Journal of Molecular Modeling (2019) 25: 254
https://doi.org/10.1007/500894-019-4105-5

ORIGINAL PAPER

®

Check for
updates

Ab initio study on the six lowest energy conformers of iso-octane:
conformational stability, barriers to internal rotation, natural bond
orbital and first-order hyperpolarizability analyses, UV and NMR
predictions, spectral temperature sensitivity, and scaled
vibrational assignment

Mouhi Eddine Hachim' - Karima Sadik' - Said Byadi' - Christian Van Alsenoy? - Aziz Aboulmouhaijir '

Received: 6 June 2018 / Accepted: 26 June 2019 /Published online: 30 July 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

In this paper, we present the quantum electronic study of iso-octane, based on MP2 and B3LYP methods using the 6-311++
G(d,p) basis set. In addition to conformational stability and internal rotation barriers studies, the delocalization energies associ-
ated with the internal charge transfer (ICT) within each of the six lowest energy conformers were evaluated using NBO analysis.
With the aim to differentiate even more between these conformers, the energy gap between HOMO and LUMO orbitals, chemical
softness, and first-order hyperpolarizability (nonlinear optics property) were evaluated. Similarly, their spectral behavior was
investigated at different levels; the ultraviolet (UV) absorption bands were assigned using molecular orbitals data obtained by
TD-B3LYP calculations with 6-311++G(d,p) basis set, while carbon '*C NMR and proton 'H signal peaks were assigned using
the GIAO-B3LYP/6-311++G(d,p) method. In addition, the normal mode calculations of the most and least stable conformers
using a scaled force field in terms of nonredundant local symmetry coordinates were carried out to approach the vibrational
spectra temperature dependency.

Keywords Ab initio - Conformational isomerism - Natural bond orbital - First-order hyperpolarizability - UV absorption bands -
13C and "H NMR spectra - Scaled vibrational analysis

Introduction petrochemical industry [1]. Moreover, turbocharging causes

excessive detonation, accompanied by an extreme rise of tem-

The branched hydrocarbon 2,2 4-trimethylpentane (TMP), of-
ten referred to iso-octane, commonly results in the processing
of crude petrol and therefore is of great interest in the
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perature and pressure in the combustion chamber leading to
the knocking noise [2]. Because the latter is very damaging for
both human and equipment, the use of gasolines with an an-
tiknock value, i.e., the ability to withstand the compression,
has proven vital. This ability is measured by the octane num-
ber as an indicator of energy efficiency. In this regard, iso-
octane is considered as a reference (index 100) in terms of
knock resistance against heptane (index 0) [3]. In addition,
the oxidation of hydrocarbons forms the basis of most pro-
cesses for producing polymers (ethylene oxide and propylene
oxide, maleic and terephthalic acids, etc.). For instance, iso-
octane is the recurring structural subunit of polypropylene and
of many polypropionate derived natural products [4-7].
However, the high temperature kinetic mechanism of the ox-
idation in its propagation and termination phases requires a
beforehand initiation phase where a hydrogen is abstracted
from the hydrocarbon, before oxidizing its radical form. This
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resulted in the idea to study the conformational behavior of the
trimethyl-pentanes, and more particularly iso-octane, which
has multiple steric environment hydrogens. Through this
study, we explored the structural and electronic properties,
determined the optimal conformers and the rotational barriers
impeding movement between them, and elucidated the impact
of'the kinetic and interactional components of the molecule on
the vibrational spectra (IR/Raman) in liquid phase, using scale
factors of local symmetry force constants [8]. The fundamen-
tal vibrational modes were performed with their potential en-
ergy distributions (PED-s) and attributed to corresponding
observed frequencies for the six lowest energy conformers.
Nonlinear activity, particularly first hyperpolarizability, the
highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO), molecular electrostatic
potential (MEP) [9], natural bond orbital (NBO) analyses [10],
and NMR and UV spectra [11, 12] predictions have been also
investigated, in order to have not only an insight into electron-
ic properties of this molecule but also to differentiate between
its conformers.

The carbon positions for each conformer are well known
by evaluating the two central C—C bonds t; = C1-C2-C3-C4
and 1, = C2-C3-C4-C5. The torsional angle T, is taken to be
positive if, when looking from C2 along the C2—C3 bond, C4
is in the clockwise sense with respect to C1. The initial con-
figuration and backbone torsional angles, as well as the num-
bering of the carbon atoms, are shown in Fig. 1 [13].

Theoretical characterizations

The set of programs Molpro was used to carry out the ab initio
and DFT optimization [14, 15]. Full geometry optimizations
were performed using the method of complete relaxation with-
out any symmetry constraint. Standard gradient techniques at
Moller—Plesset perturbation method level MP2 and
DFT\B3LYP level, which uses the Becke’s hybrid exchange
functional B3 and the Lee—Yang—Parr nonlocal correlation
functional, were calculated using the 6-311++G(d,p) basis
set [16-18].

0
n\\\\\\\\\\“\m
mulllll/ll 0

62 T2 C4
/ lb\ 7( \
C1 * C3 C5

Fig. 1 Backbone torsional angles and the carbon atoms numbering for
2,2 4-trimethylpentane (iso-octane)
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Before its relaxed optimization, the total electron energy
surface was constructed in steps of 30°, combining the values
of T, ranging from 0 to 120° considering the C3v local sym-
metry of the tert-butyl group and the values of T, ranging from
0 to 360° (Fig. 1). It must be emphasized that the axis of
rotation of the tert-butyl group coincides with the central
C2C3 bond, while the axis of rotation of the isopropyl group
(C2v local symmetry) does not [19]. Only the most stable
conformer and the five secondary ones obtained by the opti-
mization calculations are presented in Newman form to give a
clear description of the interactions between close groups for
each conformer. The transition from one conformer to another
needs to overcome the rotational barrier due to the torsion of
tert-butyl or isopropyl group, calculated by fixing only the
dihedral T; or T, respectively and allowing the variation of
all the other parameters. All structures were visualized by
employing the Chemcraft 1.8 program [20].

After complete optimization, the vibrational frequencies
for these structures were computed from the analytical second
derivatives of energy (Hess matrix), at the same levels of
methods, with the Gaussian 09 program [21], in order to con-
firm that they are the true minima on one hand and to carry out
their vibrational analysis on the other hand. The unscaled vi-
brational frequencies are larger than the experimental values
because of basis set incompleteness, negligence of electron
correlation, and vibrational anharmonicity. Therefore, for rea-
sonable frequency matching, we scaled the ab initio quadratic
force constant matrix according to the hessian matrix with the
possibility of refinement of the scale factors. Indeed, it is nec-
essary to modulate the quantum force constants by scaling
factors C, which are determined from the least-squares adjust-
ment of the calculated frequencies on the experimental ones
[22].

Fscaled = C'*F C'/? (1)

To help assign vibrational modes, potential energy distri-
butions (PED-s) have been computed using the Gar2ped pro-
gram [23].

On the basis of the Raman scattering theory, the Raman
intensities were also predicted with Gaussian 09, using the
following relationship:

_ few)'si
" vi[l—exp(hev; kyT))

(2)

where S; are the Raman activities, v is the exciting frequency
in cm ™', 1 is the vibrational wave number of the ith normal
mode, A, ¢, and k;, are the fundamental constants and f'is a
suitably chosen common normalization factor for all the peak
intensities [24, 25].

Natural bonding orbital calculations were performed at
B3LYP/6-311++G(d,p) using pop = nbo code as implemented
in the Gaussian 09 package. The interactions due to the
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overlap between bonding and antibonding orbitals give rise to
intramolecular charge transfer (ICT), causing stabilization of
the molecule [26]. These interactions are observed as an in-
crease in electron density in antibonding orbital that weakens
the respective bond. The delocalization energies associated
with the ICT were examined using the Second Order
Perturbation Theory analysis of the Fock matrix in the NBO
method [27]. For each donor (i) and acceptor (j), the stabili-
zation energy E(2) associated with the delocalization i/j is
calculated as:

(Fy)’

EQ2) = AE; = qi E-E)

(3)

where g; is the orbital occupancy, Ei and Ej are the diagonal
elements and F(i,j) is the off-diagonal NBO Fock matrix ele-
ment [28].

The calculations of polarizability « and first-order
hyperpolarizibility 3 were performed on the optimized geom-
etry to understand the nonlinear optical (NLO) behavior of
iso-octane conformers [29]. Their electronic energy sensitivity
to an external electric field Fi is expressed as follows:

. 1 1
E=F _HiFi_E(XijFiFj_gBiijiFij (4)
where E° is the electronic energy of the unperturbed molecule,
Fi is the external field at the origin, w;, oj, and [k are the
components of dipole moment, polarizability, and first-order
hyperpolarizability, respectively. The total static dipole mo-
ment W, the mean polarizability «, the anisotropy of the po-
larizability A, and the mean first-order hyperpolarizability
3o, using the x, y, and z components are defined as [30-32]:

1/2
p= (1242442 (5)
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Besides this work, we predicted 13C and '"H NMR chemical
shifts. It is well known that the inductive attractor effect (-I),
attracting and distancing electrons from their nucleus, de-
creases electron density and electronic diamagnetism near
the nucleus. To this diamagnetism, a screen constant oj is
associated. It reflects the degree of shielding of the nucleus

with regard to its environment, thus giving rise to a peak of
resonance, in accordance with NMR fundamental formula.
Vi = ’YB()(I_O',') (9)

where v is the gyromagnetic ratio and By, is the magnetic field
intensity, and the chemical shift, which is the resonant fre-
quency of a nucleus relative to the tetramethylsilane (TMS)
standard in a magnetic field, is given by:

O = 0w 0;. (10)

Therefore, the lower the screen constant (deshielding ef-
fect), the larger the chemical shift & and the lower the field
of NMR signal.

It should also be noted that, in addition to the negative
sensitivity of the nucleus chemical shift to its surrounding
electron density and thus to the electronegativity of the neigh-
boring atoms, it is favorably sensitive to magnetic anisotropy
resulting from the electronic current associated with the delo-
calization of electrons.

For iso-octane, we calculated the chemical shift of both '3C
and 'H for the six A—F conformers, in order to differentiate
them, once more, and to verify the compatibility of their
values to the experiment. The structure of the six conformers
was optimized at the B3LYP/6-311+G(d,p) level. Then, the
gauge-including/invariant atomic orbital (GIAO) [33] 'H and
13C chemical shift calculations are performed by the same
basis set in CDCl; solution by IEFPCM model [34].

On the other hand, because DFT and time dependent DFT
(TD-DFT) can offer a highly acceptable prediction of the elec-
tronic and optical properties, the excitation energies of the title
molecule were also performed at TD-B3LYP/6-311++G(d,p),
in the gas phase and in DMSO solvent, to reproduce the UV
spectrum [35, 36].

Results and discussion
Geometry optimization and conformational stability

Taking into account the symmetry of the tert-butyl group and
the coincidence of its local symmetry axis with the rotational
bond C2C3 contrary to the isopropyl group, the exploration of
the iso-octane conformational space generated 48 conforma-
tions combining T; and T, values as presented in Fig. 2.

Ab initio MP2/6-311++G(d,p) and B3LYP/6-311++G(d,p)
levels provide two nearly equivalent minima A and B in terms
of interactions, two first secondary conformers C and D in a
range of 0.6 kcal mol ', and two nearly equivalent high sec-
ondary conformers in a range of 3.6 kcal mol™', the con-
formers C and D are equivalent by effect of symmetry with
respect to the trans main chain, whereas A and B or E and F
are equivalent in terms of interactions between atoms only. In
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Fig.2 Distribution of the 2,2 4-trimethylpentane conformers with respect
to their initial torsion angles T1 and T2 by B3LYP/6-311++G(d,p) method

addition to torsional angles differences between conformers,
the conformational variability also concerns the CCC angles.
It reaches a maximum value (6°) for the central angle C2C3C4
for both methods.

By comparing B3LYP/6-3114++G(d,p) and MP2/6-311++
G(d,p), it is noteworthy that the former is slightly more stabi-
lizing as the energy is decreased about 655 kcal mol ', while
the latter renders values of C2C3, C3C4 bond lengths and
C2C3C4 angle, for the six conformers A—F, shorter by about
0.01 A and 1° than the B3LYP ones, while almost all the other
bond lengths and angles remain unchanged for the two
methods. Regarding the dihedral angles, we noticed that the
variation between angles does not exceed 4° from one method
to another, especially for C and D conformers (Table 1, Fig. 3).
Additionally, the computed bond lengths and bond angles of
the titled compound were compared with their experimental
data [37]. The MP2/6-311++G(d,p) values obtained for the
angle o (C1-C2—C3) and distance r (C1-C2) are closer to
the experiment compared to the B3LYP/6-311++G(d,p)
values (Table 1).

In the light of the optimization results, the syn-pentane
interaction, which appears between every fifth carbon atom,
is considered the major factor influencing the stability of con-
formers. This explains the weakness of strain caused by tert-
butyl/isopropyl interaction in A and B conformers compared
to the secondary ones (Fig. 3).

Isopropyl barriers to internal rotation

The rotational barriers between the most stable conformers A
and B or between secondary conformers C and E or D and F

@ Springer

and their correspondent inversion barriers were evaluated at
both MP2 and B3LYP using 6-311++G(d,p) basis set. All
these transitions A (T, =55, 1,=140)—> B (1, =66, T, =
96), C (1,=42, 1,=63) > E (1,=74, 1,=-54), and D
(t:=78, 1,=170) > F (11 =48, 1, =—76) have the particu-
larity of being one-dimensional rotation around C3C4 bond,
knowing that the torsion angle T, was kept at constant value,
in 5° intervals, while all the other angles and bond lengths
were optimized. Moreover, with T, near 60, the evolution of
the rotational transition throughout the total interval of T,
[-180, 170] enabled us to identify the equivalence between
C — E and D — F rotational transitions, due to a Cs symmetry
of the molecule for T, = 120.

According to the results collected in Table 2 and presented
in Figs. 4 and 5, the MP2/6-311++G(d,p) or B3LYP /6-311++
G(d,p) rotational barrier of A — B transition and its inversion
barrier are very weak compared to their corresponding C — E
or D — F transitions. By comparing the two methods, MP2/6-
311++G(d,p) C — E or D — F rotational barriers and their
corresponding inversion barriers were found to be larger by
about 1 kcal mol™! than B3LYP/6-311++G(d,p) values.
Obviously, the values of C — E or D — F rotational barriers
and their inversion barriers are high because they have to
overcome the strong interaction of the tert-butyl and isopropyl
groups.

Considering the absence of experimental rotational bar-
riers for iso-octane and the abundance of experimental
data for iso-butane (methylpropane), we assessed the con-
sistency of the methods MP2/6-311++G(d,p) and B3LYP/
6-311++G(d,p) by evaluating the internal rotation barrier
of methyl with respect to the only existing stable confor-
mation of iso-butane (Fig. 1S in Supplementary informa-
tion). We thus found that the 3.56 kcal mol™! value of the
MP2/6-311++G(d,p) rotation barrier is closer to the exper-
iment than 3.24 kcal molfl, calculated by B3LYP/6-
311++G(d,p), since its evaluation from microwave spectra
[38] and from two thermodynamic results [39] gives re-
spectively 3.90, 3.62, and 3.87 kcal mol™'. However, apart
from the calculation of the rotation barrier, which is part
of the kinetic study, the B3LYP/6-3114++G(d,p) is more
stabilizing in terms of energy and thus thermodynamically
and spectroscopically. This is why the DFT prediction of
electronic and spectroscopic properties was chosen.

HOMO-LUMO and molecular electrostatic potential
(MEP) analyses

The energy gap between HOMO and LUMO orbitals is
directly related to chemical softness and the chemical re-
activity of a molecule in the frontier molecular orbitals
(FMOs) theory [40]. The huge gap explains the high sta-
bility and low reactivity, as is the case, for instance, with
the saturated hydrocarbons and their oxidation processes.
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The values of HOMO, LUMO, energy gap, and softness
for the six conformers are collected in Table 3. The pic-
torial diagram of HOMO and LUMO energy levels is

Table 2 Values (kcal mol™) of possible rotational barriers to torsional
angle T2 = C2C3C4CS5 and their correspondent inversion (in parentheses)
for 2,2 4-trimethylpentane

A—B C—E D—F
B3LYP/6-311++G(d, p) 0.2 (0.18) 6.57 (3.74) 6.6 (3.77)
MP2/6-311++G(d, p) 0.2 (0.17) 7.86 (4.76) 7.61 (4.6)

@ Springer

presented in Fig. 6. The energy gap between MOs is
7.90 ev in A and B conformers, 7.85 ev in C and D
conformers, and 7.65 ev in E and F conformers, suggest-
ing that the molecule is slightly soft in the latter form.
This is confirmed by their larger electronic distribution
in LUMO orbitals compared to the other conformers.

Knowing that the red color shows the lowest MEP value
(negative) and the blue color the highest one (positive), while
the yellow color indicates intermediary potential [41], we no-
ticed that the electrostatic molecular potential also presented
in Fig. 6 is almost identical for all conformers, as the yellow
color concerns all the skeleton carbon atoms and blue color
concerns all hydrogen atoms.
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Fig. 4 Evolution of B3LYP/6-311++G(d,p) rotational barrier to torsional
angle 12 = C2C3C4CS5 for 2,2 4-trimethylpentane

Natural bond orbital analysis

The E(2) stabilization energy indicates the direct relationship
between the intensity of ICT and the interaction between
bonding and antibonding orbitals. The calculated values of
E(2) presented in Table S1 (Supplementary information) have
several particularities:

» Al electronic transfers took place between o type molec-
ular orbitals.

* The E(2) high values reflecting high ICT between bonding
orbital o,, and antibonding orbital *.4 concern the ab
and cd bonds in trans position.

* The larger values of E(2) concern the ocp—0*cc interac-
tions, especially for o(C3-H12)—c*(C2-C8) (B and E
conformers) and o(C3-H13)-0*(C1-C2) (A and F con-
formers) as they exceed 4 kcal mol ™.

* 0(C3-H12)-0*(C4-C6) and o(C3-H13)-0*(C4-C5)
lead large values of E(2) both for E and for F conformers
as C4-C6 and C4—CS5 are in trans position vis-a-vis of C3—
H12 and C3-H13, respectively.

* The interactions occy—0*cy and occ—0* cy are intense but
less intense than the ocy—0* ¢ interactions and are local-
ized in the interval of 2 to 4.5 kcal mol .

Considering the branching of the iso-octane, we were par-
ticularly interested in the intramolecular interaction of carbon
skeleton occ—0*cc with the aim of differentiating between
conformers. We noticed the interaction of oc,c7 of the tert-
butyl group with 0*c3¢4 for all six conformers A—F had
values within the interval of 2.5 to 3 kcal mol . It is the same

for the interaction of o'c4c5 of the isopropyl group with 0%coc3
having the values 1.42 and 2.76 kcal mol " for the conformers
A and D, respectively, and 0cyqce—0*coc3 interaction having
the values 1.50 and 2.76 kcal mol ™! for B and C conformers,
respectively. It is worth noting that the reverse interaction
between the bonding and antibonding orbitals is correspond-
ingly diminished.

From E(2) values analysis, it could be concluded that the
conformational flexibility affects intramolecular charge trans-
fers of natural bond orbitals.

First-order hyperpolarizability and nonlinear optics
analysis

As presented in Table 4, the highest value of dipole mo-
ment is observed for A and B conformers, this value is
equal to 0.58 Debye. The values of static polarizability or
the mean polarizability o, are very close for the six con-
formers A—F, while the total polarizability or the anisotro-
py of the polarizability A« is relatively lower for the two
most stable conformers A—B compared to the secondary
ones. The magnitude that is more sensitive to conformers
is the first-order hyperpolarizability (3(). Indeed, the
B3LYP/6-311++G(d,p) first-order hyperpolarizability
values are, respectively, 466.452 10733 esu and 476.250
10733 esu for A and B conformers, 601.951 10733 esu and
603.320 10 esu for C and D conformers, and 789.880
107 esu and 793.270 10>* esu for E and F conformers.
3o of A and B conformers is greater than that of urea, taken
as a reference [27, 42, 43] of about 27%, while 3o of the
secondary conformers C—F is almost two times larger than
that of urea leading to moderate nonlinear optics activity of
the title molecule.

Carbon "3C and proton "H NMR spectra prediction

The theoretical relative '>C and 'H-NMR chemical shift
values are reported in ppm as shown in Tables 5 and 6 for
all the conformers and illustrated for the most stable conform-
er A (Fig. 7). They were also correlated with natural NPA
charges and compared with the experimental data where the
skeleton carbons are overlapping with chemical shift values
from 25 to 55 ppm and hydrogens from 0.89 to 1.65 ppm [44,
45].

We first observed the high value exceeding 50 ppm
of the central carbon C3, the point of connection be-
tween the tert-butyl and isopropyl groups. In the same
direction, with a value of about 40 ppm, dc, of central
tertiary butyl carbon exceeds those of the connected
peripheral carbons (C1, C7, and C8), and with a value
ranging from 30 to 35 ppm, dc4 of central isopropyl
carbon exceeds those of the connected peripheral
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Fig. 5 B3LYP/6-311G++(d,p) and MP2/6-311G++(d,p) rotational barriers to torsional angle T2 = C2C3C4CS5 for 2,2 4-trimethylpentane

Table3 The HOMO-LUMO energy gap and softness for the six lowest
energy conformers of 2,2 4-trimethylpentane

Conformers HOMO LUMO AE S

A —82.029 —0.3000 79.032 0.2531
B —82.031 —0.3000 79.032 0.2531
C —81.672 —0.3137 78.535 0.2547
D —81.672 —0.3137 78.535 0.2547
E —79.898 —0.3391 76.507 0.2614
F —79.898 —0.3391 76.507 0.2614

@ Springer

carbons (C5 and C6). These results show clearly that
the electronic depletion concerns the central skeletal car-
bons. Indeed, the natural NPA atomic charge of skeletal
carbons varies from —0.1 to —0.4, whereas it is of the
order of —0.6 for all peripheral carbons (Tables 5 and
6). We also noted the slightly elevated value of 8¢5
compared to the other peripheral carbons due to its co-
planarity with the C2, C3, and C4 carbons, giving its
electrons more mobility. On the other hand, the highest
"H-NMR chemical shift (varying from 1.5 to 1.9 ppm
going from A to F) was found for H14, which is bound



J Mol Model (2019) 25: 254

Page 9 of 19 254

LUMO

>

AE=7,903ev

AE=7,853ev

AE=7,650ev

HOMO

LUMO

AE=7,903ev /f

AE=7,853ev

AE=7,650ev

v

HOMO

Fig. 6 Pictorial separation of electronic energy levels with frontier MOs and molecular electrostatic potential plots of 2,2,4-trimethylpentane conformers

Table 4 The clectric dipole moment p, static polarizability o,
anisotropy of the polarizability A, and first-order hyperpolarizability
of 2,2 4-trimethylpentane by the B3LYP/6-3114++G(d,p) method

Conformers oo esu(1072%) Ao esu(1072%) Bo esu(1073)

A 0.0584 14.780 2.385 466.452
B 0.0582 14.783 2.394 476.250
C 0.2028 14.795 2.183 601.951
D 0.2018 14.792 1.984 603.320
E 0.1236  14.688 0.969 789.880
F 0.1261  14.690 1.251 793.270

(p: debye, a: 1 au=0.1482 x 107 esu; 5: 1 au. =8.6393 x 10733 esu)

to the isopropyl C4 carbon, is correlated with the lowest
natural charge (0.184) that is less than the other charges
by about 0.014.

Knowing that the different conformers are differentiat-
ed by the configuration of the isopropyl group, we noted
that the chemical shifts 6c5 and 8¢ are of the order of
26 ppm for the conformers A and B while they exchange
their values from C (8¢5 = 22 and 8¢ =26 ppm) to D and
from E (6¢s = 22 and 6c¢ =24 ppm) to F, with a higher
chemical shift affecting the carbon that is closer to the
plane C7C2C3C4. In addition, the H14 of the isopropyl
group is also a source of differentiation, since the value of
its chemical shift is respectively of the order of 1.5, 1.7,
and 1.9 ppm for (A, B), (C, D), and (E, F).

@ Springer



254 Page 10 of 19 J Mol Model (2019) 25: 254

Table 5 The experimental and calculated '*C-NMR isotropic chemical shifts and natural population analysis charge of all conformers A—F

A B C D E F Expt

NPA 5 NPA 5 NPA 5 NPA 5 NPA 5 NPA 5 5
Cl  -0566 307 -0571 2733 0574 2611  —0568 2962 -0570  30.63 -0572 2869  30.16
C2 0087 3675 —0.08 3666 —0.092 3634  —0092 3635 -0093 3871  -0.093 3871 311
c3 0370 531 -0370 5441 0369 5489  —0369 549 0367 5222 0367 5222 5328
C4  —0237 2922 0237 289 -0229 3085 0229 3085 0222 354  —0223 354 2473
C5 0563 2632 0566 2489 0570 2255  —0.564 2651  —0.572 2181  —0569 2417 2551
C6  —0566 2555 0563 2614 0564 265 -0570 2256 0569 2417 0572 2181 2551
C7  -0571 3227 0566 3346  —0565 3529  —0.565 3529  —0.565 362  —0565 3619  30.16
Cc8 0574 2619 0573 2723  —0.568 2961  —0.574 2611  —0.572 2869 —0570  30.63  30.16

Moreover, the experimental values of d¢s, d¢ce, and 14  Electronic UV spectra
are more compatible with the conformers A and B than the C,
D, E, and F conformers, whereas the calculation of the corre- Time-dependent density functional theory (TD-DFT) is
lation between observed and theoretical chemical shifts, par-  calculated on the optimized geometries by using the same
ticularly in '*C-NMR (Fig. 8, Table 7), rejected categorically ~ basis sets and hybrid functional, in order to extract the
the conformers E and F as stable conformers. Indeed, they are ~ ground to excited state transitions, the excitation energies,
not only of lower stability but also require a relatively high ~ and oscillator strengths, with respect of the Franck-—
barrier of rotation. Condon principle [46].

Table 6 The experimental and calculated "H-NMR isotropic chemical shifts and natural population analysis charge of all conformers A—F

A B C D E F Expt

NPA 5 NPA 5 NPA 5 NPA 5 NPA 5 NPA 5 1

H9 0.198 1.158 0.197 1.22 0.199 1.057 0.198 1.38 0.201 1.394 0.197 1.146 0.891
H10 0.198 0.698 0.198 0.602 0.199 0.729 0.198 0.746 0.197 0.787 0.200 0.923 0.891
H11 0.198 0.705 0.199 0.693 0.200 0.795 0.197 0.737 0.197 0.762 0.198 0.797 0.891
H12 0.195 0.94 0.196 1.048 0.196 1.272 0.192 0.918 0.196 1.488 0.195 1.378 1.122
H13 0.196 1.06 0.195 1.029 0.193 0.917 0.196 1.273 0.196 1.378 0.196 1.488 1.122
H14 0.184 1.515 0.184 1.548 0.185 1.707 0.185 1.708 0.182 1.917 0.182 1.918 1.659
H15 0.197 0.878 0.196 0.877 0.198 0.859 0.198 0.938 0.199 0.999 0.197 0.965 0.907
H16 0.197 0.918 0.200 1.194 0.195 1.379 0.197 0.86 0.199 1.135 0.196 1.011 0.907
H17 0.192 0.778 0.192 0.53 0.194 0.505 0.192 0.732 0.190 0.993 0.194 1.218 0.907
H18 0.196 0.895 0.197 0.874 0.198 0.938 0.198 0.859 0.197 0.965 0.199 0.999 0.907
H19 0.192 0.538 0.193 0.748 0.192 0.732 0.194 0.506 0.194 1.218 0.190 0.993 0.907
H20 0.199 1.335 0.197 0.915 0.197 0.86 0.195 1.379 0.196 1.011 0.199 1.135 0.907
H21 0.199 0.867 0.198 0.853 0.198 0.754 0.198 0.755 0.198 0.658 0.198 0.658 0.891
H22 0.198 0.775 0.198 0.814 0.197 0.746 0.199 0.94 0.198 0.9 0.197 0.816 0.891
H23 0.197 0.825 0.198 0.817 0.199 0.94 0.197 0.746 0.197 0.816 0.198 0.9 0.891
H24 0.199 0.601 0.198 0.735 0.198 0.745 0.199 0.73 0.200 0.923 0.197 0.787 0.891
H25 0.199 1214 0.199 1.027 0.198 1.379 0.198 1.057 0.197 1.146 0.201 1.395 0.891
H26 0.200 0.656 0.199 0.731 0.197 0.736 0.200 0.796 0.198 0.797 0.197 0.762 0.891
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Fig. 7 The experimental and calculated '*C and "H-NMR chemical shifts (ppm) of the most stable conformer A

The TD-DFT electronic transitions of iso-octane was cal-
culated without experimental results. Indeed, the saturated
form of this molecule gives it a high HOMO-LUMO energy
gap (almost 8 ev), making it more stable and the o—o* elec-
tronic transition more difficult (shorter wavelength of absorp-
tion maxima).

The excitation wavelengths (A), energies (E), oscillator
strengths (f), and the assignment of electronic excitation of
each isolated iso-octane conformer (A—F) and in solvent
DMSO are presented in Table 8, while the theoretical elec-
tronic spectrum is shown in Fig. 9.

The results of conformers A and B disclose three rela-
tively intense electronic transition peaks at 163, 167, and
171 nm, with the respective values of the oscillator
strength 0.081, 0.044, and 0.062 assigned respectively to

HOMO-2 ->LUMO, HOMO-1 -> LUMO and HOMO ->
LUMO excitation, as main contributions. The conformers
C and D exhibit the same main contributions with a slight
shift not exceeding the unit for (A) and 0.2 for (f), com-
pared to A and B conformers. However, the transition
HOMO-1 ->LUMO has been submitted to a (A) shift of
2 nm, from C or D to E or F, while specifically for these
latters the transition HOMO -> LUMO+1 appears (contri-
bution of about 70%) at 165 nm with (f) about 0.05 au.

On the other hand, the use of DMSO solvent has a notice-
able effect on (f) which increases by about 20 to 25% for all
the conformers in addition to the reappearance of the HOMO
-> LUMO excitation at 177 nm even with weak strength of
about 0.02, and the disappearance of HOMO-2 —> LUMO
transition, for E and F conformers.
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Table 7  The adjusted R-squared between observed and calculated *C-NMR chemical shifts for all A—F conformers
Conformers A B C D E F
Adjusted. R-squared 0.93265 0.92862 0.92503 0.92507 0.87987 0.87986

Temperature sensitivity and scaled vibrational
assignment of conformers

As it is commonly accepted that the conformational behavior
of Raman and IR spectra is very sensitive to temperature,
mainly at low frequencies, we recorded, in our earlier work
[47], the Raman spectrum of iso-octane in liquid phase below
600 cm™" in the temperature range from 293 to 183 K. As is
shown in Fig. 10, if we exclude the refinement of bands
caused by cooling of the sample, we did not notice any ex-
change between bands in terms of intensity, thereby removing
any possibility of conformational change. It should be noted
that the infrared spectrum between 200 and 600 cm ' does
not show any bands that are inactive in the Raman spectrum.
For this reason, temperature sensitivity of the infrared region
was not considered.

The absence of temperature-sensitive bands in the spectra
of this isomer can be related to the fact that the vibrational
frequencies of the two most stable conformers A and B are
not sufficiently shifted from the secondary ones. To confirm
this, the scaled vibrational normal modes calculations were
made leading us to the harmonic frequencies of vibrations
adjusted to the observable frequencies as well as the distri-
bution of the potential energy for each calculated normal
mode. To highlight the local symmetry of the carbon skele-
ton, we considered the symmetry coordinates based on the
Csv local symmetry of the tert-butyl group (DS TS DD SD
DR CCC), while the C,v symmetry of the isopropyle group
is ignored because the rotation axis does not coincide with
the CC rotation. All used symmetry coordinates are derived
from internal coordinates and detailed in Table S2
(Supplementary information).

Table8 Calculated absorption wavelength (A) (nm), excitation energies E (ev), and oscillator strengths (au) of six conformers using the B3LYP/311++
G(d,p) level

Confs Gas Main contribution DMSO Main contribution
A (nm) E (ev) f(a,u) A (nm) E (ev) f (au)
A 170.77 7.26 0.062 HOMO ---> LUMO (70%) 170.7 7.263 0.079 HOMO ---> LUMO (70%)
167.11 7.419 0.044 HOMO-1 ---> LUMO (69%) 167.15 7417 0.06 HOMO-1 ---> LUMO (69%)
162.84 7.614 0.081 HOMO-2 ---> LUMO (70%) 162.97 7.608 0.109 HOMO-2 ---> LUMO (70%)
B 170.76 7.261 0.062 HOMO ---> LUMO (70%) 170.69 7.264 0.079 HOMO ---> LUMO (70%)
167.11 7.419 0.044 HOMO-1 ---> LUMO (70%) 167.16 7417 0.06 HOMO-1 ---> LUMO (70%)
162.85 7.614 0.081 HOMO-2 ---> LUMO (70%) 162.97 7.608 0.109 HOMO-2 ---> LUMO (69%)
C 172.09 7.205 0.053 HOMO ---> LUMO (70%) 17191 7212 0.069 HOMO ---> LUMO (70%)
166.64 7.44 0.060 HOMO-1 ---> LUMO (70%) 166.62 7.441 0.08 HOMO-1 ---> LUMO (70%)
163.37 7.589 0.061 HOMO-2 ---> LUMO (69%) 163.44 7.586 0.082 HOMO-2 ---> LUMO (69%)
D 172.09 7.205 0.053 HOMO ---> LUMO (70%) 17191 7212 0.069 HOMO ---> LUMO (70%)
166.64 7.44 0.06 HOMO-1 ---> LUMO (70%) 166.62 7.441 0.08 HOMO-1 ---> LUMO (70%)
163.36 7.589 0.061 HOMO-2 ---> LUMO (69%) 163.44 7.586 0.082 HOMO-2 ---> LUMO (69%)
E 168.17 7.373 0.062 HOMO-1 ---> LUMO (70%) 177.39 6.99 0.019 HOMO ---> LUMO (70%)
165.07 7.511 0.051 HOMO ---> LUMO+1 (69%) 168.19 7372 0.082 HOMO-1 ---> LUMO (70%)
163.95 7.562 0.084 HOMO-2 ---> LUMO (70%) 165.44 7.494 0.064 HOMO ---> LUMO+1 (68%)
F 168.17 7.373 0.062 HOMO-1 ---> LUMO (69%) 177.38 6.99 0.019 HOMO ---> LUMO (70%)
165.07 7.511 0.051 HOMO ---> LUMO+1 (68%) 168.19 7.372 0.082 HOMO-1 ---> LUMO (70%)
163.95 7.562 0.084 HOMO-2 ---> LUMO (70%) 16543 7.495 0.064 HOMO ---> LUMO+1 (68%)
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The refinement of the ab initio normal modes frequencies
has been carried out through the optimization of the scale
factors of B3LYP/6-311++G(d,p) force constants for the con-
former A (Table 9). For the other less stable conformers, the
variation of scale factors compared to A does not exceed 4%.
Raman and IR frequencies, in liquid phase, as well as the
adjusted calculated frequencies are listed in Table 10. As
shown by the temperature sensitivity study of the Raman
low frequency region, eliminating any possibility of confor-
mational exchange, all observed frequencies are predicted by
scaled normal mode calculation for the most stable conformer
A. Thus, only the PED for conformer A is given, all minor
contributions (contributions <10%) are eliminated unless they
consolidate the preponderant contribution, in this case, even
the contributions going down to 5% are considered. On the
whole, the computed scaled frequencies are in good agree-
ment with the experimental data leading rms deviation, not
exceeding 10 cm™' for all frequencies and 6 cm™' below
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1500 cm ™. The comparison between calculated and observed
intensities was used, mainly in Raman, to verify the symmet-
rical character of the calculated mode of vibration. Indeed, the
more symmetrical the mode, the higher its Raman intensity.
As the molecule 2,2,4-trimethyl pentane contains five
CH3, one CH2, and one CH, its different vibration modes
are subdivided into two groups. The first group (18 modes)
contains ten degenerates asymmetric stretching CH3ds (in
plane and out of plane), five symmetric stretching CH3ts,
one asymmetric stretching CH2as, one symmetric stretching
CH2ss, and one CH stretching CHs. All these modes are con-
sidered pure as long as the complementary contributions are
minor and do not exceed 10%. Their respective frequencies
are observed and well predicted in the region [2900, 2840] in
accordance with the following order: CH3ds > CH2as >
CH3ts > CH2ss > CHs, as found in our earlier work and those
of Mirkin et al. for some normal and congested alkanes [48].
The second group contains, as pure modes or in combination,
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Fig. 10 Observed low frequency Raman spectrum of 2,2,4-
trimethylpentane, in liquid phase below room temperature

ten degenerate asymmetric deformations CH3ab (in plane and
out of plane), five symmetric deformations CH3sb, five de-
generate rocking CH3dr (in plane and out of plane), one
CH2sc scissoring, one CH2wa wagging, one CH2tw twisting,
one CH2ro rocking, CCH defCH, and CCC deformations. As

Table 9  Local symmetry coordinates scale factors for DFT/B3LYP/6-
311++G(d,p) of the most stable conformer A for 2,2 4-trimethyl pentane

Symmetry coordinates B3LYP/6-311++G(d,p)

CCs 1.01301
CH3s 0.92422
CC38 1.02364
CH2ss 0.92983
CHs 0.88961
CH3sb 0.94662
CH3ab 0.95051
CH3r 0.94198
CH2b 0.95913
CH2ro 0.94182
CH2wa 0.88360
CH2tw 0.97418
Def CH 0.99070
Def CCC 1.01094
CCtors 1.30289

can be seen from the B3LYP/6-311++G(d,p) scaled ab initio
vibrational computations for the conformer A, CH3ab was
located as pure mode or combined with CH2b from 1480 to
1445 cm™' and observed from 1470 to 1450 cm™ ', while
CH3sb appears essentially alone from 1390 to 1360 cm ™’
and calculated in the same order of magnitude. HCC defor-
mation DefCH of the tertiary carbon C4 appears alone for two
modes calculated at 1351 and 1348 cm ™' and observed at
1350 cm™ ! and contributes with CH2wa, CH2tw or CC
stretching for two other modes calculated at 1299 to
1280 cm ™" and observed at the same frequencies.

Furthermore, the CC stretching acts within the range 1250—
740 cm”', contributes essentially in combination with CH2ro,
CH2tw, and CH3r, knowing that the most important modes
involving predominately CC contributions were calculated at
1248 (40%), 896 (48%), 832 (55%), and 747 (74%) and ob-
served at 1245, 897, 831, and 748 cmﬁl, respectively. The
latter band is very strong and polarized [49] in Raman spec-
trum as is assigned to total symmetric stretching (TS) of the
tert-butyl group (60%) and C,Cj; stretching (14%).
Concerning the CCC deformation, it appears predominately
in the 510350 cm ™" interval or combined with CC torsions
below 350 cm ™' knowing that the deformation mode of the
central skeleton contributes predominately to C,C3C4 (50%)
and the two torsional modes involving predominately C,C;
and C;C, torsions have the lowest frequencies of CCC defor-
mation and CC torsion, respectively.

In order to complete our conformational analysis, the nor-
mal modes of secondary conformers based on the same
B3LYP/6-311++G(d,p) scaled ab initio force field as the con-
former A were determined. We noticed that all the observed
frequencies were reproduced by the vibrational mode calcula-
tion of B, C, D, E, and F conformers, indicating once more,
that all observed bands are common for the most stable con-
formers as well as the secondary ones.

Conclusions

In the light of this large theoretical and comparative study, we
can conclude the following:

— A large exploration of the conformational space has led us
to two very stable conformers and four other secondary
ones, where the interaction between tert-butyl and isopro-
pyl groups was a determining factor.

—  All possible transitions between conformers are one-
dimensional rotations around the C;—C4 bond and are
confronted with isopropyl barriers to internal rotation.

—  The B3LYP/6-311++G(d,p) optimization is slightly more
stabilizing than MP2/6-311++G(d,p) and MP2/6-311++
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G(d,p) rotational barriers, and their corresponding inver-
sion barriers between secondary conformers are larger
than that of B3LYP/6-311++G(d,p).

—  The secondary conformers E and F are slightly softer, and
thus more reactive than the other forms, while the elec-
trostatic molecular potential is almost identical for all
conformers.

— According to E(2) values, the conformational flexibility
influences intramolecular charge transfers of natural bond
orbitals and the larger values of E(2) are explained with
the ocy—0*cc interactions.

— The magnitude of the first-order hyperpolarizability is
found to be very sensitive to conformational behavior,
contrary to mean polarizability and the anisotropy of the
polarizability. However, the title molecule has only mod-
erate nonlinear optics activity.

—  The theoretical relative '>C and "H-NMR chemical shift
predictions confirmed their conformational sensitivity, by
their compatibility with natural NPA charges. In addition,
their confrontation in the experiment confirms that the
conformers E and F are not only of lower stability but
also require a relatively high barrier of rotation.

—  Only the least stable secondary conformers E and F are
easily distinguishable from the other conformers by TD-
DFT calculations on electronic absorption spectra and the
use of DMSO solvent has a noticeable effect on oscillator
strengths, which increase by about 20 to 25% for all the
conformers.

—  Spectral temperature sensitivity and scaled vibrational
assignment for the six lowest conformers A—F are in a
good agreement, as both procedures eliminate any
possibility of conformational exchange between
conformers.

— The computed scaled frequencies are well predicted as
they are in a good agreement with the experimental data
rms deviation, not exceeding 10 cm™' for all frequencies
and 6 cm™ ' for frequencies below 1500 cm ™.

As a perspective of this work, we plan to extend our study
to comparable molecules, especially the other molecules in the
trimethylpentane series, with more advanced quantum
methods.
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