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Abstract
An improved method has been developed to determine the sublimation enthalpies of solid organic compounds using ther-
mogravimetric analysis and applying an isothermal methodology with a TA Instruments® SDTQ600 equipment. This was 
achieved by measuring the rate of mass loss as a function of the temperature from isothermal experiments in an interval of 
temperature of 10 to 20 K below the melting temperature of the sample. The resulting rates of mass loss were used by apply-
ing the Pieterse and Focke equation, then combined with the integrated Clausius–Clapeyron equation to calculate the heat 
of sublimation at the experimental temperature and it was corrected to T = 298.15 K. In order to demonstrate the reliability 
of this methodology, the results for benzoic acid, pyrene and phenanthrene are presented, which are respectively primary, 
secondary, and tertiary reference compounds in the measurement of enthalpies of sublimation, along with the sublimation 
enthalpies of picolinic acid, nicotinic acid and isonicotinic acid which are three pyridinecarboxylic acids isomers with the 
carboxyl group in the ortho, meta and para position, respectively, to the nitrogen of the pyridine.

Keywords  Enthalpy of sublimation · Isothermal thermogravimetric analysis · Enthalpy of melting · Heat capacity · DSC · 
Pyridinecarboxylic acids, reference substances in calorimetry

Introduction

The methods for measuring the enthalpy of sublimation 
are usually classified into two groups, direct and indirect 
methods. In direct methods, the enthalpy of sublimation is 
calorimetrically determined at a fixed temperature [1–3]. 
In indirect methods, a temperature-dependent variable is 
determined and is related to the enthalpy of sublimation. 
The most common in this category is the Knudsen effu-
sion method [4–6]. Thermogravimetry (TG) is another 
indirect method that has become a widely used technique 
in the determination of enthalpies of sublimation [7, 8]. 
Compared with other techniques, thermogravimetry offers 
certain advantages such as the use of small amounts of sam-
ple, easy preparation and the relatively short duration of the 
experiments. However, in our laboratory this technique has 
been applied under dynamic conditions, which could lead 

to experimental errors due to the lack of actual equilibrium 
conditions in the system. In contrast, isothermal method-
ology ensures equilibria conditions which provides greater 
confidence in the results generated [9]. The Langmuir equa-
tion [10], which is valid in vacuum conditions, has exten-
sively been applied to quantify the enthalpy of sublimation 
of a substance by TGA. However, the thermogravimetric 
experiments are carried out at atmospheric pressures, and 
under a constant flow of nitrogen gas, experimental condi-
tions that can affect the accuracy of the enthalpies of subli-
mation determined by this methodology.

In this work, an improved technique for measuring enthal-
pies of sublimation has been developed by using an iso-
thermal methodology with a TA Instruments SDTQ600® 
equipment. Such a methodology is based in the Pieterse and 
Focke assumption that the mass loss in the thermogravi-
metric device is limited by the diffusion of the vapor of the 
sample that sublimates toward the inert gas [11]. By apply-
ing the Pieterse and Focke equation and combining the loss 
mass rate to the vapor pressure and temperature through the 
Clausius–Clapeyron equation [12], high quality results of 
enthalpy of sublimation can be obtained when is applied to 
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substances of reference in the measuring of the enthalpy of 
sublimation.

The methodology developed was then applied to the 
determination of the change of phase enthalpies of three 
pyridinecarboxylic acids isomers, namely picolinic acid, 
nicotinic acid and isonicotinic acid, because these mol-
ecules are characterized by structural variations that cause 
subtle differences in their enthalpies of sublimation which, 
if detected, could support the reliability and accuracy of the 
methodology proposed in this work. Furthermore, previous 
studies to determine the enthalpy of sublimation of nico-
tinic acid have shown discrepancy in the results at 298.15 K 
[13–15], so this work is a good opportunity to contribute to 
the study of the energetics of this pyridinecarboxylic acid 
with some reliable data.

Experimental methodology

Substances

Determination of the enthalpies of sublimation of benzoic 
acid, pyrene and phenanthrene was carried out in this work 
because these substances correspond to reference com-
pounds for the measurement of sublimation enthalpies [16]. 
The benzoic acid analyzed was NIST SRM 39j calorimetric 
standard, while the phenanthrene and pyrene were supplied 
by Sigma-Aldrich and Supelco, respectively. On the other 
hand, the picolinic and nicotinic acids were supplied by 
Sigma-Aldrich, while the isonicotinic acid was supplied by 
Chem Service. The provenance information of each sub-
stance is summarized in Table 1.

A preliminary analysis by DSC of the commercial sam-
ples demonstrated that only phenanthrene had a substantial 
impurities concentration, then it was purified by sublima-
tion under reduced pressure. The mole fraction of impurities 
contained in each compound was determined from analysis 
of the melting curve generated by DSC, and the results are 
shown in Table 1. The isonicotinic acid was not possible to 
study using differential calorimetry due to its high volatility, 

which makes the mass of the sample into the calorimetric 
pan to sublimate before to reach its melting temperature, 
then its purity was determined by using an HPLC-MS Agi-
lent G6120B equipment. The resulting chromatogram shows 
a single signal with a 100% of area (see Supporting Informa-
tion), evidencing that isonicotinic acid was pure enough for 
its thermochemical study.

Heat capacities, temperatures and enthalpies 
of fusion by DSC

Melting determinations and heat capacities measurements 
were performed using a PerkinElmer DSC7 equipment. In 
each melting experiment, around 3.0 mg of sample were 
placed in a 0219-0062 PerkinElmer aluminum pan and 
located into the calorimeter. The sample was heated 20 K 
below its melting temperature; then, it was allowed to reach 
thermal equilibria and generates a baseline with a minima 
fluctuation in the heat flux signal. Once the calorimetric 
signal was stable, the scanning in temperature was started 
until the profile of the melting curve was complete. Each 
curve allowed computing the enthalpy and temperature of 
fusion, and the mole fraction of impurities in the sample 
was determined from graphical van’t Hoff method [17–19]. 
Heat capacities were measured by using the DSC7 device 
in continuous mode and carrying out three independent 
experiments—baseline, calibration and measurement—
as described by Minas da Piedade and coworkers [19]. 
In the current work, the interval of Cp measurements was 
of 288.15–304.15 K in order to obtain accurate results at 
298.15 K. For the melting measurements, DSC7 calorim-
eter was previously calibrated in heat flux and temperature 
using NIST® SRM® 2232 Indium, which has a certified 
melting enthalpy of (28.51 ± 0.19) J·g−1 at (429.75 ± 0.01) 
K. For the heat capacity measurements, NIST® SRM® 
720 sapphire, with a Cp,m = 79.01 J·K−1·mol1 at 298.15 K 
[16], was utilized to determine the DSC7 calibration fac-
tor applied in these determinations. Melting as well as heat 
capacity measurements were performed with a heating rate 
of 5.0 K⋅min−1 and under a nitrogen gas flow of 25.0 cm3 

Table 1   CAS number, source, purity indicated by the supplier, purification method and purity determined by DSC of the compounds analyzed in 
this work

a Determined by DSC, except for picolinic acid whose purity was determined by HPLC (see Supporting Information)

Compound CAS Supplier Supplier’s Purity/mole fraction Purification method Puritya/mole fraction

Benzoic acid 65-85-0 NIST 0.999996 ± 0.000072 Not required 0.9997 ± 0.0003
Phenanthrene 85-01-8 Supelco  ≥ 0.99 Sublimation 0.9995 ± 0.0002
Pyrene 129-00-0 Sigma-Aldrich  ≥ 0.99 Not required 0.9997 ± 0.0003
Picolinic acid 98-98-6 Sigma-Aldrich  ≥ 0.99 Not required 0.9997 ± 0.0003
Nicotinic acid 59-67-6 Sigma-Aldrich  ≥ 0.98 Not required 0.9999 ± 0.0001
Isonicotinic acid 55-22-1 Chem Service  ≥ 0.99 Not required 1.00 ± 0.01
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min−1. Samples and aluminum pans were weighed using 
a Mettler-Toledo XP26 microbalance sensitive to 1.0 µg 
(repeatability ± 1.5 µg).

Sublimation enthalpies by isothermal 
thermogravimetry

Thermogravimetric mass loss measurements were done with 
a TA Instruments SDT Q600® equipment, which has an 
horizontal dual balance—sample capacity of 200 mg, sen-
sitivity of ± 0.1 μg—and a furnace working in the range of 
room temperature to 1773 K. Temperature of the sample is 
followed by type B thermocouples—platinum/platinum–rho-
dium junction— located inside the ceramic beams of the 
balance and directly below of the crucibles containing the 
substance. This design of the device ensures to measure the 
temperature of the sample with an estimated uncertainty of 
only ± 0.1 K. Two cylindrical platinum crucibles with an 
internal diameter of 6.1 mm and a height of 3.5 mm are 
used in each experiment. Prior to use, the device was cali-
brated in mass, temperature and heat flux according to the 
user’s manual included in the software Thermal Advantage-
QSeries® [20] which controls the SDTQ600® device. After 
calibration, to ensure a correct measurement in mass loss, a 
dynamic experiment for decomposition of calcium oxalate 
monohydrate was performed using a scanning rate of 10.0 K 
min−1 from room temperature to 1073 K. Three main mass 
losses were measured at different temperatures with the per-
centages of mass loss in agreement with those recommended 
[21, 22].

For determination of the sublimation enthalpies, the Pie-
terse and Focke equation [11] was applied. In isothermal 
conditions, this equation correlates the rate of mass loss of 
the substance with its vapor pressure and with the diffusion 
effect of the vapor phase through the inert gas:

where dm/dt is que rate of mass loss in kg·s−1; P is the vapor 
pressure in Pa; D is the diffusion coefficient of the sample 
toward the inert gas in m2⋅s−1; M is the molar mass of the 
compound in kg·mol−1; R is the universal gas constant in 
J·K−1 ⋅mol−1; T is the temperature in K; and S is a shape 
factor of the crucible equivalent to A/h, where A is the cru-
cible area in m2 and h its height in m. Combining Eq. (1) 
with the integrated Clausius–Clapeyron equation leads to 
the equality:

where Δg
crH  is the sublimation enthalpy and the factor 

a includes all the constant terms in Eq. (1) as well as the 

(1)
dm

dt
= PD

(

MS

RT

)

(2)ln
(

dm

dt
T

)

= a − Δg
cr
H∕RT

constant of integration of Clausius–Clapeyron equation. 
From Eq. (2), it follows that plotting ln [(dm/dt)⋅T] vs 1/T 
provides a straight line whose slope is proportional to the 
enthalpy of sublimation.

For an accurate measurement of the mass loss rate (dm/dt) 
as a function of temperature, the following methodology was 
developed: around 10 mg of the compound to be studied are 
added to the sample crucible, while the reference crucible 
remains empty throughout the experiment. The equipment 
is programmed to increase the temperature of the furnace 
from room temperature to 5.0 K below the first isotherm, 
and then the sample is allowed to reach thermal equilibrium 
before increase its temperature again, at an scanning rate 
of 1.0 K·min−1, until the temperature of the first isothermal 
step, where it is maintained for 240 min to ensure thermal 
equilibrium and a constant rate of loss of mass at that tem-
perature. Subsequently, the temperature is increased by 4.0 
K again at a rate of 1.0 K·min−1, and the substance is kept 
in this second isothermal step by 70 min; the procedure 
is repeated until having the representative mass loss rate 
in each of six isothermal steps. To ensure mass loss rates 
measured in constant temperature conditions, just the last 60 
min of each isothermal step were considered, and to ensure 
that (dm/dt) corresponded to the solid–gas phase change, all 
measurements were made far below the melting temperature 
of the substance. The entire heating and isothermal steps 
were done under a nitrogen gas flow of 100 cm3·min−1.

For phenanthrene, mass loss rate measurements for sub-
limation process were done above the temperature of its 
crystalline transition reported for this substance, to avoid 
loss of linearity in the results of ln [(dm/dt)⋅T] as function 
of 1/T. In the case of benzoic acid and pyridinecarboxylic 
acids, too much mass was lost during the stabilization inter-
val prior to measurements, and the last points of the experi-
ments deviate from linearity. Therefore, the temperature was 
lowered such that the rate of mass loss between the third and 
fourth isotherms was around 2 × 10–10 kg·s−1, which ensured 
enough mass in the pan for each isotherm and for the whole 
experiment.

Results and discussion

Heat capacity and melting data

Table 2 shows the results of the heat capacity and melting 
data for each compound. Each Cp,m datum in Table 2 refers 
to the mean of four independent measurements for each 
compound, and the assigned uncertainty is once the standard 
deviation of the mean. Among the compounds under study, 
and in the interval of temperature analyzed, solid–solid 
transitions for phenanthrene and the nicotinic acid were 
detected. On the other hand, the melting temperature was 
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characterized as the onset temperature of the melting peak, 
whereas the melting enthalpy was determined by inte-
grating the melting curves with a straight baseline. The 
reported uncertainty associated with each average value is 

the standard deviation of five independent measurements, 
which implies a standard uncertainty [23]. High volatility 
of the samples at the melting temperature—around 673 
K—made impossible to determine the melting data of the 

Table 2   Heat capacity, solid–solid transition and melting data, determined by DSC for the compounds analyzed in this work and their compari-
son with data reported in the literature

For phenanthrene and nicotinic acid transition is from crystal II to crystal I. Representative melting and transition curves for each compound are 
provided in the Supporting Information
a Triple point temperature
b At 294.70 K
c At 297.65 K

Author Solid phase
Cp,m (298.15 K)/
(J⋅K−1⋅mol−1)

Solid–solid phase transition Solid–liquid phase transition

Ttr/K ΔtrH (Ttr)/(kJ⋅mol−1) Tfus/K ΔfusH (Tfus)/(kJ⋅mol−1)

Benzoic Acid
This work 145.6 ± 1.1 395.5 ± 0.3 17.6 ± 0.2
Roux et al. [24] 145.3 ± 0.7 395.7 ± 0.1 17.8 ± 0.1
Andon and Connett [25] 395.5 ± 0.1 18.1 ± 0.1
Badea et al. [26] 395.2 ± 0.1 18.0 ± 0.1
Aguilar and Guareño [27] 145.3
Recommended value [16] 146.74 ± 0.15 395.50 ± 0.02 18.06 ± 0.04
Phenanthrene
This work 218.9 ± 1.1 335.3 ± 0.4 0.6 ± 0.1 371.8 ± 0.3 15.9 ± 0.3
Finke et. al. [28] 214.6 ± 0.4 347.5 0.2 372.3a 16.5 ± 0.1
Rojas and Orozco [29] 212.4 ± 1.0 345.2 ± 1.1 0.9 ± 0.1 367.6 ± 0.4 16.6 ± 0.1
Casellato et al. [30] 338.0 1.3 371.3 ± 0.5 16.7 ± 0.3
Sabbah and El Watik [31] 373.8 ± 0.1a 15.7 ± 0.1
Petropavlov et al. [32] 332.2 1.0
Recommended value [33, 34] 220.62 372.38 16.46 ± 0.02
Pyrene
This work 255.9 ± 1.1 423.1 ± 0.4 16.3 ± 0.3
Rojas and Orozco [29] 234.9 ± 3.1 422.4 ± 0.4 16.7 ± 0.5
Casellato et al. [30] 424.4 ± 0.1 17.1 ± 0.4
Wong and Westrum [35] 226.4b 423.8 17.4 ± 0.1
Recommended value [33, 34] 229.70 423.8 17.46 ± 0.04
Picolinic Acid
This work 144.4 ± 0.1 410.2 ± 0.2 24.8 ± 0.3
Sabbah and Ider [13] 158.8 ± 0.7 410.2 ± 0.1a 14.5 ± 0.1
Allan et al. [36] 411.2 30.0
Nicotinic Acid
This work 149.2 ± 0.4 454.9 ± 0.9 0.9 ± 0.1 511.4 ± 0.4 27.4 ± 0.4
Sabbah and Ider [13] 173.4 ± 0.9 509.2 ± 0.1a 13.0 ± 0.3
Minas da Piedade et al. [19] 141.2 ± 5.5 455.0 ± 0.2 0.90 ± 0.10 509.9 ± 0.1 28.2 ± 0.1
Allan et al. [36] 510.2 30.0
Wang et al. [37] 149.1c 451.4 0.8 509.1 29.6
Gonçalves et al. [38] 452.9 ± 0.5 0.8 ± 0.1 507.3 ± 1.4 27.8 ± 0.2
Gonçalves et al. [39] 453.2 ± 0.1 1.0 ± 0.1 507.7 ± 0.1 27.6 ± 0.1
Isonicotinic Acid
This work 146.0 ± 0.5 High volatility of the sample at Tfus

Sabbah and Ider [13] 165.5 ± 0.5 Decomposition at the melting
Allan et al. [36] 593 135.0
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isonicotinic acid. Comparison of Cp.m, solid–solid transition, 
melting temperature and melting enthalpy results, with some 
representative data previously reported in the literature, is 
shown in Table 2.

Considering the associated uncertainty, the results of heat 
capacity, melting enthalpy and melting temperature deter-
mined in this work for the reference substances are in good 
agreement with those reported in the literature. For benzoic 
acid, the difference in enthalpy of melting is barely 0.5 kJ 
mol−1 respect the value recommended by Sabbah et al. [16] 
and match with most of the data reported in works [24] to 
[27]. In the same way, the result of melting temperature is 
the same as the recommended in reference [16] and is in 
good agreement with those reported in references [24–26]. 
Similar trend is found in the heat capacity data determined 
in this work for benzoic acid; there is not a significant dif-
ference with regard the recommended one [16] and those 
reported by Roux et al. [24] and Aguilar [27]. For phenan-
threne, the agreement for the heat capacity and melting data 
with regard to previous works [28–32] and the recommended 
values [33, 34] are also evident. However, there is some 
small discrepancy in the temperature and enthalpy of the 
crystalline transition determined by the different author for 
this aromatic polycyclic compound. This could be explained 
by the method applied in the preparation of the sample, dif-
ferent purification techniques could result in small changes 
in the structure of the crystalline arrangement. Concerning 
to pyrene, the results of melting temperature and enthalpy 
determined in this research agree with the recommended 
ones [33, 34] and are in the middle of the interval of the val-
ues reported in the literature [29, 30, 35]. Given the accuracy 
of the results of Cp,m found for benzoic acid and phenan-
threne in the current work, the result of heat capacity here 
determined for pyrene must be also reliable.

With regard to the picolinic acid (Fig. 1), the result of Tfus 
of this work is identical to that of Sabbah and Ider [13] and 
just 1.0 K below of that of Allan et al. [36] whose measure-
ments, in both cases, were performed by differential ther-
mal analysis (DTA). However, the agreement is not so good 
in the case of the enthalpy of melting. The results of Sab-
bah and Ider is 10 kJ mol−1 below the results determined 
in this work and 15.0 kJ mol−1 below the result suggested 
by Allan et al. The underestimated result of enthalpy of 
melting, systematically obtained for the pyridinecarboxylic 
acids by Sabbah and Ider, could be caused by an inaccurate 
calibration of the DTA device utilized. Regarding the heat 
capacity results, those of Sabbah are systematically above 
of those reported in the literature, and in this work, such a 
disagreement could be explained by the differences in size 
of sample, operation and control of temperature of the drop 
calorimeter applied by Sabbah and the DSC applied in the 
current work. Despite these differences in the methodology 
and device utilized, in similar way to Sabbah and Ider, the 

measurement of the enthalpy and temperature of melting of 
the isonicotinic acid was found non-viable in this research, 
for the decomposition [13] or high volatility of the sample at 
the temperature of fusion. Then, the result of 135 kJ mol−1 
proposed by Allan et al. [36] for the enthalpy of melting of 
isonicotinic acid seems to be excessively large and must be 
taken with caution. Regarding the nicotinic acid, an analysis 
as above developed for the other pyridinecarboxylic acids 
suggests that the reliable results of enthalpy of melting for 
this isomer must be those of Wang et al. [37], Minas da 
Piedade et al. [19, 38, 39] and this work. Similar agreement 
between these three authors results when Cp,m data for this 
acid are analyzed.

Sublimation enthalpies from isothermal TGA​

Tables 3 and 4 show representative experimental data of 
temperature, T; mass, m and rate of loss mass, (dm/dt), in 
each isothermal step for each compound. Those tables also 
include the least squares fitting equation of ln[(dm/dt)⋅T] 
vs 1/T, for each series, with its respective uncertainties for 
the intercept u(a) and the slope u(b), calculated all them as 
described in [23]. The detailed experimental data and results 
for each series are provided in the Supporting Information. 
Figures 2 and 3 show a representative graph of the depend-
ence of ln[(dm/dt)⋅T] with the inverse of the temperature for 
each of the compounds studied in this work.

In Tables 3 and 4, uncertainties involved in the meas-
urements are u(T) =  ± 0.1 K, u(m) =  ± 0.1 µg and u(dm/
dt) = 4 × 10–4 µg s−1, this last calculated in turn from an esti-
mated uncertainty in the time of u(t) =  ± 1.0 s. The uncer-
tainty accompanying each result of enthalpy of sublimation 
at the experimental temperature is a combined uncertainty 
calculated applying Eq. (3), which was derived from the 
definitions and recommendations given in [23, 40] and [41]. 
The detailed procedure leading to Eq. (3) is given in the Sup-
porting Information.

(3)

[

u(Δ
g
crHm(T))

]2

[
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=
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(dm)2
+
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+
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]
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Fig. 1   Pyridinecarboxylic acids studied in this work
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To apply Eq. 3, average values of dm, dt and [ln(dm/
dt)⋅T–a] were computed from the data of each of the six 
isotherms involved in a series of measurements. The average 
mass of enthalpy of sublimation μ and its standard devia-
tion u(µ) were calculated using �=

∑
�

xi∕u
2
i

�

∕
∑

�

1∕u2
i

�

 
and u(�)2 = [N∕

∑
�

1∕u2
i

�

] , where xi is the sublimation 
enthalpy value for each of the N series of experiments and 
ui its respective combined uncertainty [23].

Calculation of the sublimation enthalpies of substances 
at 298.15 K was done from the results of the sublimation 
enthalpies at the experimental temperatures and applying 
the Kirchoff’s Law:

where Δg
cr Cp(s) represents the difference in heat capacity 

of the gas and solid phase. For all the substances included in 
this study Δg

crC p,m was estimated by applying the approach 
proposed by Chickos et al. [42]:

where Cp,m(cr, 298.15 K) is the heat capacity of the solid 
phase at 298.15 K determined by DSC in this work. The 
uncertainty for the enthalpy of sublimation at 298.15 K was 

(4)Δg
cr
H(298.15K) = Δg

cr
H(Texp) −

Texp

∫
298.15K

Δg
cr
Cp,mdT

(5)Δg
cr
Cp,m = 0.75 + 0.15 × [Cp,m(cr, 298.15K)]

Table 3   Representative thermogravimetric data and results of 
enthalpy of sublimation for the reference substances benzoic acid, 
phenanthrene and pyrene

T/K m/mg (dm/dt)⋅1010/
(kg s−1)

(1/T)⋅103/K−1 ln[(dm/dt)⋅T]

Benzoic acid
348.15 9.0789 0.95844 2.87233 −17.21566
352.15 8.6259 1.36151 2.83970 −16.85320
356.15 7.9867 1.90694 2.80781 −16.50500
360.15 7.0860 2.65548 2.77662 −16.16271
364.15 5.8445 3.64579 2.74612 −15.83471
368.15 4.1335 4.89318 2.71628 −15.52952
Series 1 ln[dm/dt)∙T] = 13.91–10,832.25/T; r2 = 0.9998; u(a) = 0.19; 

u(b) = 69.51; Δg

crHm
 (358.15 K)/kJ·mol−1 = 90.1 ± 0.6

Series 2 ln[dm/dt)∙T] = 13.91–10,842.63/T; r2 = 0.9997; u(a) = 0.27; 
u(b) = 95.06; Δg

crHm
 (358.15 K)/kJ·mol−1 = 90.1 ± 0.8

Series 3 ln[dm/dt)∙T] = 12.42–10,310.31/T; r2 = 0.9984; u(a) = 0.57; 
u(b) = 203.73; Δg

crHm
 (358.15 K)/kJ·mol−1 = 85.7 ± 1.7

Series 4 ln[dm/dt)∙T] = 13.33–10,626.78/T; r2 = 0.9994; u(a) = 0.35; 
u(b) = 126.97; Δg

crHm
 (358.15 K)/kJ·mol−1 = 88.4 ± 1.1

Series 5 ln[dm/dt)∙T] = 13.68–10,763.91/T; r2 = 0.9997; u(a) = 0.24; 
u(b) = 87.49; Δg

crHm
 (358.15 K)/kJ·mol−1 = 89.5 ± 0.7

Weighted average: < Δg

crHm
(Benzoic Acid, 358.15 K) > /

kJ·mol−1 = 89.5 ± 0.8
Phenanthrene
348.15 9.9690 0.23571 2.87233 −18.61835
352.15 9.8575 0.32767 2.83970 −18.27755
356.15 9.7039 0.45322 2.80781 −17.94188
360.15 9.4904 0.62304 2.77662 −17.61248
364.15 9.1985 0.85785 2.74612 −17.28161
368.15 8.7965 1.15403 2.71628 −16.97410
Series 1 ln[(dm/dt)∙T] = 11.72–10,564.33/T; r2 = 1.0000; 

u(a) = 0.08; u(b) = 29.92; Δg

crHm
 (358.15 K)/kJ·mol−1 = 87.8 ± 0.3

Series 2 ln[(dm/dt)∙T] = 12.63–10,903.60/T; r2 = 1.0000; 
u(a) = 0.10; u(b) = 34.80; Δg

crHm
 (358.15 K)/kJ·mol−1 = 90.6 ± 0.3

Series 3 ln[(dm/dt)∙T] = 10.97–10,291.88/T; r2 = 0.9997; 
u(a) = 0.25; u(b) = 88.21; Δg

crHm
 (358.15 K)/kJ·mol−1 = 85.7 ± 0.7

Series 4 ln[(dm/dt)∙T] = 13.13–11,071.92/T; r2 = 0.9995; 
u(a) = 0.33; u(b) = 118.76; Δg

crHm
 (358.15 K)/kJ·mol−1 = 92.0 ± 1.0

Series 5 ln[(dm/dt)∙T] = 12.69–10,936.69/T; r2 = 0.9998; 
u(a) = 0.21; u(b) = 73.95; Δg

crHm
 (358.15 K)/kJ·mol−1 = 90.9 ± 0.6

Weighted average: < Δg

crHm
 (phenanthrene, 358.15 K) > /

kJ·mol−1 = 89.1 ± 0.4
Pyrene
393.15 9.4603 0.5395 2.5436 −17.6687
397.15 9.1977 0.7208 2.5179 −17.3690
401.15 8.8628 0.9529 2.4928 −17.0797
405.15 8.4185 1.2556 2.4682 −16.7940
409.15 7.8330 1.6382 2.4441 −16.5182
413.15 7.0751 2.1152 2.4204 −16.2529

T is the temperature; m is the mass of the sample at the beginning 
of each isothermal step and (dm/dt) is the loss mass rate for the iso-
thermal step. The respective uncertainties for these quantities are 
u(T) =  ± 0.1 K, u(m) =  ± 0.1 µg and u(dm/dt) = 4 × 10–4 µg s−1 this 
last calculated in turn from an estimated uncertainty in the time of 
u(t) =  ± 1.0 s for the displayed by the TA Instruments Universal 
Analysis software. The quantities u(a) and u(b) represent the standard 
deviation of the intercept and the slope of the function ln (dm/dt∙T) vs 
1/T, calculated as described in [23]. The combined uncertainty for the 
result of enthalpy of sublimation of each series of measurements is 
calculated from Eq. (3), derived from the procedure described in [23] 
and [40]. The average mass μ and its standard deviation were calcu-
lated using �=

∑
�

x
i
∕u2

i

�

∕
∑

�

1∕u2
i

�

 and u(�)2 = [N∕
∑
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1∕u2
i

�

] , 
where xi are the sublimation enthalpy values for the N experiments 
and ui their respective combined uncertainty [23, 40]

Table 3   (continued)

T/K m/mg (dm/dt)⋅1010/
(kg s−1)

(1/T)⋅103/K−1 ln[(dm/dt)⋅T]

Series 1 ln[(dm/dt)∙T] = 11.61–11,508.58/T; r2 = 1.0000; 
u(a) = 0.09; u(b) = 38.00; Δg

crHm
 (403.15 K)/kJ·mol−1 = 95.7 ± 0.3

Series 2 ln[(dm/dt)∙T] = 11.32–11,373.29/T; r2 = 0.9999; 
u(a) = 0.17; u(b) = 67.32; Δg

crHm
 (403.15 K)/kJ·mol−1 = 94.6 ± 0.6

Series 3 ln[(dm/dt)∙T] = 11.70–11526.10/T; r2 = 0.9999; u(a) = 0.17; 
u(b) = 67.87; Δg

crHm
 (403.15 K)/kJ·mol−1 = 95.8 ± 0.6

Series 4 ln[(dm/dt)∙T] = 11.78–11,562.68/T; r2 = 0.9999; 
u(a) = 0.17; u(b) = 69.68; Δg

crHm
 (403.15 K)/kJ·mol−1 = 96.1 ± 0.6

Series 5 ln[(dm/dt)∙T] = 11.18–11,309.55/T; r2 = 0.9998; 
u(a) = 0.18; u(b) = 71.45; Δg

crHm
 (403.15 K)/kJ·mol−1 = 94.0 ± 0.6

Weighted average: < Δg

crHm(pyrene, 403.15 K) > /
kJ·mol−1 = 95.4 ± 0.5
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determined combining the uncertainty of the enthalpy of 
sublimation at the experimental temperature with that of the 
correction in temperature ∫ Texp

298.15K
Δ

g
crCp,mdT  , then multiply-

ing the resulting combined uncertainty by a coverage factor 
k = 1.96 to have an expanded uncertainty with a confidence 
level of 95% [41].

Table 5 shows the results of enthalpy of sublimation at 
298.15 for the three reference compounds benzoic acid, 
phenanthrene and pyrene, together with the values recom-
mended in the literature. The results obtained in this work 
are in good agreement with those recommended.

Table 6 shows the sublimations enthalpies of the three 
pyridinecarboxylic acids resulted in this work and compared 
with the previously reported values. For the picolinic acid, 
the result here determined matches with that proposed by 
Ribeiro Da Silva et al. [14] but is, by around 5.0 kJ mol−1, 
above the calorimetric result of Sabbah [13]. For the nico-
tinic acid, the result of this research support that of Sabbah 
[13] and the results of Menon [50], this last estimated from 
data of TGA measurements with scanning in temperature. 
On the other hand, the enthalpy of sublimation here meas-
ured for nicotinic acid differs by about 20 kJ∙mol−1 of the 
results of Ribeiro da Silva [15] and Bickerton [51] and by 
around 7.0 kJ mol−1of the result of Minas da Piedade [38]. 

Table 4   Representative thermogravimetric data and enthalpy of sub-
limation for picolinic, nicotinic and isonicotinic acids

T/K m/mg (dm/dt)⋅1010/
(kg s−1)

(1/T)⋅103/K−1 ln[(dm/dt)⋅T]

Picolinic Acid
353.15 9.2724 0.6480 2.8317 −17.5928
357.15 8.9652 0.9409 2.7999 −17.2086
361.15 8.5186 1.3472 2.7689 −16.8386
365.15 7.8833 1.9024 2.7386 −16.4824
369.15 6.9881 2.6450 2.7089 −16.1420
373.15 5.7458 3.6067 2.6799 −15.8211
Series 1 ln[(dm/dt)∙T] = 15.52–11,690.70/T; r2 = 0.9997; 

u(a) = 0.26; u(b) = 93.31; Δg

crHm
 (363.15 K)/kJ·mol−1 = 97.2 ± 0.8

Series 2 ln[(dm/dt)∙T] = 15.34–11,624.07/T; r2 = 0.9998; 
u(a) = 0.24; u(b) = 87.95; Δg

crHm
 (363.15 K)/kJ·mol−1 = 96.6 ± 0.7

Series 3 ln[(dm/dt)∙T] = 15.31–11,609.61/T; r2 = 0.9998; 
u(a) = 0.20; u(b) = 71.90; Δg

crHm
 (363.15 K)/kJ·mol−1 = 96.5 ± 0.6

Series 4 ln[(dm/dt)∙T] = 14.73–11,397.95/T; r2 = 0.9998; 
u(a) = 0.24; u(b) = 86.47; Δg

crHm
 (363.15 K)/kJ·mol−1 = 94.8 ± 0.7

Series 5 ln[(dm/dt)∙T] = 14.20–11209.90/T; r2 = 0.9981; u(a) = 0.67; 
u(b) = 241.64; Δg

crHm
 (363.15 K)/kJ·mol−1 = 93.2 ± 2.0

Weighted average: < Δg

crHm
 (Picolinic Acid, 363.15 K) > /

kJ·mol−1 = 96.2 ± 0.8
Nicotinic Acid
403.15 8.5804 1.0282 2.4805 −16.9987
407.15 8.1029 1.3859 2.4561 −16.6903
411.15 7.4531 1.8551 2.4322 −16.3890
415.15 6.5835 2.4559 2.4088 −16.0987
419.15 5.4414 3.2242 2.3858 −15.8169
423.15 3.9381 4.0908 2.3632 −15.5694
Series 1 ln[(dm/dt)∙T] = 13.42–12,259.93/T; r2 = 0.9995; u(a) = 0.33; 

u(b) = 137.70; Δg

crHm
 (413.15 K)/kJ·mol−1 = 101.9 ± 1.1

Series 2 ln[(dm/dt)∙T] = 13.60–12330.38/T; r2 = 0.9998; u(a) = 0.19; 
u(b) = 76.97; Δg

crHm
 (413.15 K)/kJ·mol−1 = 102.5 ± 0.6

Series 3 ln[(dm/dt)∙T] = 14.03–12512.81/T; r2 = 0.9996; u(a) = 0.29; 
u(b) = 119.78; Δg

crHm
 (413.15 K)/kJ·mol−1 = 104.0 ± 1.0

Series 4 ln[(dm/dt)∙T] = 12.69–11,946.69/T; r2 = 0.9994; 
u(a) = 0.35; u(b) = 145.50; Δg

crHm
 (413.15 K)/kJ·mol−1 = 99.3 ± 1.2

Series 5 ln[(dm/dt)∙T] = 13.30–12213.04/T; r2 = 0.9990; u(a) = 0.47; 
u(b) = 192.49; Δg

crHm
 (413.15 K)/kJ·mol−1 = 101.5 ± 1.6

Weighted average: < Δg

crHm(Nicotinic Acid, 413.15 K) > /
kJ·mol−1 = 102.2 ± 1.0

Isonicotinic Acid
423.15 8.5490 1.1788 2.3632 −16.8136
427.15 7.9977 1.5657 2.3411 −16.5204
431.15 7.2698 2.0532 2.3194 −16.2400
435.15 6.3104 2.6821 2.2981 −15.9635
439.15 5.0613 3.4591 2.2771 −15.7000
443.15 3.4604 4.3909 2.2566 −15.4524

T is the temperature; m is the mass of the sample at the beginning 
of each isothermal step and (dm/dt) is the loss mass rate for the iso-
thermal step. The respective uncertainties for these quantities are 
u(T) =  ± 0.1 K, u(m) =  ± 0.1 µg and u(dm/dt) = 4 × 10–4 µg s−1 this 
last calculated in turn from an estimated uncertainty in the time of 
u(t) =  ± 1.0 s for the displayed by the TA Instruments Universal 
Analysis software. The quantities u(a) and u(b) represent the standard 
deviation of the intercept and the slope of the function ln (dm/dt∙T) vs 
1/T, calculated as described in [23]. The combined uncertainty for the 
result of enthalpy of sublimation of each series of measurements is 
calculated from Eq. (3), derived from the procedure described in [23] 
and [40]. The average mass μ and its standard deviation were calcu-
lated using �=

∑
�

x
i
∕u2

i

�

∕
∑

�

1∕u2
i
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 and u(�)2 = [N∕
∑
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where xi are the sublimation enthalpy values for the N experiments 
and ui their respective combined uncertainty [23, 40]

Table 4   (continued)

T/K m/mg (dm/dt)⋅1010/
(kg s−1)

(1/T)⋅103/K−1 ln[(dm/dt)⋅T]

Series 1 ln[(dm/dt)∙T] = 13.41–12,786.65/T; r2 = 0.9998; 
u(a) = 0.23; u(b) = 97.49; Δg

crHm
 (433.15 K)/kJ·mol−1 = 106.3 ± 0.8

Series 2 ln[(dm/dt)∙T] = 13.89–12,993.63/T; r2 = 0.9998; 
u(a) = 0.22; u(b) = 96.94; Δg

crHm
 (433.15 K)/kJ·mol−1 = 108.0 ± 0.8

Series 3 ln[(dm/dt)∙T] = 13.45–12,804.86/T; r2 = 0.9996; u(a) = 0.31; 
u(b) = 132.55; Δg

crHm
 (433.15 K)/kJ·mol−1 = 106.5 ± 1.1

Series 4 ln[(dm/dt)∙T] = 13.59–12,858.62/T; r2 = 0.9997; u(a) = 0.27; 
u(b) = 117.90; Δg

crHm
 (433.15 K)/kJ·mol−1 = 106.9 ± 1.0

Series 5 ln[(dm/dt)∙T] = 13.80–12957.24/T; r2 = 0.9996; u(a) = 0.29; 
u(b) = 126.30; Δg

crHm
 (433.15 K)/kJ·mol−1 = 107.7 ± 1.0

Weighted average: < Δg

crHm
 (Isonicotinic Acid, 433.15 K) > /

kJ·mol−1 = 107.1 ± 0.9
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In opinion of the authors, the discrepancy in this result is 
not caused by the thermogravimetric methodology applied, 
given that results of the reference substances here deter-
mined are in very good agreement with the recommended 
ones. A plausible explanation to this difference could be 
found in the crystalline form of the substance included in 
the sample of the nicotinic acid sublimed in the experiments. 
Different methods of purification and preparation of the sam-
ple can lead to different crystal arrangements in the solid, 
then to different results of enthalpy of sublimation. Finally, 
for the isonicotinic acid, the results reported by Sabbah and 
Ider [13], Ribeiro da Silva et al. [14] and this work match 
considering the uncertainty accompanying each result.

To clarify the trend in the result of the enthalpy sublima-
tion of the pyridinecarboxylic acids we need to resort to the 
crystalline structures previously reported. As it is shown in 
Table 6, picolinic acid has the lowest sublimation enthalpy 
of all three isomers which means it has the weakest inter-
molecular interactions. The crystalline structure of this acid 
confirms this assumption, because it shows an intramolecu-
lar hydrogen bond between the hydrogen of the carboxyl 
group and the nitrogen of the pyridine, as shown in Fig. 4; 
such intramolecular hydrogen bond decreases interactions 
between neighboring molecules [52]. In the case of nicotinic 
and isonicotinic acid, there is no intramolecular hydrogen 
bond, but in the crystalline lattice [53, 54], shown in Fig. 5, 

Fig. 2   Dependence of ln[(dm/
dt)⋅T] with the inverse of the 
temperature derived from the 
thermogravimetric experiments 
of the reference substances. 
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Table 5   Results of sublimation enthalpies of the reference compounds at T = 298.15 K determined in this work and their comparison with data 
reported in the literature

Author Method Texp/K Δ
g

cr H(Texp)/
(kJ⋅mol−1)

∫
T
exp

298.15K
Δ

g

crC p,mdT/
(kJ⋅mol−1)

Δ
g

cr H(298.15 
K)/(kJ⋅mol−1)

Benzoic Acid
This work TGA​ 348–368 89.5 ± 0.8 1.36 ± 0.03 90.9 ± 1.6
Ribeiro da Silva et al. [4] Knudsen effusion 299–317 90.0 ± 0.5 90.4 ± 0.5
Rojas and Orozco [43] DSC 333.15 86.8 ± 0.5 88.5 ± 0.5
Malaspina et al. [44] Calorimetry 338–383 86.0 ± 0.4 88.8 ± 0.4
Morawetz [45] Calorimetry 298.15 89.5 ± 0.2 89.5 ± 0.2
Torres et al. [46] DSC 335 87.5 ± 0.3 89.2 ± 1.0
De Kruif and Blok [47] Diaphragm manometry 316–391 89.5 ± 0.1 92.1 ± 0.3
Recommended value [16] 89.7 ± 1.0
Phenanthrene
This work TGA​ 348–368 89.1 ± 0.4 2.01 ± 0.03 91.1 ± 0.8
Ribeiro da Silva et al. [4] Knudsen effusion 313–333 91.6 ± 0.4 92.5 ± 0.4
Rojas and Orozco [29] DSC 388.15 84.3 ± 0.8 89.6 ± 0.8
Morawetz [45] Calorimetry 298.15 90.9 ± 0.4 90.9 ± 0.4
Torres et al. [46] DSC 350 87.2 ± 1.1 90.9 ± 1.7
De Kruif [48] Mass effusion 315–335 90.5 ± 1.0 92.5 ± 2.0
Recommended value [16] 91.3 ± 2.7
Recommended value [34] 92.1 ± 0.6
Pyrene
This work TGA​ 393–413 95.4 ± 0.5 4.11 ± 0.01 99.5 ± 1.0
Rojas and Orozco [29] DSC 443.15 80.9 ± 1.0 98.5 ± 1.0
Malaspina et al. [49] Calorimetry 348–419 97.7 ± 0.5 101.0 ± 0.5
Recommended value [16, 33] 100.2 ± 3.6
Recommended value [34] 100.3 ± 1.0

Table 6   Results of sublimation enthalpies of the pyridinecarboxylic acids at T = 298.15 K determined in this work and those reported in the lit-
erature

Author Method Texp/K Δ
g

cr H(Texp)/(kJ⋅mol−1) ∫
T
exp

298.15K
Δ

g

crC p,mdT/
(kJ⋅mol−1)

Δ
g

cr H(298.15 
K)/(kJ⋅mol−1)

Picolinic Acid
This work Isothermal TGA​ 353–373 96.2 ± 0.8 1.45 ± 0.01 97.7 ± 1.6
Sabbah and Ider [13] Calorimetry 328.75 91.0 ± 0.5 92.7 ± 0.5
Ribeiro Da Silva et al. [14] Knudsen effusion 345–392 Not specified 98.0 ± 2.3
Nicotinic Acid
This work Isothermal TGA​ 405–425 102.2 ± 1.0 2.66 ± 0.01 104.9 ± 2.0
Sabbah and Ider [13] Calorimetry 362.15 101.1 ± 0.6 105.2 ± 0.6
Ribeiro da Silva et al. [15] Knudsen effusion 356.15 121.0 ± 3.7 123.9 ± 3.7
Menon et al. [50] Dynamic TGA​ 473.15–483.15 99.1 ± 0.4 103.3 ± 0.4
Bickerton et al. [51] Calorimetry Not Specified Not Specified 123.4 ± 1.2
Minas da Piedade et al. [38] Calorimetry 374.8–376.5 108.5 ± 0.3 112.1 ± 0.3
Minas da Piedade et al. [38] Knudsen effusion 366.5 109.3 ± 5.4 112.2 ± 5.4
Isonicotinic Acid
This work Isothermal TGA​ 433.15 107.1 ± 0.9 3.06 ± 0.01 110.2 ± 1.8
Sabbah and Ider [13] Calorimetry 362.15 107.7 ± 0.7 111.3 ± 0.7
Ribeiro Da Silva et al. [14] Knudsen effusion 345–392 Not specified 113.9 ± 4.4
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a different π stacking between isomers is evident. Regard-
ing the nicotinic acid, the crystalline structure (Fig. 5a and 
b) shows a face-centered π stacking and an hydrogen bond 
between carboxyl groups and neighboring molecules; this 
kind of stacking is unfavorable energetically between the 
same molecules because electrostatic repulsion induced 
by the electronic density at the center of the aromatic ring 
[55–57].  In the case of isonicotinic acid, it also shows 
an hydrogen bond between carboxyl groups and the adja-
cent molecules, but it shows an parallel offset π stacking 
arrangement (Fig. 5c and d) which is favorable energetically 
between identical molecules because the electronic density 
of the center of the aromatic ring has a favorable electrostatic 
interaction with the hydrogens of the neighbor molecules 
with no repulsion between aromatic rings [55–57]. Is this 
difference between π stackings arrangements which explain 
why isonicotinic acid has a higher sublimation enthalpy in 
agreement with the results determined in this work.

Conclusions

The results obtained for standards in enthalpy of sublimation 
measurements show good linear correlations, low uncertain-
ties and an excellent agreement with the values reported 
in the literature, proving that the isothermal methodology 
developed using the SDTQ600 TA® equipment, working 
under the isothermal conditions described throughout this 
work, is adequate for the determination of enthalpies of sub-
limation. The accuracy in this methodology is enough to 
account differences in enthalpy of sublimation of isomers 
and its use seems adequate for a reliable determination of 
this thermochemical quantity in organic compounds contain-
ing C, H, O, and N.

The sublimation enthalpies results generated in this work 
for the pyridinecarboxylic acids establish that the sublima-
tion enthalpy increases as the carboxyl functional group 
gets farther away from the nitrogen of the pyridine group, 
the crystalline structure analysis confirms that changing the 
position of the functional group around the pyridinic ring 
generates different π stackings, causing different intermo-
lecular interactions and explaining the observed trend of the 
enthalpies of sublimation.

Fig. 4   Intramolecular hydrogen 
bond in picolinic acid

H

N

O

O

Fig. 5   Crystalline structure of 
the nicotinic acid —(a) top view 
and (b) side view—and crystal-
line structure of the isonicotinic 
acid—(c) top view and (d) 
side view. The four crystalline 
structure were generated by 
using DIAMOND 3.0-visual 
structure information system® 
software [58] (a) (b)

(d)(c)
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