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a  b  s  t  r  a  c  t

A  full  factorial  design  with  two factors  applied  on  the  family  of  81  dodecahedrane  congeners  is  presented.
One  of  the  factors  used  four  levels  (the layers  of the  structure),  while  the  other  factor  used  three  levels
(the  atom  as  Boron,  Carbon,  or Nitrogen,  with  the same  atom  for  the  layer).  Ten  calculated  properties  were
input  for  investigation  of  the link  between  properties  and  structural  features.  Boron,  Carbon  or  Nitrogen
were  considered  as a reference  atom.  The  models  with  determination  coefficient  near  1 comprised  22  to
eywords:
actorial analysis
anostructure
tructure-property relationships

44 distinct  factors.  The  complexity  of  the  models  increases  from  boron  taken  as a reference  to  carbon  taken
as reference.  Therefore,  along  with  the  less  complexity  with  the factorial  analysis  (here  elements  were
accounted  in  a  trinomial  scale),  alternatives  for the  reference  should  also  be sought  (the  available  software
packages  for  this  type  of regression  do  not  check  when  the  table  of transformation  from  multinomial  data

s  is  b
type to binomial  variable

. Introduction

Dodecahedrane (C20H20), a chemical spherical compound with
igh symmetry, has in each vertex a carbon atom that bonds three
eighboring carbon atoms and one hydrogen atom [1]. The com-
ound was first synthesized at the Ohio State University in 1982
1–3] but theoretical studies in regards of group theory, graph the-
ry, or molecular orbital theory were conducted since 1975 [4–7].
he dodecahedrane is a Platonic structure [8] and the compound
nd/or its derivatives have been investigated in theoretical [9–12]
nd experimental [13–16] settings. Substitution of all hydrogen
toms in C20H20 led to development of several compounds such as
20F20 (perfluorododecahedranes), C20Cl20, C20(OH)20 or C20Br20
17]. Perfluorododecahedranes, which initially was reported as
nstable [17], was successfully produced by Banfalvi in milligram
uantities [18]. Dodecahedrane complexes were also of scientific

nterest as endo- (X@C20H20, where X = H, He, Ne, Ar, Li, Li+, Be,
e+, Be2+, Na, Na+, Mg,  Mg+, and Mg2+ [19] or X = C4−, N3−, O2−,

−, Ne [20]) or exo-hedral (XC20H20, X = H+, H, N, P, C−, Si−, O+,
+ [21]) complexes. Dodecahedrane is of scientific interest due
o its stability given by its high symmetry, covalent bond angles

∗ Corresponding author at: Department of Physics and Chemistry, Technical Uni-
ersity of Cluj-Napoca, Cluj-Napoca, Romania.

E-mail addresses: lorentz.jantschi@gmail.com, lori@academicdirect.org
L. Jäntschi), sbolboaca@umfcluj.ro (S.D. Bolboacă).

ttp://dx.doi.org/10.1016/j.md.2016.12.001
352-9245/© 2016 Elsevier Ltd. All rights reserved.
uilt).
©  2016  Elsevier  Ltd.  All  rights  reserved.

(108 ◦C) closest to the ideal tetrahedral bond angle (109.5◦) and
its C C bound close to that of diamond (1.54 Å) [20]. Substitution
of hydrogen atoms in dodecahedrane have been reported in the
scientific literature [17,18,2020] but no study has investigated the
substitution of carbon atoms. Furthermore, if the carbon atoms are
substituted by other atom(s), the dodecahedrane become a con-
gener [22]. An analysis of the link between the type of the atom
and the properties in dodecahedrane may provide useful informa-
tion on the diversity and stability of these structures. A theoretical
study was  conducted with the full factorial design to investigate the
effects of factors and/or their interactions on ten calculated prop-
erties using the full class of dodecahedrane congeners when the
molecule is seen as a four layered structure, as well as to investigate
the effect on each layer when formed by carbon, boron or nitrogen.

2. Methodology

2.1. One-cage pentagonal faces nanostructures

The elementary unit of one-cage pentagonal faces structure
(Fig. 1) was used to construct the full class of compounds using
three atoms from the same period to assure the formation of at least
three bonds (Boron, Carbon, and Nitrogen). The elementary struc-

ture was seen as a four layer structure (see Fig. 1) with each layer
being occupied by one type of atom (Boron, Carbon or Nitrogen).

The full class of congeners obtained by this method was
constructed based on the one-cage pentagonal faces structure

dx.doi.org/10.1016/j.md.2016.12.001
http://www.sciencedirect.com/science/journal/23529245
http://www.elsevier.com/locate/md
http://crossmark.crossref.org/dialog/?doi=10.1016/j.md.2016.12.001&domain=pdf
mailto:lorentz.jantschi@gmail.com
mailto:lori@academicdirect.org
mailto:sbolboaca@umfcluj.ro
dx.doi.org/10.1016/j.md.2016.12.001
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L1 L2 L3 L4

Fig. 1. Layers (L) on one-cage pentagonal faces structure.

Fig. 2. Full factorial analysis flowchart on one-cage pentagonal faces structures with th
occupied molecular orbital and LUMO is the lowest unoccupied molecular orbital.
covery 5 (2016) 14–21 15

presented in Fig. 1 and comprises 81 structures (34 = 81, where 3 is
the type of the atom and 4 are the number of layers). Due to the sym-
metry and freedom of movement and rotation, just 45 structures
are distinct (see Table 1).

The distinct structures of this family of nano-cages were study
using full-factorial analysis design. The flowchart of the applied
approach is depicted in Fig. 2. The cages were initially drawn with
HyperChem software (geometry was initially optimized with PM3;
Hypercube Inc. USA). The geometry of the cages was  refined at a
Hartree-Fock (RHF) level of theory [23–25] with 3–21G basis set,
and further refined by Möller-Plesset [26] untill the second order
(MP2) with 6–31G* basis set [27] using Spartan software (v.10,
Wavefunction Inc. USA). The properties included in the full factorial
analysis were calculated after geometry optimization (MP2 based
calculations).

2.2. Full-factorial analysis on dodecahedrane congeners

The main issue in the proposed approach is related with the
management of a large system of equations that must be solved
(for one cage, with disregards of the symmetry, the system square
matrix contains 729 variables). The implemented approach oper-
ates with the type of the atom (a quality) and accordingly the
multinomial problem was  translated into a multi-binomial prob-
lem [28]. As example, ‘atom type’ (as Boron, Carbon or Nitrogen)

on a certain layer in Fig. 1 is a trinomial variable. The presence of
a certain atom (e.g. B) was  encoded with 1 (other atoms with 0),
and thus the problem is translated from trinomial to tri-binomial
when all three atoms are considered. One atom was taken as a refer-

e same atom per layer (Boron or Carbon or Nitrogen). HOMO stands for highest
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nce, and the remaining ones were encoded as binary variables. The
nalysis was conducted by taking each atom (B, C or N) as reference
toms resulting in three distinct scenarios.

The algorithm presented in the box bellow was implemented as
n executable program to solve the proposed full-factorial design:

The first model in the output file of the implemented algorithm
s the full factorial model, which embeds the influence of all fac-
ors and all interactions on the investigated system. Feeding the
lgorithm with all possible data opens the possibility to detect the
ymmetry (factors that have exactly the same effect are grouped,
roviding a symmetry group) and to identify the irrelevant fac-
ors (factors having a contribution with four or more orders of

agnitude less than other factors). The implemented algorithm
emoves in each step the factor (or the factor group(s)) that after
emoval led to the highest statistical significance (highest F-value).
his approach reduces the complexity of the models by keeping the
ost relevant factors and interactions.
Full factorial analysis was conducted for ten properties (from

P2  based calculations, see Fig. 2; entropy and enthalpy are for
tandard conditions, e.g. S0 and H0) with three models for each
roperty (one model for Boron as the reference atom, one model
or Carbon as the reference atom, and another model for Nitrogen
s the reference atom).

. Results and discussion

.1. Distinct factors
The number of distinct factors in the orthogonal array, the num-
er of symmetry constrains factors (factors with identical value)
nd the number of almost null coefficients for each investigated
eference atom (B, C or N) are presented in Table 2. Almost null
scovery 5 (2016) 14–21

coefficient means that the value is outside of the precision for float-
ing point calculations, 14 significant digits (e.g. modulus lower than
10−14). Note that the number of factors in the orthogonal array is
closed to the number of distinct congeners when the analysis is

conducted on the whole family of dodecahedrane one-cage nanos-
tructures that comprise 81 compounds.

An analysis of Table 2 revels that the starting point in regards to
distinct number of factors and symmetry varied from property to
property and depends on the reference atom. However, no differ-
ences are observed in regards of the distinct number of factors and
symmetry constrains factors for three properties (dipole moment,
entropy, and enthalpy) regardless of the reference atom. Almost
null coefficients were identified in two  cases, represented by oval-
ity (8) and HOMO (highest occupied molecular orbital) (1) when C
is the reference atom.

3.2. Evolution pattern of the correlation coefficient

The implemented algorithm identifies in every step the factor
that by removal leads to the model with highest F-value. The pat-
tern of correlation coefficient according to the decreasing number
of factors for each investigated property is presented in Fig. 3.

The analysis of the trends presented in Fig. 3 reveals similar evo-
lution of correlation coefficient for the same property when B and
respectively N is the reference atom at least until number of fac-
tors in the equation is equal to four. When excluding enthalpy, the

carbon as the reference atom led to slightly better performances,
expressed as slightly higher values of correlation coefficients.

The relationships with a high number of factors (for volume:
44 factors when B is the reference atom, 43 factors when N is the
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Fig. 3. Evolution of correlation coefficient with the decrease of number of factors in the explanatory equation: volume, surface area, ovality, HOMO (highest occupied
molecular orbital), LUMO (lowest unoccupied molecular orbital), polarizability, dipole moment, and entropy. Evolution of correlation coefficient with the decrease of number
of  factors in the explanatory equation: enthalpy and energy.
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Table  1
Full class of distinct congeners of one-cage pentagonal faces nanostructure.

ID L1 L2 L3 L4 ID L1 L2 L3 L4 ID L1 L2 L3 L4

01 B B B B 16 C B B B 31 C C N C
02  B B B N 17 C B B C 32 C C N N
03  B B C N 18 C B B N 33 C N B B
04  B B N B 19 C B C B 34 C N B N
05  B B N N 20 C B C N 35 C N C B
06  B C B B 21 C B N B 36 C N C N
07  B C B N 22 C B N C 37 C N N B
08  B C C B 23 C B N N 38 C N N C
09  B C C N 24 C C B B 39 C N N N
10  B C N B 25 C C B C 40 N B B N
11  B C N N 26 C C B N 41 N B N N
12  B N B N 27 C C C B 42 N C B N
13  B N C N 28 C C C C 43 N C C N
14  B N N B 29 C C C N 44 N C N N
15  B N N N 30 C C N B 45 N N N N
B  = Boron C Carbon N Nitrogen

Table 2
Summary of distinct factors (Dist), symmetry constrains factors (Sym), and almost null coefficients (∼Zero) according with property and reference atom.

Property RefAtom Dist Sym ∼Zero Property RefAtom Dist Sym ∼Zero

Volume B 44 36 Polarizability B 43 37
Volume C 41 39 Polarizability C 44 36
Volume N 43 37 Polarizability N 44 36
SurfaceArea B 44 36 DipoleT B 44 36
SurfaceArea C 43 37 DipoleT C 44 36
SurfaceArea N 44 36 DipoleT N 44 36
Ovality B 44 36 Entropy B 44 36
Ovality C 22 50 8 Entropy C 44 36
Ovality N 41 39 Entropy N 44 36
HOMO  B 44 36 Enthalpy B 44 36
HOMO  C 42 37 1 Enthalpy C 44 36
HOMO  N 44 36 Enthalpy N 44 36
LUMO  B 44 36 Energy B 44 36
LUMO  C 44 36 Energy C 44 36
LUMO  N 43 37 Energy N 43 37

Table 3
Relationships explaining no less than 95% of the change in the property of interest.

Property RefAtom NoFactors F-value R Property RefAtom NoFactors F-value R

Volume B 9 81 0.9548 Polarizability B 8 88 0.9526
C  2 450 0.9593 C 3 314 0.9615
N  4 484 0.9809 N 4 269 0.9665

Surface area B 8 97 0.9566 Dipole moment B 19 35 0.9566
C  3 277 0.9567 C 15 42 0.9526
N  5 150 0.9536 N 14 49 0.9549

Ovality B  15 40 0.9502 Entropy (S0) B 18 34 0.9533
C  7 116 0.9578 C 7 123 0.9601
N  18 32 0.9508 N 8 112 0.9622

HOMO B  14 48 0.9540 Enthalpy (H0) B 2 416 0.9562
C  12 57 0.9535 C 9 74 0.9504
N  17 36 0.9523 N 2 416 0.9562

LUMO B  8 103 0.9591 Energy B 4 5.83·106 0.9999
C  7 114 0.9573 C 4 5.83·106 0.9999
N  10 65 0.9505 N 4 5.83·106 0.9999

R
N rrelat

r
a
a
i

s
g
i

efAtom = reference atom (B = Boron, C Carbon, N Nitrogen).
oFactors = number of factors in the model; F-value = F statistic of the model; R = co

eference atom, and 41 when C is the reference atom, see Table 2)
ssure a model with correlation coefficient closest to one. However,

 correlation coefficient closest to one is not a sufficient criterion
n assessment of a model [29–32].
It is expected that the full relationships to be provided by the
ame number of factors (the expected number of different factor
roups is equal with the number of distinct structures in the fam-
ly − 45, see Supplementary Table) but in fact different number
ion coefficient.

of factors for different atom as reference atom is observed. Fur-
thermore, even if the number of factors is not different, differences
in the group of factors for different reference atoms are observed
(see Supplementary Table). However, the number of different fac-

tor groups is actually 44 + 1 only when Boron (’B’, Supplementary
Table) is used as reference atom, is 41 + 1 when Carbon is the refer-
ence atom (’C’, Supplementary Table) and is 43 + 1 when Nitrogen
(’N’, Supplementary Table) is the reference atom. Therefore, we
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Fig. 4. Average number of factors in the first models with R (cor

nd a degeneration of the structure diversity induced into prop-
rty diversity whenever either the Carbon or the Nitrogen is used as
eference atom. Thus, the free term of the model providing the rela-
ionship between the property and the number of distinct factors −
ee Table 2 − embeds different groups of factors degenerated from
he full factorial model when the reference element is changed. On
he other hand, a proper choice of the reference atom may  reduce
he number of factor groups (e.g. ‘factors’ for the linear association)
nd therefore may  require less number of experiments to catch
he whole diversity. For the ‘molar volume’ (see Supplementary
able), observing only 42 structures (out of 45 different structures)
s enough (supposing that the observation has 100% accuracy) to
ave the coefficients of the equation expressing the molar volume
s a function of the type of the atom fully determined.

A model with a correlation coefficient (R) nearby 0.95 (the fac-
ors are able to explain ∼ 90% of the variance of the property of
nterest) could be consider a good explanatory model. Therefore,
he models with R > 0.95 were further analyzed. The number of fac-
ors in the first model with R > 0.95 varied from 2 to 19 (Table 3),
ith highest average number of factors observed when carbon was

he reference atom (Fig. 4).
An analysis of Table 3 revels that the number of factors is differ-

nt for different reference atoms with one exception. The exception
s observed for energy, where all models had four factors regard-
ess the reference atom. Despite the fact that the average number of
actors in the first model with R > 0.95 is higher when carbon is the
eference atom, in seven out of ten investigated properties (volume,
urface area, ovality, HOMO, LUMO, polarizability, and entropy),
he smallest number of factors was observed when carbon is the
eference atom.

Different number of factors for the investigated reference atoms
ould be seen as the diversity induced by the reference atom. The
iversity is bad in this case (45 distinct congeners) since relevant
ssociations could be omitted. Furthermore, a property (such as

volume’) has different number of factors according with the refer-
nce atom (9/4/2, see Table 3) while these ‘imperfect’ relationships
xplained only ‘most of’ the change in the property of interest (for
ol: 95.48% for B, 98.09% for N, and 95.93% for C). Furthermore,

hese ‘imperfect’ relationships led to the imperfect translations of
he diversity from the sample into the model.

The smallest number of factors in the model not necessary pro-
uce a performing explanatory model, which can be assessed by
lotting the calculated vs. estimated property [30,31] (see Fig. 5).
or example, the model for LUMO is with the smallest number of

actors when C is the reference atom but the graphical representa-
ion shows that the best model is the one when N is the reference
tom, which is not surprising since this model incorporate a higher
umber of factors (see Table 3). This behavior is also observed when
n coefficient) >0.95 with associated 95% confidence boundaries.

the number of factors is not necessary the highest, such as is the
case of volume (4 factors for N as reference atom, 9 factors for
B as reference atom), surface area (5 factors for N as reference),
and polarizability (4 factors for N as reference atom). However, this
approach is a suitable solution for enthalpy, for example, when a
tendency to form clusters is observed regardless the reference atom
(see Fig. 5).

The same performances (identical goodness-of-fit) were
observed on models for energy regardless of the reference atom,
but these models incorporate different factors and interactions:

• Energy B = −494.86-69.29·(c4 + c1)-149.18·(n4 + n1)-
69.06·(c3 + c2)-149.18·(n3 + n2)

• Energy N = −1091.58 + 149.18·(b4 + b1) + 79.89·(c4 + c1)
+ 149.18·(b3 + b2) + 80.12·(c3 + c2)

• Energy C = −771.55-79.89·(n4 + n1) + 69.29·(b4 + b1)-
80.12·(n3 + n2) + 69.06·(b3 + b2)

Our study showed that when a relationship is designed to relate
properties with structural features for paired data in a population,
the information parsimony usually leads to the simpler models
[33], models that had incomplete explanatory power [34]. Thus, in
these cases, it is always a compromise between increasing the sam-
ple size and decreasing the model complexity. Validation of linear
models is a critical step in identification of models with predic-
tion abilities [35–39] but the issue of model validation was  beyond
the aim of our study and was not considered in this manuscript. The
study presented in this manuscript was  focused on development of
a full-factorial design for investigation of the link between features
extracted from structure of compounds and several properties.
Further studies are currently being conducted in our laboratory
to validate the models obtained on the investigated class of one-
cage pentagonal faces nanostructure. Furthermore, new in silico
approaches such as graph derivative indices [40], graph-based
approaches [41], matrices descriptors [42–44], adjacency [45,46],
chemical colored (weighted) topo-reactivity [47]), and/or similar-
ity or classification approaches [48,49] could join the full-factorial
analysis. However, this combination of approaches will require
high computation capacity.

4. Conclusions

The applied full factorial design on one-cage pentagonal faces
nanostructures showed that the highest correlation coefficient on

a non-full model was obtained for energy as property regardless
the reference atom (R = 0.9999).

The highest correlation coefficient was  obtained when carbon
was the reference atom in 67% of cases but these models are not
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Fig. 5. Estimated versus calculate properti

ecessary the best performing models. The complexity of the mod-
ls increases from boron taken as a reference (simplest models) to

arbon taken as reference (convoluted models). Therefore, in order
o obtain the simplest expression of the most critical factors, it is
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Supplementary material:  
 
Elemental factorial study on one-cage pentagonal faces nanostructure congeners 
 
Lorentz Jäntschi, Donatella Bálint, Lavinia L. Pruteanu, and Sorana D. Bolboacă 
 
Factor groups of ~100% determination of variance in molar volume (Vol) 
Ref "B"_fact "N"_fact "C"_fact "B"_coef "N"_coef "C"_coef 
no constant(intercept)=true constant(intercept)=true constant(intercept)=true 2.50e+2 1.60e+2 2.54e+2 
1 c4·c3·c2·c1 b4·b3·b2·b1 n4·n3·n2·n1 -2.19e+1 -3.23e+1 4.80e-1 
2 n4·c3·c2·c1+c4·c3·c2·n1 c4·b3·b2·b1+b4·b3·b2·c1 b4·n3·n2·n1+n4·n3·n2·b1 -2.46e+1 -6.68e+0 -4.60e+0 
3 c4·n3·c2·c1+c4·c3·n2·c1 b4·c3·b2·b1+b4·b3·c2·b1 n4·b3·n2·n1+n4·n3·b2·n1 -2.89e+1 1.12e+1 -2.10e-1 
4 n4·n3·c2·c1+c4·c3·n2·n1 c4·c3·b2·b1+b4·b3·c2·c1 b4·b3·n2·n1+n4·n3·b2·b1 -2.84e+1 8.39e+0 3.10e+0 
5 n4·c3·n2·c1+c4·n3·c2·n1 c4·b3·c2·b1+b4·c3·b2·c1 b4·n3·b2·n1+n4·b3·n2·b1+b4·n1+n4·b1 -2.90e+1 7.80e+0 2.51e+0 
6 c4·n3·n2·c1 b4·c3·c2·b1 n4·b3·b2·n1 -3.32e+1 1.23e+1 -1.52e+1 
7 n4·n3·n2·c1+c4·n3·n2·n1 c4·c3·c2·b1+b4·c3·c2·c1 b4·b3·b2·n1+n4·b3·b2·b1 -2.56e+1 5.08e+0 2.63e+0 
8 n4·c3·c2·n1 c4·b3·b2·c1 b4·n3·n2·b1 -4.23e+1 -1.43e+1 2.66e+0 
9 n4·n3·c2·n1+n4·c3·n2·n1 c4·c3·b2·c1+c4·b3·c2·c1 b4·b3·n2·b1+b4·n3·b2·b1 -4.35e+1 6.90e-1 6.97e+0 
10 n4·n3·n2·n1 c4·c3·c2·c1 b4·b3·b2·b1 -3.23e+1 4.80e-1 -2.19e+1 
11 c4·c3·c2+c3·c2·c1 b4·b3·b2+b3·b2·b1 n4·n3·n2+n3·n2·n1 2.06e+1 -8.95e+0 -5.00e-2 
12 n4·c3·c2+c3·c2·n1 c4·b3·b2+b3·b2·c1 b4·n3·n2+n3·n2·b1+b3·n2+n3·b2 3.61e+1 -6.90e-1 -4.47e+0 
13 c4·n3·c2+c3·n2·c1 b4·c3·b2+b3·c2·b1 n4·b3·n2+n3·b2·n1 2.60e+1 -1.15e+1 -1.24e+0 
14 n4·n3·c2+c3·n2·n1 c4·c3·b2+b3·c2·c1 b4·b3·n2+n3·b2·b1 3.93e+1 -1.51e+0 -8.80e-1 
15 c4·c3·n2+n3·c2·c1 b4·b3·c2+c3·b2·b1 n4·n3·b2+b3·n2·n1 2.67e+1 -1.32e+1 -8.70e-1 
16 n4·c3·n2+n3·c2·n1 c4·b3·c2+c3·b2·c1 b4·n3·b2+b3·n2·b1 4.09e+1 -1.88e+0 -1.55e+0 
17 c4·n3·n2+n3·n2·c1 b4·c3·c2+c3·c2·b1 n4·b3·b2+b3·b2·n1 3.39e+1 -9.50e+0 1.29e+1 
18 n4·n3·n2+n3·n2·n1 c4·c3·c2+c3·c2·c1 b4·b3·b2+b3·b2·b1 4.13e+1 -4.30e-1 1.36e+0 
19 c4·c3·c1+c4·c2·c1 b4·b3·b1+b4·b2·b1 n4·n3·n1+n4·n2·n1 2.32e+1 -9.04e+0 -1.00e-1 
20 n4·c3·c1+c4·c2·n1 c4·b3·b1+b4·b2·c1 b4·n3·n1+n4·n2·b1 2.32e+1 -2.30e-1 -2.41e+0 
21 c4·n3·c1+c4·n2·c1 b4·c3·b1+b4·c2·b1 n4·b3·n1+n4·b2·n1 2.79e+1 -7.91e+0 3.90e-1 
22 n4·n3·c1+c4·n2·n1 c4·c3·b1+b4·c2·c1 b4·b3·n1+n4·b2·b1 2.03e+1 -5.20e-1 4.02e+0 
23 c4·c3·n1+n4·c2·c1 b4·b3·c1+c4·b2·b1 n4·n3·b1+b4·n2·n1 2.98e+1 -1.43e+1 4.46e+0 
24 n4·c3·n1+n4·c2·n1 c4·b3·c1+c4·b2·c1 b4·n3·b1+n4·b3+b4·n2·b1+b2·n1 4.46e+1 -2.00e-1 -2.28e+0 
25 c4·n3·n1+n4·n2·c1 b4·c3·c1+c4·c2·b1 n4·b3·b1+b4·b2·n1 3.44e+1 -7.39e+0 -2.62e+0 



26 n4·n3·n1+n4·n2·n1 c4·c3·c1+c4·c2·c1 b4·b3·b1+b4·b2·b1 4.13e+1 -3.80e-1 -1.27e+0 
27 c4·c3+c2·c1 b4·b3+b2·b1 n4·n3+n2·n1 -2.28e+1 2.08e+1 1.60e-1 
28 n4·c3+c2·n1 c4·b3+b2·c1 b4·n3+n2·b1 -3.34e+1 3.83e+0 -1.60e-1 
29 c4·n3+n2·c1 b4·c3+c2·b1 b4·b3+b2·b1 -2.57e+1 1.21e+1 -9.30e-1 
30 n4·n3+n2·n1 c4·c3+c2·c1 n4·n2+n3·n1 -2.95e+1 4.90e-1 -1.70e-1 
31 c4·c2+c3·c1 b4·b2+b3·b1 b4·n2+n3·b1 -2.06e+1 1.37e+0 2.96e+0 
32 n4·c2+c3·n1 c4·b2+b3·c1 n4·b2+b3·n1 -4.08e+1 1.50e-1 7.00e-1 
33 c4·n2+n3·c1 b4·c2+c3·b1 b4·b2+b3·b1 -2.74e+1 1.81e+0 1.23e+0 
34 n4·n2+n3·n1 c4·c2+c3·c1 n4·n1 -4.89e+1 1.60e-1 3.00e-2 
35 c4·c1 b4·b1 b4·b1 -2.22e+1 7.70e-1 2.28e+0 
36 n4·c1+c4·n1 c4·b1+b4·c1+c3·c2 n4+n1 -2.87e+1 3.50e-1 -2.36e+1 
37 n4·n1 c4·c1 b4+b1 -4.96e+1 3.10e-1 7.50e+0 
38 c4+c1 b4+b1 n3·n2 1.30e+1 2.91e+1 -3.00e-2 
39 n4+n1 c4+c1 b3·b2 7.31e+0 2.33e+1 -8.41e+0 
40 c3·c2 b3·b2 n3+n2 -2.76e+1 1.61e+1 -2.33e+1 
41 n3·c2+c3·n2 c3·b2+b3·c2 b3+b2 -2.77e+1 7.14e+0 4.12e+0 
42 n3·n2 b3+b2  -3.41e+1 1.92e+1  
43 c3+c2 c3+c2  2.45e+1 2.31e+1  
44 n3+n2   1.74e+0   
 count("fact") = 81 count("fact") = 81 count("fact") = 81   

L1, L2, L3 and 
L4 filled with 
Boron, Carbon 
or Nitrogen 
atoms 

L4L3L2L1

÷  (for Nitrogen as reference atom) ∑
=

⋅
43

1i
ii fact_Ncoef_N~Vol

÷  (for Carbon as reference atom) ∑
=

⋅
41

1i
ii fact_Ccoef_C~Vol

The explanatory equations for molar volume are: 

÷  (for Boron as reference atom) ∑
=

⋅
44

1i
ii fact_Bcoef_B~Vol
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