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Structural features, conformational manifold and isomeric forms of 4-(4-hydroxyphenylazo)phthalonitrile (p-HPhAPN)
were studied by DFT calculations (B3LYP) using QTAIM, NPA, NBO, NCI, SAPT0 analysis. The influence of hydroxyl
and nitrile groups on the geometric structure of the molecule was analyzed in comparison with the initial azobenzene
and isomers differing in the location of the hydroxyl group — m-HPhAPN, o-HPhAPN. For the initial p-HPhAPN, 8
possible models were considered, for isomeres 0-HPhAPN and m-HPhAPN — 32 and 16 models, respectively. The
variety of the chosen models is due to the possibility of (a) different arrangement of hydrogen atoms of the hydroxyl
group, determined by the corresponding torsion angle, (b) cisoid/transoid arrangement of nitrile groups with respect to
the azo group, (c) cisoid/transoid arrangement of the hydroxyl group with respect to the azo group, (d) tautomerism, and
(e) cis-trans isomerism. Assignment of vibrational modes of p-HPhAPN was carried out via potential energy distribution
(PED) analysis among internal coordinates. The PED of most normal vibrations for p-HPhAPN, as well as for initial
azobenzene, has a complex character. Changes in the IR spectra caused by the considered structural changes are noted.
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INocesamaercs AkapeMuKy Poccuiickod akapeMUm HaykK
HNpune TleTpoBHe Beaelnkoll B CBSI3M C ee 100MAEEM

C nomowpio K6AHMOBO-XUMUYECKUX PACYemo8 (Memoo meopuu QyHKYuoHaia niomuocmu, @yukyuonan B3LYP) u
nposedennvix QTAIM (keanmosas meopusi amomos 6 monexyie), NPA (ananus 3aceneHHocmu HamypaibHblX amoMHbIX
opoumaneit), NBO (namypanvuvie opbumanu ceazeti), NCI (ananuz Hexosanrenmmuwix e3aumooeticmeuti), SAPTO
(a0anmuposannas no — cumMMempuu  Meopus  BO3MYWEHUL) AHATU308  U3YYEHbl  OCODEHHOCMU — CIPOEHUs,
KOHpOPMAYUOHHO2O MHO2000paszust u u3omMepHulx ¢opm 4-(4-eudpoxcugenunaszo)pmanonumpuna (p-HPhAPN).
Beinonnen ananu3z enusnus cUOPOKCUNLHOU U HUMPUTLHBIX 2PYNN HA 2eOMEMPUYECKOe CPOEHUE MOLEKYbl 8 CPAGHEHUU
C UCXOOHBIM a300en30710M (Ab) u uzomepamu, OMAUMAIOWUMUCS PACHONIONCEHUEM SUOPOKCUTLHOU SPYNNbL, — M-
HPhAPN, o-HPhAPN. B xo0e ucciedosanusi paccmompeno 8 603MONCHbIX CMPYKMYp Ol UCXOOHOU MONEKYIbl p-
HPhAPN, a onn e2o uzomepuvix ¢popm o-HPhAPN u m-HPhAPN — 32 u 16 cmpykmyp, coomeemcmeenHo.
Mmnozoobpasue 6v16panHbIX MoOeell 00YCI08IeHO BO3MONCHOCTNBIO (@) PA3TIUYHO2O PACNONONCEHUSL AMOMO8 8000POOA

© ISUCT Publishing Maxpozemepoyuxnet / Macroheterocycles 2023 16(2) 156-167



A. E. Pogonin et al.

SUOPOKCUNILHOU 2PYINbL, ONPeOensiemMoco COOMBEMCMEYIOWUM MOPCUOHHBIM YenoM, (0) yucouoHo2o/mpancouoHo2o
PACNON0JICEHUsL HUMPUTLHBIX ZPYNN N0 OMHOUWIEHUIO K d302pynne, (8) yuCouOHo20/mpanHcoUuOH020 DACHONONCEHUS
SUOPOKCUNILHOU SPYNNbL MO OMHOWEHUI0 K a3oepynne, (2) maymomepuu u (0) yuc-mpanc-uzomepuu. Ilposedeno
onucanue xoneoanuti p-HPhAPN mna ocnoge ananusa pacnpedenenus nomenyuanvhou suepeuu (PIID) dopm
HOPMATIbHBIX KOIEOAHULL NO eCMeCmeeHHbIM  KolebamenbHblM Koopounamam. PIID  6onbuiuncmea HOpMAaibHbix
Konebanutl no eHympenuum xKoopounamam oas p-HPhAPN, xax u onsn Ab, umeem crooicuwiii xapaxmep. Buinonnen
ananu3 IUAHUSL 2e0MEMPULECKO20 CIMPOCHUSL PACCMOMPEHHbIX CMPYKMYP Ha coomeemcmsyiowue MK-cnexmpeoi.

KamoueBrnle ciioBa CDTaJ'IOHI/ITpI/IJ'ILI, a30KpacuTesiv, MOJICKYJIsIpHas CTPYKTYpa, KoJiebaTeaIbHbIE CHCKTPbI, KBAHTOBAasA

XUMU, HOpMaJbHbIC KoJIeOaHusL.

Introduction

Azo compounds R;-N=N-R, and especially
azobenzenes are considered as promising compounds for the
design of functional and “smart”  materials.!"”
Photoisomerization (trans 2 cis or E- 2 Z-) is one of the
most interesting properties of azo dyes which makes these
compounds suitable for use in a wide range of applications,
such as the development of various sensors, molecular
switches, optical data storage, non-linear optics, color-
changing materials, etc."® Some representatives of azo dyes
based on phtalonitriles can additionally be considered as
precursors for the synthesis of phthalocyanines with extended
light absorption range.””’ This interest is due to the idea that
narrowness of the absorption band of phthalocyanines can be
resolved by introduction of a unit with its own chromophore
system to macrocyclic core. These substances containing
macrocycle and azo chromophores are promising for
photodynamic cancer therapy."”)

Due to the great practical importance of azo dyes, their
structural features must be studied to interpret and

m-HPhAPN

predict chemical, physical and biological properties.
Structural studies usually include both experimental (X-ray
diffraction, gas electron diffraction (GED), etc.) and
theoretical (molecular dynamics and quantum chemical (QC)
calculations) methods. The structure of several azo dyes, in
particular the structure of parent azobenzene (Ab), was
investigated by both experimental methods mentioned
above.l'" '™ QC calculations are used to interpret the obtained
experimental characteristics and predict the properties of
substances. Moreover, molecular modeling is often used for
reasonable and efficient design of new functional azo
comp[(l)g}lzré]ds, for example for applying in dye sensitized solar
cells."™

In this paper, we investigated the structures, vibrational
spectra, conformational and isomeric diversity of 4-(4-
hydroxyphenylazo)phthalonitrile (p-HPhAPN) using density
functional theory (DFT) calculations. To study the effect of
cyano and hydroxyl substituents on the structure and
properties, the molecules of 4,4'-dihydroxyazobenzene (Ab-
20H) and 3,3',4,4'-tetracyanoazobenzene (Ab-4CN) were
also calculated (Figure 1).

o-HPhAPN

Figure 1. Structures of the investigated molecules and atom labeling scheme used throughout a paper: Ab — azobenzene; Ab-20H — 4,4'-
dihydroxyazobenzene; Ab-4CN — 3,3' 4 4'-tetracyanoazobenzene; p-HPhAPN — 4-(4-hydroxyphenylazo)phthalonitrile, 4-[(4-hydroxy-
phenyl)diazenyl]benzene-1,2-dicarbonitrile; m-HPhAPN — 4-(3-hydroxyphenylazo)phthalonitrile; 4-[(3-hydroxyphenyl)diazenyl]ben-
zene-1,2-dicarbonitrile; o-HPhAPN — 4-(2-hydroxyphenylazo)phthalonitrile, 4-[(2-hydroxyphenyl)diazenyl]benzene-1,2-dicarbonitrile.
Substance names follow I[UPAC recommendations, not the labeling scheme used.

Maxpoeemepoyuxnvt / Macroheterocycles 2023 16(2) 156-167

157



DFT Study of 4-(4-Hydroxyphenylazo)phthalonitrile
Experimental
Calculation details

QC calculations were performed using the Gaussian 09
program® in the framework of density functional theory (DFT)
method. Optimized geometries and all of the harmonic vibrational
frequencies were obtained using B3LYP functional with 6-
31++G** basis set™ 2 for all atoms. The basis set was taken
from Basis Set Exchange software.?*2% All optimized structures
from QC calculations are given in Supplementary materials. The
natural bond orbital analysis was performed as it is implemented
in NBO 5.0 program.”” QTAIM (Quantum theory of atoms in
molecules) analysis was performed using AIMAIl software
package.*”! For hydrogen bonds the presence of critical point (3,-
1) is a necessary and sufficient condition — the values of electron
density distribution function p(r) and Laplacian of electron density
V?p(r) in bond critical points (BCPs) should lie in the range from
0.002 to 0.035 a.u. and from 0.024 to 0.139 a.u., respectively.l*!]
For estimation of non-covalent interactions between —Ph-OH and
—Ph-2CN subunits non-covalent interactions index (NCI) and
functional group intramolecular symmetry-adapted perturbation
theory (F/I-SAPT0)®?34 calculations were performed. NCIPY
allowed to visualize the areas of weak interactions for the reduced
density gradient (RDG) value = 0.6. For this purpose, it was used
open-source Multiwfn  software.’)  F/I-SAPT0/6-31++G**
method (realized in the PSI4 program®®™) is used to measure these
interactions quantitatively and to divide these forces in more
details according to their physical meaning.

The assignments of vibrational modes of p-HPhAPN and
Ab were carried out by the PED analysis among internal
coordinates using the VibModule program.P* In the course of the
analysis, the works®* ™ devoted to parent compounds and
analogues were taken into account. Visualization of vibrations is
realized by the ChemCraft software.!*”)

General

The synthesis was carried out in accordance with the
procedure described in the article.*® Infrared (IR) spectra were
obtained by means of a Shimadzu IRAffinity-1 Fourier transform IR
spectrophotometer equipped with a Specac Quest ATR Diamond
GS10800-B accessory in the attenuated total reflectance mode.

Results and Discussion
Molecular structure of initial azobenzenes

Initial E-Ab has a planar structure of the Cy,
symmetry,*** % which was confirmed by GED.'"¥ The
planar structure is supported by the presence of m-system
delocalization.”” It is confirmed by strong donor-acceptor
interactions between bonding n(C,-C;) natural orbitals and
the antibonding n*(N;-N",).’*) The presence of a large
delocalized m-system is also indicated by the values of
Wiberg bond indexes (WI) obtained by natural atomic
orbital analysis: for E-Ab WI(N;-N'|)=1.76 and WI(N;-
Cy)=1.11, whereas analogues values for diazene and
methylamine were 2.07 and 1.02. Transition E-Ab—Z-Ab
leads to an weakening of interaction between nitrogen
atoms and phenyl groups and significantly affects
geometric parameters of the azo bridge: r.(N;-N'))
decreases by 0.009 A, r(N;-C,) increases by 0.017 A z-
isomer is characterized by a folded structure in which the
planes of phenyl rings do not lie “face to face”™" and are
twisted relative to each other. This twist can be explained
by energy balance between orbital conjugation of the
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phenyl rings and azo bridge on the one hand and steric
repulsion of the neighboring phenyl groups on the other
hand, by analogy with the situations described in [55.36],
According to our calculations the energy gain of the E-Ab
structure is 66.1 kJ'mol” as compared to the U-shaped
structure (C, symmetry) of Z-Ab.

Substitution effects

Introduction of cyano and hydroxyl substituents
(Ab—Ab-20H, Ab-4CN) leads to shortening of NC
internuclear distances. The interaction between the bridge
and phenyl rings in E-Ab-4CN and E-Ab are approximately
the same. But for E-Ab-20H this interaction becomes more
pronounced. This is confirmed by the results of the NBO
analysis, as well as by the values of the calculated rotation
barriers of corresponding phenyl rings around the bond Nj-
N',. In the case of E-Ab, this value is 25.2 kJ ‘mol”. Rotation
barriers of rings substituted by -CN groups are in a small
range (~22-25 kI'mol™) for different considered molecules.
For rings substituted by -OH group, rotation barrier increases
in the series E-Ab-20H (31.3 kJ'mol”), E-m-HPhAPN
(31.8 kI'mol"), E-p-HPhAPN (40.7 kJ'mol'), E-o-
HPhAPN (>67 kJmol'). In the case of asymmetric
molecules HPhAPN, the interaction between the azo bridge
and -Ph-OH moiety is stronger than the corresponding
interaction with -Ph-2CN moiety. Distances r(N';-C';) in
HPhAPN molecules are shorter than distances r.(N;-C,) and
the distances r(N';-C",) elongate to a greater extent during E-
—Z- isomerization. The substitution of hydrogen atoms by a
-CN and -OH groups in positions C4 and Cs does not lead to
significant changes in energy differences between E- and Z-
isomers compared to the initial Ab (66.1 kJ-mol for Ab, ~70
kJ'mol™ for p-HPhAPN and m-HPhAPN). In the case of o-
HPhAPN this energy difference increases due to the
presence of intramolecular interactions, which are described
below.

Upon E-p-HPhAPN—E-0-HPhAPN transition the N;-
N'; distance increases by 0.012 A, N;-C,, N',-C', and C-O
shortens by 0.018, 0.004, 0.022 A, respectively (Table 1). In
the case of E-p-HPhAPN—E-m-HPhAPN transition the
changes in the geometric parameters are weaker: the
elongation of N;-C, and C-O distances by 0.009 A and 0.006
A are the most noticeable. The C-C bond lengths in the -Ph-
OH fragment also undergo considerable changes: up to 0.018
A for some distances at the E-p-HPhAPN— E-o-HPhAPN
transition and up to 0.007 A E-p-HPhAPN— E-m-
HPhAPN.

Isomerism and conformational diversity of HPhAPN

The asymmetrical introduction of cyano and hydroxyl
substituents  (E-Ab—E-HPhAPN) increases the
conformational diversity. Conformational multiformity
of p-HPhAPN and m-HPhAPN is associated with the
possible rotation of phenyl and hydroxyl groups around the
N-C and O-H bonds, respectively. Rotation barriers of
hydroxyl group increases in a similar way as in the case of
the rotation of Ph-OH moiety — from 17.3 kJ-mol™ for E-
Ab-20H to >65.9 kJ'mol" for E-o-HPhAPN. Possible
cisoid and transoid conformers of E-p-HPhAPN differ in
the arrangements of cyano group and hydrogen atom of
hydroxyl group with respect to the azo bridge. The naming
principle is based on the locations of the group or atom
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relative to the chain Cs'N;-N';-~C's: for -CN groups —
cisoid (¢ and b models) and transoid (¢ and d models)
arrangements; for H — cisoid (b and d models) and transoid
(a and ¢ models) arrangements (Figure 2). Considering the
Z-isomers, there are four more possible structures.
According to QC calculations, the energy differences
between models differing by arrangement of —CN groups
do not exceed 1kJmol'. For H atom of —OH group
arrangements, corresponding differences do not exceed
3kI'mol’. The number of possible structures of m-
HPhAPN is increased by possibility of cisoid and transoid
arrangements of -OH group (a, b, ¢, d and ¢, f, g h,
respectively, Figure 3, S1).

In the case of o-HPhAPN conformational analysis is
additionally complicated by the appearance of tautomerism:
hydrogen atom can form a hydrogen bond with a bridging

A. E. Pogonin et al.

nitrogen atom and even migrate to it to form a keto- structure.
Enol- structure b possesses the lowest energy (Figure 3). The
structure is characterized by the intramolecular strong
hydrogen bond formation (according to QTAIM analysis,
the values of p(r) in BCP(N;---H) is 0.052 a.u., the value of
V2p(r) is 0.125a.u.). Model f is a less energetically
preferable structure. It is characterized by an intramolecular
hydrogen bond (p(r) is 0.021 a.u., the value of V2p(r) is
0.074 a.u.) formed by the H atom of the hydroxyl group and
the neighbor nitrogen atom N';. Considering the factor of
the possible arrangements of the cyano groups relative to
the azo bridge, transoid and cisoid conformers differ
slightly (by no more than 3 kJ-mol ™). It is worth noting
disturbing the planarity of the structures f, 4, m, n, o, p
caused by the rotation of the —Ph-2CN moiety. This fact can
be explained by steric repulsions between hydrogen atoms.

Table 1. Selected structural parameters of conformers and isomers of the HPhAPN obtained by B3LYP calculations.

Ab p-HPhAPN o-HPhAPN m-HPhAPN

E- Z- E- Z- E- Z- E- Z-

a za b i zf zb b za

AE, kJ-mol’! 0.0 66.1 0.0 70.5 0.0 13.5 79.8 106.4 0.5 68.2
r(N;-N'), A 1.258 1.249 1.262 1.251 1.274 1.310 1.254 1.253 1.259 1.248
r(N';-C%), A 1.420 1.436 1.404 1.424 1.386 1.333 1.410 1.434 1413 1.434
r(N;-C,), A 1.420 1.436 1.418 1.428 1.414 1.395 1.425 1.433 1.420 1.433
0(N;-N';-C'), ° 115.3 124.0 116.0 124.7 116.9 118.2 127.9 123.1 115.7 123.7
0(N'1-N;-Cy), ° 115.3 124.0 114.5 125.0 1155 121.0 124.8 124.1 114.5 124.3

%(C'2-N'1-N;-Cy), ° 180.0 9.6 180.0 10.8 180.0 180.0 9.6 9.3 180.0 9.6
X(N1-N'1-C,-Ch), ° 0.0 50.7 180.0 35.6 0.0 0.0 22.0 57.4 0 48.0
X(N'1-N;-C5-C3), ° 0.0 50.7 0.0 58.6 0.0 0.0 63.8 48.6 0 55.0
r(C-0), A - - 1.361 1.361 1.339 1.262 1.347 1.367 1.367 1.367
1(C-C") ayerager A 1.400 1.399 1.400 1.400 1.405 1.423 1.404 1.400 1.400 1.399
1(C-C) prerager A 1.400 1.399 1.403 1.403 1.403 1.403 1.403 1.403 1.403 1.403

Figure 2. Conformer and isomer models of p-HPhAPN and appropriate relative energies (kJ'mol™).
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DFT Study of 4-(4-Hydroxyphenylazo)phthalonitrile

m-HPhAPN

Figure 3. Several conformer and isomer models of m-HPhAPN and o-HPhAPN and appropriate relative energies (kJ-mol™). A complete

set of considered structures is presented in Figure S1-S3.

Table 2. Second order perturbation energies £? (kcal-mol™") of donor-acceptor interactions between azo bridge and phenyl fragments for

Ab and p-HPhAPN.

Ab p-HPhAPN
E@ E- E- Z-
a za
N-N2C-C
all® nou*® all® nou*® all® Tt P all® nou*®
Total © 67.8 60.7 42.7 25.6 71.9 64.2 42.8 254
-Ph' (-Ph-OH) d 339 304 214 12.8 389 349 30.1 254
-Ph (-Ph-2CN) ¢ 339 304 214 12.8 329 294 12.7 0.0
C-Na2C-C
Total © 22.3 0.0 23.8 0.0 21.3 0.0 22.0 0.0
-Ph' (-Ph-OH) f 11.2 0.0 11.9 0.0 10.7 0.0 11.2 0.0
-Ph (-Ph-2CN) ¢ 11.2 0.0 119 0.0 10.6 0.0 10.8 0.0
C-NZ2C-N
Total 8.4 0.0 0.0 0.0 8.0 0.0 0.5 0.0

aED contains t—n*, n—0c*, 6—1*, 6—6* interactions;
YE?® contains only m—7* interactions;

“The total energies £ are divided into two components related to interactions between azo bridge and different subunits: for p-HPhAPN

there are -Ph-OH and -Ph-2CN.

4ED contains interactions between NBO(N'1-N;) and NBO(C',-CY);
°E® contains interactions between NBO(N'|-N;) and NBO(C,-C3);
'E® contains interactions between NBO(N';-C',) and NBO(C';-Cy);
¢E@ contains interactions between NBO(N;-C,) and NBO(C;-Cy).

According to QC calculations, the energy dif-
ference between enol-form b and keto-form i structures
is ~14 kJ-mol'. Hydrogen atom migration from the
hydroxyl group to nitrogen atom strongly affects the
structure and electron density distribution of azo bridge and
-Ph=0 moiety (Table 1). Upon b—i transition, the NICS(0)
and NICS(1) indexes, calculated in the center and 1 A
above the center of the -Ph-OH fragments, changes from -
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6.9 and -7.9 to 0.1 and -3.3, respectively (Table S1). Keto-
form i is also characterized by the presence of a hydrogen
bond (according to QTAIM analysis, the values of p(r) in
BCP(O--H) is 0.055 a.u., the value of VZp(r) is 0.161 a.u.).

NBO analysis

The above structural features of HPhAPN isomeric
forms are closely related to their electronic structure. The
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transition E-—Z- results in the destruction of the broad =-
delocalized system. The sum energies of the donor-acceptor
interactions E® for the ¢ and 7 natural orbitals of the N-N
and C-N bonds with the antibonding C-C of the adjacent
subunits are listed in the Table 2. The orbital interactions N-
N with C-C in E-isomer are significantly stronger than in Z-
isomer. The contribution ©(N-N)—n*(C-C) interaction types
are prevail in the E® value. The functionalization by -CN
and -OH substituents leads to some asymmetry in the values
of stabilization energy E® associated with interactions
between the azo-bridge and different aryl moieties. Obtained
data show that in Z-p-HPhAPN molecule -Ph-2CN subunit
does not actually participate in the m-overlap with N-N
orbitals. This is also confirmed by the fact that rotation angle
of -Ph-2CN moiety x(N';-N;-C,-C5)=58.6 ° is bigger than
appropriate one for -Ph-OH subunit x(N;-N';-C',-C'5)=35.6 °.
Noticeable that the E-—Z-transition is accompanied by a
decrease in the £ energy, and the 6—c*, c—7* types begin
to have a greater contribution in N-N2C-C orbital
interactions. The energy of orbital interactions N-C2C-C are
approximately similar for E- and Z-isomers.

Table 3 summarizes the most prominent energies of the
nitrogen lone pair LP(N) with all orbitals encountered and
sorted by bond types (C-C, C-N, O-H). In E-structures the
most noticeable interactions of LP(N) are with the ¢*(C-C).
The Z- isomers are characterized by additional interactions
LP(N)—c*(N-C) with stabilization energy over 10 kcal-mol
! Thus, the stabilization of the Z- structure is largely due to
the interactions of electron nitrogen pairs.””!

The nature of interactions between LP(N) and periphery
is highly different in E- and Z- structures. The composition
of atomic orbitals (AO) forming the hybrid orbital (HO) for
nitrogen atoms changes. While in the E-structures LP(N, N')
were hybridized by sp® type, in Z-isomers LP(N') is
composed by p AO. As a result, there is interaction of the
type LP(N")—n*(C-C) with the value E®=28.4 kcal'mol™ in
the case of the Z-p-HPhAPN.

For E-isomers, the introduction of -OH and -CN groups
into the molecule does not have a clear effect on the
interactions between LP(N'y) and antibonding C-N, C-C
orbitals. However, in the case of E-o-HPhAPN (model b,
Figure 3) there is a hydrogen bond between one of the
nitrogen atoms and -OH group. In NBO terms, the presence
of this bond is identified as a high energy interaction of the
LP(N)—c*(O-H) type with E®=32.3 kcal'mol”. For Z-p-
HPhAPN, interactions between LP(N'|) and antibonding

A. E. Pogonin et al.

C-C orbitals are more intense than for parent Z-Ab.

The migration of the H atom to one of the nitrogen
atoms strongly affects the redistribution of the electron
density of E-o-HPhAPN molecule. In the keto structures,
strong T—7* interactions between the C-C and C-N orbitals
are detected and m—n* interactions between the C-C and N-
N orbitals are not detected in contrast to the enolic structure.
This leads to a strong shortening of the C-N bonds and
elongation of the N-N bonds in the keto structures, as
compared to the enol ones.

In the E-o-HPhAPN structure #, one of the LP(N) is
located on the p orbital as it was in E-p-HPhAPN (model
za). It leads to an increase in the value of the total energy E@,
which includes all interactions of LP(N). In the case of the
keto-structure the total £? is higher than in Z-p-HPhAPN
(model za).

NCI analysis

One of the factors affecting the stabilization of one or
another isomeric structure can be weak noncovalent
interactions. In the NCI method, the electron density gradient
p(r) used in AIM is recalculated into the so-called reduced
density gradient (dimensionless) (RDG - reduced density
gradient). The RDG can be plotted on an isosurface, thus
mapping areas of weak interactions. NCI allows to partial
identify non-covalent interactions by their types. One can
distinguish areas of steric repulsion (red); areas indicating the
presence of hydrogen bonds (blue); areas of Van der Waals
interactions (green). In Figure 4 the red areas in the centers of
the phenyl rings corresponding to the steric repulsion are
clearly visible. The remaining detected areas are related to
the different types of van der Waals interactions (mostly
green) or mixed-type interactions (both Van der Waals and
repulsion effects appear - orange). Between the -NN- bridge
and the subunits, there are two similar regions in E-p-
HPhAPN (model a). The Z-p-HPhAPN (model za) contains
only one wider region. A similar pattern is observed for m-
HPhAPN. The pattern is changed in the case of the o-
HPhAPN isomers. As the NBO and AIM earlier, the NCI
method identifies the hydrogen bond between the hydrogen
atom of the -OH group and the nitrogen N atom (o-HPhAPN
(b, i and zf models). NCI also identifies repulsive forces in
the ring of -O-H...N-N-C-C- atoms, which is consistent with
the predictions of the AIM calculation in the case of the o-
HPhAPN. A critical point of the (3,+1) type was detected in
this ring.

Table 3. Second order perturbation energies £ (kcal-mol™) of donor-acceptor interactions between lone pairs of nitrogen atoms and

antibonding C-C, C-N, O-H orbitals.

Ab p-HPhAPN o-HPhAPN
Donor-acceptor interactions E- Z- E- Z- E-
a za b i
C-C 9.9 11.1 11.0 11.8 10.1 10.8
LP(N,) C-N 0.5 13.7 0.6 11.8 0 0.6
O-H 0.0 0.0 0.0 0.0 0.0 0.0
C-C 9.9 11.1 9.3 28.4 8.3 352
LP(N') C-N 0.5 13.7 0.0 11.1 1.3 47.8
O-H 0.0 0.0 0.0 0.0 323 0.0
C-C 19.8 222 20.3 40.2 18.4 46.0
Total C-N 1.0 274 0.6 22.9 1.3 48.4
O-H 0.0 0.0 0.0 0.0 323 0.0
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p-HPhAPN

m-HPhAPN

h

5

Figure 4. Spatial visualization of noncovalent interactions in the HPhAPN isomers. Noncovalent interactions are distinguished by the
three different colors; blue color represents the hydrogen bonding while green — Van der Waals interactions and red represent the repulsive

forces between atoms.
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Figure 5. Results of the F/I-SAPTO0 modeling for different E- and Z- derivatives of Ab.

F/I-SAPTO

Quantification of weak interactions is possible by F/I-
SAPTO. This approach allows us to separate from each other
both repulsive exchange (F) and electrostatic (Ey)
components in the total noncovalent energy Esapro, and
distinguish from each other different Van der Waals forces
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(Eing, Egisp). The results of these calculations are listed in
Figure 5. The F/I-SAPTO extension allows the calculation of
different SAPT energy terms between components within the
embedding field of a third body, which allows to calculate
the energy between functional groups/fragments within a
single molecule using this method. The system HO-Ph-NN-
Ph-2CN is divided into three subsystems: A(-Ph-OH) and
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B(-Ph-2CN) the strength of the interaction of which we want
to assess, as well as the link C(-NN-).

The F/I-SAPTO method shows the stabilizing effect of
induction and dispersion forces and the destabilizing role of
the electrostatic and exchange component in all the structures
studied. Total SAPTO characterizes the summary effect of all
the above types of interactions. Negative values indicate
stabilization and positive values indicate destabilization.

Thus, E-structures are preferable for realization than the
Z- structures in terms of F/I-SAPTO. This circumstance is
explained by a sharp increase in the exchange of energy upon
the transition to Z- structures. The stabilizing contribution of
the other components increases in the Z-isomers, but this
increase is much lower than that observed for E.,q, energy.
With an increase in the distances between the phenyl rings
(distances 1.(C,++C,") or distances between centers of phenyl
rings) in a series of molecules Z-m-HPhAPN—Z-Ab—Z-p-
HPhAPN—Z-0-HPhAPN, the energy ESAPTO decreases.

Notably, the stabilizing contribution of ESAPTO
increases in the row of E-isomers of o-HPhAPN—Ab—
m-HPhAPN—p-HPhAPN, while only in the case of E-o-
HPhAPN the ESAPTO energy >0 kcal'mol’. This is
primarily due to an increase in the electrostatic repulsion
energy between the E-o-HPhAPN subunits due to the closer
location of the —OH group to PN in comparison with E-m-
HPhAPN and E-p-HPhAPN. At the same time, in the case
of Z-isomers, the ESAPTO energy assumes the lowest value
exactly in the case of o-HPhAPN.

Molecular vibrations and IR spectrum

The E-Ab molecule belongs to the C,;, point group and
has 66 vibrational modes: I'vib = 23A, + 11A, + 10B, + 22B,.
For Z-Ab, fundamental vibrations have the following
distribution in the symmetry classes belonging to the C, point
group: ['vib =34A + 32B. Assignments of all vibration bands
in E-Ab, Z-Ab, p-HPhAPN are presented in Tables 4 and 5,
S2-S3. The performed analysis is in good agreement with the
characterization described in the article.*” Majority of
normal modes are extended over entire molecule. According
to the PED, most of the vibrations are comprised of
displacements along several internal coordinates, which
complicates the frequency assignment, especially in the case
of Z-isomer. Majority of vibrations correspond to normal
modes of benzene (Table S2). The seven low-energy
vibrations do not relate to recognizable phenyl modes and
may be considered as ring-ring modes in a similar way to the
presented consideration of biphenyl.“®) For Ab, these
vibrations can be described as internal rotation of phenyl
moieties, in-plane and out-of-plane scissoring modes, two
pairs of in-plane and out-of-plane shearing modes.

The IR spectra of E- and Z-isomers of Ab have some
differences. The main difference, which is well determined
experimentally,”™” concerns the strong bands in the region
690-800 cm'. For E-Ab the modes w5 and w,; (693 and
790 cm™) originates from out-of-plane bending of C-H and
torsional motion of phenyl rings. In the case of Z-Ab the
corresponding modes have lower IR intensities. However,
there are two other intensive bands (715 and 776 cm™) in the
spectrum of Z-Ab, corresponding to modes w;, and w, that
change strongly upon transition E-Ab—Z-Ab. They result
essentially from the out of plane motions. Thereby upon E-
Ab—Z-Ab, there is a decrease in the difference between the
two strong bands (693 and 790, 715 and 776 cm™, respec-
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tively) (Figure 6). Thus, two intense peaks in the region 680-
790 cm’ are located more closely in the experimental IR
spectrum of the Z-Ab compared to the E-Ab spectrum. It is
also worth noting the appearance of medium bands at 1648,
1605, 934 cm'l, corresponding to wsg, Ws;, Wae, Which are IR
inactive for the Cy, point group. It is worth pointing out that
frequency of ws; corresponding to NN stretching (with con-
tribution of ~65%) increases by 50 cm™ upon isomerization.
Due to a decrease in IR intensity of wsg, W43, W4, medium
bands in the range from 1150 to 1400 cm™ almost disappear
in the spectrum of Z-isomer. The greatest differences in
frequencies upon isomerisation are characteristic of modes
with a significant contribution of azo bridge motions (Table
S2). It should be noted that positions of bands in B3LYP/6-
31G++G** simulated IR spectra of E-Ab and Z-Ab are in
good agreement with appropriate values from experimental
spectra® of azobenzenes isolated in an Ar matrix at 15K
(correlation between relevant bands of the experimental and
model spectra is close to linear, Figure S4, Table S2).

Assignment of vibrational modes in p-HPhAPN is pre-
sented in Tables 5 and S3. Positions of bands in the simulated
IR spectrum are in good agreement with appropriate values
from the experimental spectrum in a solid phase (Figures 7
and S5). Correlation between relevant bands of the experi-
mental and model spectra is close to linear: scaling coeffi-
cient is 0.969 (Figure S5). Upon the addition of cyano and
hydroxy groups to different positions of Ab core, IR spec-
trum changes significantly (Figure 7). In these cases, most of
the bands in the IR spectra have a strongly pronounced
mixed character. The bands at 1184 and 1309 cm™ can be
assigned to motions of hydroxyl group (6(O-H) and v(O-C),
respectively) in combination with CCH in-plane bending and
CC stretching. For the normal modes w4=1162 and
we=1544 cm’! with strong IR absorptions, there is predomi-
nant contribution of CCH in-plane bending coordinates. The
medium bands in the range 1300-1500 cm™ correspond to the
CC stretching vibrations. Stretching of CC bonds in the -Ph-
OH moiety determines the appearance of a strong band at
1657 cm™. Stretching vibrations of C=N and C-H bonds
occurs in the region near 2350 cm™ and 3200 cm™, respec-
tively.

Noticeable changes in the IR spectrum also occur when
the position of the -OH group is changed (Figure 7). Upon p-
HPhAPN—m-HPhAPN the infrared intensities of
vibrations wue,s3,50-61,65/Wsg decreases/increases, which leads
to changes in peak shapes at ~1160, ~1310 cm™ and in the
region 1450-1660 cm™. The proximity of the -OH group to
nitrogen atoms and the corresponding formation of a
hydrogen bond N--H leads to a strong shift of the v(O-H)
band from 3819 for p-HPhAPN to 3207 cm' for o-
HPhAPN. In case of spectrum of o-HPhAPN, the bands
1468 and 1412 cm” of high intensities assigned to NN
stretching and OH-in-plane bending.

The main differences between the spectra of E-p-
HPhAPN and Z-p-HPhAPN is observed in the region of
1500-1700 cm™ (Figure 6). First, this is due to a significant
change in frequency by 61 cm’ and an increase in the IR
intensity of the NN stretching vibration wg, similarly as in
the case of unsubstituted azobenzenes. Changes in the IR
intensities of the corresponding vibrational modes upon E-
—Z- is also found, which, together with the first factor, leads
to the appearance of a strong peak at 1586 cm’ in the
spectrum of Z-p-HPhAPN.
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Table 4. Descriptions® of several® vibrational modes for E-Ab and Z-Ab.

) E-Ab Z-Ab
i
sym w;© Iri¢ Descriptions * sym w; ° Iri ¢ Descriptions *
1 A, 21.4 0.1 rot(Ph); A 45.2 0.0 rot(Ph); S(N'|N;C,); 6(N,C,C);
2 A, 62.8 1.5 T scissoring; A 69.3 0.4 T scissoring
3 B, 85.1 2.1 § scissoring; B 287.1 5.8 8(N,C,C); 8(N'|N;C,); T(CCCN)
4 B, 111.0 0.0 T shearing; B 443 1.4 rot(Ph); §(N,C,C);
5 A, 223.5 0.0 0 shearing; A 272.6 0.4 S(N'1N;C,); S(N;C,C); t(Ph);
6 B, 2609 0.0 T shearing; B 155.9 2.8 T(CCCN); 8(N'\N,Cy);
7 A, 3068 0.0 § shearing; A 172.6 0.2 T(CNNC); 8§(N,C,0);
12 B, 5290 262 S8(NYN,Gy):8(N,GC): 8(CCC:: B 7150 930  CH:CsHy), n(CoHy), m(Co-He):
8(N'IN,Cy);
. . T(Ph); (C-H): m(Ce-Hg), T(Cy-Hy); V(N -
18 A, 6934 756 T(Ph); (C-H); A 703.0 21.9 C): 8(CCC); (C-C):
(N m(C-H): (Cs-Hs); v(N;-Ca); 8(CCO);
20 B, 772.8 0.0 m(C-H); T(N;-Cy); B 776.0 52.8 Tt(N,-Co): V(C-C):
21 Ay 789.7  86.9 m(C-H); T(N;-C,); A 787.5 15.7 T(C-H): (Cs-Hs); T(N;-C,); V(N;-C,);
m(C-H): m(Cs-Hy), T(Cs-Hs), 1(C-H): (C5-H;), (C5-Hy), (Cs-Hs);
26 B 942.8 0.0 B 934.2 21.0 ;
¢ 1(C3-Hs); T(Ph) T(N-Cp); 8(N'IN,Cy);
3 B, 11769 206  O(CH): (G, 8(C M), B 11735 19 V(N;-Cy); 8(C-H): 8(C5-Hs); v(C-C);

8(Cy-Hy); v(C-C); v(N;-Cy);

V(N,-C,); v(C-C); 8(C-H): 8(C-H): 8(Cy-Hy), 8(C4-H); v(C-C):

43 B, 12588 239 B 1202.4 0.2

8(Cy4-H); ' V(C3-Cy); VIN-Cy);
V(C-C): v(C3-Cy), v(Cs-Cs), . .
46 B, 13630 88  w(CyCy), v(CiCs),v(CyCy), B 13544 07 8"((88 g((g‘ﬁ? ;ggfg“))’ ‘é((%“_%))’_
V(C(,-C7); 8(C-H), . 3 3)s 7 7)s 5 5)s
52 A, 15572 00 V(N;-N')); w(C-C); 8(C-H); A 16050 253 V(N;-N"); v(C-C):
V(C-C): v(Cy-Cr), V(C5-Cy); V(C-C): v(Cy-C7), V(C5-Cy); v(N;-N');
56 A, 16490 0.0 8(C-H): (NN, ): A 16486 129 8(C-H):

*Based on PED. Coordinates are listed if their contributions are greater than ~10%. Coordinates are presented in descending order of their
contributions. The designation “Coord-1: Coord-2, Coord-3;” means that the displacement along coordinates Coord-2 and Coord-3 are a part
of the general displacement Coord-1. Given that the molecules have the symmetries C,, and C,, the following pairs of atoms are symmetrically
equivalent: N’} and Ny, C; and C’,, C; and C’3, C4 and C’,, Cs and C’s, Cg and C’4, C; and C’4, efc., therefore it is assumed in assignment that,
for example, vibration v(C,-C;) includes both vibration v(C,-Cs) and v(C’,-C’3), etc. The following designations are used: v(X-Y) — stretching
of the X—Y bond; § — in-plane bending; T — out-of-plane bending; T — torsion; rot(Ph) — rotation of the phenyl fragment around an axis N-C; 1t
scissoring - ring-ring out-of-plane scissoring (with analogy at *%); § scissoring — ring-ring in-plane scissoring (with analogy at *)); m shearing
— out-of-plane shearing (with analogy at “%); § shearing — in-plane shearing (with analogy at %),

®Assignments of all vibration bands in E-Ab and Z-Ab are presented in Table S2;

“w;— calculated frequencies (cm ');

4,r i — calculated IR-intensities (km'mol ).

Table 5. Descriptions® of several® vibrational modes for E-p-HPhAPN.

i w;° Iiri ¢ Descriptions®
46 1162.0 302.1 §(C-H): 8(C'5-H'); v(N-C): v(N',-C'), v(N,-C,); v(C-C);
53 1300.1 278.4 V(0-C); V(C-C); 8(C-H); V(N-C): v(N',-C'y);
58 1472.7 37.7 V(C-C): W(C'e-C'7), W(C'5-C'y); 8(C-H): 8(C'4-HY), 8(C'-H'e): V(N,-N')):
59 1509.6 88.4 V(C-C): W(C4-Cs); 8(C-H);
60 1523.5 104.7 V(N,-N"); v(C-C); 8(C-H);
61 1544.3 296.1 8(C-H); v(C-C); v(N,-N"));
65 1657.2 260.0 V(C-C): W(C'g-Cl), V(C'5-C'y), V(Cl4-C's), v(C'r-Cl5): S(C-H)

*Based on PED. Coordinates are listed if their contributions are greater than ~10%. Coordinates are presented in descending order of their
contributions. The designation “Coord-1: Coord-2, Coord-3;” means that the displacement along coordinates Coord-2 and Coord-3 are a part
of the general displacement Coord-1. The following designations are used: v(X-Y) — stretching of the X—Y bond; § — in-plane bending.
®Assignments of all vibration bands in the E-p-HPhAPN are presented in Table S3;

“w;— calculated frequencies (cm ');

4:r i — calculated IR-intensities (km'mol ).

164 Maxpoeemepoyurnvt / Macroheterocycles 2023 16(2) 156-167



1162
1309

<
©
=

E-p-HPhAPN

536
549

. E. Pogonin et al.

1544
1657

T T T
1000 1100 1200

T
1400

1600 @,

©
[S]
0

T
1400

T T
1500 1600 @,

: T T . : T ] .
400 500 600 700 800 900 1000 1100 1200 1300 cm
S
[aed ~
3
E-Ab

~ o

o SF

=2

[T
r T T T T T T T T T T T T 1

400 500 600 700 800 900 1000 1100 120 1300 1400 1500 1600 (0, CM
w
=
Z-Ab
3
g3 =2
wn

AT ; . : : ; T |I —Tr¥ — - IIIII I|I|I|

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 o, cm!

Figure 6. Simulated IR spectra for E-pHPhAPN, Z-pHPhAPN, E-Ab, Z-Ab in the 400-1700 cm™ range. In order to simulate the shape

of IR spectra, the individual bands were described by Lorentz curves with a half width of 15 cm™.

o
(el
~

o)
3
©

E-Ab

r T T T
400 500 600 700

E-o-HPhAPN

o
LDLO
Ml |

1468

:
1600 @, cm’!

1665

T T T T T T T
400 500 600 700 900 1000 1100

E-m-HPhAPN

1155

o Qw
N
g ©3 ‘
T 1 (e (i | 1 I 1
T T T T 1 T T 1 T T T T T 2
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 ®, CM
E-p-HPhAPN
0 o o
© 1] g 8 R
< © ] S %
g 2 ‘ N gaods |
:“?>~n——7r-r?> - - I~TTﬂl\~T—-4~r - e | B Bl § W e et e I|| i
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 (0, Cm-1
&
©
2 = o
] @ o ©0O Q < w8
LY 8 3§%¥ 8 n8
- v T &

E-p-HPhAPN (exp)

r T T T T T T T T T T
400 500 600 700 800 900 1000 1100 1200 1300 1400

T
1500

;
1600 v, cm’!

Figure 7. Simulated IR spectra for E-Ab, E-o-HPhAPN, E-m-HPhAPN, E-p-HPhAPN and experimental IR spectrum of E-p-HPhAPN in the

400-1700 cm range.

Maxpoeemepoyuxnvt / Macroheterocycles 2023 16(2) 156-167

165



DFT Study of 4-(4-Hydroxyphenylazo)phthalonitrile

Conclusions

The structure, isomeric and conformational diversity
of azobenzenes substituted by hydroxyl and nitrile groups
are studied by QC calculations. The functionalization of
different phenyl rings by -CN and -OH substituents leads to
some asymmetry in 7-system delocalization: the
interactions of -Ph-OH moiety with the azo bridge is
manifested to a greater extent than in the case of -Ph-2CN
fragment. The assignment of vibrational modes of E-
pHPhAPN was carried out via potential energy distribution
analysis among internal coordinates in comparison with
appropriate analysis of initial E-Ab. The positions of the
bands in the modeled B3LYP/6-31++G** spectrum of E-
pHPhAPN are in good agreement with the appropriate
values from the experimental spectrum. For azobenzenes,
the transition from the E-isomer to the Z-isomer leads to
strong changes in the geometric and electronic structure,
which leads to noticeable changes in IR spectra.
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isomer models of Z-o-HPhAPN and appropriate relative
energies. Figure S4. Correlation dependences between
experimental and calculated wavenumbers of the absorption
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calculated wavenumbers of the absorption bands in the IR
spectra of E-p-HPhAPN. Table S1. Nucleus-independent
chemical shifts indexes, Wiberg bond indexes and electron
delocalization indexes calculated for Ab, Ab-20H, Ab-
4CN, p-HPhAPN, m-HPhAPN, o-HPhAPN. Table S2.
Calculated frequencies, IR-intensities and vibrational
modes descriptions for E-Ab and Z-Ab. Table S3.
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