.417 A g = 0.333). The bond lengths
variability inside the groups is observed easily when studying

Figure 2. Molecules of the prediction set represented by Kekule the standard deviation of the groug. Theog values reach
structures, bond numeration, crystal packing effects, IUPAC names, maximum value of 0.034 A. They vs fy plot shows that

and literature sources.

|
i - II_

P2 -

EY

vin
W x

PC1

Figure 3. The PCA plot of the samples grouped into 12 groups

and colored analogously to Figures 1 and 2.

conditionci/o(c) = 2.58 wherec; and o(c) are regression

coefficient and its statistical error, respectively.

The correlation betweed and topological indices de-
creases linearly in the orderl-k (Table 2) and continues
decreasing curvilinearly in ordé+j-v (r = 0.062;—0.034;
—0.067, respectively). This reguletp relationship indicates

the group standard deviations are mainly in the range 6:005
0.018 A, with this maximum at 1.417 Ao = 0.012 A).
On the other side, the pladfiyCvs oy reveals three main
regions with maximum inog. One is related to highly
localized double bonds (ranging 1:37.35 A, the highest
peak of 0.017 A is at 1.347 A), the other is placed around
the benzene value 1.390(9) A (ranging 3740 A, having
the peak of 0.030 A at 1.388 A), and the third is after the
graphite value 1.422(1) A (ranging 142.47, with the peak
0f 0.034 A at 1.430 A). Besides that, the maximum difference
between bond lengths in a grouf, reaches 0.078 A.
Although 65% of comparisons belong to the six mostly
populated groups\y is high also for low populated groups.

Multivariate models should decrease the degeneration of
the data. Introducing crystal packing effeqts,becomes a
two-dimensional function as it depends on bgih and
corrections for the packing effects. THep,, relationship is
characterized by 188 degenerated bonds in 48 groups. The
most populated classes are those wpith= 0.353 (13 bonds)
and p; = 0.313 (12 bonds), indicating that the highest
degeneration is still at the graphitic bond region. There are
447 comparisons altogether.

When considering the degeneration with respect to the set
(Pp, Per, N, M, 1), 111 bonds in 44 groups are found as
degenerated. There are only 98 comparisons, which means

that aroundp = 5 (approximately 5 A, what corresponds to  9.4% of the initial number of 1040. Maximum = 6.36,
ovalene, Figure 2) there is no more influence of carbons and there are only 2.2% of 1040 comparisons wjith 2.58.
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pPC2

Vi n=3

m n+ m+ I=1

m+

n=2 Wroon=3
n+ m+ =10

J. Chem. Inf. Comput. Sci., Vol. 42, No. 3, 20&13

Wi
n+

n=3or4
m+ [=100or11

PC1

Figure 4. The PCA classes of €C bonds. The dominant common fragments and bond descriptors are shown.

IV,V,VLVI |

LI |

Figure 5. The HCA dendogram showing the distribution of classes
I=XII.

This nicely illustrates how multivariate analysis is a powerful
tool even when experimental errors are included into the
study.

c. PCA and HCA Study of the Training/Validation
Data Set. Table 3 presents the results of PCA on bond
descriptors e, per, N, M, ). It is clear that the aromatic
carbon-carbon bond length in PBPAHS is at least two-
dimensional phenomenon (96.5% of the total variance
explained by the first two PCs), which is in accordance with
the early observations by Dewar and Gleiséhen aromatic

variation in bond lengths. On the other side, expected high
correlations betweepe and p, and moderate correlations
betweenn, m, | (it can be shown that for a givem only
definite values ofmare possible, and the same is valid with
respect td for a givenm) explain the successful compression
of the data. Includingn, andl into the data set does not
increase information in PC1 and PC2 but rather makes less
clear the relationships among the samples and the variables.
Furthermore, all the bond descriptors are important for PC1
and PC2 (i andp.; have high negative values at PC1 while
n, m, | have positive).

There are 12 €C bond classes (lines-IXIl in Figure
3), in general well characterized by numipet m + | which
increases as PC1 increases. For classéi$ h = 2, for IV
and Vn = 3, for IX-XIl n= 4, and VEVIII disturb the
regularity. The bonds are arranged in a strict two-dimensional
pattern, in parallel lines and inside the lines. The dominant
structural fragments in Figure 4 help to visualize the both
trends. The neighborhood of particular-C bond becomes
denser (less hydrogens and empty space, more carbons
around) as PC1 increases and PC2 decreases (Figure 4). This
behavior has some analogy to that one in the above
discussion on bond lengttbond descriptor relationship. The
bigger the bond neighborhood, the longer the bond and the
closer to the graphitic bond. Having many carbons around,
the bond becomes far from hydrogens, and it seems like there
are graphitic fragments inside the molecules, which can be
concluded when bond lengths are considered inside coronene
and its derivatives. The bonds with one or two hydrogens
seem to undergo more single berdbuble bond alternation.
The bonds which are formally single have no Kékule
structure in which they would be double. That is why the

bond lengths. PCA on the prediction data set (using the same223 bonds show complex behavior. It is interesting to note
descriptors) confirms this observation. Even Herndon and that the training/validation set contains bonds in all theoreti-

Pakanyi® realized thapp bond order described at most 85%

cally possible classes appearing in PIBAHs (12 classes
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Figure 6. The PLS plot for model 8, colored in the same way as in Figure3.1

defined byn, m, | numbers). The same is with the prediction is used in logx form. The use of squares g Or per
set. Observing the results of PCA in Table 3 and applying (parabolic regression) slightly improves the model. The most
to Figure 4, the regularity between the lines and inside eachreasonable choice are linear models, among which model 2
one can be rationalized. The bonds are affected more byshould be the preferred one (Table 4).
topological descriptors and not much by bond orders if PC1  The regression equatiafiA = 1.467(2)— 0.147(5)pe is
increases (botm andn + m + | increase, the bonds are not different than those in the previous wofk$:!®> The
more surrounded by carbon atoms). The opposite is whencoefficientb?1415is greater than by Herndéhand Herndon
PC1 decreases (terminal bonds depending practically on bondand Pakanyi® since they included conjugated species such
orders only). When PC2 increases, the bonds are affectedas ethylene and butadiene and even graphite. The equation
by bond orders and topological descriptoso that the bond  [@W/AO= 1.470-0.153pe for the 47 groups of degenerated
gets shorter and has less carbons around iy &t 3. By data (see the above discussion on the degeneratidipef
other words, molecular fragment around the bond varies in relationship) is much less multidimensionak 0.969), due
its shape becoming more symmetric and compact and lesgo loss of information when averaging tlaks. This again
branched if PC2 increases. In this sense, we can outline thatonfirms thatd is not a univariate problem.
PC1 is more connected to bond length and PC2 with the The analogous regression equatidid = 1.470(2) —
shape of molecular neighborhood (what is equivalent to the 0.151(4)p.r usesper values based on analytical corrections
bond position in a molecule). of pp as described in the methodology section. All regression
Colored Figures 1 and 2 show the distribution of the bonds parameters (Table 4) show that it is better to pgénstead
with ps°, pe*, and pe™, i.e. not changed, lengthened, and of pe. Besides, whermp, was calculated by procedure as
shortened bonds in crystal with respect to the predicted valuesrecommended for the prediction set, some information was
based orpr only. A general conclusion can be outlined that lost so the resultingl-pr correlation was not significantly
most of the inner bonds are lengthened and the outer arebetter thard-pp (r = —0.899). This confirms that, although
shortened. Such a discrimination inr—C aromatic bond  complicated, the procedures to calculpiefor the training/
lengths in bond lengthbond order relationship studies has validation and the prediction sets were not based on wrong
never been observed before. This phenomenon could beassumptions.
partially originated from molecular structure effects (de- e. Multivariate Regression Models. The models for
scribed byn, m, | bond descriptors) and crystal packing effect prediction ofd (training/validation set) reaches= 0.96
(see the discussion on PLS models). Figure 3 demonstrategmodels 110, Table 4). The best and the most parsimoneous
the same color classification of the bonds. The lengthenedmodel to propose is model 8 presented in Figure 6. The
bonds are more frequent as PC1 and PC2 increase, thealculated and predictadivalues for this model are in Table
opposite is with the shortened bonds, while bonds without 1. It is obvious thatn, andl.; do not bring new information
change are almost uniformly distributed in the P&IC2 and that without the bond orders the models get worse. MLR

space. Figure 4 also helps to understand this trend. models with many variables hawdo(c) > 2.58, although
Bond variables form two clusterspg per) and g, m, 1), numerically it can be avoided by performing the equivalent

in HCA. In general, C-C bonds are grouped in classes ina PCR. PLS with just a few PCs (two or three) would be the

similar way as in PCA (Figure 5). simplest and the best model, containing compressed and the

d. Univariate RegressionsThe prediction ofl (training/ most significant information, and high correlations between
validation set) using bond orders reaches 0.94 whenp. the bond descriptors are eliminated. The multivariate predic-
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Table 1. Carbor-Carbon Bond Descriptotdor Planar Benzenoid PAHs

no. molecule bond Pe Per n m I Gy A deaidA olA
1 benzene a 0.500 0.527 2 1 2 1.390 1.384 0.009
2 naphthalene a 0.333 0.353 2 1 2 1.407 1.405 0.002
3 b 0.667 0.667 2 1 3 1.371 1.365 0.002
4 c 0.333 0.313 3 2 4 1.422 1.418 0.002
5 d 0.333 0.313 4 2 4 1.420 1.424 0.002
6 anthracene a 0.500 0.500 3 2 5 1.395 1.396 0.003
7 b 0.250 0.250 4 2 4 1.432 1.433 0.003
8 c 0.250 0.267 3 2 4 1.428 1.426 0.003
9 d 0.750 0.787 2 1 3 1.353 1.353 0.004
10 e 0.250 0.267 2 1 2 1.418 1416 0.005
11 phenanthrene a 0.800 0.839 2 1 4 1.338 1.347 0.005
12 b 0.200 0.215 3 2 4 1.422 1.432 0.007
13 c 0.400 0.377 4 2 5 1.413 1.416 0.007
14 d 0.400 0.377 3 2 4 1414 1.410 0.004
15 e 0.600 0.631 2 1 3 1.349 1.372 0.008
16 f 0.400 0.423 2 1 2 1.381 1.397 0.009
17 g 0.600 0.631 2 1 3 1.376 1.372 0.004
18 h 0.400 0.423 3 2 5 1.391 1.407 0.007
19 i 0.200 0.185 4 3 6 1.454 1.444 0.006
20 tetracene a 0.200 0.185 4 2 4 1.442 1.440 0.002
21 b 0.400 0.423 3 2 5 1.405 1.407 0.002
22 c 0.600 0.569 3 2 5 1.388 1.386 0.002
23 d 0.200 0.185 4 2 4 1.441 1.440 0.002
24 e 0.200 0.215 3 2 4 1.434 1.432 0.002
25 f 0.800 0.800 2 1 3 1.349 1.349 0.002
26 g 0.200 0.215 2 1 2 1.415 1.422 0.002
27 triphenylene a 0.111 0.100 4 3 6 1.469 1.455 0.008
28 b 0.444 0.419 4 2 6 1411 1411 0.009
29 c 0.444 0.419 3 2 5 1.405 1.405 0.009
30 d 0.556 0.556 2 1 3 1.385 1.379 0.010
31 e 0.444 0.469 2 1 2 1.390 1.391 0.011
32 chrysene a 0.500 0.473 4 2 6 1.402 1.404 0.002
33 b 0.250 0.233 3 2 5 1.437 1.428 0.002
34 c 0.750 0.787 2 1 4 1.331 1.353 0.002
35 d 0.250 0.267 3 2 4 1.417 1.426 0.002
36 e 0.375 0.353 4 2 5 1.417 1.419 0.002
37 f 0.375 0.353 3 2 4 1.415 1.413 0.002
38 g 0.625 0.657 2 1 3 1.361 1.369 0.002
39 h 0.375 0.397 2 1 2 1.392 1.400 0.002
40 i 0.625 0.657 2 1 3 1.370 1.369 0.002
41 j 0.375 0.397 3 2 5 1.409 1.410 0.002
42 k 0.250 0.233 4 3 6 1.453 1.438 0.002
43 pyrene a 0.833 0.833 2 1 4 1.347 1.345 0.004
44 b 0.167 0.181 3 2 4 1.429 1.436 0.004
45 c 0.333 0.353 4 3 6 1.417 1.425 0.003
46 d 0.500 0.473 3 2 4 1.400 1.398 0.004
47 e 0.500 0.527 2 1 3 1.380 1.384 0.005
48 f 0.333 0.313 4 4 8 1.423 1.432 0.003
49 perylene a 0.333 0.313 4 2 6 1.426 1.424 0.002
50 b 0.333 0.353 3 2 4 1411 1.415 0.002
51 c 0.667 0.701 2 1 3 1.359 1.363 0.003
52 d 0.333 0.353 2 1 3 1.393 1.405 0.002
53 e 0.667 0.633 3 2 5 1.384 1.378 0.002
54 f 0.333 0.313 4 3 7 1.429 1.428 0.002
55 g 0.000 —0.007 4 3 6 1471 1.468 0.002
56 1,2,5,6-dibenz- a 0.500 0.527 3 2 5 1.391 1.394 0.002
57 anthracene b 0.333 0.313 4 2 5 1.426 1.424 0.002
58 c 0.167 0.181 3 2 4 1.438 1.436 0.002
59 d 0.833 0.874 2 1 4 1.338 1.343 0.002
60 e 0.167 0.181 3 2 4 1.436 1.436 0.002
61 f 0.417 0.393 4 2 5 1.413 1414 0.002
62 g 0.417 0.393 3 2 4 1412 1.408 0.002
63 h 0.583 0.614 2 1 3 1.360 1.378 0.002
64 i 0.417 0.441 2 1 2 1.403 1.395 0.002
65 j 0.583 0.614 2 1 3 1.373 1.374 0.002
66 k 0.417 0.417 3 2 5 1.406 1.406 0.002
67 | 0.167 0.153 4 3 6 1.455 1.448 0.002
68 m 0.500 0.473 3 2 5 1.397 1.398 0.002
69 picene a 0.308 0.327 4 3 6 1.429 1.429 0.007
70 b 0.462 0.488 4 2 6 1.388 1.405 0.009
71 c 0.231 0.247 3 2 5 1412 1.428 0.009
72 d 0.769 0.731 2 1 4 1.367 1.355 0.008
73 e 0.231 0.247 3 2 4 1.410 1.428 0.010
74 f 0.385 0.362 4 2 5 1.414 1.418 0.009
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no. molecule bond Pp Per n m I Chx A deaidA olA
75 g 0.385 0.362 3 2 4 1.414 1412 0.008
76 h 0.615 0.647 2 1 3 1.367 1.370 0.009
77 i 0.385 0.408 2 1 2 1.366 1.399 0.010
78 i 0.615 0.647 2 1 3 1.409 1.370 0.009
79 k 0.385 0.408 3 2 5 1.394 1.409 0.010
80 I 0.231 0.215 4 3 6 1.469 1.440 0.008
81 m 0.308 0.289 3 2 5 1.430 1421 0.010
82 n 0.692 0.657 2 1 4 1.406 1.365 0.008
83 3,4-benzopyrene a 0.444 0.469 2 1 3 1.378 1.391 0.013
84 b 0.556 0.527 3 2 4 1.401 1.391 0.012
85 c 0.333 0.353 4 3 6 1.414 1.425 0.012
86 d 0.111 0.122 3 2 4 1.434 1.443 0.012
87 e 0.889 0.846 2 1 4 1.342 1.341 0.013
88 f 0.111 0.122 3 2 4 1.447 1.443 0.012
89 g 0.222 0.206 4 3 6 1.444 1.441 0.011
90 h 0.667 0.701 3 2 5 1.361 1.373 0.012
91 i 0.333 0.333 3 2 5 1.419 1.417 0.012
92 i 0.333 0.353 4 2 5 1.410 1421 0.011
93 k 0.333 0.313 3 2 4 1.425 1.418 0.012
94 I 0.667 0.633 2 1 3 1.374 1.368 0.014
95 m 0.333 0.353 2 1 2 1.397 1.405 0.014
96 n 0.667 0.701 2 1 3 1.364 1.363 0.013
97 o} 0.333 0.333 3 2 5 1.419 1.417 0.012
98 p 0.333 0.313 4 3 6 1.435 1.428 0.012
99 q 0.444 0.469 4 3 7 1.395 1.412 0.011
100 r 0.222 0.238 3 2 5 1.423 1.429 0.011
101 s 0.778 0.817 2 1 4 1.352 1.349 0.012
102 t 0.222 0.206 3 2 4 1.441 1431 0.012
103 u 0.333 0.333 4 3 6 1.418 1.427 0.011
104 % 0.444 0.419 3 2 4 1412 1.404 0.012
105 w 0.556 0.585 2 1 3 1.376 1.377 0.014
106 X 0.333 0.333 4 4 8 1.419 1431 0.011
107 pentacene a 0.167 0.181 2 1 2 1.428 1.426 0.005
108 b 0.833 0.792 2 1 3 1.355 1.348 0.006
109 c 0.167 0.181 3 2 4 1.434 1.436 0.005
110 d 0.167 0.153 4 2 4 1.445 1.444 0.005
111 e 0.667 0.657 3 2 5 1.387 1.376 0.005
112 f 0.333 0.353 3 2 5 1412 1.415 0.005
113 g 0.167 0.153 4 2 4 1.458 1.444 0.005
114 h 0.500 0.473 3 2 5 1.412 1.398 0.005
115 dibenzag,cl- a 0.538 0.567 2 1 3 1.382 1.379 0.001
116 anthracene b 0.462 0.488 2 1 2 1.389 1.389 0.001
117 c 0.538 0.567 2 1 3 1.373 1.379 0.001
118 d 0.462 0.436 3 2 5 1412 1.402 0.001
119 e 0.462 0.436 4 2 6 1.410 1.408 0.001
120 f 0.077 0.067 4 3 6 1.469 1.459 0.001
121 g 0.462 0.436 3 2 5 1.410 1.402 0.001
122 h 0.077 0.067 4 3 6 1.469 1.459 0.001
123 i 0.308 0.289 4 2 6 1.436 1.427 0.001
124 i 0.692 0.657 3 2 6 1.387 1.375 0.001
125 k 0.385 0.408 3 2 5 1.409 1.409 0.001
126 I 0.308 0.327 4 2 4 1.420 1.424 0.001
127 m 0.308 0.289 3 2 4 1.426 1421 0.001
128 n 0.692 0.727 2 1 3 1.364 1.360 0.001
129 o 0.308 0.327 2 1 2 1412 1.408 0.001
130 dibenzdig,op]- a 0.450 0.475 2 1 2 1.391 1.390 0.005
131 tetracene b 0.550 0.521 2 1 3 1.397 1.382 0.005
132 c 0.450 0.425 3 2 5 1.438 1.404 0.005
133 d 0.450 0.475 4 2 6 1.386 1.407 0.005
134 e 0.100 0.089 4 3 6 1.477 1.456 0.005
135 f 0.400 0.377 4 3 7 1.416 1.420 0.005
136 g 0.200 0.185 4 4 8 1.457 1.448 0.005
137 h 0.500 0.473 3 2 5 1.416 1.398 0.005
138 i 0.500 0.527 2 1 3 1.383 1.384 0.005
139 benzajhi]- a 0.643 0.610 2 1 4 1.399 1.371 0.008
140 perylene b 0.357 0.378 3 2 4 1.396 1.412 0.007
141 c 0.429 0.429 4 3 6 1.406 1.415 0.007
142 d 0.286 0.268 4 4 8 1.438 1.438 0.006
143 e 0.214 0.230 3 2 4 1.446 1.430 0.008
144 f 0.786 0.825 2 1 4 1.341 1.348 0.008
145 g 0.214 0.230 3 2 4 1.430 1.430 0.007
146 h 0.357 0.336 4 3 6 1.438 1.425 0.006
147 i 0.286 0.304 4 4 8 1.419 1.436 0.006
148 i 0.429 0.453 3 2 4 1.389 1.403 0.007
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no. molecule bond Pe Per n m I A deaidA olA

149 k 0.571 0.601 2 1 3 1.376 1.375 0.008
150 | 0.429 0.453 2 1 3 1.394 1.393 0.007
151 m 0.571 0.571 3 2 5 1.385 1.387 0.007
152 n 0.357 0.378 4 3 7 1411 1.423 0.006
153 0 0.071 0.061 4 3 6 1.484 1.460 0.006
154 coronene a 0.300 0.300 4 4 8 1.424 1.435 0.005
155 b 0.400 0.377 4 3 6 1.420 1.420 0.005
156 c 0.300 0.319 3 2 4 1414 1.419 0.005
157 d 0.700 0.665 2 1 4 1.372 1.364 0.005
158 dibenzdfg,ij]- a 0.500 0.527 2 1 3 1.381 1.384 0.003
159 phenanthro[9,10, b 0.500 0.527 3 2 5 1.386 1.394 0.003
160 1,2,3pqrsi- c 0.400 0.377 4 3 7 1.424 1.420 0.002
161 pentaphene d 0.200 0.215 4 4 8 1.433 1.446 0.003
162 e 0.100 0.089 4 3 6 1.463 1.456 0.002
163 f 0.500 0.473 4 3 7 1411 1.408 0.003
164 g 0.400 0.423 3 2 5 1.402 1.407 0.003
165 h 0.600 0.631 2 1 3 1.377 1.372 0.003
166 i 0.400 0.423 2 1 3 1.366 1.397 0.003
167 j 0.600 0.569 3 2 5 1.401 1.386 0.003
168 k 0.300 0.300 4 3 7 1.425 1431 0.002
169 | 0.100 0.089 4 3 6 1.455 1.456 0.003
170 m 0.350 0.371 4 2 6 1.413 1.419 0.002
171 n 0.550 0.521 3 2 5 1.413 1.392 0.003
172 o} 0.450 0.475 2 1 3 1.360 1.391 0.003
173 p 0.550 0.521 2 1 2 1.392 1.381 0.003
174 q 0.450 0.475 2 1 3 1.378 1.391 0.003
175 r 0.550 0.521 3 2 5 1.396 1.392 0.003
176 S 0.100 0.089 4 3 6 1471 1.456 0.002
177 t 0.400 0.527 3 2 6 1.391 1.395 0.002
178 u 0.400 0.400 4 3 7 1.408 1.419 0.003
179 v 0.200 0.185 4 4 8 1.449 1.448 0.002
180 w 0.400 0.377 4 4 8 1.424 1424 0.002
181 quaterrylene a 0.333 0.333 4 3 6 1.420 1.427 0.004
182 b 0.333 0.353 3 2 4 1.417 1415 0.004
183 c 0.667 0.701 2 1 3 1.367 1.363 0.004
184 d 0.333 0.353 2 1 3 1.401 1.405 0.004
185 e 0.667 0.633 3 2 5 1.382 1.378 0.004
186 f 0.333 0.313 4 3 7 1.431 1.428 0.004
187 g 0.000 0.000 4 3 6 1.468 1.468 0.004
188 h 0.333 0.313 4 3 7 1431 1.428 0.004
189 i 0.667 0.633 3 2 5 1.383 1.378 0.004
190 j 0.333 0.353 2 1 4 1.383 1.405 0.004
191 k 0.667 0.633 3 2 5 1.389 1.378 0.004
192 | 0.000 0.007 4 3 6 1.462 1.467 0.004
193 m 0.333 0.313 4 3 7 1.429 1.428 0.004
194 n 0.333 0.313 4 4 8 1.431 1.432 0.004
195 hexabenzbic,ef, a 0.400 0.377 4 4 8 1.417 1424 0.002
196 hi,kl,no,qr]- b 0.200 0.185 4 4 8 1.446 1.448 0.002
197 coronene c 0.400 0.377 4 3 7 1.417 1.420 0.002
198 d 0.100 0.089 4 3 6 1.458 1.456 0.002
199 e 0.500 0.473 3 2 5 1.398 1.398 0.002
200 f 0.500 0.527 2 1 3 1.376 1.384 0.002
201 kekulene a 0.850 0.809 2 1 4 1.350 1.346 0.002
202 b 0.150 0.163 3 2 4 1.442 1.438 0.002
203 c 0.350 0.350 4 2 5 1.418 1.420 0.002
204 d 0.150 0.137 4 3 6 1.456 1.450 0.002
205 e 0.500 0.500 3 2 5 1.395 1.396 0.002
206 f 0.500 0.527 3 2 6 1.386 1.395 0.002
207 benzo[1,2,3- a 0.300 0.319 3 2 4 1.417 1.419 0.002
208 bc4,5,6- b 0.700 0.700 2 1 4 1.364 1.361 0.002
209 b',c’]dicoronene c 0.300 0.319 3 2 4 1.422 1.419 0.002
210 d 0.400 0.377 4 3 6 1.415 1.420 0.002
211 e 0.300 0.319 3 2 4 1.419 1419 0.002
212 f 0.700 0.700 2 1 4 1.365 1.361 0.002
213 g 0.300 0.300 3 2 4 1.424 1.421 0.002
214 h 0.400 0.377 4 3 6 1.412 1.420 0.002
215 i 0.300 0.319 3 2 5 1.413 1.420 0.002
216 j 0.700 0.665 3 2 6 1.379 1.374 0.002
217 k 0.300 0.281 4 3 7 1.432 1.432 0.002
218 | 0.000 —0.007 4 3 6 1.478 1.468 0.002
219 m 0.400 0.377 4 4 8 1.420 1.424 0.002
220 n 0.300 0.319 4 4 8 1421 1.434 0.002
221 o] 0.300 0.281 4 4 8 1.429 1.436 0.002
222 p 0.300 0.319 4 4 8 1.422 1.434 0.002
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223 q 0.400 0.377 4 3 6 1.422 1.420 0.002
224 benzflanthracene a 0.143 0.130 4 3 6 1.483 1471 0.011
225 b 0.428 0.404 3 2 5 1401 1.404 0.012
226 c 0.571 0.601 2 1 3 1.400 1.356 0.011
227 d 0.428 0.452 2 1 2 1.392 1.383 0.014
228 e 0.571 0.601 2 1 3 1.393 1.356 0.014
229 f 0.428 0.404 3 2 4 1.418 1.403 0.011
230 g 0.428 0.404 4 2 5 1.442 1.414 0.012
231 h 0.143 0.156 3 2 4 1.396 1.453 0.013
232 i 0.857 0.899 2 1 4 1.322 1.302 0.011
233 j 0.143 0.130 3 2 4 1.429 1.455 0.012
234 k 0.286 0.268 4 2 5 1.434 1.439 0.012
235 | 0.571 0.571 3 2 5 1.384 1.375 0.011
236 m 0.428 0.428 3 2 5 1431 1.401 0.013
237 n 0.286 0.268 4 2 4 1.397 1.439 0.013
238 o} 0.286 0.306 3 2 4 1.436 1.426 0.012
239 p 0.714 0.750 2 1 3 1.323 1.329 0.014
240 q 0.286 0.306 2 1 2 1.444 1.409 0.015
241 r 0.714 0.750 2 1 3 1.360 1.329 0.013
242 S 0.286 0.306 3 2 4 1.428 1.426 0.013
243 t 0.428 0.404 3 2 5 1.422 1.404 0.011
244 u 0.571 0.541 3 2 6 1.364 1.378 0.012
245 2,3,8,9-dibenzo- a 0.200 0.185 4 3 6 1.458 1.461 0.032
246 perylene b 0.400 0.377 4 3 7 1.384 1.425 0.032
247 c 0.400 0.400 3 2 5 1.422 1.407 0.032
248 d 0.600 0.631 2 1 3 1.387 1.350 0.032
249 e 0.400 0.423 2 1 3 1.381 1.388 0.032
250 f 0.600 0.600 3 2 5 1.394 1.370 0.032
251 g 0.000 —0.007 4 3 7 1.478 1.497 0.032
252 h 0.400 0.377 4 3 5 1.454 1.425 0.032
253 i 0.200 0.185 4 3 6 1.479 1.461 0.032
254 j 0.800 0.761 3 2 7 1.406 1.337 0.032
255 k 0.200 0.215 3 2 5 1.409 1.442 0.032
256 I 0.400 0.377 4 2 3 1.379 1.418 0.032
257 m 0.400 0.423 3 2 3 1.413 1.404 0.032
258 n 0.600 0.631 2 1 2 1.384 1.350 0.032
259 o} 0.400 0.423 2 1 2 1.399 1.388 0.032
260 p 0.600 0.631 2 1 3 1.412 1.350 0.032
261 q 0.400 0.423 3 2 3 1.403 1.404 0.032
262 1,14-benzobis- a 0.533 0.562 2 1 2 1.40 1.363 0.02
263 anthrene b 0.467 0.467 3 2 4 1.39 1.394 0.02
264 c 0.400 0.377 4 3 6 1.420 1.425 0.02
265 d 0.133 0.145 3 2 4 1.46 1.454 0.02
266 e 0.867 0.969 2 1 4 1.35 1.295 0.02
267 f 0.133 0.145 3 2 4 1.47 1.454 0.02
268 g 0.233 0.217 4 3 6 144 1.455 0.02
269 h 0.633 0.666 3 2 5 1.37 1.361 0.02
270 i 0.367 0.367 3 2 5 1.40 1.413 0.02
271 j 0.300 0.281 4 3 6 1.42 1.443 0.02
272 k 0.333 0.353 3 2 4 1.43 1.417 0.02
273 | 0.667 0.701 2 1 3 1.37 1.338 0.02
274 m 0.333 0.353 2 1 3 1.43 1.401 0.02
275 n 0.667 0.701 3 2 5 1.36 1.354 0.02
276 o] 0.300 0.281 4 3 7 1.43 1.443 0.02
277 p 0.033 0.041 4 3 6 1.49 1.490 0.02
278 q 0.400 0.377 4 4 8 1.40 1.431 0.02
279 r 0.133 0.121 4 4 8 1.47 1.479 0.02
280 S 0.467 0.441 4 4 8 1.41 1.419 0.02
281 t 0.300 0.281 4 4 8 143 1.449 0.02
282 u 0.300 0.281 4 4 8 1.44 1.449 0.02
283 ovalene a 0.00 0.185 4 4 8 1.435 1.467 0.006
284 b 0.400 0.377 4 4 8 1.415 1.431 0.004
285 c 0.300 0.281 4 3 6 1.424 1.443 0.004
286 d 0.500 0.500 3 2 6 1.400 1.388 0.004
287 e 0.200 0.215 3 2 4 1.441 1.442 0.004
288 f 0.800 0.839 2 1 4 1.356 1.313 0.004
289 g 0.200 0.215 3 2 4 1.429 1.442 0.004
290 h 0.400 0.423 4 3 6 1.450 1421 0.004
291 i 0.400 0.423 3 2 4 1.413 1.404 0.004
292 j 0.600 0.631 2 1 4 1.365 1.351 0.006
293 k 0.300 0.281 4 4 8 1.413 1.449 0.006
294 | 0.300 0.281 4 4 8 1.411 1.449 0.004
295 tetrabenzalgno, a 0.809 0.849 2 1 4 1.35 1.311 0.02
296 stc',d']heptacene b 0.191 0.206 3 2 4 1.45 1.443 0.02
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297 c 0.182 0.168 4 3 4 1.42 1.464 0.02
298 d 0.427 0.451 3 2 3 1.39 1.399 0.02
299 e 0.573 0.603 2 1 3 1.39 1.356 0.02
300 f 0.427 0.451 2 1 4 1.39 1.383 0.02
301 g 0.573 0.573 3 2 5 1.38 1.375 0.02
302 h 0.382 0.360 4 3 5 1.44 1.428 0.02
303 i 0.236 0.220 4 4 4 1.42 1.460 0.02
304 j 0.045 0.036 4 3 6 1.48 1.489 0.02
305 k 0.227 0.211 4 2 6 1.44 1.450 0.02
306 | 0.727 0.691 3 2 6 1.37 1.350 0.02
307 m 0.273 0.291 3 2 5 1.42 1.428 0.02
308 n 0.227 0.211 4 2 4 1.42 1.450 0.02
309 o] 0.500 0.527 3 2 4 1.38 1.385 0.02

2 The bonds are numbered according to molecular graphs in Figures 1 and 2. The b@28sate from the training/validation set and 2209
from the prediction set. The molecular descriptors are as follqws: Paulingsz-bond orderp., — Paulingsz-bond order including corrections for
the crystal packing effects calculated following the complicated scheme only for the prediction-séte number of neighboring carbon atoms

around the bondn — the number of benzenoid rings around the bdndl,

the number of neighboring carbon atoms around those atoms counted

for n, dex, — the bond lengths from X-ray or neutron structure determinations (ird&),— (the model 8 was used) calculated (for the training/
validation set) or predicted (for the prediction sé® (in A), o — estimated standard deviations filw, (in A).

Table 2. Bond Length-Bond Descriptor CorrelatioAs

intermolecular interactions, charge transfer andystem

pr: —0.895 pp, pr2: 0.898 log(1+ pp): —0.898 fp: —0.896 adjustment in crystal.

P —0.929 per, per2: 0.931 log(1+ pe): —0.931 fer! —0.927 The approximate prediction ad based on then, m, |

n: 0.735m: 0.689 I: 0.502 k: 0.250 i

hre 07Aim P 0748112 05061, .15 0,630 numbers (models -36) is less accurate than the models

a2 The significant correlations used in regression models are bold.
Pauling curve is defined & = 1.84pp/(0.84 pp + 1) andf, = 1.84
Pc/(0.84 per + 1).

Table 3. PCA Results for the Training/Validation Set

including the bond orders, but model 5 (containing all the
information from the original variables) can be recommended
as the fast, easy and approximate predictiod'sfin PB—
PAHs. The regression models exhibit that nonlinear forms
of mandl, i.e. m; andl, are needed whenever the bond
orders are not included.

% % cumul. The approximate predictions pf andp., based on the,
PC variance variance  pe Per n m | m, | (models 1118) behave as the analogous models for
PC1 74.08 74.08 —0.414 —0.430 0.482 0.482 0.424  prediction ofd. The proposed models are those containing
pPC2 2238 96.46 0567 0.527 0.206 0.292 0.522 the maximum information (all PCs) models, models 14 and
PC3 255 9901 0128 0057 08440432 ~0.286 18 |y sych a case all the information is required, as observed
PC4 0.85 99.87  0.147 0.088 0.101 0.764.682 ;
PC5 013 100.00 —0.685 0.725 0058 0.021-0.024 when the corresponding MLR and PLS are compared.

tion of d, the models #10, reach up-to-date experimental
precisiona0.005 A (comparable téACvalues), and are
relatively far from the limitlA/oC= 2.58.

The regression vector for model 8 shows almost equal
contribution of the bond orders and less contribution of the
topological indices in linear decreasing oraer- m — I:

pp: —0.357,p,: —0.385,n: 0.157,m: 0.114,: 0.006

The regression plot (Figure 6) shows interesting distribu-

Model 8 was used to predidts of the prediction set (Table
1). The experimental values were compared with predicted
values: R = 0.835,SEP= 0.016 A, [AC= 0.021 A, [A/oO]
= 1.634. As the experiments are inaccurate or old, even this
comparison shows that model 8 is good and applicable for
our purposes.

f. Structural Aromaticity Indices. Table 5 contains data
for Julg’s structural aromaticity index and average bond
length. The problem that arises here, and basically is present
in the whole work, is which bond length to use: corrected
to thermal motion in crystal, or uncorrected? To average them
to get unique bonds or not? It seems that there is not

tion of shortened, unchanged, and lengthened bonds. Shortsignificant change if choosing any of these options. For

ened bonds (blue dots) are dominant in the range-11380
A. Lengthened bonds (red dots) in this region are regularly

example, it is alway#\ = 1.000 for benzene. If thd's are
not averaged and not corrected to thermal mofien 0.999-

below the regression line (green). The region with the highest (17) (structure: BENZENE). Another exampled's of

mixing degree is 1.401.45 A. The last range 1.451.48 A

hexabenzocoronene (structure: HBZCOROL1). If the bond

is dominant by red dots. Unchanged bonds (magenta dots)lengths are not averaged and not corrected to thermal motion
are practically not present in this region. These observationsA = 0.907(100), and if they are just corrected to thermal
lead to the conclusion that most aromatic bonds which are motion A = 0.907(100). If both averaging and the thermal
longer or even formally single in a vacuum undergo motion corrections are applied thén= 0.909(101). There
lengthening in the crystal field. On the other side, short is no significant difference. Thermal corrections are usually
aromatic bonds and almost double bonds get shorter in theup to 0.003 A, and of the same order are the differences
crystal in most cases. By other words, in general, shorter between bond lengths that are equal in gas phase but in
bonds get stronger (closer to double bond) and longer bondscrystal are different due to lower molecular symmetry. Lewis
become weaker (more single in character) due to attractiveand Peted pointed out that 0.01 A is the accuracy of
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Table 4. Regression Modets

no. Y bond descriptors method R Q SEV [AO Aol
1° d/A pr LR 0.895 0.893 0.014 0.010 3.345
2b d/A Per LR 0.929 0.929 0.011 0.008 2.344
3P d/A n,m,| MLR 0.836 0.830 0.017 0.014 4.492
4 d/A n,m,l PLS 0.820 0.814 0.018 0.014 4.603
5p d/A n, m, |, Mg, lerd MLR 0.848 0.839 0.016 0.013 4.142
6° d/A n, m, I, Mg, lerd PLS 0.838 0.830 0.017 0.013 4.195
7 d/A Pe, Per, N, M, | MLR 0.959 0.957 0.009 0.006 1.823
8 d/A Pr, Per, N, M, | PLS 0.940 0.938 0.011 0.007 2.167
9 d/A PPy Per, N, M, 1, Merg, lerd MLR 0.960 0.957 0.009 0.006 1.749

10 d/A P, Per, N, M, 1, Mer, lerd PLS 0.943 0.941 0.010 0.007 2.058

110 pe n,m, | MLR 0.795 0.787 0.115 0.091

12 pr n,m,l PLS 0.765 0.757 0.122 0.098

13 pe n, m, I, Merpp, lerpp MLR 0.800 0.789 0.114 0.089

14 pr n, m, |, Merpp, lerpp PLS 0.779 0.767 0.119 0.094

15 Per n,m,l MLR 0.815 0.809 0.111 0.092

16 Per n,m,l PLS 0.789 0.782 0.117 0.099

17 Per n, M, |, Merper lerper MLR 0.822 0.812 0.110 0.089

& Per n, m, |, Merpen lerper PLS 0.802 0.792 0.115 0.095

2 The Linear Regression (LR), Multiple Linear Regression (MLR), and Partial Least Squares (PLS) models for preditimn afidp.. The
corrected variables have the fomg, = m + an? andle, = | + al?> + bI® + cl* + dI° + el,® where the coefficienta—e are found in the polynomial
fitting to d, pe, andper (indexes of the corrections are marked as crd, crpp, and crpcr, respectRelpd Q are the prediction and validation
correlation coefficientsSEVis the standard error of validatioB\[is the average absolute deviation of prediatésifrom experimental[A/oCis
the average\/o ratio whereo is the experimental estimated standard deviation’'snSEVand[Aare in A when referred to bond lengtd$ All
the regression coefficients are greater than their statistical errors more than 2.58 times. The model 5 hardly satisfy this t®hditiwzdels with
three PCs used. Other PLS models are performed with two PCs.

Table 5. Experimental and Predicted Structural Aromaticity Indices

molecule Aexp Auv Avz Avs IiiexpD G100 [0 [

benzene 1.000 1.000 1.000 1.000 1.390 1.394 1.380 1.384
naphthal. 0.932(41) 0.928(42) 0.920(45) 0.920(45) 1.401 1.401 1.402 1.397
anthracene 0.889(119) 0.878(125) 0.863(132) 0.884(119) 1.400 1.403 1.401 1.400
phenanth. 0.878(215) 0.928(154) 0.908(173) 0.907(171) 1.393 1.404 1.402 1.400
tetracene 0.870(77) 0.849(83) 0.843(83) 0.870(77) 1.403 1.405 1.405 1.403
triphenyl. 0.906(283) 0.946(214) 0.940(225) 0.925(258) 1.407 1.405 1.406 1.404
chrysene 0.848(84) 0.922(60) 0.906(66) 0.906(65) 1.400 1.405 1.408 1.408
pyrene 0.916(120) 0.899(129) 0.899(129) 0.896(131) 1.401 1.406 1.405 1.405
perylene 0.877(96) 0.890(87) 0.882(92) 0.886(91) 1.404 1.407 1.406 1.406
1,2,5,6-da. 0.872(85) 0.906(72) 0.889(79) 0.900(75) 1.404 1.405 1.405 1.404
picene 0.900(324) 0.921(288) 0.918(294) 0.912(271) 1.404 1.406 1.405 1.404
3,4-benzp. 0.877(473) 0.890(468) 0.884(421) 0.888(471) 1.404 1.407 1.406 1.406
pentacene 0.880(224) 0.826(360) 0.837(261) 0.862(240) 1.410 1.405 1.407 1.405
dbanthrac. 0.891(39) 0.915(34) 0.904(37) 0.904(37) 1.408 1.405 1.405 1.403
dbtetracene 0.881(213) 0.944(147) 0.939(153) 0.922(176) 1.418 1.407 1.408 1.408
bzperylene 0.875(299) 0.921(251) 0.911(266) 0.903(274) 1.407 1.408 1.406 1.408
coronene 0.955(134) 0.933(163) 0.945(147) 0.923(174) 1.409 1.409 1.410 1.411
dbphpenta. 0.866(140) 0.936(97) 0.928(102) 0.915(117) 1.409 1.410 1.409 1.411
quaterryl. 0.889(216) 0.877(227) 0.877(230) 0.880(224) 1.411 1.409 1.410 1.411
hbcoronene 0.910(101) 0.948(77) 0.940(82) 0.924(93) 1411 1.410 1.413 1.415
kekulene 0.877(124) 0.881(122) 0.880(123) 0.893(116) 1.409 1.409 1.409 1.409
bdcoronene 0.925(98) 0.921(101) 0.923(99) 0.913(106) 1.413 1.411 1.411 1.415

aJulg's aromaticity index based on experiment&l,f) and calculated bond lengths from modelsAli), 2 (Aw2), and 8 Awg) from Table 4.
Errors are in brackets, given at last2 digits. Average bond lengths (in A) from experimefite4,) and from models 1, 2, and 81 G20
[dusC) respectively). Their errors are at most 0.001 A.

measuring bond lengths without vibrations. For benzene, if There is no significant difference between experimental
vibrations are included, accuracy is 0.1 A. This seriously and any predicted due to large errors originating from
puts in question any bond length prediction. But let us give > 0.001 A for bond lengths. Th@values haver < 0.001

a simple example. Benzene solvate at 10 K (neutron A, and so they differ significantly in some cases. Correlation
diffraction, structure PPRHZ01) has average= 1.400(6) of experimental with predicted aromaticity indices can be
A and A = 0.986(1). Strictly speaking, it could be said that some measure of the model quality. This way model 8 is
= 1.400(2) A ¢ averaged as in accompanied expression better than model 2 (which is better than model 1) when
for A) and the packing effect on bond lengths, calculated by is considered (correlations with experimental valuess

a method after Bugi,32 is 0.011 A. Then, the composite 0.761; 0.707; 0.590, respectively). Models 8 and 2 are better
accuracy of the bond length measurement at zero level isthan 1, but 2 is better than 8 whédlis used as a model
rounded to 0.01 A, which is the order of precision of some quality parameterr(= 0.823; 0.850; 0.768, respectively).
models in this work (4 from 8 models have ~ 0.01 A, Anyway, the multivariate model or the univariate one with
Table 4). two-variable function a®. gives better results than pure
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univariate model (withpp). Xll — indicates that there are two standards for aromatic

The Julg’s indexA shows that benzene is the most hydrocarbons around which the bond lengths tend to
aromatic hydrocarbon, while the others are almost at the samecluster: benzene and graphite, with maximum (two) and
level. The least aromatic is chrysene according\dg, but minimum (zero) number of hydrogens bound to aromatic
predictions suggested pentacene, which is to be expected dubond, respectively.
to large differences between alternating terminal bonds.

If the regression equationi(l= a + b/m is established, ACKNOWLEDGMENT
wherem, is the number of hexagonal rings in a molecule, ) .
models 1, 2, 8 give much better regression models than thesuThgrtauthors acknowledge FAPESP for the financial
experiment ( = 0.954; 0.238; 0.937; 0.766, re’z&spectively). bporL.
Thea coefficient is 1.413 A for model 8, 1.410 A for model
1, and 1.411 A for other two models. These values afe APPENDIX: THE 'FE:ES’JE(;E,\CI:CSSSREFCODES WITH
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