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ABSTRACT

Cyclopropanecarboxaldehyde (CPCA) has two main conformers, syn and anti,
that are renowned for being very close in energy. The relative stability of these two
main species is constantly reversed by changing the level of theory or the experi-
mental technique employed in its determination. The anti conformer is predicted to
be the most favoured in condensed states of matter, but uncertainty still remains
on the relative stability in the gas phase. To gain further insights into this issue,
the investigation of the rotational spectrum of both syn- and anti-CPCA has been
extended in the 246-294 GHz frequency region and complemented by a detailed
computational study of both conformers. A fit incorporating the recorded rotational
transitions as well as those reported in the literature led to the accurate determi-
nation of the rotational parameters, also including high-order centrifugal distortion
constants. Accurately computed vibrational frequencies were used to re-analyse the
infrared spectrum of both conformers, thereby allowing a re-assignment of two vi-
brational bands, namely ν4 of anti-CPCA and ν26 of the syn conformer. While our
state-of-the-art computations favour the anti conformer in the stability order, esti-
mates from analysis of rotational spectra are rather controversial and are strongly
affected by several factors, such as the zero-point vibrational correction.

KEYWORDS
rotational spectroscopy; vibrational analysis; conformer stability;
cyclopropanecarboxaldehyde; computational spectroscopy

1. Introduction

Within the large chemical space associated to stereochemistry, the interconversion
occurring along the rotation of a sigma bond is quite common and gives rise to
various conformations of the species under consideration [1]. In the domain of the
Born-Oppenheimer (BO) approximation [2], the conformations that are minima on
the potential energy surface (PES) are denoted as conformers (also known as con-
formational isomers) and interconvert between each other via transition states (TSs),
which are conformations of the specific molecule as well. Thus, conformers can be ob-
tained without cleavage of bonds, unlike configurational and geometric isomers, which
are different stereochemical features [1]. The immediate consequence is that several
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conformers coexist in a sample, and they are in dynamical equilibrium, with the rela-
tive abundances being ruled by three main physicochemical characteristics. These are
the energetic rotational barrier required for the interconversion and, somewhat corre-
lated to the former point, the temperature of the sample, i.e. the energy available to
the system. Indeed, above a certain temperature, the system has more energy than
that required for overcoming the interconversion barrier, thus leading to the so-called
free-rotation condition [1]. The last but not the least characteristic to consider is the
state of the sample, e.g. solid, liquid or gas, which can favour one conformer with
respect to the others. For example, intermolecular interactions that are present in the
solid state can preferentially stabilise one conformer with respect to another [3, 4].

Experiments offer the opportunity to look into the relative conformers population
in a sample via measurable quantities. In the field of spectroscopy, with particular ref-
erence to rotational and/or vibrational spectroscopic techniques, the intensity of tran-
sition lines can be used to identify the most stable species. Rotational spectroscopy
can only be carried in the gas phase, while infrared and Raman spectroscopies can
handle both condensed and gaseous sample. However, the high resolution required for
obtaining good estimates of line intensities is achievable only in gas-phase experiments
[5, 6]. As in the case of line positions, experimental determinations often need to be
supported and/or complemented by quantum-chemical calculations. In the present
case, the analysis of the PES allows the identification of all possible conformers and
of the TSs ruling their interconversion, and thus permits the estimate of the corre-
sponding rotational barriers [6–9]. Overall, quantum-chemical computations allow the
theoretical derivation of the relative abundances of each conformer at a given tempera-
ture. The interplay of experiment and theory is crucial whenever experiments alone are
unable to reveal the observed conformer, as shown — for example — in refs. [6, 10–12].

The present work, a joint rotational spectroscopy–quantum chemistry study, aims
at providing new insights into cyclopropanecarboxaldehyde’s (CPCA) syn and anti
conformers. As well-known from the literature [13–15], they lie very close in terms
of electronic energy. These conformers are obtained through the rotation of the bond
between the aldehydic carbon and the adjacent Cα and differ for the OCCH dihedral
angle as schematically depicted in Fig. 1. Both species belong to the Cs point group.

The first study on CPCA dates back to 1971, when Volltrauer and Schwendeman
[16] reported its microwave spectrum in the 8-32 GHz frequency range. From the in-
tensity of the rotational transitions, the authors [16] estimated a syn-anti relative
energy of 0.12 kJ mol−1 in the gas phase, with an error bar of 0.24 kJ mol−1. The
authors also evaluated the barrier for interconversion to be 18.4 ± 4.8 kJ mol−1. Fur-
ther determinations were reported about 20 years later by Durig et. al. [13, 17], who
assigned the vibrational spectra of syn and anti -CPCA. In their work, the syn species
is reported as the most stable conformer in the gas phase, with the anti conformer
lying 0.72 kJ mol−1 higher in energy. However, in the liquid phase, the stability ap-
pears to be reversed and the anti species is the most stable [13]. This only apparent
difference is justified by the stronger dipole moment of the anti conformer with respect
to syn, which allows the formation of stronger intermolecular interactions in the con-
densed phase [3, 4, 13]. The stability of CPCA conformers was also analysed by NMR
spectroscopy in a freon matrix at T=103 K and the results clearly point out a larger
stability of the anti conformer with respect to syn, with an energy barrier of 21.0 kJ
mol−1 [18]. The isomerisation kinetics of CPCA was directly investigated in a dy-
namical rotational spectroscopy (DRS) experiment [14, 19] via broadband microwave
spectroscopy. As reported in ref. [14], this new technique allowed the observation of the
isomerisation occurring in a 180 ps scale, with experimental rate constants of 3.08 ×
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109 s−1 for the anti to syn isomerisation and 2.52 × 109 s−1 for the reversed reaction.
These estimates are in great contrast with the theoretical ones that predict a 16 times
faster process [14, 20]. In the literature, this discrepancy is generally attributed to the
presence of “nonstatistical effects” governing the interconversion [14, 20]. The reader
is referred to refs. [14, 20] for a detailed account.

Concerning the computational analysis of CPCA, several studies have been reported
in literature [15, 20, 21]. The syn species is generally predicted to be the most stable
species at the equilibrium (i.e. when considering the electronic energy at the bottom
of the PES well), the two isomers being however very close in energy and reversing
their stability once the zero-point energy (ZPE) is accounted for. To give an example,
at the highest level of theory reported in the literature, namely a focal point analysis
including extrapolated coupled-cluster energies with fully augmented basis sets and
ZPE corrections, the anti conformer is favoured by 0.02 kJ mol−1 with respect to
the syn form [20]. Furthermore, as evident from refs. [20] and [15], density functional
theory always favours the anti conformer. The recent paper of Cabezas et al. [15] was
published when our work was already at an advanced stage. There, an extension of
the CPCA rotational spectrum up to 116.5 GHz was reported and accompanied by its
astronomical search in the high-mass star-forming regions Orion KL and Sgr B2(N).
Based on the new experimental measurements, in ref. [15], the syn/anti stability was
re-examined inferring that, in the gas phase, the anti isomer lies 0.53 kJ mol−1 below
the syn conformer.

Our work presents a further extension in the investigation of the experimental ro-
tational spectrum, with a global fit including also the recently reported lines [15].
Furthermore, more accurate results on the syn/anti stability from both the exper-
imental and computational point of view are provided, with a special focus on the
vibrational effects.

TS

Φ(OCCH)= 79.3°

anti

Φ(OCCH)= 0°

syn

Φ(OCCH)= 180°

Figure 1. Schematic representation of the syn and anti conformers of CPCA, together with the TS ruling

their interconversion. The Φ(OCCH) indicates the dihedral angle formed by the oxygen atom, the aldehydic
carbon, the adjacent Cα and the H atom bonded to it.
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2. Experiment

The rotational spectrum of CPCA has been recorded between 246 and 294 GHz with a
frequency-modulation millimetre spectrometer, described in details elsewhere [22, 23].
In the current work, the spectrometer was equipped with a Gunn diode (J.E. Carlstrom
Co., 80–115 GHz) coupled to a Virginia Diodes wide-band tripler (WR3.4x3, 220–
330 GHz) as primary source of radiation. The phase and frequency stability of the
radiation is governed by a phase-lock loop, in which the Gunn diode radiation is
mixed with a local oscillator and their frequency difference is compared with a 75 MHz
reference signal produced by a synthesizer (HP8642A). The latter also provides the
frequency modulation of the output radiation at f = 48 kHz.

Measurements were performed with a dynamic pressure of about 10 mTorr of CPCA
vapors (from the liquid sample) in a free-space absorption glass cell (3 m length); the
liquid CPCA was kept in a water/ice bath in order to reduce its vapor pressure.
The detection system consists of a Virginia Diodes zero-bias detector (WR3.4ZBD,
220–330 GHz), a +60 dB pre-amplifier, and a lock-in amplifier. The latter was set at
twice the modulation frequency (2f detection scheme) and used as a resistor–capacitor
circuit with a time constant of 10 ms. All spectra were acquired using a modulation
depth of 450 kHz, a frequency step of 42 kHz, and a scan rate of 5 MHz/s for a
total integration time of 10.5 h. Under these experimental conditions, the line-center
frequency accuracy is expected to be 20–50 kHz.

The recorded spectra present a dozen of consecutive a-type R branch transitions for
both CPCA conformers. Owing to the greater µa component (µa ∼ 3.2 D and 2 D for
anti and syn, respectively [16]), the spectral features of anti -CPCA are predominant.
However, syn-CPCA also shows a bright b-type spectrum characterized by strong rQ
branches, while the c-type spectrum of the anti conformer is too weak to be identified
at first sight. Nonetheless, the good signal-to-noise ratio of our spectra enabled the
assignment of few tens of µc-allowed transitions.

To guide the interpretation of the observed spectrum, ref. [15] being not available
at that time, initial spectral predictions were obtained using the rotational constants
from Volltrauer and Schwendeman [16] augmented by the quartic and sextic centrifugal
distortion parameters computed in this work (see Section 3). The assignment proce-
dure was accomplished using the PGOPHER software [24], which allows for simulating
rotational spectra and comparing them against the experimental ones in a efficient
way. First, the a-type spectra of both conformers have been targeted. The ∆J = +1
transitions form recognizable cluster of lines at high Ka values (see panel A of Fig. 2),
with the asymmetry splittings generally resolved at Ka ≤ 6. Thanks to relatively small
A rotational constants and moderately high µa components, transitions up to Ka = 43
and 30 were detectable for anti - and syn-CPCA, respectively.

For a pinpoint search, the spectral predictions were iteratively updated by adjusting
the values of the spectroscopic constants on the basis of the newly-assigned transitions,
thus reducing the discrepancy between the simulated and experimental spectra. As a
second step, the b-type spectrum of syn-CPCA was analysed. In this frequency region,
dense clusters of lines spaced by [A− (B+C)/2]× (K ′a+K ′′a ) are visible. The spectral
pattern observed is similar to the a-type spectrum, but in this case those transitions
that have the same K ′a and K ′′a , are grouped at low J values and vanish in intensity
towards lower frequencies (see panel B of Fig. 2).

Finally, the weak c-type transitions of anti -CPCA were searched once the uncer-
tainty on its spectroscopic constants was greatly reduced. At this stage, the spectral
predictions were sufficiently accurate (few tens of kHz) to secure the identification of
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Figure 2. Portion of the experimental rotational spectrum of anti (blue lines, panel A) and syn (red lines,

panel B) conformers of CPCA. Panel A shows the Ka-structure of the a-type J = 40 ← 39 transition of

anti-CPCA, while panel B illustrates a b-type Q branch of syn-CPCA for Ka = 19← 18.

such weak features in a spectrum that is quite rich in vibrational satellites [15].

3. Computational Details

The computational characterization of CPCA aimed at refining the energetic consider-
ations on the conformational stability, but also to support experimental measurements
in the millimetre-wave region. Indeed, in such frequency range the centrifugal distor-
tion constants strongly affect the peak positions and, prior to the work of Cabezas et
al. [15], no estimates of such parameters were reported in the literature. In the view of
simulating a rotational spectrum, the first parameters to be derived are the rotational
constants, then followed by the centrifugal distortion constants [8, 25, 26]. The former
are obtained in a two steps procedure: initially, accurate geometry optimizations are
used to straightforwardly retrieve the equilibrium rotational constants of the syn and
anti conformers, then the corresponding vibrational corrections are added. These re-
quire the computation of the vibration-rotation interaction constants and, within the
second order vibrational perturbation theory (VPT2) formalism, they imply the eval-
uation up to the third derivatives of the electronic energy with respect to the nuclear
displacements, i.e. the cubic force field [25]. Since anharmonic force-field calculations
are computationally expensive, they are carried out at a lower level of theory with re-
spect to geometry optimizations. Such a reduction of the computational level does not
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significantly affect the accuracy of the overall rotational constants because vibrational
corrections amount to 1-3% of the rotational constant value [27].

In the present work, geometry optimizations have been carried out using the com-
posite scheme denoted as“CBS+CV”, which is based on coupled cluster (CC) theory
[28] with iterative single and double excitations (CCSD) and the perturbative con-
tribution of triples, i.e. the CCSD(T) method [29]. In the “CBS+CV” approach, the
energy gradient (dECBS+CV/dx) to be minimized consists of three contributions [30]:

dECBS+CV

dx
=
dECBS(HF)

dx
+
d∆ECBS(CCSD(T))

dx
+
d∆ECV
dx

. (1)

The first term on the right-end side of Eq. 1 is the energy gradient of the Hartree-
Fock Self-consistent Field (HF-SCF) method extrapolated to the complete basis set
(CBS) limit using the exponential formula by Feller [31]. This extrapolation requires
the evaluation of the gradient with three different basis sets, which are, in this case,
the cc-pVnZ sets with n=T,Q,5 [32]. The second term, i.e. d∆ECBS(CCSD(T))/dx,
denotes the contribution of the extrapolated CCSD(T) correlation energy gradient.
The latter is obtained with the two-point extrapolation formula from ref. [33] and the
basis sets employed are cc-pVTZ and cc-pVQZ. Since these two previous terms are
computed within the frozen-core (fc-) approximation, the contribution of core-valence
is added via the d∆ECV /dx term. This is the gradient difference between all-electron
(ae-) and fc-computations with the same basis set, i.e. the cc-pCVTZ set [34, 35].
This procedure is implemented in a black-box manner in the CFOUR quantum-chemical
program [36, 37]. For comparison purposes, the accurate “CBS+CV”equilibrium rota-
tional constants are compared with those obtained with a rather cheap methodology
based on extrapolated geometrical parameters (instead of extrapolated gradients).
This methodology, first proposed in refs. [38, 39], is here employed in its variant de-
noted “june-cheap” scheme (hereafter junChS), which has recently been proposed for
energetic evaluations (see ref. [40] for further details). In this approach, while the
starting point is still a fc-CCSD(T) computation, the CBS and CV corrections are in-
corporated using the cheaper Møller-Plesset perturbation theory to the second order
(MP2) [41].

The vibrational corrections to the equilibrium rotational constants have been ob-
tained within a generalized vibrational perturbation theory (GVPT2) treatment [42].
The required cubic force field has been evaluated using MP2 in conjunction with the
cc-pVTZ basis set. The cubic force-field calculations have been carried out on top of
the corresponding optimized geometries with the Gaussian16 rev. C01 suite of pro-
grams [43]. As already mentioned, the simulation of rotational spectra also requires
the knowledge of the centrifugal distortion constants. The most important contri-
bution is due to the quartic terms, but an improved prediction of the spectrum is
obtained by also including higher-order distortion constants such as the sextic terms.
The quartics have been derived from an analytically evaluated harmonic force field at
the ae-CCSD(T)/cc-pCVTZ level of theory. Instead, the sextic centrifugal distortions
constants have been obtained as a byproduct of the anharmonic force field calculations
carried out for the vibrational corrections to the rotational constants.

The computations described above give also access to the accurate prediction of the
infrared spectrum of CPCA. Indeed, the fundamental bands can be derived by aug-
menting the harmonic vibrational frequencies at the ae-CCSD(T)/cc-pCVTZ level,
ωhari,CC , with the anharmonic contributions at the fc-MP2/cc-pVTZ level, ∆νMP2, ac-
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cording to the expression:

νi,best = ωhari,CC + ∆νi,MP2 = ωhari,CC + (νanhi.MP2 − ωhari,MP2) . (2)

In the equation above, i denotes the i-th normal mode, and har and anh stand for
harmonic and anharmonic, respectively.

To investigate the relative stability of the two conformers, the starting point is the
“CBS+CV” energy obtained for each conformer from the corresponding optimization
procedure (see Eq. 1). While the extrapolation to the CBS limit reduces the one-
electron error due to the truncation of the basis set, further energy corrections have
been incorporated in order to account for higher-order excitations and thus reduce the
N -electron error. Actually, we considered: (i) the full contribution of triple excitations,
which has been computed as the difference between CCSDT and CCSD(T) calculations
with a cc-pVTZ basis set (∆EfT) [44, 45], CCSDT standing for CC singles, doubles
and triples; (ii) the contribution due to the quadruple excitations (∆E(Q)), which has
been included via the CCSDT(Q) method, i.e. CC singles, doubles, triples and a per-
turbative treatment of quadruples [46–48]. This corrective term has been evaluated
as energy difference between CCSDT and CCSDT(Q), both with the cc-pVDZ ba-
sis. Finally, the energetic scheme also includes: (iii) the diagonal Born-Oppenheimer
correction obtained at the HF/aug-cc-pVTZ level (∆EDBOC) [49, 50]; (iv) scalar rel-
ativistic effects computed using perturbation theory at the CCSD(T)/aug-cc-pCVTZ
level (∆Erel) [51, 52]; (v) the anharmonic ZPE correction (∆EZPE). This latter has
been obtained in a hybrid fashion, thereby summing the ae-CCSD(T)/cc-pCVTZ har-
monic ZPE to the anharmonic ZPE contribution at the fc-MP2/cc-pVTZ level. By
summarizing, the best energy for both conformers (Ebest) has been evaluated as:

Ebest =ECBS(HF) + ∆E
CBS

(CCSD(T)) + ∆ECV + ∆EfT

+ ∆E(Q) + ∆EDBOC + ∆Erel + ∆EZPE .
(3)

The composite scheme described above is denoted as HEAT-like [53–55] because it
is based on, and actually very similar to, the HEAT protocol [56–58], which is able to
provide formation enthalpies with a sub-kJ/mol accuracy.

A final note on the rotational interconversion barrier of the syn-anti conformers
is deserved. The transition state of the interconversion has been located on the fc-
MP2/cc-pVTZ PES, but we were unable to further improve the structure at the
CCSD(T) or even higher level. Therefore, the interconversion barrier has only been
estimated at the fc-MP2/cc-pVTZ level, and ZPE corrected using the corresponding
harmonic contribution.

4. Results and Discussion

4.1. Rotational Analysis

A total of 946 newly observed rotational transitions have been assigned for both CPCA
conformers. They comprise 363 a-type and 40 c-type lines of anti -CPCA and 236 a-
type and 307 b-type transitions of syn-CPCA. Two data-sets, incorporating the newly
measured frequencies and the literature data [15, 16], have been analysed in a weighted
least-squares procedure employing the standard semi-rigid Watson Hamiltonian in
its symmetric reduction [59] and using distortion terms up to the 10th power in the
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angular momentum operators. The fitting procedure has been performed with the
SPFIT subroutine of the CALPGM suite [60] and with PGOPHER [24]. The complete list of
rotational transition employed is reported in the Supporting Material (SM).

As evident from Table 1, the rotational constants of both CPCA forms have been
obtained with great precision and agree very well with our ab initio computations, the
discrepancy being well below 0.1 %. Moreover, the accuracy of experimental results
has been improved by one to two orders of magnitudes with the respect to previ-
ous determinations [15, 16]. A good agreement is also observed between “CBS+CV”
equilibrium rotational constants and those obtained with the junChS scheme. Indeed,
the junChS approach once augmented by vibrational corrections gives A = 11427.37,
B = 4000.43 and C = 3855.75 MHz for the syn and A = 15899.55, B = 3198.28,
and C = 3044.04 MHz for the anti. These can be compared with the “CBS+CV”
counterpart reported in Table 1, the relative error being always well within 0.5%.
Furthermore, the junChS values are within 0.1-0.2% error with respect to the exper-
imental ones, thus proving that also the junChS scheme is able to provide accurate
equilibrium structural parameters. The CBS+CV geometries are reported in the SM.

As far as the quartic centrifugal distortion constants are concerned, the agreement
between experimental and theoretical values is around 1–10 %, as expected at this level
of theory [8, 61, 62]. On the experimental side, thanks to the observation of high J
and Ka transitions, the accuracy achieved for these parameters supersedes the quality
of literature data [15]. The whole set of sextic centrifugal distortion parameters has
been experimentally determined for syn-CPCA, while only two diagonal constants
(HJK and HKJ) could be optimized for anti -CPCA, with the remaining sextic pa-
rameters kept fixed at our computed values. A few additional higher-order constants
were needed in order to fit all the observed transitions at their experimental accuracy.
The complete set of spectroscopic constants is listed in Table 1 together with their
computed counterpart and the fit statistics.

4.2. Vibrational Analysis

The re-analysis of the vibrational bands of syn- and anti -CPCA was carried out with
the final purpose of defining the experimental ZPE of the conformers to be used in
assessing the relative stability between the two species. The frequencies reported in
ref. [13] are our experimental reference and they are compared with our best estimates
in Table 2.

For the syn conformer, the fundamental frequencies obtained at the harmonic level
are in good agreement with the experimental assignment, with a mean difference of
1.9% and a standard deviation of 3.8%. In this statistics, an outlier is the ν26 band,
which is predicted by our best harmonic computation at 303.9 cm−1 and is instead
assigned to a frequency of 340 cm−1. Once the anharmonic contribution is taken into
account, the computed vibrational frequency becomes ∼300 cm−1, thus being further
displaced from the experimental value. The ν26 band corresponds to the out-of-plane
bending mode of the HCO group occurring together with a ring motion; thus, it could
be considered a large amplitude motion, which is not well described by the perturbative
approach employed in our anharmonic computations. However, such an explanation
does not justify the anomalously large discrepancy already present at the harmonic
level. Therefore, our conclusion is that the experimental value was misassigned. It
should be noted that this part of the vibrational spectrum is rather congested because
of the presence of the ν26 fundamental of the anti species, which was also assigned at
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Table 1. Ground-state rotational and centrifugal distortion constants of CPCA conformers.

syna anti b

Constant Unit Exp.c Theo.d Exp.c Theo.d

A MHz 11417.3216(2) 11425.46 15885.571(2) 15895.71

B MHz 3994.1865(8) 3995.23 3195.10231(6) 3196.58

C MHz 3849.9305(1) 3850.98 3040.94005(6) 3042.54

DJ kHz 3.7347(2) 3.506 0.509224(9) 0.503

DJK kHz 1.2497(2) 1.320 12.5708(4) 12.2

DK kHz -3.3082(2) -3.117 0.82(2) 0.859

d1 kHz -1.3390(2) -1.201 -0.01927(1) -0.0161

d2 kHz -0.7694(1) -0.777 -0.005715(8) -0.0049

HJ mHz 4.8(2) 5.521 0.031 0.031

HJK mHz -13.34(3) -12.324 73.7(1) 72.

HKJ mHz 23.1(2) 16.974 -798(1) -750

HK mHz -14.64(9) -10.402 690 690

h1 mHz 8.2(3) 7.207 -0.0007 -0.0007

h2 mHz 5.2(2) 4.100 0.0660 0.0660

h3 mHz -0.74(5) -0.505 0.0035 0.0035

LJK mHz 0.0076(4)

LKKJ mHz -0.0830(9)

MKJ µHz 0.0034(2)

MKKJ µHz -0.0103(3)

No. of lines 1249 569

Jmax,Ka max 76, 31 48, 43

rms kHz 34.3 22.2

σ 0.99 0.92

a Parameters are given in the IIIr representation. b Parameters are given in the Ir representation. c Values in parenthesis
denote 1σ uncertainties in unit of the last quoted digit. Values given without error have been kept fixed at the corresponding

computed values d “CBS+CV” equilibrium rotational constants corrected for the vibrational contribution at the
fc-MP2/cc-pVTZ level.

340 cm−1 in ref. [13]. The latter value is in agreement with our best theoretical estimate
of 333 cm−1. Since there is room to claim that the ν26 modes should be described by
the theory with the same accuracy, the experimental frequency of the syn conformer
should be reconsidered and it probably lies between 290 and 300 cm−1, where some
unassigned features were observed in the solid state spectrum [17]. Furthermore, the
computational values of these vibrational bands are in agreement with those previously
computed in the literature and reported in refs. [15, 20]. For all the other fundamentals
of the syn conformer, it is evident that the small anharmonic contribution reduces the
discrepancy with respect to the experiment by one order of magnitude. If we exclude
the ν26 band from the statistical consideration, the overall standard deviation reduces
to 1.6%, with an averaged mean error of 0.95%.
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The vibrational spectrum of the anti conformer was measured in the solid phase and
only some bands, namely ν5, ν6, ν8, ν12, ν15, ν16, ν26, and ν27, were observed in the gas
phase. As noted for the syn conformer, the agreement with theoretical harmonic values
is good, with a standard deviation of 3.5% and a maximum deviation of 5.5% for ν1.
The anharmonic contribution further reduces the disagreement between computed and
experimental transitions, but a non-negligible deterioration is seen for the prediction
of the ν4 band. The latter is associated to the C-H stretching mode of the aldehydic
carbon and it was assigned at 2840 cm−1. The harmonic value seems in good agreement
with this assignment, predicting the fundamental band at 2882 cm−1. However, once
the anharmonicity is introduced, the vibrational band is shifted at lower energy by
∼220 cm−1. This could be due to the presence of resonances, which however should
be accounted for by the GVPT2 approach. For the syn conformer, the same mode
is instead well predicted. Since a correction of ∼220 cm−1 for the ν4 band is about
8% of its harmonic value, it can be thus considered reliable. Hence, our conclusion is
that this vibrational mode was misassigned too. In ref. [14], the authors state that the
C-H stretching modes for the syn and anti have been excited in the 2670-2850 cm−1

range to induce the syn-anti isomerism. In particular, in ref. [14] it is confirmed that
the ν4 of the syn conformer lies at 2822 cm−1, but no conclusions are drawn on
the two vibrational bands at 2806 and 2686 cm−1 excited for the anti conformer. In
another literature paper [20], the C-H stretching of the aldehydic carbon was assigned
at 2806 cm−1 using the computed MP2/cc-pVTZ value as reference. However, in the
same paper, in analogy to our calculations, the ωB97XD functional predicts the ν4

band at ∼2620 cm−1. Interestingly, this is close to the second value employed by Dian
and coworkers [14] to excite the anti conformer.

To have a better picture of the vibrational bands between 2500 and 2900 cm−1,
a low-resolution FT-IR spectrum of CPCA similar to that reported in ref. [14], was
recorded and is shown in Fig. 3 together with the most intense theoretical bands
predicted to lie in the same range. In particular, for the syn conformer (red features in
Fig. 3), the ν4 fundamental is the most intense band and its assignment is in line with
what previously reported in the literature (see Fig. 3). According to our calculations,
three equally intense bands are present in the region considered for the anti conformer.
These are the ν4 fundamental (2663.9 cm−1), the 2ν7 overtone (2834.7 cm−1), and the
ν8 + ν7 combination band (2753.1 cm−1). In the low resolution spectrum, an intense
band is observed at 2680 cm−1, which can be safely assigned to the ν4 fundamental
band, in agreement with our computed value and with the band at 2686 cm−1 used
in ref. [14] to excite anti -CPCA. As a consequence of this reassignment, we conclude
that the feature observed in ref. [13] at 2840 cm−1 and also used in ref. [14] for exciting
CPCA is, most likely, the 2ν7 of the anti form. The last consideration concerns the
strong peak at around 2730 cm−1, which — according to ref. [14] — is a feature
resulting from the sum of two different signals. Based on our computations, these are
the ν8+ν7 combination band of the anti form and the 2ν7 overtone of syn-CPCA (see
Fig. 3).

With the ν4 band reassigned, we can now calculate the experimental ZPE, assuming
this as one half the sum of all fundamental frequencies. Based on the original assign-
ments, the experimental ZPEs obtained from the frequencies of ref. [13] are 232.3
and 231.9 kJ mol−1 for the syn and anti conformer, respectively. These values be-
comes 232.1 and 231.0 kJ mol−1, respectively, if one considers the reassignments of ν4

(anti) and ν26 (syn) inferred in this work, with the ν4 fundamental strongly affecting
the value of the ZPE for the anti conformer. The experimental ZPEs are in roughly
good agreement with those obtained from the best computational estimate, namely
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236.7 (syn) and 236.3 kJ mol−1 (anti), which have been obtained by summing the
harmonic ZPE at the ae-CCSD(T)/cc-pCVTZ level with the anharmonic-ZPE contri-
bution at the fc-MP2/cc-pVTZ level. As a final note, the ZPE always makes the anti
conformer more stable than the syn form, the ZPE difference being 0.4/1.1 kJ mol−1

(theory/experiment) in favour of the anti species.

2600 2650 2700 2750 2800 2850 2900 2950
Wavenumber / cm-1

 ω4 
harm 

 ν4 
anharm 

 ν4 
anharm 

 ν8+ν7 2ν7 2ν7

 ω4 
harm 

Figure 3. Low-resolution infrared spectrum of CPCA (black plot) in the 2500-2900 cm−1 range together

with the computed vibrational features of the syn form (red bars) and of the anti conformer (blue bars).

4.3. Relative stability

As anticipated in Section 1, the relative stability of different conformational isomers
can be evaluated experimentally through gas-phase intensity measurements. To exploit
the recorded millimetre-wave spectra for such purpose, the partition function and
dipole transition moment are required. The former has been derived as described in the
following by considering the electronic partition function unitary. Thus, only rotational
and vibrational partition functions have to be derived. The dipole transition moment
is estimated from the components of the permanent electric dipole moment. The latter
were determined via Stark effect measurements by Volltrauer and Schwendeman [16],
and their values are: µa = 2.02(1) D and µb = 1.86(1) D for syn-CPCA, µa = 3.22(1) D
and µc = 0.49(1) D for anti -CPCA. The components not reported vanish by symmetry.

The rotational partition function Qrot(T ) can be computed to a very good approx-
imation as:

Qrot(T ) = 5.3311× 106

√
T 3

(ABC)
(4)

with the A,B, and C constants being expressed in MHz and the temperature T given
in K. The numerical factor accounts for all fundamental constants and conversion
factors required. Using our newly determined rotational constants, Eq. (4) leads to
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66111 for syn-CPCA and 70510 for anti -CPCA at 300 K. Alternatively, Qrot can be
computed analytically by summing up the contributions of each rotational level within
a given energy threshold. We performed this calculation using the SPCAT code [60],
and limiting the J and Ka values to 160 and 70, respectively. Within these boundaries,

the calculation is fully converged and gives Q
(syn)
rot = 66291 and Q

(anti)
rot = 70646, these

values being in perfect agreement with those derived from Eq. (4).
An analytical evaluation of the vibrational partition function Qvib(T ) is in most

cases impossible, thus requiring the use of approximate solutions. Based on refs. [63,
64], the following harmonic formulation is employed:

Qvib(T ) =

3N−6∏
i=1

(
1− e−

hνi
kBT

)−1

, (5)

where the sum runs over the normal coordinates, with νi being the anharmonic vibra-
tional frequency of the i-th normal mode. Using Eq. (5) in combination with either
our best computed anharmonic frequencies or the experimental ones, we get average

values of Q
(syn)
vib = 5.2 and Q

(anti)
vib = 4.5 at 300 K.

The combination of the partition function and dipole transition moment has been
used to derive the intensity of few tens of transitions for each conformer, thus allow-
ing to retrieve the population ratio from peak integration. For this evaluation, the
transitions chosen lie very close in the spectrum and, thus, were recorded in similar
conditions. Unfortunately, the results obtained in this manner are rather inconclusive,
since the mean population ratio, syn/anti, is 1 ± 0.2. Cabezas et al. [15] estimated,
in a similar fashion as in our work, their experimental population ratio, then suggest-
ing that the anti conformer is the lowest in energy by 0.53 kJ mol−1. However, their
vibrational partition function for the syn form was derived considering that the ν27

band lies at 123 cm−1, while experimentally it is observed at 113 cm−1. This frequency
is also well predicted by our best computational estimate at 113.16 cm−1. Therefore,
the stability of 0.53 kJ mol−1 for the anti conformer needs to be revised and also their
statistics might lead to a rather inconclusive value.

While experimental considerations do not lead to a clear conclusion on the stability
order of the two conformers, the theoretical line seems to be better defined. The syn
species is predicted to be more stable than the anti by 1.58 kJ mol−1 at the fc-MP2/cc-
pVTZ level. A similar value is also obtained at the ae-CCSD(T)/cc-pCVTZ level of
theory (1.13 kJ mol−1), but the “CBS+CV” approach reduces the energy difference to
0.49 kJ mol−1. The contribution of full treatment of triple excitations (∆EfT) favours
the anti conformer by 0.09 kJ mol−1, while the ∆E(Q), ∆EDBOC and ∆Erel corrections

still favour the anti form but by only 0.01 kJ mol−1. Overall, at the equilibrium, the syn
conformer lies lower in energy than the anti species by only 0.38 kJ mol−1. As inferred
in the previous section, the ZPE favours the stability of the anti conformer. Using our
best estimate of the ZPEs (see above) would lead to the anti conformer being 0.002 kJ
mol−1 more stable than the syn form. If the experimentally derived ZPEs are employed
(232.1 and 231.0 kJ mol−1), the stability of anti -CPCA becomes more evident, this
being 0.71 kJ mol−1 below the syn conformer. All the derivations discussed in this
section are collected and compared in Table 3, where other determinations from the
literature are also reported.

A last note is on the interconversion barrier between anti and syn computed at
the fc-MP2/cc-pVTZ level. Using equilibrium values, this is 24.6 kJ mol−1 for the
anti → TS → syn process and 25.6 kJ mol−1 for the reversed one. These values are
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in agreement with previous estimates [16, 18]. However, the error associated to the fc-
MP2/cc-pVTZ level of theory is greater than the difference of 1 kJ mol−1 between the
two interconversion barriers. The structure of the TS involved in the interconversion
is reported in the SM.

Table 3. Relative energies (kJ mol−1) between syn and anti conformers.

Energy ∆E(syn− anti)

Best comp.a -0.38

Best comp.+ZPEbanh 0.002

Best comp.+ZPEcexp 0.71

Theo.d 0.02

Exp. (This work) 0 ± 0.46

Exp. MWe 0.12 ± 0.24

Exp. IRf -0.72

Exp. mmg 0.53

aBest equilibrium value obtained in this work. bZPE correction derived from the harmonic ZPE at the ae-CCSD(T)/cc-pCVTZ
level of theory corrected for the fc-MP2/cc-pVTZ anharmonic contribution. cExperimental ZPE obtained as one half the sum

of the vibrational experimental frequencies, considering the reassignments suggested is this work. dBest theoretical value of

ref. [20]. eExperimental value from ref. [16]. fExperimental value from ref. [13] gExperimental value from ref. [15].

5. Conclusion

The conformational stability of cyclopropanecarboxaldehyde was re-investigated from
the computational and experimental point of view. The computational strategies em-
ployed for the characterization are based on the determination of accurate “CBS+CV”
structural parameters on top of which the electronic energies were further refined to
account for others contributions, such as relativistic effects and quadruple excitations.
The computational results at the equilibrium predict the syn conformer to be the most
stable by about 0.4 kJ mol−1. Yet, the inclusion of the vibrational zero-point energies
leads to a reversed stability, with the anti form located 0.002 kJ mol−1 below the syn
conformer.

The computational investigation also provided the determination of several spec-
troscopic parameters, which have been used to interpret the new experimental mea-
surements, reported in this work, in the field of rotational spectroscopy. In particular,
for the anti -CPCA some 400 new rotational transitions have been assigned, while for
the syn-CPCA the newly assigned rotational frequencies are about 500. The global
analysis of these new lines together with those previously reported in the literature
[15, 16] led to a fit with a standard deviation of 0.99 for syn and 0.92 for anti.

The vibrational spectrum of both conformers of CPCA reported in ref. [13] was re-
analysed in view of the accurate vibrational frequencies computed in this work and two
reassignment were proposed. In particular, for the syn conformer the ν26 fundamental
was found to lie at ∼300 cm−1, instead of 340 cm−1 as reported in ref. [13]. For the
anti form, a re-assignment of the ν4 fundamental band at 2686 cm−1 was suggested
based both on our computations and Dian et al. [14] data.

The new mm-wave measurement were also used to experimentally derive the rela-
tive stability of the two conformers via the mean population ratio obtained from the
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integrated intensity of several lines. This was accomplished by comparing the exper-
imental intensity with the predicted one, which was obtained using the rotational
and vibrational partition functions. While the former is straightforwardly derived
from experimental data, i.e. the rotational spectroscopic parameters, of this work,
the vibrational partition function has been estimated using both the original experi-
mental fundamental bands [17] and those reassigned. Unfortunately, the experimental
results on the relative stability are quite inconclusive, since the mean population ratio
syn/antiwas found to be 1 ± 0.2, which in energy terms is translated to 0 ± 0.46 kJ
mol−1. This result is strongly affected by the vibrational partition function and by the
assumption made for its derivation. Furthermore, the Qsyn

vib (T ) is greatly influenced
by the lowest vibrational fundamental, which lies at 113 cm−1 based on experiment
and on our computations, which was however predicted at 123 cm−1 in another work,
thus affecting the relative stability determination. Therefore, our conclusion is that a
definitive answer on the stability of the two CPCA conformers in the gas phase can
be only obtained when further improvements of the experimental vibrational features
will be reported, with our work currently reporting the best rotational analysis of
both conformers and the best accurate computed values for the vibrational spectra
and equilibrium quantities.
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