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a b s t r a c t 

Monocarboxylic acid substituted phthalonitrile derivatives ( PN1 and PN2 ) have been synthesized and 

their molecular geometries and hydrogen bond interactions investigated with single cystal X-ray diffrac- 

tion analysis. PN1-a and PN2 crystal structures linked by a pair of O–H �O hydrogen bonds form classical 

carboxylic acid inversion dimers, whilst PN1-b crystal structure stabilized by classical O–H �O and O–

H �N hydrogen bonding interactions. Spectral characterizations of PN1-a and PN2 structures have been 

performed by FT-IR, 1 H- 13 C NMR and UV-Vis techniques. Molecular structure optimization and structural 

properties of PN1 and PN2 in the forms of monomer and dimer have been studied with the DFT ap- 

proach, B3LYP functional and 6-311 ++ G(d,p) basis set. The effects of dimeric forms of structures on ge- 

ometrical and spectral parameters have been evaluated together with the values of monomeric forms 

and experimental ones. Concepts specific to electronic absorption spectra such as absorption wavelengths 

and major contributions to electronic transitions and FMOs energy values have been determined by TD- 

DFT approach. Some reactivity properties of the monomer PN1-a and PN2 structures have been evaluated 

through global, local parameter values and MEP visuals. It was shown that PN2 monomer structure which 

has both a low HOMO-LUMO energy gap ( �E = 3.83 eV) and a higher chemical softness value ( S = 0.52 

eV 

−1 ) is more reactive than PN1-a monomer. The potentials of being nonlinear optical (NLO) material 

and some thermodynamic parameters that are thought to contribute to their structural properties have 

been determined theoretically for PN1-a and PN2 monomeric forms. Furthermore, it is determined that 

PN2 has superior properties compared to PN1 based on the electrical characterization of the compounds. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Phthalonitriles have attracted attention not only because of be- 

ng important intermediates or precursors in synthetic chemistry 

ut also due to their potential use in material design for industrial 

se. Especially they have potential applications in electronics, ma- 

hinery, automobile, aerospace, and shipping fields for use in mili- 

ary or civilian areas, where high-tech equipment is required [ 1 , 2 ].

nother remarkable application of phthalonitrile derivatives arises 

rom being a candidate material for the development of liquid 
∗ Corresponding authors. 
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rystal displays (LCDs) owing to the negative dielectric anisotropy 

alues in their liquid crystalline forms [3-5] . 

The phthalonitriles play a considerable role as a precursor in 

he synthesis of phthalocyanine compounds. Phthalocyanine is one 

f the main compounds of functional macrocyclic organic materials 

ith prominent properties such as similarity with a porphyrin ring 

tructure, high symmetry, planarity of its molecular structure and 

trong π-electron system [6] . Phthalonitriles may be functionalized 

ith substitution for specific purposes [ 7 , 8 ]. This diversity can pio-

eer the synthesis of novel phthalocyanine compounds that exhibit 

ifferent electrical, optical or magnetic properties. It is well known 

hat –COOH group participates in the strong hydrogen bond for- 

ation through dimerization between the two carboxylic groups 

ften cyclically bound by a local center of inversion resulting in 

he formation of diverse complexes governed by the structure and 

https://doi.org/10.1016/j.molstruc.2021.130545
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Fig. 1. The structure of monocarboxylic acid substituted phthalonitrile derivatives ( PN1 and PN2 ). 
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trength of the H-bonds with wide applications. Current research 

as shown that phthalocyanine derivatives containing carboxylic 

cid (–COOH) as an electron-withdrawing group which will allow 

harge transfer in the π-conjugated bridging structure are particu- 

arly effective in the development of DSSCs [9-11] . 

Electrical conductivity measurements are important for the de- 

ermination of organic compounds that have the potential applica- 

ion as electronic materials. Materials having crystal form can be 

sed in electronic device applications due to their high mobility, 

nd they are suitable for organic thin-film device applications by 

btaining regular film structures [12] . 

With the recent advances in computer resources, computation 

as become an alternative approach to study the nature of many 

hysical and chemical phenomena at the electronic and atomistic 

evel. Quantum chemical methods enable researchers to determine 

he ground state characteristics of molecular systems, some spec- 

ral parameters in the absence of experimental findings and even 

on-linear optical (NLO) properties. 

In this study, we aim to determine the structural properties 

f two phthalonitrile compounds containing carboxylic acid (–

OOH) groups which are considered to have a potential use in 

ptoelectronic applications and to guide the synthesis of new 

hthalocyanine compounds. Two monocarboxylic acid substituted 

hthalonitrile derivatives, 3,4-dicyano benzoic acid (PN1) and 4- 

(3,4-dicyanophenyl)ethynyl)benzoic acid (PN2), were synthesized 

 Fig. 1 ). To examine the effect of dimerization on molecular geom- 

try and spectral parameters, theoretical analysis has been carried 

ut by performing Density Functional Theory calculations. Besides, 

rontier molecular orbitals (FMOs) energies, global and local re- 

ctivity descriptors, molecular electrostatic potential (MEP) maps, 

on-linear optical (NLO) properties and some thermodynamic pa- 

ameters were examined theoretically for monomers. Investigation 

f electrical characterization and surface structures, PN1 and PN2 

ere coated by spin coating method on glass substrates. I-V char- 

cteristics of diode were investigated by semiconductor charac- 

erization system at room temperature. Surface profiles of PN1 

nd PN2 films were analysed using Scanning Electron Microscope 

SEM). 

. Materials and methods 

.1. General procedure and instruments 

Chemicals were purchased from commercial suppliers and used 

ithout further purification unless stated otherwise. The monitor- 

ng of the reactions was carried out by thin layer chromatogra- 

hy (TLC), employing aluminum sheets coated with silica geltype 

0 F254 (0.2 mm thick, E. Merck). Purification and separation of 

he synthesized products were performed by column chromatog- 

aphy, using silica gel (230–400 mesh, 0.040–0.063 mm, Merck). 

luents and relative proportions ofthe solvents are indicated for 
2 
ach case. Column chromatography was carried out on silica gel 

erck-60 (230–400 mesh, 60 A), and TLC on aluminum sheets pre- 

oated with silica gel 60 F 254 (E. Merck). Elemental analyses were 

btained using a Carlo Erba 1106 Instrument. The infrared spectra 

ere recorded between 40 0 0–650 cm 

−1 using a Perkin Elmer FT- 

R System Spectrum BX with an attenuated total reflection (ATR) 

ccessory featuring a zinc selenide (ZnSe) crystal. 1 H NMR spec- 

ra were recorded on Bruker and Varian INNOVA 500 MHz spec- 

rometers (Fig. S.1 and S.2). Mass spectra of PN2 was performed 

n a Bruker Daltonics MicrOTOF spectrometer. Positive ion and lin- 

ar mode MALDI-TOF-MS spectra of the compounds were obtained 

n 2,5-dihydroxy benzoic acid (DHB) or dithranol (DIT) MALDI ma- 

rixes using nitrogen laser accumulating 50 laser shots. Mass spec- 

ra of PN1 were obtained using Thermo Scientific- TSQ Fortis mass 

pectrometer by using ESI technique. Absorption spectra in the UV- 

is region were recorded with a Shimadzu 2600 UV spectropho- 

ometer. I-V characteristics of PN1 and PN2 thin films were investi- 

ated by Keithley 4200SCS at room temperature. Surface profiles of 

N1 and PN2 films were analyzed using SEM (Philips XL 30 SFEG). 

.2. Synthesis process 

Preparation of 3,4-dicyanobenzoic acid (PN1) : This compoud is 

btained by using three steps reaction pathway. 

4-Carboxyphthalimide ( 1 ): Ttrimellitic anhydride (10 g, 0.052 

ol) was dissolved in 16 ml formamide under argon atmosphere 

nd reflux for 3 hours. After, reaction mixture was cooled to room 

emperature. After cooling the precipitate was filtered through G3 

lter, washed with H 2 O and dried at 100 °C in vacuum Yield: 7.75

 (71%), mp: 210 °C. FT-IR: ν , cm 

−1 3149 (-COH), 3440 (-NH), 1765, 

699 (-C = O), 1621, 1570, 1479, 1455, 1380, 1307, 1264, 1178, 1159, 

096, 1042, 945, 898. 

4-carboxyphthalamide ( 2 ): Compound 1 (16.8 g, 0.087 mol) 

as stirred in 32% NH 4 OH (113 mL) for 24h at room temperature. 

he white precipitate of 2 was filtered, washed with H 2 O and dried 

t 100 °C in vacuum. Yield: 13 g (76%), mp: 184 °C. FT-IR: ν , cm 

−1 

448 (-COH), 3316 (-NH 2 ), 1721 (-C = O), 1456, 1377, 1288, 1248, 

071, 799. 

3,4-dicyanobenzoic acid (PN1) : SOCl 2 (20 ml) was dissolved in 

ry DMF (46 ml) under argon atmosphere and cooled to 0 °C. Af- 

er that compound 2 (8.14 g, 0.039 mol) was added slowly to this 

old mixture. The reaction was stirred at room temperature for 

8h. After that the mixture was poured into ice water (200 ml). 

he precipitate of PN1 was filtered, washed with H 2 O and dried 

t 100 °C in vacuum. Then, it was crystallized in both cold wa- 

er and EtOH ( PN1-a , PN1-b ). Yield: 3.3 g (50%), mp: 158 °C. FT-IR:

, cm 

−1 320 0-240 0 (COH), 2238 (-C 

≡N-), 1698 (C = O), 1434, 1290,

214, 765. 1 H NMR (500 MHz, DMSO- d 6 , δ ppm): 8.52 (s, 1H, ArH), 

.36-8.34 (d, 2H, ArH), 8.27-8.25(d, 2H, ArH), 4.0 (OH). 13 C NMR 

500 MHz, DMSO-d 6, δ ppm): 165.15 (C = O). 136.10, 135.01, 134.51, 



G. Tunç, B. Canımkurbey, B. Dedeo ̆glu et al. Journal of Molecular Structure 1240 (2021) 130545 

1

2

p

m

w

s

t  

t

T

t

fi

/

l

3  

(  

1

7

A

(

1

(

8

M

2

d

t

t

i

t

t

a

c

i

C

o

e

t

o

d

s

t

n

h

C

2

t  

s

m

s

i

m

s

m

o

a

e

[

s

s

6

t

s

g

t

p

t

(

t

b

e

d

t

(

t

3

s

T

a

t

o

m

t

η
μ
(  

t

f

l

t

m

i

(

t

d

a

a

d

�

t

p

e

i

[

E

w

t

β
p

s

18.50, 116.03, 115.87. UV-Vis (THF): λmax , nm 453, 365, 301, 291, 

44. ESI-MS: calcd: 172.14; found: 171.00 [M] + 

4-((3,4-dicyanophenyl) ethynyl) benzoic acid ( PN2 ). Iodo- 

hthalonitrile (540 mg, 2.12 mmol), 4-ethynyl benzoic acid (360 

g, 2.46 mmol) CuI (19mg) and Pd(PPh) 3 Cl 2 (148 mg, 0.211 mmol) 

ere dissolved in 10 ml toluene and 6 ml TEA under argon atmo- 

phere. The reaction mixture was refluxed at 90 °C for 24h. After 

hat 10 ml of 15% NH 4 Cl solution was added to the reaction mix-

ure. This aqueous mixture was extracted with Et 2 O (100 mlx3). 

he organic layers were separated and dried over Na 2 SO 4 and fil- 

ered. The solvent was evaporated, and the orange solid was puri- 

ed by column chromatography on silica gel using CH 2 Cl 2 : EtOH 

(50:1, 40:1 30:1 10:1, 5:1) mixtures as eluent, affording PN2 as a 

ight yellow solid. The white solid was crystallized in EtOH. Yield: 

38 mg (58%), mp: 235 °C. FT-IR: ν , cm 

−1 320 0-240 0 (-COH), 2240

-C 

≡N-), 2231 (-C 

≡C-), 1674 (-C = O), 1603, 1556, 1486, 1404, 1318,

298, 1283, 1210, 1176, 1142, 1125, 1112, 1017, 943, 908, 864, 844, 

67, 694. 1 H NMR (500 MHz, DMSO-d 6 ): δ ppm = 8.42 (s, 1H, 

rH), 8.21 (d, 1H, ArH), 8.11(d, 1H, ArH), 8.01 (d, 2H, ArH), 7.74 

d, 2H, ArH.). 13 C NMR (125 MHz, DMSO-d 6, δ ppm): 167.01 (CO), 

36.70 (ArCH), 134.71 (ArCH), 132.24 (ArCH), 130.04 (ArCH), 127.79 

ArC), 125.30 (ArC), 115.51 (-C 

≡N-), 114.31 (ArC), 94.12 (-C 

≡C-), 

8.80 (-C 

≡C-). UV-Vis (THF): λmax , nm: 330, 308, 250. MALDI-TOF- 

S: m/z calcd: 272.26; found: 272.82 [M] + 

.3. X-ray data collection and structure refinement 

Data were obtained with Bruker APEX II CCD three-circle 

iffractometer. Indexing was performed using APEX2 [13] . Data in- 

egration and reduction were carried out with SAINT [14] . Absorp- 

ion correction was performed by multi-scan method implemented 

n SADABS [15] . The structure was solved using SHELXT [16] and 

hen refined by full-matrix least-squares refinements on F 2 using 

he SHELXL [16] in Olex2 Software Package [17] . The positions of 

ll H-atoms bonded to carbon and oxygen atoms were geometri- 

ally optimized. Finally, their displacement parameters were set to 

sotropic thermal displacements parameters (U iso (H) = 1.2 ×U eq for 

H and CH 2 groups or (U iso (H) = 1.5 ×U eq (-OH). The contribution 

f seriously disordered EtOH molecules in PN1-a and PN2 was 

liminated from the structure using SQUEEZE subroutine [18] in 

he PLATON software. Crystallographic data and refinement details 

f the data collection are given in Table 1 . Crystal structure vali- 

ations and geometrical calculations were performed using Platon 

oftware [19] . Mercury software [20] was used for visualization of 

he cif files. Additional crystallographic data with CCDC reference 

umbers 1435210 ( PN1-a ), 2031063 ( PN1-b ), and 1435211 ( PN2 ) 

ave been deposited within the Cambridge Crystallographic Data 

enter via www.ccdc.cam.ac.uk/deposit . 

.4. Computational methodology 

Geometry optimizations were performed using density func- 

ional B3LYP [ 21 , 22 ] as implemented in Gaussian 09 [23] . The ba-

is set 6-311 ++ G(d,p) was employed which is widely used for the 

edium and large systems with hydrogen bonds [24] . Molecular 

tructure visualizations and DFT based analysis were rendered us- 

ng GaussView 5.0 [25] . The interaction energy for the dimer for- 

ations of the structures was corrected for the basis set superpo- 

ition error (BSSE) with the counterpoise method [26] . The funda- 

ental vibrational frequencies of the monomer and dimer forms 

f PN1-a and PN2 were examined on the optimized structures 

nd the determination of the vibration modes with potential en- 

rgy distribution (PED) analysis was performed by using VEDA 4 

27] . In the calculations of vibrational frequency, to prevent pos- 

ible systematic errors; the values higher than 1700 cm 

−1 were 

caled by 0.958 while those less than 1700 cm 

−1 by 0.983 for 
3 
-311 ++ G(d,p) basis set [28] . UV-Vis spectral parameters; excita- 

ion energies, wavelengths of maximum absorbance ( λ), oscillator 

trengths (f) of monomer and dimer PN structures were investi- 

ated with Time-Dependent Density Functional Theory (TD-DFT) at 

he same level of theory. Solvent effect based on conductive-like 

olarizable continuum model (CPCM) [ 29 , 30 ] was examined using 

he Self-Consistent Reaction Field (SCRF) method in the gas phase 

 ε= 1), nonpolar-chloroform (CHCl 3 ) ( ε= 4.71) and polar aprotic- 

etrahydrofuran (THF) ( ε= 7.42). The highest occupied molecular or- 

ital (HOMO) and lowest unoccupied molecular orbital (LUMO) en- 

rgies known as Frontier Molecular Orbitals (FMOs) and the orbital 

istributions were examined at the same theoretical level and in 

he gas phase for monomer PN structures. The density of states 

DOS) graph for structures, major and minor contribution to elec- 

ronic transition at UV-Vis analysis was rendered with GaussSum 

.0 program [31] . In addition, to predict reactivities of molecular 

tructures, some global reactivity descriptors were calculated with 

D-DFT/B3LYP at the same basis set. 

The ionization potential ( I ) and electron affinity ( A ) were taken 

s approximate I ≈-E HOMO and A ≈-E LUMO by utilizing Koopmans’ 

heorem which provides an alternative method with HOMO-LUMO 

rbital energies of optimized neutral molecules [32] . To get infor- 

ation about global reactivity behaviors as a whole for PN struc- 

ures; some parameters such as χ ; electronegativity ( χ= (I + A)/2 ), 

; chemical hardness ( η= (I-A)/2 ), Ѕ; chemical softness ( Ѕ= 1/ η), 

; chemical potential ( μ= -(I + A)/2 ) and ω; electrophilicity index 

 ω = μ2 / 2 η) were investigated [33-35] . In addition to global reac-

ivity descriptors, the individual reactivity behaviours of the atoms 

orming the molecular structure were examined by calculating the 

ocal reactivity descriptors known as Fukui functions. In local reac- 

ivity descriptors, the atomic charges q k values of the k atom of the 

olecular structure were obtained in (N), (N + 1), (N-1) neutral, an- 

onic and cationic states according to Natural Population Analysis 

NPA) [36] . The condensed Fukui functions were calculated using 

he UCA-FUKUI v.2.1 software [37] and determined using the finite 

ifference method to obtain electrophilic, nucleophilic and radical 

ttack sites of the PN structures by the formulas [38] . 

f + 
k 

= q k ( N + 1 ) − q k ( N ) , for nucleophilic attack (1) 

f −
k 

= q k ( N ) − q k ( N − 1 ) , for electrophilic attack (2) 

f 0 k = [ q k ( N + 1 ) − q k ( N − 1 ) ] / 2 , for radical attack (3) 

In addition, to determine the reactivity of a field in a molecule 

gainst a nucleophilic or electrophilic attack; which defined as dual 

escriptor was calculated with; 

f k = f + 
k 

− f −
k 

(4) 

he equation [39] . It is possible to relate the nonlinear optical 

roperties of molecular structures to their response to the pres- 

nce of an external electric field. The energy of a neutral molecule 

n a homogeneous and weak electric field is expressed as follows 

40] : 

 ( F ) = E ( 0 ) −
∑ 

i 

μi F i −
1 

2! 

∑ 

i j 

αi j F i F j −
1 

3! 

∑ 

i jk 

βi jk F i F j F k 

− 1 

4! 

∑ 

i jkl 

γi jkl F i F j F k F l − . . . 

here, E(0); F i indicates the value of the unperturbed energy and 

he external field along the i-th direction, μi ; dipole moment, αi j , 

i jk , γi jkl ; the components of polarizability, the first-order hyper- 

olarizability and the second-order hyperpolarizability tensors, re- 

pectively. The i, j, k, l subscripts denote Cartesian components and 

http://www.ccdc.cam.ac.uk/deposit
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Table 1 

Crystal data and refinement parameters for PN1a-b and PN2 . 

Compound PN1-a PN1-b PN2 

CCDC Number CCDC 1435210 CCDC 2031063 CCDC 1435211 

Empirical Formula C 9 H 4 N 2 O 2 C 9 H 6 N 2 O 3 C 36 H 22 N 4 O 5 

Formula weight (g. mol −1 ) 191.14 190.16 590.57 

Temperature (K) 293 299 173 

Wavelength ( ̊A) 0.71073 0.71073 0.71073 

Crystal system Orthorhombic Monoclinic Triclinic 

Space group P ccn P 2 1 /c P -1 

a ( ̊A) 13.9507(3) 3.74870(10) 9.7732(12) 

b ( ̊A) 20.4746(4) 13.5864(5) 11.7106(14) 

c ( ̊A) 13.3456(3) 17.7883(7) 14.5356(18) 

α( °) 90 90 79.125(7) 

β( °) 90 90.579(3) 75.930(7) 

γ ( °) 90 90 66.012(6) 

Crystal size (mm) 0.283 × 0.238 × 0.066 0.522 × 0.102 × 0.096 0.461 × 0.243 × 0.237 

V ( ̊A 3 ) 3811.97(14) 905.94(5) 1466.7(3) 

Z 16 4 2 

ρcalcd (g.cm 

−3 ) 1.332 1.394 1.337 

μ (mm 

−1 ) 0.100 0.108 0.091 

F(000) 1552 392 612 

θ range for data collection ( °) 2.3-27.5 2.3-25.8 2.3-26.9 

Hkl -16/16, -24/24, -15/15 -4/4, -16/16, -21/21 -11/11, -13/13, -17/17 

Reflections collected 27844 9628 17664 

Independent reflections 3349 [R(int) = 0.0624] 1577 [R(int) = 0.0702] 5166 [R(int) = 0.0404] 

Data/restraints/parameters 3349/0/237 1577/0/136 5166/0/381 

Goodness-of-fit on F 2 1.070 1.075 1.061 

Final R indices [I > 2 σ (I)] R 1 = 0.0491, wR 2 = 0.1305 R 1 = 0.0489, wR 2 = 0.1309 R 1 = 0.0471, wR 2 = 0.1212 

R indices (all data) R 1 = 0.0699, wR 2 = 0.1377 R 1 = 0.0648, wR 2 = 0.1432 R 1 = 0.0707, wR 2 = 0.1335 

Largest diff. peak and hole (e. ̊A −3 ) 0.24 and -0.20 0.17 and -0.27 0.45 and -0.20 

a
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 repeated subscript means summation over the x, y, z indices. 

hile determining the potential of PN1-a and PN2 monomer 

tructures to be non-linear optical material; total static dipole mo- 

ent ( μtot ) , mean polarizability ( < α > ) , anisotropic of the polar- 

zability ( �α) and total first-order hyperpolarizability ( βtot ) pa- 

ameters were obtained in terms of cartesian coordinate compo- 

ents with the following equations [ 41 , 42 ]: 

tot = 

(
μ2 

x + μ2 
y + μ2 

z 

)1 / 2 
(5) 

 α〉 = ( αxx + αyy + αzz ) / 3 (6) 

α = 

1 √ 

2 

[
( αxx − αyy ) 

2 + ( αyy − αzz ) 
2 + ( αzz − αxx ) 

2 

+ 6 

(
α2 

xz + α2 
xy + α2 

yz 

)]1 / 2 
(7) 

tot = 

[
( βxxx + βxyy + βxzz ) 

2 + ( βyyy + βyzz + βyxx ) 
2 

+ ( βzzz + βzxx + βzyy ) 
2 
]1 / 2 

(8) 

The change of some thermodynamic parameters such as heat 

apacity, ( C 0 p,m 

), entropy, ( S 0 m 

), and enthalpy change ( �H 

0 
m 

) were

xamined in the range of 10 0-80 0 K for PN1-a and PN2 monomers. 

.5. Investigation of film formation of PN1 and PN2 

The crystals synthesized within the scope of the project will 

e dissolved by dissolving in suitable solvents and coated by ITO 

indium tin oxide) andsilverwas evaporated approximately 100 nm 

hickness on PN1 and PN2 coated substrates. To evaporate the re- 

aining solution, the samples were dried and annealed at 110 °C 

or 10 minutes. The spin coating speed is 20 0 0 rpm. The ITO sub-

trates to be used during the construction of the diodes were 
4 
leaned with sonic vibrator in isopropanol and acetone for 10 min- 

tes, respectively. Obtained films were annealed at 110 °C to re- 

ove residual solvents. It was given schematic structure of diode 

ith PN1 and PN2 in Fig. S.3. 

. Results and discussion 

.1. Synthesis and characterization 

PN1 was synthesized in three steps starting from trimellitic an- 

ydride [43] . PN2 was prepared by a Sonogashira catalytic cross- 

oupling reaction with 4 - iodophthalonitrile and 4-ethynyl benzoic 

cid by using Pd(PPh 3 ) 2 Cl 2 catalyst in the presence of CuI/Et 3 N 

44] . The synthetic route to phthalonitrile derivatives were de- 

icted in Scheme 1 . 

Phthalonitrile derivatives were fully characterized by spec- 

roscopic techniques, including NMR, UV-Vis, FT-IR, X-ray, mass 

pectrometry (MS). These compounds exhibited high solubility in 

ommon organic solvent such as ethyl alcohol, dichloromethane, 

MSO, CHCl 3 . 

.2. X-ray crystallography 

The solid-state structures of PN1-a, PN1-b and PN2 were deter- 

ined using single-crystal X-ray structural analysis. Suitable crys- 

als for X-ray diffraction study of PN1-a and PN2 were grown via 

ecrystallization from ethyl alcohol. 

Interestingly, the second form of 3,4-dicyanobenzoic acid, which 

as re-crystallized via ethyl alcohol-water, was isolated. PN1-a, 

N1-b , and PN2 were crystallized from the different crystal sys- 

ems, which are orthorhombic Pccn , monoclinic P 2 1 /c, and tri- 

linic P -1, respectively. Details of the data collection conditions and 

he parameters of the refinement process of PN1a-b and PN2 in 

able 1 . While the asymmetric unit of PN1-b includes only one 

olecule, the asymmetric unit of PN1-a and PN2 consists of two 

hthalonitrile molecules. In all compounds, the carboxylic acid and 
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Scheme 1. Synthesis of phthalonitrile derivatives PN1 and PN2 . 

Fig. 2. (A) The OPTEP drawings of PN1-a molecular structure with the atomic numbering scheme (B) The perspective view of classical carboxylic acid inversion dimer with 

R2 2 (8) motif in PN1-a (C) The 2D hydrogen bonded layers formed by intermolecular CH �N interactions (D) View of the 2D inclined interpenetration observed in PN1-a . 
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hthalonitrile moieties almost lie in the plane of the benzene ring 

s indicated in Fig. 2 A, 3 A, and 4 A. 

The C 

≡N bond lengths (1.139(3) Å-1.150(3) Å for PN1-a , 1.140(3) 
˚
 for PN1-b , and 1.139(3) Å-1.142(2) Å for PN2 ) are in good agree-

ent with our previously reported structures [45-49] . In PN1- 

 , molecules are connected by a pair of classical O-H �O hydro- 

en bonds (O15 �O33 = 2.608(2) Å, O32 �O16 = 2.596(2) Å) form- 

ng classical carboxylic acid inversion dimers showing an R2 2 (8) 

otif ( Fig. 2 B). Furthermore, these interactions are accompa- 

ied by non-classical CH �N interactions (C26 �N13 = 3.377 Å and 

4 �N31 = 3.463 Å) to form 2D hydrogen bonded layers. 

The layers contain windows ( Fig. 2 C), which are large enough 

o allow mutual inclined interpenetration as shown in Fig. 1 D. 

n the other hand, no-classical inversion dimer was observed 

n PN1-b . PN1-b is stabilized by classical intermolecular hydro- 

en bonding interactions (O17 �O8 = 2.640(3) Å, O8 �N1 = 2.999(3) 
˚ , O8 �N15 = 2.933(3) Å) to form 2D hydrogen bonded network 

 Fig. 3 B, 3 C). 

The resulting 2D layered network is expanded into a 3D 

upramolecular network by intermolecular π�π stacking interac- 

ions (3.371 Å in Fig. 4 D). As in PN1-a , molecules in PN2 are linked

y a pair of O-H �O hydrogen bonds (O2 �O3 = 2.644(2) Å) to form

lassical carboxylic acid inversion dimers showing an R2 2 (8) motif 

 Fig. 4 B). Crystal structure is stabilized by a combination of inter- 

olecular π- π interactions between 3.682 Å-3.874 Å ( Fig. 4 C and 

 D). 
5 
.3. Optimized molecular geometry 

The optimized monomer and dimer structures of PN1-a, PN1- 

 and PN2 are depicted in Fig. S.4. The values of uncorrected 

otal energy, counterpoise-corrected energies, BSSE corrected in- 

eraction energy and dipole moments are given in Table S.1 for 

onomer and dimer structures. The resulting energy values of the 

imeric PN structures point out that they are more stable than 

heir monomeric ones. The corrected hydrogen bonded interaction 

nergies ( �E = E dimer -2E monomer ) of dimer structures formed by the 

nteraction of hydrogen bonds between homonuclear molecules are 

14.57 kcal/mol for PN1-a , -29.49 kcal/mol for PN1-b and -18.64 

cal/mol for PN2 . The dipole moment value of the PN1-b opti- 

ized dimer structure formed by the hydrogen bond interaction 

etween water molecules and the carboxylic acid group is 0.0076 

ebye, while that of the monomer is 8.8903 Debye. The dipole mo- 

ents of PN1-a and PN2 monomers are 5.5501 Debye and 7.8105 

ebye, while are 0.0021 Debye and 0.0019 Debye for dimers. The 

lmost zero dipole moment values of the dimeric structures con- 

rm that there is a centrosymmetric cyclic dimer formation [50] . 

Since the dimerization is governed by the intermolecular H- 

ond interactions, some parameters of optimized monomer and 

imer structures, particularly the ones involved in H-bond is of in- 

erest and therefore some donor (D)-acceptor (A) interactions are 

abulated in Table 2 . The optimized PN1-a and PN2 dimers possess 

wo intermolecular hydrogen-bonds between the hydroxyl group 
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Fig. 3. (A) The OPTEP drawings of PN1-b molecular structure (B) The perspective view of classical hydrogen bonding interactions in PN1-b (C) The 2D hydrogen bonded 

layers formed by intermolecular O-H �N and O-H �O interactions (D) View of the intermolecular π�π stacking interactions observed in 3D hydrogen-bonded network of 

PN1-b . 

Fig. 4. (A) The OPTEP drawings of PN2 molecular structure (B) The perspective view of classical carboxylic acid inversion dimer with R2 2 (8) motif in PN2 (C) and (D) View 

of the intermolecular π�π stacking interactions observed in PN2 . 
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O-H bond) acting as a donor and the carbonyl oxygen (C = O) act- 

ng as an acceptor. The optimized PN1-b dimer structure is formed 

y the hydrogen bond interaction between the oxygen of the wa- 

er molecule which acts as an acceptor and the hydroxyl group as 

he donor. With the DFT approach, D �A distances are equal to 2.66 
˚
 for structures. The calculated distances are within the expected 

ange of 2.5-3.2 Å [51] for strong hydrogen bond interactions. In 

ddition, the intermolecular hydrogen bond (O–H �O) angle are al- 

ost linear (179.8 °, 178.0 ° and 178.9 ° PN1-a, PN1-b and PN2 , re- 

pectively). 

Some selected bond distances are tabulated in Table S.2 com- 

arison to the crystallographic data and more structural parame- 

ers are given in Table S.3. 

The carbonyl bond distance is computed as 1.227 Å for PN1-a , 

.214 Å for PN1-b , 1.231 Å for PN2 dimer structures, whereas these 

istances are 1.206 Å, 1.205 Å 1.208 Å for their monomer struc- 

ures, respectively. In optimized dimer structures, C–O single bond 

engths are 1.317 Å for PN1-a , 1.326 Å for PN1-b , 1.322 Å for PN2 .

or monomer structures, respectively, these bond lengths are 1.351 
˚ , 1.351 Å and 1.356 Å. Hydroxyl group bond length is obtained as 

0.96 Å for the monomeric structures, ≈1.00 Å for dimer ones. 
6 
The carbon-nitrogen triple bond lengths of the nitrile group are 

.153 Å-1.155 Å for both monomer and dimer forms of PN struc- 

ures. This bond length for phthalonitrile group was calculated as 

.154 Å with the basis set of 6-311G(d,p) [52] and with the basis 

et of 6-311 ++ G(d,p) as 1.155 and 1.156 Å [53] . The alkyne group

ond length of the PN2 structure, the DFT value estimated is 1.210 
˚
 in both the monomeric and dimeric forms. The aromatic ring 

–C bond distance values are in the range of 1.387-1.412 Å for 

onomer, 1.388-1.414 Å for dimer in the PN1-a , 1.389-1.414 Å for 

onomer, 1.390-1.413 Å for dimer in the PN1-b , 1.385-1.413 Å for 

oth monomer and dimer in the PN2 . 

Carboxylic acid group O = C–O bond angles are known to be trig- 

nal planar with about 120 ° bond angles and the calculated values 

or PN structures follow this expectation. For PN1-a, PN1-b and 

N2 structures these angles are obtained as 123.1 °, 123.2 °, 122.2 °
t the monomer forms and 124.0 °, 124.3 °, 123.0 ° at the dimer 

orms, respectively. In addition, the C–O–H bond angles are de- 

ermined as 107.4 °, 107.45 °, 106.9 ° in PN monomer structures and 

10.5 °, 109.7 °, 110.3 ° in dimer structures. The theoretical -N 

≡C–C- 

ond angles in PN structures monomer and dimer forms are very 

lose to each other approximately 179 ° and have a value that sup- 
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Table 2 

Some selected intermolecular hydrogen bonding geometry ( ̊A, °) parameters for 

the dimeric structures of PN1a-b and PN2 . 

D —H ···A D —H H ···A D ···A D —H ···A 
PN1-a 

XRD O15—H15 ···O33 0.820(2) 1.796(2) 2.608(2) 170.83(2) 

DFT 1.000 1.666 2.667 179.868 

XRD O33—H34 ···O15 0.819(2) 1.793(2) 2.596(2) 165.88(2) 

DFT 1.000 1.667 2.667 179.856 

PN1-b 

XRD O17—H17 ···O8 0.820(3) 1.821(3) 2.640(3) 176.51(3) 

DFT 1.000 1.666 2.666 178.069 

PN2 

XRD O2—H2 ···O3 0.841(2) 1.800(2) 2.644(2) 174.42(2) 

DFT 0.999 1.665 2.665 178.957 

XRD O4—H4 ···O1 0.841(2) 1.800(2) 2.644(2) 174.42(2) 

DFT 0.999 1.665 2.665 178.957 
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orts the linear geometry of the cyano groups. For dimers, carbonyl 

nd hydroxyl bonds are elongated, while C–O single bond lengths 

re shorter compared to monomers. 

A similar deviation was observed for the O = C–O and C–O–H 

ond angles of PN structures, as the values are larger in dimers 

han the monomer ones. Similar effects of dimerization on these 

eometrically parameters were also reported in previous studies 

or molecular groups containing the –COOH moiety [54-57] . Fur- 

hermore, it has been observed that dimerization does not cause a 

ignificant alteration in the aromatic ring and cyano groups of PN 

tructures and alkyne group parameters for PN2 . 

As can be seen in Table S.2 and Table S.3, the differences be- 

ween monomeric and dimeric species originating mainly from the 

arboxylic group are also confirmed by XRD data. Some discrep- 

ncies between XRD analysis and results obtained from DFT ap- 

roach; it results from the fact that molecular structures being in 

he solid phase in the experimental process, and at the gaseous 

hase throughout the theoretical analysis process. 

.4. IR analysis 

IR spectral characterization of PN1-a and PN2 structures was 

erformed by DFT and PED analysis together based on the 

onomeric and dimeric formations. Experimental FT-IR spectra in 

ig. S.5 and simulated ones with at DFT/B3LYP/6-311 ++ G(d,p) level 

or monomer and dimer PN structures are illustrated in Fig. S.6. 

ll the spectral and scaled wavenumbers, potential energy distri- 

utions (PED) and the assignments of the basic vibration modes 

btained for the monomer and dimer structures of PN are given in 

able S.4, Table S.5 as a summary of some selected results. 

PN1 - a monomer structure which consists of 17 atoms has a 

otal 45 fundamental vibration modes of which 16 stretching, 19 

ending and 10 torsion vibrations. For PN2 monomer structure 

ith 29 atoms, there are 28 stretching, 33 bending and 20 torsion 

ibrations of 81 fundamental vibration modes. Structures have no 

maginary frequency value. Dimeric structures of PN1 - a and PN2 

ave a centrosymmetric dimer feature formed by intermolecular 

-H �O hydrogen bonds. Consequently, correspond to each vibra- 

ion mode two wavenumbers that are quite close to each other in 

ost cases have been obtained for the dimer structures. 

The presence of the carboxylic acid moiety can be confirmed 

n the infrared spectra by absorption bands of hydroxyl and car- 

onyl groups. Although O-H stretching absorption appears with 

lcohols, and C = O stretching absorption appears within the ex- 

ected range of regions for aldehydes and ketones in the spec- 

ra, the shifts in wavenumbers and the tendency of more widen- 
7 
ng of the peaks emerge as characteristic features of carboxylic 

cid [58] . O-H stretching vibration observed in the range of 3670- 

580 cm 

−1 for alcohols, while it is at 3580-3500 cm 

−1 for the 

ree or monomer form of carboxylic acid, it appears in the re- 

ion of 330 0-250 0 cm 

−1 for dimer formed by hydrogen-bonded 

nteraction [ 59 , 60 ]. O-H stretching peaks in the FT-IR spectrum for 

oth PN structures were observed in a quite broad range of at 

20 0-240 0 cm 

−1 centred near 2800 cm 

−1 due to its overlapping 

ith the aromatic group C-H absorption. Calculated at 3604 and 

611 cm 

−1 with the contribution of pure 100% PED for monomer 

orms of PN1 - a and PN2 structures, this band at 3025, 2965 cm 

−1 

nd 3023, 2966 cm 

−1 for their dimeric forms, respectively. While 

he theoretical values indicate the absorption of OH group that 

on-hydrogen bonding almost located at 3600 cm 

−1 for monomer 

tructure forms of PN1 - a and PN2 , the shifting of absorption to 

ower frequency values approximately > 500 cm 

−1 exist the pres- 

nce of a stable dimeric form characterized by an intermolecular 

ydrogen bond of O–H �O type. 

It is known that the C = O stretching vibration, which is one 

f the important absorption bands of the double bond region of 

he spectrum, can take specific values depending on conjugation, 

roperties of substituents, and inter and intra-molecular hydrogen 

ond interactions [ 55 , 61 ]. In the case of carboxylic acid, the car-

onyl peak appearing as a dense band according to the presence 

f saturated or unsaturated and even hydrogen bond in the region 

ange of 1760-1690 cm 

−1 , in the dimer formations somewhere near 

t 1700 cm 

−1 , and in the monomer formations at about 1760 cm 

−1 

t is expected [59] . In the FT-IR spectrum, C = O stretching vibration

as observed as a sharp peak at 1698 cm 

−1 for PN1 - a and 1674

m 

−1 for PN2 . On the other hand, this peak is computed theoreti- 

ally as 1722 cm 

−1 for PN1-a monomer structure, 1652, 1639 cm 

−1 

or its dimer structure (with contribution of the pure 85% PED), 

711 cm 

−1 for monomer structure of PN2 , 1661, 1632 cm 

−1 was 

btained for its dimer structure (with contribution of the pure 82% 

ED). It shows that the C = O stretching vibrations calculated for the 

imeric forms of the PN structures shifted to low-frequency values 

ompared to the monomer ones. Other important bands exhibited 

y the carboxylic group which often overlapped with other absorp- 

ions in the fingerprint region of the molecular structures; are C-O 

tretching, in-plane and out-of-plane bending vibrations associated 

ith O-H components. 

The expected range in the spectrum for C-O stretching and 

-H in-plane bending coupling band is about 1440-1395 cm 

−1 

egion in dimeric species, while O-H in-plane and C-O stretch- 

ng vibrations appear at 1380-1280 cm 

−1 and 1190-1075 cm 

−1 in 

onomer ones, respectively [ 59 , 62 ]. C-O stretching and COH in- 

lane bending vibrations were determined at 1347 cm 

−1 with 19% 

nd 30% PED contribution, respectively, for monomer PN1-a (1461, 

422 cm 

−1 for dimer structure) and at 1340 cm 

−1 with 16% and 

5% PED contribution for monomer PN2 (for 1451, 1422 cm 

−1 for 

imer structure). Spectrally, this band was observed at 1434 cm 

−1 

nd 1404 cm 

−1 for structures. C-O bond stretching vibrations ob- 

erved together with other HCC, CCC, bending vibration modes are 

165, 1105 and 1080, 1017 cm 

−1 , respectively for PN1-a and PN2 

onomer structures. Scaled wavenumbers in which C-O vibration 

as observed for dimeric structures formed by O–H �O type hy- 

rogen bond interaction; are 1186 cm 

−1 , 1132;1130 cm 

−1 for PN1- 

 , respectively, 1120 cm 

−1 , 1013 cm 

−1 for PN2 , respectively. Other 

n-plane and out-of-plane deformation vibration modes associated 

ith the carboxylic acid group are given in Table S.4. 

The descriptive peak for the presence of cyano groups in the 

riple bond region is expected in the range of 220 0-240 0 cm 

−1 

63] . The -C 

≡N- stretching vibration appeared as 2238 cm 

−1 for 

N1-a and 2240 cm 

−1 for PN2 structures as sharp and in medium 

ntensity peaks in the FT-IR spectrum. This peak in PN1 - a struc- 

ure was theoretically calculated with pure 65% PED value as 
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244 and 2240 cm 

−1 for the monomer, 2238 and 2236 cm 

−1 

or the dimer. In case of PN2 ; it was determined as 2243/2236 

m 

−1 and 2236/2229 cm 

−1 for monomer/dimer structure with 85% 

nd 84% pure PED contribution, respectively. The characteristic 

C 

≡N- stretching vibration for the phthalonitrile part was reported 

s spectral 2233 cm 

−1 [64] , 2235 cm 

−1 [65] , 2229-2236 cm 

−1 [66] .

ence, it can be concluded that the spectral values of CN stretch- 

ng band marked for PN structures are compatible with the typical 

2300 cm 

−1 value expected for phthalonitrile groups. It is clear 

hat the theoretical values were obtained higher than the ex- 

erimental ones, a similar situation was observed in the studies 

hat reported CN stretching vibration as 2234-2342 cm 

−1 [67] and 

258 cm 

−1 [68] with the DFT approach. -C 

≡C- stretching vibration 

requency of the PN2 structure was assigned as a medium inten- 

ity peak at 2231 cm 

−1 in FT-IR spectra, whilst it was computed as 

202 cm 

−1 with a pure 81% PED value in both the monomeric and 

imeric form. The expected frequency range for the alkyne group 

tretching vibrations which known to have a small dipole moment 

hange is the region of 2260-2100 cm 

−1 of the spectrum [60] . The 

btained spectral and theoretical values for this stretching band in 

he PN2 structure are within the expected frequency range. 

The presence of the –COOH group contained in the PN1-a and 

N2 structures and its tendency to the dimeric formation, showed 

ts effect in some wavenumber values. It is determined to shift 

o lower frequency values on dimer forms of structures that ap- 

roximately < 500 cm 

−1 for the O-H stretching vibrations, in the 

ange of 70-100 cm 

−1 for the C = O stretching vibrations. Similar 

esults based on the effect of dimerization were observed in some 

tudies reported for molecular structures containing -COOH moi- 

ty [ 54 , 56 , 69 , 70 ]. While the effects of hydrogen bonding interac-

ion are noticed in the wavenumbers obtained for monomer and 

imer structures, there are some differences between experimen- 

al and theoretical values. 

.5. UV-Vis analysis 

The nature of the electronic transitions of PN structures was 

nvestigated by UV-Vis spectral analysis, which plays a key role 

n the determination of optically active materials. The electronic 

bsorption spectra of the structures in THF and CHCl 3 at 1 ×10 −5 

 concentration value in the range of 20 0-60 0 nm are given in

ig. S.7 and S.8 With a theoretical approach at framework TD- 

FT/B3LYP/6-311 ++ G(d,p) for the monomer and dimer structures 

f PN1-a and PN2 some electronic absorption spectral parameters 

ave examined in mentioned solvents and gas phase and results 

re tabulated in Table S.6. 

Frontier molecular orbitals are crucial for the identification pro- 

ess of electronic transitions in UV-Vis spectral analysis. HOMO- 

UMOs together with DOS diagrams for PN monomers are given in 

ig. S.9, diagrams of molecular orbital other contributing to transi- 

ions are presented in Fig. S.10. DOS diagrams shaped with Gaus- 

ian curves which of unit height and the stated full width at half- 

aximum [31] , have used as an effective tool for visualizing the 

ontributions of molecular orbitals, and also the band gap of PN 

tructures. As shown in Fig. S.10, HOMO is located on the all ph- 

halonitrile moiety with a small part over the oxygen atom of 

he carbonyl group, while LUMO is located over almost the en- 

ire molecular structure for PN1-a monomer. For PN2 monomer; 

he large density of HOMO is localized on the ethynylbenzoic acid 

nd on the phthalonitrile group except for the nitrile group, while 

he LUMO localized symmetrically over almost the entire molecu- 

ar skeleton. 

The electronic absorption spectrum of PN1-a structure displays 

hree absorption peaks in the near UV region at 246, 292 and 

03 nm in the CHCl 3 , while five absorption peaks in the near UV

nd visible region at 244, 291, 301, 365 and 453 nm for THF sol- 
8 
ent. Corresponding to the peaks having maximum absorbance in- 

ensity in the spectrum, the λmax values determined by the TD- 

FT approach are 259/264 nm in CHCl 3 , 259.23/263.76 nm in 

HF medium in order of monomer/dimer. These maxima point out 

OMO → LUMO transition with major contribution values of 61%- 

9%. It is known that phthalocyanines have two strong character- 

stic electronic absorption bands. One of which is the Soret or B 

and observed at the near UV region in the range of 30 0-40 0 nm

nd the other one is the Q band observed in the range of 60 0-70 0

m at the visible region [71] . The absorption wavelengths of 365 

nd 453 nm in the THF medium of the PN1-a can be the peaks 

orresponding to the B and Q bands. 

The absorption peaks recorded for CHCl 3 and THF solvent me- 

ia in the UV spectrum of the PN2 structure are 250, 312, 333 

m and 250, 308, 330 nm, respectively. As can be seen in Ta- 

le S.6, λmax values which have high oscillator strength indicate 

OMO → LUMO transition with major contribution value of 99% are 

62.24 nm in CHCl 3 and 362.10 nm in THF for the monomer struc- 

ure. The λmax values indicating the same possible transition 

ith major contribution values of 61% are 366.81nm in CHCl 3 and 

66.84 nm in THF for the dimeric state. 

It was determined that spectral absorption bands (except 365 

nd 453 nm) blue-shifted ~2nm for PN1-a structure and ~3-4 nm 

or PN-2 structure due to an increase the solvent polarity (from 

HCl 3 to THF). Unlike the PN1-a structure, the structure of PN2 

ontains an alkyne group that will cause the increase of π-electron 

ensity within the molecular structure so the PN2 structure has 

onger absorption wavelengths and lower excitation energy val- 

es than the PN1-a structure. Furthermore, it was observed that 

he λmax values calculated for dimer forms with the TD-DFT ap- 

roach were higher than monomers. According to the spectral val- 

es determined , the hypochromic effect observed in the transition 

rom non-polar to polar aprotic solvent is more prominent just in 

he PN1-a structure. 

.6. Reactivity descriptors of structures 

The abilities of molecular systems to donate and accept elec- 

rons can be associated with their HOMO and LUMO energy values. 

n particular, the difference between HOMO and LUMO energy val- 

es ( �E = | E HOMO | −| E LUMO |) of the structures, i.e. the energy band

ap, contains important clues about the stability of the molecu- 

ar structures. The values of FMOs energies and some reactivity 

arameters for the PN1-a and PN2 monomer structures were ob- 

ained at TD-DFT/B3LYP/6-311 ++ G(d,p) level of theory in the gas 

hase (Table S.7). 

The donor-acceptor characteristic properties can be evaluated 

ith the HOMO and LUMO energy values, the ionization potential 

 I ) and electron affinity ( A ) parameters. Low ( I ) value can be associ-

ted with a good electron donor ability while a high electron affin- 

ty ( A ) value with a good electron acceptor ability. PN2 monomer, 

hich has a higher HOMO energy and a lower ionization potential 

 I = 7.115 eV), draws attention with a better electron donor charac- 

er, while PN1-a monomer structure exhibits a lower LUMO energy 

nd a higher electron affinity ( A = 3.371 eV) and therefore can be 

onsidered asa better electron acceptor. The difference between the 

OMO and LUMO energies of the structures has been calculated 

s 5.015 eV for PN1-a monomer and 3.843 eV for PN2 monomer. 

ower �E value in PN2 monomer may indicate a stronger intra- 

olecular charge transfer compared to PN1-a monomer. 

Global reactivity descriptors; such as electronegativity ( χ ), 

hemical hardness ( η), chemical softness ( S ), chemical potential 

 μ) and electrophilicity index ( ω) values are other parameters that 

etermine the reactivity of the molecular system. Chemical po- 

ential ( μ) defined as a negative value of electronegativity mea- 

ures the escaping tendency of electron from the equilibrium sys- 
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em [33] . The concepts of global chemical hardness and softness, 

hich are a measure of charge transfer, contributing to the devel- 

pment of hard-soft acids and bases (HSAB) theory qualitatively, 

rovide an insight into the stability of molecular systems. Calcu- 

ated χ , η and S values are 5.878 eV, 2.507 eV and 0.398 eV 

−1 

or the PN1-a monomer, 5.193 eV, 1.921 eV and 0.520 eV 

−1 for 

he PN2 monomer, respectively (Table S.7). PN2 monomer has a 

igher global chemical softness value than PN1-a monomer struc- 

ure, which indicates that it has a soft molecular structure. Soft 

olecules can be more reactive and more polarized; therefore, in- 

ramolecular charge transfer can be directed much more easily. The 

act that PN2 has a narrower HOMO-LUMO gap compared to PN1-a 

upports this result. The other parameter commonly used in chem- 

cal reactivity analysis is the global electrophilicity index ( ω) de- 

criptor that determines the energy change of an electrophile when 

t is saturated with electrons and classifies electrophilic structure 

uantitatively at a relative scale [ 35 , 72 ]. 

The molecular structure depending on whether the value of ω 

ess than 0.8 eV is, between 0.8 to 1.5 eV and greater than 1.5 eV,

an be evaluated as marginal, medium and strong electrophile, re- 

pectively [73] . The calculated ω values for PN monomers (6.891 

V for PN1-a , 7.015 eV for PN2 ) show that both can be consid-

red as strong electrophiles. However, PN2 monomer with a lower 

(1.921 eV), higher μ (-5.193 eV) and ω (7.015 eV) values shows 

 better electrophilic character than PN1-a monomer. 

In order to determine the local field reactivity and site selec- 

ivity of PN structures, Fukui functions ( f + 
k 

, f −
k 

, f 0 
k 
) and dual de-

criptor values have been calculated (Table S.8). This analysis con- 

ributed to the individual investigation of the reactivity tendencies 

f atoms and provided the prominent reactivity sites to be deter- 

ined by considering the entire molecular structure. Calculated 

f + 
k 

, f −
k 

and f 0 
k 

values indicate probable regions for nucleophilic, 

lectrophilic and radical attack in molecular structures. According 

o the results obtained for the structure of PN1-a monomer; higher 

f + 
k 

values are for N13, C3, N14, O16, C8 atoms, higher f −
k 

val- 

es are for N14, N13, C11, C8, C6 atoms and higher f 0 
k 

values are

13, N14, C3, C8, C11 atoms. In the case of PN2 monomer struc- 

ure, the highest f + 
k 

; f −
k 

and f 0 
k 

values have been obtained for N3,

7, N13, C16, C19; C24, C6, C19, N3, C14 and C24, C6, N3, C7, C19

toms, respectively. It is also possible to specify the regions prone 

o electrophilic and nucleophilic attacks by considering the signs of 

ual descriptors. The graphical representation of dual descriptors is 

iven in Fig. S.11 The dual descriptors with a positive sign ( � f k > 0)

ndicate the favourable site for the nucleophilic attack, whilst those 

ith a negative sign � f k < 0 may point out the potential site for the

lectrophilic attack. It can be concluded that the carboxylic acid 

roup region may be favoured for nucleophilic attack in the PN1-a 

onomer, while has a partial potential for both nucleophilic and 

lectrophilic attacks in the PN-2 monomer. 

Another tool to get information about reactivity of molecules 

s to examine electrostatic potential maps which show charge dis- 

ribution within the molecule with different colour codes accord- 

ng to the electrostatic potential values. The obtained MEP and 2D 

ontour maps for PN structures are illustrated in Fig. 5 . The re- 

ions having negative electrostatic potential on the molecular sur- 

ace of PN1-a monomer are around the N13 with the value of - 

.0180 a.u., N14 with the value of -0.0183 a.u., O16 with the value 

f -0.0089 a.u. and O15 with the value of -0.0015 a.u. atoms. In 

he structure of PN2 , negative electrostatic potential is around the 

toms of N3, N13, O1 and O2 with values of -0.0252, -0.0237, - 

.0157 and -0.0048 a.u. MEP analysis points out that reactivity 

elds prone to electrophilic attacks for both PN structures may 

e around these atoms. The negative electrostatic potential value 

as not been observed at the position of PN monomer structures 

arbon atoms (0.0039-0.0297 a.u. for PN1-a , 0.0020-0.0151 a.u. for 

N2 ), the green coded areas of the map indicate the region of car- 
9 
on atoms, which are almost close to zero electrostatic potential. 

esides, –COOH moiety carbonyl group atoms; C12 atom (0.0297 

.u.) for PN1-a and C28 atom (0.0151 a.u.) for PN2 atom are those 

ith high positive value compared to other carbon atoms due to 

he electronegative oxygen atom drawing the electron density over 

tself. A similar state having positive potential is also valid for the 

ll hydrogen atoms on both structures, the most positive ones were 

etermined for the -OH group H15 atom (0.0334 a.u.) for PN1-a 

onomer and H2 atom (0.0213 a.u.) for PN2 monomer. The cen- 

re of nucleophilic attacks to PN structures may be regions with 

ositive potential values (blue-coded on the map) and particu- 

arly where of hydrogen atoms with the highest positive value. 

rominent active sites on the MEP and contour map confirm the 

resence of intermolecular O-H �O hydrogen bond interaction that 

inds the two monomer structures of PN1-a and PN2 . 

When the reactivity analyses for PN structures are evaluated to- 

ether (Fukui functions and MEP analysis), there is a difference 

hich might result from the fact that the condensed Fukui func- 

ions are highly dependent on the population analysis scheme and 

he basis set selection [74] . Moreover, Fukui functions take into ac- 

ount soft-soft interactions in molecular systems, while MEP de- 

cribes hard-hard interactions [75] . 

.7. NLO analysis 

Total static dipole moment ( μtot ) , mean polarizability ( < α > ) , 

he anisotropic of the polarizability ( �α) and total first-order po- 

arizability ( βtot ) values of the PN1-a and PN2 monomer struc- 

ures were calculated with the Eqs. (5 - 8 ) and tabulated in Table 

.9. For PN1-a ve PN2 structures, μtot values were 2.183 Debye 

nd 3.072 Debye, while <α> and �α -components independent 

nd dependent on the direction of the applied electric field- val- 

es were obtained as 18.215 ×10 −24 esu, 39.867 ×10 −24 esu and 

5.685 ×10 −24 esu, 52.809 ×10 −24 esu, respectively. It was deter- 

ined that PN2 monomer exhibits higher polarizability capability 

han PN1-a monomer. A similar situation is observed in βtot val- 

es and calculated as 3030.6 ×10 −33 for PN1-a and 13394.75 ×10 −33 

su for PN2 . For the prediction of the potential use as NLO mate- 

ial of molecular structures; βtot values are particularly known to 

e an important parameter and compared with the urea molecule 

hich is considered as a reference. At the same theoretical level, 

he βtot value for urea was calculated as 782.99 ×10 −33 esu and 

he βtot / (urea) ratio was determined as 3.8 for the PN1-a structure 

nd 17.1 for the PN2 structure. The fact that the PN2 structure 

as a narrow energy gap ( �E = 3.84 eV), a higher chemical softness 

alue ( S = 0.52 eV 

−1 ) than PN1-a , and therefore a higher potential

f intramolecular charge transfer also supports this possibility with 

ts high βtot value. In the design of technological products, ma- 

erials that exhibit NLO properties are remarkable significance at 

elecommunication, military and scientific environmental monitor- 

ng, data storage in information technologies, sensor design, laser 

nd on a wide scale optoelectronic applications etc. areas [ 76 , 77 ].

he obtained results for PN skeletal structures which consist of 

hthalonitrile moieties with strong π-electron charge density and 

COOH with the electron-withdrawing, show that they may have 

he potential to be used as NLO material in such applications. 

.8. Thermodynamic properties 

Characteristic thermodynamic parameters such as heat capac- 

ty, C 0 p,m 

, entropy, S 0 m 

, and enthalpy change, �H 

0 
m 

, for the PN1-a 

nd PN2 monomer structures were examined at temperature val- 

es ranging from 100K to 800K and at 1 atm pressure with on the 

asis of vibrational analysis at with B3LYP/6-311 ++ G(d,p) method. 

he results showing the variation of these parameters with tem- 

erature are given in Table S.9 As can be seen in Table S.9, it is



G. Tunç, B. Canımkurbey, B. Dedeo ̆glu et al. Journal of Molecular Structure 1240 (2021) 130545 

Fig. 5. 3D plot of molecular electrostatic potential map with 0.0 0 04 a.u. isodensity surface from the most negative to the most positive values; in the range of -0.0183 to 

0.3340 a.u. for PN1-a , -0.0252 to 0.0213 a.u. for PN2 and 2D contour map diagrams with isovalue: 0.02. 
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bserved an increase in heat capacity, entropy and enthalpy pa- 

ameters owing to the increase in the vibration intensities with the 

ising temperature values of the compounds. 

The correlation graph showing the variation of the mentioned 

arameters of PN1-a and PN2 structures with temperature is given 

n Fig. 6 , and the corresponding fitting equations in which every 

arameter is represented as a function of temperature and their 

orresponding fitting factors (R 

2 ) are given below. Thermodynamic 

arameters obtained and their changes with temperature for PN 

tructures may serve in the progression of chemical reactions with 
10 
espect the second law of thermodynamics in the thermochemical 

eld applications. 

For PN1-a structure; 

C 

0 
p , m 

(T )= 3.64275 + 0.1416 T -7.1969.10 −5 T 2 ( R 2 = 0.9997 ) 

S 0 m 

(T )= 55.8334 + 0.17593 T -5.70324.10 −5 T 2 ( R 2 = 0.9998 ) 

�H 

0 
m 

(T )= -1.14463 + 0.01803 T + 3.83494.10 −5 T 2 ( R 2 = 0.9995 ) 

For PN2 structure; 

C 

0 
p , m 

(T )= 4.09306 + 0.24294 T -1.18559.10 −4 T 2 ( R 2 = 0.9996 ) 

S 0 m 

(T )= 66.13689 + 0.27808 T -8.01677.10 −5 T 2 ( R 2 = 0.9999 ) 

�H 

0 (T )= -1.74222 + 0.02608 T + 6.84747.10 −5 T 2 ( R 2 = 0.9995 ) 
m 
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Fig. 6. Some thermodynamic parameters of the monomer PN1-a and PN2 struc- 

tures. 
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.9. Electrical conductivity and morphological properties 

Conductivity decreases with increasing frequency ( Fig. 7 a) for 

N1-a crystal, while for PN2 crystal, conductivity increases with 

ncreasing frequency and it decreases again when it reaches a max- 

mum ( Fig. 7 b). This situation is related to in-material polariza- 

ion. The PN2 structure has high polarizability values than PN1-a 

tructure (Table S.10), as well as its high chemical softness value 

 S = 0.52 eV 

−1 ) and narrow energy band ( �E = 3.84 eV), also sup-

orts this information. 

Scanning Electron Microscope (SEM) was used to analyze the 

orphological properties of the formed films on ITO coated glass 

ubstrate. In these images growing trend of the crystalline grains 

f PN1 and PN2 thin films can be observed. As can be seen from 
Fig. 7. Frequency-conductivity ( σ ) (S/cm) relation

Fig. 8. SEM images for a) PN

11 
EM images in Fig. 8 , homogeneous films were obtained. However, 

he surface morphology in these images indicated different feature 

izes that could be due to different crystal orientations. Thin films 

f PN1 and PN2 were seen to have a wrinkled network structure 

onsisting of dense grains from agglomerated crystal particles and 

ome cracks were observed between wrinkled network structures. 

onclusions 

The present paper was primarily designed to characterize the 

tructure of two compounds, monocarboxylic acid substituted ph- 

halonitrile derivatives and to investigate the effects of dimer- 

zation due to the presence of the –COOH group, which has a 

atural tendency to dimer formation. XRD analysis of the crys- 

al structures synthesized revealed the presence of intermolecular 

ydrogen bonds between the carboxylic acid groups. Theoretical 

nalyses were performed with the DFT approach at the B3LYP/6- 

11 ++ G(d,p) level in the gas phase for PN structures. The calcu- 

ated total energy values for optimized molecular geometries with 

he DFT approach show that dimeric structures shaped by strong 

ydrogen bond interactions are more stable than monomer ones. 

he nearly zero dipole moment values for dimeric forms con- 

rm the existence of a centrosymmetric symmetric cyclic dimer 

ormation. The presence of intermolecular interaction even in the 

as phase showed that the dimer forms were more compatible 

ith the XRD analysis results performed for solid-state struc- 

ures at some molecular geometry parameters. This harmony is 

ore pronounced in the geometry parameters of the -COOH group, 

hich plays a role in the strong hydrogen bonding interaction. In 

he IR analysis, it was determined that with the effect of hydro- 

en bond interaction, it shifted to lower frequency values for 

imer structures in the high-frequency region, especially in OH 

nd C = O stretch bands and these results were more consistent 
ship graph for a) PN1-a and b) PN2 crystal. 

1-a and b) PN2 crystal. 
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ith spectral ones. In the case of the low-frequency region, bend- 

ng vibrations shifted to high or to low frequencies in some mode 

ssignments in dimer formation of PN structures. The reactivity 

roperties of PN structures were evaluated via the TD-DFT ap- 

roach, considering the energy band gap and also some global de- 

criptors. PN2 monomer structure has a narrower HOMO-LUMO 

nergy gap, higher global softness, electrophilicity index values, 

ence it can be said to exhibit a more reactive chemically and 

 better electrophilic profile compared to PN1 . For local reactiv- 

ty properties of PN structures, Fukui functions and dual descrip- 

ors have been examined to provide information about the site 

electivity within the molecule toward a nucleophilic or an elec- 

rophilic attack. Additionally, MEP and contour maps showed elec- 

rophilic and nucleophilic regions of PN1-a and PN2 structures. 

he potential of using these materials in some industrial appli- 

ations such as nonlinear optics and electronics has been inves- 

igated. PN2 structure, which has a higher heat capacity (65.763 

al.mol −1 .K 

−1 at 298.15 K) and first order hyperpolarizability pa- 

ameter values ( β tot ( PN2 )/ β tot ( PN1-a ) = 4.4), has a more favorable

tructure in the thermochemical field and NLO applications than 

he PN1 structure. When PN1 and PN2 are compared, the conduc- 

ivity of PN2 is high and it can be thought to be used as an alter-

ative to TiO 2 in dye-based solar cells because charge injection is 

orrelated to the increase in solar cell efficiency. 
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