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The equilibrium structure of free 4-(4-hydroxyphenylazo)phthalonitrile (p-HPhAPN, C14N4H8O) molecules was 
investigated for the first time by combined gas-phase electron diffraction and mass spectrometry (GED/MS) experi-
ment, as well as through quantum chemical (QC) calculations. It was determined that p-HPhAPN in the vapor is 
represented by planar azo forms. Сis-trans isomerism, azo-hydrazone tautomerism and rotations of different moieties 
in p-HPhAPN were studied in B3LYP-D3/pcseg-2 and DLPNO-CCSD(T0) levels of theory. Electron impact mass 
spectra of p-HPhAPN are typical for azobenzenes and are interpreted using the results of QCxMS calculations at the 
GFN2-xTB level of theory. Due to the exciting possibility of p-HPhAPN in the preparation of phthalocyanines with 
macrocyclic and azo chromophores, the structures of corresponding isomers of zinc phthalocyanines were investi-
gated. 

Keywords: Phtalonitriles, azophthalonitriles, azo dyes, molecular structure, gas electron diffraction, mass 
spectrometry, quantum chemistry, phthalocyanines.  

Структура молекул 4-(4-гидроксифенилазо)фталонитрила –  
прекурсора для синтеза фталоцианинов, сочетающих  
в себе макроциклический и азо- хромофоры 
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Равновесная структура свободных молекул 4-(4-гидроксифенилазо)фталонитрила (p-HPhAPN, C14N4H8O) 
была впервые исследована с помощью синхронного электронографического-масс-спектрометрического 
эксперимента, а также с помощью квантово-химических расчетов. Установлено, что p-HPhAPN в паре 
представлен в виде плоских азо-форм. Цис-транс-изомерия, азо-гидразонная таутомерия и вращения 
различных фрагментов в p-HPhAPN изучены на теоретических уровнях B3LYP-D3/pcseg-2 и DLPNO-
CCSD(T0). Масс-спектр электронного удара p-HPhAPN, являющийся типичным для производных азобензола, 
был интерпретирован с использованием QCxMS расчетов на уровне теории GFN2-xTB. В связи с 
возможностями использования p-HPhAPN в получении фталоцианинов, сочетающих в себе макро-
циклический и азо- хромофоры, исследовано строение соответствующих фталоцианинатов цинка. 

Ключевые слова: Фталонитрилы, азофталонитрилы, азокрасители, молекулярная структура, газовая 
электронография, масс-спектрометрия, квантовая химия, фталоцианины. 
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Introduction  

Azo dyes R1-N=N-R2 are used in different industries – 
textile, fiber, cosmetic, leather, paint and printing.[1,2] These 
compounds attract wide attention not only as well-known 
and popular dyes but also as promising “smart” materials.[3-

10] Azo dyes with ionizable groups are also considered as 
good acid-base indicators[11] displaying different colors in 
solutions with the change in the pH levels. The enormous 
potential for high-tech industries is explained by their rich 
photochemistry and the feasibility of modulating their 
optical properties through conformational switching.[12] The 
first obvious feature of azo dyes is photochromism caused 
by trans ⇄ cis (or E- ⇄ Z-) isomerization.[13,14] The E-isomer 
is stable. Absorption of photons can cause the formation of 
the Z-isomer. The Z-isomers thermally relax back to the E-
form. Isomerization processes cause significant changes in 
the geometric structure, dipole and spectral properties.[8,15-17] 
These aspects can be successfully used to design photo-
mechanically responsive materials,[18] optical and photonic 
devices.[19,20] 

Another feature that is specific to hydroxyazo com-
pounds is azo-hydrazone tautomerism[21-24] which deter-
mines the possibility of using these compounds to design 
chemosensing systems.[25,26] The equilibrium between 
tautomers can be shifted under the influence of environ-
mental factors and the type and position of substituents. 
Electron-donating substituents in azobenzene derivatives 
generally stabilize the azo form, electron-withdrawing ones 
stabilize hydrazone form.[21] Hydrogen-bonding acceptor 
solvents usually stabilize the azo tautomer, while hydrogen-
bonding donor solvents favor the hydrazone tautomer.[27] 
The authors[22] declare that the azo form should dominate in 
a gas environment, i.e. in the absence of intermolecular 
bonds. However, there is a clear lack of experimental works 
on the structure of azo dyes in the gas phase. A suitable 
experimental method for such studies is the gas electron 
diffraction (GED) method.[28,29] At the moment, investiga-
tions of individual azo dye molecule structures are known 
only for parent azobenzene (AB).[30,31] 

Studying the structure of 4-(4-hydroxyphenylazo)phtha-
lonitrile (p-HPhAPN, C14N4H8O, 2NC-Ph-N=N-Ph-OH,  
4-[(E)-(4'-hydroxyphenyl)diazenyl]phthalonitrile, Figure 1) 
in the gas phase is the goal of our work. This structural 
investigation is complicated by possible simultaneous 
manifestations of E- ⇄ Z-isomerization, azo-hydrazone 
tautomerism, and conformational diversity caused by the 
asymmetrical arrangement of substituent groups. This 
compound, having the set of features mentioned above, can 
also be considered as a precursor for the synthesis of 
phthalocyanines with extended light absorption range.[32,33] 
Phthalocyanines themselves also represent a huge class of 
promising compounds that have enormous potential for 
use.[34-37] Phthalocyanines containing macrocycle and azo 
chromophores are promising for photodynamic cancer 
therapy.[32] It is known that conformational properties of 
initial phtalonitriles can influence the structure of 
phthalocyanines produced from them.[38,39] Therefore, our 
study will also be useful for the physical chemistry of 
phthalocyanines. 

 

 
 
Figure 1. Molecular model of p-HPhAPN with atom labeling. 
 
 
 
Experimental details 

Mass-spectrometric experiment 
 
The synthesis of p-HPhAPN is presented in [32]. The 

possibility of sublimation of p-HPhAPN has been previously 
studied using the MI 1201 commercial magnetic sector mass 
spectrometer adapted to thermodynamic studies.[40] It was found 
that in the temperature range of 457‒487 K the substance 
sublime as monomer molecular form without decomposition. 
Electron ionization results in the appearance of several fragment 
ions. The electron ionization mass spectra (EI-MS) of the 
effusing molecular beam is given in Figure 2 and described 
below (see Fragmentation of p-HPhAPN). 

 
Synchronous GED and MS experiment 

 
Evaporation of p-HPhAPN was performed from a molyb-

denum effusion cell at a temperature of 464(5) K (measured by 
W-Re 5/20 thermocouple). Diffraction patterns of vapor p-
HPhAPN as well as MS were recorded on the EMR-
100/APDM-1 experimental setup[41,42] at nozzle-to-film 
distances of 598 and 338 mm. The scattering intensities were 
recorded on 9×12 cm2 MACO EM/EMS photographic films. 
Digitization was performed by a modified microphotometer 
MD-100 (Carl Zeiss, Jena) setup.[43] Accurate wavelengths of 
electrons were determined using diffraction patterns for 
polycrystalline ZnO recorded before and after taking a set of 
diffraction patterns of a gas. The conditions of synchronous 
experiments are given in Table S1. EI-MS were recorded 
simultaneously with the registration of diffraction patterns. The 
registered EI-MS (Table S2) are in good agreement with the EI-
MS previously recorded using MI 1201 equipment (Figure 2). 
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Figure 2. Calculated (GFN2-xTB) EI-MS of p-HPhAPN in comparison with the experimental EI-MS registered on the equipment MI 
1201 at a temperature T=485 K. For assignment black (pink dashed) arrows were used if the contribution of the presented structure to the 
total intensity is at least (less than) 70%. 

 
 
 

Structural analysis 
 
At the beginning of the analysis, we checked the sensitivity 

of the GED method to different kinds of conformational, 
tautomeric and isomeric transitions in p-HPhAPN. For this the 
simulated radial distributions curves f(r) were compared (Figure 
S1). The GED method is sensitive in determining E and Z isomers. 
The manifestation of keto-enol tautomerism in p-HPhAPN is 
accompanied by a strong rearrangement of both the azo bridge and 
phenolic/phenolate group. If tautomerism is realized, the GED 
experiment will record confirmation of this. 

The procedure of the GED data refinement was performed 
using the UNEX program.[44] Z-matrixes for planar structures a, c, 
e, f (Figure 3) were constructed according to the Cs-symmetry 
group (Tables S3-S6). Models based on the structures obtained in 
QC calculations. The cubic force field was used for the generation 
of starting vibrational amplitudes and corrections (rе–ra) by the 
VibModule.[45] The regularization approach[46-48] was applied to 
refine structure parameters in the framework of Equation (1): 

 
 

,   (1) 

 
where siM(si)theor – theoretical molecular scattering intensity; 
siM(si)exp – experimental molecular scattering intensity; kM –the 
scale factor; αreg – regularization constant;  – individual weight 
function; - reference (restraining) value;  – is the refined 
value of k structural parameter of the molecule. 

The global regularization constant αreg equal to 1∙10-3 was 
chosen in the analysis of dependence f(αreg):

[49]  

 ,  (2) 

 
where siM(si)theor – theoretical molecular scattering intensity; 
siM(si)exp – experimental molecular scattering intensity; kM – the 
scale factor; αreg – regularization constant;  – individual weight 
function;  – reference (restraining) value;  – the refined value 
of k structural parameter of the molecule. 

The weights of the parameters in the Equation (1) were 
obtained ( ) from their ascribed standard deviations (σk): 
0.005 Å for bond lengths, 0.5° for valence and dihedral angles. In 
least squares (LS) analysis the weighted disagreement factor (wRd) 
between experimental and theoretical scattering intensity was 
calculated as 

 

 , (3) 

 
where siM(si)theor – theoretical molecular scattering intensity; 
siM(si)exp – experimental molecular scattering intensity; kM – the 
scale factor; wi – the weight of sM(s) calculated from the respec-
tive standard deviation as 1/σ2; unweighted disagreement factor Rf 
=wRd with all wi=1. The following values were used in our 
refinement: wi=1 for si=[1.3; 19.9] Å-1; σ=2 for si=[20.0; 27.6] Å-1. 
 
Computational details 
 

DFT calculations of molecular geometries and Hessian of  
p-HPhAPN were performed using the Gaussian 09 program 
package.[50] B3LYP[51,52] functional with Grimme’s dispersion 
corrections D3[53] and pcseg-2[54] basis set from the Basis Set 
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Exchange software[55] were used. This basis set was optimized 
using a density functional BLYP and was recommended in 
calculations of geometries, vibrational frequencies[56] and general-
purpose ground state thermochemistry.[57] “Tight” optimization 
convergence criterion and an “ultrafine” grid (pruned, 99 radial 
shells and 590 angular points per shell) were used. QTAIM 
(Quantum theory of atoms in molecules) analysis was performed 
using AIMAll software package.[58]  

The domain-based local pair natural orbital coupled cluster 
method with single, double and semi-canonical perturbative triples 
corrections DLPNO-CCSD(T0)[59-62] with TightPNO thresholds 
has been used for single-point (SP) energy calculations in ORCA 
program[63] for geometries optimized at B3LYP-D3/pcseg-2 
theory level. SCF convergence was set to ‘VeryTight’. Although 
DLPNO-CCSD(T0/T1) is indeed possible to use for a wide range 
of molecules,[64,65] this step in calculations is still computationally 
expensive. For example of p-HPhAPN, the ratio of computational 
time of SP calculations at DLPNO-CCSD(T0) with cc-pVTZ[66] 
and cc-pVQZ[66] basis sets to CPU time of B3LYP/cc-pVTZ SP 
calculation are ca. 14 and 90, respectively. To ensure reliability 
and feasibility of the calculations carried out, two-point complete 
basis set (CBS) extrapolation Equality (4)[67] was employed:  

 

 ,  (4) 

 
where n=3 for cc-pVTZ and n=4 for cc-pVQZ, A is the constant to 
be found through a solution of a system of linear equations. 

This scheme was recommended[68] for routine predictions in 
gas-phase thermochemistry of simple organic compounds. The 
calculations utilize cc-pVTZ and cc-pVQZ basis sets.[66] The 
auxiliary basis sets cc-pVnZ/C[69] required for the resolution of 
identity (RI) approximation were employed. 

The electron ionization mass spectra (EI-MS) of azobenzene 
(AB) and p-HPhAPN were simulated by the QCxMS 
program[70,71] using Born-Oppenheimer molecular dynamics (MD) 
at the GFN2-xTB[72] level of theory. The calculations were carried 
out using the following settings: maximum MD time – 10 ps, 
initial temperature – 470 K, impact excess energy per atom – 
0.6 eV/atom, electron-beam impact energy – 50 eV, number of 
trajectories – 600 and 675 for AB and p-HPhAPN, respectively. 

 

Results and Discussion 

Conformational and isomeric analysis 
 
The DFT study of the p-HPhAPN molecular structure 

was carried out based on the probable manifestations of (i) 
cis-trans isomerism, (ii) tautomerism, (iii) rotations of sub-
stituted phenyl rings around N1-C2 and N1'-C2' bonds, (iv) 
rotation of O-H group around C-O bond. In this regard, 16 
structures (a-h, za-zh) were found and studied (Figure 3). 
The planar structure a of Cs symmetry corresponds to 
minimal energy on the potential energy surface (PES). It is 
characterized by the cisoid location of the -CN groups and 
transoid location of hydrogen atom H5' (see Figure 1) rela-
tive to the chain C5∙∙∙N1-N1'∙∙∙C5'. However, the relative 
energies of structures with different arrangements of these 
cyano- groups and the hydrogen atom are negligible and do 
not exceed 1 kJ∙mol-1. The Z-isomers (za-zh, Figure 3) are 
higher in energy, which is typical for the parent AB and a 
large number of other azo dyes. The energy benefit of the 
E-isomers is explained by the presence of a large delocal-
ized π-system.[17,73] Orbital conjugation of the phenyl rings 
and azo bridge in the Z isomers is less pronounced. Steric 
repulsion of neighboring phenyl groups is also exhibited in 
Z-isomers, which also makes this structure to be less favor-
able than E-isomers.[17]  

In the case of migration of a hydrogen atom from 
oxygen atom to an azo-bridge (enol→keto), phthalonitrile 
fragment changes slightly and aromaticity is retained (Table 
S7). However, the second ring changes its structure radically. 
C3'-C4' and C6'-C7' bond lengths are decreased from 1.38 Å 
to 1.34 Å. The remaining C’-C’ bonds become single. The 
electron delocalization index of the N1-N1' bond decreases 
from 1.86 for model a to 1.38 and 1.48 for e and g structures 
(Table S8). Thus, in the keto-isomers there is no any delo-
calized π-electron system throughout the whole molecule, 
which makes these structures less energetically favorable.  

 
 
Figure 3. Conformer and isomer models of p-HPhAPN. Appropriate relative energies (kJ∙mol-1) obtained using B3LYP-D3/pcseg-2 
(DLPNO-CCSD(T0)/CBS // B3LYP-D3/pcseg-2 - italic in brackets) calculations are indicated. 
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Figure 4. Potential energy surface (PES) obtained at the B3LYP-D3/pcseg-2 level of theory as a function of rotations of –Ph-2CN and  
–Ph-OH moieties around N1-C2 (φ1) and N1'-C2' (φ2) bonds (see Figure 1). Bold line RT corresponds to the temperature of the GED 
experiment (Texp=464 K). Black circles indicate the calculations performed for the corresponding values of angles. 
 
 
 
Potential energy surface  

 
Parent AB has a soft energy surface along the phenyl 

torsional coordinate.[15] This is also typical for p-HPhAPN 
(Figure 4). However, the rotations of different rings are not 
the same. The rotation of the phenolic fragment is energeti-
cally more hindered. According to DLPNO-CCSD(T0)/CBS 
// B3LYP-D3/pcseg-2 calculations, the ring rotation barrier 
substituted by the -OH group is ca. 28 kJ∙mol-1. For rotation 
of –Ph-2CN around N1-C2 bond the barrier is ca. 
17 kJ∙mol-1. These differences can be explained by the fact 
that the conjugation between the phenolic group and the azo 
bridge is greater than in the case of interaction between the 
azo bridge and the phthalonitrile fragment. It was con-
firmed by NBO analysis earlier[17] and by NICS criteria in 
this study (Table S7). It is known that to form a large 
aromatic system through several moieties, the aromaticity 
of separate rings should be decreased or lost.[74] NICS(1) 
for –Ph-2CN moiety is ‒8.7 whereas the value for –Ph-OH 
fragment is ‒7.9. It should be noted, that B3LYP-D3/pcseg-
2 calculations overestimate the values of rotation barriers 
for –Ph-OH and –Ph-2CN by ca. 10 and 3 kJ∙mol-1 com-
pared to DLPNO-CCSD(T0)/CBS calculations (Figure 4). 
In addition, for p-HPhAPN, rotation of -OH group along 
the bond C-O is possible. According to DLPNO-
CCSD(T0)/CBS // B3LYP-D3/pcseg-2 calculations, the 
barrier of –OH group rotation amounts to 17 kJ∙mol-1.  

 
Fragmentation of p-HPhAPN 

 
To analyze the experimental mass spectra of p-

HPhAPN, theoretical QCxMS calculations were used. The 
applicability of the theoretical approach to this case was 

assessed using the parent AB. The EI-MS of AB known in 
literature[75-77] was represented by several peaks corre-
sponding to molecular ion with m/z=182 (relative intensity I 
is ~30%) and ions formed due to fragmentation. The pre-
dominant process under electron impact is the destruction 
of the N-C bonds, resulting in the formation of cations [Ph-
N=N]+∙ and [Ph]+∙.[78] As a result, the EI-MS contains 2 
peaks (m/z=105 and 77), the relative intensities I of which 
are ~20% and 100%, respectively.[75,78] The peak at m/z=51 
with a relative intensity I≈35% corresponds to the ion 
formed due to fragmentation [Ph]+∙→[C4H3]

+∙+H2C2.
[78] 

These fragmentation paths were well reproduced by the 
QCxMS technique (Figure S2), but the relative abundance I 
of molecular ion was overestimated, as is typical for such 
calculations.[79] Theoretical calculations for AB also over-
estimate intensity corresponding to cyclic and linear chains 
[C6H5N]+∙ (m/z=91), which is almost absent in the experi-
mental spectra[75,78] (Figure S2). The model spectrum also 
lacks a peak with m/z=152 corresponding to skeletal rear-
rangement ion [H4C6=C6H4]

+∙.[78] Its formation occurs[78,80] 
as a result of the double bond ionization in the aromatic 
ring to furnish electron-deficient centers, that are available 
for the attack of the incipient radical. It is also worth noting 
that QCxMS procedures started separately for E-AB and Z-
AB structures yielded similar spectra (Figure S3). 

p-HPhAPN undergoes dissociative ionization under 
the influence of electron impact. As with the parent AB, the 
predominant processes upon electron impact are the 
destruction of chemical bonds N1-C2. The most intense 
peak in the mass spectrum corresponds to the [Ph-OH]+∙ 
cation (m/z=93). Other intense peaks correspond to the 
molecular cation (m/z=248) and ions [NN-Ph-OH]+∙ 
(m/z=121). This assignment is consistent with the results of 
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GFN2-xTB simulated EI-MS. It is worth noting that the 
QCxMS calculations did not allow us to predict an intense 
peak with m/z=65. This peak may correspond to the struc-
ture [C5H5]

+∙ obtained by skeletal rearrangement processes 
with loss of carbon monoxide from [Ph-OH] +∙ fragment. A 
similar signal was recorded in the case of monohydroxy-
azobenzene.[78] The fragment [2CN-Ph]+∙ obtained by to 
N1-C1 bond cleavage corresponds to a weak peak with 
m/z=127 in the EI-MS. As in the case of AB, QCxMS 
procedures initiated separately for trans- and cis- structures 
yielded similar spectra (Figure S4). In the case of 
considering the keto structure e of p-HPhAPN, the 
theoretical EI-MS does not contain a peak with m/z=93, 
which is predicted for structure a and observed in the 
experiment (Figures 4, S5). 

 
The structure of p-HPhAPN according to GED 
experiment  

 
According to QC calculations the structures a-d 

coexist in approximately equal quantities (Figure S6). The 
cisoid/transoid arrangement of the nitrile groups relative to 
the azo bridge affects distances >4 Å between non-bonded 
atoms (e.g., models a and c, Figures 3, S1). In this regard, 
such conformers are difficult to distinguish in GED 
experiment. The hydrogen atom position could not be 
determined accurately by the GED method.[81] This means 
that structures differing only by locations of the hydrogen 
atom of hydroxyl group will be indistinguishable in the gas 
phase (e.g., models a and b, Figures 3, S1) basing GED 
experiment. 

Despite the softness of PES shown in Figure 4, 
rotation barriers of phenyl and hydroxyl groups (see the 
section Potential energy surface) exceed thermal energy 
RT, i.e. conformational transitions a→c, a→b, etc. do not 
occur under the experimental conditions. Recent GED 
studies of E-AB have shown that the uncertainty in 
determining the angles φ is about 40°. At the same time, the 
structural analysis using a dynamic model is redundant for 
parent E-AB. Therefore, in this work we used only semi-
rigid models in GED structural analysis. 

The LS analysis of GED experimental intensities was 
started under the assumption that the vapor contains azo 
tautomers a, c and hydrozone tautomers e, f. Separate using 
models a and c allows to achieve acceptable agreement 
between experimental and theoretical data with wRd = 4.8% 
and 5.0%, respectively (Figure S7). Carrying out structural 
analysis under the assumption that the vapor consists of a 
and c conformers allows, albeit slightly (~0.05%), to reduce 
the disagreement factor at a 50/50 molar percentage ratio. 
The models of pure hydrazone forms e and f allows to 
achieve the bad agreement with experimental diffraction 
intensities with wRd = 7.2% and 7.3% (Figure S8). 
Considering a mixture of azo and hydrazone forms (two 
forms с and f together or four forms a, c, e, f together) leads 
to an increase in the wRd. Thus, in the gas phase p-
HPhAPN is presented in the azo forms. Apparently, both 
cisoid and transoid variants of cyano groups’ location are 
equally probable and all four conformers a-d are presented

 in the gas phase. The comparison of the experimental 
functions sM(s) and f(r) with the theoretical curves for the 
mixture of a and c with mole ratio 1:1 are shown in Figures 
5-6. Table 1 shows that the semi-experimental equilibrium 
geometric parameters of a and c agree satisfactorily with 
the calculated structural parameters.  

 
 
 

 
 
Figure 5. Experimental (cycles) and theoretical (red solid lines) 
molecular scattering intensities sM(s) for mole percent of 50/50 
a/c vapor model of p-HPhAPN and the difference curves ΔsM(s) 
(blue solid lines). 
 
 
 
 

 
 
Figure 6. Experimental (cycles) and theoretical (red solid lines) 
radial distribution curve for mole percent of 50/50 a/c vapor 
model of p-HPhAPN and the difference curve Δf(r) (blue solid 
line). 
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Table 1. Semi-experimental and theoretical re parametersa of p-HPhAPN (azo forms a and c).   

 
GEDb 

wRd = 4.8 % 
B3LYP-D3/pcseg-2 

 a c a c 

N1-N1' 1.250(8) 1.250(8) 1.252 1.252 

N1-C2 1.415(11) 1.415(11) 1.414 1.414 

N1'-C2' 1.396(11) 1.397(11) 1.400 1.400 

C4-CCN 1.434(11) 1.433(11) 1.427 1.426 

C5-CCN 1.432(11) 1.432(11) 1.430 1.429 

C5'-O 1.331(10) 1.331(10) 1.356 1.356 

C-C ave 1.398(11) 1.398(11) 1.396 1.396 

C'-C' ave 1.388(11) 1.388(11) 1.393 1.393 

C-H ave 1.083(12) 1.083(12) 1.081 1.080 

O-H 0.961(12) 0.961(12) 0.962 0.962 

N1'-N1-C2 114.9(12) 114.9(12) 114.8 114.8 

N1-C2-C3 124.1(13) 115.2(13) 124.4 115.4 

N1-C2-C7 117.3(18) 126.2(18) 115.9 124.9 

N1-N1'-C2' 116.3(11) 116.1(11) 116.4 116.3 

N1'-C2'-C3' 125.4(10) 125.3(10) 125.0 124.9 

N1'-C2'-C7' 116.1(17) 116.2(17) 115.7 115.7 

C3-C2-C7 118.5(13) 118.6(13) 119.7 119.7 

C6-C5-CCN 122.9(12) 123.0(12) 121.1 121.2 

C4-C5-CCN 117.6(13) 117.5(13) 119.7 119.5 

C3'-C2'-C7' 118.5(13) 118.5(13) 119.4 119.3 

C4'-C5'-O 116.7(13) 116.7(13) 116.9 116.9 

C6'-C5'-O 122.8(14) 122.8(14) 122.8 122.8 
ainternuclear distances in Å, bond angles in °, a complete list of structural parameters is given in the Table S9; 

buncertainties for the bond lengths were estimated as [(2.5σLS)2 + (0.002r)2]1/2; uncertainty for the angle was estimated as 3σLS. 

 
 
Structures of phthalocyanines 

 
We also consider the structures of zinc phthalocyanine 

complexes, which can be obtained from p-HPhAPN. Figure 
7 shows several isomers of zinc(II) tetra-4-[(E)-(4'-hydroxy-
phenyl)diazenyl]phthalocyanine (Zn-tHPhDaPc). The struc-
tures of Zn-tHPhDaPc formed only by one of the forms a, c, 
e, f are considered. According to B3LYP-D3/pcseg-2 calcu-
lations, the Zn-tHPhDaPc formed from c is slightly lower in 
energy than the complex obtained by a (Table S10). The 
differences in internuclear distances of these conformers are 
insignificant (do not exceed 0.006 Å) and relate only to the 
phenyl fragment of the phthalocyanine core (Table S11). 
Analyzing the values of internuclear distances and values of 
NICS criteria (Tables S7, S12), it is noted that the structure 
of the phenyl rings of the original p-HPhAPN changes 
slightly during the formation of the phthalocyanine macro-
cycle. The hydrazone form of the complex is unfavorable 
compared to the azo form. The energy difference is 104 
kJ∙mol-1, which corresponds to 26 kJ∙mol-1 per 1 azo/hydra-
zone substituent (energy difference between tautomers a and 
e is 29 kJ∙mol-1, see Figure 3). Thus, the tautomeric features 
of the macrocycle are apparently the same as those of the 
parent phthalonitrile. 

Conclusions 

The p-HPhAPN is thermally stable up to at least 487 
K, as evidenced by the data of the EI-MS experiments. 
Registered EI-MS are typical for azobenzenes and are 
interpreted quite well using the results of QCxMS 
calculations at the GFN2-xTB level of theory. However, the 
work also noted some differences between experimental 
and theoretical EI-MS. 

Sixteen possible structures of p-HPhAPN were 
studied by QC calculations. Such a large number of models 
is due to the possibility of cis-trans isomerism, azo-
hydrazone tautomerism, rotations of different moieties in 
the molecule. Based on DFT and DLPNO-CCSD(T0) 
calculations and GED experiment, the compound has planar 
structure and is in the azo form. Apparently the forms with 
different (cisoid/transoid) arrangement of nitrile groups 
with respect to the azo group coexist in approximately 
equal proportions, and this circumstance can make difficult 
growing the monocrystal. Hydrazone isomers have higher 
energy and their concentration in vapor at moderate 
temperatures appears to be negligible. 
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I (C4h) II (D2h) 

 
 

III (Cs) IV (C2v) 
 
Figure 7. Isomers I-IV of Zn-tHPhDaPc obtained from only a forms of p-HPhAPN. 
 
 

The equilibrium geometrical re parameters of p-
HPhAPN free molecule were refined by GED data. The 
possibility for correct comparison of experimental and theo-
retical data appears due to both semi-experimental and 
theoretical structural parameters have identical physical 
sense. The close coinсidence of semi-experimental geomet-
rical parameters of p-HPhAPN with the calculated ones 
(Table 1) allow recommending the theory level B3LYP-
D3/pcseg-2 for calculations of structure and vibrational 
spectra of substituted azo-phthalonitriles. The p-HPhAPN 
compound is promising for use as a precursor in the synthe-
sis of various metal phthalocyanines with a large effective 
area and ideal flatness. In turn, such metal phthalocyanine 
complexes can be suitable for obtaining discotic liquid 
crystals with close packing of neighboring molecules. 
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Supplementary materials. The following are available 
online: Table S1. Conditions of GED experiments for p-
HPhAPN. Table S2. The most intensive ions in the mass 
spectrum of p-HPhAPN were recorded by APDM-1 during 
the combined GED/MS experiment. Figure S1. Comparison 
of theoretical radial distribution functions f(r) of different 
structures of p-HPhAPN. Table S3. Z-matrix used for 
model c in the GED refinement. Table S4. Z-matrix used 
for model a in the GED refinement. Table S5. Z-matrix 
used for model e in the GED refinement. Table S6. Z-
matrix was used for model f in the GED refinement. Table 
S7. Nucleus-independent chemical shifts (NICS) indexes 
for E-AB and p-HPhAPN. Table S8. Electron delocaliza-
tion indexes calculated by QTAIM for several structures of 
p-HPhAPN. Figure S2. Calculated (GFN2-xTB) EI-MS of 
E-AB in comparison with the experimental EI-MS. Figure 
S3. Comparison of EI-MS obtained using the QCxMS (GFN2-
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xTB) procedures started separately for E-AB and Z-AB structures. 
Figure S4. Comparison of EI-MS obtained using the QCxMS 
(GFN2-xTB) procedures started separately for E-AB and Z-AB 
structures. Figure S5. Comparison of calculated (GFN2-
xTB) EI-MS of p-HPhAPN isomers a and e. Figure S6. 
Temperature dependence of conformational/isomeric com-
position of p-HPhAPN. Figure S7. Experimental and 
theoretical radial distribution curve models c and a of p-
HPhAPN and the difference curve Δf(r). Figure S8. 
Experimental and theoretical radial distribution curve for 
models f and e of p-HPhAPN and the difference curve 
Δf(r). Table S9. Semi-experimental parameters of p-
HPhAPN (azo forms a and c). Table S10. Relative energies 
of different isomers of Zn-tHPhDaPc obtained using 
different forms (a, c, e, f) of p-HPhAPN. Table S11. 
Internuclear distances of zinc complex Zn-tHPhDaPc, 
obtained using a and c forms of p-HPhAPN, and corre-
sponding internuclear distances of p-HPhAPN (models a 
and c). Table S12. Nucleus-independent chemical shifts 
indexes for zinc phtalocyanine and Zn-tHPhDaPc. Addi-
tionally, semi-experimental GED equilibrium structures and 
optimized structures from QC calculations at B3LYP-
D3/pcseg-2 levels are given in Supplementary Materials 
(available on https://doi.org/10.6060/mhc245112p). 
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