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Abstract: Тhe adequacy of chemical property predictions strongly depends on the structure repre-
sentation, including the proper treatment of the tautomeric and isomeric forms. A combination of
an in-house developed open-source tool for automatic generation of tautomers, Ambit-Tautomer,
based on H-atom shift rules and standard quantum chemical (DFT) calculations is used for a detailed
investigation of the possible geometric isomers, conformers and tautomers of unsubstituted and
para-substituted phenylhydrazones, systems with experimentally observed unusual para-substituent
effects on the intramolecular hydrogen bond (IMHB) for E-isomers of the compounds. The computa-
tional results show that the energetically preferred E-isomers are characterized by stronger IMHBs
than the corresponding Z-isomers. The HN–N=C–C=N molecular fragment in the E-configurations
is less sensitive to the substitution effect than the HN–N=C–C=O fragment in the isomers with
Z-configuration. A probable reason for this decreased sensitivity of E-isomers to phenyl ring substi-
tution is the more efficient conjugation and charge distribution in the HN–N=C–C=N fragment.

Keywords: hydrazone-based switch; intramolecular hydrogen bond; resonance-assisted hydrogen
bond (RAHB); chemical landscape analysis DFT

1. Introduction

Rotary switches are hydrazone-based molecular switching systems developed ini-
tially almost 50 years ago [1–5] where the rotation of a β-diketone rotor occurs under the
addition of catalytic amounts of acid/base or irradiation. They were further improved by
Aprahamian et al. [6–8] who modified the rotor part by introducing a pyridyl group, which
leads to substantial (but not full) stabilization of one of the isomers in solution. One of the
major difficulties in the investigation of this class of compounds is the large number of
possible tautomers and isomers/rotamers, often coexisting in mobile equilibria [9,10]. This
is especially important in light of the fact that the interconversion between the rotamers
is accompanied by proton transfer [8]. It is well known that the molecular properties of
tautomers including the nature of functional groups and hydrogen-bonding pattern may
differ significantly. The large number of possible structural rearrangements may affect
the results and efficiency of computational studies. For instance, cheminformatics appli-
cations, such as tools for virtual screening, database searches, fingerprint generation and
physical/chemical property predictions, are extremely sensitive to the 2D/3D molecular
structure. Therefore, a pre-DFT stage, generating all possible tautomers, can be very useful.

A combination of an in-house developed open-source tool for automatic generation of
tautomers, Ambit-Tautomer [11], based on a knowledge base with hydrogen atom shift
rules and standard quantum chemical (DFT) calculations has been recently used for a
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detailed investigation of the possible geometric isomers, conformers and tautomers of
hydrazone-based molecular switches and their E/Z isomerization [12]. The current commu-
nication presents the results of testing the same computational tools on para-substituted
phenylhydrazones (a series of 10 compounds). Experimentally observed unusual para-
substituent effects on the intramolecular hydrogen bond have been reported for structures
with HN–N=C–C=N fragment (E-isomers) in this set of compounds [8], which needs in-
depth analysis. The effects are unusual in terms of resonance-assisted hydrogen bond
(RAHB) theory. The RAHB concept, introduced by Gilli et al. in 1989, concerns a kind
of intramolecular H-bonding strengthened by a conjugated π-system (usually in 6-, 8-
or 10-membered conjugated hydrocarbon rings) [13]. For E-isomers of para-substituted
phenylhydrazones studied by Su et al., it is observed that both EDGs and EWGs are making
the H-bond stronger. This effect is not consistent with RAHB theory. The observations for
Z-isomers (with HN–N=C–C=O molecular fragment) of the same compounds are consis-
tent with the theory [8]. The present contribution is concerned with the chemical landscape
study of the investigated molecular switches by means of exhaustive tautomer generation
and selection of energetically and chemically relevant structures and a computational (DFT)
study of the structures and properties of the possible rotamers of the main E- and Z-isomers
of para-substituted phenylhydrazones.

2. Computational Details
2.1. Chemical Landscape Analysis: Tautomer Generation

All tautomeric structures for the studied molecules were generated with Ambit-
Tautomer software tool [11], which is a part (separate module) of the chemoinformatics
platform Ambit [14], written in Java programming language and implemented on top of
Chemistry Development Kit (CDK) [15]. Ambit-Tautomer facilitates three algorithms for
exhaustive tautomer generation: pure combinatorial method, improved combinatorial
method (CMI) and incremental approach based on depth-first search algorithm (IA-DFS).
Ambit-Tautomer is configured with a list of predefined tautomeric rules covering pro-
totropic tautomerism with H-shifts of types 1–3, 1–5 and 1–7 (e.g., O=C–C=C–C–H ↔
H–O–C=C–C=C is a 1–5 H-shift) and a set of structure filtration rules (e.g., removal of arte-
fact structures with allene atoms and detection of structure duplications by isomorphism
check). In our study, tautomer generation algorithms CMI and IA-DFS were used.

For the purpose of most exhaustive tautomer generation, we applied a calculation
workflow (Figure 1) that combines the results from different Ambit-Tautomer algorithms
applied with the following settings (rule combinations):

• Combination 1 (1–3 rules);
• Combination 2 (1–3 and 1–5 rules);
• Combination 3 (1–3, 1–5 and 1–7 rules);
• Combination 4 (1–3 and 1–7 rules).

The combinations listed above were applied for both CMI and IA -DFS algorithms,
and consequently, all resultant tautomeric sets were merged into one final set of tautomers
filtered for duplicates (duplication detection was performed on the base of generated
InChI-keys).

The obtained final set of tautomers was used as input for partial charge calculations
and DFT calculations. We used two fast methods for atomic partial charge calculations:
Gasteiger–Marsili [16] and MMFF94 [17] partial charges. The Gasteiger–Marsili method
is an iterative partial equalization of orbital electronegativity for rapid calculation of
atomic charges in σ-bonded and nonconjugated π-systems. Atoms are characterized by
their orbital electronegativity and only the molecule topology is considered. Another
method for rapid partial charges calculation was applied based on the molecular force
field, MMFF94, van der Waals and electrostatic parameters for intermolecular interactions.
Both calculations were performed using the CDK software library. For this purpose, we
developed small java applications available at https://github.com/PUCompChem/cdk-
bits (accessed 14 April 2021).

https://github.com/PUCompChem/cdk-bits
https://github.com/PUCompChem/cdk-bits


Physchem 2021, 1 191Physchem 2021, 1, FOR PEER REVIEW  4 
 

 

 
Figure 1. Workflow of the chemoinformatics and DFT study: input, structure processing, tautomer generation, partial 
charge calculations, DFT calculations and parameter comparison (sensitivity analysis). 
Figure 1. Workflow of the chemoinformatics and DFT study: input, structure processing, tautomer generation, partial
charge calculations, DFT calculations and parameter comparison (sensitivity analysis).
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2.2. DFT Calculations

The geometries of the studied compounds were optimized with two Minnesota
functionals, M062X (global hybrid functional with 54% HF exchange) [18] and MN12-
SX (screened-exchange hybrid functional with 25% HF exchange in the short range and 0%
HF exchange in the long range) [19] in a combination with 6-31+G(d,p) basis set [20] using
Gaussian 09 program [21]. In our previous study, M062X functional in combination with
cc-pVTZ basis set was identified/selected as a computational approach, correctly predict-
ing the distribution of the “on” and “off” forms of hydrazone-based molecular switches in
solution [12]. The performance of cc-pVTZ [22] and 6-31+G(d,p) basis sets was compared
in combination with M062X in the same study for the unsubstituted phenylhydrazones [12].
Diffuse functions are known to be quite important in describing weak interactions such
as hydrogen bonds (and critical in describing the electron distribution of anions). The
cc-pVTZ basis set (Dunning’s correlation-consistent polarized basis set) is a large basis set,
and a correlation-consistent basis set augmented with diffuse functions (aug-cc-pVTZ) has
versatile performance but at a high computational cost. Frequency calculations for each
optimized structure were performed at the same level of theory (M062X/6-31+G(d,p) or
MN12-SX/6-31+G(d,p)). All structures were confirmed as minima by frequency analysis.

Solvation effects were accounted for by employing the polarizable continuum model
(PCM) [23], the default self-consistent reaction field (SCRF) method implemented in the
Gaussian 09 suite of programs. The fully optimized structure of each structure/construct in
the gas phase was reoptimized in an environment with dielectric constant ε = 35.688 (ace-
tonitrile). Charges from Electrostatic Potentials Using a Grid Based Method (CHELPG) [24]
atomic charges were calculated in Gaussian 09 using default settings.

PyMOL molecular graphics system was used for generation of the molecular graphics
images [25].

3. Results and Discussion

It is apparent that the adequacy of chemical property predictions strongly depends on
the structure representation, including the proper treatment of the tautomeric forms. In
a wider context of chemoinformatics activities, chemical structure representation tackles
a variety of challenges concerning representation techniques on 1D, 2D and 3D structure
levels, handling of implicit and explicit hydrogen atoms, aromaticity detection and rep-
resentation and many more challenges that are out of the scope of the current paper. The
open-source tool for automatic generation of tautomers of a given organic compound,
Ambit-Tautomer, was used for preliminary screening of the possible constitutional isomers.
The rough scoring of the tautomers generated by Ambit-Tautomer was performed with
subsequent DFT calculations for selected structures (Figure S1, Supporting Information),
and high-energy nonconventional tautomers were excluded from further consideration. Se-
lected keto tautomers of compounds 1–11 were subjected to quantum chemical calculations
(full geometry optimization in the gas phase and in acetonitrile environment).

3.1. Unsubstituted System (Compound 1)

The phenylhydrazone molecular switch 1 was synthesized and a reversible, acid
input, switching between the E- and Z-configurations in solution was demonstrated by
Aprahamian et al. [7]. The compound was found to crystallize in E-configuration (Figure 2)
and to exist predominantly in the same configuration in solution.

According to the DFT calculations performed by Aprahamian et al. to complement
the X-ray structural analysis, the E-isomer was found to be more stable than the Z-isomer
in both acetonitrile and toluene solvents [7]. The possible rotamers of the main isomers
were not taken into account in the description of the E→Z isomerization process. Therefore,
in our previous investigation [12] of the arylhydrazone (aryl = phenyl or naphthyl) and
quinolinylhydrazone molecular switches, two E-isomers (1a and 1b) and two Z-isomers
(1c and 1d) were considered (Figure 3).
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The theoretical calculations imply that E-configurations are energetically preferred in
acetonitrile over the Z-configurations at both M062X/cc-pVTZ and M062X/6-31+G(d,p)
levels of theory. Here, the M062X/6-31+G(d,p) results are compared with the MN12-SX
/6-31+G(d,p) ones (Table 1).

Table 1. Gibbs energy differences in the gas phase (∆G1/dielectric constant ε = 1) and in acetonitrile
(∆G36/dielectric constant ε = 36), in kcal mol−1 for compounds 1, 2, 7 and 11.

Substituent R Compound M062X/6-31+G(d,p) MN12-SX/6-31+G(d,p)

ε = 1 ε = 36 ε = 1 ε = 36

H

1a 2.54 1.11 * 2.51 1.32 *

1b 0.00 0.00 * 0.00 0.00 *

1c 2.93 2.09 * 2.82 2.35 *

1d 1.09 1.49 * 1.17 2.10 *

N(CH3)2

2a 2.56 0.85 2.35 1.62

2b 0.00 0.00 0.00 0.00

2c 3.43 1.65 1.49 1.70

2d 1.99 1.01 0.62 1.79

Cl

7a 2.32 0.83 2.46 1.06

7b 0.00 0.00 0.00 0.00

7c 2.61 2.20 2.39 1.97

7d 1.10 1.14 1.24 1.30

NO2

11a 1.92 1.05 2.67 1.93

11b 0.00 0.00 0.00 0.00

11c 2.69 2.06 3.23 3.13

11d 0.99 1.34 1.78 2.18
* From [12].
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3.2. Para-Substituted Phenylhydrazones (Compounds 2–11)

The functional groups (atoms or groups of atoms) appended to the phenyl ring are
shown in Table 2. The isomers of compounds 2–11 are identical to those for compound 1
(shown in Figure 3). The substituents on the phenyl ring, selected by Su et al. [8], range from
typical electron-donating groups (EDGs) to typical electron-withdrawing ones (EWGs)
(Table 2).

Table 2. Para-substituted phenylhydrazones and substituent effects on the aromatic ring.

Main Structure Substituent R Compound Effect
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OH 3 EDG 
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OCH3 5 EDG 
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C(O)OCH3 9 EWG 
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H 1 standard; no effect

N(CH3)2 2 EDG

OH 3 EDG

O(CH2)5CH3 4 EDG

OCH3 5 EDG

F 6 EWG

Cl 7 EWG

Br 8 EWG

C(O)OCH3 9 EWG

CN 10 EWG

NO2 11 EWG

For compounds 1, 2, 7 and 11 (unsubstituted system and –N(CH3)2, –Cl and –NO2
substituted ones), the Gibbs energy differences ∆G1 and ∆G36 are given in Table 1. The
Gibbs energy differences in the gas phase (∆G1) and in acetonitrile (∆G36) calculated for
the rest of the compounds in the series are given in Table S1.

As expected, isomer b is found to be energetically preferred over the isomers with Z-
configuration (c and d) and over isomer a (the second E-isomer) for all studied compounds
(Table 1 and Table S1). The results obtained at both computational levels slightly differ,
as MN12-SX functional predicts higher Gibbs energy differences, but the energy order
sequence is the same. The solvation has an important effect on the equilibrium of the
isomers (a–d) considered. The acetonitrile solvent reduces the preference for the most-
favored isomer b over the a and c isomers.

The investigated isomers a–d of compounds 1–11 contain intramolecular H-bonded
phenyl and pyridine (pyridyl) rings. The presence of an EDG in the phenyl ring is expected
to enhance the electron density and to increase the intramolecular hydrogen bond (IMHB)
strength, whereas EWGs have the opposite effect. On the other hand, the acidity of the
proton bound to the N1 atom should decrease in presence of EDGs. The dependencies
between H-bond strength and the Hammett substituent constant σ experimentally observed
by Su et al. [8] are consistent with RAHB theory for the Z-configurations (isomers with
HN–N=C–C=O molecular fragment) of the different derivatives but not consistent for
the E-configurations (with HN–N=C–C=N fragment) of compounds 1–11. We, therefore,
decided to systematically investigate the structures of a–d isomers of the 1–11 compound
series. Selected bond lengths and N10· · ·H distances calculated at M062X/6-31+G(d,p)
level of theory for a–d isomers of compounds 1, 2, 7 and 11 are summarized in Table 3.
Derivatives with EDG (2) and EWG (7 and 11) are selected as representatives. Values
calculated at ε = 1 and ε = 36 are compared.
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Table 3. Selected bond lengths and distances (in Å) calculated at M062X/6-31+G(d,p) level of theory
for a–d isomers of compounds 1, 2, 7 and 11 in the gas phase and acetonitrile solution. Atom
numbering scheme is shown in Figure 1 and Table 2.

Compound a b c d

ε = 1 ε = 36 ε = 1 ε = 36 ε = 1 ε = 36 ε = 1 ε = 36

1 (R=H)

N1-H 1.022 1.023 1.025 1.025 N1-H 1.019 1.019 1.019 1.019

N1-N2 1.307 1.312 1.304 1.309 N1-N2 1.307 1.310 1.313 1.313

N2=C3 1.301 1.301 1.304 1.303 N2=C3 1.301 1.300 1.298 1.299

C3-C9 1.481 1.484 1.484 1.483 C3-C4 1.479 1.482 1.486 1.486

C9=N10 1.347 1.346 1.349 1.347 C4=O5 1.223 1.224 1.223 1.224

N10· · ·H 1.903 1.909 1.857 1.881 O5· · ·H 1.885 1.896 1.902 1.918

2 (R=N(CH3)2)

N1-H 1.023 1.024 1.027 1.026 N1-H 1.020 1.020 1.019 1.019

N1-N2 1.301 1.304 1.298 1.301 N1-N2 1.301 1.303 1.308 1.306

N2=C3 1.306 1.306 1.310 1.310 N2=C3 1.306 1.306 1.303 1.304

C3-C9 1.479 1.482 1.480 1.482 C3-C4 1.473 1.476 1.481 1.480

C9=N10 1.348 1.347 1.350 1.348 C4=O5 1.225 1.226 1.224 1.226

N10· · ·H 1.889 1.899 1.839 1.859 O5· · ·H 1.876 1.889 1.893 1.913

7 (R=Cl)

N1-H 1.022 1.023 1.026 1.026 N1-H 1.019 1.019 1.019 1.019

N1-N2 1.309 1.314 1.306 1.312 N1-N2 1.309 1.312 1.316 1.315

N2=C3 1.300 1.299 1.304 1.302 N2=C3 1.300 1.299 1.297 1.297

C3-C9 1.482 1.484 1.484 1.484 C3-C4 1.480 1.484 1.488 1.487

C9=N10 1.347 1.346 1.349 1.347 C4=O5 1.223 1.224 1.223 1.224

N10· · ·H 1.900 1.908 1.845 1.868 O5· · ·H 1.880 1.895 1.897 1.921

11 (R=NO2)

N1-H 1.023 1.024 1.026 1.026 N1-H 1.020 1.019 1.019 1.019

N1-N2 1.317 1.324 1.314 1.322 N1-N2 1.316 1.321 1.324 1.325

N2=C3 1.296 1.295 1.299 1.296 N2=C3 1.296 1.294 1.293 1.292

C3-C9 1.484 1.486 1.487 1.486 C3-C4 1.486 1.491 1.493 1.494

C9=N10 1.346 1.345 1.348 1.346 C4=O5 1.222 1.222 1.221 1.222

N10· · ·H 1.896 1.896 1.841 1.866 O5· · ·H 1.876 1.890 1.896 1.919

The IMHB results show that the NH· · ·N unit of b isomers of compounds 1, 2, 7 and
11 is stronger than the corresponding NH· · ·N or NH· · ·O interactions of other forms and
is consistent with the stability order. The d isomers are characterized by longer NH· · ·O
distances, while c isomers (with rotated pyridine ring, not involved in IMHB) have shorter
NH· · ·O distances, which does not support the stability order of the Z-isomers. It is
interesting to differentiate trends in the NH· · ·N and NH· · ·O distances in presence of
EDGs/EWGs. NH· · ·N and NH· · ·O distances calculated for 2a–d (–N(CH3)2 substituted
in the phenyl ring) are slightly shorter (by ~0.02 Å) than those for the unsubstituted system.
The EWG (–Cl or –NO2)-substituted compounds follow this same tendency found for
EDG-substituted ones with two exceptions: 7d and 11d in acetonitrile have larger NH· · ·O
distances than 1d.

The single N1-N2 and double N2=C3 bonds have almost identical lengths of 1.30 Å in
1 and 2. In the EWG-substituted compounds 7 and 11, the double N2=C3 bond is slightly
shorter (1.29 Å) than the single N1-N2 bond (1.31 Å–1.32 Å). The substitution effect is
weaker for isomers b of compounds 1, 7 and 11; i.e., N1-N2 and N2=C3 bonds remain of
almost identical length.
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In this work, a popular model (CHELPG) of partial atomic charge was tested on the
series of unsubstituted and p-substituted phenylhydrazones. Partial atomic charges have
application in the molecular modeling of different chemically relevant areas, including
the investigation of the charge transfers within a single molecule. It should be noted that
the model of partial atomic charges considered here is not used to predict the ordering of
possible isomers of the compounds studied. We are turning our attention only to charges
on atoms in the HN–N=C–C=N and HN–N=C–C=O molecular fragments (Table 4).

Table 4. Selected CHELPG charges (in e) calculated at M062X/6-31+G(d,p) level of theory for a–d
isomers of compounds 1, 2, 7 and 11 in the gas phase and in acetonitrile solution. Atom numbering
scheme is shown in Figure 1 and Table 2.

Compound a b c d

ε = 1 ε = 36 ε = 1 ε = 36 ε = 1 ε = 36 ε = 1 ε = 36

1 (R=H)

N1 −0.170 −0.218 −0.184 −0.232 N1 −0.228 −0.240 −0.274 −0.264

N2 −0.137 −0.168 −0.132 −0.153 N2 −0.138 −0.176 −0.139 −0.165

C3 −0.207 −0.236 −0.169 −0.205 C3 −0.217 −0.217 −0.172 −0.195

C9 0.535 0.598 0.446 0.562 C4 0.861 0.609 0.857 0.591

N10 −0.451 −0.543 −0.368 −0.509 О5 −0.612 −0.724 −0.600 −0.725

H 0.216 0.277 0.200 0.271 H 0.319 0.343 0.323 0.341

2 (R=N(CH3)2)

N1 −0.120 −0.115 −0.121 −0.111 N1 −0.192 −0.177 −0.242 −0.198

N2 −0.151 −0.204 −0.148 −0.177 N2 −0.153 −0.182 −0.148 −0.178

C3 −0.218 −0.229 −0.184 −0.231 C3 −0.202 −0.256 −0.184 −0.235

C9 0.534 0.566 0.440 0.552 C4 0.836 0.925 0.846 0.909

N10 −0.455 −0.531 −0.375 −0.498 О5 −0.612 −0.663 −0.605 −0.653

H 0.209 0.244 0.191 0.238 H 0.310 0.327 0.322 0.327

7 (R=Cl)

N1 −0.150 −0.151 −0.152 −0.175 N1 −0.219 −0.230 −0.259 −0.202

N2 −0.167 −0.213 −0.148 −0.181 N2 −0.155 −0.176 −0.167 −0.195

C3 −0.170 −0.192 −0.158 −0.180 C3 −0.204 −0.218 −0.139 −0.172

C9 0.525 0.556 0.453 0.530 C4 0.865 0.924 0.841 0.883

N10 −0.455 −0.525 −0.384 −0.494 О5 −0.610 −0.653 −0.594 −0.632

H 0.212 0.249 0.197 0.247 H 0.312 0.337 0.314 0.316

11 (R=NO2)

N1 −0.187 −0.170 −0.150 −0.139 N1 −0.224 −0.231 −0.260 −0.202

N2 −0.155 −0.214 −0.163 −0.218 N2 −0.157 −0.193 −0.162 −0.202

C3 −0.175 −0.155 −0.138 −0.115 C3 −0.174 −0.177 −0.132 −0.141

C9 0.530 0.553 0.455 0.502 C4 0.861 0.926 0.847 0.889

N10 −0.454 −0.516 −0.382 −0.494 О5 −0.604 −0.641 −0.588 −0.628

H 0.217 0.254 0.193 0.234 H 0.314 0.338 0.315 0.321

As mentioned previously, the R substituents on the phenyl ring, selected by Su et al. [8],
are of two types: electron-donating (EDGs) and electron-withdrawing ones (EWGs). Usu-
ally, substituents with lone pairs (e.g., –OCH3, –NH2, –N(CH3)2) are electron-donating
groups (EDG)—they activate the aromatic ring by increasing the electron density on
the ring through a resonance-donating effect. Substituents with π bonds to electronega-
tive atoms (e.g., –C=O, –NO2) adjacent to the π-system are electron-withdrawing groups
(EWG)—they deactivate the aromatic ring by decreasing the electron density on the ring
through a resonance-withdrawing effect. Halogen substituents are not only inductive
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electron-withdrawing (due to their electronegativity) but also resonance-donating (lone
pair donation). In summary, an EDG adds electron density to the π-system, making it
more nucleophilic, and an EWG removes electron density from the π-system, making it
less nucleophilic. How do these effects influence the para-positioned HN–N=C–C=N and
HN–N=C–C=O molecular fragments?

The c and d isomers of compounds 1, 2, 7 and 11 are characterized by larger partial
charges of the prototropic H atom both in the gas phase and in acetonitrile (Table 4 and
Figure 4). The sum of the partial charges of the atoms from the HN–N=C–C=N and HN–
N=C–C=O fragments reveals different trends for compounds with these two fragments (E-
and Z-isomers, respectively). Figure 4 shows the CHELPG charges for the b and d isomers
of compounds 1, 2, 7 and 11 in the gas phase.
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We performed sensitivity analysis of partial charges and bond length changes due
to variation of different factors: calculation method, isomers, tautomers and substituents
(structure variation). For this purpose, we calculated the root mean square deviation
(RMSD) of the studied parameter, p (e.g., partial atomic charge or bond length), along
the atoms/bonds (designated in the formula with index i = 1, 2, . . . , n) from the major
structural fragment: N1-N2-C3-C9-N10· · ·H21. For example, the RMSD for comparing
isomers a and b is calculated as follows:

RMSDa/b =

√
1
n

n

∑
i=1

(
pa

i − pb
i
)2 (1)

or the comparison between Cl substituted and unsubstituted structures is performed by
calculating RMSD in the following manner:

RMSDCl/H =

√
1
n

n

∑
i=1

(
pCl

i − pH
i
)2

(2)

When calculating RMSD due to a variation of a particular factor (e.g., isomer a vs.
b), all other factors were fixed (e.g., method, tautomer and substituent for the case of
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comparing isomers a and b). A variety of tables for different combinations of the other
fixed factors are given in the Supplementary Materials (see Tables S3–S18 and Raw Data
Sheets 1–5).

Table 5 shows the deviations (RMSD values) between partial charges of isomers a and
b and between isomers c and d. RMSD values for the gas phase are roughly twice larger
than the deviation obtained in a solution environment of acetonitrile. Charge redistribution
due to isomerism is less influenced by the substituent type for the calculations in the
gas phase.

Table 5. RMS deviation of the partial charges between isomers a and b (columns a/b) and between
isomers c and d (columns c/d) for DFT calculation in gas phase (ε = 1) and acetonitrile (ε = 36) for
different substituents.

ε = 1 ε = 36
Substituent a/b c/d a/b c/d

H 0.053 0.023 0.025 0.016
N(CH3)2 0.053 0.023 0.019 0.015

Cl 0.043 0.034 0.024 0.031
NO2 0.049 0.024 0.032 0.026

Table 6 shows the RMSD changes of partial charges of the main structural fragment
due to the substituent variation. Within the environment of acetonitrile solvent, RMSD of
the charges due to substituents is about 8−10 times larger than the same RMSD in the gas
phase for isomers c and d (e.g., 0.137 vs. 0.015), and it is about twice larger for isomers
a and b. According to these calculations, the acetonitrile solvent is helpful for a larger
charge redistribution.

Table 6. RMS deviation of the partial charges between structures with different substituents for DFT
calculation in gas phase (ε = 1) in acetonitrile (ε = 36) for isomers a–d.

ε = 1 ε = 36
Isomer N(CH3)2/H Cl/H NO2/H N(CH3)2/H Cl/H NO2/H

a 0.022 0.022 0.017 0.049 0.043 0.049
b 0.028 0.017 0.024 0.054 0.033 0.066
c 0.020 0.010 0.020 0.135 0.132 0.135
d 0.015 0.020 0.021 0.137 0.129 0.133

The differences between DFT partial charges and those obtained with rapid methods
for partial charge calculation (GM and MMFF94) show RMSDDFT/GM values within the
range 0.2–0.3 and RMSDDFT/MMFF94 within the range 0.3–0.4 (see Tables S8–S11 in the
Supplementary Materials comparing tautomer 5 vs. isomer b). The sensitivity of the rapid
methods of Gasteiger–Marsili and MMFF94 is not sufficient (RMSD values of about 0.05)
to distinguish well the charge redistribution within tautomeric forms (see Supplementary
Tables S12 and S13). The lower sensitivity of the rapid methods GM and MMFF94 is also
seen by examining the partial charge changes, due to substituent variation, which are
distributed up to topological distance 3 and hence not influencing the main structural
fragment (see Figure 5 and the tables with detailed structures and partial charges in
the Supplementary Materials). Such results are expected for rapid methods due to the
application of the attenuation approach based only on topological information.
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RMSD values for bond changes of the main structural fragment (i.e., atoms N1, N2,
C3, C9, N10 and H21) show very small changes in the bond lengths (see Supplementary
Tables S14–S18). The major variation is for the hydrogen bonds (N10· · ·H21, O5· · ·H21),
which vary around 0.01–0.05 Å.

4. Conclusions

Different tautomers and isomers of unsubstituted and para-substituted phenylhy-
drazones were computationally studied. The effect of electron-donating and electron-
withdrawing group substitution in the phenyl ring on the population and structure of
E/Z-isomers was found to be divergent for the E- and Z-isomers of the compounds. The
energetically preferred E-isomers are characterized by stronger intramolecular hydrogen
bonds than the corresponding Z-isomers. The HN–N=C–C=N molecular fragment in the
E-configurations appears to be less sensitive to the substitution effect than the HN–N=C–
C=O fragment in the isomers with Z-configuration. A more efficient conjugation and
charge distribution is observed in the HN-N=C–C=N fragment, leading to a decreased
sensitivity of E-isomers to phenyl ring substitution. It can be concluded that differences
in the structures of the interconverting E- and Z-isomers can be observed by means of
DFT calculations. These differences are consistent with the experimentally observed un-
usual para-substituent effects on the intramolecular hydrogen bond (both EDGs and EWGs
making the H-bond stronger) that have been reported by Su et al. [8] for structures with
HN–N=C–C=N fragment (E-isomers). Our findings have implications for the study of
the structure and stability of systems with intramolecular hydrogen bonds, especially
where these systems are stabilized by intramolecular hydrogen bonds between different
structural fragments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/physchem1020013/s1, Figure S1: Relative energies of selected conventional and ring-chain
tautomers of compound 1, Figure S2: Optimized structures of compounds 1–11, Table S1: Gibbs
energy differences in the gas phase (∆G1) and in acetonitrile (∆G36) calculated for compounds 1–11,
Table S2: List of generated tautomers for unsubstituted and substituted (substitutients H, N(CH3)2,
NO2) structures and their calculated rapid partial charges with Gasteiger Marsili and MMFF94
methods; Tables S3–S18: Comparison of charges (RMS deviation) and Raw Data Sheets 1–5.
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