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ABSTRACT: A comprehensive study of the molecular structure and IR spectrum of cis
and trans acrolein has been performed by an integrated computational approach coupling
methods rooted in the coupled-cluster ansatz and the density functional theory. From the
one side, DFT anharmonic force fields allow us to determine very reliable semi-
experimental structures for both isomers, which are in remarkable agreement with the
geometries issuing from CCSD(T) computations accounting for the extrapolation to the
complete basis set and core correlation. The same kind of coupled-cluster computations
provide dipole moment, relative energies, and interconversion barrier in remarkable
agreement with experiments. Finally, harmonic CCSD(T) results coupled to DFT
evaluation of mechanical and electrical anharmonicity allow us, in the framework of
second-order perturbative vibrational theory, to confirm most of the experimental
assignments of IR spectra, and to suggest some additional interpretations for congested
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regions including fundamental bands together with overtones and combination bands.

Bl INTRODUCTION

Propenal (CH,CHCHO), better known as acrolein, is the
simplest member of the a,f-unsaturated aldehyde family, an
extremely varied class of compounds, whose photochemistry is
of great interest. It may be formed from the breakdown of
certain pollutants in outdoor air, from the incomplete
combustion of organic materials, and it arlses endogenously
in human beings as a metabolic byproduct.' It is toxic to
humans by inhalation, oral, or dermal exposures but has
significant industrial applications as biocide and building block
to other chemical compounds, such as acrylic acid and the
methionine amino acid." The electrophilic properties of
acrolein play a prominent role in the mechanism of reactions
with DNA bases. Moreover, due to its nature of bifunctional
electrophile, acrolein—DNA adducts show a tendency to
cyclization. Acrolein is also a molecule of astrophysical interest;
in fact, the trans form of acrolein has been detected toward the
star-forming region Sagittarius B2(N) by Hollis et al? through
the observation of rotational transitions using 100 m Green
Bank Telescope (GBT) operating in the frequency range from
18.0 to 26.0 GHz.

Acrolein exists in two forms, cis and trans, which refer to the
position of the oxygen atom with respect to the —CH, group
involved in the double bond Spectroscopic measurements in
the microwave,>* infrared,® and near-ultraviolet®’ regions have
confirmed that the trans form is the most stable, and thus, the
most abundant conformer of acrolein. The first spectroscopic
evidence of the less abundant cis conformer in the gas phase
was found in studies of the near-ultraviolet spectrum ? Later,
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cis-acrolein was detected in argon matrices””  and in the gas

phase Raman spectrum.'” The first microwave observation of
the cis form was reported by Blom and Bauder."”® They have
reported the ground-state rotational and quartic centrifugal-
distortion constants as well as the dipole moment values. The
dipole moments have been found to be y = 3.117 + 0.004 D
and p = 2.552 + 0.003 D for trans and cis,"'* respectively. The
availability of all monosubstituted isotopologues allowed for the
measurement of the corresponding rotational spectra and the
determination of a complete substitution structure (r,) for both
conformers. Winnewisser et al.'"* extended the analysis of the
ground state of the trans form to the millimeter wave region up
to 180 GHz, thus yielding an improved and extended set of
ground-state rotational and centrlfugal distortion constants.
Recently, Jaman and Bhattacharya'® investigated the rotational
spectra of the lowest torsional levels. After nearly complete
determinations of the fundamental transitions in the infrared
(IR) spectra of both conformers performed more than 30 years
ago,'”'® further analyses of the far-infrared spectrum of trans-
acrolein including overtones and combination bands were
reported in the last years'””® together with a structural
determination based on NMR spectroscopy.”' Furthermore,
the difference between the acrolein conformers in the gas phase
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(660 + 40 cm™') was derived from the temperature
dependence of the intensities of electronic-vibrational spectrum
bands.®>*

Several quantum-chemical computations
paralleled the experimental work, but none of them employed
the state-of-the art methods, which are nowadays able to
provide for small- to medium-sized molecules structures and
spectroscopic parameters rivaling the most sophisticated
experimental techniques (see, for example, refs 28—34). It is
the purpose of the present study to fill this gap by means of an
integrated approach based on the coupled-cluster (CC) ansatz,
together with the extrapolation to complete basis set (CBS)
limit and inclusion of core—valence (CV) correlation effects for
energies and structures. Methods rooted in the density
functional theory (DFT) are used to evaluate anharmonic
contributions and vibrational effects by means of the recently
introduced general second-order vibrational perturbative treat-
ment (GVPT2) approach to compute vibrational corrections
and transition moments.>>*® At the same time, we improve the
molecular structure determination for both conformers by
deriving the so-called semiexperimental structure (r3F) in which
experimental rotational constants are first converted to
equilibrium constants using computed vibration—rotation
interaction constants and then em_})loged in a least-squares
fitting of geometrical parameters.’*>"~*

16,2123-27 oo

B METHODOLOGY

In geometry optimizations, equilibrium energy and molecular
property evaluations, and harmonic force-field computations,
the coupled-cluster (CC) level of theory employing the CC
singles and doubles (CCSD) approximation augmented by a
perturbative treatment of triple excitations (CCSD(T))*" was
mainly employed in conjunction with the correlation-
consistent, (aug)-cc-p(C)VaZ (n = T, Q), basis sets.”*~** All
CC calculations were carried out with the quantum-chemical
CFour program package.45 DFT was used in geometry
optimizations as well as to compute harmonic and anharmonic
force fields. Within the DFT approach, the double-hybrid
B2PLYP***” functional was considered in conjunction with the
aug-cc-pVTZ basis set because of its well-proved accuracy.*® All
DFT and VPT2 computations were performed employing a
locally modified version of the Gaussian suite of programs for
quantum chemistry.*’

Molecular Structure. In molecular structure determina-
tion, for both conformers, basis-set effects as well as core-
correlation contributions were taken into account simulta-
neously at an energy-gradient level by making use of the
composite quantum-chemical scheme presented in refs 28 and
29. The contributions considered are the Hartree—Fock self-
consistent-field (HF-SCF) part extrapolated to the CBS limit,
the valence correlation energy at the CCSD(T) level
extrapolated to CBS, and the core—valence correlation
correction. The overall gradient employed in the geometry
optimization was therefore given by

dEcgsicv _ dE®(HF — SCF) + dAE®(CCSD(T))
dx dx dx
dAE(CV
L+ JAE(CV)
dx (1)

where dE®(HF-SCF)/dx and dAE®(CCSD(T))/dx are the
energy gradients corresponding to the exp(—Cn) extrapolation
scheme for the HF-SCF energy™ and to the n™> extrapolation
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formula for the CCSD(T) correlation contribution,® respec-
tively. In the expression given above, n = T, Q, and S were
chosen for the HF-SCF extrapolation, and n = T and Q were
used for CCSD(T). The core-correlation energy correction,
AE(CV), was obtained as difference of all-electron and frozen-
core CCSD(T) calculations using the core—valence cc-pCVTZ
basis set.**>>

The molecular structures of the trans and cis conformers
were also optimized at the B2PLYP/aug-cc-pVIZ level
together with that of the transition state for the isomerization
reaction.

Thanks to the availability of the ground-state rotational
constants for all monosubstituted isotopologues,14 the so-called
semiexperimental structure was determined for both con-
formers. This required to carry out a least-squares fit of the
molecular structural parameters to the equilibrium moments of
inertia, I.. The latter were straightforwardly obtained from the
corresponding equilibrium rotational constants, B, which in
turn were derived from the experimental ground-state
constarétz.s, By, by correcting them for vibrational and electronic
effects:

. . 1 . .
B =B +—Y a — AB,
22 ()

In the fitting procedure, all moments of inertia were equally
weighted.

In eq 2, (1/2)Y,a. is the vibrational correction, where @, are
the computed vibration—rotation interaction constants, with r
and i denoting the normal mode and the inertial axis,
respectively. These constants were obtained by means of
vibrational second-order perturbation theory (VPT2).>* The
required cubic force fields were obtained at the B2PLYP/aug-
cc-pVTZ level of theory from numerical differentiation of
analytical second-order derivatives.*®

In eq 2, the electronic corrections to rotational constants,
AB., are due to the electronic-distribution contribution to the
moments of inertia and are thus connected to the rotational g-
factor (for the corresponding theory, see for example refs 30,
54, and S5):

T g'B;

My 3)
In the equation above, m, and m, are the mass of the electron
and proton, respectively, and ¢’ denotes the diagonal element of
the rotational g-factor along the i inertial axis. For all isotopic
species considered, the latter were computed at the B3LYP/
aug-cc-pVTZ level.

Energetics and Molecular Properties. For the determi-
nation of the conformational enthalpy, a composite
scheme®*™*® was employed. The total energies were obtained
by the following formula:

AB, =

Eit = Efpsce + AEScspry + AEcy + AEy + AE

)
where the effects due to a full treatment of triples (fT) and a
perturbative treatment of quadruple excitations (pQ) were also
accounted for. The corresponding corrections were obtained as
differences between CCSDT and CCSD(T) and between
CCSDT(Q) and CCSDT in frozen-core calculations employing
the cc-pVTZ and cc-pVDZ basis sets, respectively. CCSDT
stands for the full CC singles, doubles, and tripleséo_s2 and
CCSDT(Q) for the CCSDT augmented by a perturbative
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Table 1. Equilibrium Structure (Distances in A, Angles in degrees) and Dipole Moment (debye) of trans-Acrolein

this work experiment
parameters B2PLYP/aug-cc-pVTZ best” estimate semiepr Te 1
C1-0, 12135 1.2096 1.2105(1) 1.214(4)
C1-C2 1.4696 1.4704 1.4700(1) 1.468(4)
C2-C3 13342 1.3348 1.3356(2) 1.340(4)
C1-HS 1.1067 1.1085 1.1049(2) 1.113(6)
C2—Hé6 1.0816 1.0817 1.0815(1) 1.084(5)
C3-H7 1.0826 1.0829 1.0827(2) 1.090(4)
C3-HS8 1.0797 1.0797 1.0792(2) 1.080(3)
C2-C1-0, 124.28 124.05 123.99(1) 124.0(6)
C3-C2—Cl1 120.66 12021 120.22(1) 119.7(3)
C2—-C1-HS 114.84 114.98 115.02(2) 114.7(5)
C3-C2-H6 122.47 122.74 122.76(2) 122.4(4)
C2—-C3—-H7 120.66 120.45 120.43(1) 120.4(5)
C2—-C3—H8 122.17 122.11 122.09(2) 122.2(5)
Iy 3.364 3.205¢
u® 3.264 3.105° 3.117(4Y

“Best estimate from eq 1. YB, from ref 14 (parent species: ref 16) and vibrational corrections at the B2PLYP/aug-cc-pVTZ level. Given uncertainties
are 3 times the standard deviation of the fit. “Substitution structure, ref 14. quuilibrium values computed at the best-estimated structure using the
CCSD(T)/aug-cc-pVQZ level of theory. “Equilibrium values of footnote d corrected for vibrational and temperature effects at the B2PLYP/aug-cc-

pVTZ level. fReference 14.

treatment of quadruple excitations.**** CCSDT(Q) computa-
tions were carried out with the MRCC package® by Kallay
interfaced to CFour. The best-estimated equilibrium geometry

mentioned above was used for the energy calculations.

The extrapolation to the CBS limit and core-correlation
contribution in eq 4 were obtained with the same basis sets
used for the molecular structure determination, whereas zero-
point vibrational (ZPV) energies for both trans and cis forms
were determined from B2PLYP/aug-cc-pVTZ force fields,
using the resonance-free formulation proposed by Schuurman
et al.%® and recently generalized toward transition states.’’”

In view of establishing an accurate energy barrier for the
trans—cis interconversion, single-point energy calculations at
the B2PLYP/aug-cc-pVTZ optimized geometries (trans, cis, and
transition state) were carried out at the CCSD(T)/CBS+CV
level of theory. CBS and CV denote the extrapolated total
energy and the core—valence correlation correction, respec-

tively, according to eqs 1 and 4.
For both the conformers, the components of the molecular

electric dipole moment were computed at the CCSD(T)/aug-
cc-pVQZ level (within the frozen core approximation),
employing the best-estimated equilibrium structure, and at
the B2PLYP/aug-cc-pVTZ level at the corresponding opti-
mized geometry. The vibrational corrections were evaluated by
performing a vibrational averaging® of the molecular property
by means of second-order perturbation theory and with
69-71 The

geometrical dependence of a molecular property is included

anharmonic vibrational nuclear wave functions.

within the model by expanding it in a Taylor series around the
equilibrium structure. In this framework, the averaged property,
as a function of the normal coordinates, is expressed as the sum
of the purely electronic property and a temperature-dependent

g o 68,71
anharmonic-vibrational correction given by™

6650

K. hw,
AP:—ﬁz%a—P Z—”coth !
4 T w7\ 0Q, 7Y 2k T
2
hw.
* % 2 " aa P2 coth kall"
. 0\ 0Q, 0 B ()

From the equation above the dependence of vibrational
corrections upon temperature T is apparent. According to eq
S, the quantities needed are the first and diagonal second
derivatives of the molecular property P with respect to the
mass-weighted normal modes evaluated at the equilibrium
geometry of the molecule, the harmonic frequencies @, and the
cubic semidiagonal force constants Kj;. In passing, we note that
a rotational term can be also included in eq S to take into
account centrifugal-distortion effects.”

Anharmonic Force Field. The computations of vibrational
spectra beyond the double-harmonic approximation, the
vibrational corrections to rotational constants and molecular
properties, and the zero-point vibrational (ZPV) contributions
to the conformational energy were obtained within the VPT2
approach.*¥”7%7L73776 This provides a cost-effective route to
compute accurate vibrational properties, at least for semirigid
systems. However, it requires the problem of singularities,
known as resonances, to be overcome. In the present work, we
made use of the GVPT2 scheme, which consists of removing
the resonant terms from the perturbed treatment and then
treating them with a proper reduced-dimensionality variational
approach. To identify the Fermi resonances, the criteria
proposed by Martin et al.”” were used. Similarly to vibrational
frequencies, the equations of the transition integrals suffer from
the presence of singularities due to Fermi resonances but also
to 1—1 resonances. For Fermi resonances, the definition based
on the test proposed by Martin et al.”” was used, whereas for
the 1—1 resonances’® the definition proposed in ref 71 was
adopted.

As already mentioned, the double-hybrid B2PLYP functional
was employed in conjunction with the aug-cc-pVTZ basis set
for the evaluation of the anharmonic force field. To further
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Table 2. Equilibrium Structure (Distances in A, Angles in degrees) and Dipole Moment (debye) of cis-Acrolein

this work experiment
parameters B2PLYP/aug-cc-pVTZ best” estimate semiepr Te 7
C1-0, 1.2139 1.2102 1.2101(3) 1.215(6)
C1-C2 1.4810 1.4816 1.4818(4) 1.478(6)
C2-C3 1.3336 1.3343 1.3359(4) 1.340(7)
C1-Hs 1.1040 1.1024 1.1020(3) 1.106(4)
C2-H6 1.0823 1.0823 1.0814(3) 1.088(4)
C3-H7 1.0812 1.0815 1.0810(5) 1.098(5)
C3-H8 1.0797 1.0797 1.0791(3) 1.081(3)
C2-C1-0, 124.49 123.97 123.88(3) 124.2(4)
C3-C2-C1 121.83 12121 121.28(3) 121.5(6)
C2—C1-HS 116.85 115.83 115.82(4) 1185.8(4)
C3-C2-H6 121.32 121.59 121.59(4) 121.1(4)
C2—C3-H7 120.10 119.84 119.84(3) 118.5(3)
C2—C3-H8 121.67 121.59 121.59(5) 121.5(6)
1 2762 26397
2% 2708 2.585° 2.552(3)

“Best estimate from eq 1. YB, from ref 14 (parent species: ref 13) and vibrational corrections at the B2PLYP/aug-cc-pVTZ level. Given uncertainties
are 3 times the standard deviation of the fit. “Substitution structure ref 14. “Equilibrium values computed at the best-estimated structure using the
CCSD(T)/aug-cc-pVQZ level of theory. “Equilibrium values of footnote e corrected for vibrational and temperature effects at the B2PLYP/aug-cc-

pVTZ level. fReference 13.

improve the description of the latter, and provide accurate and
cost-effective results, the hybrid CCSD(T)/B2PLYP approach
(shortly denoted CC/DFT) was used, assuming that the
differences in the anharmonic frequencies computed at the
CCSD(T) and DFT levels are only due to the harmonic terms.
The harmonic part of the force field was thus computed at the
CCSD(T)/cc-pVTZ level (within the frozen-core approxima-
tion) using analytic second derivatives.””*® The hybrid
frequencies were then computed by means of a posteriori
corrections to the harmonic CCSD(T)frequencies, @(CC):

vee/per = @(CC) + Avppy (6)
where Avpgr are the anharmonic corrections at the B2PLYP/
aug-cc-pVTZ. We rely on this approximation because it has
already been validated for several closed- and open-shell
systems (see for instance refs 81—85). Analogously, anhar-
monic hybrid CCSD(T)/DFT IR intensities were obtained by
means of an a posteriori scheme, again assuming that the
differences between the two levels of theory can only be
ascribed to the harmonic part. Therefore, hybrid intensities
were derived as

h h h
Iec ppr = I™™(CC) + Alppy (7)

B RESULTS AND DISCUSSION

The results for the molecular structure determination of trans-
and cis-acrolein are summarized in Tables 1 and 2, respectively,
with the atoms labeled according to Figure 1. First, we note that
for both conformers the best-estimated theoretical (CCSD(T)/
CBS+CV; eq 1) and semiexperimental parameters agree well
within 0.001 A for bond lengths and in most cases within 0.05
degrees for angles. This good agreement therefore confirms the
typical accuracy for CCSD(T)/CBS+CV structures that can be
inferred from the literature on this topic (see, for example,
refs.28_30’33’86), ie, an accuracy of 0.001—0.002 A for bond
distances and about 0.05—0.1 degrees for angles. To the best of
our knowledge, despite the number of theoretical investigations
on acrolein and its trans—cis isomerization,'®*"*3727%7 the
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TS 1 2448.9 cm™

Figure 1. Molecular structure of trans- and cis-acrolein and the
transition state for the trans—cis isomerization. Atoms labeling and
relative energies.

present work is the first one addressing the issue of the
molecular structure at such a high level of theory. For examples,
in refs 26 and 87 CCSD(T)/cc-pVTZ, which is our starting
level, was employed in structural and energetic determinations.
Therefore, a comparison with previous studies is not too
meaningful. On the other hand, it is worth noting the good
performance of the computationally cheap B2PLYP/aug-cc-
pVTZ level of theory. With the only exception of the C—O
distance, the bond lengths agree within 0.001 A, whereas for
angles the agreement is on average within 0.2°.

Focusing on the semiexperimental equilibrium structure,
which was obtained as explained in the methodology section,
we note that for both trans- and cis-acrolein very good residuals
were obtained: in terms of observed — calculated differences for
equilibrium rotational constants, the root-mean-square (rms)
deviation is ~0.0001 MHz for trans and ~0.0002 MHz for cis.
We furthermore point out the importance of the electronic
corrections to rotational constants, in particular for the trans
form. In fact, these corrections only halve the inertial defects for
the cis isotopologues, whereas they lower those of trans by 1
order of magnitude. For the latter conformer, this improvement
has an important role in reducing the standard deviation of the

dx.doi.org/10.1021/jp503672g | J. Phys. Chem. A 2014, 118, 6648—6656
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Table 3. Conformational, AE,, and Isomerization Energies, AE;,* (Values in cm™")

level of theory - energy:
level of theory - geometry:
AEg;
AE; + ZPVy,.©
AEg + ZPV,,
AE,,
AE,, + ZPV, ¢

this work
B2PLYP/aug-cc-pVTZ CCSD(T)/CBS+CV CCSD(T)/CBS+CV best estimate”
B2PLYP/aug-cc-pVIZ B2PLYP/aug-cc-pVIZ CCSD(T)/CBS+CV CCSD(T)/CBS+CV
805.3 726.3 722.9 729.3
791.8 712.9 709.4 715.8
795.0 716.1 712.6 719.0
2915.1 2658.0
2706.0 2448.9

experiment

660 (40)7

2340, 600°

“AE, means energy difference between the cis and trans forms. AE,,, means energy difference between the transition state and trans-acrolein. bBest-
estimated energies from eq 4. “ZPV corrections at the B2PLYP/aug-cc-pVTZ level. @References 8 and 22. “Reference 26.

Table 4. Vibrational Frequencies (cm™"') and IR Intensities (km mol™"') of trans-Acrolein®

harmonic anharmonic

mode sym B2PLYP/aug-cc-pVTZ CCSD(T)/cc-pVIZ B2PLYP/aug-cc-pVTZ hybrid” CC/B2PLYP experiment® assignment
1 A 32516 (3.6) 3241.6 (5.0) 31124 (54) 31024 (6.8) 3103 CH, assym str
2 A 3199.7 (0.9) 3195.5 (1.0) 3068.8 (3.6) 3064.6 (3.7) 3069 HC(CO) str
3 A 3156.5 (4.4) 31442 (44) 3002.1 (6.1) 2989.8 (6.1) 2998 CH, sym str
4 A 2916.9 (83.0) 2919.5 (82.9) 2813.0 (90.0) 2815.6 (89.9) 28007 HC(CC) str
5 A’ 1746.0 (236.6) 1763.9 (165.6) 1709.7 (218.7) 1727.6 (147.7) 1724 C=0O0 str
6 A 1672.0 (3.5) 1662.8 (3.6) 1634.7 (1.9) 1625.5 (2.0) 1625 C=C str
7 A 1463.4 (10.2) 1457.3 (8.5) 1424.1 (10.1) 1418.0 (8.4) 1420 CH, sciss
8 A 1392.7 (5.2) 1391.2 (4.1) 1364.8 (5.2) 1363.3 (4.1) 1360 HC(CC) bend
9 A 1305.2 (2.6) 1292.5 (3.2) 1281.9 (2.0) 1269.2 (2.6) 1275 HC(CO) bend
10 A’ 1179.8 (39.4) 1170.6 (33.9) 1155.2 (34.8) 1144.0 (29.3) 1158 C—C str
11 A 927.3 (19.7) 919.8 (16.8) 914.1 (21.3) 906.6 (18.4) 912 CH, rock
12 A 572.1 (4.1) 567.3 (4.2) 566.1 (3.6) 561.3 (3.7) 564 CCO bend
13 A 321.4 (10.4) 314.2 (10.1) 324.0 (8.9) 3132 (8.6) 324 CCC bend
14 A’ 1026.8 (5.9) 1024.7 (7.4) 1012.3 (6.6) 1010.2 (8.1) 993 C=C tors
15 A’ 1038.2 (12.5) 1009.9 (17.8) 1016.5 (10.6) 988.2 (15.9) 972 HC(CC) wag.
16 A’ 1000.5 (37.4) 974.5 (30.5) 982.3 (36.8) 956.3 (29.9) 959 CH, wag.
17 A’ 615.9 (10.3) 606.3 (10.0) 602.5 (9.6) 592.9 (9.3) 593 HC(CO) wag.
18 A" 166.0 (4.6) 163.0 (4.4) 161.8 (4.5) 158.8 (4.3) 158 C—C tors

“IR intensities are given in parentheses. “Hybrid force field: harmonic part at the CCSD(T)/cc-pVTZ level, anharmonic corrections at the B2PLYP/
aug-cc-pVTZ level. See text. “Experimental gas-phase IR spectrum from ref 18. “Mode v, involved in Fermi interactions with 2v,, 2vg, v + vg, and v

+ V.

fit, and thus improving the results. All possible combinations of
rotational constants (i.e., A and B, B and C, A and C) provide
similar results in values and standard deviation. The geometrical
parameters collected in Tables 1 and 2 are those from the
combination A and C because this provides the smaller rms.

The last comment concerns the comparison of our best
structures with the only pure experimental data available. In
Tables 1 and 2, for comparison purposes, the substitution 7,
structure'* is reported. As is well-known (see, for instance, ref
30), this type of geometry presents severe limitations in
properly describing the equilibrium geometry. In the present
case, the distances involving carbons and oxygen agree within
the given uncertainties, which range from 0.004 to 0.007 A. On
the other hand, the C—H bond lengths are overestimated up to
0.017 A.

Tables 1 and 2 also collect the equilibrium dipole moment
computed at different levels of theory and the corresponding
vibrationally corrected values (according to eq S). We note a
very good agreement of the CCSD(T)/aug-cc-pVQZ values
with the experimental determination once the vibrational/
temperature correction is included. The latter amounts to 0.1
debye for the trans conformer and to about 0.05 debye for cis,
and in both cases it lowers the equilibrium values. Concerning

6652

the B2PLYP/aug-cc-pVTZ level, we note that for both
conformers it provides values overestimated by about 5%.
The energy difference between the cis and trans minima is
given in Table 3 together with the interconversion barrier
(ruled by the transition state, TS, shown in Figure 1).” We first
of all note that the B2PLYP/aug-cc-pVTZ level provides a good
reference structure for accurate thermochemical computations;
in fact, the best-estimated conformational energy (at the CBS
+CV level; see methodology section) evaluated at the B2PLYP/
aug-cc-pVTZ equilibrium geometry is overestimated by only
0.5% with respect to the analogous determination carried out
using the best-estimated structure. This is an important result
in view of accurate energetic characterization of medium- to
large-sized molecules. We furthermore point out that B2PLYP
permits us to obtain rather accurate energetic determinations:
according to the results of Table 3, the B2PLYP/aug-cc-pVTZ
level of theory provides conformational and isomerization
energies overestimated by only 10%. This good accuracy is even
more emphasized by the fact that the CCSD(T)/cc-pVTZ level
of theory underestimates the conformational energy by about
13%. Equilibrium energy values are lowered by inclusion of
ZPV corrections: by about 2% in the case of conformational
energy and by about 8.5% for the isomerization barrier. As
described in the Methodology section, to improve our

dx.doi.org/10.1021/jp503672g | J. Phys. Chem. A 2014, 118, 6648—6656
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Table S. Vibrational Frequencies (cm™') and IR Intensities (km mol™") of cis-Acrolein®

harmonic anharmonic experiment

mode sym B2PLYP/aug-cc-pVTZ CCSD(T)/cc-pVIZ  B2PLYP/aug-cc-pVIZ hybridb CC/B2PLYP gas® Arf assignment
1 A 3261.8 (1.2) 32529 (2.0) 3122.5 (2.5) 3113.6 (3.3) CH, assym str
2 A 31874 (9.6) 31834 (9.3) 3054.6 (12.7) 3050.6 (12.4) HC(CO) str
3 A 3165.1 (4.4) 3154.1 (4.4) 3060.1 (4.7) 3049.1 (4.7) CH, sym str
4 A 2942.1 (126.30) 2948.3 (122.7) 2844.3 (122.1) 2850.5 (118.5) 2838 2848° HC(CC) str
S A 1752.4 (96.3) 1760.7 (79.3) 1718.1 (84.2) 1726.4 (67.2) 1722 1724 C=0 str
6 A 1661.1 (75.1) 1659.0 (41.3) 1623.3 (65.1) 1621.2 (31.3) 1624 1616 C=C str
7 A 1446.6 (42.2) 14404 (37.6) 1410.6 (42.2) 1404.4 (37.6) 1403 1406 CH, sciss
8 A 1431.0 (1.6) 1430.0 (0.4) 1400.6 (1.3) 1399.6 (0.1) HC(CC) bend
9 A 1319.6 (2.6) 1306.5 (2.0) 1294.0 (2.6) 1280.9 (2.0) 1285 HC(CO) bend
10 A 1075.0 (3.9) 1064.9 (3.5) 1058.1 (3.7) 1048.0 (3.3) 1056 C—C str
11 A 936.0 (61.5) 933.6 (54.6) 916.2 (60.4) 913.8 (53.5) 919 918 CH, rock
12 A 682.3 (12.0) 6769 (11.8) 656.5 (11.2) 651.1 (11.0) 669 CCO bend
13 A 284.9 (6.8) 284.6 (6.6) 277.8 (6.3) 277.5 (6.1) 276 CCC bend
14 A’ 1037.4 (4.6) 1022.6 (6.1) 1019.1 (8.3) 1004.3 (9.8) 1005 C=C tors
15 A’ 1027.6 (36.2) 1011.7 (31.6) 1008.1 (27.5) 994.2 (22.9) 988 995 HC(CC) wag.
16 A’ 1014.0 (7.4) 984.5 (10.6) 996.9 (12.2) 967.4 (15.4) 970 970 CH, wag.
17 A" 559.6 (10.3) 557.4 (10.3) 547.2 (9.2) 549.4 (9.2) 544 547 HC(CO) wag.
18 A" 141.0 (6.5) 152.8 (62) 140.7 (5.8) 152.5 (5.5) 138 C—C tors

“IR intensities are given in parentheses. bHybrid force field: harmonic part at the CCSD(T)/cc-pVTZ level, anharmonic corrections at the B2PLYP/
aug-cc-pVTZ level. See text. “Experimental gas-phase IR spectrum from ref 17. dExperimental low-temperature Ar Matrix spectrum, assigned
tentatively to cis-acrolein in ref 10. “Mode v, involved in Fermi interactions with 2vg at 2729 cm™ (2730 cm™ B3PLYP), experimental value

reported in ref 10 of 2756 cm™".

determination, the contribution of full treatment of triples and
the effects of quadruple excitations were considered. The
corresponding corrections are +2.66 and +3.75 cm},
respectively, thus leading to our best estimate (also including
ZPV) for the cis—trans energy difference: 719.0 cm™'. This
value can be compared with the available experimental value.***
We note a reasonably good agreement with the latter (ie.,
within twice the experimental uncertainty —40 cm™), our
computed value being only ~60 cm™ (~10%) larger. This
discrepancy is very small (0.17 kcal mol ™" = 0.72 kJ mol™") and
tends to confirm the accuracy of the composite scheme
employed (see, for example, ref 33). Future experimental
investigations might further confirm the accuracy of our
determination. In the literature, experimental estimates for
the isomerization barrier are also available (for a thorough
discussion, the reader is referred to ref 26), but the
corresponding determination is affected by several uncertain-
ties. Therefore, a comparison between theory and experiment
for AE, is not too meaningful, and we thus recommend our
best-estimated value to be used as reference.

Moving to the discussion of the vibrational spectra, the
harmonic and anharmonic fundamental frequencies of trans-
and cis-acrolein together with the corresponding IR intensities
are collected in Tables 4 and S, respectively. We first note that
the B2PLYP/aug-cc-pVTZ level provides harmonic frequencies
very similar to the CCSD(T)/cc-pVTZ ones; in fact, the mean
deviation is only about 0.51% (9.6 cm™), with the large
discrepancy being in relative terms ~7% (maximum absolute
deviation: 29.5 cm™). Such an agreement thus supports the a
posteriori approximation employed for deriving the hybrid force
field. We furthermore note that the largest discrepancies are
observed for the normal modes of A” symmetry. If only the A’
modes are considered, the averaged discrepancy reduces to 7.0
cm™!, with the maximum deviation being 17.9 cm™". This effect
might be ascribed to a slower convergence of perturbative
treatment of electron correlation in the case of modes affected
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by conjugation. As mentioned in the computational details
section, the B2PLYP/aug-cc-pVTIZ level of theory has been
chosen for its proved accuracy. It is therefore not surprising
that, when we move to the comparison with experiment, mean
absolute deviations (MAEs) of 9.7 and 6.3 cm™ are observed
for B2PLYP/aug-cc-pVTZ and the hybrid force field,
respectively. As already noted for the harmonic terms, the
modes of A” symmetry are those affected by larger deviations.
In fact, the MAEs of the two computational models agree
within about 1 cm™ for the modes of A’ symmetry, whereas for
the A” ones the correction of the harmonic frequencies at the
CCSD(T)/cc-pVTZ level within hybrid schemes leads to an
improvement of 12.7 and 7.5 cm™! for trans and cis conformers,
respectively.

As evident from Tables 4 and 5, almost all experimental
fundamental frequencies are well reproduced by our
computations, but additional comments are warranted for
vibrations around 2800 cm™!, where several Fermi resonances
involving the v, fundamental (assigned to the HC(CC)
stretching) are observed for both conformers. For trans-
acrolein, the resonances involving v, are with 2v, (2833 cm™),
2vg (2679 ecm™), v, + vy (2757 cm™'), and v + v, (2874
cm™'), but only one transition was experimentally assigned in
this spectral region. At variance, two transitions at 2756 and
2848 cm™', observed in low-temperature Ar matrix experiment
upon irradiation,'® were assigned to the cis-acrolein. According
to our computations, they can be assigned to the components
of the v, =~ 2vg Fermi polyad, with the 2v; overtone predicted at
2729 cm™" by the hybrid force field (2730 cm™ B2PLYP). The
good agreement between computation and experiment for all
vibrations reported in ref 10 further confirms their tentative
assignment to the cis-acrolein. In passing, we note that for trans-
acrolein, several fundamental and nonfundamental transitions
were assigned in high-resolution (HR) measurements,' >’
which confirmed the values reported in Table 4. Concerning
overtones and combination bands, experimental data for trans-
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acrolein (on which HR measurements were focused on) agree
well with our computations: 313 and 324 cm™ for 2v,,, 484
and 488 cm™' for v + vy; 650 and 654 cm™' for 2vy,
respectively. This agreement further confirms the accuracy of
our computations also for nonfundamental transitions. Thus,
theoretical results reported in the present work for trans-
acrolein nonfundamental transitions in 2600—2900 cm™
spectral range may facilitate assignment of future measure-
ments.

The last comment concerns IR intensities. From Tables 4
and §, it is evident that also for these quantities, B2PLYP/aug-
cc-pVTZ and CCSD(T)/cc-pVTZ provide similar results.

B CONCLUDING REMARKS

In the present paper a thorough investigation of the equilibrium
structure of the trans and cis forms of acrolein is reported. For
the first time, their molecular structure has been determined by
means of high-level quantum-chemical calculations at the
coupled-cluster level, thus providing structural parameters with
an estimated accuracy of about 0.001 A for bond distances and
of about 0.05° for angles. The pure computational determi-
nation has also been complemented by a semiexperimental
approach, which is based on the combination of experimental
ground-state rotational constants with calculated vibrational
corrections. This is nowadays considered the best approach to
determine reliable equilibrium geometries for polyatomic
molecules (see for instance refs 30, 38, and 39).

The conformational trans—cis energy and the barrier for the
corresponding isomerization have been determined by means
of a composite scheme that systematically extrapolates ab initio
energies, accounts for electron correlation through coupled
cluster theory, including up to single, double, triple, and
quadruple excitations, and furthermore corrects for core—
electron correlation and anharmonic zero-point vibrational
energy. Such an investigation confirms that the trans conformer
is only about 700 cm™" more stable than cis. Our best-estimated
isomerization barrier, 2449 cm™ (7 kcal mol™), can be
considered the most accurate and reliable determination
available so far.

With respect to the spectroscopic characterization, it has
been further confirmed that the hybrid CC/DFT approach
applied to the GVPT2 computations yields anharmonic
wavenumbers with an accuracy of about 10 cm™, in all spectral
regions and also for nonfundamental transitions. Moreover, the
present results allowed us to confirm the tentative assignment
of IR transitions, observed upon irradiation of trans-acrolein
deposited in low-temperature Ar matrix, to cis-acrolein, and to
assign the features at 2756 and 2848 cm™' to the components
of v, ~ 2vg Fermi polyad.

In conclusion, the present study further confirms that high-
level quantum-chemical computations with an adequate
treatment of electron correlation effects, extrapolation to the
basis-set limit and inclusion of core correlation are able to
quantitatively predict molecular structures and spectroscopic
parameters and thus provide important benchmark data to
either validate or predict experimental information.

B ASSOCIATED CONTENT

© Supporting Information

The Cartesian coordinates of the structures of the three
stationary points optimized at the B2PLYP/aug-cc-pVTZ level
together with those of the trans and cis forms at the CCSD(T)/
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CBS+CYV level. This material is available free of charge via the
Internet at http://pubs.acs.org.
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