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ABSTRACT: This work is devoted to investigation of the known problem of the discrepancy

Internal rotation

between the experimental and theoretical values for the barrier to internal rotation of the O _HF)
. o N

molecules comprised of a benzene ring and a 7-conjugated substituent, such as benzaldehyde and

benzoyl fluoride. The possible reasons of such discrepancy are considered. As a result the

conclusion was drawn that the origin of the problem is incorrectness of the assignments of the

torsional levels higher than first, both for benzaldehyde and benzoyl fluoride. In addition the

significant kinematic interaction between torsional vibration and out-of-plane CHO deformation

was found for benzaldehyde.

I. INTRODUCTION

Nowadays, quantum chemistry is a quite reliable tool for
studying and predicting molecular systems properties. Modern
high-level quantum chemical methods make it possible to
calculate the molecular parameters very close to corresponding
experimental values. Nevertheless sometimes we come across
the cases of unexpected disagreement between calculated and
experimental values. It is important to understand the origin of
such disagreement: is it some limitation of quantum chemical
methods or does there exist some incorrectness of experimental
value determination?

The vivid example of the discrepancy mentioned between the
theoretical and experimental values is the potential barrier to
internal rotation of benzaldehyde molecule, C;(H;CHO (and,
possibly, of molecules comprising a benzene ring with a z-
conjugated substituent). Compared to experimental values, the
theoretical ones (in particular, calculated using density
functional theory (DFT) and some other quantum chemical
methods) are of up to a factor 2 too high.

There are three works where the values of benzaldehyde
rotational barrier were determined using experimental data.
Miller, Fateley, and Witkowski' observed torsional band at 111
cm ™! in the gas-phase infrared spectrum of benzaldehyde and
calculated the barrier to internal rotation as 4.66 kcal/mol
(1630 cm™). Then Kakar, Rinehart, Quade, and Kojima®
investigated the microwave spectra of benzaldehyde and its
isotopomer C4,H;CDO. Relative intensities of rotational
transitions measurements gave the torsional frequencies of
113.8 + 5.0 cm™ for C¢H;CHO and 108.4 + 4.25 cm™ for
C4H;CDO.” The barriers to internal rotation calculated from
these frequencies were 4.90 + 0.43 (1714 + 150 cm™') and
528 + 0.42 (1847 + 147 cm™") kcal/mol for CH;CHO and
C:H;CDO, respectively.2 At last Durig, Bist, Furic, Qui, and
Little’ studied far-infrared (FIR) spectrum of gaseous
benzaldehyde. The fundamental CHO torsion for benzalde-
hyde was assigned to 110.85 cm™' with three consecutive
vibrational transitions to more excited states at 109.51, 106.52,
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and 104.17 cm™. These data allowed for determination of the
potential function of internal rotation of the benzaldehyde, and
the rotational barrier was found to be 4.61 kcal/mol (1611
em™)?

The rotational barrier determinations in the works' ™ were
based on one-dimensional (1D) approximation for internal
rotation and Pitzer'’s model* for evaluation of the reduced
moment of inertia for given molecular geometry. One can see
that all experimental results' ™ are in close agreement with one
another.

Later, the rotational barrier heights were calculated using
various DFT and ab initio quantum chemical methods. The
results and discussion can be seen in the works.>™** As a rule,
calculated values essentially exceeded experimental ones.

Meier et al.¥”®, based on their results, drew the conclusion
that the molecular systems comprising a benzene ring with a 7-
conjugated substituent form a special problem with respect to
calculation of the rotational barrier around the C(sp*)—
C(aryl) bond. DFT functionals cannot properly handle such
barriers.

On the other hand Head-Gordon and Pople® calculated the
rotational barriers for six conjugated ethylenes and six
analogous substituted benzenes using ab initio methods (HF/
6-31G**//HF/6-31G* and MP2/6-311G**//HF/6-31G*)
with agreement as a rule of better than 1 kcal/mol between
the calculations and experiment. Three molecules were the
exception: nitrobenzene, benzaldehyde, and benzoyl fluoride
(in particular, the rotation barrier for benzaldehyde was equal
to 8.282 kcal/mol, which was ~3 kcal/mol higher than
experimental values). Head-Gordon and Pople supposed that
theoretical values were to be preferred for these systems.”®

At last, Speakman, Papas, Woodcock, and Schaefer '
carried out careful calculations of the benzaldehyde rotational
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barrier (in particular, using extrapolation procedure) and
concluded that the main reason for the discrepancy between
calculated and experimental values was the use of Pitzers’s
model for the computation of the reduced moment of inertia,
which could not be applied to such conjugated molecule with
asymmetric rotators as benzaldehyde though there was no
problem with calculations of the system with a nonconjugated
functional group, such as phenol molecule.'” Experimental
values of the benzaldehyde rotational barrier are therefore
misleading, and the true rotational barrier lies closer to the
theoretically extrapolated limit of 7.7 kcal/mol (2690 cm™),
based on coupled cluster theory.'’ The authors of this paper'®
named the problem described above “conflict between theory
and experimental deductions”.

A similar disagreement between calculated and experimental
heights of potential barrier to internal rotation was observed for
the related molecule of benzoyl fluoride, C¢H;CFO.

From the relative intensity measurements in the microwave
spectrum of benzoyl fluoride Kakar'* determined the torsional
frequency to be 59.5 + 3 cm™' and then the barrier to internal
rotation of 4.46 kcal/mol (1560 + 160 cm™). Later Durig at
al.® obtained the far-infrared spectrum of benzoyl fluoride and
observed two bands, 63.36 and 61.91 cm™. They assigned the
stronger band at 63.36 cm™ to the 1 « 0 torsional transition
and the weaker band at 61.91 cm™! to the 2 < 1 transition, and
they determined the height of potential barrier to be 4.97 kcal/
mol (1739 ecm™) in accordance to Kakar value.'* However,
Larsen, Pedersen, and Serensen'® examined the microwave
spectrum of 4-fluorobenzoyl fluoride, and in the discussion they
did not agree with the band assignments in the far-infrared
spectrum of benzoyl fluoride presented by Durig et al> They
argued that the 2 « 1 transition should be stronger than the
fundamental (of roughly half the intensity). In addition Larsen
et al."® indicated that all their observations and Kakar’s'* as well
supposed the harmonic behavior of the torsional potential.
Therefore, they supposed that the stronger band was a
superposition of a number of transitions: 1 < 0, 2 « 1, etc.
and that the weaker was a hot band of similar composition."®

Taking into account only V, term (in the Fourier series
expanding of the potential function of internal rotation) Larsen
et al."> obtained the height of potential barrier to be 4.49 kcal/
mol (1569 cm™"). But assuming that the far-infrared band 63.36
cm™ could be superposition of all torsional transitions from 1
< 0to S « 4 and including of V, Fourier term (estimated as
—164(3) cm™') Larsen et al."> obtained the height of potential
barrier as 6.7 kcal/mol (2345(10) cm™) in agreement with
calculated value 7.301 kcal/mol.® It is worth noting, however,
that the last estimation'® of potential barrier is assumed rather
than proven.

In our work we analyzed the possible origins of the
discrepancy between calculated and experimental heights of
potential barriers to internal rotation of benzaldehyde and
benzoyl fluoride molecules. In particular, we paid attention to
the adequacy of the calculating method and the correctness of
the assignments of experimental torsional frequencies. In
addition we examined the possibility of the internal rotation
interaction with some other molecular internal motions.

As a result we concluded that the origin of the discrepancy
between theoretical and experimental values of potential barrier
to internal rotation of benzaldehyde and benzoyl fluoride
consists in some errors of the torsional bands assignments in
the spectra. In addition the second origin was found for

benzaldehyde—the kinematic interaction between internal
rotation and out-of-plane deformation of the CHO group.

As indicated above, the third molecule that demonstrated the
discrepancy between calculated and experimental values of
potential barrier was nitrobenzene (4.838 as against 2.8 kcal/
mol, respectively).® Recently the molecular structure of
nitrobenzene was reinvestigated,'® and the experimental barrier
height was estimated to be in the region of 4.1—4.6 kcal/mol, in
accordance with the theoretical value.® However, it seems that
some additional comments are needed.

Il. COMPUTATIONAL DETAILS

At first, we performed the quantum chemical calculations. We
used, as a rule, the standard MP2/6-311G** approximation.
The calculations were performed with the MOLPRO 2010.1
quantum-chemistry program package."” The geometrical
parameters, vibrational frequencies, and parameters of the
potential functions of internal rotation were calculated.

Moreover the geometries and force-field parameters of
benzaldehyde were estimated within MP2/cc-pVTZ approx-
imation. All results obtained are presented in Tables S1 and S2;
see Supporting Information. One can see that, on the whole,
the calculated parameters are in reasonable agreement with one
another and with known experimental data. In addition some
calculations were carried out using multiconfigurational
methods CASSCF and CASPT2 with def2-TZVPP basis
set.'"® Active space in our calculations includes 11 molecular
orbitals (MOs) (47 + oo + ng +47* + oco*) with 12
electrons distributed on them.

Next, the direct torsional problems were solved for the
quantum chemical potential functions of internal rotation. The
coordinates used for the nuclear motion analysis are defined
here in the following way (see Figure 1 for the atomic nuclei

H
KT? _____ Q,
He. CiTH,
T
C C
HTET
H,

Figure 1. Numbering of the atoms in the molecule of benzaldehyde.
The dummy atoms Q; and Q, used to set the internal rotation
coordinate (see the text) are also depicted.

numeration). The coordinate 7 of CHO-group rotation is
defined with the help of additional dummy atoms Q; and Q,.
Both the segments of a straight lines Q,C; and Q,C; are
orthogonal to the bond C,C,. The point Q; belongs to the
plane (C¢C,C,), while the point Q, belongs to the plane
(H,C,0). The internal rotation coordinate 7 is defined as the
dihedral angle £Q,C,C;Q,. The coordinate y for out-of-plane
CHO deformational vibration is the angle of the bond C,C,
with the plane (C¢C,C,).

We used the computer program'® similar to that described
by Lewis et al’® in which the 1D vibrational Schrodinger
equation was solved variationally with the Hamiltonian of the
form
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0 0
H(r) = ——B(r)— + V(r
(1) P (7) o (1) )
where 7 is the coordinate of internal rotation. B(z) is the
internal rotation kinematic function

B(r) =B, + Z B, cos nt
n (2)

and V(z) is the potential function of internal rotation

1
V(z) = = V;l(l—cosn)
' Zzn: ' (3)

In some cases the two-dimensional (2D) direct problems
were solved for internal rotation and out-of-plane CHO or
CFO motion. In these cases the vibrational Hamiltonian has
the following form:

0 0 0 0

H,,=—-—B,,(r,y)— — —B S X)—

2D o7 11(7 x) o7 oy 21(7 x) o
J

0 0 0
Byy(7, x)— — —By(t, x)— + V(z, 1)
dy oy dy
4)

where B; = Bij(r,)() are the elements of the hermitian 2 X 2
kinematical matrix and V is the potential function. The indexes
1, 2 correspond to the coordinates of internal rotation (7) and
out-of-plane CHO (or CFO) motion (y), correspondingly. V
and Bj; functions were approximated by linear combinations of
the multiplicative trigonometric functions of variables 7 and y
that ensure the symmetry of potential energy surface (PES) and
kinematical parameters B;. The solution of the variational
problem was realized by the Rayleigh—Ritz linear variational
method with the trigonometric functions basis set.

In addition the inverse torsional problems were solved using
the computer program.'” On the basis of experimental energy
levels of torsional vibrations, the “experimental” potential
functions of internal rotation were determined.

or

lll. RESULTS AND DISCUSSION

lll.1. Benzaldehyde. /il.1.1. Experimental Potential
Function of Internal Rotation. The authors of ref 3 observed
in the far-infrared spectrum the four groups of torsional
transitions, which are presented in Table 1 with their
assignment (left column). However, it is not hard to see that
another version of the assignment (right column) is also
possible. Moreover, this version of the torsional transitions
assignment was considered by the authors of ref 3 and rejected
“because of the relative close spacing of the successive
transitions” (the consequence of such assignment is the high
potential barrier, but in that time the problem of the
disagreement of the calculated and experimental values of
benzaldehyde potential barrier was not discussed yet).

Using the assignment of four torsional transitions presented
in the right column of Table 1 and experimental geometrical
parameters>">> from the Table S1 (Supporting Information),
we obtained the parameters of B(zr) and V(r) functions for
benzaldehyde (in cm™). Namely, calculating three and four
parameters in (3) we obtained

B, = 1.832, B, = 0.092, B, = 0.003
V, = 2500, V, = —290, V, = 30

V, = 2720, V, = —410, V; = 70, Vy = —7

Table 1. Observed” Bands in FIR Spectrum of Benzaldhyde
and Their Alternative Assignments

assignments
v (em™)  relative intensity work® this work®
110.85 m 1<0 torsion 10 torsion
110.55 mw hot band 2«1 torsion
110.28 mw hot band 3«2 torsion
110.05 w hot band 4«3 torsion
109.51 m 2«1 torsion Uy + Viors) < Vs
109.25 w hot band (U + Wior) (U + Viors)
107.65 w hot band hot band
106.52 w 32 torsion (U + Vo)<V,
106.23 w hot band (¥ + Wior) = (1) + Viors)
105.85 vw hot band (U + o) () + 2Wiory)
105.64 w hot band (¥ + i) =y + Biors)
105.13 vw hot band hot band
104.17 w 4«3 torsion U + Viow) <1,

“Far infrared spectrum, ref 3. “The hot bands are assigned to
combinational transitions, where v, v,, and v, are likely low-frequency
bending fundamentals.

respectively.

The potential barriers to internal rotation for functions with
three and four parameters are equal to 2530 cm™ (7.2 kcal/
mol) and 2790 cm™" (8.0 kcal/mol), respectively. That is, the
experimental and calculated'® values are of the same order.
Thus, reassignments of the torsional transitions in comparison
with the work® permitted the obtainment of good agreement
between calculated (refs 6 and 10) and experimental heights of
benzaldehyde potential barrier to internal rotation.

lIl.1.2. Calculated Potential Function of Internal Rotation.
Within the MP2/6-311G** approximation the parameters of
the B(z) and V(r) functions are as follows (in cm™):

B, = 1.802, B, = 0.105, B, = 0.008 (s)
V, = 2880, V, = —80, V, = —10 (6)

and the potential barrier for this function is 2870 cm™ (8.2
kcal/mol). The calculated barrier height is in agreement with
the value of 2690 cm™" (7.7 kcal/mol) obtained by Speakman
et al.'® using extrapolation of the quantum chemical results to
the complete basis set, in considerable disagreement with
earlier experimental barrier of 1611 cm™ (4.61 kcal/mol).?

However, the comparison of only the potential barriers is not
sufficient to draw a reliable conclusion about agreement or
disagreement between the calculated and experimental internal
rotation hindered potentials. In addition it is necessary to
compare the calculated and experimental energies of torsional
vibrational levels, which are depend on both the height of
potential barrier and the form of potential function.

Therefore, using the parameters (S) and (6), we calculated
the energy of torsional levels, see Table 2 (1D MP2
calculations). One can see from Table 2 that 1D energies of
torsional levels are badly agreed with experimental values (for
example, the 1D calculated energy of torsional frequency, 137
cm™, is more far from the experimental one, 110.85 cm™, than
calculated harmonic frequency,”® 113 cm™, Table S2).

It is worth noting that calculations of the vibrational
(harmonic) frequencies using both MP2/6-311G** and
MP2/cc-pVTZ methods proved the significant coupling of
the torsional vibration and out-of-plane CHO deformation.
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Table 2. Calculated and Experimental Energies (cm™) of
Torsional Levels of Benzaldehyde

MP2” CASSCE® CASPT2*
torsional level® 1D 2D 1D 2D 1D 2D expt®
1 137 112 124 110 132 112 110.85
2 273 224 246 220 262 224 221.40
3 408 336 367 328 392 336 331.68
4 541 448 486 436 520 448 441.73
v 142 208 177 220 161 220 22388

“All the torsional levels presented are doubly degenerate ones.
bCalculated by MP2/6-311G** (torsion harmonic frequency 113
cm™). “Calculated by CASSCF(IZe 11MO)/def2-TZVPP (torsion
harmonic frequency 109 cm™). “Calculated by CASPT2//CASSCF-
(12e-11MO)/def2-TZVPP. “Calculated by summarlzmg of torsional
transition energies from Table 1 (right column). JOut-of- -plane CHO
deformation (harmonic frequencies 228 and 238 cm™! for MP2/6-
311G** and CASSCF/def2-TZVPP, respectively). *Reference 3.

Interaction of these vibrational modes was studied in 2D
approximation.

The 2D section of PES is shown in Figure 2. One can see
that the motion along rotational coordinate 7 leads to very
small changes of the nonplanar coordinate y. Therefore, these
two motions can be analyzed separately when only the form of
PES is studied.

But for vibrational problem the good separation of motions
along coordinates 7 and y is possible if the kinematical matrix Il

By(zy)ll is almost diagonal. At the minimum point (7 = 0°, x=
0°) we calculated By, = 2.67, By, = 1.17, B, = 0.94 cm™. The
relatively large value of B;, demonstrated the essential role of
the kinematic interaction of the motions under consideration in
the vicinity of minimum.

Table 2 shows the results of solving 2D vibrational problem
(2D MP2 calculations). One can see that the consideration of
coordinates (7,y) interaction provides good agreement between
calculated and experimental energies of vibrational levels.
Moreover, contrasting with the 1D calculation, the 2D
approximation provides good agreement between calculated
and experimental energies of out-of-plane CHO deformation
vibration.

lll.1.3. Multiconfiguration Calculations. Meier et al.>'>
claimed that an adequate theoretical description of the
rotational barrier height in benzaldehyde required the inclusion
of nondynamic electron correlation within the MCSCEF-type
but not the MP2-type method. These authors carried out such
calculations® on the basis of the complete active space
(CAS(8)) and the restricted active space (RAS(14)), using
ANO-type basis sets for fixed geometric parameters of planar
(minimum) and perpendicular (barrier) conformations ob-
tained by RHF/6-31G*. As a result, they obtained the heights
of 5.0 (for CAS(8)) and 4.3 (for RAS(14)) kcal/mol in
agreement with experimental values of the earlier works.' ™

But recently Burcl”® carried out the calculations of the
benzaldehyde rotation barrier height using a number of
methods: CCSD(T) and CR-CC(2,3) in cc-pVXZ (X = D,
T) basis sets, MCSCF in vdz/vdzp and cc-pVTZ basis sets,
CASPT2(8)/cc-pVTZ, and some others (for example,
CASPT2(8)/cc-pVIZ vyields a rotation barrier of 7.6 kcal/
mol). The results obtained demonstrated that (i) nondynamic
correlation plays only a minimal role in the description of this
problem and (ii) the earlier MCSCF data (i.e., the calculations
by Meier et al.’) significantly underestimated the magnitude of
the barrier, likely due to imbalance in active spaces of minimum
and transition-state geometry.13

In our work we calculated 1D and 2D sections of PES by
CASSCF and CASPT2 methods using def2-TZVPP basis set.
Then we solved 1D and 2D vibrational problems, and the
results are also presented in Table 2.

It can be seen that calculated by CASPT2 the values of the
energies of four lower torsional levels, taking into account both
dynamic and nondynamic electron correlation, are in very good
agreement (in the case of the 2D model, the result is practically
identical) with MP2/6-31G** results.

Note that calculated barrier heights (2269 cm™ or 6.5 kcal/
mol for CASSCF/def2-TZVPP and 2667 cm ™" or 7.6 kcal/mol
for CASPT2//CASSCF/def2-TZVPP) differ considerably from
the estimates presented in ref S, while the difference between
CASPT2 data obtained by Burcl™ and the results of
extrapolation10 is not more than 0.1 kcal/mol.

Our results confirm the conclusions by Burcl'® and point out
that the data obtained for benzaldehyde by modern multi-
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Figure 2. Two-dimensional cross section of PES (in cm™) for the benzaldehyde molecule, estimated in MP2/6-311G** approximation. The
detailed definition of coordinates see in the text: 7 = coordinate of the internal rotation, y = out-of-plane CHO deformation coordinate. The solid

lines indicate the one-coordinate minimal energy path.
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configurational methods (not only potential barrier heights but
also energies of torsional levels) are in agreement with
corresponding MP2 data, and all of them are close to the
experimental values in our assignments of the far-infrared
spectrum.

lll.2. Benzoyl Fluoride. The geometrical parameters
calculated using MP2/6-311G** method are presented in the
Table S3 (Supporting Information). The corresponding
experimental parameters are unknown, but calculated and
experimental rotational constants are in good agreement. The
calculated vibrational freiluencies are in satisfactory agreement
with experimental ones,”* but in contrast to benzaldehyde, the
PED analysis shows that the torsional vibration does not
interact (practically) with any other vibrations. The testing of
relative molecules Ph—CX(=Y) shows that one can wait the
significant kinematic interaction between torsional vibration
and out-of-plane CXY deformation in that case when the
masses of atoms X and Y differ strongly. In the case of benzoyl
fluoride the masses of oxygen and fluorine are close.

The parameters of the potential function of internal rotation
of benzoyl fluoride calculated by MP2/6-311G** method are
as follows (in cm™):

V, = 2530, V, = —165, V, = —10

and the height of the potential barrier to internal rotation for
this function is equal to 2515 cm™ (7.2 kcal/mol), which is in
good agreement with calculated value® of 7.301 kcal/mol and
exceeds the experimental®'* one.

We calculated the energies of torsional levels of benzoyl
fluoride in 1D approximation, Table 3. In addition we present
in Table 3 the results of 2D approximation (torsional and out-
of-plane CFO deformation section) for comparison with
benzaldehyde.

Table 3. Calculated and Experimental Energies (cm™) of
Torsional Levels of Benzoyl Fluoride

calculated” experimental
torsional level 1D 2D Mw? MwWS  UV? FIR®
1 64 64 595+3 60.03 57 63.36
2 129 127 1177 115 (12527)
3 193 191 177 £ 10 171

“See notes for Table 2. "Microwave spectrum.'* “Microwave
spectrum.”® “Ultraviolet spectrum.”® “Far-infrared spectrum.® /Sum
of (1 < 0) and (2 « 1) torsional transitions.* In this work we suggest
another assignment; see text.

One can see from Table 3 that, in accordance with
benzaldehyde, 1D and 2D calculated energies are near
harmonic, and in contrast with those of benzaldehyde, they
are similar. It is not surprising, as for benzoyl fluoride molecule
the masses of X and Y atomic nuclei are essentially similar, and
this results in small values of nondiagonal matrix elements of
kinematical matrix. Therefore, the 1D approximation may be
used without essential errors.

The results of our calculations are in agreement with the
assumption of Larsen et al.'® that the strong band of 63.36
cm™" in far-infrared spectrum® is a superposition of a number of
torsional transitions (1 « 0, 2 « 1, etc.).

However, this conclusion disagrees with results of analysis of
benzoyl fluoride S; < S, ultraviolet spectrum by Balfour,”® who
assigned the bands progression of 57, 117, and 171 cm™ to
torsional vibronic transitions: 0 < 1, 0 < 2, and 0 « 3,

respectively; see Table 3. Therefore, we considered the
Balfour’s assignment once again.

Balfour™ indicated that all bands in the ultraviolet spectrum
were double-headed with a head separation of ~6 cm™, and
band measurement referred to the head at lower energy.

However, one may expect that the bands of the §; « S,
spectrum, corresponding to the vibronic transitions A,,” < A,,’
(torsional transitions 0 « 0 and 0 < 2) and A,,” < A,
(torsional transitions 0 < 1 and 0 « 3) have distinct rotational
contours (A,,” and A,,” are the symmetries of vibronic levels).
It could be shown that there are bands of the C-type and (A
+B)-type, respectively.”®

We simulated the rotational contours of vibronic bands®” of
benzoyl fluoride, Figure 3. We used the benzoyl fluoride
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Figure 3. Simulated rotational contours of the vibronic bands of
benzoyl fluoride: A-, B-, and C-types. Rotational constants (in cm™):

A’ =0.126871, A” = 0.127 223, B’ = 0.040 020, B” = 0.040 384, C’ =
0.030423 C” = 0.030 654, slit width = 1 cm™'; temperature = 298 K.

geometrical parameters in the ground (S) electronic state from
the Table S3 and their relative changes in the excited electronic
state (S,) as follows: Ar(C,—C,) = r'(C;—C,) — r"(C,—C,)
= —0.11 A, Ar(C=0) = +0.185 A, Ar(C-H) = —0.012 A,
AzCCO = —1.7°, and AZCCH = 12.0°. These values were
evaluated from our calculations for relative molecules in the
ground and excited states: acrolein (CASSCF(8e-7MO)/cc-
pVTZ),*** acryloyl fluoride (CASSCF(8e-7MO)/cc-pVTZ),
and benzaldehyde (CASSCF(12e-11MO)/cc-pVTZ).

One can see in Figure 3 that both (A+B)-type and C-type
bands are double-headed with a head separation of ~8 cm™,
very similar to bands described by Balfour.”®

The stronger head for (A+B)-type band is the higher energy
one, and the stronger head for C-type band is the lower energy

dx.doi.org/10.1021/jp509602s | J. Phys. Chem. A XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry A

one. The separation between the head of lower energy
(Balfour® measured these heads) and rotational origin of the
vibronic bands (ry,) is ~6 cm™ for (A+B)-type bands and ~2
cm™! for C-type bands. Therefore, the progression of torsional
transitions 0 < 1, 0 < 2, and 0 « 3 can not be as regular as it
is observed.

The conclusion is that all bands in ultraviolet spectrum”
have the same rotational contour as 0y band—vibrational origin
of the electronic transition A,,” < A,,/, that is, C-type. (And it
is clear that band measurements referred to the more intensive
heads at low energy.) Therefore, the pointed progression must
be assigned to the sequence 0 <~ 0,1 < 1,2 < 2,and 3 « 3
of, most probably, in-plane CFO vibration with low frequency
(212 cm_l).25

By the way, this clarifies the reason for the large difference
between energies of torsional levels presented in refs 3 and 25
(see Table 3).

Thus, our conclusions are

S

(i). the far-infrared band of 63.36 cm™" is a superposition of a
number of torsional transitions (the calculated values are
63—64 cm™'; see Table 3)

(ii). the band of 61.91 cm™ is a relative hot band.

(iii). the height of the potential barrier to internal rotation is
near the calculated value of 7.2 kcal/mol.

l11.3. Nitrobenzene. Head-Gordon and Pople® pointed to
this molecule as a third example of discrepancy between
calculated (4.838 kcal/mol) and experimental (2.8 kcal/mol)
potential barriers to internal rotation.

But recently Dorofeeva et al.'® reinvestigated the molecular
structure of nitrobenzene by the method of gas-phase electron
diffraction. Those authors'® used both static and dynamic
models and calculated the height of the potential barrier as
being in the range of 4.1—4.6 kcal/mol, in accordance with the
calculation of ref 6. In particular, Dorofeeva et al.'® using
dynamic model obtained the geometric parameters and the
parameters of the potential function of internal rotation (3) as
follows (in kcal/mol):

V, =46+ 02, V,=—10 + 03 )

Using these data we calculated the torsional frequency of
nitrobenzene as 30 cm ™' in comparison with the experimental
valuations of 49.67 cm™ in the gas phase® and 51 cm™ in the
liquid phase.®"

We suppose that the reason for such disagreement is
overestimation of V, value (modulus). Fixing the values of V,
(the height of the potential barrier) and torsional frequency (50
cm™') we estimated the V, value about of —0.5 kcal/mol, not
too far from the value of —1.0 + 0.3 kcal/mol, evaluated using
dynamic model.'®

IV. RESULTS AND CONCLUSIONS

The examination of the problem of discrepancy between the
experimental and theoretical heights of the potential barriers to
internal rotation of molecules comprising of a benzene ring and
a m-conjugated substituent, such as benzaldehyde and benzoyl
fluoride molecules, was carried out.

We reanalyzed the experimental far-infrared spectrum of
benzaldehyde® and found that the assignment of torsional levels
more high than the first could be altered. Using new assignment
of torsional levels for benzaldehyde, the height of potential
barrier to internal rotation was obtained in agreement with the
results of most quantum chemical calculations.

In addition to potential barrier heights we compared the
calculated and experimental energies of torsional levels. With
this purpose, at first stage, we calculated the potential functions
of internal rotation of benzaldehyde in 1D (torsion) and 2D
(torsion and out-of-plane CHO deformation) approximations
using MP2 method and also CASSCF and CASPT2 methods.

On the basis of these potential functions the corresponding
1D and 2D vibrational problems were solved, and the energies
of torsional and out-of-plane CHO deformation levels were
obtained. The corresponding results obtained for benzaldehyde
by different theoretical methods, both one- and multiconfigura-
tional, are in good agreement with each other. This confirms
the conclusions by Burcl'® that the electron correlation plays
only a minimal role and that the earlier MCSCF data
significantly underestimated the height of potential barrier.

In addition, for benzaldehyde the significant kinematic
interaction between torsional vibration and out-of-plane
CHO deformation was found. Such significant kinematic
interaction can occur if in the molecules C{H;—CX(=Y) the
masses of atoms X and Y are distinguished strongly, such as
oxygen and hydrogen. Altering the assignment of the torsional
levels and taking into account the pointed kinematic interaction
we obtained the good agreement not only between
experimental and calculated potential barrier heights but also
between experimental and calculated (2D) energies of torsional
levels of benzaldehyde.

For benzoyl fluoride the masses of oxygen and fluorine atoms
are close, and any significant interaction between torsional
vibration and other vibrations is not observed; therefore, 1D
and 2D energies of torsional levels are practically the same. The
energy values and essential harmonic character of torsional
levels of benzoyl fluoride confirm the earlier supposition'® that
a number of lowest torsional transitions were observed in the
far-infrared spectrum® as one unresolved band (63.36 cm™).
The second spectral band (61.91 cm™) must be assigned to
hot transitions of a similar nature.

At last we considered the potential function of internal
rotation of nitrobenzene (7), obtained recently,16 and indicated
that the parameter (modulus) of V, seems to be somewhat
overestimated.

The results obtained for benzaldehyde and benzoyl fluoride
in this work indicate that the true potential barriers to internal
rotation of benzaldehyde and benzoyl fluoride are close to
quantum chemical values and not to earlier' > experimental
ones.

We can see now that the calculation of the potential barrier
to internal rotation for a molecular system comprising a
benzene ring with a 7-conjugated substituent (at least such as
benzaldehyde and benzoyl fluoride) is not a special problem,
and there is no reason more to think about conflict between
theory and experiment in this case.
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