
Vapor pressure and sublimation thermodynamics
of aminobenzoic acid, nicotinic acid, and related amido-
derivatives

Tatyana V. Volkova1 • Svetlana V. Blokhina1 • Alex M. Ryzhakov2 •

Angelica V. Sharapova1 • Marina V. Ol’khovich1 • German L. Perlovich1

Received: 24 February 2015 / Accepted: 6 August 2015 / Published online: 1 September 2015
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Abstract The inert gas transpiration technique was used

for measuring the vapor pressures of the following bio-

logically active compounds: 4-aminobenzoic acid, nico-

tinic acid, 4-aminobenzamide, 4-pyridinecarboxamide, N-

(2-chloro-3-pyridinyl)-benzenesulfonamide, 4-nitro-N-2-

thiazolyl-benzenesulfonamide, and 4-amino-N-(5-methyl-

3-isoxazolyl)-benzenesulfon-amide in the appropriate

temperature ranges. Differential scanning calorimetric

analysis was applied to obtain the temperature and molar

enthalpy of melting of the compounds studied. Standard

molar enthalpies, entropies, and Gibbs energies of subli-

mation were derived at T = 298.15 K from the tempera-

ture dependences of the vapor pressure of the compounds.

The obtained results allowed the estimation of the rela-

tionship between the sublimation thermodynamic parame-

ters and the thermophysical properties of the substances.

Correlation equations were used for calculating the satu-

rated vapor pressures on the basis of the melting temper-

atures, sublimation enthalpies, and physicochemical

HYBOT descriptors.
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Introduction

Investigation of the sublimation of biologically active

compounds is of great interest for the prediction of phar-

maceutically important properties of drugs on their basis.

The sublimation thermodynamic parameters characterize

the compound crystal lattice energy and determine the

solubility and solvation characteristics in different solvents.

Physicochemical properties of the drug compounds both in

crystal state and in solution expand our view on the

interaction with the biological media of a living organism

and, consequently, facilitate drug target delivery.

The class of compounds including aminobenzoic acid,

nicotinic acid, and related amido-derivatives can be often

considered either as a basis or as additional components of

the pharmaceutical formulations and have been success-

fully used in pharmacology for a long time [1].

4-aminobenzoic acid shows antiviral, local anesthetic, and

antioxidative action and is widely used in ophthalmology

accelerating eye cornea regeneration [2]. Gracin and Ras-

muson [3] consider it as a model compound because the

4-aminobenzoic acid molecular structure contains func-

tional groups inherent to many drug substances. Nicotinic

acid is a vitamin participating in many oxidative reactions

in living cells, the deficiency of which leads to Pellagra. It

has been used for over 50 years to increase levels of high-

density lipoprotein in the blood and has been found to

decrease the risk of cardiovascular events modestly in a

number of controlled human trials [4, 5]. 4-aminobenza-

mide and isonicotinamide are structurally similar to the

above-mentioned biologically active compounds. Sulfon-

amides molecular structures are close to 4-aminobenzoic

acid. These biologically active substances are captured by a

microbe cell instead of 4-aminobenzoic acid and thereby

disturbed the metabolic processes in it. A sulfanilamide
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moiety and its structural similarity to 4-aminobenzoic acid

permit sulfonamides to block folic acid synthesis in bac-

teria, which accounts for the antibacterial action of these

drugs [6]. Moreover, sulfonamide derivatives found an

application for antibiotic, anticancer, anti-convulsant, anti-

obesity, and anti-viral agents [7, 8].

There have been numerous studies on the standard

thermodynamic sublimation parameters (enthalpy, Gibbs

energy) of some compounds studied in the present work

[9–15], but the experimental results were obtained using

different methods, often at a fixed single temperature,

which makes data comparison difficult. The temperature

dependences of the saturated vapor pressure allow us to

calculate the thermodynamic sublimation functions and to

estimate the crystal lattice energy of the substances that has

a considerable effect on the solubility—a key parameter of

drug compounds.

In spite of the fact that aminobenzoic acid, nicotinic

acid, and related amido-derivatives have been used for a

long time, they have recently attracted a lot of attention due

to their ability to be involved in the design of new drug

formulations. Thus, donor and acceptor groups quite easily

form hydrogen bonds in their molecule structure, which is

necessary for cocrystal formation [16–19]. And the

knowledge of the thermochemical parameters of the indi-

vidual compounds—potential cocrystal formers—can

essentially improve the pharmaceutical cocrystal screening

and predict the physicochemical properties both in the

crystal state and in solution.

Our research group has been studying the physicochemi-

cal properties of drug and drug-like compounds at the pre-

formulation stages [20–24]. This study represents the

experimental data on the saturated vapor pressure at different

temperatures, the sublimation thermodynamic parameters,

and melting thermophysical characteristics for biologically

active substances and parent compounds. The aim of this

work is to measure experimentally the saturated vapor

pressure of 4-aminobenzoic acid, 3-pyridinecarboxylic acid

(nicotinic acid), 4-aminobenzamide, 4-pyridinecarboxamide,

N-(2-chloro-3-pyridinyl)-benzenesulfonamide, 4-nitro-N-2-

thiazolyl-benzenesulfonamide, and 4-amino-N-(5-methyl-3-

isoxazolyl)-benzenesulfonamide as a function of tempera-

ture; to discover the correlations between the experimental

and calculated sublimation parameters; and to determine

their relationship with the molecular structure.

Experimental

Materials

The origin, CAS numbers, and purity of all samples are

presented in Table 1.

Compounds I–IV were obtained from commercial

sources. The substances were purified by sublimation under

reduced pressure; the final purity was determined by gas

chromatography. The chemical synthesis of compounds V–

VII has been described by us earlier [24–26]. The com-

pounds were carefully purified by recrystallizing from a

water–ethanol solution. The precipitates were filtered and

dried at room temperature under vacuum until the masses

of the compounds remained constant. The outlined proce-

dure was repeated several times, and the product was

checked by H1 NMR after each recrystallization step until

the proton NMR signal correspondence to the purity of the

compound was over 99 %.

Differential scanning calorimetry

Temperatures and enthalpies of melting of the compounds

under investigation have been determined using a Perk-

inElmer Pyris 1 DSC differential scanning calorimeter

(PerkinElmer Analytical Instruments, Norwalk, Connecti-

cut, USA) with Pyris software for Windows NT. DSC runs

were performed in an atmosphere of flowing 20 cm3 min-1

dry helium gas of high purity 0.99996 (mass fraction) using

sealed standard aluminum sample pans and a heating rate

of 2 K min-1. The accuracy of mass measurements was

0.005 mg. The DSC was calibrated with an indium sample

from PerkinElmer (P/N 0319-0033). The value determined

for the enthalpy of fusion corresponded to 28.48 J g-1

(reference value 28.45 J g-1). The melting temperature

was 429.5 ± 0.1 K (determined from at least ten mea-

surements). The enthalpy of melting at 298.15 K was cal-

culated using Sidgwick’s rule [27]:

Dl
crH

o
mð298:15KÞ ¼ Dl

crH
o
mðTmÞ þ 54:4ð298:15 � TmÞ ð1Þ

Vapor pressures measurements

Sublimation experiments were carried out by the transport

method. This method consists in passing a stream of an

inert gas over a sample at the constant flow rate and tem-

perature, the rate being low enough to practically achieve

saturation of the carrier gas with the substance’s vapor. The

vapor was condensed and the sublimated quantity was

determined. The vapor pressure over the sample at this

temperature can be calculated from the amount of subli-

mated material and the volume of the inert gas used.

Details of the technique are given in the literature [28].

The inert gas (nitrogen) from tank flows through a column

packed with silica to adsorb any water from the gas. The

stabilization of the gas temperature occurs in a ther-

mostated water bath. The stability of the gas flow with

precision better than 0.01 % is realized by use of mass flow

842 T. V. Volkova et al.

123



controller MKS type 1259CC-00050SU. The inert gas of

constant temperature and velocity passes then to the glass

tube, which is placed in the air thermostat. Three zones of

the glass tube can be distinguished to starting zone for

stabilizing of the inert gas; the transitional zone in which

sublimation process occurs; ensuring slow sublimation of

the substance investigated; the finishing zone in which the

inert gas together with the sublimated substance is over-

heated by 4–5 K, controlled by platinum resistance ther-

mometer. The temperature of the air thermostat is kept

constant with a precision of 0.01 K by means of the tem-

perature controller PID type 650 H UNIPAN equipped with

a resistance thermometer. The finishing zone is coupled

with the condenser built from glass helix, placed (outside

the thermostat) located in a Dewar vessel filled with a

liquid nitrogen. To avoid humidity adsorption from the air,

a condenser is connected to a vessel filled with CaCl2.

The equipment was calibrated using benzoic acid. The

measured value of the vapor pressure at this apparatus is

0.962 Pa at T = 317.15 K. This value is in good agreement

with the literature data: p = 0.99 Pa [29]. The standard

value of the sublimation enthalpy obtained was

Dg
crH

o
m ¼ 90:5 � 0:3 kJ mol�1. This is in good agreement

with the value recommended by IUPAC ðDg
crH

o
m ¼ 89:7 �

0:5 kJ mol�1Þ [30].

From the experimentally determined pressure–flow rate

relationship, the optimal flow rate of 1.2–1.8 dm3 h-1 has

been identified. Under this flow rate, the saturated vapor

pressure is independent of the flow rate, and thus, ther-

modynamic equilibrium is realized.

The saturated vapor pressures were measured five times at

each temperature with the standard deviation no more than

5 %. Because the saturated vapor pressure of the compounds

investigated is low, it may be assumed that the heat capacity

change of the vapor with temperature is so small that it can be

neglected. The experimentally determined vapor pressure

data may be described in the following way:

ln p=Pað Þ ¼ A� B=T ð2Þ

The value of the sublimation enthalpy is calculated by

the Clausius–Clapeyron equation:

Dg
crH

o
mðTÞ ¼ �R

oðln pÞ
oð1=TÞ

� �
ð3Þ

where universal gas constant R = 8.3144598 J

mol-1 K-1.

The sublimation entropy at the given temperature T was

calculated from the following relation:

Dg
crS

o
mðTÞ ¼

ðDg
crH

o
mðTÞ � Dg

crG
o
mðTÞÞ

T
ð4Þ

with Dg
crG

o
mðTÞ ¼ �RT ln p=p0ð Þ, where p0 is the standard

pressure of p0 = 1.013 9 105 Pa.

For experimental reasons, sublimation data are obtained

at elevated temperatures. However, in comparison with

effusion methods, the temperatures are much lower, which

makes extrapolation to room conditions easier. In order to

further improve the extrapolation to room conditions, we

estimated the heat capacities ðCo
p;m crð Þ value) of the crys-

tals using the additive scheme proposed by Chickos et al.

[31]. Heat capacity was introduced to adjust the enthalpy of

sublimation to the temperature 298.15 K Dg
crH

o
mðTmÞ

according to the equation:

Dg
crH

o
mð298:15 KÞ=kJ mol�1

¼ Dg
crH

o
mðTmÞ=kJ mol�1

þ
�
ð0:75 þ 0:15 � Co

p;mðcrÞ=J K�1mol�1Þ

� ðTm=K � 298:15 KÞ
�
=1000

ð5Þ

The enthalpy of vaporization was calculated as

Dg
l H

o
mð298:15Þ ¼ Dg

crH
o
mð298:15 KÞ � Dl

crH
o
mð298:15 KÞ

ð6Þ

where enthalpy of melting at 298.15 was calculated by

Eq. (1).

Table 1 Source, CAS numbers, and purity of compounds studied

Compounds Chemical names CAS

register no.

Source Purification

method

Purity

/%

Analysis

method

I 4-Aminobenzoic acid 150-13-0 Merck Sublimation C99 GC

II 4-Aminobenzamide 2835-68-9 Acros organics Sublimation C99 GC

III 4-Pyridinecarboxamide (Isonicotinamide) 1453-82-3 Acros organics Sublimation [99 GC

IV 3-Pyridinecarboxylic acid (Nicotinic acid) 59-67-6 Merck Sublimation [99 GC

V N-(2-chloro-3-pyridinyl)-benzenesulfonamide – Synthesized Recrystallization [99 H1 NMR

VI 4-Nitro-N-2-thiazolyl-benzenesulfonamide – Synthesized Recrystallization [99 H1 NMR

VII 4-Amino-N-(5-methyl-3-isoxazolyl)-benzenesulfonamide – Synthesized Recrystallization [99 H1 NMR

GC—gas liquid chromatography; H1 NMR—proton nuclear magnetic resonance
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Calculation procedure

Physicochemical descriptors were calculated with the

program package HYBOT-PLUS (version of 2003) in

Windows [32].

The root-mean-square error, RMSE, between the

experimental and calculated vapor pressure values was

obtained by the following equation:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðExp � CalcÞ2

N

s
ð7Þ

where Exp is the experimental lnp, Calc is the calculated

lnp, and N is the number of observations in the prediction

set.

Results and discussion

The melting temperatures and enthalpies of the investi-

gated compounds were measured using the DSC technique,

and the results are given in Table 2. The values of the

obtained thermophysical parameters are in good agreement

with the respective literature data. Thermophysical prop-

erties of sulfonamides V–VII have been investigated by us

before and are indicated as literature data. The DSC curves

profile indicates the stability of the substances and absence

of the phase transitions in the studied temperature range.

Rotich et al. [11] investigated the thermal behavior of the

substituted aminobenzoic acids and established that

4-aminobenzoic acid is stable at the temperatures below the

melting point as the experiment did not reveal any decar-

boxylation products.

The experimental vapor pressure values are shown in

Table 3. The temperature ranges, coefficients of the Clau-

sius–Clapeyron equation, and vapor pressure values of the

compounds at T = 376.15 K are given in Table 4. The

indicated temperature has been chosen as the most appro-

priate for comparative analysis of the results. The tem-

perature ranges are caused by both the volatility of the

substances and the specificity of the experiment. It was

shown that at T = 376.15 K, the vapor pressure decreases

in the following order: III[ IV[ I[V[ II[VII[VI.

The compound with the highest melting temperature VI

appears to have the minimal vapor pressure value. For the

benzene derivatives, the substitution of the amido-group in

4-aminobenzamide (II) by the hydroxyl one in

4-aminobenzoic acid (I) results in approximately tenfold

vapor pressure growth. It is interesting to note that benzene

and pyridine derivatives (excluding 4-aminobenzamide)

were shown to have higher vapor pressure compared with

sulfonamides.

Table 2 Structural formula, molecular mass, thermophysical parameters of melting, and descriptors for the compounds studied

Compounds Structure M/g mol-1 Ta
m=K Dl

crH
o
m

b/kJ mol�1 ac RCa
d RCd

e

This study Literature This study Literature

I
NH2

O

OH

137.14 460.4 ± 0.2 458.8–462.3f 25.4 ± 0.2 21.6f 14.17 5.4 -5.81

24.5g

II
NH2

NH2

O 136.15 455.5 ± 0.2 454–456h 30.4 ± 0.2 – 15.38 4.46 -6.94

III

NH2

O
N

122.12 429.8 ± 0.2 430i 23.6 ± 0.2 – 13.19 4.43 -4.16

IV O

OHN

123.11 508.2 ± 0.2 509.9j 27.5 ± 0.2 28.2j 11.99 5.68 -3.15

V

Cl

NH

Cl

NH
N

SO2
268.72 – 426.2 ± 0.2 – 37.6 ± 0.5 26.63 4.82 -1.81

VI
NHNO2

S

N

SO2

285.29 – 529.8 ± 0.2 – 31.8 ± 0.5 25.76 5.34 -1.74

VII NH2

CH3

NH
N

O

SO2
253.28 – 441.3 ± 0.2 – 31.9 ± 0.5 24.74 7.77 -5.26

a Standard uncertainty of the fusion temperature determination is ur(Tm) = 0.2 K

b Standard uncertainty of the melting enthalpy determination is urðDl
crH

o
mÞ ¼ 0:5 kJ mol�1

c Polarizability, standard uncertainty of the polarizability determination is ur(a) = 0.01
d RCa, standard uncertainty of the descriptor determination is ur(RCa) = 0.01
e RCd, standard uncertainty of the descriptor determination is ur(RCd) = 0.01

Measured in Ref. f[3]; g[11]; h[33]; i[34]; j[35]; all data for the compounds V–VII are taken from [36]
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Figure 1 shows the temperature dependences of the

saturated vapor pressure for all the investigated com-

pounds. The thermodynamic sublimation parameters were

calculated using the vapor pressure temperature depen-

dences. The results are summarized in Table 5. The sub-

limation enthalpy change is a measure of intermolecular

interactions in the crystal state and can be applied to the

estimation of the crystal package characteristics. In turn,

the chemical structure of the molecules in much largely

determines the energy and packing architecture of the

crystal lattice. The analysis of the results in Table 5 shows

nicotinic acid (IV) to have the minimal value of the sub-

limation enthalpy and sulfonamide (VI)—the maximal one

among the investigated compounds. Such differences of the

sublimation enthalpies can be determined by their crystal

structures. At that, the nicotinic acid molecules are linked

in chains by hydrogen bonds between the oxygen atom and

the nitrogen atom of the next molecule [42]. Unfortunately,

the data of X-ray investigations for the above-mentioned

sulfonamide are absent.

The sublimation enthalpy value of 4-aminobenzoic acid

(I) Dg
crH

o
mð298:15Þ ¼ 118:0 kJ mol�1 is very close to that of

compound III (isonicotinamide). It is well known that in

crystalline phase, dimers are structural units of the

4-aminobenzoic acid molecule.

As Gracin and Rasmuson [3] showed, the alfa-modifi-

cation of this compound is based on dimers of molecules

formed by strong hydrogen bonds between carboxylic acid

groups, and twinning and disorder are common since an

additional N–H���O–H bond is formed. The maximal

Table 3 Experimental values of vapor pressures of the compounds studied

I II III IV V VI VII

T/K p/Pa T/K p/Pa T/K p/Pa T/K p/Pa T/K p/Pa T/K p/Pa T/K p/Pa

347.15 0.046 373.15 0.052 351.15 0.263 362.15 0.555 357.15 0.021 451.55 0.010 378.65 0.0016

349.65 0.061 375.15 0.065 353.15 0.324 364.15 0.655 360.15 0.026 453.85 0.013 382.15 0.0021

352.15 0.081 377.15 0.084 354.15 0.375 365.15 0.792 365.15 0.048 455.15 0.014 386.15 0.0034

355.15 0.113 380.15 0.117 356.65 0.516 367.15 0.923 370.15 0.078 458.65 0.018 390.15 0.0046

358.15 0.167 384.15 0.184 359.15 0.675 369.15 1.099 373.15 0.091 461.15 0.020 394.15 0.0068

360.15 0.208 385.15 0.197 360.65 0.799 370.15 1.188 377.15 0.122 466.35 0.031 398.15 0.0085

361.15 0.232 386.15 0.213 362.65 0.938 371.15 1.310 380.15 0.186 468.75 0.034 403.15 0.0152

366.15 0.368 389.15 0.311 365.15 1.206 372.15 1.474 384.15 0.268 471.95 0.047 407.15 0.0193

369.15 0.483 391.15 0.353 365.65 1.260 374.15 1.806 386.65 0.327 476.75 0.060 414.15 0.0375

371.15 0.590 395.15 0.515 368.15 1.656 376.15 2.142 391.15 0.527 483.45 0.105 418.15 0.0599

373.15 0.747 396.15 0.571 370.15 2.083 378.15 2.595 395.15 0.657 485.55 0.113 424.15 0.0993

376.15 0.963 398.15 0.710 372.15 2.417 380.15 3.056 397.65 0.905 490.05 0.166 429.15 0.1401

379.15 1.338 400.15 0.893 374.15 3.022 382.15 3.692 402.15 1.311 495.45 0.266 436.15 0.2180

383.15 1.949 403.15 1.206 376.15 3.695 384.15 4.395 405.15 1.620 503.45 0.399

386.15 2.665 377.65 4.473 385.15 4.854 407.15 2.141 509.55 0.658

389.15 3.723 387.15 5.959

392.15 5.032

Standard uncertainty for temperature u(T) = 0.01 K; and relative standard uncertainty for pressure ur(p) = 0.05

Table 4 Temperature ranges, coefficients of Clausius–Clapeyron equation, and saturated vapor pressure values of compounds studied at

T = 376.15 K

Compounds Trange/K A B p/Pa

I 347.15–392.15 37.2 ± 0.3 13,977 ± 29 0.963

II 373.15–403.15 38.6 ± 0.4 15,500 ± 147 0.074

III 351.15–377.65 38.3 ± 0.3 13,890 ± 122 3.695

IV 362.15–387.15 36.4 ± 0.3 13,399 ± 112 2.142

V 357.15–407.15 33.5 ± 0.4 13,371 ± 172 0.129

VI 451.55–509.55 31.6 ± 0.5 16,348 ± 222 7.06 9 10-6

VII 378.65–436.15 31.5 ± 0.5 14,398 ± 202 1.14 9 10-3

Vapor pressure and sublimation thermodynamics of aminobenzoic acid, nicotinic acid and related… 845
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(among the benzene and pyridine derivatives) sublimation

enthalpy value of 131.2 kJ mol-1 was revealed for

4-aminobenzamide, which has an acceptor amide group at

the first carbon atom of the benzene and a donor amine

group at the fourth carbon atom, offering the maximum

eccentricity to the molecules and giving rise to a non-

centro-symmetric crystal structure [12].

X-Ray experiments on the crystal structures of com-

pounds V and VII show both similar and distinctive fea-

tures [23]. As a consequence of the distinct features, the

difference between the sublimation enthalpy values is of

9 kJ mol-1. For compound V the simplest hydrogen bond

network is observed, as only one hydrogen bond partici-

pates in their formation. It is caused by the fact that it is the

sulfonamide group with an amide proton as a bond donor

that becomes the only center of the hydrogen bond. The

presence of the additional acceptor groups does not

account for the growth of hydrogen bonds. For compound

VII the presence of nitrogen in the ortho-position adjacent

to an amide group of the ring is not enough for an imide

tautomer to be formed. The adjacent molecule chains are

linked with a hydrogen bond to form two-dimensional

networks. The specific feature similar to compounds V and

VII is having equally distant layers formed by infinite

chains. The adjacent layers interact by means of van der

Waals forces, while the way the molecule chains interact

within the layer may vary.

Vaporization enthalpies Dg
l H

o
mð298:15 KÞ shown in

Table 5 were determined based on the sublimation and

melting thermodynamic functions by using Eq. (6). There

is a linear correlation between the sublimation and

vaporization enthalpies (Fig. 2).

As the experimental procedure on the vapor pressure

measuring is rather labor-consuming, we set a problem to

calculate this parameter based on the thermodynamic and
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thermophysical parameters of the substances. The equation

introduced by Monte et al. [37] for para-substituted benzoic

acids was used to help establish the calculated values of the

saturated vapor pressure with the help of Dg
crG

o
mð298:15 KÞ

obtained from the following equation:

Dg
crG

o
mð298:15 KÞ ¼ �ð39:4 � 1:8Þ þ ð0:65

� 0:02ÞDg
crH

o
mð298:15KÞ þ ð0:035

� 0:006ÞTm

ð8Þ

The thermophysical parameter of melting temperature is

introduced in the equation as an independent variable along

with the sublimation enthalpy, which allows calculating the

sublimation Gibbs energy independently of the degree of

orientational disorder in the crystalline package determined

by the entropy term. We added a set of compounds

investigated in the present work by a series of the related

amido-derivatives that have been studied on the sublima-

tion by us before [26, 43, 44]. Figure 3 presents the cor-

relation between the experimental and calculated

Dg
crG

o
mð298:15KÞ values. It should be emphasized that non-

aromatic heterocyclic compounds containing thiazolyl (VI)

and isoxazolyl (VII) fragments were excluded from the

correlation and further calculations due to a significant

difference between the experimental and calculated values

of the sublimation Gibbs energy.

The above calculated Dg
crG

o
mð298:15KÞ values of the

compounds I–V were used to help establish the saturated

pressure values by the following equation:

lnðp=105PaÞ ¼ �Dg
crG

o
mð298:15KÞ=298:15R ð9Þ

The saturated vapor pressure data obtained by Eqs. 8, 9

are shown in Table 6.

Following the approach for the biologically active sub-

stances, we employ the model aspects based on the HYBOT

descriptors to determine the correlation between the

molecular structure and sublimation enthalpy. The equation,

proposed by authors [45], where Dg
crH

o
mð298:15KÞ is a

dependent variable, and the physicochemical descriptors are

independent ones, is represented below:
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Fig. 2 Correlation between the vaporization enthalpy Dg
l H
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mð298:15Þ

and sublimation enthalpy for compounds studied I–VII (R = 0.980)
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Fig. 3 Plot of experimental values Dg
l H

o
mð298:15Þ against calculated

values Dg
crG

o
mðcalcÞ (Eq. 8) of compounds studied I–V, pyrazi-

namide—VIII and isoniazid—IX [43], N-phenyl-benzene-sulfon-

amide—X, N-(4-nitrophenyl)-benzene-sulfonamide—XI, and 4-

amino-N-(4-cyanophenyl)-benzene-sulfonamide—XII [44], 4-amino-

N-(4-chlorophenyl)-benzene-sulfonamide—XIII [26], 4-amino-N-(4-

ethylphenyl)-benzene-sulfonamide—XIV [24]. ðR ¼ 0:998Þ

Table 6 Experimental and calculated vapor pressures of compounds studied at T = 298.15 K and p0 = 105 Pa

Compounds ln(pexp/Pa) ln(p1calc/Pa)

(Eqs. 8, 9)

Res1
*(Eqs. 8, 9) ln(p2calc/Pa)

(Eqs. 8–10)

Res2
*(Eqs. 8–10)

I -9.68 -9.63 -0.05 -9.67 -0.01

II -13.39 -13.41 0.02 -13.46 0.07

III -8.34 -8.08 -0.26 -8.29 -0.05

IV -8.40 -8.66 0.26 -8.65 0.25

V -11.35 -11.43 0.08 -11.36 -0.01

* Resi = ln(pexp/Pa)—ln(picalc/Pa) (i = 1, 2)
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Dg
crH

o
mð298:15 KÞcalc ¼ ð39:8 � 1:4Þ þ ð2:03 � 0:05Þa

þ ð4:6 � 0:2ÞRCa � ð4:7
� 0:2ÞRCd

ð10Þ

The descriptors which best reflect the main types of

interactions in the molecular crystals are the molecular

polarizability (a), the sum of all H-bond acceptor factors

(RCa), and the sum of H-bond donor factors (RCd). The

polarizability parameter determines the impact of the non-

specific interactions in the crystal lattice and the sums of

donor/acceptor factors—the molecular ability to hydrogen

bonding. The descriptor values are summarized in Table 2.

The results of the calculation of the saturated vapor pres-

sure based on Eqs. 8–10 are represented in Table 6.

In order to estimate the calculation methods, we used the

residual data (Res) and derived the root-mean-square errors

(RMSE) (Eq. 7). RMSE are equal to 0.17 when Eqs. 8, 9

are used and to 0.12 when Eqs. 8–10 are employed. Since

the values of the saturated vapor pressures are rather low,

both calculation approaches achieve the desired accuracy

and are quite promising for the prediction of the volatility

of the investigated compounds.

Conclusions

In the present paper, we measured the temperature depen-

dences of the saturated vapor pressure of the seven biolog-

ically active substances and parent compounds:

4-aminobenzoic acid, 3-pyridinecarboxylic acid (nicotinic

acid), 4-aminobenzamide, 4-pyridinecarboxamide, N-(2-

chloro-3-pyridinyl)-benzenesulfonamide, 4-nitro-N-2-thia-

zolyl-benzenesulfonamide, and 4-amino-N-(5-methyl-3-

isoxazolyl)-benzenesulfonamide by using the inert gas

transpiration technique. The temperatures and melting

enthalpies of the compounds studied were obtained by dif-

ferential scanning calorimetry. The analysis of the relation-

ship between the vapor pressure values and the molecular

structure of the substances has been performed. Benzene and

pyridine derivatives (excluding 4-aminobenzamide) were

shown to have higher vapor pressure compared with that of

sulfonamides. The thermodynamic sublimation parameters:

enthalpy, entropy, and Gibbs energy were derived from the

temperature dependences of the saturated vapor pressure.

The correlation equations proposed before were applied to

calculating the saturated vapor pressure of the investigated

compounds on the basis of the melting temperatures, sub-

limation enthalpies, and physicochemical descriptors

HYBOT for biologically active compounds. The close val-

ues of the experimental and calculated parameters testify to

the possibility of the prediction of the volatility of the

investigated compounds using the proposed equations.
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