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Abstract 

In the continuity of a previous jet-cooled rovibrational study of trans- and cis- conformers of 
2-furfural in the mid-infrared region (700-1750 cm-1) [Chawananon et al, Molecules 28 (10), 4165 
(2023)], the present work investigates the far-infrared spectroscopy of 2-furfural using a long path 
absorption cell coupled to a high-resolution Fourier transform spectrometer and synchrotron radiation 
at the AILES beamline of the SOLEIL synchrotron. Guided by anharmonic calculations, vibrational 
energy levels and excited-state rotational constants are sufficiently predictive for a complete  
assignment of all fundamental and combination bands up to 700 cm-1, as well as the rovibrational 
analysis of 4 (1) low-frequency modes of trans- (cis-) 2-furfural. A global rovibrational simulation, 
including far-infrared rovibrational lines and microwave and millimetre-wave rotational lines assigned 
in a previous study by [Motiyenko et al, J. Mol. Spectrosc., 244, 9 (2007)], provides a reliable set of 
ground- and excited-state rotational parameters involving ring torsion, bending and ring puckering 
modes of 2-furfural. In a second step, a rovibrational analysis of several hot band sequences, mainly 
involving the lowest frequency ring CHO torsion mode, is carried out. Reliable values of some 
anharmonic coefficients are obtained experimentally, and could serve as a benchmark for validating 
advanced anharmonic calculations related to these large amplitude motions of flexible molecules.  
 
I- Introduction 

  Furan and its related compounds are primary and secondary pollutants in the atmosphere; they 
are involved in the formation of atmospheric particles such as secondary organic aerosols (SOAs).1 
Among them, furfural (FF), an oxygenated five-membered aromatic molecule (C5H4O2) is produced 
by biomass combustion mainly from the pyrolysis of hemi-cellulose.2 Besides identifying the chemical 
composition of biomass burning emissions3 and the compounds involved in the SOAs formation along 
with their main precursors,4 there is a fundamental interest in monitoring these molecules. Currently, 
the LPCA group has studied in the CHARME (CHamber for the Atmospheric Reactivity and the 
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Metrology of the Environment) simulation chamber the reactivity of furans with day time and night 
time major oxidants, respectively OH and NO3. These measurements clearly demonstrated that the 
gas-phase oxidation products of FF such as methylfurans contribute significantly to the SOA 
formation, while FF alone is not efficient.5 In situ monitoring of furan derivatives during the oxidation 
processes will be the next step6, but it requires knowledge of their rovibrational signatures through 
high- resolution experiments over a broad spectral range.  

 Previous spectroscopic investigations of FF in the gas phase have focused on the ortho isomer 
(2-FF). Little et al. exploited low-resolution Fourier transform (FT) spectra in the far-infrared (far-IR) 
to determine the relative stability between trans and cis conformers.7 Based on the modeling of an 
asymmetric torsional potential function, the energy difference between the two conformations is 
estimated to 3.42(29) kJ/mol and the conformational barrier height to 38.94(24) kJ/mol, meaning that 
neither observable splitting due to quantum tunneling nor relaxation in the supersonic jet is expected. 
In the mid-IR range, Johnson et al. have exploited medium-resolution FTIR measurements (0.112 
cm−1) to derive the vibrational cross-sections available in the atmospheric and specific 
HITRAN/PNNL databases dedicated to quantitative IR spectroscopy of gases emitted by biomass 
burning.8 High-resolution analyses of the ground state of the trans and cis conformers and of the 
lowest-energy torsional state for the most stable trans-2-FF were performed using jet-cooled Fourier 
transform microwave spectroscopy (FTMW).9 Motiyenko et al. extended the analysis of these 
conformers in the millimeter-wave (mmW) region at room temperature, providing molecular 
parameters for all the low-lying vibrational states up to 400 cm-1.10 
 The present work is a follow up of our recent high-resolution study of 2-FF in the mid-IR 
region using two complementary jet-cooled spectroscopic setups.11 The aims of this previous work 
were twofold. In a first step, rovibrational spectra recorded at low rotational temperatures were 
exploited to derive reliable excited state molecular parameters of trans- and cis-2-FF vibrational bands 
in the fingerprint region between 700 and 1800 cm-1. In a second step, the medium-resolution 
spectrum of 2-FF recorded at 298.15 K available in the HITRAN12 database was reconstructed by 
extrapolating the data obtained from our low-temperature analyses, highlighting the strong 
contribution of hot bands in the room temperature contour of 2-FF vibrational band spectra, estimated 
to about 50 % of the fundamental band.   
 Our objective here is to investigate in detail the high-resolution far-IR spectrum of 2-FF 
recorded in a long-path absorption cell at room temperature. Building on previous microwave 
measurements by Motiyenko et al,9,10 the present rovibrational analysis aims to refine the existing set 
of molecular parameters of the excited state of 2-FF by extending the study to the most intense 
fundamental vibrations below 600 cm-1, in particular the ring-CHO torsion (27), the ring-CHO in-
plane and out-of-plane bending (respectively 19 and 26) and ring puckering (25) modes. We will then 
proceed to the vibrational assignment and rovibrational analysis of the hot band patterns related to 
most of these fundamentals in order to extract reliable values of the anharmonic coefficients i,j, 
probably involving the lowest frequency 27 torsional mode due to its larger vibrational population at 
300 K. The predictive power of theoretical calculations on these large aromatic molecules will be 
discussed in the light of comparisons with experimental molecular parameters, vibrational energy 
levels and anharmonic coefficients.  

 

 

 

ACCEPTED MANUSCRIPT / CLEAN COPY



3 
 

II- Methods 

II-1 Fourier transform infrared experiment 

 Gas-phase 2-furfural (> 99 %, Aldrich) was injected into a room-temperature multipass cell 
equipped with 50 µm-thick propylene films as cell windows, for which the optics of the White-type 
cell were adjusted to obtain an absorption path of about 150 m long. Four fundamental low-frequency 
bands of trans-2-FF (27, 26, 25 of c-type and 19 of a/b-type) and three bands of cis-2-FF (19, 26 and 
25),  for which the intensities calculated in the harmonic approximation are all between 5 and 13 
km/mol, could be observed in the 120-620 cm-1 spectral range.  The gas pressure was about 20 µbar to 
maximize the absorption signal without reaching saturation of the intense Q branches of the c-type 
bands. The far-IR spectrum of 2-FF was recorded using the SOLEIL synchrotron radiation extracted 
by the AILES beamline as a continuum source of the FT interferometer equipped with a He-cooled 
bolometer detector and a 6 µm mylar beamsplitter.13 An acquisition time of 19 hours, corresponding to 
the coaddition of 380 scans recorded at the ultimate resolution of 0.001 cm−1, was required to obtain a 
sufficient SNR to undertake the successful rovibrational analysis of these weak bands. The entire 
spectrum was calibrated using the remaining far-IR water absorption lines.14 Thanks to the high SNR 
of the far-IR spectrum, line position accuracy was estimated to be about 0.0002 cm−1 for the 
rovibrational lines of four most intense fundamentals observed. For the three other less intense bands 
observed in this range, no rovibrational analysis could be carried out. 
 
II-2- Electronic structure calculations 
 
 To obtain reliable rotational constants, the equilibrium structures of trans- and cis-2-furfural 
have been calculated using explicitly correlated coupled cluster theory with single and double 
substitutions augmented by a perturbative treatment of triple excitations, (CCSD(T)-F12)15,16 as it is 
implemented in MOLPRO version 202217 and using the default options. The procedure was applied in 
connection to the cc-pCVTZ-F12 basis set18 (denoted in this paper by CVTZ-F12) optimized for 
accurately describing core-core and core-valence correlation effects. All the electrons were correlated 
in the post-SCF process. 
 Anharmonic frequencies and the anharmonic contribution to the rotational constants were 
obtained using vibrational second order perturbation theory (VPT2)19 implemented in GAUSSIAN 16 
version C.0120. The force field was computed with second order Möller-Plesset theory (MP2)21 in 
connection with the aug-cc-pVTZ basis set (denoted in this paper as AVTZ)22. 
The rotational constants were computed in the ground vibrational state and in the first excited 
vibrational energy levels using the equation: 
 

                        Bv= Be (CCSD(T)-F12/CVTZ-F12) + ΔBvib (MP2/AVTZ)             (1) 
 
The vibrational contribution ΔBvib was determined from the VPT2 r

i vibration-rotation interaction 
parameters and the MP2/AVTZ cubic force field. 
Preliminary results of the anharmonic fundamentals and ground vibrational rotational constants were 
performed at different levels of theory using ab initio calculations with different basis sets or Density 
Functional Theory with different functionals including Grimme’s dispersion correction.23,24  
A variational procedure of reduced dimensionality was employed to explore the large amplitude 
motions (LAMs) involving the COH group. Details of this procedure can be found in previous 
papers.25  
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III Results 
 
III-1 Vibrational analysis 
 
 Fig.1a displays an overview of the high-resolution far-IR spectrum of trans-2-FF. The 
contours of the fundamental bands 27, 19, 26, and 25 are clearly observed.  The characteristic intense 
Q branches for the c-type bands 27, 26 and 25 have origins centered at 146.20, 235.82 and 595.98 
cm-1.  For the hybrid a/b-type band 19, the origin of the Q branch is expected at 203.13 cm-1 . As well, 
the experimental intensities of four bands well agree with the calculated 6/6/9/11 ratio of anharmonic 
intensities. Three weaker bands are also observed at 462.3, 622.6 and 694.3 cm-1 (Fig.1a), two of 
which may correspond to as yet unassigned fundamental bands, such as 18 and 24, calculated at 492 
and 635 cm-1, respectively. Their contours, b-type for the band at 462.3 cm-1 and c-type for that at 
622.6 cm-1, are fully compatible with the calculated dipole moment orientations, confirming our 
assignment. With 18 at 462.3 cm-1, the band at 694.3 cm-1 may correspond to the c-type combination 
band (18 + 26) with an anharmonic coefficient 18,26 equal to around -3.8 cm-1. Consequently, the 6 
lowest frequency fundamental bands of trans-2-FF are observed and assigned (Table 1) on the basis of 
anharmonic predictions.  
 While three fundamental bands of cis-2-FF have intensities comparable to those of the trans-
conformer, its lower relative stability, which corresponds to a trans/cis ratio equal to 3/1 at room 
temperature for an energy difference of 286 cm-1, makes their observations more challenging. Only the 
26 band (13 km/mol, calculated value: 285 cm-1) is clearly observed at 280.3 cm-1 (Fig. 1b), largely 
shifted from the trans 26 band (~ 45 cm-1), as the CHO-ring out-of-plane bending motion is highly 
conformer-sensitive, thus facilitating their respective rovibrational analyses. Conversely, the 25 cis 
band, predicted to be very close (less than 1 cm-1) to the trans band, could be unambiguously assigned 
at 595.9 cm-1 once the 25 trans band was fully analyzed. The full list of far-IR vibrational bands 
observed for both conformers, together with band center frequencies compared with low-resolution 
vibrational measurements of Ref. [10] and anharmonic vibrational energy levels calculated with 
MP2/AVTZ, are reported in Table 1. 
 Hot bands involving the lowest frequency modes 27, 19, 26 are expected in the room 
temperature spectrum. These features, all red-shifted relative to the fundamental bands 27, 26, and 25, 
were observed in the low-J region of the P branches (Fig. 1). The different observed hot band 
sequences are vibrationally assigned as following:  (𝑛 + 1)

27
← 𝑛27 up to 𝑛 = 4; (𝑛 + 1)

26
←

𝑛26 up to 𝑛 = 2,  26 + 𝑛27 ← 26  up to 𝑛 = 4; 25 + 𝑛27 ← 25 up to 𝑛 = 3. Thanks to the 
vibrational assignment of overtones (𝑛

𝑖
) and combinations (𝑛𝑖 + 𝑗), an updated version of the 

energy level scheme for both conformers could be performed and is displayed in Fig. 2. Their partial 
rovibrational analyses will be presented in section III-3. 
 
III-2  Rovibrational analysis 

 Our rovibrational analyses of 2-FF in the far-IR range are guided by previous MW and mmW 
studies by Motiyenko et al. in the 7-21 GHz and 49-330 GHz ranges.9,10 The ground state (GS) and 
excited states (ES) of trans-2-FF and cis-2-FF up to 470 cm-1 have been assigned and analyzed, in 
particular for the three lowest frequency vibrational bands, 27, 19 and 26. Accurate values of 
rotational and quartic centrifugal distortion (CD) constants were determined for these fundamental 
bands, requiring in most cases the introduction of several sextic and octic parameters to reproduce the 
data within experimental accuracy. In order to limit the number of adjustable parameters, the present 
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far-IR study of the two furfural conformers aims to perform a global fit for each conformer that will 
include all the GS and 3 lowest ES rotational lines for trans- and cis-2-FF and all the rovibrational 
lines of v27=1, v19=1, v26=1, and v25=1 (bands noted hereafter 27t, 19t, 26t, and 25t)  for trans-2-FF 
and v26=1 (band noted hereafter 26c)  for cis-2-FF. 
 Initially, rovibrational analyses of each fundamental band were performed separately, starting 
with the ES parameters of Motiyenko et al.10 The fundamental band of each conformer is fitted with 
the PGOPHER program26 using a Watson-type semirigid model for asymmetric tops (a reduction in 
the Ir representation) developed up to octic CD terms. Global fits of GS+4ESt for the trans conformer 
and GS+1ESc for the cis conformer are performed with the SPFIT/SPCAT programs27 by first fixing 
the GS constants and then progressively releasing them. A total of 18540 (4113) rovibrational lines 
and 3935 (3353) rotational lines of trans-2-FF (cis-2-FF), respectively, were fitted within experimental 
accuracy with a root mean square (RMS) value of 8 kHz for MW and mmW lines and 0.00015 cm-1 
for IR lines. Except for the 25 band, for which the rovibrational lines were fitted using up to quartic 
CD constants only, the three lowest frequency bands were fitted with sextic CD constants and at least 
one octic constant. Figures 3 to 7 display the comparison between experimental far-R spectra of 27t, 
19t, 26t, 26c and 25t, respectively, and the simulations of the asymmetric top band contour of the 
fundamental band alone. The band centers, ground-state and upper-state rotational parameters of the 
two conformers are shown in Tables 2 and 3. Tables S1 and S2 (SupMat1) include line assignments, 
measured frequencies, uncertainties and deviations for trans- and cis-2-FF. For future experiments, the 
complete set of calculated rovibrational transitions obtained with SPCAT program is presented for cis- 
and trans- conformers (SupMat2-cis, SupMat3-trans).  
 
III-3 Hot band analyses 
 
 The rotational structure of hot-band transitions  observed on the red side of Q branches of 
27t, 26t, 26c and 25t bands was exploited to derive accurate i,j anharmonic coefficients and to 
extrapolate rotational constants of the  excited vibrational states (𝑛

𝑖
) and  (𝑛𝑖 + 𝑗).  

 The energy of the vibrational levels of a molecule whose vibrations are not degenerate is 
written: 
 
                               𝐸vib =  ∑ 𝜔𝑖 (v𝑖 +

1

2
) + ∑ ∑ 

𝑖,𝑗𝑗≥𝑖𝑖𝑖 (v𝑖 +
1

2
) (v𝑗 +

1

2
)                                       (2) 

 
where 𝜔𝑖 are the harmonic frequencies, 

𝑖,𝑗
 the anharmonic corrections (usually negative) and vi, vj  

the vibrational quantum numbers of modes 𝑖 and 𝑗. 
 
The variation in rotational constants can be described by the following equation: 
 
                                                     Xv = X𝑒 − ∑ αi

X(v𝑖 +
1

2
)                                                          (3) 

 
where X𝑒 = A𝑒, B𝑒, C𝑒 are the equilibrium rotational constants, X𝑣 = A𝑣, B𝑣, C𝑣, the rotational 
constants in vibrational state v and αi

X the vibration-rotation interaction constants.  
 
 For combination states, predicted rotational constants are usually calculated  by assuming the 
additivity of variations in spectroscopic constants as vibrational quantum numbers change, such as  
X𝑖+𝑗 = X𝑖 +  X𝑗 − X0 for the 𝑖 + 𝑗 ← 0 transition. More details can be found in Ref [28]. 
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 In the following, the hot band sequences of 27t, 26t, 26c and 25t are analyzed either 
completely for 27t or only partially for the other hot bands due to the mixing between upper 
vibrational states above 500 cm-1. Each hot transition is introduced progressively according to a set of 
parameters resulting in a shift in frequency and a change of the rotational band contour : either (

𝑖,𝑖
,  

𝑋(𝑛+1)i
− 𝑋𝑛i

= −αi
X  ) for the sequences of the type (𝑛 + 1)

𝑖
← 𝑛𝑖 or (

𝑖,𝑗
,  𝑋𝑛𝑖+j

− 𝑋𝑛i
=

−αj
X)  for the sequences of the type 𝑛𝑖 + 𝑗  ← 𝑛𝑖  depending on whether a single mode i or two 

modes i and j are involved in the hot band sequence, where αi
X is the variation in the rotational 

constant 𝑋 between the GS and the vi = 1 ES. The rovibrational analyses are performed by applying 
the strict additivity rule for the rotational constants, which allows band contour simulations to be 
started with realistic sets of rotational constants of the upper states (𝑛 + 1)

𝑖
 or 𝑖+𝑗 . However, the 

upper-state rotational constants must be adjusted to reproduce the dense pattern of 𝑄𝑅   and 𝑄𝑃  
transitions and, in particular, the frequency positions of intense 𝑅 𝑅 transitions in two regions.  Fig. 8 
and 9 display the complete assignment of the trans-2-FF hot band sequences, (𝑛 + 1)

27
← 𝑛27 up 

to 𝑛 = 4, (𝑛 + 1)
26

← 𝑛26 up to 𝑛 = 2 and  26 + 𝑛27 ← 26  up to 𝑛 = 4.  The rotational band 
contour of 5 transitions of the 27 hot band sequence were simulated individually, then summed to 
reproduce the Q-branch pattern at room temperature (Fig. 8). Similarly, the first patterns of the double 
sequence  (𝑛 + 1)

26
← 𝑛26 up to 𝑛 = 2,  26 + 𝑛27 ← 26  up to 𝑛 = 3 have been fully simulated 

and agree well with the observed spectrum (Fig. 9).  
In contrast, the assignment of the hot band sequences linked to the 26 mode of cis-2-FF is 

more ambiguous. Compared to the trans-2-FF hot band sequence, the 26𝐜 + 𝑛27𝐜 ← 26𝐜 transitions 
are not clearly visible (see Fig. 6). Furthermore, hot-band simulations of the trans-2-FF conformer 
have shown that the evolution of the vibration-rotation interaction constants αi

X   related to a given hot-
band sequence varies little as a function of  𝑛. This is the case of the 27 hot band sequence defined 
as (𝑛 + 1)

27𝐭
← 𝑛27𝐭 for which α27

X =  𝑋𝑛27𝐭
− 𝑋(𝑛+1)27𝐭

 . We obtained  α27
X  values equal to 

66.4(7), 0.9(6) and 3.1(8) MHz for X = A, B, C, respectively (see Table S3 in SupMat4). Conversely, 
their absolute values differ greatly as a function of mode as evidenced by the measured values of α26

X   
equal to 17(4), 1.7(12) and 1.1(1) MHz (see Table S3). In the following, we will exploit the mode 
dependence of these rovibrational parameters to confirm the assignments of the two red-shifted bands 
closest to the 26 fundamental band. Individual simulations have been carried out which clearly 
identify that the band red-shifted by -2.087 cm-1 involves only the 26 mode and corresponds to the 
226 ← 26 transition while that red-shifted by -2.639 cm-1 also involves the 27 mode and 
corresponds to the 226 + 27 ← 26 + 27 transition. The two sequences such as (𝑛 + 1)

26
← 𝑛26 

and  (𝑛 + 1)
26

+ 𝑚27 ← 𝑛26 + 𝑚27 are observed up to 𝑛 =3 and 𝑚 = 2 (see Fig. 6).  
 Finally, analysis of the hot-band sequence in the 25 band region is also challenging due to 

band centers of the two conformers being separated by only 0.08 cm-1, resulting in a partial overlap of 
the two sequences. Nevertheless, the respective hot-band sequences involving the 27 mode could be 
unambiguously assigned up to n=3, as displayed in the expanded view in Fig. 7. Table S3 shows the 
evolution of vibration-rotation interaction constants  i  along the different hot band sequences 
identified in the bands 27t, 26t, and 25t. Table 4 gathers the anharmonic coefficients 

𝑖,𝑗
 and 

rotational constants measured in these newly identified excited vibrational states from the hot band 
sequences relative to 27t, 26t, 26c and 25t. 
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IV Discussion 
 
IV-1 Comparison between theoretical and high-resolution results 
 
 A total of 9 experimental fundamental frequencies for the two furfural conformers were 
observed and assigned (see Table 1) on the basis of anharmonic predictions with a mean average error 
(MAE) of the differences between experimental and calculated values of 14.8 cm-1, corresponding to a 
mean relative error of 3.5 %. In particular, the vibrational states involving the 18t mode (18t, 18t +  
26t) of the trans conformer are the most poorly predicted, with deviations of -29.3 and -39.6 cm-1 
respectively (see Fig. 2). Such a large discrepancy could be due to anharmonic resonances with nearby 
vibrational states. The most probable candidates are the v26t = 2 and v26t = 3 vibrational states, 7.5 and 
9.7 cm-1 apart, respectively, from 18t and 18t + 26t with same symmetries (A’ for 18t /226t and A’’ 

for 18t + 26t/326t). The 7 remaining fundamental frequencies were predicted to within 2.4 %, 
allowing unambiguous vibrational assignments. If we now consider the 22 vibrational energy levels 
derived from IR and mmW analyses of the fundamental and hot bands (15 for trans- and 7 for cis-2-
FF), the mean average error increases slightly to 3.1 %, probably due to the higher number of 
vibrational states (22 vs. 7) taken into account (see Table S4 in SupMat4). 
 The calculated GS- and ES-rotational constants for the lowest fundamental frequencies are 
compared with experimental values for the two 2-FF conformers in Table S5 (SupMat4). They were 
calculated using Eq. (1) combining two levels of theory. Equilibrium constants were computed using 
highly correlated ab initio methods (CCSD(T)-F12) and a basis set designed for the correlation of both 
valence and core electrons (CVTZ). Anharmonic vibrational effects, which are less dependent on 
electron correlation than first-order parameters, were computed with MP2/AVTZ after performing test 
with different basis sets and different DFT methods. The MAE of the differences ( = exp -calc) 
between the experimental and calculated rotational constants is equal to 2.9 MHz for trans-2-FF and 
1.5MHz for cis-2-FF over 15 and 12 constants, respectively. After correction of the calculated values 
using the GS deviation, the MAEs of the corrected values amounts to 3.2 MHz for trans-2-FF and 
lowers to 1.3 MHz for cis-2-FF, mainly due to the larger deviation of the absolute value of the A 
rotational constant. These MAE values are globally very close to those obtained for vibrational states 
of 2-FF in the mid-IR range.11  However, the MAE for both conformers was considerably reduced to 
only 130 kHz (630 kHz in the mid-IR range) by considering only the B and C corrected constants (14 
ES) which gives good confidence in the predictive power of the CCSD(T)-F12b method to derive 
reliable corrected rotational constants, as was previously shown for rigid and floppy systems of similar 
size.29-31  In addition, to obtain very accurate B and C and less accurate A constants is a common 
behavior of many molecules with a symmetry plane. The divergences are more significant in the case 
of the low frequency in-plane ν19 mode. 

After the tests carried out with different basis sets and functionals, we found that, as for the 
rotational parameters, the MP2/AVTZ method produces vibrational energies a better agreement with 
the experimental ones. Furfural exhibits many low-frequency vibrational levels whose relative order is 
well described by the MP2 calculations, although computed vibrational energies and anharmonic 
constants are not as accurate as the rotational parameters. Surprisingly, divergences for many levels 
are greater than 10 cm-1 and ν19, the lowest energy mode of A’ symmetry, whose theoretical rotational 
constants are the worst, is the best described with MP2/AVTZ. 

Several methods were tried to determine a reliable anharmonicity matrix for 2-FF guided by a 
comparison with few anharmonic coefficients derived accurately from hot band analyses, each of them 
involving the ring-CHO torsion LAM (27).  It turns out that VPT2 failed to reproduce experimental 
coefficients most probably because rotational constants depend on the cubic force field only, while the 
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anharmonic constants are derived from both cubic and quartic force fields. Required computed 
derivatives are obtained numerically using Gaussian software and loss accuracy increases with the 
degree of the derivative. In addition, although the mode v27 (out-of-plane) interconverts the two 
conformers, they are separated by a barrier of ~3900 cm-1 (CCSD(T)-F12), higher enough to treat both 
conformers as two different species using VPT2, a theory designed for a single minimum. 

A variational model of reduced dimensionality working in internal coordinates, designed for 
the treatment of large amplitude motions23, has been applied in three dimensions from a CCSD(T)-F12 
potential energy surface. The model describes well the torsional mode (ν27=148.301 cm-1) but is less 
accurate for ν19 and 26, that cannot be reduced to local modes by assuming a separability of variables. 
We can conclude that the contribution of electron correlation is probably very important for 2-FF. 
However, the molecule is too large for use of more accurate (therefore more expensive) ab initio 
methods.  

 
IV- 2 Anharmonic coefficients 
 
 Hot bands analyses allowed us to derive seven anharmonic coefficients 

𝑖,𝑗
 for both 

conformers with excellent relative accuracy, well below 1 % for those involving the ν26 and ν27 modes, 
around 5 % for those involving the ν25 mode (see Table 4). The coefficients 

25,27
, 

26,26
 and 

26,27
 

show consistent values across the two conformers with small variations between 10 and 30%, giving 
confidence in our band assignments, particularly for the 26 hot band sequence of cis-2-FF. Less 
accurate values of anharmonic coefficients have been extracted from low-resolution FT Raman and IR 
measurements.7,8 The 

27,27
 coefficient was estimated to -0.2 cm-1 for cis-2-FF by Little et al.7, but 

with only 2 hot bands and a low SNR. In our previous mid-IR HR spectroscopy study of furfural,11 we 
exploited the medium-resolution FT spectra at 298.15 K by Johnson et al. 8 to reconstruct 
rovibrational cross-sections from high-resolution molecular parameters and by considering the most 
intense hot bands for which Q branches are clearly visible in the room-temperature spectrum. For 
example, in the region of the ν23 ring CH out-of-plane bending and ν17 C-C-H scissoring modes, main 
sequences with 

𝑖,𝑗
 = -0.6 and -0.45 cm-1 for ν23t and 

𝑖,𝑗
 = -0.6 and -0.35 cm-1 for ν17t are clearly 

observed. Some 
𝑖,𝑗

 values estimated in mid-IR range such as -0.45 and -0.35 cm-1 are very close to 
those measured in the far-IR range for the modes ν26t and ν25t coupled to the lowest frequency ν27t 
mode, respectively at -0.43 and -0.28 cm-1  but no conclusive assignment is possible, among the lowest 
frequency modes 27, 19 and 26.  

 
Conclusion 
  
 Taking advantage of far-IR high-resolution FT spectroscopy using SOLEIL synchrotron 
radiation coupled to a long-path absorption cell and complemented by high level of theory quantum-
chemistry anharmonic calculations, 18 new vibrational energy levels for the trans- and cis-conformers 
of 2-FF were accurately measured and assigned from rovibrational analysis of the fundamental and hot 
bands related to ring-CHO torsion (27), in-plane bending (19), out-of-plane bending (26) and ring 
puckering (25) modes. Molecular parameters in 4 (3) excited rovibrational states of the trans (cis) 
conformer up to 600 cm-1 and ground-state parameters were globally fitted to 22475 trans and 7466 
cis experimental rotational and rovibrational lines. Once the fundamental bands were assigned and 
analyzed, the hot band sequences linked to the 27t, 26t, 26c, 25t and 25c modes were identified and 
analyzed line-by-line. This thorough work enabled the accurate determination of the frequency of 
highly excited states (inaccessible by mmW spectroscopy at room temperature), of the vibration-
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rotation interaction constants αi within a hot band sequence, and especially of 7 anharmonic constants 


𝑖,𝑗
 involving these three low frequency modes. Despite several theoretical attempts (VPT2, a 

variational procedure of reduced dimensionality) to reproduce with the best precision the vibrational 
energy levels and ultimately the anharmonic constants, it appears that the strong contribution of 
electron correlation for furfural inhibits the correct prediction of these parameters. Unfortunately, full-
dimensional computations of anharmonic properties depending on the quartic force field and using 
highly correlated ab initio methods, are not suitable given the molecular size of furfural. Fortunately, 
the high accuracy of the present computed rotational constants in both the ground state and in the 
excited vibrational levels, confirms assignments that can be considered for further spectroscopic or 
atmospheric studies.  
 
Supplementary Material 
 

Supplemental information is provided in 4 supplementary files : SupMat1 contains 2 tables S1 
and S2 including line assignments, measured frequencies, uncertainties and deviations for trans- and 
cis-2-FF, respectively. SupMat2 contains three tables : table S3 gathers vibration-rotation interaction 
constants related to hot band sequences observed as a function of n, table S4 compares vibrational 
energy levels of both conformers with calculated ones up to 700 cm-1 at the MP2-AVTZ level, Table 
S5 compares the calculated GS- and ES-rotational constants for the lowest fundamental frequencies of 
two 2-FF conformers with experimental values. SupMat3-cis for the cis-conformer and SupMat4-trans 
for the trans -conformer gather the complete set of calculated rovibrational transitions obtained with 
the SPCAT program. The intensities have been calculated at 298.15 K, considering the rotational 
partition function derived from the fitted rotation constants and the vibrational induced dipolar 
moments from anharmonic MP2/AVTZ calculations. 
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Figure 1: Overview of the high-resolution far-infrared spectra of the two conformers of 2-furfural 
recorded at a resolution of 0.001 cm-1 in a 150 m long absorption cell: a) Bands 27, 19, 26, and 25 of 
the trans conformer and an enlarged view of the weak bands observed at 462.3, 622.6 and 694.3 cm-1 
assigned respectively to the bands 18, 24 and 18+26, b) the 26 band of the cis conformer. 
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Figure 2: The vibrational energy level scheme of trans- and cis-conformers of 2-furfural. The labels of 
vibrational states in italics correspond to states analyzed from previous MW and mmW studies by 
Motiyenko et al (marked by blue dotted lines). Vibrational frequencies of v27=1 and v19=1 of cis-2-
furfural were measured by Little et al [7] and Mönnig et al [32], respectively The other labels 
correspond to 18 vibrational states (marked by solid blue lines) assigned in the present far-IR study: 9 
states are reached by fundamental, overtone and combination  transitions starting from the GS (black 
arrow), 9 by hot transitions starting from an ES (red arrow).  The energy level value marked with an 
asterisk was computed using the MP2/AVTZ  method. 
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Figure 3: Comparison between the experimental 27 band of trans-2-furfural (black) and the simulation 
of the v27 = 10 transition at T= 300 K (red). Two expanded views display the resolved rotational 
structure of the R-branch (bottom left) and the Q-branch (top right). A third expanded view displays 
the hot band sequence  (𝑛 + 1)

27
← 𝑛27 up to 𝑛 = 4 (top left) on the P-branch side. 
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Figure 4: Comparison between the experimental 19 band of trans-2-furfural (black) and the simulation 
of the v19=10 transition at T=300 K (red). The two expanded views display the resolved rotational 
structure of the P-branch (top left) and a detail of the Q-branch pattern (top right). No hot band 
sequence is observed for the b-type 19 band. 
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Figure 5: Comparison between the experimental 26 band of trans-2-furfural (black) and the simulation 
of the v26=10 transition at T=300 K (red). The two expanded views display the resolved rotational 
structure of the R-branch (bottom left) and the Q-branch (top right). An irregular hot band pattern is 
observed on the red side of the v26=10 transition, suggesting two sequences involving  ring-CHO 
torsion (27) and out-of-plane bending (26) modes. 
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Figure 6: Comparison between the experimental 26 band of cis-2-furfural (black) and the simulation 
of the v26=10 transition at T= 300 K (red). The two expanded views display the resolved rotational 
structure of the R-branch (bottom left) and the Q-branch (top right). The assignment of the complex 
pattern of hot bands involving modes 26 and 27 is displayed on the red side of the fundamental band. 
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Figure 7: Comparison between the experimental 25 band of trans-2-furfural (black) and the simulation 
of hot band sequences involving 25t+ n27t n27t  and 25c+ n27c n27c up to n=3 at T= 300 K 
(red). The bottom left expanded view displays the resolved rotational structure of the P-branch. The 
top right expanded view displays two hot band sequences of 25t and 25c conformers involving the 
lowest frequency 27 mode in the Q-branch region.  
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Figure 8: Overview of the Q-branch hot band pattern and R-branch of the 27 band of trans-2-furfural 
at 300 K (black) compared with the simulated spectrum composed of 5 transitions (𝑛 + 1)

27
← 𝑛27 

up to 𝑛 = 4 (red). Each transition of the sequence, shifted by about - 0.96 cm-1 from the next one, is 
displayed. An expanded view of the R-branch in the 151-152 cm-1 region shows the assignments of RR 
hot band transitions (in purple, blue, green, orange)  shifted from the fundamental band (maroon). 
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Figure 9: Overview of the Q-branch hot band pattern and R-branch of the 26 band of trans-2-furfural  
at  300 K  (black) compared with the simulated spectrum composed of 5 transitions , 2 belonging to 
the hot band sequence (𝑛 + 1)

26
← 𝑛26 up to 𝑛 =1 , shifted by about -1.81 cm-1, and 3 to the hot 

band sequence 26 + 𝑛27 ← 26 up to 𝑛 = 3, shifted by about - 0.86 cm- (red). An expanded view of 
the R-branch in the 241.1-242.3 cm-1 region shows the assignments of RR hot band transitions (in 
purple, blue, green, orange) shifted from the fundamental band (maroon). 
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exp (FIR) exp
a  Mode symmetry conformer MP2/AVTZ Description 

694.3  18+26 A’’ trans 735.9  
622.6  24 A’’ trans 635.2 ring puckering 

595.97994  25 A’’ trans 609.9 ring puckering 
595.9  25 A’’ cis 610.0 ring puckering 
462.3  18 A’ trans 491.6  

280.25936 280.2 26 A’’ cis 288.3 ring CHO oop 
235.82428 235.9 26 A’’ trans 247.5 ring CHO oop 
203.13242 212.4 19 A’ trans 203.2 ring CHO ip 
146.19761 146.25 27 A’’ trans 148.7 ring CHO torsion 

aLittle et al [7]. 

Table 1: 2-furfural vibrational far-IR assignments based on our experimental measurements compared 
with mmW energy level measurements, as well as anharmonic calculations at the MP2/AVTZ level. 
All vibrational frequencies are given in cm-1 unit. 

 

Frequency 
(cm-1) 

   GS 27 
146.197611(8) 

19 
203.132423(8) 

26 

235.824278(9) 
25 

595.979939(11) 
A   8191.77320(28) 8115.4201(15) 8248.4062(19) 8205.7582(24) 8176.9316(18) 
B   2045.929560(18) 2045.58344(4) 2047.62616(8) 2046.5305(16) 2044.8710(12) 
C  1637.183892(18) 1639.62750(4) 1636.98563(6) 1638.2701(12) 1637.4168(18) 

J(x103) 0.1361878(83) 0.137661(13) 0.134265(27) 0.13706(11) 0.14374(27) 
K(x103) 1.7763(17) 1.0324(31) 5.1582(38) 1.1996(53) 1.8420(28) 
JK(x103) 0.706640(41) 0.54488(8) 0.94454(38) 0.6214(8) 0.6517(17) 
J(x106) 0.0314665(40) 0.031535(6) 0.030982(17) 0.03141(3) 0.03480(15) 
K(x106) 0.82181(31) 0.42902(60) 1.0639(9) 0.9619(46) 1.3499(14) 
J(x109) -0.0178(16) 0.0200(22) 0.0186(27) 0.293(39) -0.0178 
JK(x109) 0.645(78) -4.71(12) -1.09(53) 21.0(14) 0.645 
KJ(x109) -5.03(27) -16.19(44) 15.7(22) -66.8(66) -5.03 
J(x1012) 8.39(54) 8.64(80) 8.39 8.39 8.39 
K(x109) 13.1(17) -94.2(26) 68.1(111) 373(31) 13.1 
JK(x109) 0.402(52) -0.193(85) 0.402 4.1(16) 0.402 
LJ(x1015) 0.168(92) 0.168 0.168 -22(3) 0.168 

LKKJ(x1012) -0.110(14) 2.835(32) -7.64(94) 12.8(17) -0.110 
Mw(IR)  RMS 0.008 0.009(4.9) 0.008(4.8) 0.008(4.0) (4.8) 

N lines 1844 4342 5424 5697 5184 
J′′ 1-99 1-99 1-99 1-96 0-99 
Ka

′′  0-53 0-48 0-40 0-41 1-36 
 

Table 2: Molecular parameters (in MHz) of the ground state, v27=1, v19=1, v26=1, and v25=1 of trans-2-
furfural derived from the global fit of rotational lines in the v=0, v27=1, v19=1, v26=1 states from the 
mmW study10  and rovibrational lines of the 27, 19, 26, and 25 bands from our far-IR study. The ES 
quartic, sextic and octic parameters in italics were fixed to the GS value for the global fit. 
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Frequency 
(cm-1) 

   GS 27 
127.86a 

19 
195b 

26 

280.259363(10) 
            A   8143.73873(72) 8077.8111(16) 8201.813(11) 8139.1325(16) 

B 2098.724249(17) 2099.57613(20) 2100.04789(26) 2098.79476(15) 
C 1668.872904(17) 1672.04780( 8) 1668.18781(13) 1669.80184(10) 

J(x103) 0.172659(7) 0.174913(64) 0.169573(88) 0.17293(4) 
K(x103) 1.81402(24) 0.1584( 83) 3.66(19) 1.8584(17) 
JK(x103) 0.49995(4) 0.46107(31) 0.53757( 62) 0.48702( 44) 
J(x106) 0.040304(5) 0.040386( 35) 0.039505( 44) 0.040288(24) 
K(x106) 0.80894(23) 0.6002(17) 1.0130(31) 0.8206(16) 
J(x109) 0.0271(11) 0.0271 0.0186(27) 0.271 
JK(x109) -0.3226(75) -0.30(15) -0.32(25) -0.48(12) 
KJ(x109) -2.261(27) -5.79(25) 1.55( 56) -0.75(56) 
J(x1012) 10.83(79) 10.83 10.83 10.83 
JK(x109) 0.139(46) 0.139 0.139 0.139 

mw(IR)  RMS 0.012 0.011 0.009 0.012(4) 
N lines 2488 310 284 4113 

J′′ 1-89 1-47 1-43 0-99 
Ka

′′  0-48 0-36 0-31 0-37 
 Little et al [7]. bMönnig et al [32]. 

Table 3: Molecular parameters (in MHz) of the ground state, v26=1, of cis-2-furfural derived from the 
global fit of rotational lines in the v=0, v27=1, v19=1, v26=1 states from the mmW study10 and 
rovibrational lines of the 26, band from our far-IR study and ab initio CCSD(T)-F12 rotational 
constants (in italics). The ES quartic, sextic and octic parameters in italics were fixed to the GS value 
for the global fit. The ES parameters in italics were fixed to the GS value for the global fit. 

 

 26t 27t 
25t  -0.278(14)  
26t -0.900(5)  -0.437(2)  
27t  -0.482(1) 

 

 26c 27c 
25c  -0.26(2)  
26c -1.045(5)  -0.55(1) 
27c  -0.2a 

            aLittle et al [7] 

Table 4: Experimental anharmonic vibrational coefficients (in cm-1) of trans- and cis-2-furfural 
determined from the rovibrational hot band analysis of our far-IR spectroscopic study. 
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