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khodor@cinam.univ-mrs.fr
bDept. of Chemistry, Ben-Gurion Univ. of th

† Electronic supplementary informatio
anharmonic frequencies calculations, fu
gures. See DOI: 10.1039/d0ra10182f

‡ Present address: Thales DIS France SA
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of conjugated donor–acceptor
substituted systems: calculations vs. experiments†

Vladimir Lokshin,a Mark Sigalov,b Nina Larina‡a and Vladimir Khodorkovsky *a

We find that quantum mechanical calculations using B3LYP/aug-cc-pVTZ model chemistry involving

anharmonic correction on simple conjugated organic compounds without rotating moieties provide the

dipole moment values and molecular geometries with high accuracy. In the presence of one or two

conjugated electron donating or accepting substituents capable of hindered rotation, the calculated

dipole moments reproduce the experimental results equally well only in the cases when the experiments

were done at the temperatures at which rotation of substituents remains hindered. In order to reproduce

the experimental dipole moments determined at higher temperatures, a model assuming free

(unhindered) rotation should be applied. In these cases, the contribution of each rotamer is equal and

using anharmonic correction is not necessary. The APFD functional produces similar results and the

M062X functional yields larger deviations from the experimental data. The other methods, like HF and

MP2, are the least accurate with the basis sets usually employed for interpreting the experimental data.
Introduction

The dipole moment (DM) of organic compounds is an impor-
tant quantity describing two opposite charges separated by
a distance and thus characterizing the electron density distri-
bution within the molecules. Since the rst experimental
determinations performed about 100 years ago, the DMs have
been determined for most common organic compounds and
their values are tabulated in a number of reference books.1,2 The
dependence of the DMs on molecular structures gave rise to
such important chemistry concepts as inductive andmesomeric
effects. The experimental methods for determination of DMs
and their use in stereochemical analysis and the relationship to
the electronic structures are discussed in detail in ref. 3 and
references therein.

The experimental determination of DMs is based on orienta-
tion of polar molecules in an applied electric eld and the dipole
moment values can be extracted from the results of measuring
the dielectric constants or analyzing microwave spectra.4 The
most accurate DMs are determined using the Stark effect in the
gas phase. Indeed, the reliable data can be obtained when the
intermolecular interactions are excluded.4 Therefore, the experi-
ments in the gas phase at low pressures can be regarded as the
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most reliable, although even under these conditions the possi-
bility of intermolecular interactions can not be completely
excluded. The majority of experimental DMs reported before
1990's were determined using benzene as a solvent. Depending
on the solute nature, intermolecular interaction stemming from
dipole association, hydrogen bonds formation (in particular
“dioxane effect”), intermolecular charge transfer, etc., can inu-
ence the experimental values of dipole moments.

The interest toward the conjugated donor–acceptor
substituted systems (push–pull derivatives) during the past
three decades gave rise to numerous investigations on their
nonlinear optical properties and provided a wealth of the
experimentally determined molecular DM, polarizability and
hyperpolarizability values.5

During the past three decades, quantum mechanical calcu-
lations were extensively employed for interpretation of the
experimental results and design of organic chromophores with
large NLO response. Calculations of the DMs and hyper-
polarizabilities using semiempirical, ab initio HF, MP2 and
various DFT-based methods on push–pull molecules involved
two main approaches: variation of methods, especially, nding
the best functional for the DFT6–8 calculations and variation of
basis sets9,10 for geometry optimization and nal electric prop-
erties calculation.

Thus, for a series of NLO chromophores, the model chem-
istries B3LYP/STO-3G, AM1 and MP2/6-31 were recommended
with a warning that B3LYP with a larger basis showed larger
errors.6 Alternative attempts to ght the apparent over-
estimation of the DFT methods involved using CAM-B3LYP and
M05-2X functionals combined with thorough conformational
search7 and optimal tuning the hybrid variants of PBE
© 2021 The Author(s). Published by the Royal Society of Chemistry
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functional8 to better reproduce the MP2 calculation results. A
general conclusion from the rst approach is that the conven-
tional exchange-correlation functionals are not suitable for
evaluation of DMs of push–pull molecules owing to the large
overestimation of the degree of charge transfer,9,10 and the
calculations of the second polarizability afforded “almost cata-
strophic” results.9

The second approach suggests adjusting basis sets for H,
C, N and O atoms to reproduce the experimental dipole
moments, polarizabilities and hyperpolarizabilities.11,12 Using
B3LYP functional with NLOIII basis set afforded DM and
hyperpolarizability of polyatomic molecules in good agreement
with the experiments.11

Another experimental approach closely related to the dipole
moment determinations and serving as an alternative quanti-
tative evaluation of the electron density distribution within
molecules is variable temperature NMR spectroscopy (dynamic
NMR or D-NMR).13 This technique allows to determine barriers
to internal rotation of exible groups in the range of about 4.5–
23 kcal mol�1. Separate NMR signals of the identical nuclei in
the different magnetic environment observed at temperatures
at which molecular motion is slow, i.e., the time spent by the
nuclei in different positions is longer than the interconversion
time. When the temperature increases, the signals become
broader and then coalesce into one broad signal that nally
becomes narrow at fast motion (typically, several thousand
rotations per second). The coalescence temperature corre-
sponds to the rate of exchange that is identical to the difference
(Dn, Hz) in the peak frequencies (where NMR is no longer able to
distinguish frequencies). At the coalescence temperature Tc, the
interconversion rate constant k(Tc) can be calculated as k(Tc) ¼
pDn/O2, where Dn is measured without exchange at low
temperatures. The rst experiments on evaluation of substit-
uent rotational barriers in push–pull molecules were carried out
about 60 years ago. For instance, the rotational barriers of the
formyl group at the coalescence temperatures (Tc) in benzal-
dehyde, 4-methoxybenzaldehyde and 4-N,N-dimethylamino-
benzaldehyde are 7.9 (Tc ¼ 150 K), 9.2 (Tc ¼ 174 K) and 10.8
(Tc ¼ 202 K) kcal mol�1,14 respectively, demonstrating the
increase in intramolecular charge transfer from the electron
donating phenyl-, methoxy- and dimethylamino-groups to the
accepting carbonyl group. It is worth of noting here that the
barriers to rotation determined by microwave spectra are
sometimes considerably lower than those determined by D-
NMR and calculated by quantum mechanical methods, which
was the subject of a polemics15 that lasted 10 years.

Recently, we found that quantummechanical calculations of
barriers to rotation within push–pull p-conjugated molecules
involving strong electron donors (D) and acceptors (A) can
reproduce the experimentally determined barriers within 0.28–
0.19 kcal mol�1 using B3LYP or APFD functionals only when the
explicit rotation of the substituents is taken into account.16 Only
in this case the experimental barriers can be reproduced within
the experimental error using B3LYP or APFD functionals with
basis sets above + G(2d,p) or aug-cc-pVDZ, whereas M062X
functional and MP2 fail with the same basis sets or larger. This
approach implies that at least above the Tc at the temperatures
© 2021 The Author(s). Published by the Royal Society of Chemistry
when the internal hindered rotation becomes unhindered (free
fast rotation) all rotamers are equally present.

There are a number of indications that rotation of the
moieties within molecules with hindered internal rotation at
temperatures above Tc (above the barriers to internal rotation)
occurs nonstatistically. Thus, low-resolution microwave spectra
of such compounds show more bands than expected.17 The
authors explain this phenomenon by the presence of the over-
lapping bands of the species freely rotating above the barrier to
rotation. The possibility of nonequilibrium behavior of inter-
nally rotating species have been discussed in ref. 18 and the
authors cautiously conclude that “until more studies are per-
formed and we have a better understanding of nonstatistical
effects on low-energy processes, we believe it is prudent to
report and interpret results of conformational interconversion
studies assuming the kinetics is statistical but to always be
aware that this approach may not always be quantitatively
correct”. The authors, however, did not take into account the
inuence of temperature. To the best of our knowledge, no
systematic studies in this direction have hitherto been under-
taken. Most of the microwave spectra analyzed so far had been
recorded at unknown temperatures.

Here we report on the results of our quantum mechanical
investigations and further NMR experiments to verify the
applicability of the above concept for calculations of the DM to
a series of organic polar molecules.
Computational and experimental
details

All calculations were carried out using Gaussian 16 soware19 as
described previously.16 Anharmonic frequency calculations
were done with geometry optimized structures using opt ¼
vtight keyword. For computational results throughout the paper
we use the notation of Gaussian output: Se for equilibrium, Sz
for vibrationally averaged at 0 K and Sa for vibrationally aver-
aged at 298 K interatomic distances. The indices GS and TS
denote the values calculated for ground and transition states,
respectively.

The NMR spectra were recorded on the Bruker AMX-400
spectrometer at 400.1 MHz.
Results and discussion

Comparison of the experimental DMs with the calculated values
is not a simple task, but one involving several underwater stones.
Specic solvent–solute interactions, such as the formation of the
HBs, can strongly inuence the measured DM and the data
determined in solvents that exhibit hydrogen bond accepting
(HBA) and donating (HBD) properties cannot be reproduced with
high accuracy by the QM calculations, especially when a weak
donor is conjugated with a strong acceptor. For instance, nitro-
benzene molecule, which can be considered as a combination of
a weak donor (the phenyl group) conjugated with a strong
acceptor (the nitro group) involving no bridge and one rotor
serves as a good example. Thus, there are more than 80 DM
RSC Adv., 2021, 11, 934–945 | 935
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values provided in ref. 1 and 2 for this compound: 0.71–4.69 D for
liquid, 3.89–4.08 D in hexane, 3.90–4.4 D in benzene, 3.17–3.24 D
in chloroform, 3.88–4.05 D in carbon tetrachloride, 4.28 in
xylene, etc. The DMs of 4.22 and 4.28 determined in the gas
phase20,21 corrected in ref. 2 seem to be the most reliable,
although intermolecular interaction cannot be fully excluded (4.4
D is also mentioned in ref. 22). Any quantum mechanical
calculation in any solvent using the PCM model gives the DM of
nitrobenzene above 5 D and the experimental values below 4 D
can with the high degree of certainty be ascribed to solvent–
solute interactions or self-aggregation in less polar solvents.

The aggregation phenomena can be expected as the H atoms
of the phenyl ring with strong accepting substituents are HBD by
themselves and the nitro group is an efficient HBA. The aggre-
gation is also promoted by high concentrations of the solute
molecules: the usual concentrations used for the measurements
in solutions are between 10�1 to 10�2 M, that is 1–2 orders larger
than usual concentrations in the NMR experiments. The ability of
push–pull derivatives involving both strong electron donors and
acceptors to form intermolecular HB is diminished, as they are
stabilized by considerable intramolecular charge transfer.

Another source of errors is related to the possible presence of
moisture. In this case, a large degree of intramolecular charge
transfer in push–pull molecules with a carbonyl group as an
acceptor can demonstrate negative solvatochromism explained
by crossing the cyanine limit and converting into a betaine with
full charge transfer (D–bridge–CH]O <–> D+]bridge]CH–

O�), not conrmed however by quantum mechanical calcula-
tions. A representative example is stilbazolium betaine, which
loses the betaine character aer thorough drying.23 Negative
solvatochromism was apparently the result of the interplay of
non-specic and specic interactions with more polar solvents.

Aer the absence of specic solvent–solute or solute–solute
interactions is conrmed and the experimental data are regar-
ded as reliable, the most important requirement for comparing
the experimental DMs with the calculated ones is taking into
account other experimental conditions, in particular the
temperature. Obviously, both the zero-point corrected calcu-
lated DMs, preferably including the anharmonic correction and
the temperature of the experiment should be considered, as
molecular vibrations can strongly affect the DMs of exible
molecules.

In the subsections below we discuss the following issues:
– what is the most reliable model chemistry for calculating

the DMs of the organic molecules not involving the rotating
moieties;

– DMs calculations on organic molecules involving one
rotating moiety;

– DMs calculations on D–A substituted organic molecules
involving two rotating moieties separated by a bridge.
Chart 1 Pyrrole (1) and pyridine (2).
Model chemistries for calculating the DMs: a comparison

Recently, the results of DM calculations for several sets of
inorganic and organic molecules using high-level density-tted
coupled-cluster (CC) methods, such as coupled-cluster singles
and doubles (CCSD), and coupled-cluster singles and doubles
936 | RSC Adv., 2021, 11, 934–945
with perturbative triples (CCSD(T)) along with a number of
common DFT functionals and Hartree–Fock (HF) was pub-
lished.24,25 The authors conclude24 that for all test sets consid-
ered, the CCSD(T) method provides substantial improvements
over HF, by 0.076–0.213 D. Further, the results indicate that
even though the performances of the common DFT functionals
considered (B3LYP, BP86, M06-2X, and BLYP) are noticeably
better than that of HF, their results are not comparable with the
CC methods. Consequently, in the authors' opinion, these
results demonstrate that the CCSD(T)/CBS level of theory
provides highly accurate dipole moments, with its quality
approaching the experimental results. Unfortunately, the
calculated24 dipole moments correspond to the equilibrium
structures (i.e., at the optimized molecular geometries) and
compared with the experimentally determined dipole moments,
mostly from ref. 26, which do not provide the experimental
conditions and are sometimes averaged or not updated.
Whereas geometry optimized structures can be compared with
the semiempirical equilibrium interatomic distances re, ob-
tained by taking into account rovibrational corrections,27 in
general, the experimental dipole moments can be reproduced
by calculations only aer the vibrationally average structures at
the respective temperatures are calculated. Therefore, the
conclusions in ref. 24 can be misleading.

Here we present the results of our DM calculations including
the anharmonic frequency corrections on some simple conju-
gated molecules. In our opinion, suitable computation model
chemistry should provide reasonable results not only by
reproducing one select property like the DM, but also provide
reasonable molecular geometries. Therefore, we also present
here the calculated vs. experimental characteristic bond lengths
(for the full tables of molecular geometries see the ESI†).

The most recent experimental DM of pyrrole (1) (Chart 1)
determined in gas phase by the Stark effect is 1.767(2) D.28 The
temperature at which the measurements were carried out is not
indicated, but taking into account that pyrrole gas at 35 �C was
injected into the spectrometer chamber through a pulsing
nozzle and cooled down during expansion; we assume that it
was close to or below the room temperature (RT). The summary
of our calculations is shown in Fig. 1 (for the full data tables for
this and other derivatives see ESI†).

Only two methods approach the pink rectangular (showing
the experimental errors): HF with relatively small basis and
B3LYP with aug-cc-pVXZ, X ¼ D, T. Unexpected is poor perfor-
mance of APFD, M062X and, especially, MP2 methods. The C–N
equilibrium bond length is reasonably reproduced by B3LYP,
MP2FC/aug-cc-pVTZ, APFD and M062X with aug-cc-pVDZ,
whereas HF and MP2AE apparently failed.

The DM of pyridine (2) in the gas phase determined by the
Stark effect at�20 to 25 �C (ref. 30) amounts 2.215� 0.01 D. Our
calculation results summary is presented in Fig. 2.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Pyrrole experimental DM:28 red line; DM calculated on Se:
black circles; at 0 K (Sz): blue circles; at RT (Sa): magenta circles; black
asterisk: from .24 (b) Semiempirical C–N equilibrium bond length:29 red
line; calculated on Se: black circles. Basis sets: 1: 6-31G(d); 2: 6-
311+G(2d,p); 3: aug-cc-pVDZ; 4: aug-cc-pVTZ; 5: 6-311++G(2df,2p);
6: aug-cc-pVQZ; 7: 6-31+G(d,p).

Fig. 2 (a) Pyridine experimental DM:30 red line; DM calculated on Se:
black circles; at 0 K (Sz): blue circles; at RT (Sa): magenta circles; black
asterisk: from .24 (b) Semiempirical C–N equilibrium bond length:29 red
line; calculated on Se: black circles. Basis sets: 1: aug-cc-pVDZ; 2: aug-
cc-pVTZ.
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The experimental augmented by B3LYP/6-311+G(3df,2pd)
equilibrium C–N bond length re 1.3362(5) �A (semiempirical) is
well reproduced by B3LYP functional, underestimated by HF,
and overestimated by MP2FC and CCSD. Another experimental
structure of pyridine, augmented by MP2/6-311++G(2d,2p)31

provided r0 and rs C–N bond lengths of 1.340(5) �A and 1.340(2)
�A. This value correlates well with the calculated S0 geometries
using aug-cc-pVTZ basis set: 1.338 �A (B3LYP), 1.335 �A (APFD),
1.334 �A (M062X) and 1.345 �A (MP2). The HF result underesti-
mates this bond length (1.321 �A).

The above two examples suggest that B3LYP/aug-cc-pVTZ is
a reliable model chemistry for calculating both DMs and
molecular geometries.
Chart 2 Derivatives 3–6 involving one rotor.
Conjugated D–A derivatives involving one rotor

Assuming free unhindered rotation of substituents under
conditions of fast motion (above Tc) in molecules with one rotor
suggests a simple approximation: averaging the extreme dipole
© 2021 The Author(s). Published by the Royal Society of Chemistry
moments occurring during rotation as shown for benzaldehyde
and formamide in Scheme 1. In the following discussion we
denote these DM values as mavg. A more precise approximation
requires calculation of the mean DM of all rotamers formed
during rotation from PES with any desirable step, denoted by us
as mmean. The changes in the C–C and C–N bond lengths during
rotation are estimated the same way as ravg and rmean.

The DM of formamide (3, R ¼ H) (Chart 2) is an interesting
and instructive example. This compound is prone to self-
association and solvation in solution owing to the formation
RSC Adv., 2021, 11, 934–945 | 937
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Scheme 1 Dipole moments of rotamers formed upon rotation over
C–CO bond of benzaldehyde and C–N bond of formamide.

Fig. 3 (a) Formamide (3a) experimental DM:37 red line; DM calculated
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of HBs with itself and/or solvents32,33 and the reliable informa-
tion on a single molecule can be obtained only in the gas phase.
The permanent interest in this molecule exists because it is the
smallest molecule with the peptide bond rendering it important
not only for biochemistry, but also in astrochemistry as
a potential prebiotic molecule detected in space.34

Several gas-phase structures, experimental, semiempirical
and calculated on high levels of theory are known for this
compound (see ref. 35 and references therein). Paradoxically, to
the best of our knowledge, only two experimental DM deter-
minations were published. C. T. Zahn36 investigated free rota-
tion within a series of simple organic compounds by measuring
their DMs using conventional methods (permittivity and
refractive index measurements). He found that at 150, 165 and
176 �C, the DM of 3a is constant and amounts 4.22 D. The
author noticed that although a wider temperature range
measurements were impossible owing to the low vapor pressure
of 3a and its partial decomposition at the boiling point (192 �C),
a comparison of the experimental DM with the calculated using
the C–H, N–H, C]O and C–N bond moments proves free
rotation over the C–N bond.

The second DM has been determined in 1957 (ref. 37),§ using
the Stark effect to produce the DM of 3.714 � 0.06 D. The
considerable difference with the previous measurements36 was
explained by possible decomposition of 3a at 150 �C, however,
although the possibility of decomposition has been discussed
and excluded in ref. 36, there is no indication of the tempera-
ture at which the measurements37 were carried out.

The C–N bond length r according to the same paper37 was
1.343 � 0.007 �A. The authors concluded that 3a possesses
a planar structure. In order to study the effect of isotopic
substitution including 14N, the formamide microwave spectra
were re-measured to yield the C–N bond length of 1.376 �
0.010 �A.38 No data on the experiment temperature were given.
A pyramidal model for formamide with two equilibrium
congurations separated by a barrier of 1.06 kcal mol�1 was
§ The reference to the article36 in paper37 is misspelled.

938 | RSC Adv., 2021, 11, 934–945
deduced. Later, a complete substitution rs structure including
also 13C and 18O was determined39 affording a planar structure
with the C–N bond length of 1.352 � 0.012 �A. Once again, no
information on the temperature was provided. The structure
of formamide was determined also by gas electron diffraction
at unknown temperature. The C–N bond length rg was found to
be 1.368 � 0.003 �A (ref. 40). High level calculations41 using
MP2, MP4, CCSD and CCSD(T) and up to cc-pVTZ basis sets
conrmed the planar equilibrium structure and produced the
“best” theoretical estimate of the C–N bond length of 1.354(5)
�A that according to the authors agrees very well with rs 1.352�A
(ref. 39) and suggests that other values rs 1.376 �A (ref. 38) and
and rg 1.368 �A (ref. 40) are denitely too long. The high-
resolution far-infrared spectrum of formamide was recorded
at 400 K (ref. 42) and the large amplitude motion (LAM)
analysis provided 1.3560(26) �A (model 1) and 1.3575(25) �A
(model 2) for the C–N bond length. The most recent microwave
spectrum of formamide was recorded at room temperature,43

but no structural data have been derived. The equilibrium C–N
on Se: black circles; at 0 K (Sz): blue circles; at RT (Sa): magenta circles.
(b) Semiempirical C–N equilibrium bond length (re):35 red line; calcu-
lated on Se: black circles; black asterisk: from .41 Basis sets: 1: aug-cc-
pVDZ; 2: aug-cc-pVTZ; 3: cc-pVTZ.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bond length re was estimated to be 1.3547�A (ref. 44) and, more
recently as 1.354(2) �A.35 The value of r0 was 1.3630 �A as
provided in ref. 32.

The results of our calculations on the GS of formamide (3a)
including the anharmonic correction are summarized in Fig. 3
and Table 1. The general trend observed in the case of pyrrole
is also noticeable for formamide: HF, B3LYP and M062X
dipole moments and C–N bond lengths converge quite rapidly
with increasing basis set. Thus, the calculated DMs of 3a at RT
using B3LYP/aug-cc-pVDZ, TZ and QZ are: 3.706, 3.636 and
3.640 D, respectively; for M062X/aug-cc-pVDZ, TZ and QZ the
respective DMs are 3.637, 3.612 and 3.596 D; for MP2FC/aug-
cc-pVDZ, TZ and QZ are 3.314, 2.968 and 3.450 D. The C–N
calculated Se bond lengths are 1.362, 1.357 and 1.356�A (B3LYP
DZ, TZ and QZ) and 1.359, 1.355 and 1.354 �A (M062X) DZ, TZ
and QZ). The C–N calculated Sa bond lengths are 1.376, 1.373
and 1.372�A (B3LYP DZ, TZ and QZ) and 1.375, 1.373, 1.372�A;
M062X (DZ, TZ and QZ) and 1.392, 1.393 and 1.374 �A MP2FC
(DZ, TZ and QZ) are in agreement with the experimental rs
1.376 �A (ref. 38), although the MP2FC requires large QZ basis
set.

A large variety of the experimental structural data and the
related discussions concerning the planarity of 3a stem appar-
ently from the temperature dependence of the formamide
structure, as the experiments were carried out at different and
oen not indicated temperatures. The gas-phase dynamic 1H-
NMR spectra of [15N] formamide showed that the coalescence
temperature Tc separating the slow and fast-exchange
Table 1 DMs (D) and C–N bond lengths (�A) of formamide calculated
by different model chemistries with aug-cc-pVDZ (DZ), aug-cc-pVTZ
(TZ) and aug-cc-pVQZ (QZ) basis sets. The indices ‘e’, ‘z’ and ‘a’
correspond to the equilibrium, zero point corrected and 298 K values.
The experimental dipole moment is 3.714 � 0.06 D,37 the experimental
bond lengths are between 1.343 � 0.007�A (ref. 37) and 1.376 � 0.01�A
(ref. 38)a

Model me mz ma Se Sz Sa

HF
DZ 4.159 3.900 3.570 1.350 1.364 1.375
TZ 4.119 3.888 3.657 1.346 1.359 1.368
QZ 4.104 3.883 3.680 1.345 1.359 1.366

B3LYP
DZ 3.974 3.798 3.706 1.362 1.373 1.376
TZ 3.950 3.759 3.636 1.357 1.369 1.373
QZ 3.938 3.753 3.640 1.356 1.368 1.372

M062X
DZ 3.964 3.773 3.637 1.359 1.371 1.375
TZ 3.972 3.772 3.612 1.355 1.367 1.373
QZ 3.945 3.746 3.596 1.354 1.367 1.372

MP2FC
DZ 3.903 3.638 3.314 1.368 1.382 1.392
TZ 3.879 3.554 2.968 1.358 1.374 1.393
QZ 3.879 3.652 3.450 1.355 1.368 1.374

a For other experimental bond lengths see the text.

© 2021 The Author(s). Published by the Royal Society of Chemistry
temperature ranges is about 326 K (53 �C)45 and DGs
298 ¼ 16.0

� 0.1 kcal mol�1.18 The barrier to rotation and Tc of formamide
is noticeably lower than the one determined in gas phase for
dimethylformamide (3b)46 and close to the one found for N,N-
dimethylaminoacroleine, vinylog of 3b, in tetrachloroethane
(this work) as shown in Fig. 4. Expectedly, the dependence of
rate constants k on temperature can be tted with high preci-
sion by an exponential function and the exponential growth of k
at temperatures exceeding Tc can lead rapidly to the region of
very large k values and rotational vibrations turn into full free
rotation.

Therefore, the variety of experimental geometries available
in the literature strongly depends on the temperature at which
the experiments were carried out. Fast rotation over the C–N
bond accompanied with pyramidalization of the NH2 group in
3a and elongation of the C–N bond will strongly affect the
observed spectral patterns. Thus, the presence or absence of
lines corresponding to several rotamers will depend on Tc of
the investigated compound and the temperature of spectra
recording. Interpretation of the gas phase IR spectra of 3a and
the observation of several bands related to the out-of-plane
mode required application of a special unsymmetrical LAM
model.42 Notably, the IR spectra were recorded at about 400 K
(127 �C), above the Tc and, therefore, this observation can be
interpreted as the result of free rotation as well.

Now we can re-appreciate the second known value of the
formamide DM of 3.22 D determined at 150 �C (423 K).36 The
B3LYP/aug-cc-pVTZ frequency (with anharmonic correction)
run at 423 K yielded DM of 3.542 D at this temperature. If we
assume the hypothesis of free fast rotation over the C–N bond
(Scheme 1), all rotamers formed upon rotation between 0 and
360� should be present at this temperature. The calculated at
the same model chemistry DMs are 3.950 D for the ground
planar state of 3a, 3.671 D for the rst transition state TS1 and
1.449 D for TS2. The average DM of all co-existing species can be
Fig. 4 Dependence of the interconversion rate constant on temper-
ature. Black circles: formamide (3a), from ;45 blue circles: N,N-dime-
thylaminoacroleine, this work; red circles: dimethylformamide (3b)
from ref. 46.
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Table 3 The calculated (B3LYP/aug-cc-pVTZ) C–O (4), C–C(O) (5)
and C–N (6) experimental bond lengths; ravg ¼ (reGS + reTS)/2, ra,avg ¼
(raGS + raTS)/2

Comp. Se Sz Sa SeTS ravg rexp

4 1.418 1.421 1.406 1.380 1.372 rs 1.381(4)
a

rm 1.372(3)
5 1.478 1.484 1.484 1.499 1.489 rs 1.498(4)

b

rg 1.479(4)
rm 1.492(3)

6 1.477 1.485 1.485 1.479 1.478 re 1.482(6)
c

1.487e re 1.470(15)
rs 1.4916(17)
rg 1.486 (4)d

rg 1.478 (13)

a Ref. 47. b Ref. 49. c Ref. 50. d Ref. 51. e ra,avg.
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roughly estimated as the average of these values mavg ¼ 3.255 D.
A reasonably good t to the experiment at 423 K supports the
conclusion of free rotation over the C–N bond.36 We conclude
that the delocalization errors of the approximate functional as
B3LYP are at least negligible when the experimental tempera-
tures are considered.

The following group of compounds, anisole (4), benzalde-
hyde (5) and nitrobenzene (6) are easier to analyze, as these
compounds possess relatively low barriers to rotation and for
two of them (4 and 5) the dipole moments using the Stark effect
were determined at RT. The calculated in the gas phase barriers
to rotation are DGs

298 ¼ 3.06, 6.00 and 8.44 kcal mol�1, for 4, 5
and 6, respectively (B3LYP/aug-cc-pVTZ). The experimental
value available for benzaldehyde (5) in vinyl chloride
7.9 kcal mol�1 corresponds to Tc ¼ 150 K (�123 �C).14 Thus, Tc
of these compounds are well below the RT and we might expect
fast free rotation in all three compounds.

The phenyl group in monosubstituted benzene derivatives
can be considered as a weak electron acceptor or weak electron
donor depending on the substituents and 4–6 can serve as
simple models of push–pull molecules. The available DMs
measured by the Stark effect are: for anisole 4 (1.2623 (14) D47)
and benzaldehyde 5 (3.214 � 0.027 D;48 3.1397 (24) D47). The
experimental DM values for nitrobenzene 6 determined only by
the dielectric methods in the gas phase amount 4.22 � 0.05
(442.1–548.7 K),21 4.27 � 0.01 (402–523 K, practically
constant),20 (as corrected in ref. 2). The value of 4.4 D was also
reported in ref. 22 (Table 2).

The potential energy scans (PES) for 4–6 corresponding to
the rotation of a substituent from 0 to 90� with steps of 10�

and the respective curves of changes in the DM are shown in
Fig. 1S (ESI†). Since at room temperature and above the
molecules are above the rotation barriers, we can assume
again that all possible rotamers are present and the
measured DM will correspond to the mean DM of the
rotamers from the PES (denoted as mmean). Considering the
reproducibility of the experimental DM measurements, both
mavg and mmean provide very good estimations of the dipole
moments of 4–6. The experimental bond lengths are also
reproduced satisfactorily by the calculated averaged GS and
TS bond lengths (Table 3).

It is noteworthy that the calculated for 4–6 values of DMs in
the gas phase are expectedly always lower than those calculated
Table 2 Calculated (B3LYP/aug-cc-pVTZ) me (for equilibrium struc-
ture), ma (for vibrationally average structure at the experimental
temperature), mavg ¼ (mGS + mTS)/2 and mmean and experimental mexp gas
phase dipole moments (D) for derivatives 4–6

Comp. meGS meTS maGS mavg mmean mexp

4 1.308 1.252 1.256 1.280 1.261 1.262 (ref. 47)
5 3.500 2.869 3.390 3.185 3.188 3.140 (ref. 47)

3.21 (ref. 48)
6 4.707 4.088 4.644 4.397 4.451 4.22 (ref. 2 and 21)

4.27 (ref. 2 and 20)
4.4 (ref. 22)

940 | RSC Adv., 2021, 11, 934–945
in solvents. Thus, the calculated DMs of benzaldehyde (5) in
benzene are meGS ¼ 4.033 D, meTS ¼ 3.237 and mavg ¼ 3.64 D,
higher than the values in the gas phase by about 0.45 D. The
Fig. 5 Calculated electronic absorption spectrum of nitrobenzene (6)
in the gas phase (TD B3LYP/aug-cc-pvtz, 12 states). (a) Black curve:
GS; red curve: TS. (b) Overlapping spectra calculated for rotamers
formed on the rotating –NO2 group by 0� (GS), 30�, 60� and 90� (TS)
assuming their equal contribution, the respective structures are taken
from the PES. The widths of the Gaussian functions presenting each
calculated transition are arbitrary.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The experimental absorption spectrum of nitrobenzene (6) in
the gas phase. From ref. 25, Elsevier LTD. All rights reserved.

Chart 4 Derivatives 7–15.
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reported experimental values in this solvent are 2.78–2.99 D.1

This difference may be an indication of the solute–solvent or
solute–solute specic interactions. Indeed, the phenyl group is
a weak electron donor and strong electron accepting –HC]O
group, being unable to participate in efficient intramolecular
charge transfer can realize its potential as a HBA by interaction
with aromatic hydrogen atoms of the benzene ring or the phenyl
moiety of the neighboring molecules serving as a HBD.

Rotation of the conjugated substituents should be consid-
ered also for interpretation of the electronic absorption
spectra. For instance, the calculated gas phase absorption
spectra of nitrobenzene (6) in the ground and transition states
are shown in Fig. 5a. Neither does reproduce the experimental
spectrum, whereas the averaged spectra of four rotamers with
the nitro group coplanar to the benzene ring (GS), rotated by
30�, 60� and 90� (TS) (structures from the relaxed PES), Fig. 5b,
exhibit all features of the experimental spectrum52,53 (Fig. 6).
These results deserve a separate discussion owing to its
importance for spectra interpretation and will be published
elsewhere.
Conjugated D–A derivatives involving two rotors

Previously, we demonstrated that the DMs of D-bridge-A type
compounds involving the rotating D and A substituents roughly
correlate with coefficients dA and (1� dA) (Chart 3) derived from
the three-state approximation and serving as estimates of the
Chart 3 Estimating degree of charge transfer within the D–A deriva-
tives involving two rotors. (1) – TSA > TSD; (2) – TSA < TSD.

© 2021 The Author(s). Published by the Royal Society of Chemistry
contributions of the neutral and polar mesomeric forms of
push–pull derivatives.16 This approximate correlation neglects
the contribution of the electron donating substituents as coef-
cient includes also the bridging moiety contribution as shown
in Chart 3. The d coefficients include the temperature effect as
they are calculated using DG as dened in ref. 16. The three-
state approximation (3S) requires calculating not only the
ground (equilibrium) state (GS, one-state approximation, 1S) of
such molecules, but also the transition states involved in rota-
tion of the electron donating D, accepting A and both substit-
uents (TSD, TSA and TSDA).16 Derivatives 7–15 (Chart 4) involving
two rotors were selected for calculations and comparison with
the available experimental data. For compound 7 the experi-
mental DM measured in the gas phase is available. The calcu-
lated mGS and experimental mexp are compared in Fig. 7. Within
the series, the increasing degree of intramolecular charge
transfer gives rise to progressively larger overestimation of the
calculated mGS values as compared with the experimental DMs.
Thus, mGS (m1S) calculated by B3LYP/aug-cpVTZmodel chemistry
overestimates the experimental DM of derivatives 7 and 8 by
about 1.4 D, by 2.4 D for 12 and by more than 3 D for 14 and 15.
Using M062X/aug-cpVTZ produced somewhat smaller, but still
large deviations between 1.2 D for 4 and 2.5 D for 14. This trend
Fig. 7 Calculated vs. experimental DMs. Red circles and squares:
experimental mexp; mGS: green triangles – B3LYP/aug-cc-pVDZ; blue
squares - B3LYP/aug-cc-pVTZ; cyan asterisks–M062X/aug-cc-pVTZ.

RSC Adv., 2021, 11, 934–945 | 941
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Fig. 8 Calculated vs. experimental DMs. Red circles and squares:
experimental mexp; blue squares: m3S (B3LYP/aug-cc-pVTZ).
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is very similar to the one observed by us previously when
comparing the calculated and experimental barriers to rotation
using 1S approximation.16

Taking into account the results of the previous sections, we
calculated the dipole moments of derivatives 7–15 using B3LYP/
aug-cc-pVTZ model chemistry and three-state approximation.
The DMs were calculated according to: m3S¼ mGSd + mTSDA(1� d),
where d ¼ (dA + (1� dD))/2 and d¼ (dD + (1� dA))/2 for derivative
15. The results presented in Fig. 8 and collated in Table 4 show
a very good t with the experimental.

The DM for trans-crotonaldehyde (7) was measured in the
gas phase. The structure of 10 was determined from the MW
spectra at 1 K, but no experimental DM was provided.54 The
calculated using the three-state approach barriers to rotation
DGs

298 of 10 are 6.94 (–NO2) and 4.18 (CH3O–) kcal mol�1 cor-
responding roughly to Tc between 100 and 120 K and, therefore,
at 1 K the geometry of molecule should be close to the equi-
librium. Indeed, the calculated using B3LYP/aug-cc-pVTZ basis
Table 4 Calculated (B3LYP/aug-cc-pVTZ) and experimental DMs of
derivatives 7–15 in benzene at 25 �C. mavg ¼ (mGS + mTSA + mTSD +
mTSDA)/4, d ¼ (dA + dD)/2 (ref. 16)

Comp. mGS mavg d m3S mexp

7a 4.897 3.709 0.156 3.676 3.64–3.71b,56

3.72 � 0.08 (ref. 57)
3.77 (ref. 58)

8 5.511c 4.332 0.311 3.982 3.85 (ref. 59)
9 6.606 5.138 0.186 4.207 4.62 (ref. 60)
10a 6.190 5.186 0.379 5.024 5.22 (ref. 55)

6.20e,54

11 7.335 5.506 0.336 5.480 5.50 (ref. 63)
12 8.003 5.267 0.469 5.594 5.58, 5.60 (ref. 1)
13d 8.565 6.414 0.548 6.271 6.24 (ref. 62)
14 9.740 5.940 0.461 6.250 6.33f,61

15 10.047 7.161 0.445 7.236 6.20–6.92 (ref. 1)

a In the gas phase. b At 411.8–519.3 K. c The average of DMs of syn- and
anti-conformations. d Assuming only C–CO rotation. e Calculated mGS.
f In CCl4.

942 | RSC Adv., 2021, 11, 934–945
set with anharmonic correction(provided Sz for the C–OMe
bond 1.356 and for the C–NO2 bond of 1.472 �A in agreement
with the experimental rm 1.356(2) and 1.475(3) �A.54 The calcu-
lated mzGS was 6.139 D. The experimental DM value of 5.22 D55

was determined at 470 K, far above the Tc. The calculated mavg

and m3S (Table 4) reproduce this value well. It is worth of noting
that the calculated m3S of 10 in benzene is 5.68 D, whereas the
reported experimental values are in the range of 4.78–4.86 D,1

resembling the case of nitrobenzene (5) discussed above. Such
large difference also may stem from aggregation in solution and
the DOSY 1H-NMR spectrum recorded by us (Fig. 2S, ESI†) fully
conrms this assumption.

For derivative 13, the barrier to rotation of the C–CO bond
in benzene is below RT and that of the C–NMe2 slightly above
RT. Assuming that only free rotation over the C–CO bond
occurs at RT, we get somewhat exaggerated value of mavg and
a better procedure would be to calculate the ZPE corrected
DMs at RT using the anharmonic correction to take the
Me2N-group rotational vibrations into account and aer-
wards let the C–CO group rotate freely applying the 3S
approximation. Unfortunately, the soware does not calcu-
late the rotational contribution in solvents. Assuming free
rotation of the both groups, the calculated mavg is 5.381 D that
can be veried by measuring the dipole moment of 13 at
higher temperatures.

The DM of 14 was calculated in carbon tetrachloride to
match the data of,63 as the formation of a solid molecular
compound of 14 with benzene was noted in this paper. The
formation of the radical species in benzene affecting the
experimental value is also possible taking into account the 1H-
NMR spectrum of a clean sample (Fig. 4S, ESI†). In the case of
derivatives with two rotors, the DMs can also be calculated from
3D surfaces the same way as mmean were calculated for deriva-
tives with one rotor. For instance, in a 3D surface of derivative
15 demonstrating the dependence of DMs on the rotation angle
of each substituent from 0� to 90� with the step 10� as shown in
the Graphical Abstract, the mean value of the DMs of 100
rotamers mmean ¼ 7.243 D. This value compares well with mavg ¼
7.161 and m3S ¼ 7.236 D (Table 4).

The same approach can be used for calculating polariz-
abilities (a) and hyperpolarizabilities (b): X3S ¼ XGSd +
XTSDA(1 � d), where d ¼ (dA + (1 � dD))/2 or d ¼ (dD + (1 � dA))/2
for the cases when TSA > TSD or TSA < TSD, respectively, and X¼
a or b. In these cases it should be taken into account that the
majority of hyperpolarizability measurements have been made
in solvents that exhibit moderate to strong specic interac-
tions with solutes, such as dioxane, chloroform, acetone, etc.
Therefore, as already mentioned, the experimental values
characterize not so much the electrical properties of the
organic derivatives under consideration, but rather the prop-
erties of their aggregates with solvents, the quantity of which
in solution is strongly concentration-dependent. It is espe-
cially true in the case of such compounds as p-nitroaniline
(PNA) as was demonstrated recently.64 Moreover, even the gas-
phase DMs of PNA used sometimes for comparison with the
calculated values are cited in ref. 2 as ‘questionable’. An
example based on our calculations is given in Table 5. We did
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 DMs (D) and first static hyperpolarizability values b0(10
�30

esu) of PNA calculated (B3LYP/ aug-cc-pVTZ) in THF and acetone

Solvent mGS m3S b0GS b03S mexp b0exp
a

THF 10.16 7.49 26.66 12.87 7.1 10.2
Acetone 10.76 7.80 32.06 15.35 7.3 11.9

a From ref. 65.
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not expect very accurate reproduction of the experimental
values considering the solvents used for the experiment, but
the differences between mGS, (3S, (GS and (3S are obviously in
favor of the 3-state model. A detailed discussion of this issue
will be published elsewhere.

Conclusions

We nd that the major problem in computationally reproduc-
ing the experimental DMs of organic conjugated derivatives is
the neglect of experimental methods, conditions under which
the measurements were carried out and specics of each
derivative (the ability to form aggregates with solvents or self-
aggregates). One of the most important experimental condi-
tions for the gas-phase experiments is the temperature that has
a dual effect.

On the one hand, we intentionally selected two aromatic
heterocycles as examples: pyrrole (1) (p-electron excessive) and
pyridine (2) (p-electron decient) compounds that themselves
can be used as D and A components. Whereas for 1 the differ-
ence in ZPE corrected DMs at 0 K and RT is quite noticeable, the
both values for 2 are almost the same. For exible formamide
(3a) the temperature dependence is much larger than for 1. On
the other hand, the calculated DM values provide accurate
results for derivatives involving one or more rotors only in the
cases when the experiments were done below the temperatures
corresponding to their barriers to rotation (slow exchange rate
range). Within this range at least ZPE corrected DMs should be
calculated. At higher temperatures (fast exchange rate), free
(unhindered) fast rotation of substituents requires using
another model assuming that all rotamers are present in equal
amounts. The temperature correction is not compulsory as the
rotation effect on the DM exceeds the effect of the vibration
amplitudes.

The majority of experiments on DM determinations in
solution are made at RT. Here, the crucial condition for
obtaining reasonably accurate DM values is the absence of
solute–solute and solute–solvent interactions. The concen-
tration dependence check in wide ranges of concentrations is
needed, but not always performed. Derivatives with the D-
bridge-A structure possessing large degree of intra-
molecular charge transfer are usually hygroscopic and the
experiments require efficient control of the absence of
moisture.

We nd that the dipole moments of a series of 15 derivatives
can be calculated with the accuracy within the experimental
errors wherever they are provided using the B3LYP functional
© 2021 The Author(s). Published by the Royal Society of Chemistry
with a moderate basis set, preferably aug-cc-pVTZ. The same
model chemistry reproduces the gas phase molecular geome-
tries of derivatives 1–6 reasonably well. Using the aug-cc-pVDZ
basis set is also possible as a compromise for large molecules.
The APFD functional afforded less accurate results. The M062X
functional gave varying results on reproducing the DMs,
underestimated the experimental barriers to rotation as shown
in ref. 16 and can not be recommended for predicting the dipole
moments of yet unknown derivatives. Unexpectedly, HF/aug-cc-
pVTZ reproduces the experimental DMs satisfactorily, but fails
with the bond lengths. The most unexpected are very poor
results of MP2FC with the basis sets usually employed for
microwave spectra interpretation. MP2AE performed even
worse. The CC methods may produce good results if the
anharmonic correction is applied, but it is too expensive to be
used for the molecular design purposes.

Although our approach is an approximation, in particular
since we neglected the rotation of the Me–N bonds in deriva-
tives 11–15 involving in fact four rotors and the electron
donating effect of the Me2N– groups is somewhat over-
estimated, the reproducibility of the currently available experi-
mental DMs and insufficient control of the specic solute–
solvent interactions in polar solvents and the solute–solute
interactions in the gas phase and non-polar solvents makes the
further renement at this stage unnecessary.

The validity of our approach is also conrmed by calcu-
lations of the DMs of conjugated derivatives involving more
than two rotors (mNS) using the N-state approach and the
analysis of the inuence of free rotation on the UV-vis and IR
spectra. The results of this investigation will be published
elsewhere.
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