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a b s t r a c t 

Spectra of neopentane, 2,2-dimethylpropane, C(CH 3 ) 4 , were recorded in the 1200–1650 cm 

-1 region by 

high resolution Fourier transform spectroscopy at the Canadian Light Source (CLS) and converted to ab- 

sorption cross sections. Samples were at 203, 233, 266 and 294 K with 0, 10, 30 and 100 Torr of nitrogen 

broadening gas. The previously published cross sections in the CH stretching region (2550–3350 cm 

−1 ) 

[JQSRT 251, 107034 (2020)] were recalibrated and checked with two additional spectra recorded at Old 

Dominion University in the 10 0 0–50 0 0 cm 

−1 region. Local mode calculations for the CH stretching modes 

were carried out, and interactions with the overtones of the CH 2 scissor vibrations were included to ob- 

tain agreement with experiment. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Neopentane (2,2-dimethylpropane, C 5 H 12 ) belongs to a class of 

mall hydrocarbons that includes methane, tetrahedrane [1] and 

damantane [2] with tetrahedral symmetry. Although these 

olecules have no dipole moment, they have characteristic sharp 

-branches in their infrared vibrational spectra which aid in their 

etection. Small hydrocarbons such as methane and ethane are 

resent in many planetary atmospheres including Earth [3] , the 

iant planets [4] and particularly Titan [5] , a moon of Saturn. 

arger hydrocarbons such as benzene are formed by photochem- 

stry and ion molecule chemistry in the upper atmosphere of Titan 

6] . Neopentane is potentially present on Titan but infrared absorp- 

ion cross sections are required for detection. 

There has already been considerable work on the infrared and 

aman spectra of neopentane [ 7 –11 ] as well as calculations of vi-

rational structure [ 12 , 13 ]. Recently we recorded high resolution 

pectra in the 80 0–160 0 cm 

−1 region and carried out local mode 

alculations to interpret the observations [14] . In a second paper, 

nfrared absorption cross sections in the 2550–3350 cm 

−1 region 

ere reported with nitrogen as a broadening gas [15] , but the local 

ode analysis for the CH stretching modes was not published at 

hat time. In this third paper, we now present high resolution ab- 

orption cross sections for the 1200–1650 cm 

-1 region with nitro- 

en as the broadening gas. The absorption cross sections reported 
∗ Corresponding author at: Department of Chemistry and Biochemistry, Old Do- 

inion University, VA 23529, USA. 

E-mail address: pbernath@odu.edu (P. Bernath) . 
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n paper two were recalibrated and two additional spectra were 

ecorded covering the 10 0 0–50 0 0 cm 

−1 region to check this recal-

bration. In addition, the local mode analysis was extended to cover 

he CH stretching region and used to interpret the spectra. 

Neopentane has 45 normal modes and 19 fundamental frequen- 

ies of vibration, 3 of a 1 symmetry ( ν1 - ν3 ), 1 a 2 ( ν4 ), 4 e ( ν5 - ν8 ),

 t 1 ( ν9 - ν12 ) and 7 t 2 ( ν13 - ν19 ), of which only the t 2 modes are in-

rared active [ 13 , 14 ]. In the 1200–1650 cm 

-1 region there are just 3

nfrared active fundamental modes: ν17 (t 2 ) 1256.7 cm 

−1 , ν16 (t 2 ) 

369.4 cm 

−1 and ν15 (t 2 ) 1472.471 cm 

−1 [14] . There are 5 fun- 

amental vibrational frequencies in the 280 0–30 0 0 cm 

−1 region: 

1 ( a 1 ), 2909 cm 

−1 ; ν4 ( e ), 2955 cm 

−1 ; ν9 ( t 1 ), (2942) cm 

−1 ; ν13 ( t 2 ),

959.6 cm 

−1 ; ν14 ( t 2 ), 2876.2 cm 

−1 , but only 2 are infrared active

14] . 

.1. Experimental method 

High resolution infrared spectra of neopentane, pure and broad- 

ned by nitrogen, were recorded at the Canadian Light Source 

CLS) Far Infrared Beamline with a Fourier transform spectrome- 

er, similar to our previous work, e.g., [ 15 , 16 ]. Fig. 1 is an overview

pectrum of neopentane at 203.5 K from 1240 to 1520 cm 

−1 . A 

 m base-path White-type cell with KBr windows was used with a 

ominal path length of 8 m at 4 temperatures and 3 N 2 broaden- 

ng gas pressures (plus the pure sample): 203, 233, 266 and 294 K 

nd 10, 30 and 100 Torr of broadening gas (total pressures). The 

amples were prepared by adding a small amount of neopentane 

o the cell, then adding the broadening gas and recording the total 

ressure. Pressures were measured with three recently calibrated 

https://doi.org/10.1016/j.jqsrt.2022.108390
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2022.108390&domain=pdf
mailto:pbernath@odu.edu
https://doi.org/10.1016/j.jqsrt.2022.108390
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Table 1 

Experimental conditions for each spectrum. 

Temp (K) Neopentane (Torr) Total (Torr) Temp (K) Neopentane (Torr) Total (Torr) 

203.55 0.0248 0.0248 266.25 0.0901 0.0901 

203.55 0.0254 10.1 266.15 0.1056 10.2 

203.55 0.0443 30.1 266.15 0.1647 30.0 

203.55 0.0450 100.2 266.15 0.2705 100.7 

Temp (K) Neopentane (Torr) Total (Torr) Temp (K) Neopentane (Torr) Total (Torr) 

232.95 0.0492 0.0492 293.65 0.1105 0.1105 

232.95 0.0545 10.2 293.75 0.1666 10.2 

232.85 0.0526 30 293.85 0.2161 30.0 

232.95 0.0543 100.3 293.75 0.3012 101.5 
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aratron pressure gauges (Model 127AA up to 1 Torr, Model 627B 

p to 10 Torr and Model 626B up to 10 0 0 Torr). An SP Scientific

odel RC211 refrigerated re-circulating methanol bath cooled the 

ell. The cell temperature was monitored with 4 wire PT100 RTD 

platinum resistance temperature detector) sensors with an esti- 

ated accuracy of ±2 K. 

The CLS spectrometer was a Bruker IFS 125 HR Fourier trans- 

orm instrument with a KBr beamsplitter, internal globar source, 

 1200–1680 cm 

−1 band pass filter and a liquid N 2 -cooled nar- 

ow band MCT (HgCdTe) detector. The spectral resolution var- 

ed depending on the total pressure: 0.0014 cm 

−1 (pure sam- 

le), 0.003 cm 

−1 (10 Torr), 0.01 cm 

−1 (30 Torr), and 0.04 cm 

−1 

100 Torr). The background spectra were recorded at 0.01536, 

.048, 0.048 and 0.048 cm 

−1 resolution, respectively, and Fourier 

nterpolated to match the higher resolution spectra. The pressure 

nd temperature parameters used for the samples are shown in 

able 1 . The cell was evacuated and refilled for each spectrum. For 

ach spectrum, a minimum of 400 interferograms (200 forward 

nd 200 backward) were co-added and boxcar apodization (i.e., no 

podization) was used with a zero-filling factor of at least 8. 

The CLS transmission spectra are converted to cross sections us- 

ng [17] : 

( ν, T ) = −10 

4 k B T 

P l 
ln τ ( ν, T ) 

n which τ ( ν , T ) is the transmittance at wavenumber ν (cm 

−1 ) and

emperature T (K), P is the pressure of the absorbing gas in pascals 

Pa), l is the optical path length (m), and k B is the Boltzmann con-

tant (1.380649 × 10 −23 J/K). The path length used to calculate the 

ross sections was 8.63 m (including the total distance of 63 cm 

rom the cell windows to the White cell mirrors). Residual water 

bsorption lines were removed by hand. 
ig. 1. Overview absorption cross sections of neopentane at 203.5 K with mode 

ssignments [14] . 

s

F

a

2 
The wavenumber calibration was carried out with an N 2 O 

ample using reference line positions from the HITRAN database 

18] . The calibration factor of 1.0 0 0 0 0 0352(14) was applied to all

pectra, which amounts to a shift of about 0.0 0 045 cm 

−1 near 

300 cm 

−1 . After calibration, the wavenumber scale is accurate to 

etter than 0.0 0 01 cm 

−1 . 

Cross sections for the CH stretching region were reported pre- 

iously [15] . Based on spectra recorded at ODU, the pressure- 

athlength was erroneously divided by a factor of 3. This factor of 

 has been removed and the cross sections have been recalculated. 

The 16 infrared absorption cross section files for neopentane 

re available for the 1200–1650 cm 

-1 region along with the 16 

ecalibrated files for the 2550–3350 cm 

−1 region from the MoL- 

IST (Molecular Line Lists, Intensities and SpecTra) [19] web site 

ttp://bernath.uwaterloo.ca/molecularlists.php . Each cross section 

alue (in cm 

2 /molecule) needs to be multiplied by 10 −18 . 

. Results, local mode analysis and discussion 

For the 1200–1650 cm 

-1 region ( Fig. 1 ), the 16 new CLS neopen-

ane spectra improve on the resolution and reach a lower temper- 

ture than the two ODU (Old Dominion University) spectra of pure 

amples analyzed previously [14] . Figs. 2 –4 are expanded sections 

f Fig. 1 and show improvements compared to the corresponding 

igures in the previous work [14] because of higher spectral resolu- 

ion and lower temperature. The effect of the nitrogen broadening 

n the spectral features is illustrated in Fig. 5 . The P(26) line in

ig. 5 is made up of a number of features due to “cluster” splitting 

rom the partial lifting of the K degeneracy as the molecule rotates 

20] . These cluster splittings are much better resolved in the new 

pectra ( Fig. 5 ), and we have started a rotational analysis [21] . 

In addition to the spectra recorded at the CLS, two additional 

pectra were recorded at ODU to check on the recalibration of the 
ig. 2. Absorption cross sections of neopentane at 203.5 K for the ν17 fundamental 

nd a weaker combination mode tentatively assigned as ν8 + ν18 [14] . 

http://bernath.uwaterloo.ca/molecularlists.php
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Fig. 3. Absorption cross sections of neopentane at 203.5 K for the ν16 fundamental 

[14] . 

Fig. 4. Absorption cross sections of neopentane at 203.5 K for the ν15 fundamental 

and the ν7 + ν19 combination mode [14] . The P branch of ν15 is from about 1455 to 

1571 cm 

−1 to the left of the Q branch at 1472 cm 

-1 and the R branch of ν7 + ν19 is 

from 1490 to 1512 cm 

−1 to the right of the Q branch at 1489 cm 

−1 , but the R branch 

of ν15 and the P branch of ν7 + ν19 are mixed together from 1473 to 1488 cm 

−1 . 
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Fig. 5. The P(26) line of the ν15 (t 2 ) mode of neopenane at 203.5 K showing the 

cluster spittings and the effect of broadening by N 2 (black, pure neopentane; or- 

ange, 10.1 Torr; green, 30.1 Torr; and black, 100.2 Torr). 

Fig. 6. Comparison of local mode stick spectra (red) to experimental (black) spec- 

trum recorded at T = 202 K for three different levels of theory. (a) neglects Fermi 

coupling to CH 2 scissors, (b) neglects Fermi coupling of scissors to other low- 

frequency modes, and (c) full coupled. The units for the y-axes are km/mole; the 

calculated band strengths are for one of the 3 degenerate components of a t 2 mode. 

The experimental data have been scaled arbitrarity to fit in the panel. 
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ross sections in the CH region. The 10 0 0–50 0 0 cm 

−1 region was

overed at a resolution 0.05 cm 

−1 with an MCT detector, a KBr 

eamsplitter, a Ge filter and a globar source. The 19.75 cm long 

ell with KBr windows was at 294 K and then cooled to 217 K 

or the second spectrum. The two ODU spectra were converted 

o cross sections and calibrated with the new room temperature 

ross sections recorded at the CLS. The 2660–3070 cm 

−1 region 

as then integrated and the areas were 60.1 cm/molecule (294 K) 

nd 59.6 cm/molecule (217 K) cm/molecule compared to the av- 

rage of 56.6 ± 0.6 cm/molecule for the recalibrated spectra. The 

ifference of 5.7% is taken as an estimate of the error in the cross 

ections for the CH region. 

The mean and standard deviation of the cross section area 

f an isolated band between 1335 cm 

−1 and 1400 cm 

−1 is 

.62 ± 0.08 cm/molecule. The estimate of the precision of the cross 

ections in the lower wavenumber region is therefore about 2%. 

owever, there are no independent measurments for comparison 

o the overall accuracy is likely about 5–6%, similar to the higher 

avenumber region. 

The CH stretching region is more difficult to analyze than 1200–

650 cm 

-1 region: rotational analysis does not seem promising and 

ven the vibrational structure is not clear. The scale for the y-axes 

f the figures in our second paper [15] need to be multiplied by a

actor of 3. Only two strong allowed t 2 fundamental bands, ν13 ( t 2 ), 

959.6 cm 

−1 and ν ( t ), 2876.2 cm 

−1 , are predicted in the C-H
14 2 

3 
tretching region [14] . Additional bands appear because the over- 

one and combination bands of the scissors modes have Fermi res- 

nance interactions with the C-H stretching modes [ 22 , 23 ]. As pre-

ented here, a local mode model that includes these interactions is 

n much better agreement with experimental observations. 

The comparison of theory and experiment is shown in Fig. 6 . 

he top panel shows the results of a CH stretch only calcula- 

ion. With the local-mode model the transitions are predicted to 

ccur at 2890.2 and 2961.1 cm 

−1 with intensities of 39.7 and 

3.7 km/mol for each of the triplet components of the IR-active t 2 
tates. The local mode diagonal elements were scaled by 0.961. The 

orresponding B3LYP/6-311 ++ (d,p) values from Gaussian [24] are 

009.0 and 3080.1 with intensities of 41.5 and 96.6 km/mol, re- 

pectively. The experimental conditions were reported previously 

15] : the neopentane pressure was 30 mTorr at 202.15 K. 

The results of Fig. 6(b) are the standard local-mode model re- 

ults with Fermi couplings to the CH 2 scissors. The results are 

n qualitative agreement. In order to understand these results we 

ote that there are 78 combination bands and overtones of scissor 

tates with two quanta of excitation. While the local-mode Hamil- 

onian matrix is easy to construct and sparse, since the only anhar- 
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Table 2 

Scissor combination states and their coupling matrix elements with the t 2 z CH 

stretch states. 

Symmetry Basis state Energy V 1 V 2 

16( t 2 )16( t 2 ) 2721.5 -29.6 0.1 

2( a )16( t 2 ) 2758.1 24.7 0.7 

10( t 1 )16( t 2 ) 2806.0 1.0 -9.4 

6( e )16( t 2 ) 2816.4 1.0 6.5 

15( t 2 )16( t 2 ) |1 15 x 1 16 y 〉 + |1 15 y 1 16 x 〉 2842.7 2.9 4.1 

2( a )15( t 2 ) |1 2 1 15 z 〉 2878.2 1.9 -6.9 

10( t 1 )10( t 1 ) 2889.6 -12.3 -5.9 

6( e )10( t 1 ) |1 6 b 1 10 z 〉 2896.2 -15.9 7.9 

10( t 1 )15( t 2 ) |1 10 x 1 15 y 〉 − |1 10 y 1 15 x 〉 2921.2 18.1 2.0 

6( e )15( t 2 ) |1 6 a 1 15 z 〉 2932.7 -7.8 -6.3 

15( t 2 )15( t 2 ) |1 15 x 1 15 y 〉 2959.6 -5.7 -7.5 
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onicities considered are those between states of the individual 

ethyl goups [23] , the analysis is difficult with this many states. 

or this reason, for our analysis we consider symmetry using a two 

tep approach. 

Following our standard approach we write the local-mode 

amiltonian as 

 = H s tr + H s ci + V. (1) 

Here V includes the stretch-scissor Fermi coupling terms that 

ouple the CH stretch states to the CH 2 scissor overtone and com- 

ination modes. H s tr describes 12 quadratically coupled CH local 

odes all with the same frequency; H s ci describes 12 quadrati- 

ally coupled CH 2 scissor vibrations. At the harmonic level these 

ocal vibrations all have the same frequency, but the correspond- 

ng overtones are detuned from the combination modes by includ- 

ng a diagonal anharmonicity. Finally the overtones corresponding 

o vibrations on the same CH 3 group are allowed to couple via a 

arling-Dennison resonance term. The details of these couplings 

ave been described previously by Tabor et al . [23] . 

Rather than find the eigenvalues of this Hamilonian in terms of 

he local mode basis, we transform to an intermediate representa- 

ion in which the basis set is a direct product of the stretch/scissor 

igenstates of H s tr and H s ci , respectively. The eigenvalues of the 

tretch and scissor Hamiltonians are found by diagonalizing H s tr 

nd H s ci , respectively. The diagonalization procedure automatically 

reates symmetrized states. However, whenever there are degen- 

racies, one must be careful to construct the proper linear combi- 

ation. Linear combinations of the triply degenerate t 2 CH stretch 

tates are carried out so that these triplets of states correspond to 

he x, y , and z components. A similar process is carried out for the

cissor overtones and combination states. The anharmonicities in- 

luded in the local-mode model remove many of the degeneracies, 

hat are expected based on a harmonic analysis, and this manifold 

f states breaks up into 8a, 8e, and 18t states. This result is based

n examining the degeneracies in the eigenvalues of H s ci . 

Focusing on those states that are coupled to the t 2z IR-active CH 

tretch states, we find 11 scissor overtone and combination states 

hat are coupled via the term V in Eq. (1) . As the anharmonic terms

n H s ci are relatively small, we use the normal mode labels to iden- 

ify the eigenstates of H s ci . The 12 scissor fundamentals are ν2 ( a 1 ),

10 ( t 1 ), ν6 ( e ), ν16 ( t 2 ), ν15 ( t 2 ). The first entry in Table 2 corresponds

o a state with t 2z symmetry which is well-described as a state 

ith two quanta of excitation in mode 16, a normal mode that has 

 2 symmetry. The second column provides select information about 

he specific form of how scissor states are constructed to yield the 

orrect overall t 2z symmetry. As an example, the combination state 

5( t 2 )16( t 2 ) is 9-fold degenerate in the harmonic limit. The state 

ith t 2z symmetry is best described as the specific linear combina- 

ion |1 15 x 1 16 y 〉 + |1 15 y 1 16 x 〉 where the notation for each of the two

asis states has one quantum of excitation in the modes that are 
4 
ndicated as subscripts. Table 2 also includes the corresponding en- 

rgies as well as the couplings to each of the z -components of the 

wo IR-active CH stretch states. Both V 1 and V 2 matrix elements 

re found by reexpressing the local mode stretch-bend Fermi cou- 

lings as couplings between the eigenstates of H s tr and H s ci . 

Table 2 reports the Fermi couplings V 1 (with state at 

890.2 cm 

−1 ) and V 2 (with state at 2961.1 cm 

−1 ) between 

he scissor states and the t 2 z stretch states. Diagonalizing the 

3 × 13 stretch/scissor Hamiltonian, whose elements are given in 

able 2 along with the values of diagonal elements given directly 

bove, leads to the same spectral results as diagonalizing the 90 x 90 

ocal-mode matrix Hamiltonian. 

At this level of theory and based on the energies of the stretch 

nd scissor states one expects, and indeed one finds that the theo- 

etical high-energy doublet (2955.7/2970.4 cm 

−1 ) is well described 

s a linear combination of the CH stretch state with zero-order 

nergy 2961.1 cm 

−1 and the combination band |1 15 x 1 15 y 〉 whose 

ero-order energy is 2960.5 cm 

−1 . The coupling is more complex 

t lower energies, with several states taking part in the mixing. 

Although the agreement between theory and experiment is 

airly good, in general there appear to be too few transitions pre- 

icted by theory. As an example, in the higher energy region, the- 

ry predicts a doublet, whereas the experiment shows three in- 

ense peaks consisting of a single and doublet at energies 2959.6, 

966.3, and 2976.4 cm 

−1 , respectively. Apparently there are addi- 

ional mixings at play beyond those considered in our local-mode 

odel. 

Our earlier analysis of the CH 2 scissor fundamentals [14] points 

o a possible shortcoming of the model. In that work we found 

hat the ν15 ( t 2 ) band is strongly mixed with a background state. 

he mixing leads to two equal intensity peaks at 1472.5 cm 

−1 and 

489.0 cm 

−1 , respectively. Our calculation revealed that the back- 

round state is the combination band of the ν7 ( e ) and ν19 ( t 2 ).

he observed fundamentals of these two bands are 1060.0 cm 

−1 

nd 418 cm 

−1 , respectively. The cubic-coupling between the CH 2 

cissor and the combination band was calculated numerically at 

he B3LYP/6-311 ++ (d,p) level to be -8.7 cm 

−1 a value consistent 

ith the observed splitting of 16.5 cm 

−1 . Following the notation of 

aynes [25] , the relevant coupling term is 

 F = F 

[ (
S 15 z S 19 z − 1 

2 
S 15 x S 19 x − 1 

2 
S 15 y S 19 y 

)
S 7 a + 

√ 

3 

2 

(
S 15 x S 19 x − S 15 y S 19 y 

)
S 7 b 

]

(2) 

There is a typo in our equation with this term in our pre- 

ious paper [14] . The e a and e b were switched and a 
√ 

3 on 

he z-component was missed. The subsequent matrix that we 

rote down is correct as are the results. One can use those ma- 

rix results to include this Fermi interaction for all the states 

n Table 2 with excitation in mode 15. One finds that the state 

1 6 a 1 15 z 〉 is coupled to the |1 6 a 1 7 a 1 19 z 〉 with a coupling of F / 
√ 

8 =
8 . 7 cm 

−1 . The highest energy state is more complicated, since 

here are two total quanta in mode 15. Here one must consider 

oupling between the scissor combination band |1 15 x 1 15 y 〉 and 7 

ther states |1 15 x 1 7 a 1 19 y 〉 , |1 15 x 1 7 b 1 19 y 〉 , |1 15 y 1 7 a 1 19 x 〉 , |1 15 y 1 7 b 1 19 x 〉 ,
2 7 b 1 19 x 1 19 y 〉 , |1 7 a 1 7 b 1 19 x 1 19 y 〉 , |2 7 a 1 19 x 1 19 y 〉 . For the diagonal ener-

ies of the 7 latter states we use experimental fundamental exci- 

ation energies and assumed we could sum the energies for the 

ombination bands 

The modified model increases the Hamiltonian describing the 

H stretch region from a 13 × 13 matrix to a 24 × 24 matrix. The 

xtra states are the above 7 plus one additional for each of the four 

ther combination bands with excitation in mode 15. The spectral 

esults are given in Table 3 and shown in Fig. 6 . One observes im-

roved agreement throughout the CH stretch spectral region. Note 

hat the comparison of experiment with theory is qualitative be- 
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Table 3 

Eigenstates (cm 

−1 ) and intensities (km/mol) for the modified local mode Hamilto- 

nian. 

Energy Intensity Energy Intensity 

2715.9 1.3 2903.9 9.5 

2754.3 0.9 2921.6 9.0 

2806.3 0.3 2928.6 0.6 

2816.1 0.2 2937.8 1.9 

2832.3 0.2 2941.1 2.8 

2857.2 0.5 2950.4 0.1 

2869.3 8.6 2956.0 25.5 

2871.1 6.7 2966.7 24.1 

2887.8 0.1 2968.4 32.2 

2889.6 0.5 2977.9 8.0 
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[

ause it is difficult to match the calculated and experimental fea- 

ures with certainty. 

. Conclusion and future plans 

High resolution absorption cross sections of neopentane have 

een obtained in the 1200–1650 cm 

-1 region and cross sections in 

he 2550–3350 cm 

−1 region have been recalculated. These cross 

ections are useful for the search of neopentane in the atmosphere 

f Titan, although lower temperatures (150–195 K) are desirable 

5] . A local mode model for the CH stretching region has been 

resented and is in reasonable agreement with observations. As 

sual for hydrocarbons, the overtone and combination modes of 

he scissors vibrations are in Fermi resonance with the CH stretch- 

ng modes. An unusual feature of neopentane is that a key scissor 

ibration is also in Fermi resonance with other lower frequency 

odes. A rotational analysis of the vibrational bands in the 1200–

650 cm 

-1 region is planned. 

upplementary materials 

Because of their size, cross section data files are available from 

he MOLLIST website ( http://bernath.uwaterloo.ca/molecularlists. 

hp ). 
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