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a b s t r a c t

Vapor pressure measurements are critical for the development and selection of technologies for detection
of energetic materials and other hazardous compounds. Peroxide based homemade energetic materials
have become of increased interest due to their popular use in improvised explosive devices (IED’s) and
because they are not easily detected by traditional explosives detection devices. In this work, thermo-
gravimetric analysis was used as a quick and effective assessment method of the vapor pressure and
eywords:
apor pressure
nthalpy of sublimation
cetone peroxide
nergetic materials

enthalpy of sublimation of acetone peroxide (a cyclic organic peroxide). The results showed an enthalpy
of sublimation of 72.1 kJ mol−1 which is in good agreement with available literature. Results obtained by
thermogravimetry for a series of energetic nitrocompounds were compared to the literature reported
values with other methods presenting a relative error of less than 10%. The thermal data obtained in
all experiments was used to find relationships between the thermal properties of these compounds and
their structural properties. A correlation between enthalpy of sublimation and melting temperature and

ole m
hermal gravimetric analysis structural properties (dip

. Introduction

.1. Importance of vapor pressure

Estimation of vapor pressures and enthalpies of sublimation
f commercial and homemade energetic materials is useful for
he development of trace and vapor-phase detection technologies
1–4] and to understand the environmental fate and transport of
hese important contaminants [5,6]. Fundamental studies on the
ublimation of energetic materials supports applied research of
oth trace residue and vapor phase detection approaches. A report
rom the National Research Council addresses how researching the
apor space surrounding a bomber or an improvised device may
ead to improved means of detecting energetic materials [4]. At
he same, it is important to evaluate the environmental impact
f a compound. The transport, volatilization and persistence of a
eleased compound in the principal areas of environmental impact

uch as water, air and soil can be evaluated and understood by
nowing the vapor pressure of the compound at ambient temper-
tures [5].

∗ Corresponding author. Tel.: +1 787 265 5404; fax: +1 787 832 4040x3450/2638.
E-mail address: samuel.hernandez3@upr.edu (S.P. Hernández-Rivera).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.11.034
oment, moment of inertia) of the molecules studied was observed.
© 2010 Elsevier B.V. All rights reserved.

1.2. Estimating vapor pressure

A variety of approaches to characterize the vapor pressure
of materials have been reported. These methods include direct
measurement using a manometer [6], direct monitoring of the
gas-phase concentration species [7] and measurements of sample
volatilization [8] and vapor pressure and enthalpies of sublimation
of organic crystalline compounds [9] by vacuum diffusion (Knudsen
cell).

The use of thermal gravimetric analysis (TGA) based methods to
characterize the vapor pressure and enthalpies of sublimation and
vaporization of volatile materials have also been reported exten-
sively in the literature. Gueckel et al. measured the volatilization
rates of pesticides at ambient pressure using isothermal thermo-
gravimetry [10]. In 1998 Price and Hawking proposed a procedure
for estimating the vapor pressure and the enthalpy of sublimation
by TGA based on the linear relationship between the mass loss rate
and the vapor pressure for a thermally stable compound [11]. The
mathematical expression that correlates mass loss rate with the
vapor pressure derives from Langmuir’s work of 1913 [12] given
by Eq. (1):
dm

dt
= P˛

√
M

2�RT
(1)

dx.doi.org/10.1016/j.tca.2010.11.034
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:samuel.hernandez3@upr.edu
dx.doi.org/10.1016/j.tca.2010.11.034


3 ochimica Acta 514 (2011) 37–43

w
t
c
t
i
a
a
e
t
R

P

w
(
(
c
w
e
m
r

s
a
i
s
g
p
t
P
m
t
a
b
o
c
s
a

1

s
T
i
i
o

l

T
l
c
c
c
p

1

p
a
v
i
n
m
T

Table 1
Melting points of the nitrocompounds used in this study.

Material Melting point (K)

p-Nitroaniline 421
o-Nitroaniline 344
m-Nitroaniline 387
p-Nitroanisole 321
p-Nitrotoluene 326
p-Dinitrobenzene 447
o-Dinitrobenzene 391
4-Nitrobiphenyl 387
2,4,6-Trinitrotoluene 354
2,4-Dinitrotoluene 343
RDX 479
8 H. Félix-Rivera et al. / Therm

here dm/dt is the mass loss rate (MLR) (kg s−1) at a given tempera-
ure provided that the cross sectional area of the sample pan remain
onstant during the experiment, P is the vapor pressure (Pa), M is
he molecular weight of the evaporating compound (kg mol−1), R
s the ideal gas constant (J K−1 mol−1), T is the absolute temper-
ture (K), and ˛ is the vaporization coefficient. In a vacuum, ˛ is
ssumed to be 1, but in a flowing-gas atmosphere as in the TGA
xperiments, ˛ will have different values. Therefore, this term has
o be estimated and accounted for real experimental conditions.
earranging the Langmuir equation gives:

= k� (2)

here k is a constant that includes the vaporization coefficient [˛−1

2�R)1/2] and � is related to the constant mass loss rate (dm/dt)
T/M)1/2. The value for k is independent of a sample and becomes a
alibration constant determined from mass loss data of a material
ith known vapor pressures at experimental temperatures. This

xpression is then used to estimate the vapor pressure of unknown
aterials at the same temperatures from the determined mass loss

ate data [13].
The methods based on thermogravimetry and Langmuir expres-

ion to estimate the vapor pressure have demonstrated to be
ccurate over a narrow temperature range and for materials with
deal behavior. For these materials the mass loss rate will be con-
tant during isothermal or nearly isothermal conditions. Some
roups have used this approach to estimate the vapor pressure of
harmaceutical compounds [14–18]. The applications also include
he examination of antioxidants [19], dyes [11] and explosives [20].
ieterse and Focke [21] and Phang et al. [22] proposed alternate
ethods considering the molecule diffusion into the gas to treat

hermogravimetric data to estimate the vapor pressure of materi-
ls that do not present an ideal behavior. However the methods
ased on the work by Price including the estimation of an evap-
ration coefficient (˛) within k from experimental data at target
onditions continue to be widely applied. The results from different
tudies have demonstrated that the method is a rapid and reliable
pproach to obtain accurate vapor pressure values.

.3. Estimating enthalpy of sublimation

The enthalpy of sublimation can be obtained from vapor pres-
ure data by means of the Clausius–Clapeyron expression [16,23].
he data for the vapor pressure obtained from Eq. (2) can be fitted
nto Eq. (3) resulting in a straight-line plot of slope �H/R. In a sim-
lar approach, the data of dm/dt can be directly fitted to Eq. (3) to
btain the change in enthalpy from the slope.

n(P) = B − �Hs

RT
(3)

his equation relates the vapor pressure P (Pa), enthalpy of sub-
imation �Hs (kJ mol−1) and the absolute temperature T (K). The
onstants R and B are the ideal gas constant (J mol−1 K−1) and the
onstant specific to a given instrument and set of experimental
onditions and procedures but independent of material and tem-
eratures used [16], respectively.

.4. Application to energetic materials

In this study the vapor pressure of a variety of energetic com-
ounds is estimated using the methodology described by Price
nd Hawkins. The objective of this research was to compare the

apor pressure and enthalpy of sublimation of triacetone triperox-
de (TATP) with respect to more known energetic materials like
itrotoluenes and cyclonite (RDX) using a simple thermogravi-
etric study in the assessment of the reactivity of this material.

ATP is a very unstable and powerful homemade energetic material
Acetone peroxide 364
Naphthalene 355
Benzoic acid 395

(HME) that can be used both as a primary or secondary explosive.
Peroxide-based improvised explosive devices (IED’s) have become
of increased interest mainly because they are easily prepared and
are not detected by conventional methods of explosives detection
since they do not contain nitrogen as constituent element. Perox-
ide based IED’s are widely used all over the Middle East, and have
recently been used in attacks like the explosion in the mass trans-
portation system in London (2005). In addition, the information
obtained by TGA was used in quantitative structure–property rela-
tionships (QSPR) to evaluate the structural parameters that induce
sublimation and to predict the enthalpy of sublimation of new
materials based on their structure.

The results indicate that TGA, in isothermal and dynamic modes,
can be used as a rapid and useful method for the study of the
vapor pressure and the enthalpy of sublimation of energetic mate-
rials. The relative error of the method was evaluated by comparing
the results for a series of nitrocompounds using this method with
available literature values.

2. Experimental

2.1. Materials

Table 1 shows the melting points of the nitrocompounds
that were used. These materials were acquired from commercial
sources. TATP and 1,3,5-trinitro-1,3,5-triazacyclohexane (cyclonite
or RDX) were synthesized according to methods reported in the lit-
erature [24,25]. Benzoic acid and naphthalene were acquired from
Fisher with a purity of 99.6% and 99%, respectively.

2.2. Methods

2.2.1. TG and DSC analysis
TA Instruments Q10 differential scanning calorimeter (DSC)

with an ultra high purity nitrogen gas flow (40 mL min−1) was used
for determining melting temperature of the synthesized highly
energetic materials. High pressure hermetic pans were used for the
DSC experiments. The samples were sealed under a nitrogen flow
to maintain an inert atmosphere. For energetic materials it is rec-
ommended to use 1–3 mg of sample. A heating rate of 5 K min−1

was used for all samples. The DSC was calibrated with respect
to temperature and enthalpy with indium (NIST Traceable melt-
ing point: 429.75 K). TGA measurements were performed in a TA
Instrument Q-500 Thermal Gravimetric Analyzer. All samples were

contained within standards aluminum pans (5 mm I.D.) placed on
top of the platinum sample holder. A constant nitrogen purge of
60 mL min−1 was maintained through the TGA furnace. The TGA
was calibrated for temperature using the nickel Curie point (630 K)
and for weight according to manufacturer’s optimized procedures.
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to estimate the vapor pressure and enthalpy of sublimation of TATP
and other materials according to their mass loss rate (�) and Eq. (2).

Table 2 shows the mass loss rate data (MLR) for TATP. These
mass loss rate values were used to estimate the vapor pressure and

y = 1.517E+09x
R² = 9.994E-01
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ll samples were first evaluated from room temperature (RT) to
73 K at 5 K min−1 for a preview of the mass loss profile and mate-
ial thermal stability. The sublimation study and vapor pressure
stimation with TGA consisted of mass loss rate determination at
everal isothermal points over a temperature range lower than
he sample melting point. In order to ensure reproducibility on
he data, samples were analyzed three times. The experiments
ere conducted over a time range that allow constant mass loss
easurements and maintain a constant surface area. Instrumen-

al conditions were determined by evaluating the widely accepted
apor pressure standard, benzoic acid [26]. The vapor pressure of
he material at selected temperatures was estimated using liter-
ture values for the material [8,9]. The calibration constant (k)
nd the expression for estimating the vapor pressure from mass
oss measurements was obtained from linear regression analysis
Equation 2) of benzoic acid vapor pressure vs. � in the 303–343 K
ange.

To assure the applicability of proposed data analysis the vapor
ressure was estimated on a temperature range lower than the
elting transition and where constant mass loss rate was observed
ith time. Vapor pressure data for the nitrocompounds and TATP
ere used to estimate the enthalpy of sublimation according to

quation 3. In a similar approach, Equation 3 was used to obtain the
nthalpy of sublimation directly from the mass loss rate measure-
ents. All data were compared to literature values when available.

his comparison was used to evaluate the expected error in the
nthalpies of sublimation of materials evaluated by TG and the
alues that have not been reported previously.

.2.2. QSPR analysis
Molecular descriptor generation is a process to obtain several

arameters based on the electronic and topologic molecular struc-
ure. The structures of all the molecules included in the structure
roperty relationship analysis were optimized using the Gaus-
ian 03TM chemical computations software package (Gaussian, Inc.,

allingford, CT) [27]. A B3LYP DFT method with 631G** basis set
as applied for the structure optimization. In the quantitative

tructure property relationship (QSPR) study, topological descrip-
ors were derived using PCDM SoftwareTM (Molecular Descriptor
alculation v. 2.0) and using the Gaussian input file. The quantum
escriptors were derived directly from B3LYP optimization of the
olecule. All data were analyzed using the statistical analysis com-

uter program SPSSTM (Statistical Package for the Social Sciences)
er. 17.0 software (SPSS, Inc., Chicago, IL) and Statgraphics Centu-
ion for WindowsTM (StatPoint Technologies, Inc., Warrenton, VA)
o find a relationship between the structure and the enthalpy of
ublimation.

. Results and discussion

.1. TG and DSC analysis

TGA provides information on the mass changes that arise during
hermal events and DSC data gives an assessment of the stability
f compounds in the thermal range studied. Fig. 1(a) and (b) shows
he DSC and TGA data obtained for TNT and TATP, respectively.
he heating rate used was 5 K min−1. TNT does not present a con-
iderable mass loss until above 423 K. Since this mass loss occurs
fter melting, but before the decomposition temperature, it can be
ssumed that it is associated with vaporization. The boiling point is

ot observed in the DSC thermogram because the test is performed

n a hermetically sealed pan, keeping the sample mass constant.
he loss of mass that occurred before the melting transition (356 K)
or TATP suggests a high sublimation rate and high vapor pressure,
ven before the solid–liquid transition. TATP is therefore, a good
Fig. 1. TGA (left axis) and DSC (right axis) curves: (a) TNT at 5 K min−1. The overlay
presents the thermal stability of TNT through heating. The mass loss after 423 K
can be associated to vaporization; (b) TATP at 5 K min−1. The high mass loss before
melting is associated to the high sublimation and not to decomposition.

candidate for thermogravimetric-based sublimation studies due to
its constant mass loss at temperatures below decomposition.

The correlation of mass loss rate (�) vs. vapor pressure for
benzoic acid is presented in Fig. 2. The high correlation coeffi-
cient (R2 > 0.99) indicates that the experimental conditions are
appropriate for the proposed method. The calibration constant,
k = 1.517 × 109, was determined from the graph. This data was used
8.00E-096.00E-094.00E-092.00E-090.00E+00

v / kg½K½mol½s-1

Fig. 2. Vapor pressure calibration using the vapor pressure of benzoic acid and the
isothermal mass loss rate from 303.15 to 343.15 K.
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Table 2
MLR data for TATP in a temperature range from 303 to 338 K.

Temperature (K) MLR (kg s−1)

303 1.15E−10
308 1.93E−10
313 3.09E−10
318 5.00E−10
323 7.87E−10
328 1.16E−09
333 1.56E−09
338 1.99E−09

Table 3
Vapor pressure of some energetic materials at 303 K and 323 K obtained by TG
analysis.

Material P (Pa) @ 303 K
experimental

P (Pa) @ 323 K
experimental

p-Nitroaniline 0.02 0.05
o-Nitroaniline 0.26 1.89
m-Nitroaniline 0.15 0.31
p-Nitroanisole 0.58 4.29
p-Nitrotoluene 5.11 30.47
p-Dinitrobenzene 0.07 0.23
o-Dinitrobenzene 0.08 0.34
2,4,6-Trinitrotoluene - 0.04
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y = -11950x + 7.8379
R² = 0.9746

y = -12844x + 15.381
R² = 0.9954

y = -11449x + 13.915
R² = 0.9959

y = -8677.3x + 9.4303
R² = 0.9938

-27

-25

-23

-21

-19

-17

0.003350.003150.002950.002750.00255

L
n 

v

-1 -1

RDX

TNT

DNT

TATP
2,4-Dinitrotoluene 0.08 0.70
TATP 6.46 45.53

, not available.

nthalpy of sublimation according to Eqs. (2) and (3). The values for
he vapor pressure obtained for some energetic materials at 303 K
nd 323 K are reported in Table 3. The results for the vapor pressure
f energetic materials are in good agreement with the volatility of
hose compounds. For acetone peroxide, the vapor pressure has
een reported by Oxley et al. to be 6.95 Pa [7] and 7.87 Pa [28]
t ambient conditions using headspace gas chromatography tech-
ique. During this study, the obtained vapor pressure is estimated
o be ∼6.46 Pa, which is close to the reported value. RDX has a very
ow mass loss rate and it is difficult to estimate the vapor pressure
t the low temperatures reported in this table.

The vapor pressure values estimated from mass loss data were
sed to obtain the Antoine expression for TATP. Fig. 3 correlates
he experimental values with the values obtained from the Antoine

xpression with A = 10.32, B = −237.97 and C = 555.04. The correla-
ion factor (R2) was 0.998.

The enthalpy of sublimation of TNT and 2,4-DNT and other nitro-
ompounds have been previously reported. Therefore, they served
s standards for confirmation of the accuracy of the results obtained
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T / K

Fig. 4. Curves of the mass loss rate vs. temperature for TATP, RDX, TNT and 2,4-DNT.
This plot is used to estimate the enthalpy of sublimation (slope = −�H/R).

by thermogravimetry. Table 4 lists the sublimation enthalpies
obtained from the MLR data in this study. The results were com-
pared to the values reported by Chickos, who compiled sublimation
data from over 1200 references from 1910 to 2001 [29]. The relative
error of the enthalpy of sublimation by TGA is less than 10%. This
error is acceptable considering the variability of the values reported
in the literature.

Table 5 compares the values for the enthalpy of sublimation
obtained from Eq. (3) using mass loss rate data instead of P (column
3) with the values obtained from estimated vapor pressure data
(column 4). These values were obtained from Eq. (2) as explained in
Section 1. These values can be compared with the results compiled
by Chickos from studies using other methods (column 5). When the
enthalpies of sublimation were obtained from vapor pressure data,
the results were closer to the previously reported values than those
obtained directly from MLR.

Fig. 4 shows the Clausius–Clapeyron plots (ln � vs. 1/T) of the
well-known explosives RDX, TNT and 2,4-DNT and for the home-
made explosive TATP. The enthalpies of sublimation were obtained
from the slope of the linear regressions. This method is appropriate
for materials that exhibit a high vapor pressure because constant
mass loss can be maintained. However, for materials with low vapor
pressure, fitting the model is more difficult because of the noise in
the data. This was demonstrated by the lower correlation coeffi-
cient (R2) for RDX data. The important nitramine was analyzed at
a higher temperature range to induce higher mass loss rates, but
this approach can also induce degradation of the material and mass
loss due to moisture content loss (data not shown).

In terms of the explosives of interest, literature results for TNT
ranged from 102 to 113 kJ mol−1 and for 2,4-DNT ranged from
95.8 to 98.8 kJ mol−1. The results for TNT and DNT in this work
(106.8 kJ mol−1 for TNT and 96.2 kJ mol−1 for 2,4-DNT) are com-
parable to those presented in the mentioned review article [29].
Only a few references are reported for the sublimation enthalpy of
TATP. In 2005, Oxley et al. reported the enthalpy of sublimation of
TATP to be 109 kJ mol−1 by GC–MS [7]. This result is considerably
higher than the one found in the current study (72.1 kJ mol−1). The
enthalpy of sublimation was reported to be 85 kJ mol−1 in a pre-

vious study from our group [30] and a very recent study by Oxley
et al. reported 73 kJ mol−1 for the sublimation enthalpy of TATP
[28]. Both results are in good agreement with the current results.
No recent studies reporting calculations using the vapor pressure
of RDX could be found; however, a study from 1969 estimated the



H. Félix-Rivera et al. / Thermochimica Acta 514 (2011) 37–43 41

Table 4
Summary of enthalpies of sublimation obtained by TG analysis compared to literature values.

Material Temperature range
experimental (K)

�sH experimental
(kJ mol−1)

Temperature range
literature
(K)

�sH literature
(kJ mol−1)

% Relative error from literature

p-Nitroaniline 343–413 98 303–417 101.2 ± 4.0 −3.2
o-Nitroaniline 303–338 87.8 310–319 86.3 ± 4.8 1.7
m-Nitroaniline 323–383 93.6 288–384 95.4 ± 6.7 −1.9
p-Nitroanisole 303–321 91.3 - - -
p-Nitrotoluene 303–321 81.3 298–310 79.1 2.8
p-Dinitrobenzene 323–433 88.3 339–398 93.2 ± 3.0 −5.3
o-Dinitrobenzene 323–383 94.0 328–397 86.9 ± 5.4 8.2
4-Nitrobiphenyl 333–380 103.8 - - -
2,4,6-Trinitrotoluene 313–338 106.8 293–353 111.2 ± 9.6 −4.0
2,4-Dinitrotoluene 318–338 96.2 277–344 98.3 ± 1.8 −2.1
RDX 348–383 99.5 328–370 130 −23.5
TATP 303–338 72.1 288–323 73 −1.2
Naphthalene 303–348 69.9 250–353 73.9 ± 0.3 −5.4
Benzoic acid 303–343 89.9 298–383 89.7 ± 1.0 0.2

-, Not available.

Table 5
Enthalpy of sublimation results of energetic materials obtained by different methods.

Material Temperature range experimental (K) �sH experimental
(kJ mol−1)
MLR

�sH experimental
(kJ mol−1)
P = k�

�sH literature (kJ mol−1)

p-Nitroaniline 343–413 96.5 98 101.2 ± 4.0
o-Nitroaniline 303–338 86.5 87.8 86.3 ± 4.8
m-Nitroaniline 323–383 92.2 93.6 95.4 ± 6.7
p-Nitroanisole 303–321 90.0 91.3 –
p-Nitrotoluene 303–321 80.0 81.3 79.1
p-Dinitrobenzene 323–433 86.7 88.3 93.2 ± 3.0
o-Dinitrobenzene 323–383 92.5 94 86.9 ± 5.4
4-Nitrobiphenyl 333–380 102.4 103.8 –
2,4,6-Trinitrotoluene 313–338 105.4 106.8 111.2 ± 9.6
2,4-Dinitrotoluene 318–338 94.9 96.2 98.3 ± 1.8

8
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RDX 348–383 97.
TATP 303–338 70.
Naphthalene 303–348 69.
Benzoic acid 303–343 89.

nthalpy of sublimation of RDX to be 130 kJ mol−1 over 303–345 K
31]. In the present study, that value is reported to be 99.5 kJ mol−1

or 338–383 K.

Fig. 5 presents the thermograms for TATP at different heating

ates (2, 5 and 10 K min−1). It was possible to estimate the enthalpy
f sublimation of the homemade explosive using TG dynamic
nalysis by applying the same mathematical treatment to the
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ig. 5. Determination of enthalpy of sublimation of TATP by dynamic analysis.
n extrapolation to heating rate = 0 resulted in an enthalpy of sublimation of
8,050 kJ mol−1.
99.5 130
72.1 73
69.9 73.9 ± 0.3
89.9 89.7 ± 1.0

instantaneous mass loss rate in the same temperature range used
for isothermal analysis. The enthalpy of sublimation is obtained
from the linear regression analysis of temperature and mass loss
rate. A value for the enthalpy of sublimation is obtained for each
heating rate and the value can be extrapolated to isothermal con-
ditions. Results obtained were 10% different from the isothermal
experiments that are accepted as being more accurate.

3.2. QSPR analysis

The thermal data obtained in the experiments were analyzed
using a statistical analysis program to find relationships between
the thermal properties of these compounds and their structural
properties. SPSS Statistics ProfessionalTM (SPSS, Inc., IBM, Chicago,
IL) statistical analysis software program was used to find descrip-
tors with high correlation to the properties. These descriptors were
then analyzed by Statgraphics CenturionTM (v. XVI, StatPoint Tech-
nologies, Inc., Warrenton, VA) to find the best fit to a two-variable
model. This model was appropriate to predict the enthalpy of sub-
limation of TATP considering that the data responded to properties
of 11 molecules only. Table 6 presents the results of fitting a mul-
tiple linear regression model to describe the relationship between
thermal properties and the descriptors. When the P-value of the

ANOVA test is less than 0.05, there is a statistically significant rela-
tionship between the variables at the 95.0% confidence level. The
R2 statistical figure of merit indicates that the model fit explains
the percent of the variability in the studied property. The standard
error of the estimate shows the standard deviation of the residuals.
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Table 6
Structure property relationship results.

Model R R2 Adjusted R2 Std. error of estimate

(a) SPSS analysis models summary
1a .657 .431 .375 11.053
2b .796 .634 .553 9.346
3c .931 .868 .818 5.963

Parameter Estimate Standard error T statistics P-value

(b) Multiple regression results of statgraphics analysis
Constant 25.217 15.954 1.581 0.153
I −0.007 0.002 −3.763 0.006
� 2.333 0.722 3.230 0.012
Tm 0.156 0.042 3.753 0.006
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[19] P. Phang, D. Dollimore, The calculation of the vapor pressures of antioxidants
a Predictors:(constant), �.
b Predictors:(constant), �, I.
c Predictors:(constant), �, I, Tm.

his value can be used to understand the prediction limits for new
bservations. The combination of thermal properties, topological
escriptors and quantum descriptors is summarized in Table 6.

A multiple linear regression model was used to describe the
ought relationship between the sublimation enthalpy (�subH) and
hree important molecular properties used as independent vari-
bles: melting temperature (K), dipole moment (D) and moment of
nertia (kg m−2). The equation of the fitted model was:

subH = 25.217 − 0.007 × (I) + 2.333 × (�) + 0.156 × (Tm) (4)

here I is the moment of inertia, � is the dipole moment and Tm

s the melting temperature. Since the P-value in the ANOVA table
Table 6) is less than 0.05, a statistically significant relationship
etween the variables at the 95% confidence level was established.
tatistical parameters, calculated in the Statgraphics Centurion
tatistical analysis package, are explained as follows. The simple
orrelation coefficient R shows a significant relationship between
he three variables and the R2 indicates that the model fit shows
esults of 86.8% of the variability in the enthalpy. The adjusted R2

alue, which is more suitable for comparing models with different
umbers of independent variables, is 81.8%. The standard error of
he estimate shows that the standard deviation of the residuals is
.96 which is a measure of the accuracy of the predictions. Based
n the results obtained, the model described on Eq. (4) can be used
s a first approach to obtain a good estimation of the enthalpy of
ublimation for organic peroxide based highly energetic materials.

. Conclusions

The characterization and optimization of TGA allowed the esti-
ation of the bulk vapor pressure of compounds and the enthalpy

f sublimation from vapor pressure data. The enthalpy of sublima-
ion was also calculated directly from mass loss rate data. A series of
itrocompounds with known enthalpies were analyzed using TGA

n this study with differences lower than 10% from the literature
alues, indicating that TGA can be used as a quick and accurate
ethod to assess the enthalpy of sublimation of improvised for-
ulations of energetic materials. Also, as part of the study thermal

nalysis was applied to determine the vapor pressure of TATP, a
omemade energetic material known for its power, unsteadiness,
nd attractiveness to terrorists and its impacts on environmental
hemistry and compared to the vapor pressure of known ener-
etic compounds such as TNT and RDX. The sublimation rate and

nthalpy of TATP was also determined using thermal gravimetric
nalysis. The enthalpy of sublimation in the temperature range of
03–338 K was estimated using the Clausius–Clapeyron equation
s 72.1 kJ mol−1.

[
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The collected data were analyzed seeking for correlations with
structural properties of the molecules of the target compounds.
Good agreement was obtained for relationships established
between the enthalpies of sublimation of the compounds studied
and the combined effect of melting temperatures, dipole moments
and moments of inertia. However, more data are needed to build
more robust models. Future work should include the analysis of
more highly energetic materials to further evaluate the models and
render them more robust. Then at that stage the models should be
able to make predictions on properties of new materials from estab-
lished correlations between structural data and thermal properties
of compounds.
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