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ABSTRACT: High resolution infrared absorption spectra of neopentane (2,2dimethylpropane, C5H12) have been recorded in the mid-infrared region at
room temperature and 232 K. Neopentane is a spherical top with Td symmetry.
The high symmetry and low temperature allow for detailed comparison of
theory and experiment for the analysis of the fundamental vibrations. Four
strong bands with characteristic rotational structure of t2 modes were observed
at 1257.6, 1369.4, 1472.5, and 1489.0 cm−1, and a ﬁfth very weak band was
found near 924.2 cm−1. Quantum chemical calculations (B3LYP/6-311+
+(d,p)/VPT2 and harmonic CCSD(T)-pVTZ) were carried out in both
normal and local mode representations to help with the vibrational assignments
and elucidate the couplings. The local mode representation combined with the experimental observations highlights the important
potential couplings between neighboring methyl groups and their inﬂuence on observed transitions. We have analyzed spectral
regions where the models failed to provide agreement and have identiﬁed those couplings responsible for the diﬀerences.

■

INTRODUCTION
Neopentane (2,2-dimethylpropane, C5H12) is a hydrocarbon
with tetrahedral (Td) symmetry like methane. Its compact
structure gives neopentane a much higher melting point (−16
°C) and lower boiling point (9.5 °C) than the corresponding npentane and isopentane isomers.1
In the Solar System, hydrocarbons are found in the Earth’s
atmosphere,2 the atmospheres of the giant planets such as
Saturn,3 and particularly in the atmosphere of Titan, a moon of
Saturn. Neopentane may be formed by organic photochemistry
and ion chemistry in the atmosphere of Titan,4 in which eight
hydrocarbons have already been detected.5 Very recently a ninth
hydrocarbon, allene (propadiene), was observed on Titan by
high resolution infrared emission spectroscopy.6 High resolution infrared spectra are needed for remote sensing of
neopentane in planetary atmospheres.
Neopentane has 45 normal modes and 19 fundamental
frequencies of vibration, 3 of a1 symmetry (ν1−ν3), 1 a2 (ν4), 4 e
(ν5−ν8), 4 t1 (ν9−ν12), and 7 t2 (ν13−ν19), of which only the t2
modes are infrared active.7 The a1, e, and t2 modes are Raman
active, and the a2 and t1 modes are inactive. Already by 1947, a
partial set of fundamental vibrational frequencies was published
based on infrared and Raman spectra.7 Many infrared and
Raman measurements have been made,8−12 and inelastic
neutron scattering measurements are also available.13 In
addition to force ﬁeld calculations (e.g., by Schachtschneider
and Snyder14), Mirkin and Krimm15 carried out ab initio
© 2020 American Chemical Society

calculations (scaled harmonic, MP2/6-31G*) of the fundamental modes and have recommended frequency values based
on experimental observations. A molecular structure is available
from electron diﬀraction.16
Missing from this work on neopentane are high-resolution
infrared spectra, which we have recorded and analyzed. In
support of our experimental work, new quantum chemical
calculations have been carried out.
The paper ﬁrst describes the method used to obtain high
resolution infrared spectra of neopentane at two temperatures,
followed by the theoretical methods used. The normal-mode
frequencies from the new spectra and the literature are
tabulated. The rotational analysis is presented, the theoretical
results detailed and new insights summarized. Finally, the
conclusions and future work are outlined.

■

METHODS
The infrared spectrum of neopentane was recorded with an
evacuated Bruker IFS 120/125 HR Fourier transform
spectrometer using a KBr beamsplitter, a liquid N2-cooled
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Figure 1. Overview of the high-resolution mid-infrared absorbance (log10) spectrum of neopentane at room temperature. Isolated water impurity lines
can be seen toward higher wavenumbers.

Figure 2. Expanded view of the 1472.5 and 1489.0 cm−1 bands of neopentane at 232 K.

to better than 0.001 cm−1 by multiplication by 0.999 995 87
using residual water lines and the HITRAN2016 line positions.
All electronic structure calculations were carried out using the
Gaussian 16 suite.17 Calculations at three levels of theory were
performed. DFT calculations were performed at the B3LYP/6311++(d,p) and B2PLYP/jun-cc-pVTZ levels of theory. The
former calculation included anharmonic VPT2 calculations.
Modes whose normal-mode frequencies were below 500 cm−1
were not included in the perturbative calculations. The Gaussian
default values for explicit treatment of Fermi resonances were
employed. CCSD(T)/cc-pVTZ normal mode calculations were
performed using the frozen-core approximation. The calculated
and observed frequencies are summarized in Table 1.

HgCdTe detector, and the internal globar source. The optical
range was limited to 800−5000 cm−1 with a Ge ﬁlter. The
resolution was set to 0.005 cm−1 (Bruker deﬁnition of 0.9/
maximum optical path diﬀerence), and a 2 mm input aperture
was used. The neopentane sample (15 Torr at 22 °C) was held
in a 20 cm long cell with wedged KBr windows in the sample
compartment. In all 256 scans were coadded for each of the
sample and reference spectra. An overview of the absorbance in
the mid-infrared region is provided in Figure 1. The calibration
of the wavenumber scale was checked using impurity H2O lines
visible in this ﬁgure and was found to be better than 0.001 cm−1.
The C−H stretching region near 3000 cm−1 (not shown) will be
analyzed in detail in a future publication.
A second spectrum was recorded of cold neopentane (15 Torr
at 232 ± 1 K) using a 20 cm long cold cell with wedged CaF2
windows. The same MCT detector and KBr beamsplitter was
used, but the range was reduced to 1100−5000 cm−1 because of
the CaF2 cell windows. A total of 256 scans were coadded for
each of the sample and reference spectra. This spectrum has
clearer rotational structure and is used for the detailed analysis
below and in Figures 2−4. The wavenumber scale was calibrated

■

RESULTS AND DISCUSSION
Four strong bands were observed (Figure 1) at 1257.6, 1369.4,
1472.5, and 1489.0 cm−1 for the peaks of the Q-branches, and a
ﬁfth very weak band (not shown) was found near 924.2 cm−1.
The bands all have t2 symmetry with a characteristic PQR
structure, as expected for infrared allowed transitions. Based on
previous work,8−14 the bands are assigned as ν18 (924.2 cm−1),
3439
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Table 1. Neopentane Fundamental Vibrational Modes
mode
ν1 (a1)
ν2 (a1)
ν3 (a1)
ν4 (a2)
ν5 (e)
ν6 (e)
ν7 (e)
ν8 (e)
ν9 (t1)
ν10
(t1)
ν11
(t1)
ν12
(t1)
ν13
(t2)
ν14
(t2)
ν15
(t2)
ν16
(t2)
ν17
(t2)
ν18
(t2)
ν19
(t2)

observed
(cm−1)
2909a

CCSD(T)/pVTZ
(cm−1)

local mode model
(cm−1)

calc (Mirkin and Krimm
2000) cm−1

calc (B3LYP)
(cm−1)

VPT2 (B3LYP)
(cm−1)

2889
1392
719
212
2939
1451
1055
325
2938
1445

3021
1435
728
207
3073
1491
1084
329
3072
1483

2917
1422
719

2942
1439

0
0
0
0
0
0
0
0
0
0

944

0

calc (B3LYP) intensity
(km/mol)

1451d

3024.1
1432.7
740.5
181.5
3091.1
1493.1
1085.6
323.0
3089.2
1486.2

940b

954.2

933

960

280b

270.6

283

274

3096.6

2949

3080

2942

96.69

3015.6

2877

3009

2864

41.44

733a
218b
2955a
1458c
1060b
334c

2959.6e
2876.2e
e

1399

1454

1446

2944
1453
1063

0

1520.3

1480

1471

1516

1484

12.40

1369.4e

1397.9

1363

1361

1398

1373

10.28

1256.7e

1287.1

1260

1270

1235

5.574

924.2e

943.8

913

923

906

0.3075

405.3

414

413

1472.471

a

418

0.0708

a

Reference 9. bReference 13. cReference 11. dReference 8. eThis work.

ν17 (1257.6 cm−1), ν16 (1369.4 cm−1), and ν15 (1472.5 cm−1);
the 1489 cm−1 band is not a fundamental mode and has not been
reported previously. There is no obvious evidence for hot bands
in the spectra, and they likely contribute to an underlying
“quasicontinuum” under each band.
Each band has resolved rotational structure for the P and R
branches as more clearly illustrated in Figure 2 for the 1472.5
and 1489.0 cm−1 bands. In this case, there is a strong P branch
from 1455 to 1470 cm−1, partly overlapping P and R branches
from 1474 to 1487 cm−1 and an R branch from 1491 to 1512
cm−1, with several additional weaker underlying series of lines.
These features are typically a little more than 0.01 cm−1 wide,
although the spectrometer resolution is 0.005 cm−1 and the
Doppler width is 0.002 near 1500 cm−1. There are therefore
unresolved cluster splittings that start to become apparent for
example in the P branch near 1460 cm−1; no attempt was made
to ﬁt these splittings. In our preliminary analysis reported here,
we use a simple rigid rotor energy level expression BJ(J + 1) and
add ﬁrst-order Coriolis coupling in the upper t2 vibrational level
for the three vibrational components. For R branch transitions,
the upper energy level expression is ν0 + B′J′(J′ + 1) − 2B′ζ(J′ +
1) and for P branch transitions is ν0 + B′J′(J′ + 1) + 2B′ζJ′, in
which ζ is the Coriolis coupling constant.18,19 The rotational
structure of the two bands in Figure 2 was ﬁtted with these
expressions using Western’s PGOPHER program,20 and the
spectroscopic constants are reported in Table 2. The line
positions are provided as supplementary data.
The four parameters (Table 2) for each band could not be
determined independently because the R and P branches
connect to diﬀerent rotational levels in the excited state; the
ground state B″ value was therefore ﬁxed. The calculated

Table 2. Spectroscopic Constants for the 1472.5 and 1489.0
cm−1 Bands of Neopentanea
constant

ν15 (1472.5 cm−1)

1489.0 cm−1 band

ν0
B″
B′
ζ

1472.45863(36)
0.1469b
0.14682726(76)
−0.046587(43)

1488.92533(105)
0.1469b
0.1470647(15)
−0.052856(147)

a
Reported in inverse centimeters, except for ζ, which is dimensionless; one standard deviation in the last two or three digits is reported
in parentheses. bFixed (see text).

equilibrium (Be) values are 0.1486 cm−1 (CCSD(T)/pVTZ)
and 0.1473 cm−1 (B3LYP). The calculated B0 value is 0.1456
cm−1 (B3LYP). The anharmonic correction of 0.0017 cm−1
(B3LYP) was used with the B e value of 0.1486 cm −1
(CCSD(T)/pVTZ) to estimate a theoretical B″ value of
0.1469 cm−1 (Table 2). The calculated (CCSD(T)/pVTZ)
neopentane geometry has a C−C bond length of 1.5330 Å, a C−
H bond length of 1.0939 Å, and a C−C−H bond angle of
110.86°, compared to the electron diﬀraction values16 of
1.537(3) Å, 1.114(8) Å, and 112.2(2.8)°, respectively. The
C−C bond lengths agree well but the C−H rg value from
electron diﬀraction is too long (as expected).
The ν16 band at 1369.4 cm−1 (Figure 3) has a clear R branch at
low J but a relatively broad and double-peaked Q branch and a P
branch (or branches) which is not clear even at low J. A
satisfactory rotational analysis was not obtained because the
location of the origin was unclear, and the P-branch lines were
poorly represented by the ﬁt. The line spacing in the R branch is
about 0.275 cm−1, which gives a ζ value of about 0.064 using the
3440
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Figure 3. ν16 band (1369.4 cm−1) of neopentane at 232 K.

Figure 4. ν17 band (1257.6 cm−1) of neopentane at 232 K.

ground state B value; in a spherical top, the line spacing is about
2B(1 − ζ).
The ν17 band at 1257.6 cm−1 also did not ﬁt well and has a
peculiar appearance (Figure 4). As can be seen in Figure 4, the Q
branch peak has a sharp edge at 1258.3 cm−1 which is not in the
center of the band. There is also a large positive ζ value of about
0.46 based on the relatively small spacing of about 0.16 cm−1
between adjacent lines. This Q branch is rather wide and with a
sharp head for low J near 1258.3 cm−1 with partly resolved lines
to lower wavenumbers. The excited state is likely perturbed by
another vibrational level, and there is a weak Q branch starting at
1254.15 cm−1, also with partly resolved rotational structure to
lower wavenumbers. The origin of the band for the P−R
structure is near 1256.7 cm−1, and the ﬁrst R line, R(0), is at
1256.917 cm−1. The R branch is clearly perturbed, and the
transitions do not ﬁt well after R(14). The ﬁrst P line, P(1), is
likely at 1256.598 cm−1 (1256.761 cm−1 is also possible).
Although this P branch is clear (Figure 4) and the P lines ﬁt
together until about P(18), the P lines do not ﬁt with the R lines.
Clearly all three components (F+, F0, and F−) of the excited t2
state are perturbed.

The Gaussian CCSD(T)/cc-pVTZ calculation also provided
Coriolis coupling constants ζ for ν17 (1257.6 cm−1), ν16 (1369.4
cm−1), and ν15 (1472.5 cm−1) modes: ζ17 = 0.598, ζ16 = 0.1329,
and ζ15 = −0.1694, compared to the observed values of 0.46,
0.064, and −0.00466, respectively. These t2 modes have ﬁrstorder Coriolis coupling between the triply degenerate
components.
We have computed normal-mode frequencies at several levels
of theory and present them (Table 1) along with the results of
Mirkin and Krimm15 and the localized normal mode results of
Tabor et al.21 The latter two results are scaled electronic
structure results. Mirkin and Krimm15 scaled 14 MP2/6-31G*
force constants to ﬁt the energy levels of a series of branched
alkanes. Their goal was to optimize the potentials used in
molecular dynamics simulations. They computed harmonic
frequencies with this force ﬁeld and compared them to 159 nonCH stretch fundamentals of a several branched alkanes. They
achieved an impressive agreement of a rms of 6.1 cm−1. The
normalized local mode model of Tabor et al.21 was designed to
describe the spectral region associated with CH stretch
vibrations. Since these stretches are in Fermi resonance with
3441
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the scissor vibrations, the model describes the scissor modes as
well. The results are in Table 1.
The localized scissor Hamiltonian is obtained as an
orthogonal transformation of the 12 normal modes whose
frequencies lie between 1398 and 1516 cm−1 (see Table 1
B3LYP/6-311++(d,p) results). The modes diﬀer from the true
local modes in that they are rigorously decoupled from the
remaining normal modes at the harmonic level. In the localized
scissor Hamiltonian there are 12 degenerate vibrations. The
scissor states with one quantum of excitation are coupled by the
terms given in Table 3. The largest couplings HS occur for the

Figure 5. (a) Bend−bend coupling terms between methyl groups are
greatest for the two bends related by a C3 rotation. These associated
dimensionless local-mode force constants are F3 = F12 = F13 = F23 ≈ 22
cm−1. Since there are 4 C3 axes, there are 12 such terms. (b) Bend−bend
coupling force constants between two bends related by a C2 rotation
about the axis perpendicular to the plane of the ﬁgure, F2 = F45 ≈ 8 cm−1
(at the B3LYP/6-311++(d,g) level). There is an equivalent bend−bend
coupling for the two bends related by an S4 rotation about the same axis.
Since there are 3 C2 axes, there are 6 such terms.

Table 3. Coupling Parameters of Localized Normal Modes
quadratic
couplings

B3LYP/6-311+
+(d,p)

B2PLYP/jun-ccpTVZ

CCSD(T)/ccpTVZ

HD
HS
H3
H2

1467.8
−29.6
11.0
4.0

1479.1
−30.6
11.4
3.4

1470.0
−30.6
11.8
1.6

systematically less than the experimental results. If one were to
instead scale by 0.979, then one obtains substantially better
agreement. All the scissor states agree to within 1 cm−1 except
the ν15 (t2) transition, that is now predicted to be at 1486 cm−1.
The large disagreement is mostly likely due to that fact that
this state is degenerate with the combination state involving one
quantum each in modes 7 and 19. Based on the experimental
fundamentals, the energy of this state should be 1478.2 cm−1.
We have calculated the cubic coupling f 3 = −21.31 cm−1
between these modes

states corresponding to vibrations on the same methyl group.
These couplings are similar for all levels of theory. Surprisingly
there are only two other distinct bend−bend force constants
greater than 1 cm−1. These couplings, which are described in
Figure 5, split the four degenerate A/E vibrations of the four
individual methyl group to provide the ﬁve transition
frequencies reported for this model in Table 1. The oﬀ-diagonal
matrix elements of the Hamiltonian used to obtain these
frequencies are obtained from the force constant matrix by
dividing the associated force constants in dimensionless
coordinates by a factor of 2. The resulting constants are
compared for calculations at diﬀerent levels of theory. The oﬀdiagonal terms are remarkably similar.
The localized scissor results are obtained by scaling the
B3LYP/6-311++(d,p) diagonal frequencies by 0.975, a scaling
factor developed for overtone transitions. The quality of the
results for the scissor vibrations is similar to those of Mirkin and
Krimm15 and VPT2. We note, however that the local modes are
ij1480.0
jj
jj 0.0
jj
jj
jjj 0
jj
jj−V
jj
jj
H = jjjj 0
jj 0
jj
jj
jjV / 3
jj
jj
jj
jj 0
jj
jj
k0

Article

V3 = f3 [(Q 15xQ 19x(Q 7a − Q 7b/ 3 )
− Q 15yQ 19y(Q 7a + Q 7b/ 3 ) + Q 15zQ 19zQ 7b]

using ﬁnite diﬀerence methods, calculating energies corresponding to displacements of dimensionless normal modes using a
step size of 0.12 in dimensionless coordinates. A step size of 0.24
yields a result with relative diﬀerence of 0.2%. The relevant
lower-left contribution to the Hamiltonian matrix is

yz
zz
zz
1480.0
zz
zz
zz
0
1480.0
zz
zz
0
0
1478.2
zz
zz
zz
V
0
0
1478.2
zz
zz
zz
0
0
0
0
1478.2
zz
zz
zz
0
0
0
0
0
1478.2
zz
zz
zz
V/ 3 0
0
0
0
0
1478.2
zz
zz
0
−2V / 3 0
0
0
0
0
1478.2 z{

where V = f3 / 8 cm−1. The eigenvalues are 1470.4 (t2),
1478.2 (t1), and 1487.9 cm−1 (t2). The two equally bright states
are the ﬁrst and third sets of states. These results compare well to
the experimental results of 1472.5 and 1489.0 cm−1. If we use the
1486 cm−1 value associated with the 0.979 scale factor, we obtain
values of 1473 and 1491 cm−1 for the Fermi pair of t2 states.
Applying the similarity transformation used to diagonalize the
above Hamiltonian to the Coriolis coupled states, we ﬁnd a
notable decrease in the Coriolis couplings between degenerate

states. In the absence of the Fermi coupling, the Coriolis
coupling coeﬃcients have values of ζ15 = −0.1694 and ζ19 =
−0.1459. The analogous coupling values between the t2 pair of
states at 1472.5 and 1487.9 are −0.0345 and −0.0584, these
values being much closer to the experimental values of Table 2.
We performed a similar analysis for the coupling between the
combination band with one quantum each in modes 8 and 18
and the state with one quantum in mode 17. Adding the
observed fundamental frequencies yields a predicted combina3442
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tion band at 1258.2 cm−1, this being nearly degenerate with the
ν17 (t2) fundamental observed at 1256.7 cm−1. The calculated
cubic coupling force constant of f 3 = 5.4 cm−1 is suﬃciently
small that one might not expect to see a second band. If the two
states were perfectly degenerate, the splitting would be 2 cm−1.
In the cold neopentane, a second weaker Q branch is visible
(Figure 4) at 1254.15 cm−1, and this is may be due to the ν8 + ν18
combination band.
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CONCLUSION AND FUTURE WORK
High resolution infrared spectra of neopentane have been
recorded and analyzed to provide improved vibrational
frequencies. These frequencies have been compared to results
of normal mode calculations, anharmonic VPT2 calculations,
and scaled harmonic calculations one of which includes a local
scissor Hamiltonian. The latter Hamiltonian is a central
ingredient in the modeling of the C−H stretch vibrations, and
the present molecule is an excellent system for testing the model,
since the diagonal contributions to the 12 × 12 matrix are all
identical.
Rotational structure was observed, and a rotational analysis
carried out for two bands at 1472 and 1489 cm−1. These two
bands are assigned as a Fermi resonance pair between the ν15
fundamental and the ν7 + ν19 combination mode. The ν17 mode
at 1257.6 cm−1 is also perturbed by the ν8 + ν18 combination
mode. Theoretical calculations proved essential in these
assignments. In both instances the discrepancy between theory
and experiment suggested the presence of perturbations with
dark states. Calculating the cubic couplings between these states
using ab initio methods dramatically improved the comparisons
between theory and experiment.
Spectra of neopentane have been recorded in the C−H
stretching region near 3000 cm−1. These spectra have been
converted to absorption cross sections with N2 as a broadening
gas from 203 to 293 K, and they will be published elsewhere.
Local mode calculations are underway to interpret the bands
observed in the C−H stretching region. We also plan to record
additional low temperature spectra to provide absorption cross
sections for the lower wavenumber region.
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