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1. Introduction

In the late evening of the 22" of May, 2020, a suicide bomber detonated a shrapnel-loaded
homemade explosive (HME) device after a highly attended Ariana Grande's concert in the
Manchester Arena, Manchester, England [1]. During a 6-month period before the incident, the
organizers of the attack purchased the necessary ingredients to prepare and assemble the
improvised explosive device (IED). The terrorists avoided the exposure of their own identities
and, using the names of their families and friends, ordered and purchased widely available
precursor materials required to synthesize a significant amount of a powerful explosive material
- triacetone triperoxide (TATP) [2]. An independent assessment of the institutional actions
revealed that the involved individuals had not been under an active investigation prior to the
incident, but in the months before the attack certain activity drew the attention of the
intelligence and a meeting for the reconsideration was scheduled to take place, but it had not
been held as of the date of the attack [3]. Insufficient preventative measures lead to a tragic
terror attack, killing 22 and injuring over 800 civilians [4]. Unfortunately, this is only a single
example out of multitude IED-related attacks involving casualties. In between October 2010
and September 2020, globally more than 170 000 people (civilians and armed actors) were
killed or injured by IEDs, corresponding to approximately 48% of all reported victims of
explosive violence [5]. According to Explosives Incident Report (EIR) of the United States
Bomb Data Center (USBDC), solely in the USA, in the year of 2019, 84 of the explosives
incidents and 656 of the recoveries involved IEDs [6]. These statistics show that IEDs pose a
significant threat and international conversations about the installment of more efficient
preventative measures in a whole chain of IED threats are regularly introduced [7]. In 2008, the
European Union approved an Action Plan on Enhancing the Security of the Explosives [8],
which prioritized the step-up of the explosives-related research and set specific goals including
aggregation and spread of the research results on IEDs precursors and detection technologies,
further research on the IEDs, their properties and the detection of explosives and their
precursors. Major improvements in the detection technology of trace and bulk amounts of
explosives have been achieved since [9-13]. Further information on several most important

detection techniques will be discussed in the Chapter 1.1.

The explosive trace detection (ETD) plays a significant role not only in the efforts to combat

the terrorism by the use of the IEDs, but also it is important in many other fields, including



forensics, environmental monitoring, as well as the manufacture and storage of explosives [9].
In the past, detection of the explosives has been approached in two ways: detection in condensed
and gaseous phase (particles and vapor). The detection of the explosives in the gaseous phase
has always been problematic even for the most volatile compounds since the detection might
be intercepted by environmental conditions, careful packaging of the explosive material, sample
accumulation and adhesion on the surfaces, and many others [9; 14; 15]. Moreover, a wide array
of explosive materials of interest also vary significantly in their physical and chemical

properties and it makes them more or less susceptible to different detection technologies [16].

One of the parameters that can differ considerably depending on the type of the explosive of
interest is the vapor pressure [14; 17].

Many common high explosives possess extremely low vapor pressures (in the range of ppt at
room temperature), which is a difficult task to overcome for some of the detection devices, such
as sniffers or stand-off vapor detection techniques. On the other hand, some utilized explosive
materials have considerably high vapor pressures (TATP, etc. [18]), which reduces the
difficulty of the vapor phase detection, but introduces a time dependency when it comes to the
detection of the traces, deposited on the exterior of the packaging [13]. Various additives and
impurities in the explosive mixtures, depending on their properties, may further reduce the
vaporization of the explosive material, or, instead, possess high vapor pressure themselves and
aid in the detection. For all of these reasons, in order to fully comprehend the detection
characteristics of novel vapor detection devices, the vapor pressures of the target compounds
need to be understood [14]. In addition, sufficient information about this property allows the
estimation of maximum possible concentration of the molecules in the gas phase at a given
temperature and, correspondingly, their condensable fraction, which is also of a great
importance for the monitoring of the fate and the pathways of atmospheric pollutants in the
environment [19]. Furthermore, volatility of the molecules can contribute to the development
of computational approaches dealing with modeling of vapor plumes in confined areas to
improve screening procedures and placement of sensors [9]. And lastly, the vapor pressure is
vital for the development of detection standards and evaluation of the emerging detection
techniques [14].

Experimental vapor pressures of explosive materials have been measured extensively in the

past, however many of the reported values are in a disarray [14; 17]. The reason behind it often



lies in the great variation of used determination techniques (when an inappropriate vapor
pressure measurement technique is chosen for the application) or the insufficient purity of the
samples used. It is generally recognized that for low vapor pressure compounds, such as
explosives, the most suitable are gas-saturation (transpiration), Knudsen effusion and Langmuir
methods [20-22]. Additionally, there is constant strive to develop suitable techniques for vapor
pressure measurements at near-room-temperature conditions for extreme low-volatility
compounds, which was not possible with some of the classical techniques [22; 23]. Further

information on the vapor pressure measurement techniques will be discussed in the Chapter 2.

Experimental values obtained with mentioned methods allow the determination of the vapor
pressure-temperature (p-T) relationship. Generally, the relationship is described by an
exponential function, but when the p-T data is plotted as a natural logarithm of the vapor
pressure versus the reciprocal temperature, for relatively short temperature ranges a linear

dependency is observed (Figure 1).
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Figure 1. Vapor pressure and temperature dependencies: a) f(T) = p; b) f(1/T) = In(p).

Knowledge of the p-T relationship allows the determination of other thermodynamical
parameters such as molar enthalpies and entropies of the phase transition. These phase boundary
thermodynamic properties help tracking the energy paths in chemical reactions and physical
processes. One recent example of implementation of phase transition thermodynamics was
demonstrated by its recent application for contact cooling of the computer servers [24]. The
servers are operated in a bath of a non-conductive low-boiling thermal fluid. At the boiling
temperature, any additional computer hardware-generated thermal energy is efficiently

transferred and consumed to elevate a specific amount of the cooling liquid into the gaseous



phase which eventually gets carried away and condensed outside of the computer system,
keeping the hardware operation at optimum conditions. Besides practical implementations,
knowledge of compound-specific thermodynamic properties such as enthalpies of phase
transitions are highly desirable for the transformation of the values of molar enthalpies of
formation from condensed to the gaseous state. Some theoretical aspects of these

thermodynamic concepts in terms of this project will be discussed in the 2.6.

1.1.Explosive trace detection (ETD) techniques

There are two main approaches when it comes to the detection of the explosive materials: bulk
and trace detection. Bulk detection usually focuses on the determination of the anomalies in the
composition of the materials. The methods include the determination of density variation,
nitrogen content, neutron emission spectrum, etc. [25]. However, this chapter will focus on the
detection of trace amounts of explosive material, which usually is sub-microgram scale, non-
detonable and not visible with a naked eye. Two different types of sampling procedures are
applied in the detection technology — surface (condensed phase) or vapor (gaseous phase)
sampling. In the comprehensive review by Moore [13], a classification of detection methods
according to their sampling protocol was graphically illustrated (Figure 2) and thoroughly
discussed. Plenty of reviews on current advances of trace detection technology were published
since, including a two-part work by Brown et al. [11; 12], works by To et al. [9], Giaonnoukos
et al. [26] and others.
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Figure 2. Non-exhaustive overview of trace explosive detection technologies according to their

sampling protocol. Reprinted with permission from [13]. Copyright 2008 Springer.

Before the detector is applied in practice, it has to be evaluated for its detection limits and
performance. For this reason, vapor generators are often necessary in order to deliver the analyte
vapors to the device being tested. Consequently, the vapor-generating systems must be
calibrated and able to deliver vapors reproducibly and of a precise concentration. However, for
low-vapor pressure compounds, such as explosives, the task is not so straight-forward. The
evaporation processes for solid explosives are inherently slow and, therefore, it has to be
accelerated by exposure to elevated temperatures. These temperatures have to be maintained
constant throughout the whole system to avoid possible molecular adsorption or condensation
on the cold-spots, which would result in a generation of fluctuating or not-defined vapor
concentrations. Also, in some cases it is assumed that the output concentration is governed by
the theoretical saturated vapor pressure values, however, in reality, the saturation is not
achieved. Many of these aspects and various types of vapor-generating devices have been

previously discussed in the work by Grate et al. [27].

The European Civil Aviation Conference (ECAC) periodically prepares and updates a list of

ETD devices, which are in accordance with ECAC and European Union (EU) performance



standards [28]. As of the current date, the majority of approved devices are ion mobility
spectrometers (IMS) and mass spectrometers (MS). These technologies, animal olfactory
systems and several detection techniques concerned in terms of vaporization (devices that
screen analytes in gaseous phase or require the vaporization of the sample for analysis) are
discussed below. All of the techniques introduced below, have been applied for the detection

of explosives or other hazardous materials.
1.1.1. Animal olfactory systems

Several species of animals, including dogs, rats, honey bees and pigs have been used for the
detection of drugs, explosives, weapons, mines, live human bodies, tobacco, cash, and cadavers
[26]. The benefit of the sophisticated animal olfactory systems in the field of the detection are
namely sensitivity, near real-time response, localization, and the ability to simultaneously
analyse several different analytes. For many years canines have been the gold standard for vapor
detection and other detection methods have been judged in comparison with trained sniffer dogs
(Figure 3) [13]. The basis for this is their extremely sensitive olfactory system and their acute
scent recognition — interpretation ability [26]. Because of their superior performance, other
detection technologies have attempted to mimic their sophisticated olfactory systems [29; 30].
Nevertheless, certain drawbacks are associated with the employment of the explosives detection
dogs (EDDs): the efficiency of the detection procedure depends on the environmental
conditions, distractions, dog personality, dog-handler interaction. Moreover, dogs are not
capable of universal detection (usually trained only for one type of threat) and a major limiting
factor is the costly and time-consuming training and handling [31]. The training of the dogs is
a delicate procedure which is based on stimulus—reward techniques, and those often employ the
energetic compounds and their simulant compounds, precursors, breakdown products, or

taggants [26].

The training of the canines also involves the utilization of the gas-generators. However, the
testing procedure for EDDs is considerably different from the test protocol for the instrumental
detection systems. Firstly, the emphasis in the detection dog training is not necessarily on the
detection of a particular explosive compound, but on the vapors that the canine olfactory system
can detect [27]. Hence, the training devices have to deliver vapor from samples with the
contents of a realistic explosive device. Secondly, it is also important to train the EDDs to detect

not only the compounds in trace concentrations, but also to expose the trainee to a vapor



“cloud”, which may originate from a bulk amount of material. Failure to do so might result in
an inability to locate or detect the explosive device altogether [32]. When a real explosive
sample is too dangerous to use, non-hazardous vapor sources encompassing explosive materials
suspended on a solid or liquid support can be employed in the training of EDDs [33]. Since the
performance of the canine detection systems is superior to other ETD detectors to this day

(Figure 3), the development of the canine training aids remains an important field of research.

Sampling time

High « » High

v
High
—Animals
—Raman
——Sensors Cost Sensitivity
IMS

——=Colorimetric kits

Selectivity

Figure 3. Visual comparison of various explosive trace detection (ETD) technologies. Reprinted with

permission from [9]. Copyright (2020) American Chemical Society.
1.1.2. Electronic Noses

Electronic noses are artificial olfactory systems usually composed of a gas sensor array, gas
transmission path, a microprocessor and an identification method [34]. Interaction of the array
of sensors with various vapors produce a pattern of electrical responses that are compared with

the integrated database and subsequently identified.

Currently, the most common sensor types used in electronic noses include metal oxide
semiconductor (MOS) because of their mature technology and low price, but certain limitations
(i.e. high working temperatures) encouraged the development and application of other sensor
types such as electrochemical (EC), conducting polymer (CP), quartz crystal microbalance
(QCM), surface acoustic wave (SAW), and optical sensors. Generally, such analytical devices
as mass (MS) and ion mobility spectrometers (IMS), gas chromatographs (GC) can also be
considered as electronic noses since they contain gas detection systems and chemical

determination technologies [26].

1.1.3. Micro- and nano- technology



Microfabrication technology has advanced immensely in past decades and allowed the
development of lab-on-a-chip devices. Micro-electro-mechanical systems (MEMS) are an
approach which benefits from the miniaturization of detection devices (electronic noses, etc.)
to achieve portable, cost-effective systems, containing a microprocessor and mechanical
components. One of the technologies, applicable for MEMS is the use of microcantilevers [35].
Microcantilevers can be coated with a variety of different materials to match the specific
application. The working principle of the microcantilevers sensors is based on the mechanical
movement and deformations of the components. Upon absorption of the sample, the detection
is observed in one of two ways: either the absorption causes a deflection which is identified by
a change in the differential surface stresses of microcantilever surfaces, or, the absorbed mass
changes the frequency of the vibration of the reflected light beam.

Nanotechnology has been employed for this purpose as well. Nanomaterials are an extensively
researched field and its advantages are the possibility to easily tune their intrinsic parameters,
such as electric, optical, catalytic, magnetic and mechanical properties specifically to the
application [9]. There is a multitude of various types of nanosensoric devices, one of them being
semiconductors. Metal oxide semiconductors (MOS) are the most commonly used sensors since
they exhibit superior performance in comparison to other semiconductive gas sensors [36]. Gas
sensing mechanisms in MOS sensors are an elaborate topic and several different theories exist.
The electrical properties of the semiconductor are influenced in the microscopic (based on
electron depletion and hole accumulation theories) and macroscopic (adsorption/desorption
theory) scales. On the macroscale, upon chemical or physical adsorption of the gas specimen,
a change in the resistance is induced due to the change of the charge carrier concentration [36].
MOS detection systems based on chemical adsorption record a change of the semiconductor
response (voltage, current or conductivity) initiated by a chemical reaction. Physical adsorption
is the adsorption of gas molecules onto sensor surface by Coulomb forces, hydrogen bonding
and other intermolecular forces without chemical changes [36]. Currently, due to the rapid
development of the MOS sensors and advanced chip packaging technology, the size of MOS

sensors can be very small which makes them suitable for portable electronic nose systems [34].

Nanotechnology is also successfully applied in the electrochemical gas sensors. A
commercially available example of electrochemical gas sensors is the Vaporsens device (from
Vaporsens Inc., USA). This device uses nanofibers that are formed by self-assembly of

chemically tuned organic molecules. The network of nanofibers ensures a large surface area,



that captures molecules in a gaseous phase by molecular diffusion and surface adsorption. The
selective functional groups of the nanofiber backbone interact with the compounds under
investigation and can either donate or withdraw the electrons, inducing a change in the internal
resistance of the nanofiber instrument and resulting in an increase or a decrease of an applied

electrical current [37].
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< >

Figure 4. The range of the detectable gas concentration of several common gas sensors. Reprinted with
permission from [36]. Copyright (2019) Royal Society of Chemistry.

1.1.4. lon Mobility Spectrometry (IMS)

According to the US Transportation Security Association (TSA), the ETD devices based on the
ion mobility spectrometry are the only types of detectors, considered to be included into the Air
Cargo Screening Technology List, which serves as an official guide for the regulated authorities
on which ETD technologies are qualified for the use according to the Standard Security
Program [38].

The working principle of the IMS devices relies on the separation of the ionized analytes under
a weak electric field in an ambient pressure. The sample is usually introduced in a condensed
phase and is thermally desorbed to produce a gaseous sample from specially designed swabs or
by sampling vapors directly from the environment. In a typical IMS device (Figure 5), after the
gaseous sample is ionized in an ionization chamber, it passes through the ion gate in portions
and travels into a drift tube, where under the influence of the electric field, the carrier gas and
opposing flow of the drift gas, different molecules are retained and separated according to their
mobility, which corelates to their ion size, shape and charge. The drift time and the detector
signal intensity allow the identification of the analytes from a library with predetermined drift
characteristics. The simple instrumentation and quick process time are some of the benefits that
resulted in the IMS popularity in explosive trace detection.
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Figure 5. A graphical representation of a simplified ion mobility spectrometer. Reprinted with

permission from [10]. Copyright (2012) Elsevier.

lon mobility spectrometers suffer from several limitations, including non-linear response,
limited selectivity, dependency on the humidity, common use of radioactive ionization sources,
the need of extensive sampling and, lastly, competitive (matrix affected) and collision driven
ionization processes [39]. There is a constant search for novel solutions to ensure efficient
collection and selective extraction of the samples and the research results are promising for low

vapor pressure materials [9].

The performance of the IMS device can be enhanced by hyphenating the device with gas
chromatography (GC), single and tandem mass spectrometry (MS, MS/MS) and other
techniques [40; 41; 42]. Gas chromatography in the GC-IMS provides an additional separation
before entering the ionization step of the IMS device, which, in turn, reduces the matrix effects,
ion interactions, the number of false positives and, consequently, increases the overall
sensitivity. Moreover, the hyphenation grants the possibility of a three-dimensional
identification (according to the GC run time, IMS intensity and IMS drift time) [26].

In the devices containing the IMS and MS technologies, IMS enables a fast separation of
isomers, isobars and conformers in the complex mixtures and provides improved detection
results [40].

1.1.5. Mass Spectrometry (MS)

Mass spectrometry has been the preferred technique in the chemical analysis because of its
sensitivity, selectivity, rapid operation and applicability to a wide range of analytes. Similar to
the IMS, the sample molecules in the MS are ionized in the ionization source and transferred

into a chamber where they are separated according to their intrinsic properties. Unlike the IMS,

10



mass spectrometry differentiates the molecules depending not on their mobility, but on their
mass-to-charge ratio (m/z). The device, responsible for the discrimination of the molecules, is
called mass analyzer and typical examples are time-of-flight, quadrupole mass filter, orbitrap,
ion trap, Fourier transform ion cyclotron resonance and electrostatic analyzers. In a mass
spectrometer with a linear quadrupole mass analyzer, which was employed in this project as
well, the core element is a square assembly of four cylindrical rods which produce a quadrupolar
electrodynamic field induced by alternating electric potentials. A periodically changing electric
charge forces the ions to oscillate in trajectories depending on their m/z ratios and alternating
voltages [43]. The sample ions are detected only if their oscillation radius does not reach the
quadrupole rods. lons oscillating with a bigger radius impact the quadrupole rods and are
“filtered out” (Figure 6). Other types of mass analyzers have been extensively reviewed

elsewhere [44].

Figure 6. A basic schematic of a quadrupole mass analyzer. Green line represents detected ions and red

line ions that are “filtered out” [45].

Other integral components of the MS include the detector and a vacuum pump. For a long time,
combination of these elements resulted in bulky and power-consuming analytical devices,
which were mainly used in a laboratory environment, but in last decades major developments
resulted in the miniaturization of some of the main components and converted the MS into a
portable device [46-48]. Portable hyphenated GC-MS devices have been reported in the past
and they benefit in similar aspects as in the case of GC-IMS, discussed above [49].

Constant research and development of new sampling and ionization procedures resulted in

improvements in the sensitivity of the MS technology and enabled detection of low vapor

11



pressure explosive materials making a contactless detection a feasible prospect in the future of
ETDs [50; 51].

1.1.6. Surface-enhanced Raman Spectroscopy (SERS)

Raman spectroscopy relies on the vibrational fingerprinting of molecules and materials [52].
The very weak Raman effect, which results in a low signal intensity, remains the primary
problem in applications of Raman spectroscopy. One way to circumvent the problem is to use
Surface-enhanced Raman Spectroscopy (SERS). SERS detection technology has been of a
particular interest in the field of trace explosives detection because it can recognize the
structural information of substances at the molecular level. In SERS, a laser scans the surface
of a microscopically roughened metal substrate for adsorbed analytes of interest. The analyte
molecules interact with the laser light and the vibrational modes, associated with the absorption
of the incident light, enters a resonance and are enhanced in the vicinity of the metal substrates.
The enhanced intensities can reach 102-10% times in comparison to their non-resonant Raman
intensities. These enhanced vibrational signals are detected and interpreted to identify a
particular molecule. The SERS substrates can be designed specifically for the intended
application so that only particular types of analytes would be absorbed. These properties can be
tuned by choosing an appropriate metal surface itself, the degree of roughness, the degree of
oxidation of the surface, the acid/base properties of the surface and the use of coatings [53].

In many SERS applications the sample must be physically removed and/or put into the close
contact with the substrate. However, the achieved sensitivity (up to a single molecule detection)
and high selectivity show a great method potential for the ETD detection in the gaseous phase
[54]. For the detection of the vapors of the most explosives, a gold based substrate has been
employed [55], since it provides a strong and specific binding, while other metals show low
absorption [56]. Unfortunately, a continuous gas-phase explosive trace detection using SERS
has been problematic because of a “memory effect” caused by “sticky” explosive molecules. A
possible solution is an employment of a microfluidic technology, which mimics animal
olfactory system (Figure 7) [29; 57]. In such a structure gaseous molecules are efficiently
transferred into the mucous layer, which preconcentrates the airborne analyte molecules and
thereby enhances their detection.
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Figure 7. Graphical representation of the gas phase ETD device, based on the SERS technology in
combination with microfluidic technology, by [57] and licensed under CC BY 4.0.

1.1.7. Cavity ring down spectroscopy (CRDS)

In Cavity Ring Down Spectroscopy (CRDS), the device contains a cavity surrounded with high

reflectivity mirrors.

A laser pulse in the near-infrared or ultraviolet part of the spectrum is released upon the vapor

residing in the cavity (Figure 8).
mirror mirror
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Figure 8. Schematic of the experimental CRDS apparatus. Here PMT: photomultiplier tube; GPIB:
general purpose interface bus. Reprinted with permission from [58]. Copyright (2007) OSA.

The light travels a distance measured in kilometres and the interaction with the vapor results in
the absorption of the characteristic wavelengths. The absorption occurs by either electronic
transitions in the ultraviolet mode, or vibrational transitions in the infrared range [58]. After the
laser light is turned off, the degradation of the laser signal is monitored over a period of time
using the photomultiplier tube (PMT), that would transfer the CRD signal into computer
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interface with a software that would analyze photon decay and compare with a signal
degradation profile, observed in an empty cavity. The signal decay characteristics of the vapor
filled cavity are observed and assigned to a specific compound. The CRDS devices are

commercially available and have been tested on several explosive materials (TNT, TATP,

RDX, PETN, Tetryl) [59; 60].
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2. Determination of vapor pressures

As mentioned earlier (Chapter 1), vapor pressures are of high importance in various fields. Over
the last century, vast amounts of research were focused on the determination of vapor pressures
of various types of compounds and their mixtures in different phases. Nevertheless, most of the
known vapor pressure data has been determined for industrial applications. For this reason, only
a small fraction of the vapor pressures, relevant for other applications are available [61]. The
lack of experimental vapor pressure values is especially relevant for the investigation of the fate
of the atmospheric aerosols, because the vapor pressure is the primary determinant for the
condensable mass of the organic aerosol, and this condensate participates in the absorption and
scattering of radiation [19]. However, due to their large number, the measurement of the vapor
pressure of all atmospheric organic compounds is impractical. Consequently, many vapor
pressure estimation methods have been developed in the past [19]. However, because these
methods are usually developed based on the available experimental data on non- or
monofunctional compounds, they often do not suit more complex analytes. In the case of more
sophisticated estimation methods, knowledge of an experimentally determined descriptor is
often required which may include boiling point, vapor pressure of the parent hydrocarbon,
critical point, melting temperature, topological, geometric, electronic, hybrid, elemental and
many other descriptors, as reviewed in the works of Naef and Acree [62] and Barley and
McFiggans [61]. The use of methods utilizing such descriptors is limited by their availability.
Alternatively, the values can be estimated by further prediction methods, which potentially

introduce an additional source of error [62].

In their work, Barley and McFiggans [61] point out another important issue that many of the
more complex group contribution methods bear. For many models, the estimation will work
very well for the compounds that the model was derived from, but the method will perform
very poorly for the compounds out of the training set, since their intrinsic structural features are
underrepresented in the estimation method. This problem is especially unforgiving for higher
molecular weight, low vapor pressure compounds (such as explosives) since there are relatively
few compounds with vapor pressures below 0.1 Pa available in the literature. Moreover, as
scientists usually report data in bulk for structurally similar compounds, measured by the same
experimentalists and the same equipment, the fitted parameters in the estimation models might

reflect a present bias. Thus, it is really important to develop estimation methods using multiple
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independent experimental datasets from a collection of diverse sources employing reliable

vapor pressure determination techniques.

A wide variety of the vapor pressure measurement techniques have been implemented and they
have been documented thoroughly over many decades including reviews by Ambrose (1975)
[63], Delle Site (1996) [20] and recent work by Verevkin et al. (2018) [64]. Available data on
the experimental values of the vapor pressures have shown that the vapor pressure results often
differ depending on what experimental method is utilized for the purpose. Certain methods have
their own advantages and disadvantages and they have been discussed in a study by Verevkin

(2005) [21]. Therefore, it is essential to choose the correct technique for the application.

For semi-volatile compounds, the molecules that have evaporated from the surface of the
compound collide with each other and, consequently, occupy a relatively small volume and are
constantly re-absorbed into the surface. At equilibrium state, the evaporation and re-absorption
rates are equal. However, for the compounds with a low vapor pressure, such as explosives, the
amount of the molecules above the surface is small and if there is a sufficient unoccupied
volume above the sample surface, the molecular collisions become unlikely and the molecules
do not re-enter the sample in the condensed state. If the molecules are efficiently removed from
the proximity of the sample before they are re-absorbed, it is possible to measure the rate at
which evaporation is taking place by determining the loss in mass of the source sample, or by
determining the amount of substance collected [63]. This principle has been utilized in several
vapor pressure measurement techniques. Some of them, including Langmuir, Knudsen and
transpiration (gas-saturation) methods have been considered to be most suited for the low vapor

pressure materials [21; 22; 61]. These methods are concisely discussed in this chapter.

2.1.Knudsen effusion method

In the Knudsen effusion method, sample material is situated in a closed cell with a small orifice
into a vacuum [65]. At a constant temperature sample vapors reach an equilibrium and effuse
out of the enclosed chamber, which results in an observable mass loss. The vapor pressures can
be investigated by analyzing the sample vapor after it effused from the cell (i.e. by collecting
the vapors on a cooled surface or QCM, by determination of resulting mechanical torque or

response in the mass spectrometry) or by the determination of the mass difference of the
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experimental cell and its contents (i.e. by weighing, thermogravimetrically) [21]. Mass loss is
monitored periodically before and during the experiment with a sensitive technique that can be

external or internal to the device.

The resulting vapor pressure pg,; is derived from a Knudsen effusion equation (eq 1), which

concerns not the evaporation from the sample, but the effusion from the cell:

_ dm |2mnRT
psat - K dT M

1)

Here pgq; is the vapor pressure, in Pa; dm/dt is the mass loss, in kg s%; T is temperature, in
K, R is the universal gas constant equal to 8.3144 J-mol-K™%, M is the molar mass of the
compound in the gaseous phase, in kg mol™; K is a product of Clausing coefficient K. and the
area of the orifice S. The Clausing coefficient is introduced to consider the thickness of the cell
walls that causes the orifice to have a cylindrical form and yield a non-zero probability that the

sample molecules will strike the cylinder’s wall instead of escaping into the vacuum [63].

To avoid deviations, arising from the higher vapor pressure samples (>1 Pa) and the low
Knudsen number K (K, defines the ratio between the mean free path of the molecule A and
the orifice diameter), the experiments usually involve measurements with three or more orifices

of varying diameter [64].

The limitations to the application of the Knudsen effusion method for low volatility compounds
lie in the sensitivity of the gravimetric techniques. To determine the vapor pressures reliably, a
sufficient amount of the sample has to evaporate and that can be problematic for the extremely-
low vapor pressure materials. As an alternative, the experimental temperature can be increased
to raise the evaporation rate, but that could induce decomposition or safety issues with the
thermolabile compounds, such as explosives. Furthermore, the use of this method requires

substances of an extremely high purity, since any high volatile impurity may falsify the results.

Prominent examples where Knudsen effusion method was used for the determination of vapor

pressures of explosives are the works of Edwards [66; 67] and Cundall et al. [68; 69].

2.2. Langmuir method
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In contrast to the Knudsen effusion method discussed above, in the Langmuir method samples
are usually placed into open crucibles with a well-defined surface area and the substance of
interest evaporates into a vacuum or into an inert purge gas. As a result, the rate that the
substance is evaporating is faster. Consequently, the sufficient amount of the sample, required
for a reliable measurement of the mass-loss leaves the sample faster and the experimental
temperature can be reduced. The method is often coupled with the thermogravimetry and can
operate with isothermal and gradient temperature programs.

The calculation of the vapor pressure can be executed via the modified Knudsen effusion

equation (1), where for the Langmuir experiment:

K =ayS§ (2

Here a is the empirical condensation (accommodation) coefficient, y is the roughness of the
surface and S is the area of the sample. Due to the fact that the condensation (accommodation)
coefficient is not uniform, in order to obtain absolute vapor pressure values using this approach,

the device has to be calibrated with a substance of a similar structure.

The isothermal thermogravimetric analysis (TGA), which, in principle, is a form of Langmuir
method, was recently used for the determination of the method suitability for the determination
of the absolute vapor pressures of explosives [70]. The findings showed that the coefficient «
drifted with each experimental run, therefore, the method is not suitable for the determination
of the absolute vapor pressure on its own. On the other hand, if the measured molar enthalpies
of phase transitions obtained with this method agree with the experimental results, established
with other reliable vapor pressure methods, the coefficient a could be derived and TGA results
could be recalculated into absolute vapor pressures and could compliment already known

experimental vapor pressures.

The Langmuir method was also employed for the determination of the vapor pressures of
explosives, notably in the study by Rosen and Dickinson [71].

2.3.Transpiration method

The transpiration method has been acknowledged to be a reliable method for the determination

of experimental vapor pressures [61]. The basic working principle of the method is based on
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the transportation of the analyte-saturated gas stream from sample-coated support under
isothermal conditions followed by external collection and quantification of the condensed
material. Some of the advantages of this method include the independency on small amount of
impurities, since the volatile organic compound impurities or moisture can be eliminated from
the experimental setup by a thermal conditioning step and for other compounds the impurity
induced error in the quantification of the collected sample can be prevented by application of
analytical separation techniques, such as gas or liquid chromatography. Moreover, the method
performs well at both ambient and elevated temperature ranges and the measurements can be
executed under different carrier gas (for certain applications or measurements at elevated
temperatures, inert gas atmosphere can prevent sample decomposition). The relatively
inexpensive experimental setup and ease of operation are also some of the great advantages of
transpiration method [20; 21; 64].

The transpiration method has been used for an array of different compounds and has shown an
excellent agreement with the well-established vapor pressures of reference materials,
determined using other methods. For these reasons the transpiration method was established in
our work group and ever since it demonstrated being well-suited for the determination of vapor
pressures of hazardous materials, including the energetic as well as toxic compounds [18; 72-
75]. A thorough discussion on many of the practical aspects for this method has been reported
in the study by Hartel [70]. The basic experimental setup of the transpiration method,
established in the work of Hartel [70], was implemented in this project as well. However, some
new improvements were realized in this work and will be discussed in this chapter along with

some other important aspects.

In the scope of this project, a new approach on the drying of the carrier gas was implemented.
The previously used gas drying tower—a glass-pipe, which was filled with phosphorus pentoxide
coated on a silica support (Sicapent®, SigmaAldrich, cat. #79610)— had performed well, but not
ideally in terms of capturing the moisture in the gas transfer system. In practice, especially when
long-term measurements of extremely low volatility compounds were taking place, the cooling
trap (7, Figure 9) would collect an observable amount of water which would crystalize in the
condensation tube. As an alternative, a new drying module, consisting of one T-type particulate
filter SS-4TF-05 and two SS-FCB coalescing-particle filters by company Swagelok, was
installed. The drying system was connected using PFA tubing. The new implementations

completely eliminated the water condensation problem for experiments of any duration.
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The final setup for transpiration experiments is depicted in the Figure 9.

Figure 9. The final experimental setup of the transpiration method used in this work: nitrogen reservoir
1, pressure reduction valve 2, drying module 3, mass flow controller 4, saturator 5, condensation tube
6, cooling trap 7, soap-film flowmeter 8, thermostat 9, immersion cooler 10 and thermobarometer 11.
Reprinted with the permission from [76]. Copyright (2021) American Chemical Society.

2.4.Quantification by chromatography

In this work, the determination of the mass of the condensed analytes, collected during the

transpiration experiment was executed using chromatographic techniques.
2.4.1. Vacuum Outlet-GCMS

Since this work deals with the determination of the thermodynamic properties of the materials
in the gaseous phase, the gas chromatography coupled to a MS seemed like an obvious choice
for an analytical method. However, the analysis of thermolabile analytes, such as energetic
materials using a conventional GCMS device can be tricky, since the device is operating at
elevated temperatures and the decomposition of the compounds under investigation must be
avoided in order to achieve reliable results. For this reason, a vacuum outlet-GCMS method
(VO-GCMS) was employed in our group and successfully implemented for the determination
of the vapor pressures of selected energetic materials [18; 72; 73; 74]. In this technique, a wide

inner diameter capillary column is connected to the mass spectrometer to permit a gradual
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expansion of the detector vacuum along the capillary column. The consequently reduced
pressure in the capillary column raises the carrier gas velocity along the analytical column and
thus reduces the elution temperature of the compounds under investigation. However, without
an additional system modification, the significant increase in the gas flow through the analytical
column would compromise vacuum build up in the detector. In order to prevent the detector
vacuum from a collapse, a small diameter restriction column is securely connected to the inlet
of the analytical column and placed at the injector. The restriction allows the control of the

carrier gas flow and operation at a constant pressure mode [73].

In this work, vacuum outlet operation was established by employment of a Shimadzu® GCMS
QP2010 SE device that was equipped with an Atas® Optic 4 injector which is able to fit a
custom-made stainless-steel liner. The custom liner of 5 mm outer diameter and 0.5 mm wall
thickness is necessary to house an SGE SilTite® p-union column connector with an outer
diameter of 3.5 mm. A column configuration in the GCMS software Labsolutions
GCMSsolution v4.11 was manipulated to allow the head pressure to be set to 760 kPa. More
detailed information can be found in the work of Hartel [70].

In this work, an array of compounds was analysed using VO-GCMS and the specific methods
are discussed at relevant chapters. Unfortunately, the VO-GCMS system has its limitations
when it comes to the quantification of labile and low-vapor pressure materials such as
explosives. As previously performed study by Hartel has shown, several common explosive
materials (PETN, RDX, etc.) could not be detected or quantified with required reproducibility.
A milder method of chromatography, such as liquid chromatography, in which the compounds
do not need to be transferred into gaseous phase by exposure to elevated temperatures, was

chosen for further analysis.
2.4.2. HPLC-DAD

High performance liquid chromatography with diode array detector (HPLC-DAD) was newly
established at our group in the framework of the vapor pressure measurements as a method of
quantification, so it is important to discuss some aspects of the application. In a standard HPLC
device (Figure 10), during an operation cycle a sample solution is introduced into a pump-
regulated continuous flow of the mobile phase and enters a thermostated separation column,

where sample components, upon interaction with the column packing material (stationary

21



phase), are separated according to various parameters, such as hydrogen bonding, polarizability,
etc. The now-separated molecules in mobile phase medium enter the detector, which records
specific physical parameters of the mobile phase that are changed in a presence of the analyte,
such as UV-absorbance, light scattering, mass spectrum, etc. The detector response is processed
by a software to get a time-resolved chromatogram. Depending on whether the used detector is
destructive (mass spectrometry, charged aerosol detector, etc.), or non-destructive (refractive
index, fluorescence, UV, etc.), the remnants of the sample are then further processed to be

retrieved or recycled.
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Figure 10. Schematic diagram of a HPLC unit. Solvent reservoir 1, transfer line 2, pump 3, sample
introduction system 4, thermostatted column 5, detector 6, waste 7, data acquisition 8. Reprinted with a
permission from [77]. Copyright (2010) John Wiley and Sons, New York, NY.

In this work, the HPLC was operated in a reverse phase mode, where the stationary phase
contains a non-polar material and the mobile phase is a mixture of polar solvents, most
commonly comprised from water, methanol or/and acetonitrile. The benefit of this operation
mode is the abundance of the relatively cheap and high purity polar organic solvents and the
possibility to use water. It is of a great importance to use high grade solvents, since the
impurities may induce various matrix effects, compromise the detection of the analytes, lower
the signal to noise ratio (S/N) or contaminate the system. Moreover, all solvents should be

freshly filtered and preferably degassed.
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In the reverse phase mode, polar molecules, such as explosives, will prefer the polar mobile
phase (“like-attracts-like”) and will leave the column with little interaction, while non-polar
molecules will be retained stronger [78]. Nevertheless, a careful development of the method by
selection of optimum water-organic solvent ratios for isocratic or gradient methods allow the
efficient use of non-polar analytical columns for the analysis and quantification of relatively
polar compounds. In this work, instead of the most common reverse phase column with non-
polar Cig packing, a biphenyl column was primarily used because of its compatibility with
highly aqueous conditions (up to 100%) and enhanced m-m interactions with aromatic
molecules (Phenomenex Kinetex®, 2.6 um Biphenyl, 100 A, 150 x 4.6 mm). For certain
analytes, a slightly more polar column with cyano- functional group, which is able to operate
in both normal and reverse modes, was equipped for the analysis (Restek ROC®, 3 um Cyano,
100 A, 150 x 3.0 mm). In this project, chromatographic samples contained only the compound
under the investigation, a specific amount of reference material (for internal standard
quantification) and high purity solvent that is identical or similar to the mobile phase of the
chosen method. Since the materials used for the vapor pressure measurement as well as the
reference materials were of a high purity, the method development mainly included the

reduction of the method duration while maintaining the proper separation of the peaks.

In this work, a non-destructive diode array detector (DAD), which records changes in the
sample absorbance in the UV/VIS spectral region, was utilized for the quantification of the
analyte, collected during the transpiration experiment. UV/VIS absorbance detectors are some
of the most commonly used detectors for the HPLC systems since they can provide a wide
linear range, they are relatively unaffected by the temperature or flow changes and are also
suited for the gradient elution [79]. In diode array detectors (DAD) a light source (deuterium
for wavelengths from 190 nm to approximately 400 nm and wolfram for wavelengths 400 nm
to 900 nm) generates a light beam which is directed through a flow cell of specific dimensions,
containing the sample of interest (Figure 11). Upon interaction with molecules in the sample,
certain wavelengths of the incident light are absorbed as the electrons undergo excitation in a
form of a transition from molecular orbitals T —» ©*, n - n*, n = ¢”. In theory, the excitation
would result in the light absorption of a discrete wavelength, however, the molecules in a
solution absorb a part of the energy as vibrational energy and it significantly broadens the

absorption bands [80]. The transmitted light interacts with a diffraction grating which disperses
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the light beam into its spectral components and different wavelengths are simultaneously

captured by an array of photodiodes that convert the light intensity into an electrical signal [81].

photodiode
array

slit

diffraction
lamp flow cell grating

Figure 11. Schematic representation of a DAD detector. Dashed lines show the optical path. Reprinted
with permission from [78]. Copyright (2010) John Wiley and Sons, New York, NY.

The observed absorbance can be calculated according to the Beer—Lambert law:

A= log(ITO) =€lc 3)

Here A is the absorbance, which is equal to the logarithm of the ratio between incidence light
intensity I, and the intensity of the transmitted light /; € is the molar extinction coefficient, a
parameter dependent on the particular sample molecule and the wavelength of the absorbed
light, in M~ - cm™?; L is the the optical path (cell) length, in cm; and c is the molar concentration
of the species, in M. This relationship is only valid if the light photon interacts with no more
than a single absorbing molecule and that can be ensured by a sufficient dilution of the sample
and a short path length. The length should be carefully considered since the increase in cell
length [ increases the limits of detection (LOD), but large cell volume might contribute to the

peak dispersion [82].

The absorption of the UV light is present in the compounds containing certain chromophores
with signature absorption bands that can be obtained from the literature. Some of the
chromophores include bromine, iodine or sulfur atoms, structures containing two conjugated
double bonds, aromatic rings, carbonyl and nitro groups, double bonds adjacent to an atom with
a lone electron pair, and other examples which cover most of the energetic and the majority of
the organic compounds [77]. The absorption wavelength and intensity of these groups can also
be altered by neighboring groups in the molecule, solvent pH and solvent polarity. However,

when the chromophores for certain molecules are absent, the absorption detection may still be
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applied using the inverse UV chromatography, where an UV absorbent material is added to the
mobile phase resulting in an artificial elevation of the baseline and non-absorbing molecules
are detected as negative peaks since they absorb less than the mobile phase [80].

The HPLC-DAD analysis generates a 3D spectroscopic image for the analyzed sample (Figure
12a). Each cross section along a specific wavelength contains an individual 2D chromatogram

which can be processed and integrated (Figure 12b).
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Figure 12. Spectroscopic analysis of a single sample containing the compounds RDX (retention time
3.9 min) and naphthalene (retention time 7.0 min), executed using a HPLC-DAD device. a) 3D contour
(retention time vs. detector wavelength vs. absorbance); b) 2D contours (retention time vs. absorbance)
for wavelengths 266 nm (red) and 240 nm (blue).

In order to quantify the analytes reliably, a device calibration has to be performed and regularly
monitored. For quantification results to be viable, the same chromatographic method has to be
used for each analysis and, for each compound, the detector responses (peaks) have to be
processed at a fixed wavelength. If possible, the processing wavelength should be set at the
absorbance maximum, where there is little change in absorbance with a change in wavelength,
rather than on a steeply sloped portion of the absorbance curve [80]. Figure 12b illustrates how

the change of the processing wavelengths influences the chromatogram.

The internal standard calibration was the method of choice for the quantification of the
compounds investigated in this work. In this method, several different samples (5 or more) of
known concentrations for analyte and reference material are prepared. The device
chromatograms result in two peaks with two integral areas (I, for the analyte and I, for the
reference). The calibration is achieved by determination of the calibration coefficients slope X

and offset Y for the linear relationship between ratios of the masses of the analyte m, and the
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reference m, and their integral areas (equation 4). For satisfactory analytical quantification,

coefficient of determination R? for the equation 4 should be equal to 0.9996 or higher.

Ia ma
a_xy_ %4y 4
I m, 4)
- my (I, )
Ma ="y (IT Y ®)

A small rearrangement of the equation 4 into equation 5 allows the determination of the
unknown mass of the analyte in the sample, with a known concentration of the reference
material. This calibration method is advantageous for samples, which require intricate
preparation, since it is not sensitive to the errors introduced by several dilution steps (while it

would be detrimental for the quantification using external standard calibration method).

To make sure that internal standard calibration is independent from sample concentrations it is
important to evaluate the detector response linearity. For this reason, a solution containing both
the analyte and the reference is diluted step-wise to produce a set of samples of various
concentrations. The sample concentration range where the original ratio of integral areas is
constant can be used for quantification. In this work, linearity and calibration measurements

were executed in triplicates to simultaneously confirm the proper reproducibility.

2.5.Purity Assessment by *H-gNMR

The transpiration method's independency on the small amount of volatile impurities in the
sample is one of the major advantages of the method. However, it is of great importance to
accurately determine the purity of the compounds, used for the chromatographic device
calibration, since the absolute purity is essential for correct calibration. There are various ways
for the assessment of the compound purity. Many scientific journals do not require absolute
purity values and claim elemental analysis (EA), clean nuclear magnetic resonance (NMR) or
chromatographic spectra as adequate measures. Liquid chromatography (LC), coupled with
mass spectrometry and/or UV absorption detector are some of the most commonly used
analytical methods employed for this purpose, often used in quality control (QC) and are present
in almost every analytical laboratory. However, such analysis may not detect inorganic

impurities, solvent residues or other materials that have the same retention time as the analyte.
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Moreover, quantification using LC is limited by the availability of high-grade reference
materials and requires lengthy work-flow.

Many of these problems can be solved with quantitative nuclear magnetic resonance
spectroscopy (QNMR), which has gained popularity and found widespread application [83].
gNMR validation studies have confirmed it to be suited for Good Laboratory and

Manufacturing Practices (GLP/GMP) and it became standard technique in many fields [84].

A non-exhaustive list of the attractive features associated with this method include (i) its high
accuracy and precision, (ii) robustness, (iii) fast work-flow, (iv) non-destructive analysis with
the possibility to recover the analytes, (v) possibility to obtain structural and quantitative data
simultaneously, (vi) small sample size and (vii) ability to recognize dynamic properties, such
as chemical exchange (e.g., tautomerism) or rotational/conformational isomerism [85; 86; 87;
88]. A brief overlook on this method and the experimental protocol used in this work are

discussed in this chapter.
2.5.1. Theory behind gNMR

NMR spectroscopy is, by definition, a quantitative spectroscopic tool because the intensity and
the area of a resonance line is directly proportional to the number of resonant nuclei (spins)
[89]. Due to this proportionality, the measurements are not affected by response factors (while
it is inevitable in most of the LC detectors, such as UV absorption detector) and no compound-
specific calibration is required, enabling a simultaneous determination of more than one analyte
in the mixture [90]. Furthermore, for *H-gNMR there are almost no restrictions in compound
class, as long as the analytes contain protons, while detection of UV-transparent and poorly
ionizable molecules would be problematic in LC-UV/-MS devices. The analyte repertoire can
also be successfully expanded to phosphorus and fluorine nuclei containing compounds,
because of their 100% natural abundance and %2 spin quantum number.

In order to ensure the proper proportionality between the sample contents and the NMR
response, several experimental conditions have to be met. According to Schonberger [91], the
conditions correspond to, so-called, “six commandments” or SCSSRS (Table 1).

Table 1. SCSSRS: the gNMR experiment conditions, required for a successful quantification [91].

The signals of the compound of interest must not interfere with other signals ~ Selectivity
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The components of the samples should not react with each other Chemical inertness

Not dissolved material will not be detected in the gNMR experiment ~ Solubility

Analytes must be stable in the sample solution throughout the whole Stability
experiment
Complete relaxation must be ensured for all of the relevant nuclei, in order to

) ) _ Relaxation
obtain maximum signal response

Signals should be sharp, sufficiently separated and defined by an adequate .. .
J P y P Y q i Sufficient resolution
amount of data points

More often than not, the quantification in the gNMR experiment is aided by an introduction of
an internal standard, which is usually a precisely weighed amount of a certified reference
material (CRM) that also has to adhere to the SCSSRS requirements. In this way the
instrumental parameter fluctuation induced errors are minimized, because the analyte and the
reference material are subjected to identical experimental conditions. However, if
contamination of the analyte must be avoided, external standards can be used. Besides the
conditions, listed in the Table 1, reference materials for gNMR experiments should fulfil these

requirements [92]:

- High absolute purity with known uncertainty

- High availability

- Only few signals

- Precisely weighable (non-hygroscopic and non-volatile)
- Low toxicity

- Low cost

One of great advantages of gNMR technique is a relatively simple sample preparation. If the
materials of interest are homogeneous, only a duplicate analysis (two samples with one
measurement for each sample) are sufficient for a reliable purity determination. The compounds
under investigation and the reference materials are usually weighed by a sensitive scale to
ensure the least possible weighing contribution to the overall uncertainty pool of the purity
result. The upper limit of the weighed sample is usually determined by the solubility in the
NMR solvent and the lowest limit is determined by the scale parameters. Additionally, CRM
analytical certificates usually provide a minimum recommended sample size for the provided
certified uncertainty. Typically, roughly 5 to 15 mg of material is weighed for a 5 mm NMR
tube with 0.5 mL solvent. If the sample contains mixtures or a complicated matrix, it is normal

that not all components are completely soluble in the NMR solvent.
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Prepared samples have to be measured with certain NMR spectrometer parameters, which
ensure that the SCSSRS conditions are met. Many of the parameters are thoroughly discussed
in the literature [87; 93]. In principle, in every NMR experiment the nuclei of the sample
undergo excitation upon a radio pulse. After the pulse is terminated the nuclei are given a
specific period of time (acquisition time) to allow the relaxation, that produces a detectable
resonant radio frequency, which takes form as an exponentially decaying sine wave, called free
induction decay (FID).
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Figure 13. a) NMR experiment sequence. Reprinted from [91]. b) The influence of the signal-to-noise

ration on the relative measurement uncertainty [91].

In routine qualitative NMR analysis, 30° pulse angle is sufficient, however, in the gNMR
method, it is essential that the maximum pulse angle of 90° is applied to ensure the maximum
signal to noise ratio. An insufficient signal to noise ratio (S/N) can result in significant increase
of measurement uncertainty (Figure 13) [94]. In addition, an appropriate acquisition time has
to be chosen. The acquisition time must be long enough to record the fully decayed FID signal
while too long acquisition time will acquire only an unnecessary noise when no signal is
present. A suitable value for the acquisition time is approximately 7 seconds. During this period,
a high number of data points should be acquired to ensure a sufficient description of the resonant
behavior of the nuclei. The selection of the relaxation delay time (D1), which takes place before
the next excitation stage takes place, is governed by nuclei-specific relaxation times T1 (spin-
lattice relaxation) and T2 (spin-spin relaxation). The D1 should cover at least 5 to 7 times the
length of T1 (which is generally longer than T2) so that absolute abundance of the excited
nucleus would return to the ground state. One gNMR experiment contains multiple excitation
cycles and results in a sum of the recorded FID signals which is then further processed and

decoded into an interpretable spectrum with the help of the Fourier transformation.
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After careful baseline and (preferably manual) phase corrections, zero-filling and peak
integration, the calculation of the absolute purity of the sample P is executed according to the

following equation [95]:

P = Ianalyte NCRM MAnalyte Mcrm
s = . . .

-P 6
Icrv Nanaiyte Mcrm mg CRM ©)

Here Ps is the purity of the sample as mass fraction, Py, is the purity of CRM as mass fraction,
Ignaiyte 1S the integral of an analyte signal, Icgy is the integral of the CRM signal, Ny, is the
number of CRM nuclei corresponding to the integrated signal, Ny gy ¢ is the number of analyte
nuclei corresponding to the integrated signal, My q1y¢¢ is the molar mass of the analyte, Mgy
is the molar mass of the CRM, mg is the mass of the sample and m,, is the mass of the CRM.
The way these parameters were determined and how did they contribute to the overall

uncertainty of the purity result will be discussed in the following sections.
2.5.2. Uncertainty evaluation of gNMR experiment

The uncertainty of the obtained purity value using the equation 6 is influenced by every variable
individually and must be carefully assessed. General overview of the uncertainty sources,
contributing to the purity determination using gNMR experiment is depicted in Figure 14.

Mass Molecular Mass  Purity Integration
Reference Reference  Reference Repeatability

(Mges ) (M er) (PRer) (Rep)

Weighing
value Atomic
Air buoyancy mass
correction , Purity of Sample (PS)
L "
Weighing as Mass Fraction
value Atomic
Air buoyancy mass
correction

Mass Molecular Mass Individual
Sample Sample Integration
(mg) (M) Contribution

Incl)

Figure 14. The contributors to the uncertainty of the gNMR purity assessment. Reprinted with
permission from [96]. Copyright (2013) Springer.

Resulting combined standard uncertainty of gNMR experiment can be calculated according to

the equation:
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7
(P )=P _ Ul o (ms) + uly (Merm) + Ufe; (Ms) + uZey(Mcgy) ()
¢\ Sampte Sampte +u$eL(PCRM) + ufez(IRep) + ufel(lmd)
The definitions of the variables in equation 7 are described in the eq. 6 and figure 14. In this
chapter detailed procedure will be discussed with calculation examples for the compound

anthracene.
Uncertainties introduced by sample weighing

Accurate determination of the mass of the samples is extremely important part in the gNMR
sample preparation. Before the weighing procedure takes place, external disturbances (i.e.
electrostatic charges, air drafts, sample evaporation or water adsorption) should be maintained
at the minimum. If samples are weighed under controlled environment, the main error sources
in the weighing procedure come from the technical specifications of the balance and the effect
of air buoyancy [97]. Since the electronic balances do not display the true mass, but rather the
force that the sample exerts on the device, knowing the buoyancy factor Bu allows the
correction of the weighed value wg to generate the true mass mg of the sample, which is later

inserted in the purity calculation (eq. 6). Weight correction is done with equations 8 and 9.
mg = Bu - Wg (8)

_ 1- (pa/pr) _ ps(pr - pa)

Bu= 1- (pa/ps) B pr(ps - pa)

©)

Here p, is the air density, in kg - m=; p, is the density of the analytical balance reference
weights, which is provided in the manufacturer specifications, in kg - m=3; p, is the sample
density (experimental or literature known values), in kg - m=3. Density of air p, is dependent on

the ambient conditions and can be calculated according to the equation 10:

_ 3:4848-p —9.024 - hy - ®012T (10)
B 27315+ T

Pa

Here p is the ambient pressure, in Pa; h, is the relative air humidity, in %; and T is the
temperature, in °C. For the gNMR measurements of anthracene, two samples were prepared.
Corresponding values calculated according to the equations 8, 9 and 10 are reported in the Table

2. Example calculation for the true mass values of the weighed anthracene samples.
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Table 2. Example calculation for the true mass values of the weighed anthracene samples.

ps? wP m° w—m

kg-m= mg mg mg
Sample1l  Anthracene 1250 10.538 10.546 0.008
CRM 1321 11.008 11.016 0.008
Sample 2 Anthracene 1250 9.950 9.957 0.007
CRM 1321 10.776 10.784 0.008

a Sample density, obtained from the compound packaging, ® weighed value, ¢ calculated true

mass, according to the equation 8.

The various technical parameters, that influence the weighing result of the electronic balance
w are usually defined in the device specifications and include repeatability REP (dependent on
the gross weight of the container and sample), non-linearity NL (dependent on the net weight
of the sample), sensitivity offset ST (dependent on the net weight of the sample) and
temperature coefficient TC (dependent on the net weight of the sample and maximum
temperature fluctuation within measurement). Detailed explanations of these parameters and

alternative calculation procedures can be found in the work by Reichmuth et al. [97].

The combined absolute uncertainty u,. of the determination of the true mass of the sample
components mg and mcgy, (under assumption that the w = m) is calculated according to the

equation 11.

w(m) = \/mz (uBBuu))2 o2 (us:;v))z

(11)
_ j m? (%)2 + u2(REP) + u2(NL) + u?(ST)+u(TC)
where uncertainty of the buoyancy is calculated by equation 12, derived from equation 9:
u(Bu) =
(12)

. ps —prPa \? pa\? (- =)\,
B pr(ps - pa) \/<ps(ps - pa)) " (pS) * (pr> “ (pr) * <(ps - pa)) " (pa)

Absolute uncertainty u(p,) is assumed to be equal to approximately 1% of the absolute pq

value, uncertainty u(p,) can be determined as a standard deviation of the average p,,
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depending on the experimental environment and u(p,) value for steel alloy has been

determined to be approximately 10 kg - m~ [96].
Uncertainty of the molecular mass

Molecular masses and their uncertainties of the compounds of interest can be determined using
periodically updated IUPAC technical report on the standard atomic weights with most recent

values available online [98].

The standard uncertainties of the reported values can be calculated from the rectangular
distribution. Here are some examples of the atomic weight and associated uncertainties

calculations for hydrogen A, and helium Ag,:

1.00784 + 1.00811

Ay[1.007 84, 1.008 11] = > = 1.007975
) 1.00784 — 1.00811 0.000078
Uu = = 0.
H 2\/§
Ay[4.002 602(2)] = 4.002 602
(Ape) 0.0000002 0.00000012
u =———=0.
He \/g

The combined uncertainty for anthracene (C14H10) would be a result of:

u(Me,u,,) = V10 X u2(4y) + 14 X u2(A.)
Uncertainty of the purity of the CRM

The purity of the CRM is usually determined by the manufacturer and provided in the certificate
of the analysis. Attention should be paid to what is the confidence level of the reported purity

and, if necessary, values should be transferred into standard uncertainties.
Uncertainties associated with the integration

The standard uncertainty of the individual integration contribution w(1,,,) is based on the series
of post-acquisition procedures which ideally are done by different operators and at different
times. For the determination of u(I;,,4) in this work, spectra were processed and integrated 5

times, the absolute integral values were used to generate standard deviations yielding 4
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contributors for a two-sample gNMR experiment. Uncertainty of the repetition u(IRep) is the

standard deviation of the calculated purity values (according to equation 6).

The uncertainties for anthracene from various contributing factors were evaluated (Figure 15)

and inserted into equation 7 to calculate the final values of combined standard uncertainty as a

mass fraction u.(Psampie) = 0.003.

Uret(Pcrv) S 0.0010511
Uret(Ms) | 0.0000097
Uret(Mcrm) | 0.0000097
Uret(Mcrv)  mm 0.0001652
Uret(Ms)  mm 0,0001749
Uret(lna) 00003231
Urei(Irep) I (0023965

Figure 15. Comparison of the relative standard uncertainties that contributed to the calculation

of the combined standard uncertainty of gNMR experiment.

Figure 15 illustrates that the biggest uncertainty contributions in this particular experiment
were caused by repeatability (which may be caused by a slight inhomogeneity of the bulk
material) and the purity uncertainty of the CRM, while the lowest contributor is the uncertainty

of the molecular mass. The final purity for the anthracene can be reported as follows:

Panthracene = 0.992 £ 0.003 (m/m)

In this project, the uncertainty associated with the obtained purity result contribute to the overall

uncertainty of the vapor pressure measurement and is inserted in the relevant calculations.
2.5.3. Experimental procedure applied in this work

In this work the gNMR purity determination was executed according to the following
procedure. Between 2 and 20 mg of analyte and around 10-25 mg of certified reference material
(CRM), were weighed with a Mettler Toledo XP26DR scale (0.002/0.01 mg) and dissolved in
1 mL of CDCl3z (99.80 % deuterated, Eurisotop, DOO7THAG). The solution was left in an
ultrasonic bath for 10 min until analyte and internal standard were completely dissolved. The

sample was transferred into a 5 mm NMR-tube. The sample was measured with a Bruker
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AVANCE 400 MHz instrument with z-gradient using a 90° pulse with a pulse width of 11.85
ps. In total 65,536 data points were acquired. Samples were not spinned and acquisition time
(AT) was set to 6.5012 s. Relaxation delay (D1) of 60 s was chosen to ensure that the relaxation

duration would be exceeded 5-7 times. Each measurement contained 64 scans.

The processing was done with MestReNova v. 12.0.1-20560 software. Before Fourier
transformation, linear group delay was applied and zero filling to 2048 K was executed once.
After careful manual phase correction and baseline correction by “Bernstein Polynomial” of 5%
order, integration was performed manually (integral calculation method - “Edited sum”).
Integration was applied excluding the '3C satellites. Two samples were produced for each
analyte and their spectra were independently processed 5 times.

2.6. Notes on molar heat capacities, the temperature adjustment of enthalpies of

phase transition and the associated uncertainties

The theoretic background of the transpiration method was discussed in the study of Hartel [70].
There it was mathematically demonstrated that the slope of the linear relationship between
natural logarithm of vapor pressures and the reciprocal temperature describes the molar
enthalpy of phase transition at average temperature and is expressed by the Clausius-Clapeyron

equation (9):

R- d(ln(psa )) o
acym = Lyetn(Tews)

(13)

Here pgq, is the saturated vapor pressure, in Pa; T is the experimental temperature, in K; Tg,,4

is the average temperature, in K; A‘lg/crH,?l is the standard molar enthalpy of phase transition,

inJ-mol™.

Nonetheless, it is important to adjust the Af’/crH;’n value to a reference temperature (298.15 K,

etc.) to be able to compare it with different sets of data or use in the other calculations (i.e. in
the adjustment of molar enthalpy of formation). The adjustment to the reference temperature is

done by equation 14:

Al/chgl(Tref) = Al/chT?l(Tavg) - A‘lg/cr pm * AT (14)
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Here T, is the reference temperature, in K; A{’MC{,’m is the standard isobaric molar heat

capacity difference Cy, ,(g) — Cpm(1/cr) and Cy, ,, is the standard isobaric molar heat capacity,
in J- mol™- K™; AT is the length of the extrapolation path equal to Tavg — Trep, INK[99]. The

required heat capacities can be determined experimentally, obtained from the literature or
estimated by various methods. In this chapter different approaches how to determine the

necessary values to perform the temperature adjustment A;q/cr CpmAT according to the equation

14 and associated uncertainties will be discussed and illustrated with some examples.

2.6.1. Temperature adjustment of the molar enthalpy of phase transition to

298.15 K and the associated uncertainties

The uncertainty of the A, /CﬁH,?l(Tref), from equation 14 can be calculated according to [100]:

Urinat (BydHm(Trer)) = w8y, SHi) + AA,,2C, X AT) (15)
This chapter will concern the theory behind the calculation of the term A(Al/cﬂcp X AT), which

depends on how the heat capacity values were obtained and the availability of their
uncertainties. Generally, the uncertainty of the temperature adjustment can be calculated
according to the equation 16 [99]:

(B, 5Cy X AT) = u(Chm) X A1 Com X AT (16)
Various situations concerning the calculation of term A(Al /cﬂcp X AT) are discussed and
application examples (grey boxes) are provided below.

I.  Values for €, (l/cr) and C, ,,,(g) are obtained experimentally or available in

the literature

i.  Uncertainties of absolute values are available.

u(CEm) = u (Com/e)) + u(CEm(®)

_ (A(C,s’,ma/cr)))Z s (A(CS,m(g>>>2
Com(l/cr) Cim(®

(17)
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il.  Uncertainties of absolute values of C7 ,,(I) or Cp,,,(cr) are not available

If uncertainties are not available, the Chickos et al. (2016) [101] group contribution uncertainty
should be assumed for the condensed phase heat capacities since the group contribution method
uncertainty should be greater than any experimental uncertainty.

144 ] -mol™t-K™1 17.0] -mol™t- K1
u(cgm) = 0 e

For the ideal gas heat capacities, the uncertainty for the experimental values is assumed in the

work by Chickos et al. [99].

(19)

(18)  u(Com(er)) =

4] -mol™t-K1

o () (20)

u(Com(9)) =

Table 3. Sample application for compound Table 4. Sample application for compound

anthracene for literature available C;m values and naphthalene for literature available C;,mvalues

their uncertainties (I.i). without their uncertainties (l.ii).

C;,m (CT‘) C;,m (g) _Afr C;,m C;,m (CT) C;,m (g) _Agr C;.m
J:-mol K1 J:-mol+K1 J:mol-K? J:-mol1-K1 J:-mol K1 J:-mol 1K1
211.7+25[102] 184.7+1.0 [103] 27.0 165.7[102; 104] 133.0 [105] 32.7

2

@)= (22 + () = 1%
Wheem) = \2117 1847) ~— o7

A(AL.CO,, X AT) = 0.013 X 0.027 kj - mol~
‘K 1x 475K
= 0.017 kJ - mol~?*

(Com) = ( d )2+< : ) = 10.7%
Weom) = 1657 1330/ 7"

A(AL. €O, X AT) = 0.107 X 0.033 kJ - mol~
K1x 205K
= 0.072 kJ - mol ™!

Il.  Values for C,,,(l/cr) are available, but C;, ,,(g) is not

When the ideal gas molar heat capacity is not available, —A‘lg/cr C;m can be calculated from the

molar heat capacity of liquid/crystalline phase according to the equation published in the work

of Chickos et al. (1993) [99]:

—A7Cp o = 10.58 + 0.26 X Cp (1)

r

(21)

—A?.Cpm = 0.75 4 0.15 X Cpp(cT) (22)
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Several ways how to approach the uncertainties of the temperature adjustment, influenced by
the application of equations 21 and 22, exist, also depending if it concerns the sublimation or

the vaporization of the material.

I.  Uncertainty estimation for heat capacities of solids according to Acree and
Chickos (2010) [106]

According to the work of Acree and Chickos [106], instead of uncertainty evaluation for the
heat capacities, the uncertainty of the whole term A(Afrcg,m X AT) can be assumed as one third

of the total value of temperature adjustment, resulting in equation 23:

[0.75 + 0.15 X Cym(cr)] x AT
3 x 1000

A(AY €8 X AT) = (23)
This uncertainty, generally, includes not only the uncertainty of correlation, but also the
deviations, introduced when a group contribution method is used to estimate the values of

Com(cr).

ii.  Uncertainty estimation for heat capacities of solids according to Chickos et
al. (1993) [99]

The introduction of the additional correlation (whether it is correlation 21 or 22) results in an

additional source of uncertainties and the equation 16 should be expanded to include them:

(B e Com % AT) = 1A €3 ) X Af o, Chom X AT (24)
2 g o 2
u(Ag co ) — (uz +u2) — A(Cg,m(l/cr)) n A(Al/crcp,m (25)
ertpm) Z N TR Cgm(1/cr) 8,3¢,

Here u, represents the standard relative uncertainty of the known molar heat capacity in the
condensed phase C,, ,,(I/cr) and u, is the standard relative uncertainty introduced by the molar

heat capacities difference correlation equation (equations 21 or 22).

According to the work of Chickos and Acree (1993) [99], the standard deviation of the

correlation equation 21 is equal to 33 J- mol?- K™,
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In the calculation applications for the uncertainty values for solid material TATP (Table 5), the
achieved temperature adjustment uncertainty value is greater for the concept explained in the
chapter ILii. than the uncertainty elucidated in the section Il.i. Therefore, the IL.ii. approach is

preferred for crystalline materials.

iii.  Uncertainty estimation for heat capacities of liquids according Chickos et
al. (1993) [99]

According to the work of Chickos and Acree (1993) [99], the standard deviation of relationship
22 for liquids is equal to 15 J - mol™- K.

Table 5. Calculation application for compound

TATP for temperature adjustment when €2, (g) Table 6. Calculation application for compound methy!l

. . salicylate for temperature adjustment when C;
values are not available and uncertainties are y P ! pm(9)

estimated according to the methods in sections values are not available and uncertainties are estimated

according to the method I1.iii.

ILi. snd IL.ii.

C;,m (cr) C;,m @) =7 C;,m C;_m(l) C;,m () -4y C; "
Jmol-K™ - Jmol K= Jmol K JmolK®  JmoltK1 Jmol LK1
271.8 [107] n.a. 41.5 248.8 [108] na 753

ILi. A(AY,CQ, X AT) =
0.75+0.15x271 Jmol~1-K~1)x4.5 K dco ) = 144\° 15 \° = 0
= 006 u(0fcim) = (zams) *(7) =207%
mol™! A(AJCE,, x AT) = 0.207 X 0.0753 kJ - mol™*
. E o7 N2 33\ _ ‘K™'%x9.0K =0.14 kJ - mol™?
Wi (MG Com) = \/(271.8) U (41.5) -
79.8%
A(AS.CS,, X AT) = 0.798 X 0.0415 kJ - mol™*
‘K™'x 450K
=0.14 kJ - mol™*
I11.  No data on C3,,(l/cr) or €3 ,(9) available

When no data on the isobaric heat capacities is available, a suitable estimation method can be
applied. Options, used in this work include a group contribution method by Acree and Chickos
(2016) [101] for certain selection of functional groups and, alternatively, elemental composition

method by Hurst et al. [109]. In the case of the method by Acree and Chickos, the uncertainties
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of Cym(l) and Cp ., (cr) are provided in the equations 18 and 19. The uncertainties for the

estimation of the AZ.C3,, are provided in the sections ILii and ILiii.

If the heat capacity estimation is done by elemental composition method of Hurst et al. [109],
the relative standard deviation for organic liquids containing miscellaneous elements (which
often are not included in the array of functional groups with heat capacity values in the group

contribution methods) is equal to 15 % and for solids, 12.7%.

Table 7. Calculation application for compound
methyl salicylate for temperature adjustment when
Cpm(l/cr) values are estimated according to the

group contribution method by Acree and Chickos.

Table 8. Calculation application for compound
DEMP for temperature adjustment when Cy,, (1/
cr) values are estimated according to the elemental

composition method by Hurst.

C;,m (l) C;,m (g) _Azq C;,m C;,m (l) C;,m (g) _A? C;,m
J:mol K1 J:mol-K J:mol-K* J-mol-K J-mol-K! J:mol1-K
280.8 n.a. 83.6 259.2 n.a. 78.0

14.4 15

2 2
u(AfCom) = J(zso.a) + (83.6) =0.19

A(AYCS, X AT) = 0.19 X 83.6 ] - mol™?

f 15\°
u(afce,,) = [(0.15)2 +(7—8) =0.25

A(AJ €2, x AT) = 0.25 x 78.0 ] - mol™*
K'x11.0K

B =021kJ -mol™t-K?
"K™1x9.0K

=014 k] -mol™t - K1
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3. Aims of this work

The absence of the sufficient and reliable experimental data and an evident disarray in the
existent literature on the thermodynamic properties of various hazardous materials is
problematic since this information is essential for the description of their vaporization behavior
in fields of security, environment and for monitoring in the energy pathways in chemical and

physical processes.

In this work, the task of providing reliable data on the thermodynamics of relevant hazardous
materials were to be realized by determination of high-quality experimental vapor pressures by

means of the well-established transpiration method coupled to high precision analytical devices.

First of all, a newly-implemented chromatographic technique HPLC-DAD was to be utilized
for the experiments on several reference materials of well-defined vapor pressures in order to
prove the validity of updated experimental setup. The transpiration experimental setup, located
in the group of Prof. Klapdtke, was previously tested on the compounds naphthalene and
anthracene using the GCMS device and showed an excellent agreement with literature data. In
the current project, the same compounds were to be tested to investigate the consistency of
obtainable results also using the HPLC-DAD analytical method. Moreover, additional
compounds of extremely low volatility were to be tested to investigate the method capabilities

and limitations.

To facilitate the generation of reliable thermodynamic data, a high accuracy purity assessment
method - quantitative nuclear magnetic resonance (*H-gNMR) - was to be established and
tested. A proper process for the uncertainty estimation for the obtained results was to be
developed and incorporated into the assessment procedure of the overall uncertainties for

measured vapor pressures using the transpiration method.

Subsequently, a literature analysis for the most relevant compounds for this project was to take
place. As a result, vaporization behavior of several chemical warfare agent (CWA) simulants
were to be measured in order to achieve reliable thermodynamic data that is relevant for the
development of the detection technologies for extremely toxic vapor without using the CWA
materials. The research was to be followed by the vapor pressure determination for one of the
most common explosive materials RDX that has been previously investigated in multiple

instances yielding deviating results. Thermodynamic properties of its environmental
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decomposition product and common home-made explosive TNX were also to be determined
since there is a scarcity of reliable experimental results on this compound. Another group of
energetic materials, a family of propellants alkyl- nitroxyethyl nitramines (NENAS), were to be
investigated for their vaporization behavior since there was no literature data available for
compounds that are currently in-use and manufactured on an industrial scale. Further research
was to be focused on measurements of several azido group containing compounds that are
generally avoided in most scientific laboratories because of their high mechanical sensitivities.
Information on the thermodynamic properties of these compounds is desirable, since the high-
quality experimental results enable the development of estimation techniques for other
parameters that would normally require experimental evaluation. Also, vapor pressures of an

organic compound containing a geminal diazido- group was to be investigated for the first time.
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Figure 16. Compounds, investigated within the scope of the project in terms of their vapor pressures.
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Finally, in the scope of the cooperation project with the Fraunhofer Institute for Chemical
Technology and German Federal Police, one of the objectives of this work was to investigate
the sublimation processes of a newly developed mixture containing the phlegmatized primary
explosive - triacetone triperoxide (TATP). Since the developed mixtures were to be used as
training aids for explosive detection dogs, it was important to determine the vapor pressures in
order to assess the differences in the sublimation behavior between the phlegmatized mixture

and the neat compound.
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4. Summary and conclusions

Vapor pressures of hazardous materials have been measured extensively in the past, however,
many of the reported values are in a disarray. The main objective of this work was to obtain
new and reliable experimental vapor pressure data for various hazardous materials in order to
establish a good understanding behind the thermodynamics in terms of a phase change.
Therefore, this research focused on the determination of experimental vapor pressures using the

transpiration method.

In order to properly evaluate the purity of analyzed compounds, a ‘H-gNMR method
(quantitative nuclear magnetic resonance) was successfully established in the working group of
Prof. Klapdtke. The method allowed a reliable determination of the mass fraction purity of

various compounds with uncertainties as low as 0.002 (m/m).

For the purpose of broadening the repertoire of compounds suitable for vapor pressure
measurements using the transpiration method, a previously implemented VO-GCMS device
was accompanied by a recent installment of a HPLC-DAD analytical device that enabled
measurements of low vapor pressure and thermolabile compounds. In order to prove the validity
of newly introduced analytical method, the volatility of several reference materials with well-
defined vapor pressures (naphthalene and anthracene) were measured using the transpiration
method. The close agreement with the previously reported data proved the method reliability in
terms of determination of thermodynamic properties. The experiment on reference materials
were expanded to low vapor pressure materials (perylene and 9,9’-bifluorenyl) to investigate
the reproducibility of the transpiration experiment results at extremely low vapor pressures. The
successful outcome proved the method to be suitable for low vapor-pressure materials. The
results were reported in the Article 1 [1] .

5 o
selieeclsgiue

Naphthalene Anthracene Perylene 9,9'-Bifluorenyl

Figure 17. Chemical structures of the reference compounds under investigation.
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The research was followed by the measurements of vaporization behavior of several chemical
warfare agent (CWA) simulants that could contribute to the determination of detection limits
of corresponding CWA detection devices (Article 1 [1]). The new results complemented the
literature data and expanded the p-T database to uninvestigated temperature ranges, mostly
focusing on the ambient temperatures. Whilst the p-T values, obtained in this work, agreed with
most of literature values for compounds TEP and DEMP and methyl salicylate, the results of

malathion showed a different trend from what was observed in the literature.
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Figure 18. Chemical structures of Chemical Warfare Agent (CWA) simulants, investigated in this work.

In Article 2 [2], new experimental vapor pressures for one of the most commonly used
explosive RDX and its  environmental
decomposition product TNX, which is also known
as common home-made explosive, were reported.
Results were compared with existing p-T data in the
literature. In case of RDX, several studies have
already investigated the sublimation behavior,
however, available p-T data was inconsistent. New
reported experimental vapor pressures introduced
more certainty in the thermodynamic description of
this important compound. As for TNX, only one set
of experimental vapor pressures has been recorded
in the past and the results differ considerably from

the p-T data reported in this work. Since the vapor

Figure 19. Cover picture in the journal

pressures of TNX are significantly higher than of its
) o Propellants, Explosives, Pyrotechnics
mother compound, it could allow more efficient o
(2020): transpiration method set-up.

detection of the past or current presence of

explosive RDX in environmental conditions.
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Figure 20. Compounds studied in this work: hexahydro-1,3,5-trinitrol,3,5-triazine (RDX) and
hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX).

In Article 3 [3], the experimental vapor pressures and the resulting molar enthalpies of phase
transitions for alkyl- NENAs were reported for the first time. In the case of Me-NENA, because
the substance melts at near-ambient temperature, both the sublimation and vaporization
behaviors were investigated. To verify the validity of the derived molar enthalpies of phase
transition for Me-NENA, the experimental value for molar enthalpy of fusion at 298.15 K was
determined using DSC and was compared to the theoretical value, derived from the vapor
pressure results obtained in this work. The resulting value agreed with the derived value
confirming the consistency of the experimental results. The determined vapor pressures of Et-
NENA and Bu-NENA indicated an unexpected phenomenon: the absolute vapor pressures of
Me- and Et-NENAs were nearly indistinguishable, with Et-NENA having slightly higher vapor
pressure values. It can be speculated that in the case of a shorter alkyl group, the chemical
structure and the corresponding charge distribution in Me-NENA induce an additional dipole
moment affecting the intermolecular interactions. The results of this study fill an evident gap
in the knowledge of the thermodynamic properties of the alkyl-NENA compounds and may

assist in the optimization of the manufacturing process of propellant mixtures.
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Figure 21. Comparison of the experimental vapor pressure values of alkyl-NENA compounds measured
in this work [3].

Further investigations focused on the vaporization behavior of compounds from a rarely
thermodynamically investigated organic polyazido group: 1,3-DAP, 2,3-DAP and DE-DAM.
It is the first time the thermodynamic properties are reported for a compound, containing a
geminal diazido- group (DE-DAM). The reported thermodynamic data (Article 4 [4]) could
contribute to achieve a better understanding of the vaporization behavior of the azido- group
containing organic compounds and improve the existent thermochemical parameter estimation

methods for the compounds containing multiple azido groups.

O O

Ns/\|/\1\'s ”U/Y\NE o~ J%J\ P
OH N3 © N-N ©
34M3
1.3-DAP 2,3-DAP DE-DAM

Figure 22. Organic polyazido compounds that were analyzed in this work: 1,3-DAP, 2,3-DAP and DE-
DAM.

Finally, in the frame of a cooperation with institute of Fraunhofer ICT and German Federal
Police, a newly established way of phlegmatization of one of the most common home-made
primary explosive — TATP — contributed to the development of a new detection aid for the
explosive detection dogs. The cooperation project included the investigation of the developed
mixtures containing TATP and activated charcoal in terms of their vapor pressures, which were
compared to the results of neat TATP and reported in the Article 5 [5]. It was observed that

lowering the amount of TATP in the mixture with activated charcoal decreases the vapor
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pressure pg,; at 298.15 K and increases the molar enthalpy of sublimation at 298.15 K, which
can be attributed to absorption phenomena. These results agree with the results of the process
mass spectrometer measurements, which indicated that TATP/activated charcoal-mixture has a
lower volatility than the pure bulk material. Moreover, it was demonstrated that the volatility
of the TATP in the TATP/activated charcoal-mixtures is rather sensitive to the compound

concentration.

Figure 23. Left: phlegmatized activated charcoal-TATP mixture on a filter paper, right: structure of the
TATP [5].
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5. Results and discussion

5.1.Measurements of CWA simulants (Article 1)

Article 1: Experimental thermochemical data of CWA simulants: Triethyl

phosphate, diethyl methylphosphonate, malathion and methyl salicylate

The results were published in the Journal of Chemical Thermodynamics [110] and are reprinted
with permission. Copyright 2020 Elsevier. DOI: doi.org/10.1016/j.jct.2019.106043.
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This work focuses on the determination of important thermochemical properties of several chemical war-
fare agent (CWA) simulants: diethyl methylphosphonate (DEMP, CAS 683-08-9, 1), triethyl phosphate
(TEP, CAS 78-40-0, 2), malathion (CAS 121-75-5, 3) and methyl salicylate (MS, 119-36-8, 4). Enthalpies
of vaporization Af H?, (298.15 K) (1: 56.8 + 0.8 k] mol~'; 2: 63.9 + 0.9 k] mol~'; 3: 101.4 £ 1.8 k] mol™!;
4: 59.3 £ 0.8 k] mol~!) and vapor pressures pyq (298.15 K) (1: 43.9 Pa; 2: 12.5 Pa; 3: 1.4 mPa; 4: 14.5 Pa)
were determined by the transpiration method in the ambient temperature range. The results were com-
pared with existing literature values and critically evaluated. Data of DEMP 1, TEP 2 and MS 4 show
agreement with most literature vaes, while results of malathion 3 show a significant disagreement with
the scarce available literature p-T data.

© 2020 Elsevier Ltd.

1. Introduction

With respect to the recent attacks involving chemical warfare
agents (CWA) (Ghouta, Syria, 2013 [1]; Salisbury, UK, 2018 [2])
there is a great interest in acquiring knowledge on the thermody-
namical processes related to these compounds. Volatilization
mechanisms are especially important when it comes to the devel-
opment of detection systems for hazardous materials. However,
CWA toxicity and usage restrictions (controlled by Chemical
Weapons Convention, Schedule II, etc.) create difficulties when it
comes to investigations of their detectability [3]. For this reason
CWAs are usually exchanged with simulants mimicking composi-
tion, physical and/or chemical properties, but of a significantly
lower toxicity. Moreover, CWA simulants are an essential tool for
the design of new detectors. There are several studies published,
analyzing the suitability of the compounds to simulate most com-
mon CWAs, such as VX, mustard gas, G-agents [4,5]. Many CWA
simulants face a lack of consistency when it comes to literature
values of vapor pressures. Consequently, this study is focused on
the determination of vapor pressures and related thermodynamic
properties of 4 CWA simulants: diethyl methylphosphonate (DEMP
1), triethyl phosphate (TEP 2), malathion 3 and methyl salicylate
(MS 4) (Fig. 1).

* Corresponding author.
E-mail address: tmk@cup.uni-muenchen.de (T.M. Klapétke).

https://doi.org/10.1016/j.jct.2019.106043
0021-9614/© 2020 Elsevier Ltd.

2. Materials and methods

Caution! Malathion is highly toxic and should be handled with cau-
tion! Proper protective measures (gloves, safety googles, laboratory
coats, etc.) should always be used during handling of the compound.

2.1. Purity

The purity of the compounds used in this study was tested by
EA and 'H-gNMR techniques. Three of the substances (DEMP 1,
TEP 2 and MS 4) were purchased from a Sigma-Aldrich and
malathion 3 was prepared according to a known literature proce-
dure [6]. Purity data are disclosed in the Table 1. For further infor-
mation on purity assessment please see Supporting Information.

2.2. Transpiration method

In this study, the experiments were conducted using the gas-
saturation method. Previously we have applied the transpiration
method on mononitrotoluenes [7], peroxides [8], nitrate esters
[9], aliphatic nitroalkanes [10], organothiophosphates [11].

The transpiration experiment can be explained as follows
(Fig. 2): between 0.5 and 1 g of analyte material was mixed with
around 35 g of glass beads and placed in a custom-made glass ves-
sel (saturator, 5) that is connected to a thermostat (Huber Ministat
230 with external class A PT-100 temperature sensor inside the
saturator vessel), surrounded by a circulating thermo-fluid
(ethylene glycol, 50% aqueous). The saturator is kept at a constant


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jct.2019.106043&domain=pdf
https://doi.org/10.1016/j.jct.2019.106043
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Fig. 1. Chemical structures of compounds under investigation: DEMP 1, TEP 2,
malathion 3, MS 4.

temperature (0.1 K) and connected to a gas inlet. Nitrogen gas (1)
(Air Liquide, Stickstoff HG Fliissig, 99.999 vol% purity, <3 ppm
0,/H,0 v/v), flows through a pressure reduction valve (2) and a
drying column (3) that is filled with phosphorus pentoxide, coated
on a silica support (Sicapent™, Sigma-Aldrich, cat. #79610). The gas
flow, regulated by a mass flow controller (4) (MC-100 CCM, Natec
Sensors GmbH), is directed into the saturator. As the gas travels
through the saturator it reaches the saturation equilibrium with
the analyte and enters a glass condenser tube (6), which is posi-
tioned in a Dewar vessel (cooling trap, 7), containing iso-
propanol that is cooled with an immersion cooler (Huber TC45E)
to —30 °C. The gas stream is cooled and analyte condenses on the
walls of the condenser tube. The exact flow rate of the gas stream
is measured with a soap film flow meter (Hewlett Packard No.:
0101-0113, 8) under ambient conditions (Tamp, Pamp), Which are
determined by a thermobarometer (Greisinger GFTB 200). The ana-
lyte in the condenser tube is collected for a defined interval of time,
after which the tube is removed from the saturator and a known
amount of standard solution is introduced in order to determine
the mass of collected analyte m, using chromatographic tech-
niques. In this work, the quantification of all CWA simulants was
executed with a VO-GC/MS [12] (Shimadzu GC/MS QP2010 SE).

The experimental method allows the calculation of the absolute
vapor pressure of the analyte p,, at a temperature of the saturator
Texp using the Ideal Gas Law:

Table 1
Origin and purity of the compounds investigated.
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Fig. 3. Experimental vapor pressure values of DEMP 1 in comparison with literature
values. Here @ - from Butrow et al. [20], @ - from Kosolapoff [21], x and solid line -
from this work.
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Fig. 4. Experimental vapor pressure values of TEP 2 in comparison with literature
values. Here @ - from Brozena et al. [27], @ - from Cavalier [28], + - from Evans
et al. [29], x and solid line - from this work.

Substance CAS# Producer Product-# Purity Final purity (U(Pa,))"
DEMP 1 683-08-9 Sigma-Aldrich 268119 0.97¢ 0.985 (+0.006)
TEP 2 78-40-0 Sigma-Aldrich 838728 0.998* 0.980 (+0.002)
Malathion 3 121-75-5 - - - 0.978 (+0.003)
MS 4 119-36-8 Sigma-Aldrich 76631 >0.990" 0.991 (+0.002)

4 Mass fraction purity as stated by manufacturer.

b Mass fraction purity was determined by the 'H-qNMR technique. Expanded uncertainties are reported with a confidence level of 0.95 (k = 2) and further detailed in the

Supporting Information.
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Fig. 2. Transpiration method experimental setup: 1 - nitrogen reservoir; 2 - pressure reduction valve; 3 - P40;¢ drying tower; 4 — mass flow controller; 5 - saturator;

6 - condenser pipe; 7 - cooling trap; 8 - soap film flowmeter.
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mgRT
PaaTo) = T 2 w

The authors also assume the validity of Daltons Law of Partial
Pressures and that the volume of the analyte (V,) in gaseous phase
is negligibly small in comparison to the volume of the carrier gas

(V,) :
VNZ >> Vg, in Vamp = VN2 +Vq

Psae: vapor pressure of the analyte [Pa], T,y,: temperature of the sat-
urator [K], m,: the mass of the analyte collected in the condenser
tube [kg], Tamp: ambient temperature [K], V,: volume of the analyte
[m3], Vaz: volume of the carrier gas [m?], Vamp: volume of the carrier
gas measured at ambient conditions [m?], R: universal gas constant
8.314462 [J mol~! K~!], M: molecular weight [kg mol~].

These assumptions allow the determination of V,;;, from the
flow rate of the gas stream and the duration of the measurement.

Table 2
Molar heat capacities and their differences at T = 298.15 K.
Compound Com(D) —AFCp
Calc. Exp.
Jmol ' K1 Jmol ' K! Jmol ! K1
DEMP 1 259.22 na. 78.0¢
TEP 2 306.7% na. 90.3¢
Malathion 3 491.9% n.a. 138.5¢
MS 4 275.3° - 82.2¢
- (268.4) [16] (80.4)
- (248.8) [17] (75.3)

Values in parentheses were not used for calculation of molar heat capacity differ-
ences. n.a.. not available. a) calculated according to the empirical increment
approach by Hurst et al. [15]. b) derived from the molecular increments procedure
described by Chickos et al. [14]. ¢) calculated by —AfCj ,, = 10.58 + Cp (1) x 0.26
[13].

Table 3

The experimental vapor pressure values obtained are expressed
by a fitting function, based on the Clarke-Glew equation [7]:

Pt _BiGm T _, B
1n<p0> R lnTofA T 2)

p°: reference pressure (1 Pa), A C;_m: molar heat capacity difference
at constant pressure from liquid to gaseous state [] mol~! K~], T
temperature [K], Ty: reference temperature [298.15 K], A/B: fitting
coefficients (A: [ ], B: [K]).

The enthalpies of vaporization at the temperature T are calcu-
lated by:

ASHS,(T) = RB + ASCS, T 3)

AfHy (T): molar enthalpy of vaporization at temperature T[] mol~1].

Available literature data was analyzed using the same approach
as analyzing the experimental vapor pressures, measured in this
work.

For the validation of the experimental set-up used, vapor pres-
sures of 4 reference materials — naphthalene, anthracene, perylene
and 9,9'-bifluorenyl were measured. For the results and experi-
mental details, refer to the Supporting Information.

2.3. Molar heat capacities

The molar heat capacity at constant pressure Cf,_m(l) at 298.15 K
of analyte 4 was derived from the molecular increments procedure
described by Chickos et al. [13,14] (Table 2). Values for the remain-
ing analytes 1-3 were calculated according to the empirical incre-
ment approach by Hurst et al. [15], with respect to their
phosphorus content. For further information on the calculations
of molar heat capacities by the method of Hurst et al. [15] refer
to Supporting Information (Section S4).

Results of DEMP 1: absolute vapor pressures p,,, and thermodynamic properties of vaporization obtained by the transpiration method in this work.

Diethyl methylphosphonate: AY HY, (298.15 K) = 56.8 + 0.8 k] mol

0 _ 3000 _ 800640 _780j, T _
In pee/p° =% RT %N g5 151

Texp® m° Vn2© Tamp* Gasflow Psat” U(Psae) ' A‘Ig HY, A‘,gsf,.
[K] [mg] [dm?] [K] [dm* h71] [Pa] [Pa] [k] mol~1] [J mol~' K1)
2783 0.17 0.35 2973 14 8.26 0.37 58.35 131.5
2784 0.12 0.24 300.6 0.9 8.64 0.39 58.35 131.8
278.4 0.25 0.49 299.9 1.9 8.57 0.39 58.35 131.7
2833 0.24 0.30 298.6 1.2 13.2 0.6 57.97 130.4
288.2 0.28 0.24 299.1 0.9 19.8 0.9 57.59 128.9
2932 0.42 0.24 299.1 0.9 294 13 57.19 127.5
298.1 0.64 0.24 299.0 0.9 443 2.0 56.81 126.3
3031 0.90 0.24 299.1 0.9 62.4 2.8 56.42 124.8
308.2 1.30 0.24 297.5 0.9 89.8 4.1 56.03 123.5
308.2 1.31 0.24 296.4 0.9 90.6 4.1 56.03 123.6
308.2 1.27 0.23 298.0 0.9 88.6 4.0 56.03 123.4
3131 1.85 0.24 298.5 0.9 128 6 55.64 1223
318.1 2.64 0.24 2973 0.9 183 8 55.25 121.3
323.2 3.73 0.24 295.8 0.9 255 12 54.86 120.1
328.1 4.88 0.24 296.9 0.9 337 15 54.47 118.7
333.1 6.70 0.24 297.2 0.9 462 21 54.08 117.6
333.1 6.70 0.23 2971 0.9 464 21 54.08 117.7
3332 6.91 0.23 297.4 0.9 479 22 54.08 117.9

The uncertainties for T, V and m are standard uncertainties. Uncertainty of the enthalpy of vaporization is the expanded uncertainty with a confidence level of 0.95 (k = 2),
calculated including uncertainties of vapor pressure, uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15 K. Detailed

information on the methods of calculations was published previously [18,19].
@ Saturation temperature (u(T) = 0.1 K).
Mass of transferred sample condensed at 243 K.

n a2 n T

Volume of nitrogen (u(V) = 0.005 dm?) used to transfer m (u(m)/m = 1.5%) of the sample.
Tamb is the temperature of the soap film flowmeter used for measurement of the gas flow.
Vapor pressure at temperature T, calculated from the m and the residual vapor pressure at the condensation temperature, calculated by an iteration procedure; po = 1 Pa.

f Relative expanded uncertainty with confidence level 0.95 (k = 2) for p was calculated to be U(p)/p = 4.52% (see Supporting Information).
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There are two literature sources stating experimental heat
capacities [16,17] of MS 4. Both of these papers have been pub-
lished by the same working group one year apart and in both
publications molar heat capacities of liquids were measured with
a differential scanning calorimeter. Even though the measure-
ments were executed in the same temperature range and
repeated 3 times, the resulting heat capacity values differed by
approximately 9%. Because of the observed inconsistency, in
this study the molar heat capacity value, obtained by the
calculation according to Chickos et al. [13], is used for further
calculations.

3. Results and discussion
3.1. Vapor pressures

3.1.1. Diethyl methylphosphonate (DEMP 1)

The vaporization behavior of DEMP 1 was measured in this
work in the temperature range of 278.3-333.2 K. The absolute
vapor pressures p,,, and thermodynamic properties of vaporization
obtained by the transpiration method are compiled in
Table 3. From these results, values of enthalpy of vaporization
(56.8 + 0.8 k] mol~!) and vapor pressure at 298.15 K (43.9 Pa) were

Table 4

Compilation of data on enthalpies of vaporization A¥H; of DEMP 1.
Experiment® Method"” T-Range Tavg APHS, (Tagg) APHY,(298.15 K)© Pac’

K K kJ mol ! kJ mol~! Pa
Butrow et al. 2009 [20] Comb 253.2-465.9 337.3 54.2 56.8 £ 1.5 55.6
Stephenson et al. 1987 [22] ) 343.0-403.0 372.1 51.8 [57.5] [55.3]
Kosolapoff 1955 [21] ISO 347.7-402.2 372.8 533 59.2+38 47.8
This Work 2019 T 278.3-333.2 304.8 56.2 56.8 +0.8 43.9
56.9 + 0.7¢ 491"

Values in brackets were not used in further analysis.
@ First author and year of publication.

b Methods: T = transpiration, ISO = isoteniscope method, O = equation only, Comb = combination of results from DSC and transpiration measurements.

¢ Enthalpies of vaporization were adjusted according to Chickos et al. [13] with values of A3CS

expressed as expanded uncertainty with confidence level of 0.95 (k = 2).
4 Vapor pressure at 298.15 K.
¢ Weighted average value, calculated using uncertainty as the weighing factor.
f Average value.

Table 5

$Cpm and Cp (1), stated in Table 2. Uncertainty for enthalpy of vaporization is

Results of TEP 2: absolute vapor pressures p,,, and thermodynamic properties of vaporization obtained by the transpiration method in this work.

Triethyl phosphate: AIgH?,, (298.15 K) = 63.9 = 0.9 k] mol ™!
In pyay/p° = 3237 908412 _ 903 T

RT ® M o53.15%
TexpJ m® VN2( Tambd Gasflow psate U(psat) ! A%Hf" A,gs%
[K] [mg] [dm3] [K] [dm® h71] [Pa] [Pa] [k] mol~1] [J mol~!' K7']
2731 0.04 0.46 303.5 1.85 1.18 0.05 66.18 147.9
2733 0.30 3.48 300.7 2.32 1.23 0.06 66.16 148.0
273.9 0.02 0.24 297.7 0.96 1.23 0.06 66.11 147.4
278.1 0.06 0.45 298.2 1.82 1.92 0.09 65.73 146.0
283.2 0.10 0.46 303.5 1.85 3.18 0.15 65.27 144.3
288.2 0.17 0.46 299.1 1.83 5.16 0.24 64.82 142.8
2934 0.27 0.46 303.6 1.85 8.00 0.37 64.35 140.9
298.2 0.40 0.46 300.1 1.84 12.0 0.6 63.91 139.3
303.2 0.65 0.46 303.8 1.85 19.5 0.9 63.46 138.3
308.2 0.88 0.46 301.6 1.84 26.3 1.2 63.01 1359
313.1 133 0.46 302.2 1.85 39.6 1.8 62.57 134.7
313.2 0.96 0.33 301.0 133 39.8 1.8 62.56 134.7
313.2 0.68 0.24 298.0 0.95 38.7 1.8 62.56 1344
318.1 2.01 0.46 300.1 1.84 60.0 2.8 62.12 133.6
318.2 1.98 0.46 303.6 1.85 59.4 2.8 62.11 1334
323.2 1.59 0.25 302.2 0.99 88.9 41 61.66 1324
328.2 3.03 0.33 302.7 0.99 127 6 61.21 131.1
333.2 4.15 0.31 302.6 0.99 183 9 60.76 130.0
338.2 4.46 0.24 300.6 0.96 255 12 60.30 128.7
343.1 6.29 0.24 301.4 0.97 358 17 59.86 127.6
348.0 7.83 0.24 302.2 0.97 446 21 59.41 125.7
348.2 10.83 0.33 302.8 1.32 453 21 59.40 125.7
348.2 8.08 0.24 302.9 0.97 460 21 59.40 1259

The uncertainties for T, V and m are standard uncertainties. Uncertainty of the enthalpy of vaporization is the expanded uncertainty with a confidence level of 0.95 (k = 2),
calculated including uncertainties of vapor pressure, uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15 K. Detailed

information on the methods of calculations was published previously [18,19].
@ Saturation temperature (u(T) = 0.1 K).

b Mass of transferred sample condensed at 243 K.
c

Volume of nitrogen (u(V) = 0.005 dm?) used to transfer m (u(m)/m = 1.5%) of the sample.

9 T,mp is the temperature of the soap film flowmeter used for measurement of the gas flow.

e

Vapor pressure at temperature T, calculated from the m and the residual vapor pressure at the condensation temperature, calculated by an iteration procedure; p° = 1 Pa.

f Relative expanded uncertainty with confidence level 0.95 (k = 2) for p was calculated to be U(p)/p = 4.64% (see Supporting Information).
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derived. This work and literature values are illustrated in Fig. 3 and
compared in Table 4. Deviation of experimental literature values
from p-T-equation derived from p-T-data obtained in this work
(Table 3) is illustrated in Fig. S9.

Butrow et al. [20] measured vapor pressures of DEMP 1 with
two different methods: differential scanning calorimetry (DSC)
and by the transpiration method. From the results, established
with both methods, a vapor pressure value at 298.15 K was extrap-
olated (55.6 Pa). This result does not match the value, derived from
this work (43.9 Pa). However, enthalpy of vaporization at 298.15 K,
calculated from the study of Butrow et al. [20] matches with the
enthalpy of vaporization, calculated in this work (both
56.8 kJ] mol~!). Transpiration measurement results from Butrow

et al. [20] were also disclosed in the publication by Brozena et al.
[23]. Here the authors claim results to be in a good agreement with
the results of Kosolapoff [21] in the pressure range above 10 Torr
(1333.2 Pa). Moreover, they express the need of experimental mea-
surements of vapor pressures over a wider ambient temperatures
range, which is fulfilled by this work.

In the work of Kosolapoff [21] vapor pressures were determined
using an isoteniscope apparatus in the temperature range from
343.15 K to 402.15 K. As the authors indicate, the apparatus was
not precise at low vapor pressures. Therefore, the values at lowest
experimental temperatures are considered unreliable. These con-
cerns were addressed in the work of Butrow et al. [20] as well.
For these reasons, results of this study should be used with great

Table 6
Compilation of data on enthalpies of vaporization AFH;, of TEP 2.
Experiment’ Method” T-Range Tavg ABH?, (Tavg) A$H?,(298.15 K)° Psar’
K K k] mol ! kJ mol ! Pa
Brozena et al. 2014 [27] Comb 271.3-480.2 365.9 58.9 63.7 £2.8 14.7
Evans et al. 1930 [29] E 363.2-488.2 417.2 51.0 61954 173
Cavalier 1899 [28] E 376.2-484.7 425.7 48.5 60.0 + 5.8 26.2
This Work 2019 T 273.1-348.2 309.3 63.1 63.9+09 125
63.8 + 0.8° 17.7°

@ First author and year of publication.

b Methods: T = transpiration, E = ebulliometry, Comb = combination of results from DTA, Knudsen-effusion and transpiration measurements.
¢ Enthalpies of vaporization were adjusted according to Chickos et al. [13] with values of A$C? . and Cz_m(l), stated in Table 2. Uncertainty for enthalpy of vaporization is

expressed as expanded uncertainty with confidence level of 0.95 (k = 2).
4 Vapor pressure at 298.15 K.
€ Weighted average value, calculated using uncertainty as the weighing factor.
' Average value.

Table 7

1 ~pm

Results of malathion 3: absolute vapor pressures p,,, and thermodynamic properties of vaporization obtained by the transpiration method in this work.

Malathion: A?H,‘,’rl (298.15 K) = 101.4 £ 1.8 k] mol !

In pge/p° = 4237 — 1258 — 383 In oo oy

Tex” m" Vi Tamp” Gasflow Peat® U(psa) AHS, ABS,
[K] [mg] [dm?] K] [dm> h™1] [mPa] [mPa] [k] mol~1] [J mol~' K]
298.2 0.03 136 297.1 6.11 1.44 0.07 101.37 189.8
303.2 0.04 102 296.3 4.56 2.68 0.12 100.69 187.2
303.2 0.04 106 297.2 5.21 2.74 0.13 100.69 187.3
303.2 0.03 84.6 296.3 4.24 2.67 0.12 100.68 187.1
308.1 0.01 20.9 297.0 6.10 5.08 0.23 100.00 184.9
308.1 0.06 89.2 296.3 5.15 4.96 0.23 100.00 184.7
313.1 0.10 77.9 297.8 4.58 9.69 0.44 99.31 182.9
318.0 0.03 10.9 2973 6.10 173 0.8 98.63 180.6
323.0 0.04 9.08 296.5 5.14 30.5 14 97.94 178.5
328.0 0.05 7.44 297.3 5.19 52.7 2.5 97.25 176.3
328.0 0.06 8.55 297.7 4.58 54.0 2.4 97.25 176.5
332.9 0.05 431 296.9 5.17 84.6 3.9 96.56 173.8
333.0 0.04 3.82 296.5 4.58 87.3 4.0 96.56 174.0
333.0 0.04 3.28 296.4 3.93 85.4 39 96.56 173.8
337.9 0.05 2.77 298.3 5.20 144 7 95.87 1719
3429 0.04 1.28 296.6 5.14 245 11 95.19 170.2
3479 0.04 0.83 296.5 3.33 395 18 94.50 168.2
352.8 0.07 0.83 296.8 3.33 632 29 93.81 166.3
357.8 0.11 0.83 296.5 3.32 982 45 93.11 164.3
362.8 0.10 0.50 296.6 1.99 1501 69 92.43 162.4
362.8 0.07 0.34 296.8 1.36 1506 69 92.43 162.4
362.8 0.04 0.22 296.9 0.89 1500 69 92.42 162.4

@ Saturation temperature (u(T) = 0.1 K).
Mass of transferred sample condensed at 243 K.

b
c
d
e

Volume of nitrogen (u(V) = 0.005 dm*) used to transfer m (u(m)/m = 1.5%) of the sample.
Tamp is the temperature of the soap film flowmeter used for measurement of the gas flow.
Vapor pressure at temperature T, calculated from the m and the residual vapor pressure at the condensation temperature calculated by an iteration procedure; p” = 1 Pa.

T Relative expanded uncertainty with confidence level 0.95 (k = 2) for p was calculated to be U(p)/p = 4.58% (see Supporting Information). The uncertainties for T, V and m
are standard uncertainties. Uncertainty of the enthalpy of vaporization is the expanded uncertainty with a confidence level of 0.95 (k = 2), calculated including uncertainties
of vapor pressure, uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15 K. Detailed information on the methods of calculations

was published previously [18,19].
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care. With respect to the preceding elucidations, in our work only
p-T data above 347 K was used for the derivation of the vaporiza-
tion enthalpy and vapor pressure at 298.15 K.

It should be mentioned that results, published in Stephenson
et al. [22], are presented only by Antoine equations and lack infor-
mation about the source of the primary data, purity information
and experimental methods. For these reasons the values from the
data provided were not included in the calculation of average
values.

Multiple sources cite the work of Neale et al. [24] and corre-
sponding value of enthalpy of vaporization (56.5 k] mol~!). How-
ever, the exact origin of the data used is not disclosed. For this
reason, it is not included in average calculations. In Cox et al.
[25] this value has an uncertainty of #1.0 k] mol~!. However, in
the work of Ovchinnikov et al. [26], which supposed to be citing
book of Cox et al. [25], the uncertainty is claimed to be
+4.0 k] mol~!. Nevertheless, the value agrees with the result
achieved in this work (56.8 + 0.8 k] mol ).

From the results, presented in the Table 4, an uncertainty-
weighted average value for the enthalpy of vaporization was deter-
mined to be 56.9 + 0.7 k] mol~' and an arithmetic average for vapor
pressure at 298.15 K is 49.1 Pa.

3.1.2. Triethyl phosphate (TEP 2)

The vaporization behavior of TEP 2 was measured in this work
in the temperature range of 273.1-348.2 K. The absolute vapor
pressures p,, and thermodynamic properties of vaporization
obtained by the transpiration method are compiled in Table 5.
From these results, values of enthalpy of vaporization (63.9 = 0.9
k] mol~') and vapor pressure at 298.15 K (12.5 Pa) were derived.
Results from this work are illustrated in Fig. 4 and compared to lit-
erature values in Table 6. Deviation of experimental literature val-
ues from p-T-equation derived from p-T-data obtained in this work
(Table 5) is illustrated in Fig. S10.

There are several p-T datasets of TEP 2 available in the litera-
ture: Evans et al. [29] and Cavalier [28] measured boiling points,
work of Brozena et al. [27] combines vapor pressures measured
with 3 different methods: differential thermal analysis (DTA),
Knudsen effusion and by transpiration. In the latter work, mea-
surements were executed in different temperature ranges and
compiled into one p-T equation. Few remarks have to be made
about the results, achieved by different methods individually.
Transpiration measurements were executed only at two tempera-
tures and therefore do not allow proper assessment of linearity and
estimation of error. In the case of the DTA measurements, values
below p = 650 Pa were found to be erroneous, therefore, were

excluded from the final equation. Moreover, the temperature
errors at the low temperature range of DTA experiment are signif-
icant (errors up to 2.4 K). Consequently, these results should be
used with caution.

From the boiling point measurements by Evans et al. [29], the
extrapolated vapor pressure value at 298.15 K is 17.3 Pa. The study
also cites the work of Cavalier [28] and claims that determined
boiling points are too low (vapor pressure is too high). The extrap-
olated vapor pressure value at 298.15 K from the work of Cavalier
[28] is 26.2 Pa.

In the work of Panneerselvam et al. [30], the correlation gas-
chromatographic technique was used to determine the enthalpy
of vaporization of TEP 2. The value of 55.73 k] mol™! (at
298.15 K) was achieved. This result does not agree with the results,
derived in this work (63.9 + 0.9 k] mol™1).

From the p-T datasets mentioned above, average uncertainty-
weighted value of enthalpy of vaporization (63.8 + 0.8 k] mol™!)
and arithmetic average vapor pressure at 298.15 K (17.7 Pa) are
calculated and reported in Table 6.

3.1.3. Malathion 3

The vaporization behavior of malathion 3 was measured in this
work in the temperature range of 298.2-362.8 K. The absolute
vapor pressures p,,, and thermodynamic properties of vaporization
obtained by the transpiration method are compiled in Table 7.

In(P/Pa)

-10
0.0026

0.0032 0.0034 0.0036

K/T

0.0028 0.003

Fig. 5. Experimental vapor pressure values of malathion 3 in comparison with
literature values. Here A - from Stephenson et al. [22], ® - from Schrader [31],
+ - from [32-37], x and solid line - from this work.

Table 8
Compilation of data on enthalpies of vaporization AfH, of malathion 3.
Experiment® Method" T-Range Tavg APHY, (Tavg) A$H;,(298.15 K)© Peat”
K K kJ mol~! kJ mol~! mPa
Hinckley et al. 1990 [32] GCR 298.2 - - - 4.7
Stephenson et al. 1987 [22] 0] 283.0-419.0 345.8 71.2 774 24.6
Kim et al. 1984 [34] T 298.2 - - - 1.1
GC 293.2 - - - 0.7
Woolford 1975 [32] - 298.2 - - - 2.9
Giickel et al.1973 [35] G 293.2 - - - 0.7
Perkow 1968 [36] - 293.2 - - - 16.7
- 313.2 - - - 105
Eichler 1965 [37] - 293.2 - - - 0.2
Schrader 1963 [31] - 283.2-323.2 302.5 70.6 71113 27.2
This Work 2019 298.2-362.8 328.7 97.0 1014 £ 1.8 137

@ First author and year of publication.

b Methods: GCR = gas-chromatography retention, GC = gas-chromatography, T = transpiration, G = gravimetric, E = ebulliometry, O = equation only.
¢ Enthalpies of vaporization were adjusted according to Chickos et al. [13] with values of AFC} ,, and C, (1), stated in Table 2. Uncertainty for enthalpy of vaporization is

expressed as expanded uncertainty with confidence level of 0.95 (k = 2).
4 Vapor pressure at 298.15 K.
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]
H
°

In(P/Pa)
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0

0.0019 0.0029 0.0034

K/T

0.0024

Fig. 6. Experimental vapor pressure values of MS 4 in comparison with literature
values. Here # - from Tevault et al. [40], ® - from Matthews et al. [41], @ - Ramsay
et al. [42], x and solid line - from this work.

From these results, values of enthalpy of vaporization (101.4 +
1.8 kJ] mol~') and vapor pressure at 298.15 K (1.37 mPa) were
derived. Literature values are compared to this work in Table 8
and illustrated in Fig. 5. Deviation of experimental literature values
from p-T-equation derived from p-T-data obtained in this work
(Table 7) is illustrated in Fig. S11.

Literature data on the vapor pressures of malathion 3 are scarce.
One p-T dataset is in the book of Schrader [31]. However, no infor-
mation on the details of the measurements are disclosed. As seen
in Table 8 and illustrated by Fig. 5, both the enthalpy of vaporiza-
tion and extrapolated vapor pressure at 298.15 K (71.1 £ 1.3 k] mo
17! and 27.2 mPa, respectively) differ significantly from the results

Table 9

derived in this work (101.4 + 1.8 k] mol™! and 1.37 mPa,
respectively).

Several single measurement points are available in the litera-
ture. The work of Hinckley et al. [32] provides a vapor pressure
value at 298.15 K, experimentally determined by the gas-
chromatographic retention method. The study describes the purity
of multiple materials; however, malathion 3 is an exception and no
absolute value is provided. The GC method in general has a rela-
tively high standard deviation [38,39]. Therefore, this value should
be used cautiously.

In the work of Hinckley et al. [32], along with experimental
values of vapor pressure, a value at 298.15 K from a private let-
ter of M. H. Woolford to W.F. Spencer (1975) is provided. The
article does not give any information to allow a proper justifica-
tion of this value as no details on the purity or method are
provided.

In the work of Kim et al. [34], vapor pressure of malathion 3 was
measured with gas-saturation and gas-chromatographic tech-
niques and resulting values were disclosed at single temperatures
(298.15 and 293.15 K, respectively). The authors assumed that the
material, collected by the gas-saturation method was quantified
with a deviation of around 10%, which is excessive. The authors
also indicate that, according to their recovery and trapping exper-
iments, malathion 3 had low total recovery and trapping efficien-
cies. For this reason the authors speculated, that the gas-
saturation method could have a potential drawback when measur-
ing vapor pressures at elevated temperatures.

Also, the study of Kim et al. [34] cites several single literature
values, which include vapor pressure value of 0.2 mPa at
293.15 K from a handbook with undisclosed experimental details
by Eichler et al. [37] and 0.7 mPa at 293.15 K from Giickel et al.
[35]. In the work of Giickel et al. [35], the evaporation rate data
were derived gravimetrically and vapor pressure value was derived
from the resulting evaporation rate.

Results of MS 4: absolute vapor pressures p,, and thermodynamic properties of vaporization obtained by the transpiration method in this work.

Methyl salicylate: APHS, (298.15 K) = 59.3 + 0.8 k] mol !

In pg,e/p® =309 — 842378 _ 8361 298T15K

Texp® m° Vn2© Tam” Gasflow Psat” U(Psar) ASH, AS,
[K] [mg] [dm?] [K] [dm* h71] [Pa] [Pa] [k] mol~1] [J mol~' K1)
2783 0.07 0.45 296.4 1.81 2.65 0.11 60.99 131.6
2783 0.06 0.36 2971 143 2.69 0.11 60.99 131.6
2783 0.04 0.24 297.0 0.96 2.72 0.11 60.99 131.8
283.2 0.11 0.45 296.0 1.81 3.96 0.17 60.58 129.6
288.3 0.17 0.45 296.0 1.81 6.15 0.26 60.16 128.1
2932 0.14 0.24 296.5 0.94 9.66 0.40 59.75 126.9
298.2 0.21 0.24 296.5 0.95 14.1 0.6 59.32 125.2
303.2 0.30 0.24 296.7 0.95 20.6 0.9 58.91 123.8
308.2 0.46 0.24 297.9 0.95 315 13 58.49 122.8
308.2 0.46 0.24 298.1 0.95 31.6 13 58.49 122.8
313.2 3.09 1.19 298.6 1.83 42.6 1.8 58.08 120.9
318.1 0.91 0.24 296.7 0.95 62.3 2.6 57.66 119.9
3231 1.29 0.24 296.8 0.95 88.6 3.7 57.25 118.7
328.2 1.84 0.24 296.4 0.95 126 5 56.82 117.6
3332 2.47 0.24 296.3 0.95 168 7 56.41 116.2
338.2 3.48 0.24 297.2 0.94 240 10 55.99 115.4
3431 4.52 0.24 298.2 0.95 309 13 55.57 113.9
3432 495 0.25 297.5 0.95 317 13 55.57 1141

@ Saturation temperature (u(T) = 0.1 K).
Mass of transferred sample condensed at 243 K.

b
c
d
e

Volume of nitrogen (u(V) = 0.005 dm*) used to transfer m (u(m)/m = 1.5%) of the sample.
Tamp is the temperature of the soap film flowmeter used for measurement of the gas flow.
Vapor pressure at temperature T, calculated from the m and the residual vapor pressure at the condensation temperature, calculated by an iteration procedure; p° = 1 Pa.

T Relative expanded uncertainty with confidence level 0.95 (k = 2) for p was calculated to be U(p)/p = 4.18% (see Supporting Information). The uncertainties for T, V and m
are standard uncertainties. Uncertainty of the enthalpy of vaporization is the expanded uncertainty with a confidence level of 0.95 (k = 2), calculated including uncertainties
of vapor pressure, uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15 K. Detailed information on the methods of calculations

was published previously [18,19].
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Table 10

Compilation of data on enthalpies of vaporization AfH;, of MS 4.
Experiment® Method” T-Range Tavg ASH?, (Tavg) AFH},(298.15 K)° Dac

K K kJ mol~! kJ mol~! Pa
Tevault et al. 2014 [40] T 273.5-303.5 288.1 60.4 59.6 + 1.1 143
Stephenson et al. 1987 [22] (0] 288.0-333.0 309.8 56.9 [57.8] [17.0]
Matthews et al. 1950 [41] E 352.1-493.6 419.2 524 62.5+3.8 13.7
Ramsey et al. 1885 [42] E 341.9-495.6 425.0 52.7 62.5+4.0 12.9
This Work 2019 T 278.3-343.2 307.2 58.6 59.3+0.8 14.5_
59.6 + 0.6° 13.9

Values in brackets were not used in further analysis.
¢ First author and year of publication.
> Methods: T = transpiration, E = ebulliometry, O = equation only.

¢ Enthalpies of vaporization were adjusted according to Chickos et al. [13] with values of A5C? . and ngm(l), stated in Table 2. Uncertainty for enthalpy of vaporization is

expressed as expanded uncertainty with confidence level of 0.95 (k = 2).
4 Vapor pressure at 298.15 K.
€ Weighted average value, calculated using uncertainty as the weighing factor.
f Average value.

Two p-T values published in Perkow et al. [36] have no experi-
mental details disclosed, but almost identically match the results
of the work of Schrader et al. [31]. Very similar results are provided
in the book of Stephenson et al. [22], where vapor pressures
are expressed with an Antoine equation over temperature range
T = (283.0-419.0) K. As mentioned before, work of Stephenson
et al. [22] lacks information about the source of the primary data,
purity information and experimental methods.

Due to the questionable quality of available literature data, the
results of this work are of high relevance and are recommended for
future calculations.

3.1.4. Methyl salicylate (MS 4)

The vaporization behavior of MS 4 was measured in this work in
the temperature range of 278.3-343.2 K. The absolute vapor pres-
sures p,,, and thermodynamic properties of vaporization obtained
by the transpiration method are compiled in Table 9. From these
results, values of enthalpy of vaporization (59.3 * 0.8 k] mol™!)
and vapor pressure at 298.15 K (14.5 Pa) were derived. These
results are compared to literature values in Table 10 and illustrated
in Fig. 6. Deviation of experimental literature values from p-T-
equation derived from p-T-data obtained in this work (Table 9) is
illustrated in Fig. S12.

In 1885 Ramsey and Young [42] measured MS 4 boiling point
temperatures at different pressures using a self-made apparatus
and used this data to calculate vapor pressures. An extrapolated
vapor pressure value at 298.15 K is 12.9 Pa. Some 65 years later
Matthews et al. [41] attempted to replicate Ramsey and Young
[42] experiment and measured vapor pressures over a similar
temperature range. Matthews et al. [41] managed to achieve a
value of 13.7 Pa at 298.15 K. Vapor pressures, determined in these
studies, cover the high temperature range of available literature
data.

Tevault et al. [40] researched vapor pressures of CWAs and their
simulants in 2014 using the transpiration method and focused on
measuring vapor pressures around ambient temperatures. In con-
trast to this work, the experiment in the publication by Tevault
et al. [40] was executed over a narrow temperature range
(273.5-303.5 K) and the measurement was performed only at 5
different temperatures, one of which was below MS 4 melting tem-
perature and was excluded from further calculations in this work.
The value of vapor pressure at 298.15 K was determined to be
14.3 Pa. These results closely match to the results, achieved in this
work (14.5 Pa at 298.15 K). Work of Stephenson et al. [22] suggests
three Antoine equations for p-T data without stating the method of
measurements, no sources of information or sample purity. For
these reasons they are not included into further analysis. For

1 ~p,m

comparison, the Table 10 includes the results of one of the given
equations.

Average uncertainty-weighted value of enthalpy of vaporization
(59.6 + 0.6 k] mol~!) and arithmetic average of vapor pressure at
298.15 K (13.9 Pa) were calculated from the results, stated in the
Table 10.

The absolute vapor pressures measured in this work compli-
ment literature values and cover a range of temperatures from
278.3 to 343.2 K and complete the database of p-T values of com-
pound MS 4 in a liquid phase.

4. Conclusions

In this work the vapor pressures of four CWA simulants were
studied. The new results complement the currently available data
and expands the p-T database to uninvestigated temperature
ranges, mostly focusing on the ambient temperatures. The current
study also analyses available literature data and provides a critical
review. Whilst the p-T values, obtained in this work, are in agree-
ment with most of literature values for TEP 1 and DEMP 2 and MS
4, malathion 3 is in disagreement. The results obtained can be used
for the determination of detection limits necessary for CWA
detectors.

CRediT authorship contribution statement

Greta Bikelyte: Conceptualization, Methodology, Validation,
Formal analysis, Investigation, Data curation, Writing - original
draft, Writing - review & editing, Visualization. Martin A.C. Hartel:
Conceptualization, Methodology, Validation, Writing - original
draft, Writing - review & editing, Supervision. Thomas M.
Klapotke: Conceptualization, Resources, Supervision, Writing -
original draft, Project administration, Funding acquisition. Bur-
khard Krumm: Methodology, Writing - original draft. Audrius
Sadaunykas: Investigation, Formal analysis, Writing - original
draft.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

Financial support of this work by the Ludwig-Maximilian
University of Munich (LMU), the Office of Naval Research (ONR)



G. Bikelyté et al./]. Chem. Thermodynamics 143 (2020) 106043 9

[grant no. ONR.N0O0014-19-1-2078], the Strategic Environmental
Research and Development Program (SERDP) [contract no. WP19-
1287] and the DAAD (German Academic Exchange Service) [grant
no. 57299294] is gratefully acknowledged. We express gratitude
to Mr. Jorn Martens, M. Sc., for help with the preparation of
malathion. Audrius Sadaunykas was provided an ERASMUS schol-
arship, funding his research stay in the laboratories of Prof.
Klapotke. We would like to thank Prof. Dr. Sergey Verevkin
(University of Rostock) for help with establishing the transpiration
method at our laboratory.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jct.2019.106043.

References

[1] Attacks on Ghouta. Analysis of alleged use of chemical weapons in Syria, 2015.
Available from: https://www.hrw.org/sites/default/files/reports/syria_
cw0913_web_1.pdf.

[2] Sergei Skripal: former Russian spy poisoned with nerve agent, say police, 2018.
Available from: https://www.theguardian.com/uk-news/2018/mar/07/
russian-spy-police-appeal-for-witnesses-as-cobra-meeting-takes-place.

[3] M.A. Althoff, A. Bertsch, M. Metzulat, T.M. Klapotke, K.L. Karaghiosoff, Talanta
174 (2017) 295-300.

[4] S.L. Bartelt-Hunt, D.R. Knappe, M.A. Barlaz, Crit. Rev. Environ. Sci. Tec. 38
(2008) 112-136.

[5] J. Leppert, Schnelle Detektion luftgetragener chemischer Kampfstoffe mittels
TD-GC-MS, Dissertation, Rheinischen Friedrich-Wilhelms-Universitdt Bonn,
2015.

[6] V.R. Arava, V. Nadkarni, V. Jasti, Process for the preparation of malathion and
its intermediate, Google Patents (2012).

[7] G.Bikelyté, M. Hartel, ]. Stierstorfer, T.M. Klapotke, A.A. Pimerzin, S.P. Verevkin,
J. Chem. Thermodyn. 111 (2017) 271-278.

[8] M.A. Hartel, T.M. Klapotke, B. Stiasny, J. Stierstorfer, Propellants, Explos.
Pyrotech. 42 (2017) 623-634.

[9] M.A. Hartel, T.M. Klapotke, ]. Stierstorfer, L. Zehetner, Propellants, Explos.
Pyrotech. (2019).

[10] M.A.C. Hartel, T.M. Klapétke, V.N. Emel’yanenko, S.P. Verevkin, Thermochim.
Acta 656 (2017) 151-160.

[11] M.A. Althoff, K. Grieger, M.A. Hartel, KL. Karaghiosoff, T.M. Klapétke, M.
Metzulat, ]. Phys. Chem. A 121 (2017) 2603-2609.

[12] M. Hartel, Studies Towards the Gas-Phase Detection of Hazardous Materials by
Vapor Pressure Measurements with the Transpiration Method in Combination
with Vacuum Outlet GC/MS, Dissertation LMU Miinchen, 2017.

[13] W. Acree, ].S. Chickos, J. Phys. Chem. Ref. Data 39 (2010) 043101.

[14] W. Acree ]r, ].S. Chickos, J. Phys. Chem. Ref. Data 45 (2016) 033101.

[15] J.E. Hurst, B. Keith Harrison, Chem. Eng. Commun. 112 (1992) 21-30.

[16] N.d. Kolossowsky, W. Udowenko, C.R. Hebd, Seanes Acad. Sci. 197 (1933) 519-
520.

[17] N.d. Kolossowsky, W. Udowenko, Zhur. Obshchei Khim. (1934) 1027-1033.

[18] V.N. Emel’yanenko, S.P. Verevkin, J. Chem. Thermodyn. 85 (2015) 111-119.

[19] S.P. Verevkin, A.Y. Sazonova, V.N. Emel'yanenko, D.H. Zaitsau, M.A.
Varfolomeev, B.N. Solomonov, K.V. Zherikova, ]J. Chem. Eng. Data 60 (2014)
89-103.

[20] A.B. Butrow, J.H. Buchanan, D.E. Tevault, J. Chem. Eng. Data 54 (2009) 1876~
1883.

[21] G. Kosolapoff, J. Chem. Soc. (1955) 2964-2965.

[22] RM. Stephenson, S. Malanowski, D. Ambrose, Handbook of the
Thermodynamics of Organic Compounds, Elsevier, 1987.

[23] A. Brozena, P.L. Abercrombie-Thomas, D. Tevault, Report: Vapor Pressure Data
and Analysis for Selected Organophosphorus Compounds, CMMP, DPMP,
DMEP, and DEEP: Extrapolation of High-Temperature Data, Edgewood
Chemical Biological Center Aberdeen Proving Ground [US], 2018.

[24] E. Neale, L. Williams, V. Moores, J. Chem. Soc. (1956) 422-427.

[25] ].D. Cox, G. Pilcher, Thermochemistry of Organic and Organometallic
Compounds, Academic Press, 1970.

[26] V. Ovchinnikov, V. Brus’ ko, A. Sobanov, Thermochim. Acta 233 (1994) 153-
166.

[27] A.Brozena,].H. Buchanan, RW. Miles Jr, B.R. Williams, M.S. Hulet, J. Chem. Eng.
Data 59 (2014) 2649-2659.

[28] M. Cavalier, Ann. Chem. Phys. (1899) 449-576.

[29] D.P. Evans, W.C. Davies, W.]. Jones, J. Chem. Soc. (1930) 1310-1313.

[30] K. Panneerselvam, M. Antony, T. Srinivasan, P.V. Rao, Thermochim. Acta 466
(2007) 49-56.

[31] G. Schrader, Die Entwicklung neuer insektizider Phosphorsdure-Ester, Verlag
Chemie, 1963.

[32] D.A. Hinckley, T.F. Bidleman, W.T. Foreman, J.R. Tuschall, ]. Chem. Eng. Data 35
(1990) 232-237.

[33] A. Hildebrandt, S. Lacorte, D. Barceld, Anal. Bioanal. Chem. 387 (2007) 1459-
1468.

[34] Y.-H. Kim, J.E. Woodrow, J.N. Seiber, J. Chromatogr. A 314 (1984) 37-53.

[35] W. Giickel, G. Synnatschke, R. Rittig, Pestic. Sci. 4 (1973) 137-147.

[36] W. Perkow, Die Insektizide, Hiithig, 1968.

[37] W. Eichler, Handbuch der Insektizidkunde VEB Verlag Volk und Gesundheit,
Berlin, 1965.

[38] S.P. Verevkin, Phase Changes in Pure Component Systems: Liquids and Gases,
1st ed., Elsevier B.V, Amsterdam, Netherlands, 2005.

[39] A. Delle Site, J. Phys. Chem. Ref. Data 26 (1997) 157-193.

[40] D.E. Tevault, L.C. Buettner, K.L. Crouse, Report: Vapor Pressure of Methyl
Salicylate and n-Hexadecane, Edgewood Chemical Biological Center Aberdeen
Proving Ground [US], 2014.

[41] J. Matthews, J. Sumner, E. Moelwyn-Hughes, Trans. Faraday Soc. 46 (1950)
797-803.

[42] W. Ramsay, S. Young, ]. Chem. Soc. Trans. 47 (1885) 640-657.

JCT 2019-321


https://doi.org/10.1016/j.jct.2019.106043
https://www.hrw.org/sites/default/files/reports/syria_cw0913_web_1.pdf
https://www.hrw.org/sites/default/files/reports/syria_cw0913_web_1.pdf
https://www.theguardian.com/uk-news/2018/mar/07/russian-spy-police-appeal-for-witnesses-as-cobra-meeting-takes-place
https://www.theguardian.com/uk-news/2018/mar/07/russian-spy-police-appeal-for-witnesses-as-cobra-meeting-takes-place
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0015
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0015
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0020
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0020
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0030
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0030
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0035
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0035
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0040
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0040
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0045
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0045
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0050
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0050
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0055
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0055
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0065
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0070
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0075
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0080
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0080
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0090
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0095
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0095
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0095
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0100
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0100
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0105
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0110
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0110
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0110
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0120
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0125
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0125
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0125
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0130
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0130
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0135
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0135
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0140
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0145
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0150
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0150
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0160
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0160
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0165
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0165
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0170
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0175
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0190
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0190
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0190
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0195
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0200
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0200
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0200
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0200
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0205
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0205
http://refhub.elsevier.com/S0021-9614(19)30356-8/h0210

Experimental Thermochemical Data of CWA Simulants: Triethyl
Phosphate, Diethyl Methylphosphonate, Malathion and Methyl
Salicylate

Greta Bikelyté, Martin A. C. Hartel, Thomas M. Klapotke, Burkhard Krumm, Audrius
Sadaunykas

SUPPORTING INFORMATION



Sl
11
1.2
1.3

S2.

S3.

S4.

SS.

S6.
6.1
6.2
6.3
6.4
6.5

S7.

S8.

Table of Contents

PUIILY @SSESSIMENT .....vevieieceeesieeste ettt et e st e e e ste et e e e s te e be e st e sseesteensesseeateeseaneesrens 3
LH —GNMR ot 3
Elemental @nalySIS ........ccvoiiiiiieie e 3
PUIILY @SSESSIMENT FESUILS ..o 3

Estimation of standard vapor pressure UNCertainties.........cooeoevererereneneseseeeeeeeens 11

Estimation of uncertainties of molar enthalpies of phase transition at 298.15 K.......... 11

Calculation of molar heat capacities for compounds containing phosphorus............... 14

Vapor pressure deviation plots for compounds DEMP 1, TEP 2, malathion 3 and MS 4
15

ReferenCe MAaterialS ..........cooiiiiiiiiii e 17
MOIAr NEAL CAPACITIES .......cveeeiiitiiti ettt 18
NAPNTNAIENE ... 19
N g1 ] Vo =TT S UPUTUSSRRR 22
PEIVIENE <.t 26
9,97-BIFIUOTENYL ... 29

GC/MS PATAMETEIS ...ttt bbbttt b et b et e e 32

HPLC/DAD PATaMELELS .....ccvieiiiiieiieeie st sttt st ste e ta e te e s reesteennesreennesneesnes 33

R B O BN CES ..o 34



S1. Purity assessment

1.1 H-gNMR

Between 2 and 20 mg of analyte and around 10-25 mg of certified reference material (CRM),
in this case — ethylene carbonate (Sigma-Aldrich, 01380, 99.90% mass fraction purity), were
weighed with a Mettler Toledo XP26DR scale (0.002/0.01 mg) and dissolved in 1 mL of CDCl3
(99.80 % deuterated, Eurisotop, DOO7HAG). The solution was left in an ultrasonic bath for 10
min until analyte and standard were completely dissolved. The sample was transferred into a 5
mm NMR-tube. The sample was measured with a Bruker AVANCE 400 MHz instrument with
z-gradient using a 90° pulse with a pulse width of 11.85 ps. In total 65,536 data points were
acquired. Samples were not spinned and acquisition time (AT) was set to 6.5012 s. Relaxation
delay (D1) of 60 s was chosen to ensure that the relaxation duration would be exceeded 5-7
times. Each measurement contained 64 scans.

The processing was done with MestReNova v. 12.0.1-20560 software. Before Fourier
transformation, linear group delay was applied and zero filling to 2048 K was executed once.
After careful manual phase correction and baseline correction by “Bernstein Polynomial” of 5™
order, integration was performed manually (integral calculation method - “Edited sum”).
Integration was applied excluding the 3C satellites. Two samples were produced for each
analyte and their spectra were independently processed 5 times. The chemical purity was
calculated manually according to the work of Schonberger [1].

Expanded relative uncertainty of achieved purity value contains several major contributors [1].
Uncertainty of the purity of the certified reference material (CRM) (u(Pcrm)) is stated on the
producer certificate. Uncertainty of molecular mass of the analyte (u(Man)), as well as the
uncertainty of molar mass of CRM (u(Mcrm)) were calculated combining atomic mass
uncertainties of individual atoms [2]. Weighed values of analyte (wan) and CRM (wcrm) were
buoyancy—corrected. Combined uncertainty of the true mass u(mcrvm) was calculated
considering the specifications of the scale and environmental conditions of the weighing room
[3]. Processing of the NMR spectra introduced the uncertainties of integration (u(Int)) and
repetition (u(Rep)). Calculated combined relative uncertainty u(Pan) was included in the
calculation of the overall vapor pressure measurement uncertainty. Combined relative
uncertainty was also multiplied by confidence level factor k=2 to achieve a value with a
confidence level of 0.95 [4]. Resulting expanded uncertainty U(Pan) is reported in the Table 1
of the manuscript.

1.2 Elemental analysis
Elemental analysis (CHNS) was performed with an Elementar Vario Micro instrument.

1.3 Purity assessment results
Results of the purity assessment are presented in the following. The signals used for purity
calculation are underlined.
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Fig. S1. 'H-gNMR spectrum of DEMP 1.

'H_-gNMR DEMP 1. (CDCls, 400.13 MHz): § = 4.07 (m, 4H, CHy), 1.45 (d, 3H, CH3-P),
1.31 (t, 6H, CH3), ppm.
Ethylene carbonate as reference material. (CDCl3, 400.13 MHz): 6 = 4.51 (s,

4H, CHy).
EA Calc.: C 39.48, H 8.61 %; Found: C 39.15, H 8.29 %.
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Fig. S2. 'H-gNMR spectrum of TEP 2.

'H_gNMR TEP 2. (CDCls, 400.13 MHz): & = 4.10 (m, 6H, CH,), 1.33 (t, 9H, CHs) ppm.
Ethylene carbonate as reference material. (CDCls, 400.13 MHz): 6 =4.51 (s,

4H, CHy).
EA Calc.: C 39.56, H 8.30 %; Found: C 39.43, H 7.93 %.
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Fig. S3. 'H-gNMR spectrum of malathion 3.

'H_-gNMR Malathion 3. (CDCls, 400.13 MHz): § =4.16 (m, 5H), 3.81 (d, 6H, CH3), 2.97
(9, 2H, CHy), 1.27 (p, 6H, CH3) ppm.
Ethylene carbonate as reference material. (CDCls, 400.13 MHz): 6 =4.51 (s,

4H, CHy).
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Fig. S4. 'H-gNMR spectrum of MS 4.

'H_gNMR MS 4. (CDCls, 400.13 MHz): & = 10.74 (s, 1H, OH), 7.83 (d, 1H, CH), 7.45
(t, 1H, CH), 6.97 (d, 1H, CH), 6.87 (t, 1H, CH), 3.94 (s, 3H, CH3) ppm.
Ethylene carbonate as reference material. (CDCls, 400.13 MHz): 6 =4.51

(s, 4H, CHy).
EA Calc.: C 63.15, H 5.30 %; Found: C 63.06, H 5.14 %.
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Fig. S5. *H-gNMR spectrum of naphthalene.

'H-gNMR Naphthalene. (CDCls, 400.13 MHz): § = 7.85 (m, 4H, CH), 7.48 (m, 4H,
CH) ppm.
Ethylene carbonate as reference material. (CDCls, 400.13 MHz): 6 =4.51

(s, 4H, CH>).
EA Calc.: C93.71, H 6.29 %; Found: C 93.60, H 6.16 %.
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Fig. S6. *H-gNMR spectrum of anthracene.

'H-gNMR  Anthracene. (CDCls, 400.13 MHz): § = 8.43 (s, 2H, CH), 8.01 (m, 4H, CH),
7.46 (m, 4H, CH) ppm.
Ethylene carbonate as reference material. (CDCls, 400.13 MHz): 6 = 4.49

(s, 4H, CHy).
EA Calc.: C 94.43, H 5.66 %; Found: C 94.19, H 5.51 %.
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Fig. S7. *H-gNMR spectrum of perylene.

'H-gNMR Perylene. (CDCls, 400.13 MHz): § = 8.19 (d, 4H, CH), 7.68 (d, 4H, CH),
7.48 (t, 4H, CH) ppm.
Ethylene carbonate as reference material. (CDCls, 400.13 MHz): 6 =4.51

(s, 4H, CHy).
EA Calc.: C 95.21, H 4.79 %,; Found: C 95.26, H 4.67 %.
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Fig. S8. *H-gNMR spectrum of 9,9°-bifluorenyl.

'H-gNMR 9,9-Bifluorenyl. (CDCls, 400.13 MHz): § = 7.65 (d, 4H, CH), 7.27 (t, 4H,
CH), 7.09 (t, 4H, CH), 6.96 (m, 4H, CH), 4.48 (s, 2H, CH) ppm.
Ethylene carbonate as reference material. (CDCls, 400.13 MHz): 6 =4.48 (s,

4H, CHjy).
EA Calc.: C94.51, H 5.49 %; Found: C 94.51, H 5.11 %.

S2. Estimation of standard vapor pressure uncertainties

The calculation of standard uncertainties of vapor pressure measurements was partially based
on the previously reported process by Verevkin et al. [5]. Calculation of combined standard
uncertainty includes the uncertainty of mass of the analyte (u(man)), mass of the reference
material (u(mref)), volumes of the pycnometers (u(Veyc)), volumes of the standard solutions
(u(Vsta)), uncertainties introduced by standard addition into the sample (u(Vadd)), GC analysis
(for calibration and determination) (u(GC)), transporting gas volume uncertainty (u(Vgas)),
saturator and ambient temperatures uncertainties (u(T)) and the uncertainty of purity of the
materials (u(Pan)), explained above. Experimental vapor pressures measured in this work are
reported together with expanded uncertainties of confidence level 0.95 (k = 2).

S3. Estimation of uncertainties of molar enthalpies of phase transition
at 298.15 K

The calculation of uncertainties of molar enthalpies of phase transition at 298.15 K is partly
based on the previously published procedure by Verevkin et al. [6]. The uncertainty of
temperature adjustment of enthalpy of phase transition to 298.15 K was modified in this work.



The temperature adjustment relies on the change of the molar heat capacity at constant pressure
from liquid/crystalline to gaseous phase Af’/crc;,’m and the length of the extrapolation path AT =

Tavg — Trep [7]. The absolute uncertainty of temperature adjustment A(A;"/”C}g’m X AT) is

calculated according to an equation [7]:
(8 e Com X AT) = U(Chm) X A, Chm X AT (S2)

Here u(Cp,,) — combined relative uncertainty of molar heat capacity at constant pressures.

Ideally, the compounds under investigation would have experimental molar heat capacities at
constant pressures and their uncertainties of condensed and gaseous phases available in the
literature. In that case, the term u(Cp,,)is a combined relative uncertainty of relative
uncertainty of molar heat capacity at constant pressure of liquid or solid u(C3,, (1/cr)) and
relative uncertainty of molar heat capacity at constant pressure of gas u(Cg , (g)). In this work,
this approach was applied for the cases of naphthalene, anthracene and perylene.

Here an example of application for anthracene is provided. For molar heat capacities and
corresponding uncertainties refer to Table S2.

1
oy ([ACEm(er)) Com] )
”(C”"")‘{[ Com(er) l l Com() } -

1
([ 257 mot*k~* 17 .\ [ 1) mol 'Kt |°)
~ |[211.7 ) mol-1K 1 184.7 J mol 1K1 | —

1.3%

A(AZ.COn X AT) = u(Cm) X AZ.CO, X AT = 0.013 X 0.027 kJ mol *K~! x 47.5K
= 0.0167 kJ mol™*

If the uncertainties of experimental molar heat capacity values are not available, u(Cp,) is
assumed to be the uncertainty of the molar heat capacity at constant pressure as if it was
determined by group contribution method, described in the work of Chickos and Acree [8]. The
reasoning behind this is that the uncertainty of the estimated value of C;,,, in most cases, is

greater than any experimental uncertainty.

A different procedure must be applied for compounds that have only the molar heat capacity
for condensed states available in the literature. In that case, A}, ,.Cp.n can be calculated from

correlation equations, published in the work of Chickos et al. [7]:
—A7Cp o = 10.58 + 0.26 X Cy (1) (S3)
—AJ.Cpm = 0.75 + 0.15 X Cp(c1) (S4)
As aresult, the uncertainty of temperature adjustment is not only dependent on the € ,, values,
but also on the uncertainty of the correlation equations S3 and S4:

(A ey Com X AT) = u( A, Chm ) X A ComxAT (S5)



Here u(Aﬂcrcg,m) is the combined relative uncertainty of change of molar heat capacity at
constant pressures for sublimation or vaporization.

The absolute uncertainties for correlation equations S3 and S4 were reported to be equal to 15
J molt K for liquids and 25 J mol? K for solids. The combination of the uncertainty of
experimental molar heat capacity value u(ngm) and the uncertainty of correlation equations

u(A‘[’/ﬂCg,m, Chickos correl.equation) result in equation S6.

u(A;q/”Cg,m) = u(CI‘,’,m) + u(Agchgm, Chickos correl.equation) (S6)

This uncertainty calculation procedure can be used for both vaporization and sublimation case.
However, in more recent work of Chickos and Acree [9] the uncertainty, associated with
temperature adjustment of enthalpy of sublimation (when the equations S3 and S4 are in use)
is reported to be 1/3 of total temperature adjustment. This results in greater uncertainty values
than as if the uncertainties were calculated according the equations S2 and S6. For this reason,
for sublimation the uncertainty of 1/3 of temperature adjustment should be used. In this work,
this procedure was applied for the calculations of uncertainty for 9,9’-bifluorenyl.

Here an example of application for 9,9’-bifluorenyl is provided. For molar heat capacities and
corresponding uncertainties refer to Table S2.

(0.75 + 0.15 X €2, (cr)} X {T,py — 298.15)
9 ro _ pm avg
A8 Com X AT) = 3% 1000

_ {0.75 4 0.15 x 425.8 ] mol " K} x {395.6 K — 298.15 K}
B 3 x 1000

= 2.10 k] mol™?

When the condensed phase and ideal gas molar heat capacities are not available in the literature,
the condensed phase molar heat capacities can be estimated by several methods. For many
organic and organometallic compounds, group contribution method, described in the works of
Chickos and Acree [8; 9], can be applied. Associated uncertainties for group contribution
method u(C2,(1/cr), Chickos group contr.) were reported to be 14.4 J mol* K*and 17.0J
mol? K for liquids and solids, respectively [8]. Accordingly, these uncertainties must be
included in the calculations of uncertainties of temperature adjustment:

u(Azq/chI‘,”m) = u(Cg_m(l/cr), Chickos group contr.) s7)
+ u(Af’/ﬂCﬁm, Chickos correl.equation)

In this work, this approach was applied for methyl salicylate (MS 4). The calculation was done
as follows (for molar heat capacities refer to Table 2):

1
2

1
= (0.003 + 0.032)2

’ 144 mol 'K~ \* [ 15 mol"'k~1\°
u(A’cgy) = -] t T
’ 280.8] mol~1K-1 83.6  mol~1K-1

=0.19=19%

A(A7Cm X AT) = 0.19 X 83.6 ] mol™ K™ x 9.03 K = 0.143 k] mol ™!



Unfortunately, the group contribution method by Chickos and Acree [9] is not universal for all
functional groups and other methods have to be applied. For phosphorus containing compounds
molar heat capacities can be estimated by elemental contribution method, described in the work
of Hurst et al. [10] (example of application is given in Chapter S4). Reported relative
uncertainties for compounds containing miscellaneous (Misc.) elements u(C;,’,m(l/

cr), Hurst el. composition) for liquids and solids are, respectively, 15 and 12.7 percent.

The estimated molar heat capacity can be inserted in equations S3 and S4 and resulting
uncertainty equation S7 must be updated to be:

u(A;q/”Cg,m) = u(C;,’,m(l/cr),Hurst el. composition) (s9)
+ u(Af’/CTC;,’,m, Chickos correl.equation)

This approach was applied for estimation of molar heat capacities at constant pressure for
DEMP 1, TEP 2 and Malathion 3. Here an example of application for DEMP 1 is provided. For
molar heat capacities and corresponding uncertainties refer to Table S2.

1
2

15] mol—lK—l)2

1
8 ol KT | = (0.023 + 0.037)2 = 0.244

u(A7CQ,, X AT) = {(0.15)2 + (

= 24.4%

A(A7CQ X AT) = 0.244 x 78 ] mol 'K ™1 X 6.62 K = 0.126 k] mol™*

S4. Calculation of molar heat capacities for compounds containing

phosphorus

Molar heat capacities for compounds DEMP 1, TEP 2 and Malathion 3 were calculated
according to the empirical increment approach by Hurst et al. [10], with respect to their
phosphorus content. For liquid compounds, investigated in this work the molar heat capacity
calculation relies on the correlation:

n

Com(D) = (Z C; X Ni> + 26.19 X Nyisc (S1)
i=1

Here C;,m(l): molar heat capacity for liquid [J mol™® K] at 298.15 K; C;: constant associated

with element i; N;: number of elements i; N,;s.: humber of elements, not associated with
specific constant; n: number of elements in the compound, which have designated constants.

The chemical formula of compound DEMP 1 is CsH13O3P. C; constants for individual elements
include Cy = 9.20 J mol* K%, ¢, = 13.08 J mol* K, ¢, = 16.00 J mol* K. Phosphorus
does not have a specific constant and belongs to Misc. category.

Resulting molar heat capacity for DEMP 1 at 298.15 K:

C;,,m(l) =9.20 X 13+ 13.08 X 5+ 16.00 X 3 + 26.19 x 1 = 259.19 J mol* K,



The standard deviation for molar heat capacities of organic liquids containing Misc.
components reported to be 15 %. This uncertainty was included into calculation of uncertainty
of enthalpies of phase transition for DEMP 1, TEP 2 and malathion 3.

S5. Vapor pressure deviation plots for compounds DEMP 1, TEP 2,
malathion 3 and MS 4

Experimental results obtained in this work and available literature vapor pressures for DEMP
1, TEP 2, malathion 3, MS 4, and their deviations from the fitting equations, derived in this
work (Tables 3, 5, 7, 9) are plotted in Figures S9, S10, S11, S12.
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Fig. S9. Experimental vapor pressure deviations from the derived fitting equation for DEMP 1 in Table 3. Here
— from Butrow et al. [11], ¢ — from Kosolapoff [12], x - this work.
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Fig. S10. Experimental vapor pressure deviations from the derived fitting equation for TEP 2 in Table 5. Herc @
— from Brozena et al. [13], ® — from Cavalier [14], + — from Evans et al. [15], x - this work.
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Fig. S11. Experimental vapor pressure deviations from the derived fitting equation for malathion 3 in Table 7.
Here + — from single temperature results of [16; 17; 18], x - this work. The results from Stephenson et al. [19],



Schrader [20], Hinckley et al. [21], Woolford [21] and Perkow [22] are not depicted since the results differ
significantly from our fitting equation.

S - =z 3 = =
70 S = = 2 =
— lav) 0
v " 7 7 ¢ E
60 °
o 0
°
50 Y
Y
40 o L)
=X o o™
~—=30 oo
o °
C'; o oo
20 t
~ .‘ v
o °
S 10
°F IS *X>’<><>’<X ol
X
-10 S cv ® & >
a N 8
S : S S \@ QF
-20 ! ! I . ! Y ! 4
225 275 325 375 425 475 525
T/K

Fig. S12. Experimental vapor pressure deviations from the derived fitting equation for MS 4 in Table 9. Here ¢
— from Tevault et al. [23], ¢ — from Matthews et al. [24], ® — Ramsay et al. [25], x - this work.

S6. Reference materials

Transpiration experimental setup with VO-GC/MS was previously validated by vapor pressure
measurements of reference materials in our work group [26]. In order to validate the
experimental setup in connection with HPLC-DAD, measurements of several medium-
volatility reference materials, including naphthalene and anthracene, were executed and
compared with reliable results, available in the literature. Furthermore, two low-volatility

compounds, perylene and 9,9’-bifluorenyl were investigated as well. Their results are presented
in the following section.

<
COCCO H8

Naphthalene Anthracene Perylene 9,9'-Bifluorenyl

Fig. S13. Chemical structures of reference compounds under investigation.



Table S1. Origin and purity of the compounds investigated.

Substance CAS# Producer Product-# Purity  Final purity (U(Pan))®
Naphthalene 91-20-3 Bayer LLB LEV-C709 ,pure” 0.993 (+£0.003)
Anthracene 120-12-7  Acros Organics 104861000 0.99? 0.992 (+£0.005)

Perylene 198-55-0  Sigma-Aldrich 394475 >0.995% 0.992 (+0.003)
9,9’-Bifluorenyl  1530-12-7 abcr GmbH AB 331655 0.982 0.997 (x0.002)

a Mass fraction purity as stated by manufacturer. ® Mass fraction purity was determined by the *H-gNMR technique.
Expanded uncertainties are reported with a confidence level of 0.95 (k = 2), further detailed in section S1.

6.1 Molar heat capacities

Molar heat capacities for reference compounds were obtained from the literature or derived by
procedure described in works of Chickos et al. [8; 9] (Table S2). Values of molar heat capacities
of condensed phase (at 298.15 K) for naphthalene and anthracene were provided in the studies
by McCullough et al. [27] and Radomska et al. [28]. Remaining heat capacities for perylene
and 9,9’-bifluorenyl were obtained from the works of Wong et al. [29] and Rakus et al. [30].
The ideal-gas heat capacity for naphthalene was obtained from Thermodynamics Research
Center [31], values for anthracene and perylene were available from the work of Dorofeeva et
al. [32]. No values for ideal-gas molar heat capacities of 9,9’- bifluorenyl were available at the
time of publication.



Table S2. Molar heat capacities and their differences at 298.15 K.

Compound Cpm(cr)? Cpm(cr) Cpm(9)° —A? Cpm® —A? Cpm®
Calc. Exp.
Jmolt K? Jmolt K? Jmolt K? Jmolt K? Jmolt K?
1 2 3 4 5
Naphthalene 157.0 24.3 32.81°%f
165.74£2.5 [27; 28] 133.0 [31] 25.6 32.7
Anthracene 209.0 32.1
2117425 [28]  184.7+1.0 [32] 325 27.0¢
Perylene 277.4 42.4
274.9+0.3 [29] 255.4 £2.5 [32] 42.0 19.5¢
9,9’-Bifluorenyl 371.4 56.5
425.8 [30] na 64.6° n-a.

2 Derived from the molecular increments procedure described by Chickos et al. [8; 9] P Literature values on ideal-
gas heat capacities. ¢ Calculated by —AfrC,‘;‘m =0.75 + C;_m(cr) x 0.15. [9] ¢ Differences of adiabatic heat
capacity of condensed phase (Column 2) and reported ideal-gas heat capacity (Column 3). ¢ Values were used for
further processing. f Value obtained from the work of Rizicka et al.[33]. n.a.: not available.

The value of —A?C,, for naphthalene was obtained from a set of recommended
thermodynamical values, derived in study of Riuzicka et al. [33].

6.2 Naphthalene

Table S3. Naphthalene: absolute vapor pressures p,,; and thermodynamic properties of sublimation obtained by
the transpiration method in this work.

Naphthalene: AS.H,, (298.15 K) = 72.1 + 0.9 kJ mol*

In o /p® = 294.5 B 81916.0 B 32.8 In T
R RT R 298.15K
Texp® P Vnz2° Tamp®  Gasflow Psat’ Upsae) " ASH, A&Sm
[K] [mg] [dm?] [K] [dm3hY] [Pa] [Pa] [kImol?] [Jmol! K™Y
293.3 0.30 0.98 296.4 2.80 6.68 0.32 72.29 166.6
293.3 0.13 0.45 296.3 0.89 6.64 0.32 72.29 166.5
293.3 0.19 0.61 295.7 0.89 6.87 0.33 72.29 166.8
298.2 0.57 1.16 296.4 2.79 10.3 05 72.13 165.5
303.2 0.54 0.62 296.3 1.87 17.6 0.8 71.97 165.5
308.1 0.70 0.49 296.4 1.84 28.2 1.3 71.81 165.1
313.1 1.83 0.83 296.4 2.77 43.1 2.1 71.64 164.4
318.0 0.73 0.22 296.4 0.88 64.5 3.1 71.48 163.7
318.0 0.75 0.22 296.4 0.88 66.4 3.2 71.48 163.9



3181 2.30 0.69 296.2 2.75 65.0 3.1 71.48 163.7

3181 0.73 0.22 296.4 0.89 64.2 3.1 71.48 163.6
323.0 3.57 0.69 296.4 2.76 101 5 71.32 163.4
328.0 4.02 0.52 296.7 1.84 149 7 71.15 162.9
3329 5.25 0.46 296.0 1.84 220 11 70.99 162.4
3379 4.53 0.26 296.4 0.88 331 16 70.83 162.1
3429 6.54 0.28 296.5 0.88 452 22 70.67 161.2
3429 5.28 0.22 296.4 0.86 471 22 70.67 161.5
343.1 5.26 0.22 296.5 0.87 464 22 70.66 161.2
3478 7.53 0.22 296.3 0.87 668 32 70.50 161.1

a Saturation temperature (u(T) = 0.1 K). ® Mass of transferred sample condensed at 243 K. ¢ Volume of nitrogen
(u(V) = 0.005 dm?®) used to transfer m (u(m)/m = 1.5 %) of the sample. ¢ Tamp is the temperature of the soap film
flowmeter used for measurement of the gas flow. ¢ Vapor pressure at temperature T, calculated from the m and the
residual vapor pressure at the condensation temperature calculated by an iteration procedure; p° = 1 Pa. f Relative
expanded uncertainty with confidence level 0.95 (k=2) for p was calculated to be U(p)/p = 4.77%.

The uncertainties for T, V and m are standard uncertainties. Uncertainty of the enthalpy of sublimation is the
expanded uncertainty with a confidence level of 0.95 (k =2), calculated including uncertainties of vapor pressure,
uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15 K. Detailed
information on the methods of calculations was published previously [5; 34].
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Fig. S14. Experimental vapor pressure of naphthalene in comparison with literature values. Here ¢ — from Althoff
et al. [26], ® — from RuZicka et al. [33] recommended values, + — from RiiZicka et al. [33] experimental values,
A — from Ambrose et al. [35], o — from Monte et al. [36], x and solid line — from this work.
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Fig. S15. Experimental vapor pressure deviations from the derived fitting equation for naphthalene in Table S3.
Here ¢ — from Althoff et al. [26], ¢ — from RuiZicka et al. [33] recommended values, + — from RiiZicka et al.
[33] experimental values, A — from Ambrose et al. [35],* — from Monte et al. [36], x - this work.

Table S4. Compilation of data on enthalpies of sublimation A%,H,, of naphthalene.

Experiment? Method® T-Range  Tavg ALHm(Tavg) ALHp(298.15K)° Py

K K kJ mol* kJ mol*
Althoff et al. 2017 [26] T 278.4 —333.0 300.3 72.7 72.8+£0.7 10.9
Monte et al. 2006 [36] S 267.2 —273.2 270.2 74.6 73.6x£4.9 11.5
Ruzicka et al. 2005 a [33] S 258.5-313.5 279.8 73.4 72.9£0.7 11.0
Rizickaetal. 2005b[33] S  150.0-353.4 2403 744 [72.1:0.6]  [10.9]
Ambrose et al. 1975 [35] S 263.6 — 343.1 303.6 72.2 72.3£0.6 11.2
This Work 2019 T 293.3-347.8 318.6 71.5 72.1£0.9 10.8
72.6x0.4¢ 11.1°

Values in brackets were not used in further analysis. ? First author and year of publication. ® Methods: T =
transpiration, S = static method. ¢ Enthalpies of sublimation were adjusted with value of AfrC{,_m, stated in Table
S2. No uncertainty for —Afrq;_m, reported in the work of Ruzicka et al. [33] was provided, therefore, it was not
included into calculation of final uncertainty of enthalpy of sublimation. Uncertainty for enthalpy of sublimation
is expressed as expanded uncertainty with confidence level of 0.95 (k = 2). ¢ Vapor pressure at 298.15 K. ¢ Weighted
average value, calculated using uncertainty as the weighing factor. ¥ Average value. a — experimental, b —
recommended.

In this work, vapor pressures of naphthalene were measured with the transpiration method in
the temperature range of 293.3 — 347.8 K. As well as in the work, performed previously in our
group [26], results of this study are compared with three vapor pressure datasets, achieved with
static method by Monte et al. [36], Ruzicka et al. [33] and Ambrose et al. [35]. Rizicka et al.



[33] compiled a recommended p-T-dataset for naphthalene by correlating multiple literature
data in accordance to their properties and related thermal data. All p-T-data under discussion is
depicted in a Clausius-Clapeyron plot in Figure S14, which illustrates an excellent agreement
of the results achieved in this work with other literature datasets. Deviation of experimental
literature values from p-T-equation derived from p-T-data obtained in this work (Table S3) is
illustrated in Figure S15.

Enthalpies of sublimation at 298.15 K of naphthalene derived from literature results and this
work are compiled in Table S3. The value determined in this study (72.1 + 0.9 kJ mol™?) is in
agreement with the measurements by Monte et al. [36], Ambrose et al. [35], Althoff et al. [26]
and the recommended data by Rizicka et al. [33]. In addition to the recommended p-T-data,
Ruzicka et al. [33] provides own experimental data and extrapolates vapor pressure value at
298.15 K (11.0 Pa). This value match closely to the results of this work. Work of Althoff et al.
[26] provides an uncertainty-weighted average value for enthalpy of sublimation at 298.15 K
(72.8 + 0.2 kJ mol™?), calculated based on the literature data mentioned above and it agrees with
the enthalpy of sublimation at 298.15 K, derived in this work (72.1 + 0.9 kJ mol™). With the
results of this study included, a new uncertainty-weighted value of enthalpy of sublimation at
298.15 K was calculated (72.6 + 0.4 kJ mol™).

6.3 Anthracene

Table S5. Anthracene: absolute vapor pressures pg,; and thermodynamic properties of sublimation obtained by
the transpiration method in this work.

Anthracene: A%.H,,(298.15 K) = 100.1 + 1.3 kJ mol*

I o 3049 108148.1 27.0l T

N Psa/P” = —p RT R_'298.15K

Texpa mb VNZC Tambd GanIOW psate U(psat)f A%rH:n A%rs;

[K] [mg] [dm?3] [K] [dm3 h?] [Pa] [mPa] [kJmol?] [JmoltK?

323.0 0.14 85.8 296.3 3.62 0.022 0.9 99.43 180.3
323.0 0.12 76.2 296.3 453 0.021 0.9 99.43 180.0
323.0 0.04 26.7 297.6 4.01 0.021 0.9 99.43 180.1
328.0 0.20 79.2 300.5 4.92 0.036 2 99.29 179.4
333.1 0.35 75.8 298.6 458 0.065 3 99.16 179.3
338.0 0.24 32.2 298.6 458 0.103 4 99.02 178.3
343.0 0.25 19.2 2995 459 0.180 8 98.89 178.3
347.8 0.13 6.02 296.6 4.82 0.308 13 98.76 178.4
347.8 0.13 6.03 296.5 4.82 0.298 13 98.76 178.1
347.9 0.13 6.05 300.1 484 0.306 13 98.75 178.3
348.0 0.26 11.9 298.1 451 0.300 13 98.75 178.1
353.0 0.26 7.09 297.2 4.48 0.499 21 98.62 177.9

357.9 0.25 4.59 297.3 4.59 0.768 32 98.48 177.2



362.9 0.23 2.75 299.3 4.46 1.170 49 98.35 176.6

367.9 0.20 1.52 297.1 4.56 1.810 76 98.22 176.2
372.7 0.25 1.20 301.0 4.78 2.984 126 98.08 176.5
372.8 0.24 1.13 296.9 4.54 2.899 122 98.08 176.2

aSaturation temperature (u(T) = 0.1 K). ® Mass of transferred sample condensed at 243 K. ¢ Volume of nitrogen
(u(V) = 0.005 dm?) used to transfer m (u(m)/m = 1.5 %) of the sample. ¢ T.my is the temperature of the soap film
flowmeter used for measurement of the gas flow. ¢ Vapor pressure at temperature T, calculated from the m and the
residual vapor pressure at the condensation temperature calculated by an iteration procedure; p° = 1 Pa. f Relative
expanded uncertainty with confidence level 0.95 (k=2) for p was calculated to be U(p)/p = 4.22%.

The uncertainties for T, V and m are standard uncertainties. Uncertainty of the enthalpy of sublimation is the
expanded uncertainty with a confidence level of 0.95 (k = 2), calculated including uncertainties of vapor pressure,
uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15 K. Detailed
information on the methods of calculations was published previously [5; 34].
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Fig. S16. Experimental vapor pressure of anthracene in comparison with literature values data: x — from Siddiqi
et al. [37], 0 — from Santos et al. [38],+ — from Althoff et al.[26], ¢ — from Goldfarb et al. [39], = — from Bender
et al. [40], A — from Chen et al. [41], A — from Ribeiro da Silva et al. [42], e — from Oja et al. [43], e — from
Hansen et al. [44], o — from Macknick et al. [45], o — from De Kruiff [46], m — from Malaspina et al. [47] and ¢
and solid line — from this work.
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Fig. S17. Experimental vapor pressure of anthracene. Comparison of own experimental results with the literature

data: x — from Siddiqi et al. [37], ¢ — from Santos et al. [38],+ — from Althoff et al.[26] and ¢ and solid line — from
this work.
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Fig. S18. Experimental vapor pressure deviations from the fitting equation for anthracene in Table S5. Here x —
from Siddiqi et al. [37], ¢ — from Santos et al. [38],+ — from Althoff et al.[26], x - this work.

Table S6. Compilation of data on enthalpies of sublimation A%,H,, of anthracene.



Experiment? Method® T-Range  Tavg ASHm(Tavg) ALH,,(298.15K)° Dsar’

K K kJ mol? kJ mol? mPa

Althoff et al. 2017 [26] T 323.2-372.8 346.4 99.9 101.2+41.1 0.94
Santos et al. 2011 [38] K 323.3-375.4 350.8 100.5 101.9+1.2 0.90
Siddiqi et al. 2009 [37] K 339.3-398.6 379.4 96.1 98.1+2.9¢ 1.01¢
This Work 2019 T 323.0-372.8 345.7 98.8 100.1+1.3 0.96

101.00.7f 0.95¢
a Author and year of publication. " Methods: T = transpiration, K = Knudsen-effusion. ¢ Enthalpies of sublimation
were adjusted with value of AZ.C, ,,, stated in Table S2. Uncertainties for enthalpies of sublimation are expressed
as expanded uncertainty with confidence level of 0.95 (k = 2). 9 Vapor pressure at 298.15 K. ¢ For data analysis the
apparently erroneous data points (psq¢/Texp): 1.18 Pa / 369.85 K and 0.577 Pa / 383.95 K were disregarded. '

Weighted average value, calculated using uncertainty as the weighing factor. ¢ Average value.
In this work, anthracene vapor pressures were measured with the transpiration method in the

temperature range of 323.0 — 372.8 K. The complete experimental p-T-dataset is compiled in
the Table S5. From these results a vapor pressure value at 298.15 K was extrapolated (0.96
mPa) and the enthalpy of sublimation at 298.15 K was calculated to be 100.1+1.3 kJ mol™,

In the literature, two recent reviews on the thermodynamical sublimation properties of
anthracene exist. The work of Roux et al. [48] evaluates over 20 literature sources on enthalpies
of sublimation of anthracene, available at the time. The study addresses the problem that most
of literature sources have no sufficient information on the purity of the compound. Moreover,
some of the datasets show excessive measurement errors. For these reasons, the results should
be used with an utmost caution. From selected set of literature sources the author determined a
recommended value of enthalpy of sublimation for anthracene (101.9+1.3 kJ mol™). This value
agrees with the value, derived in this work (100.1+1.3 kJ mol?) within the range of
uncertainties.

The work of Althoff et al. [26], which was previously performed in our group, presents new
experimental values and a compilation of data from multiple literature sources [39; 40; 41; 42;
43; 44; 45; 46; 49], including the most recent ones (by Santos et al. [38] and Siddiqi et al. [37]).
The study by Althoff et al. [26] compares own experimental results with literature values and
concludes that recommended values of enthalpy of sublimation and vapor pressure (at 298.15
K) for anthracene should be respectively, 100.9+0.3 kJ mol* and 0.95 mPa. The value of
enthalpy of sublimation determined in the study by Althoff et al. [26] (101.2+1.1 kJ mol™?)
agrees with the results, achieved in this work (100.1+1.3 kJ mol™).

After careful review of the literature sources, the studies of Althoff et al. [26] and Roux et al.
[48], a set of literature data [37; 38; 39; 40; 41; 42; 43; 44; 45; 46; 47] were selected to be
valuable sources of experimental vapor pressure data. Graphic representation of selected
literature p-T-data together with own experimental values is shown in Figure S16. Figure S17
presents the results of selected recent literature datasets by Althoff et al. [26], Sidiqqi et al. [37],
Santos et al. [38] and this work and illustrates a good agreement. Corresponding
thermodynamic properties are compiled in Table S6. Deviation of experimental literature values
from p-T-equation derived from p-T-data obtained in this work (Table S5) is illustrated in
Figure S18.



6.4 Perylene

Table S7. Perylene: absolute vapor pressures p,,: and thermodynamic properties of sublimation obtained by the
transpiration method in this work.

Perylene: A%.H,,(298.15 K) = 128.8 + 2.0 k] mol*

| 0 308.5 134654.1 19.5 T

nPw/P” = —q RT R_"298.15K

Texpa mb VNZC Tambd GaSﬂOW psate U(psat) f A(%rH:n Agrsron
[K] [ua] [dm?3] [K] [dm3h?]  [mPa] [mPa] [kJmol?] [Jmol! K1

372.7 4.62 44.2 297.4 2.54 1.02 0.07 127.39 188.8
372.7 5.75 54.9 296.7 3.01 1.02 0.07 127.39 188.8
372.7 7.16 70.3 297.0 4.11 1.00 0.07 127.39 188.6
377.7 4.89 26.2 297.2 5.12 1.83 0.13 127.29 188.9
377.7 16.7 92.2 296.9 5.13 1.77 0.12 127.29 188.6
382.6 5.67 17.6 296.8 5.06 3.15 0.22 127.19 188.8
382.7 26.7 88.9 297.0 5.11 2.94 0.20 127.19 188.2
387.6 4.53 8.94 297.0 3.01 4.97 0.34 127.10 188.0
387.6 7.39 15.3 296.8 5.11 4.71 0.33 127.10 187.6
387.7 9.48 18.8 297.2 5.11 4.95 0.34 127.09 188.0
392.6 1.77 2.10 295.6 5.05 8.17 0.56 127.00 187.8
392.6 1.10 1.26 295.7 5.05 8.46 0.58 127.00 188.1
392.6 0.88 1.02 296.6 4.08 8.43 0.58 127.00 188.1
392.6 16.2 195 296.9 5.13 8.12 0.56 127.00 187.7
392.6 12.8 150 297.3 5.07 8.34 0.58 127.00 187.9

397.6 8.34 6.15 297.3 4.10 13.3 0.9 126.90 187.5
397.6 6.54 4.66 296.6 2.02 13.7 0.9 126.90 187.8
397.6 9.11 6.84 296.8 5.07 13.0 0.9 126.90 187.4
402.5 8.68 3.85 296.7 4.82 22.0 1.5 126.80 187.6
402.6 3.98 1.76 297.0 3.01 22.2 1.5 126.80 187.6
402.6 8.33 3.72 297.4 4.96 22.0 1.5 126.80 187.5
402.6 15.7 7.00 297.1 4.94 22.0 1.5 126.80 187.5
407.6 4.16 1.15 297.2 3.01 35.3 2.4 126.71 187.4
407.6 15.6 454 297.2 4.96 33.6 2.3 126.71 187.0
412.5 15.7 2.88 297.1 4.94 53.2 3.7 126.61 186.8

4175 6.50 0.75 297.0 3.02 84.3 5.8 126.51 186.7



4175 15.7 1.81 296.9 4.94 84.8 59 126.51 186.8

422.5 21.8 1.72 297.4 5.13 124 9 126.42 186.2
422.5 17.9 1.35 297.4 4.04 130 9 126.42 186.5
422.6 16.0 1.25 297.5 3.01 125 9 126.41 186.1

aSaturation temperature (u(T) = 0.1 K). ® Mass of transferred sample condensed at T = 243 K. ¢ VVolume of nitrogen
(u(V) = 0.005 dm?) used to transfer m (u(m)/m = 1.5 %) of the sample. ¢ T.my is the temperature of the soap film
flowmeter used for measurement of the gas flow. ¢ Vapor pressure at temperature T, calculated from the m and the
residual vapor pressure at the condensation temperature calculated by an iteration procedure; p° = 1 Pa. f Relative
expanded uncertainty with confidence level 0.95 (k=2) for p was calculated to be U(p)/p = 6.89 %.

The uncertainties for T, V and m are standard uncertainties. Uncertainty of the enthalpy of sublimation is the
expanded uncertainty with a confidence level of 0.95 (k = 2), calculated including uncertainties of vapor pressure,
uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15 K. Detailed
information on the methods of calculations was published previously [5; 34].
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Fig. S19. Experimental vapor pressure of perylene in comparison with literature values. Here o — from Goldfarb
et al. [39], A — from Oja et al. [43], dotted line — from Gigli et al. [50], dashed line — from Hoyer et al. [51], o -
from Inokuchi et al. [52] and x and solid line — from this work.



150

z 20 o W2 2
[} O @ O
Z 83 ®O G B -
100 | s ° oo
50 |
E."—E
= X i
CI3_—0 xRk %AXAﬁéAxAX X
s
8—50 -
=
100 | & N
s 5 & <
S S $ "
_150 I ! I I I
360 380 400 420 440 460
T/K

Fig. S20. Experimental vapor pressure deviations from the fitting equation for perylene in Table S7. Here: o —
from Goldfarb et al. [39], A — from Oja et al. [43], x - this work. The results of Inokuchi et al. [52], Gigli et al.
[50] and Hoyer et al. [51] were not included since only a fitting equation was provided.

Table S8. Compilation of data on enthalpies of sublimation A%, H,, of perylene.

Experiment® Method® T-Range  Tavg AsHm(Tavg) A%H,,(298.15K)° DPsac’

K K kJ mol? kJ mol* nPa

Goldfarb et al. 2008 [39] K 390.0 -432.4 406.2 126.2 128.3+3.6 76.6
Chikos et al. 2002 [53]  HSA 298.2 - - [138.16.2] -

Oja et al. 1998 [43] K 397.3-415.0 405.3 132.6 134.7+6.6 16.2

Nass et al. 1995 [54] T  313.2-4532 - - [123.2] [554]

Giglietal. 1973[50] K,O 443.0-518.0 479.4  137.8 [141.4] [4.6]

Hoyeretal. 1958 [51] K,O 383.2-4532 417.0  139.0 [141.3] [4.6]

Inokuchi et al.1952 [52] K, O - 415.2 129.6 [131.9] [512]

This Work 2019 T 372.7—-422.6 396.0 127.0 128.8+2.0 33.2

129.1+1.7¢ 42.0f
Values in brackets were not used in further analysis. 2 Author and year of publication. ® Methods: T = transpiration,
K = Knudsen-effusion, HSA = headspace analysis, O = equation only. ¢ Enthalpies of sublimation were adjusted
with value of Afrcg_m, stated in Table S2. Uncertainties are expressed as expanded uncertainty with confidence

level of 0.95 (k = 2). ¢ Vapor pressure at 298.15 K. ¢ Weighted average value, calculated using uncertainty as the
weighing factor. T Average value.

In this work perylene vapor pressures were measured with transpiration method in a
temperature range of 372.7 — 422.6 K. The complete experimental p-T-dataset is compiled in
Table S7. From these results a vapor pressure value at 298.15 K was extrapolated (33.2 nPa)
and the enthalpy of sublimation at 298.15 K was determined to be 128.8+2.0 kJ mol™.




In the literature there are several p-T-datasets available. The compilation of literature and own
p-T data is presented in Table S8. The literature includes 5 vapor pressure measurements with
Knudsen-effusion method by Goldfarb et al. [39], Oja et al. [43], Gigli et al. [50], Inokuchi et
al. [52] and Hoyer et al. [51] and one transpiration experiment by Nass et al. [54]. Literature
and own experimental p-T datasets are represented in Figure S19. Deviation of experimental
literature values from p-T-equation derived from p-T-data obtained in this work (Table S7) is
illustrated in Figure S20. These graphs illustrate great inconsistencies among the literature data.
The derived values of enthalpies of sublimation at 298.15 K cover a range from 128.3+3.6 kJ
mol™* by Goldfarb et al. [39] to 141.4 kJ mol™* by Gigli et al. [50].

In year 2008 Roux et al. [48] reviewed literature data on the enthalpies of sublimation of
perylene. The authors determined a recommended value for perylene (135.9+2.6 kJ mol™?) from
studies by Oja et al. [43] and Inokuchi et al. [52]. However, work of Inokuchi et al. [52] lacks
information on the purity and no temperature range for given p-T equation is given.

Few other literature sources also face fundamental shortcomes. Nass et al. [54] presents an
extrapolated vapor pressure value at 298.15 K from the measurement in the temperature range
of 313.2 - 453.2 K. However, there is no information on the absolute vapor pressures values.
For these reasons, results by Inokuchi et al. [52] and Nass et al. [54] were not included in further
analysis.

As Figure S19 illustrates, vapor pressures from the works of Hoyer et al. [51], Gigli et al. [50],
Ojacetal. [43], Goldfarb et al. [39] are relatively close to each other. Results by Gigli et al. [50]
and Hoyer et al. [51] create an extensive dataset of vapor pressures over a wide range of
temperatures with similar results. However, the study by Hoyer et al. [51] gives no purity
information and discloses only the fitting equation. The work by Gigli et al. [50] has the same
problem as there are also no absolute p-T values reported.

Vapor pressure results from the work of were extrapolated to 298.15 K and the resulting value
(76.6 Pa) is significantly higher than the value derived from this work (33.2 nPa). However, the
value of enthalpy of sublimation at 298.15 K (128.3+3.6 kJ mol™) in the work of Goldfarb et
al. [39] closely matches the result, achieved in this work (128.8+2.0 kJ molt). Vapor pressures
measured by Oja et al. [43] in the temperature range of 397.3 — 415.0 K show relatively similar
results as the vapor pressures, measured in this work in the same temperature range (see Figure
S19). The calculated enthalpy of sublimation at 298.15 K (134.7+6.6 kJ mol?) agrees with the
value derived in this work within the expanded uncertainties.

The work of Chickos et al. [53] provides another value of enthalpy of sublimation at 298.15 K
(138.1+6.2 kJ molt), which was derived from headspace analysis. This work does not provide
absolute vapor pressures, therefore, it was excluded from calculation of average values.

Uncertainty-weighted average of the enthalpy of sublimation of perylene at 298.15 K is
129.1+1.7 kJ mol and arithmetic average of vapor pressures extrapolated at 298.15 K is 42.0
nPa.

6.5 9,9’-Bifluorenyl

Table S9. 9,9°-Bifluorenyl: absolute vapor pressures pg,; and thermodynamic properties of sublimation obtained
by the transpiration method in this work.



9,9°-Bifluorenyl: A%.H,,(298.15 K) = 139.5 + 3.0 kJ mol™*
384.5 158777.8 64.6 T

| 0=

N Psat/P R RT R_"298.15K

TeXPa mb VN2C TambCI Gasflow psate U(psat) f A(%rH:n Agrs:n
[K] [mg] [dm?] K] [dm3h?]  [mPa] [mPa] [kImol?] [J mol? K]

372.2 8.89 59.3 296.7 3.19 1.12 0.08 134.73 209.8
372.2 14.1 89.2 297.4 4.84 1.18 0.08 134.72 210.2
372.3 12.2 82.1 297.2 4.79 111 0.08 134.72 209.6
377.3 22.6 83.8 296.8 4.78 2.01 0.14 134.40 208.9
382.2 10.4 21.6 296.8 4.80 3.60 0.25 134.08 208.4
387.2 11.2 14.2 296.8 4.71 5.88 0.40 133.76 207.0
392.2 21.2 16.4 297.0 4.70 9.68 0.66 133.43 205.9

397.1 21.5 9.22 297.1 2.07 17.4 1.2 133.12 205.9
397.2 30.2 12.8 297.3 3.02 17.6 1.2 133.11 205.9
397.2 23.7 10.1 296.9 4.68 17.5 1.2 133.11 205.8
402.1 51.0 135 297.2 4.69 28.3 1.9 132.79 204.9
407.1 23.7 3.89 296.9 4.67 45.5 3.1 132.47 204.0
407.2 24.8 3.99 297.1 4.60 46.5 3.2 132.47 204.1
412.1 23.5 2.32 297.2 4.64 75.8 5.2 132.15 203.5
417.1 18.0 1.15 297.0 4.62 117 8 131.83 202.5
422.1 18.3 0.73 297.0 2.94 187 13 131.50 201.9
422.1 27.0 1.16 297.0 4.62 175 12 131.50 201.3

aSaturation temperature (u(T) = 0.1 K). ® Mass of transferred sample condensed at T = 243 K. ¢ VVolume of nitrogen
(u(V) = 0.005 dm®) used to transfer m(u(m)/m = 1.5 %) of the sample. ¢ T.mp is the temperature of the soap film
flowmeter used for measurement of the gas flow. ¢ Vapor pressure at temperature T, calculated from the m and the
residual vapor pressure at the condensation temperature calculated by an iteration procedure; p° = 1 Pa. f Relative
expanded uncertainty with confidence level 0.95 (k=2) for p was calculated to be U(p)/p = 6.87%.

The uncertainties for T, V and m are standard uncertainties. Uncertainty of the enthalpy of sublimation is the
expanded uncertainty with a confidence level of 0.95 (k = 2), calculated including uncertainties of vapor pressure,
uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15 K. Detailed
information on the methods of calculations was published previously [5; 34].
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Fig. S21. Experimental vapor pressure of 9,9’-bifluorenyl. Comparison of own experimental results with the
literature data: e — from Rakus et al. [30], x and solid line — from this work.
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Fig. S22. Experimental vapor pressure deviations from the fitting equation for 9,9’-bifluorenyl in Table S9. Here:
e — from Rakus et al. [30], x - this work.



Table S10. Compilation of data on enthalpies of sublimation AS.H,, of 9,9’-bifluorenyl.

Experiment? Method® T-Range  Tavg A&Hm(Tavg) ALH,,(298.15K)° DPsat’

K K kJ mol? kJ mol? nPa

Rakus et al. 2008 [30] T  383.1-4082 3954 1319 138.2+4.5 233
This Work 2019 T 3722-4221 3956 1336 139.5+4.7 18.5

138.8+3.3¢ 20.9f
a Author and year of publication. ® Methods: T = transpiration. ¢ Enthalpies of sublimation were adjusted according
to Chickos et al. [9] with AZ.C,,,, and C, ,(cr), stated in Table S2. Uncertainties are expressed as expanded
uncertainty with confidence level of 0.95 (k = 2). 9 Vapor pressure at 298.15 K. ¢ Weighted average value,
calculated using uncertainty as the weighing factor. f Average value.

In this study vapor pressures of 9,9’-bifluorenyl were measured with the transpiration method
in the temperature range of 372.2 — 422.1 K. From the results a value of enthalpy of sublimation
at 298.15 K was derived to be 139.5+4.7 k] mol™. The complete set of measured p-T data and
resulting Clausius-Clapeyron equation for vapor pressures of 9,9’-bifuorenyl are presented in
Table S9 and illustrated together with other literature p-T values in Figure S21.

There is only one literature source available for comparison. In the study of Rakus et al. [30],
vapor pressures were also measured by transpiration method. The results of own and literature
data are compiled in Table S10. In the work of Rakus et al. [30], the derived enthalpy of
sublimation at 298.15 K (138.2+4.5 kJ mol™?) matches the results, obtained in this work
(139.5+4.7 kJ mol™) within the interval of uncertainties. The extrapolated vapor pressures at
298.15 K in the work of Rakus et al. [30] and this study are respectively 23.3 nPa and 18.5 nPa.
Deviation of experimental literature values from the work of Rakus et al. [30] from p-T-
equation derived from p-T-data obtained in this work (Table S9) is illustrated in Figure S22.

From these two datasets, average weighted value of enthalpy of sublimation at 298.15 K
(138.8+3.3 kJ mol™) and arithmetic average of vapor pressure at 298.15 K (20.9 nPa) were
derived.

S7. GC/MS parameters

Compilation of VO-GC/MS parameters used for transpiration experiments

GC/MS Shimadzu QP2010SE® with LabSolution GCMSsolution v4.11
Injector Atas Optic 4 with Evolution Workstation v4.1
Liner 10 mm V2A stainless steel tube, 5 mm wall thickness, equipped with

silanized glass wool (2 mm injection needle penetration into wool)
Restriction 0.05 mm capillary, 10.53 mm length (Restek #10097)
Column connector  SGE Siltite u-Union® (Restek #073562)
Analytical columns Restek RTX-TNT 1® (3 m, 0.53 mm, 1.5 pum)
Oven program DEMP 1: 40 °C (hold 0.10 min) = 150 °C (rate 60 °C min™)

TEP 2: 40 °C (hold 0.10 min) = 80 °C (rate 45 °C min™) = 80 °C
(hold 1 min)



Injector head
pressure

Virtual column

Column flow
Split ratio

Purge flow
Injection volume
lon source

MS interface

MS

Malathion 3: 40 °C (hold 0.10 min) = 240 °C (rate 60 °C min) >
240 °C (hold 0.1 min)

MS 4: 40 °C (hold 0.10 min) = 280 °C (rate 120 °C min™) = 280 °C
(hold 0.5 min)

90 kPa

100 m, 0.25 pm film thickness, 0.20 mm i.d. (entry for
GCMSsolution)

3.92 mL min't

150.0 (entered in LabSolutions GCMSsolution)

10 mL min?

1uL

200 °C

200 °C

SIM mode (event Time 100 ms)

DEMP 1: 0.60 — 1.00 min; m/z: 79.

Naphthalene: 1.00 — 1.90 min; m/z: 128 (standard).
TEP 2: 0.61 — 1.62 min; m/z: 99.

Naphthalene: 1.62 — 1.90 min; m/z: 128 (standard).
Malathion 3: 0.51 — 2.65 min; m/z: 57.
Hexadecane: 2.65 — 3.50 min; m/z: 125 (standard).
MS 4: 0.51 — 1.40 min; m/z: 120.

Anthracene: 1.40 — 2.00 min; m/z: 178 (standard).

m/z: quantification ion.

S8. HPLC/DAD parameters

HPLC

Analytical column
Oven temperature
Program
Naphthalene

Shimadzu Promenence® with LC-20AD pump module and SPD-
M20A Diode Array Detector; software LabSolutions v5.86
Phenomenex Kinetex® (2.6 pm Biphenyl, 100 A, 150 x 4.6 mm)
45°C

Injection volume: 1 pL
Total Flow: 1.00 mL/min
Mobile phase: 75 % MeCN, 25 % Water



Time: 6 min
Channel 1 wavelength: 274 nm (Naphthalene)
Retention time 1: 2.198 min
Channel 2 wavelength: 294 nm (standard, DNAN)
Retention time 2: 1.973 min

Anthracene Injection volume: 1 puL
Total Flow: 1.00 mL/min
Mobile phase: 75 % MeCN, 25 % Water
Time: 6 min
Channel 1 wavelength: 250 nm (Anthracene)
Retention time 1: 2.785 min
Channel 2 wavelength: 294 nm (standard, DNAN)
Retention time 2: 1.973 min

Perylene Injection volume: 10 pL
Total Flow: 1.00 mL/min
Mobile phase: 90 % MeOH, 10 % Chloroform
Time: 6 min
Channel 1 wavelength: 251 nm (Perylene)
Retention time 1: 2.815 min
Channel 2 wavelength: 251 nm (standard, Anthracene)
Retention time 2: 2.149 min

9,9’ — Bifluorenyl Injection volume: 1 pL
Total Flow: 1.00 mL/min
Mobile phase: 90 % MeOH, 10 % Chloroform
Time: 6 min
Channel 1 wavelength: 265 nm (9,9’ Bifluorenyl)
Retention time 1: 2,640 min
Channel 2 wavelength: 251 nm (standard, Anthracene)
Retention time 2: 2.149 min

References

[1] T. Schonberger, Toxichem Krimtech 79 (2012) 81.

[2] M.E. Wieser, N. Holden, T.B. Coplen, J.K. Béhlke, M. Berglund, W.A. Brand, P. De Biévre,
M. Groning, R.D. Loss, J. Meija, Pure Appl. Chem. 85 (2013) 1047-1078.

[3] A. Reichmuth, S. Wunderli, M. Weber, V.R. Meyer, Microchim. Acta 148 (2004) 133-141.

[4] M. Weber, C. Hellriegel, A. Riick, R. Sauermoser, J. Withrich, Accredit. Qual. Assur. 18 (2013)
91-98.

[5] V.N. Emel’yanenko, S.P. Verevkin, J. Chem. Thermodyn. 85 (2015) 111-119.

[6] S.P. Verevkin, A.Y. Sazonova, V.N. Emel’yanenko, D.H. Zaitsau, M.A. Varfolomeev, B.N.
Solomonov, K.V. Zherikova, Journal of Chemical & Engineering Data 60 (2015) 89-103.

[7] J.S. Chickos, S. Hosseini, D.G. Hesse, J.F. Liebman, Structural Chemistry 4 (1993) 271-278.
[8] W. Acree Jr, J.S. Chickos, J. Phys. Chem. Ref. Data 45 (2016) 033101.

[9] W. Acree, J.S. Chickos, J. Phys. Chem. Ref. Data 39 (2010) 043101.

[10]  J.E.Hurst, B. Keith Harrison, Chem. Eng. Commun. 112 (1992) 21-30.

[11] A.B. Butrow, J.H. Buchanan, D.E. Tevault, J. Chem. Eng. Data 54 (2009) 1876-1883.

[12] G. Kosolapoff, J. Chem. Soc. (1955) 2964-2965.



[13] A. Brozena, J.H. Buchanan, R.W. Miles Jr, B.R. Williams, M.S. Hulet, J. Chem. Eng. Data 59
(2014) 2649-26509.

[14] M.J. Cavalier, Ann. Chem. Phys. (1899) 449-576.

[15] D.P. Evans, W.C. Davies, W.J. Jones, J. Chem. Soc. (1930) 1310-1313.

[16] Y.-H. Kim, J.E. Woodrow, J.N. Seiber, J. Chromatogr. A 314 (1984) 37-53.

[17]  W. Guckel, G. Synnatschke, R. Rittig, Pestic. Sci. 4 (1973) 137-147.

[18]  W. Eichler, Handbuch der Insektizidkunde VEB Verlag Volk und Gesundheit, Berlin, 1965.
[19] R.M. Stephenson, S. Malanowski, D. Ambrose, Handbook of the thermodynamics of organic
compounds, Elsevier (1987).

[20]  G. Schrader, Die Entwicklung neuer insektizider Phosphorséure-Ester, Verlag Chemie (1963).
[21] D.A. Hinckley, T.F. Bidleman, W.T. Foreman, J.R. Tuschall, Journal of Chemical and
Engineering Data 35 (1990) 232-237.

[22] W. Perkow, Die Insektizide, Hiithig (1968).

[23] D.E. Tevault, L.C. Buettner, K.L. Crouse, Report: Vapor Pressure of Methyl Salicylate and n-
Hexadecane, Edgewood Chemical Biological Center Aberdeen Proving Ground [US] (2014).

[24] J. Matthews, J. Sumner, E. Moelwyn-Hughes, Trans. Faraday Soc. 46 (1950) 797-803.

[25] W.Ramsay, S. Young, J. Chem. Soc. Trans. 47 (1885) 640-657.

[26] M.A. Althoff, K. Grieger, M.A. Hartel, K.L. Karaghiosoff, T.M. Klapotke, M. Metzulat, J. Phys.
Chem. A 121 (2017) 2603-2609.

[27]  J. McCullough, H. Finke, J. Messerly, S. Todd, T. Kincheloe, G. Waddington, J. Phys. Chem.
61 (1957) 1105-1116.

[28] M. Radomska, R. Radomski, Thermochim. Acta 40 (1980) 405-414.

[29] W.-K. Wong, E.F. Westrum Jr, Mol. Cryst. Liq. Cryst. 61 (1980) 207-228.

[30] K. Rakus, S.P. Verevkin, J. Schatzer, H.-D. Beckhaus, C. Riichardt, Chem. Ber. 127 (1994)
1095-1103.

[31] Thermodynamics Research Center, Selected values of properties of chemical compounds, Texas
A&M University, College Station, Texas (1997).

[32] O.V. Dorofeeva, Thermodynamic Properties of Polycyclic Aromatic Hydrocarbons in the Gas
Phase, Institute for High Temperatures, USSR Academy of Sciences (1988).

[33] K. Razicka, M. Fulem, V. Rizi¢ka, J. Chem. Eng. Data 50 (2005) 1956-1970.

[34] S.P. Verevkin, A.Y. Sazonova, V.N. Emel’yanenko, D.H. Zaitsau, M.A. Varfolomeev, B.N.
Solomonov, K.V. Zherikova, J. Chem. Eng. Data 60 (2014) 89-103.

[35] D. Ambrose, 1.J. Lawrenson, C.H.S. Sprake, J. Chem. Thermodyn. 7 (1975) 1173-1176.

[36] M.J.S. Monte, L.M.N.B.F. Santos, M. Fulem, J.M.S. Fonseca, C.A.D. Sousa, J. Chem. Eng.
Data 51 (2006) 757-766.

[37] M.A. Siddiqgi, R.A. Siddiqui, B. Atakan, J. Chem. Eng. Data 54 (2009) 2795-2802.

[38] L.M.N.B.F. Santos, L.M.S.S. Lima, C.F.R.A.C. Lima, F.D. Magalhdes, M.C. Torres, B.
Schroder, M.A.V. Ribeiro da Silva, J. Chem. Thermodyn. 43 (2011) 834-843.

[39] J.L. Goldfarb, E.M. Suuberg, J. Chem. Eng. Data 53 (2008) 670-676.

[40] R.Bender, V. Bieling, G. Maurer, J. Chem. Thermodyn. 15 (1983) 585-594.

[41] X. Chen, V. Oja, W.G. Chan, M.R. Hajaligol, J. Chem. Eng. Data 51 (2006) 386-391.

[42] M.A.V. Ribeiro da Silva, M.J.S. Monte, L.M.N.B.F. Santos, J. Chem. Thermodyn. 38 (2006)
778-787.

[43] V. Oja, E.M. Suuberg, J. Chem. Eng. Data 43 (1998) 486-492.

[44] P.C. Hansen, C.A. Eckert, J. Chem. Eng. Data 31 (1986) 1-3.

[45] A.B. Macknick, J.M. Prausnitz, J. Chem. Eng. Data 24 (1979) 175-178.

[46] C.G. De Kruif, J. Chem. Thermodyn. 12 (1980) 243-248.

[47] L. Malaspina, R. Gigli, G. Bardi, J. Chem. Phys. 59 (1973) 387-394.

[48] M.V.Roux, M. Temprado, J.S. Chickos, Y. Nagano, J. Phys. Chem. Ref. Data 37 (2008) 1855-
1996.

[49] J.D.Kelley, F.O. Rice, J. Phys.Chem. 68 (1964) 3794-3796.

[50] R.Gigli, M. L, G. Bardi, Ann. Chim. 63 (1973) 627-633.

[51] H. Hoyer, W. Peperle, Z. Elektrochem 62 (1958) 61-66.

[52] H. Inokuchi, S. Shiba, T. Handa, H. Akamatu, Bull. Chem. Soc. Jpn. 25 (1952) 299-302.

[53] J.S. Chickos, P. Webb, G. Nichols, T. Kiyobayashi, P.-C. Cheng, L. Scott, J. Chem. Thermodyn.
34 (2002) 1195-1206.



[54] K. Nass, D. Lenoir, A. Kettrup, Angew. Chem. Int. Ed. 34 (1995) 1735-1736.



5.2.Measurements of RDX and TNX (Article 2)

Article 2: Experimental Vapor Pressures of Hexahydro-1,3,5-trinitrol,3,5-
triazine (RDX) and Hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX)

The results were published in Propellants, Explosives, Pyrotechnics [111] and are open-access.
DOI: doi.org/10.1002/prep.202000098.

Figure 24. Cover picture in the journal Propellants, Explosives, Pyrotechnics (2020): transpiration
method set-up.

99


https://doi.org/10.1002/prep.202000098

100



DOI: 10.1002/prep.202000098

Propellants,
Explosives,
Pyrotechnics

Experimental Vapor Pressures of Hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX) and Hexahydro-1,3,5-trinitroso-1,3,5-

triazine (TNX)
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Abstract: In this work experimental vapor pressures of hex-
ahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and hexahydro-
1,3,5-trinitroso-1,3,5-triazine (TNX) were measured with
transpiration method. Corresponding enthalpies of sub-
limation were determined to be (130.9+2.1) kJmol™' and

(108.1£1.6) kJmol™', respectively. Along with the ex-
perimental data fitting equations are reported and p-T data
extrapolated to 298.15K to be 0.71 pPa for RDX and
823 pPa for TNX.

Keywords: Vapor Pressure - High explosives - Gas-saturation - Enthalpy of sublimation

1 Introduction

With the increase of reported terrorist attacks throughout
last decades, there is a great scientific interest in the de-
tection of potentially hazardous materials [1]. Vapor pres-
sure is a vital parameter when it comes to gas-phase de-
tection of such materials. Extensive efforts have been given
throughout the years to determine vapor pressures of most
common explosives. Two comprehensive reviews on vapor
pressures have been published by Ostmark et al. [2] and Ew-
ing et al. [3]. These reviews emphasize on the need of ex-
perimental vapor pressures over a broad temperature
range, also yielding other thermodynamic properties, such
as enthalpy of sublimation/vaporization. Unfortunately, the
reported vapor pressures of explosives often differ sig-
nificantly. Since the release of these reviews, several studies
have been published by our group with the aim of provid-
ing reliable experimental vapor pressure data on a variety
of explosives [4].

One of the most commonly used high explosives hex-
ahydro-1,3,5-trinitro-1,3,5-triazine  (RDX) has great im-
portance in military use: it is one of the main ingredients in
most commonly used explosive mixture compositions [5]. It
has relatively low sensitivity and high thermal stability. Re-
gardless the wide use of this high explosive, obtaining ex-
perimental vapor pressures of RDX has been hindered by
the fact that RDX possesses a very low vapor pressure. Sev-
eral attempts have been made in the past, however, most
of the results in various literature sources are inconsistent,
as discussed below. For this reason, this work focused on
the determination of reliable experimental vapor pressures
of RDX in a temperature range from 342.4 to 397.1 K.

As a result of wide use of RDX in military applications,
the degradation of the chemical has been studied ex-
tensively. It has been shown that under environmental con-
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ditions nitro groups of RDX tend to transform into nitroso
derivatives or cleave the N-NO, bonds producing labile
products [6]. None of the decomposition products are
known to occur naturally, therefore, the detection of them
can indicate the current or past presence of RDX [7]. One of
the nitroso derivatives hexahydro-1,3,5-trinitroso-1,3,5-tria-
zine (TNX) could be a signature compound when detecting
the presence of RDX in the environment. Moreover, this
compound is known in the amateur chemist scene and in
the past has been used in improvised explosive devices
(IED) [8]. For these reasons, experimental vapor pressures in
a temperature range from 312.6 to 357.1 K are reported in
this work.

2 Experimental Section

2.1 Materials

Caution! RDX and TNX are toxic and should be handled
with caution! Proper protective measures (gloves, safety
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goggles, laboratory coats, etc.) should always be used dur-
ing handling of the compounds.

RDX was synthesized according to the procedure de-
scribed in the thesis of Steeman [9]. TNX was prepared ac-
cording to the procedure described in the work of Rothstein
et al. [10]. The purity of the compounds used in this study
(Figure 1) was tested by EA, 'H-, *C-, N-NMR, and HPLC-
DAD techniques. Purity data are disclosed in the Table 1.
For further details see Supporting Information.

2.2 Transpiration Method

The vapor pressure of the compounds was measured using
the transpiration method, which was described in detail be-
fore [11]. Between 0.5 and 1 g of analyte was used to coat
1 mm diameter glass beads. In the case of RDX, the com-
pound was dissolved in acetone and added to the glass
beads. The resulting suspension was dried in a rotational
evaporator until the solvent is completely evaporated and
then transferred into a thermostatted glass saturator. In
case of TNX, compound was carefully layered with beads di-
rectly into the saturator. A dry nitrogen stream was passed
through the temperature-controlled saturator and the
transported analyte was collected in a glass tube, immersed
in a cooling trap. The amount of collected analyte was de-
termined by HPLC-DAD analysis using a suitable internal
standard. Further information about the methods used is
provided in the Supporting Information. The validity of the
experimental setup in conjunction with the HPLC-DAD in-
strument was tested previously with several reference ma-
terials of well-established vapor pressures (naphthalene, an-
thracene, etc.) [11a].

The calculation of vapor pressure p,, at the temperature
of saturator T, relies on Dalton’s law of partial pressures

NO, NO

oS

O,N “NO, ON” > “NO
RDX

TNX

Figure 1. Compounds studied in this work: hexahydro-1,3,5-trinitro-
1,3,5-triazine  (RDX) and hexahydro-1,3,5-trinitroso-1,3,5-triazine
(TNX).

Table 1. Purity of the compounds investigated.

Substance CAS# Purity?
RDX 121-82-4 0.999
TNX 13980-04-6 0.999

® Mass fraction purity was determined by HPLC-DAD.
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(under assumption that the volume of the analyte in the
gas phase is negligible) and the Ideal Gas Law:

m,RT,
Psat (Texp) = /\;’T:::b (1
Psar: Vapor pressure of the analyte [Pa], T,,,: temperature of
the saturator [K], m,: mass of the analyte [kg], T,.,: ambient
temperature [K], V,m.: volume of the carrier gas at the am-
bient conditions [m?], M: molecular weight of the analyte
[kgmol™'], R: universal gas constant 8.314469 Jmol 'K

Resulting experimental p-T values are fitted according to
equation 2:

Psa ASC, T B

p: reference pressure (1Pa), A,°C,,: molar heat capacity
difference between crystalline (cr) and gaseous phase (g) at
constant pressure [Jmol'K™'], T: temperature [K], T,: refer-
ence temperature [K], A/B: fitting coefficients (A: unitless co-
efficient [ ], B: [K]).

Calculation of molar enthalpy of sublimation Ac,gH:n at
temperature T was performed using the equation 3:

ASH (T) =RB + Ac,gc;_m 3)

This approach was used to analyse both own and liter-
ature data.

The molar heat capacity at constant pressure C;,m for
RDX was available in the literature [12]. The value for TNX
was obtained with the empirical increment approach by
Hurst et al. [13]. Molar heat capacity differences were ob-
tained by a procedure described by Chickos et al. [14]. The
values are detailed in Table 2.

Table 2. Molar heat capacities and their differences at T=298.15 K.

Compound C,mlcr) C,m(cr) —AC

cr—p,m
Calc. Exp.
Jmol K™ Jmol K™ Jmol K™
RDX (259.2)° 2489 [12] 38.1¢
TNX 214.8° n.a. 33.0°

Values in parentheses were not used for calculation of molar heat
capacity differences. n.a.. not available. * Derived from the
molecular increments procedure described by Chickos et al. [15]. °
Calculated according to the empirical increment approach by Hurst

etal. [13]. © Calculated by ~4C,,, = 0.75 +C, ,(cr) x 0.15 [14].

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, \RedpbBimts Explos. Pyrotech. 2020, 45, 1573-1579
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3 Results and Discussion
3.1 RDX

The sublimation behavior of RDX was measured in the tem-
perature range of 342.4 - 397.1 K. The absolute vapor pres-
sures p,,, and thermodynamic properties of sublimation ob-
tained by the transpiration method are compiled in Table 3.
Several datasets of vapor pressures are available in the liter-
ature. A comparison of own data with literature experi-
ments regarding the enthalpies of sublimation is compiled
in Table 4. Figure 2 shows a Clausius-Clapeyron plot of the
own and literature p-T data for the sublimation of RDX.

There have been several attempts to measure vapor
pressures of RDX in the past. Some of the first reported ex-
perimental values were obtained by Edwards [16] by Knud-
sen effusion method and Rosen and Dickinson [17] by Lang-
muir effusion technique. In this work, the corresponding
experimental p-T data from the works of Edwards [16] and
Rosen and Dickinson [17] were used to derive enthalpies of
sublimation at 298.15 K: (114.8+5.4) kJmol™" and (131.8+
3.5) kJmol ™', respectively.

In several studies, the vapor pressure of RDX was meas-
ured in order to prove validity of newly developed meth-
ods. The work by John et al. [18] applied isotopic dilution
method. The fitting equation was obtained from vapor
pressures at three temperatures and the resulting enthalpy
of sublimation, 59.2 kJmol™" (derived in this work by equa-
tions 2 and 3) does not agree with any other reported liter-
ature data (see Table 4). Moreover, as mentioned in the re-
port by Ostmark et al. [2], the results in the provided graph
do not match the reported fitting equation. Hikal et al. [19]

In(P/Pa)
A

-10 x

-12
0,0021

0,0027  0,0029
K/T

0,0023  0,0025 0,0031

Figure 2. Experimental vapor pressure values of RDX in comparison

with literature values. Here ¢ and solid line — from this work, - line
from Felix-Rivera et al. [20], — — — line from Hikal et al. [19], — - - - line
from R. Stimac [21], — — line from Cundall et al. [22], - - - - - - line

from John et al. [18], x from Rosen and Dickinson [17], + - from
Edwards [16].
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implemented an UV-absorbance technique on thin nano-
films of common explosives (TNT and RDX). The measure-
ments of RDX were conducted at two different wavelengths
(209 and 243 nm) and they yielded different enthalpies of
sublimation at 298.15 K. Furthermore, it is not clear which
set of results was used to form the resulting fitting equa-
tion.

In 1978, Cundall et al. [23] reported a fitting equation for
the vapor pressures of RDX in the temperature range from
343.4 to 447.4 K. Three years later a corrigendum was is-
sued with corrected equation coefficients and the resulting
enthalpy of sublimation is 137.8 kimol™". Another fitting
equation of R. Stimac was reported as a personal communi-
cation in the study of Eiceman et al. [21]. The study reports
that the experiment was conducted by adsorbing the va-
pors and analysing them by lon Mobility Spectrometry
(IMS). Unfortunately, no experimental temperature range is
provided. The study of Eiceman et al. [21] calculated the val-
ues for three different temperatures and, in this work, we
plot the corresponding fitting equation in this temperature
range.

One of the most recent studies on the vapor pressures
of the RDX is a study by Felix-Rivera et al. [20], conducted
with isothermal thermogravimetric analysis (TGA). The work
provides no experimental p-T data, solely a fitting equation
of the relationship of mass loss vs. the temperature. The re-
sulting enthalpy of sublimation, 101.9 kimol™', does not
agree with the majority of the other literature values for
reasons stated before [4a].

Deviations of experimental literature values from p-T-
equation derived from p-T data obtained in this work (Ta-
ble 3) are illustrated in Figure 3.

3.2 TNX

The sublimation behavior of TNX was measured in the tem-
perature range of 312.6 — 357.1 K. The absolute vapor pres-
sures p,,, and thermodynamic properties of sublimation ob-
tained by the transpiration method are compiled in Table 3.

Only one experimental p-T dataset is available in the lit-
erature. A comparison of own data with the results of the
work of Pepekin et al. [24] is presented in Table 5 and Fig-
ure 4. In the work of Pepekin et al. [24], vapor pressures
were measured with the Knudsen effusion method in the
temperature range from 325.2 to 360.2 K. No experimental
p-T data was disclosed, solely a fitting equation without
specifying the units of pressure and resulting calculated en-
thalpy of sublimation at average temperature was reported
(112.5+0.8 kJmol™). In this work, we assume that the re-
sults were reported in Torr and Figure 4 depicts the differ-
ences between the vapor pressures measured in this work
and the results from a fitting equation reported by Pepekin
et al. [24].
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Table 3. Absolute vapor pressures p, and thermodynamic properties of sublimation of RDX and TNX obtained by the transpiration meth-
od in this work.

RDX: A2H (298.15 K)=(130.942.1) ki mol ™’

T m

In% = % - 142;36'8 - %ln 298;5 K

Texpa mb VNZc Tambd GanIOW psate u(psar) ! A?rH;" A?,S;n
Kl [ual [dm?] K] [dm*h™ "] [mPa] [mPa] [kJmol™"] Umol 'K
3424 6.72 123 297.3 5.12 0.61 0.01 129.15 219.9
3424 5.09 93.5 297.1 3.89 0.61 0.01 129.15 219.9
3424 6.63 117 299.7 490 0.64 0.02 129.15 220.3
3424 5.31 93.6 299.7 3.88 0.64 0.02 129.15 220.2
3473 12.7 117 299.1 4.89 1.21 0.03 128.97 219.8
3523 24.1 123 300.7 495 2.21 0.05 128.78 219.0
357.2 8.01 21.9 300.4 490 411 0.10 128.60 218.6
362.1 76.4 118 299.0 490 7.25 0.17 128.41 2179
367.1 132 114 300.7 493 13.1 0.3 128.22 217.5
371.9 11.0 5.64 296.2 5.45 21.7 0.5 128.04 216.7
372.0 11.9 6.00 297.2 4.86 22.0 0.5 128.04 216.8
372.0 47.6 23.1 300.8 496 23.2 0.6 128.04 2171
376.9 17.4 4.75 299.4 3.90 41.1 1.0 127.86 217.0
382.1 8.87 1.38 301.5 3.93 72.8 1.7 127.66 216.6
387.0 6.88 0.68 298.1 2.73 112 3 127.48 215.5
392.0 11.5 0.68 298.7 2.74 188 4 127.29 215.1
397.0 34.7 1.30 298.3 4.89 297 7 127.10 2143
397.0 384 1.46 298.4 5.83 294 7 127.10 2143
397.1 18.8 0.69 299.0 2.74 307 7 127.10 214.6
TNX: ASH,, (298.15 K)=(108.141.6) kimol"!

In% = 33T6§ - ”7?6.7 - %ln 293.:5 K

To’ m® Vi o Gasflow Doat® U(psar) * ASH, ASS
K] [mg] [dm?3] [K] [dm*h™] [mPa] [mPa] [kJmol™] Umol'K™']
312.6 0.04 82.8 296.1 3.50 6.13 0.13 107.62 206.2
312.6 0.03 78.7 296.4 4.85 6.14 0.13 107.62 206.2
317.7 0.07 80.5 296.3 4.81 1.9 0.2 107.45 205.6
322.6 0.03 19.0 296.4 4.84 21.9 0.5 107.29 205.1
327.6 0.22 75.1 296.3 4.84 40.6 0.8 107.13 204.7
3325 0.05 9.35 296.4 4.84 72.7 15 106.97 204.2
3374 0.04 4,75 296.4 483 130 3 106.80 203.9
3374 0.05 5.40 296.2 483 128 3 106.80 203.7
3374 0.04 4,76 296.4 4.84 129 3 106.80 203.8
3423 0.05 3.40 297.4 4.86 217 4 106.64 203.1
347.2 0.05 2.01 297.6 483 376 8 106.48 202.8
352.1 0.05 1.21 296.3 4.84 637 13 106.32 202.5
357.0 0.09 1.21 296.3 4.84 1029 21 106.16 201.9
357.1 0.09 1.21 296.3 4.84 1045 22 106.15 201.9
357.1 0.09 1.21 296.4 4.85 1023 21 106.15 201.7
357.1 0.09 1.21 296.6 4.85 1009 21 106.15 201.6

? Saturation temperature (u(T)=0.1 K). ® Mass of transferred sample. ¢ Volume of nitrogen (u(V)=0.005 dm?®) used to transfer m (u(m)=
0.0001 g) of the sample. ¢ T, is the temperature of the soap bubble meter used for measurement of the gas flow. ¢ Vapor pressure at
temperature T, calculated from the m and the residual vapor pressure at the condensation temperature calculated by an iteration procedure;
p° =1 Pa. " Expressed as standard uncertainties, more details are given in Supporting Information. Uncertainties of sublimation enthalpies are
expressed as expanded uncertainties (k=2) and they were derived according to the procedures reported in [11a,25].
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Table 4. Compilation of data on enthalpies of sublimation A?H_ of RDX.

Experiment? Method® T-Range Tovg AH, (Tag) ASH (298.15 K)* [
K K kJmol ™’ kJmol ™' uPa
Felix-Rivera et al. 2011 [20] TGA, O 348.0-383.0 365.1 994 [101.9] [13.67]
Hikal et al. 2011 [19] uv, 0 348.2-368.2 353.0 128.5 [130.8] [4.42]
R. Stimac 1997 [21] IMS, O - - - [118.8] [5.36]
Cundall et al. 1981 [22]° K, O 343.4-447 .4 393.1 134.2 [137.8] [0.45]
John et al. 1975 [18] ID, O 347.2-369.2 357.6 56.9 [59.2] [45.33]
Rosen et al. 1969 [17] L 328.9-370.9 346.5 129.9 131.8+3.5 0.31
Edwards 1953 [16] K 383.2-411.7 398.7 1111 1148+54 2.04
This Work T 342.4-397.1 367.4 128.2 1309+2.1 0.71
129.5+1.7° 1.02f

Values in brackets were not used in further analysis. ® First author and year of publication. ® Methods: O: Equation only, T: Transpiration
Method, TGA: Isothermal Thermogravimetric Method, K: Knudsen effusion, UV: UV-absorbance spectroscopy, IMS: lon Mobility Spectroscopy,
L: Langmuir Effusion, ID: Isotopic Dilution, IMS: lon Mobility Spectrometry. ¢ Enthalpies of sublimation were derived using the equation (3)

and adjusted according to Chickos et al. [26]): AS.C. = 38.1 Jmol 'K ' from DCS measurement of C/;‘m(cr):248.9Jmo|’1 K™" by Krien et al.

crp.m
[12]. Uncertainty for enthalpy of sublimation is expressed as expanded uncertainty with confidence level of 0.95 (k=2). ¢ Vapor pressure at
298.15 K.° Weighted average value, calculated using uncertainty as the weighing factor. * Average value. ¢ Corrigendum of work in 1978 [23].
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Figure 3. Experimental vapor pressure py, deviations from the de-  Figure 4. Experimental vapor pressure values of TNX in comparison
rived fitting equation p;, for RDX in Table 3. Here o and solid line = with literature values. Here o and solid line - from this work, dashed
from this work, - line from Felix-Rivera et al. [20], - - - - line from R. grey line - from Pepekin et al. [24].
Stimac [21], — — line from Cundall et al. [22], - - - - - - line from

John etal. [18], x - from Rosen and Dickinson [17],+ - from Ed-
wards [16]. Results from Hikal et al. [19] possess extremely big devi-
ations from other literature results and, therefore, are not depicted
in this graph.

Table 5. Compilation of data on enthalpies of sublimation A H_ of TNX.

cr’ 'm

Experiment? Method® T-Range Tavg AH, (Tasg) ASH (298.15 K)* P’
K K kimol™' kJmol™’ uPa

Pepekin et al. K, O 325.2-360.2 3423 112.6 114.0 376

1974 [24]

This Work T 312.6-357.1 3373 106.9 108.1+1.6 823

? First author and year of publication. ® Methods: T: Transpiration, K: Knudsen effusion, O: Equation only. ¢ Enthalpies of sublimation were
derived using the equation (3) and adjusted according to Chickos et al. [14] with values of f,C;_m and C;_m(cr), stated in Table 2. Uncertainty
for enthalpy of sublimation is expressed as expanded uncertainty with confidence level of 0.95 (k=2). ¢ Vapor pressure at 298.15 K.
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4 Conclusion

In this study, new experimental vapor pressures for one of
the most commonly used explosive RDX and its environ-
mental decomposition product TNX, which is also known as
common homemade explosive, were measured using the
transpiration method. p-T fitting equations for RDX in the
temperature range from 342.4 to 397.1 K and TNX in the
temperature range from 312.6 to 357.0 K are also reported.
These equations were extrapolated to yield vapor pressures
and enthalpies of sublimation at ambient conditions
(0.71 pPa, (130.9+2.1) kymol™' for RDX; 823 pPa, (108.1+
1.6) kimol™" for TNX). Results were compared with existing
p-T data in the literature. In case of RDX, several data sets
are available, however, most of the vapor pressure data is
inconsistent. This could be associated with the fact that
RDX is extremely low-volatile. New reported experimental
vapor pressures should introduce more certainty in the
thermodynamic description of this important compound.
As for TNX, only one set of experimental vapor pressures
has been recorded in the past and the results considerably
differ. Since the vapor pressures of TNX are significantly
higher than of its mother compound, it could allow more
efficient detection of the past or current presence of ex-
plosive RDX in environmental conditions.
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SUPPORTING INFORMATION



S1. Purity assessment

Elemental analysis (CHNS) was performed with an Elementar Vario Micro instrument. NMR
spectra were measured with a Bruker AVANCE 400 MHz instrument.

1.1 Purity assessment results
Results of the purity assessment are presented in the following: Figure S1 and Table 1 for RDX
and Figures S2, S3 and Table 2 for TNX.

In the case of TNX, different chemical environments of the protons induced by fixed nitroso
groups yield different peaks for each of the hydrogens. This behaviour has been previously
reported in several literature sources [1; 2].

-dé

2.50 DMSO

6.10

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure S1. *H-NMR spectrum of RDX.

Table 1. Results of NMR and EA experiments for RDX.

IH-NMR  (DMSO-ds, 400 MHz): 5 = 6.10 (s, 6H, CHz) ppm.

13C _NMR (DMSO-ds, 101 MHz): § = 61.2 (CH2) ppm.

1IN -NMR (DMSO-ds, 29 MHz): § = -34 ppm.

EA Calc.: C 16.22, H 2.72, N 37.84 %; Found: C 16.39, H 2.58, N 37.66 %.
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Figure S2. *H-NMR spectrum of TNX.
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Figure S3. 3C-NMR spectrum of TNX.



Table 2. Results of NMR and EA experiments for TNX.

IH_-NMR  (DMSO-ds, 400 MHz): & = 4.96 (s, CH,), 6.31 (5, CH2), 6.29 (s, CH2), 5.69

(s, CH2) ppm.

BC_NMR (DMSO-ds, 101 MHz): § = 64.59 (CH>), 56.44 (CH,), 55.01 (CH.), 45.96
(CH2) ppm.

EA Calc.: C 20.69, H 3.47, N 48.27 %; Found: C 20.67, H 3.42, N 48.37 %.

S2. Estimation of standard vapor pressure uncertainties

The calculation of standard uncertainties of vapor pressure measurements was partially based
on the previously reported process by Verevkin et al. [3]. Calculation of combined standard
uncertainty includes the uncertainty of mass of the analyte (u(man)), mass of the reference
material (u(mref)), volumes of calibrated pycnometers for preparation of the standard solutions
for analyte u(Vstg) and reference material u(Vrer), uncertainties introduced by standard addition
— uncertainty of the syringe calibration u(Vsyringe) and uncertainty of smallest injection into the
sample with a syringe u(Vinj), GC analysis (for calibration and determination) (u(HPLC)),
transporting gas volume uncertainty (u(Vgas)), uncertainties of the thermostat u(Trherm), Saturator
U(Tsatur) and ambient u(Tamn) temperatures uncertainties (u(T)). Here an example of uncertainty
calculation for vapor pressures for TNX are provided:

_u@
u-(p) = >

0.0001g , 0.0001g

004889 (©.0965 g

u,(m, mass) = \/u%(mAn) + u%(mRef) = \/( )2 =0.002

0.01ml 0.01ml

2 2 =0.00014
100 ml) * (100 ml

u, (V, pycnometers) = Ju%(VAn) + 12 (Veer) = j (

0.01 ul\? /0.1 ul\?
0 *Gra)

u,(V,standard addition) = \/u%(Vsyringe) + u? (Vinj) = \/(m 24

= 0.0047

u,(HPLC) = \/uﬁ(calibr) + u?(analysis) = \/0.012 + 0.012 = 0.014

Uy (T, temperature) = \/ug (TAmb) + u% (TTherm) + urz' (TSatur)

B ( 02K )2+( 02K )2+( 0.01K )2_00009
— J\298.15 K 312.55 K 312.55 K/




Combined standard uncertainty u,

= \/ uz(m) + uz(V,pycnometers) + uz(V, standard addition) + u2(HPLC) + u2(T)

= 0.0206 = 2.06%

S3. HPLC/DAD parameters

3.1 RDX

HPLC

Analytical column
Oven temperature:

Shimadzu Prominence® with LC-20AD pump module and SPD-
M20A Diode Array Detector; software LabSolutions v5.86
Phenomenex Kinetex® (2.6 um Biphenyl, 100 A, 150 x 4.6 mm)
40°C

Program
RDX Injection volume: 1 puL
Total Flow: 0.60 mL/min
Mobile phase: 55 % MeCN, 45 % Water
Time: 10 min
Channel 1 wavelength: 240 nm (RDX)
Retention time 1: 3.90 min
Channel 2 wavelength: 266 nm (standard, naphthalene)
Retention time 2: 7.03 min
mAU
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Figure S4. Chromatogram of RDX (retention time 3.887 min) and naphthalene (retention time 6.997 min),

measured with a method, described in S3.1 (240 nm).
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Figure S5. Chromatogram of RDX (retention time 3.887 min) and naphthalene (retention time 6.997 min),

mAU

measured with a method, described in S3.1 (266 nm).
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Figure S6. Absorption spectrum of RDX (retention time 3.887 min) measured with a method, described in S3.1.

3.2 TNX
HPLC

Analytical column

Oven temperature:

Program
TNX

Shimadzu Promenence® with LC-20AD pump module and SPD-
M20A Diode Array Detector; software LabSolutions v5.86
Phenomenex Kinetex® (2.6 um Biphenyl, 100 A, 150 x 4.6 mm)
40°C

Injection volume: 1 pL
Total Flow: 1.00 mL/min
Mobile phase: 15 % MeCN, 85 % Water



Time: 10 min

Channel 1 wavelength: 233 nm (TNX)

Retention time 1: 9.04 min

Channel 2 wavelength: 266 nm (standard, 1-nitro-pyrazole)
Retention time 2: 5.20 min
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Figure S6. Chromatogram of TNX (retention time 8.963 min) and 1-nitro-pyrazole (retention time 5.175 min),
measured with a method, described in S3.2 (233 nm).
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Figure S7. Chromatogram of TNX (retention time 8.963 min) and 1-nitro-pyrazole (retention time 5.175 min),
measured with a method, described in S3.2 (266 nm).
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Figure S8. Absorption spectrum of TNX (retention time 8.963 min) measured with a method, described in S3.2.
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5.3.Measurements of NENAs (Article 3)

Article 3: Thermodynamic Properties of Energetic Plasticizers: Experimental

Vapor Pressures of Methyl-, Ethyl-, and Butyl-Nitroxyethyl Nitramines

The results were published in Journal of Chemical and Engineering Data [76] and are reprinted
with  permission.  Copyright  (2021)  American  Chemical  Society.  DOI:
doi.org/10.1021/acs.jced.0c01014.
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Figure 25. Graphical abstract from the Article 3 [76].
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ABSTRACT: In this work, experimental vapor pressures of the commonly used
energetic plasticizers methyl-NENA, ethyl-NENA, and butyl- NENA were measured for
the first time with a transpiration method. The p—T fitting equations and the
corresponding molar enthalpies of phase transitions at 298.15 K are reported: the molar
enthalpies of sublimation and vaporization of methyl-NENA were measured to be 104.5
+ 0.9 and 82.0 + 1.1 kJ-mol™’, respectively. The consistency of these results was
examined by the differential scanning calorimetry experiment, which yielded the molar
enthalpy of fusion at 298.15 K to be 23.8 + 0.3 kJ-mol™". The molar enthalpies of
vaporization at 298.15 K for ethyl- and butyl-NENAs were derived to be 79.8 + 0.4 and
85.9 + 0.5 kJ-mol !, respectively. The p—T fitting equations were extrapolated at 298.15
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K, and the corresponding results were reported in this work.

1. INTRODUCTION

In the applications of energetic materials, plasticizers are
essential for successful functioning of many different systems.

\ITI/\/ONOZ /\I}I/\/ONOZ /\/\ITI/\/ONOZ
NO, NO, NO,
Me-NENA Et-NENA Bu-NENA

Figure 1. Chemical structures of compounds under investigation: Me-
NENA, Et-NENA, and Bu-NENA.

In gun propellants, they allow the gelation of nitrocellulose
(NC) and production of extruded or cast grains. In the field of
cast-cured materials such as explosive charges for warheads or
composite rocket propellant grains, plasticizers fulfill multiple
purposes: during mixing and casting, they reduce the viscosity
of the formulation. After curing, the elasticity of the rubbery
material is considerably improved even at temperatures below
—50 °C." Handling and use of energetic systems in extremely
low temperature conditions is an important standard require-
ment that can hardly be attained without plasticizers.

A rather narrow selection of substances is being
implemented as plasticizers for energetic materials on
industrial scale.” Typical energetic plasticizers are nitrate
esters. Nitrate esters release significant amounts of energy
during combustion and decompose to products of low
molecular weight, which raises performance parameters such
as specific impulse or impetus in comparison to inert
plasticizers. The downsides of nitrate esters include their
inherent and self-accelerating instability in combination with

© XXXX American Chemical Society

WACS Publications

high sensitivity to impact, friction, and heat, which make them
quite dangerous to handle. In addition, they possess a tendency
to migrate slowly within and even out of the final product and
are generally toxic.””

In search of a replacement for nitrate ester plasticizers, a
series of different concepts have been investigated.”>~” Among
the most promising families of substances are molecules with a
2-nitroxyethyl nitramine functionality, commonly named
NENA.""""> A series of NENAs with different alkyl chains
have been elucidated and is commercially available. By
choosing the length of the alkyl chain, properties such as
heat of formation, sensitivity, or melting point can be adjusted.
The most commonly used on an industrial scale are methyl-,
ethyl-, and butyl NENAs—in pure form or as the eutectic
mixture of 58% Me-NENA and 42% Et-NENA, also called
MEN-42. Bu-NENA and MEN-42 show excellent plasticizing
capabilities for NC and polymers such as glycidyl azide
polymer (GAP), polyesters, or polyethers. In contrast to nitrate
esters, they are less toxic and slightly less sensitive to shock and
friction while providing improved mechanical properties and
comparable performance.'”'>'° A prominent example of
commercial use of NENAs lies in the development of
smoke-free, high-performance rocket propellants based on
nitramines incorporated in GAP.'” By utilizing Bu-NENA or
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Table 1. Mass Fraction Purity P,, of the Compounds Investigated in This Work as Determined by the '"H-qNMR Technique

substance IUPAC name CAS # source stated purity Py, + U(Py,)”
Me-NENA methyl-(nitro) [2-(nitrooxy)ethylJamine 17096-47-8 Bayern-Chemie “100%” 1.003 (+0.005)
Et-NENA ethyl-(nitro)[2-(nitrooxy)ethyl]amine 85068-73-1 Bayern-Chemie “100%” 0.975 (£0.004)
Bu-NENA butyl-(nitro) [2-(nitrooxy)ethylJamine 82486-82-6 Bayern-Chemie “100%” 0.989 (+0.004)

“Expanded uncertainties are reported with a confidence level of 0.95 (k = 2).

MEN-42, the low-temperature properties of the GAP binder
could be greatly improved while obtaining promising safety
and performance characteristics. Additionally, NC-based gun
propellants with Bu-NENA are reported to exhibit improved
energetics, insensitivity, and mechanical properties.''

During the manufacturing process of composite rocket
propellants, the propellant slurry is mixed for extended periods
of time and finally cast at elevated temperatures while applying
vacuum to the machinery. This prohibits the entrapment of
gasses in the final propellant." To avoid unwanted extraction of
components and changes in the formulation, it must be assured
that the substances used show a vapor pressure low enough not
to evaporate in significant amounts during processing.
Regardless, there is a scarcity of available literature data
regarding the volatility of alkyl- NENA compounds: a sole
study that discusses the volatility of alkyl- NENAs is a work by
Cartwright'® and it lacks any absolute values of the
experimental data. Hence, this work is focused on the
determination of reliable experimental vapor pressures and
the corresponding thermodynamic properties of three of the
most widely used alkyl- NENA compounds (Figure 1): Me-
NENA, Et-NENA, and Bu-NENA. For this purpose, the
transpiration (gas saturation) method was employed.

2. EXPERIMENTAL SECTION

2.1. Materials. All the compounds investigated in this
study were obtained by donation from the company Bayern-

Figure 2. Transpiration method experimental set-up: nitrogen
reservoir (1), pressure reduction valve (2), drying module (3), mass
flow controller (4), saturator (5), condensation tube (6), cooling trap
(7), soap film flow meter (8), thermostat (9), immersion cooler (10),
and thermobarometer (11).

Chemie GmbH. The purity of the compounds used in this
study was tested by elemental analysis and 'H-qQNMR
techniques. Purity determined with the 'H-qNMR technique
is reported in Table 1. For further information on purity
assessment, please see the Supporting Information.

2.2. Transpiration Method. The vapor pressure of the
compounds of interest was measured using the transpiration
(gas saturation) method. The experimental set-up of this
method is depicted in Figure 2. For the validation of the
experimental set-up, several reference materials of well-defined
vapor pressures were measured, and the results were reported
previously."®

Table 2. Estimated Molar Heat Capacities C; ,(1/cr) and
Their Differences Af,,C; ., of Alkyl- NENA Compounds (T
= 298.15 K)

compound Cpm(cr)” —Af,C;‘mb Com(D” —AFCo
Jmol MK Jmol ™K™' Jmol MK!'  Jmol MK!
Me-NENA 208.9 32.1 274.2 81.9
Et-NENA 305.7 90.1
Bu-NENA 337.2 98.3

“Calculated according to the empirical increment approach by Hurst
and Harrison."” ®Calculated by —A8C;,, = 0.75 + Cg'm(cr) x 0.15.%°
“Calculated by —AfCp,, = 10.58 + Cp (1) X 0.26.%°

The core of the experimental set-up is a custom-made
cylindrical glass vessel—saturator (5), which contains an inner
channel and an outer chamber. The inner channel was filled
with around 35 g of small glass beads mixed with 0.5—-1 g of
analyte. During the transpiration experiment, the carrier gas (1,
nitrogen, Air Liquide, Stickstoff HG Fliissig, 99.999 vol %
purity, <3 ppm O,/H,0) flowed through a pressure reduction
valve (2) and a gas-drying module (3, Swagelok, consisting of
one T-type particulate filter SS-4TF-05 and two SS-FCB
coalescing particle filters) and entered the inner chamber of
the saturator (5). The flow rate of the carrier gas was
controlled by a mass flow controller (4, Natec Sensors GmbH,
MC-100 CCM) and determined with a soap film flow meter
(8, Hewlett Packard, no. 0101-0113). In the inner channel, the
flowing (now purified) carrier gas reached the state of
saturation with the vapors of the analyte. The outer chamber
of the saturator (5) was filled with thermal fluid (ethylene
glycol, 50% aqueous), and its temperature was controlled by a
thermostat (9, Huber, Ministat 230 with external class A PT-
100 temperature sensor). The ambient conditions were
determined with a thermobarometer (11, Greisinger, GFTB
200). For a defined interval of time, the transported saturated
vapors of the analyte were collected in a condensation tube
(6), which was placed in a cooling trap (7, isopropanol, 243 K)
and cooled by an immersion cooler (10, Huber, TC4SE). The
amount of analyte collected in the condensation tube was
quantified using chromatographic techniques: vacuum outlet—
gas chromatography/mass spectrometry (GC/MS) (Shimadzu,
GC/MS QP2010SE) or high-performance liquid chromatog-
raphy-diode array detection (HPLC-DAD) (Shimadzu, Prom-
inence with an LC-20AD pump module and a SPDM20A
Diode Array Detector) by means of internal standard
calibration. Chromatographic conditions and methods are
detailed in the Supporting Information.

The absolute values of vapor pressure p,,, at the temperature
of the saturator T can be calculated using the ideal gas law

mRTz’\mb

T) =
(=50 1)

where p,, is the vapor pressure of the analyte, in Pa; T is the
temperature of the saturator, in K; m is the mass of the analyte
collected in the condenser tube, in kg; T, is the ambient

https://doi.org/10.1021/acs.jced.0c01014
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Table 3. Experimental Conditions Resulting in Absolute Vapor Pressures p,,, and Thermodynamic Properties of Sublimation
(Molar Enthalpy of Sublimation A.H, and Molar Entropy of Sublimation A%S.) Obtained from the Measurements of Me-

NENA by the Transpiration Method®

Me-NENA: A&H, (298.15 K) = 104.5 = 0.9 kJ-mol™*

0 364.3 114056.2 32.1 T
Inp /p = — — —1In
R RT R 298.15K

T m’ Vie* T flow P’ u(pa)’ ALH;(T) ALSH(T)

K mg dm?® K dm*h™! mPa mPa IkJ-mol™! J-mol1.K™!
2782 0.03 8§ 295.0 3.6 5.3§ 0.11 10S.1 238.60
278.3 0.03 71 295.3 3.0 5.47 0.11 10S.1 238.78
278.3 0.02 62 295.1 2.6 5.34 0.11 10S.1 238.56
283.2 0.06 68 295.6 3.6 12.4 0.3 105.0 238.45
283.2 0.0S 66 295.6 3.6 12.2 0.3 10S.0 238.26
288.1 0.03 16 294.8 3.6 258.3 0.5 104.8 237.48
288.1 0.14 78 295.3 3.6 25.7 0.5 104.8 237.60
288.1 0.04 21 296.1 3.6 26.1 0.5 104.8 237.73
293.1 0.03 7.3 295.8 3.6 54.8 1.1 104.7 237.20
298.1 0.04 4.8 295.5 3.6 109.5 2.3 104.5 236.46
298.1 0.10 13 295.1 3.6 108.5 2.3 104.5 236.39
298.1 0.04 S.1 295.9 3.6 111.1 2.3 104.5 236.57

“Saturation temperature [u(T) = 0.1 K]. ®Mass of the transferred sample condensed at 243 K. “Volume of nitrogen [u(V) = 0.005 dm*] used to
transfer m [u(m)/m = 0.015] of the sample. 4T b is the temperature of the soap film flow meter used for the measurement of the gas flow. “Vapor
pressure at temperature T, calculated from m, and residual vapor pressure at the condensation temperature, calculated by an iteration procedure; p°
= 1 Pa. 'Relative standard uncertainty with confidence level 0.68 (k = 1) for p was calculated to be u(p)/p = 0.0208 (see the Supporting
Information). Experimental conditions: T—saturation temperature, m—mass of the transferred sample, Viy —volume of the carrier gas, and

T,.,—ambient temperature. "The uncertainties for T, V, and m are standard uncertainties. The uncertainty of the molar enthalpy of sublimation is
the standard uncertainty with a confidence level of 0.68 (k = 1), calculated including uncertainties of vapor pressure, uncertainties from the fitting
equation, and the uncertainty of temperature adjustment to T = 298.15 K. Detailed information on the methods of calculations was published

. 2122
previously.

temperature, in K; R is the universal gas constant 8.314462, in
Jmol™-K™!; M is the molecular weight, in kg-mol™'; and V,,;,
is the volume of the carrier gas measured at ambient
conditions, in m?>.

Equation 1 is valid under the assumption that the volume of
the analyte (V,) in the gaseous phase is negligibly small in

comparison to the volume of the carrier gas (Vy,) and the

validity of Dalton’s law of partial pressures (eq 2).

W, >V, inV, =WtV

)

where V, is the volume of the analyte, in m?, and Vy, is the

volume of the carrier gas, in m>,

These assumptions allow the determination of V, ;, from the
flow rate of the carrier gas stream and the duration of the
measurement.

The resulting experimental p—T values are fitted according
toeq3

p

where p° is the reference pressure (1 Pa), A%,C; , is the molar
heat capacity difference between the crystalline (cr) or liquid
(1) and gaseous phase (g) at a constant pressure, in J-mol -
K™!, T is the temperature, in K, T, is the reference
temperature, in K, and A/B are the fitting coefficients (A:
unitless; B: in K).

The calculation of molar enthalpy of sublimation or
vaporization A% ,C7 at temperature T was performed using
eq 4

T B
In—=A-—
T, T

g o
Acr/lC ,m

R 3)

A% Ho(T) = RB + A} C) T

(4)

The molar entropies of vaporization or sublimation were
calculated according to eq S

A%/ SH(T) = RA (5)

The molar heat capacities at a constant pressure C;, for all
the compounds were not available in the literature and were
obtained with the empirical increment approach by Hurst and
Harrison.'” The molar heat capacity differences were obtained
by a procedure described by Acree and Chickos.”” The values
are detailed in Table 2.

3. RESULTS AND DISCUSSION

Experimental vapor pressures and thermodynamic character-
istics such as molar enthalpies of phase transition A8, ,Hg(T)
and molar entropies of phase transition AS,S(T) are
reported in this section, in Tables 3, 4, 6, and 7.

3.1. Me-NENA. The transpiration experiment for the
compound Me-NENA was conducted in two different
temperature ranges since the compound undergoes phase
transition at an ambient temperature range.

3.1.1. Sublimation. The sublimation behavior of Me-NENA
was measured in the temperature range of T = 278.2—298.1 K.
The collected mass m was determined with an HPLC-DAD
device. The absolute vapor pressures p,, and the thermody-
namic properties of sublimation obtained by the transpiration
method are compiled in Table 3.

3.1.2. Vaporization. The vaporization behavior of Me-
NENA was measured in the temperature range of T = 313.0—
353.0 K. The collected mass m was determined with the GC/
MS device. The absolute vapor pressures p, and the

https://doi.org/10.1021/acs.jced.0c01014
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Table 4. Experimental Conditions Resulting in Absolute Vapor Pressures p,,, and Thermodynamic Properties of Vaporization
(Molar Enthalpy of Vaporization AfHj, and Molar Entropy of Vaporization AfS;,) Obtained from the Measurements of Me-
NENA by the Transpiration Method®

Me-NENA: AFHS, (298.15 K) = 82.0 + 1.1 kJ-mol™"

0 340.1 106464.1 81.9 T
Inp /p = — — n
R RT R 298.15K
T m” Vo T flow P u(pa)’ AFHG(T) AFSH(T)
K mg dm? K dm*h™ Pa Pa kJ-mol™! J-mol1.K™!
313.0 0.04 1.06 296.2 4.2 0.624 0.013 80.83 158.6
313.0 0.0S 1.21 296.3 4.8 0.623 0.013 80.83 158.5
313.1 0.04 091 296.5 3.6 0.618 0.013 80.82 158.5
318.1 0.08 1.21 295.8 4.8 1.02 0.02 80.41 157.3
323.0 0.13 1.21 296.1 4.8 1.55 0.03 80.01 155.6
328.0 0.21 1.21 297.5 4.8 2.59 0.0S 79.61 154.9
328.0 0.17 1.01 296.0 4.0 2.49 0.0 79.60 154.6
328.0 0.17 1.01 296.1 4.0 2.53 0.05 79.60 154.6
333.0 0.24 091 297.7 3.6 3.98 0.08 79.20 153.6
333.0 0.32 1.21 296.4 4.8 3.99 0.08 79.19 153.6
337.9 0.35 091 297.5 3.6 5.80 0.12 78.79 152.1
338.0 0.47 1.21 296.1 4.8 5.83 0.12 78.78 152.0
342.9 0.53 0.90 297.6 3.6 8.72 0.18 78.38 150.9
343.0 0.73 1.21 297.2 4.9 8.95 0.19 78.37 151.0
348.1 1.05 1.21 297.5 4.8 12.9 0.3 77.96 149.6
353.0 1.16 0.86 296.3 3.4 20.1 0.4 77.56 149.0
353.0 1.12 0.86 295.6 34 194 0.4 77.56 148.6
353.0 1.14 0.86 296.0 3.4 19.7 0.4 77.56 148.8

“Saturation temperature [u(T) = 0.1 K]. “Mass of the transferred sample condensed at 243 K. “Volume of nitrogen [#(V) = 0.005 dm®] used to
transfer m [u(m)/m = 0.015] of the sample. T, b is the temperature of the soap film flow meter used for the measurement of the gas flow. “Vapor
pressure at temperature T, calculated from m, and residual vapor pressure at the condensation temperature, calculated by an iteration procedure; p°
= 1 Pa. 'Relative standard uncertainty with confidence level 0.68 (k = 1) for p was calculated to be u(p)/p = 0.0210 (see the Supporting
Information). Experimental conditions: T—saturation temperature, m—mass of the transferred sample, Vy,—volume of the carrier gas, and

T, mp—ambient temperature. " The uncertainties for T, V, and m are standard uncertainties. The uncertainty of the molar enthalpy of vaporization is

the standard uncertainty with a confidence level of 0.68 (k = 1), calculated including uncertainties of vapor pressure, uncertainties from the fitting

equation, and the uncertainty of temperature adjustment to T = 298.15 K. Detailed information on the methods of calculations was published
. 21,22

previously.””

Table 5. Compilation of Data on Molar Phase Transition Enthalpies Af/) HS, of Me-NENA at the Reference Temperature T,
(p° = 0.1 MPa)

Tt ALHS(Ter) APHp(T.ep) AEH(Tree)
K kJ-mol ™! kJ-mol™! kJ-mol™!
Me-NENA 309.9 + 0.5° 244 + 02°
298.15 23.8 + 03" 82.0 + 1.1° 104.5 + 0.9°

“Expressed as standard uncertainties, reported above. ”Standard uncertainty of the temperature adjustment of the molar enthalpy of fusion from
the temperature of fusion Tj, to the reference temperature introduced an additional estimated uncertainty of one-third of the total adjustment.”
“Expressed as standard uncertainties.

thermodynamic properties of vaporization obtained by the
transpiration method are compiled in Table 4.

3.1.3. Data Verification with Enthalpy of Fusion. The
validity of the obtained molar enthalpies of phase transitions of
Me-NENA could be tested by investigating the relationship
between the molar enthalpies of sublimation A$Hp, vapor-
ization AFHS, and fusion ALHS, provided that all enthalpies in
eq 6 are referenced to the same temgerature (the reference
temperature is 298.15 K in this work)*’

ALrH;(TL’ref) = A%rHr(r)x(T;ef) - AlgH;l(T;ef) (6)

The molar enthalpy of fusion at melting temperature
Al H® (Tg,) of Me-NENA was measured with a differential
scanning calorimeter (Mettler Toledo 822), which was
calibrated with high-purity indium (melting point T, = 430.0

K and enthalpy of fusion AH,; = 29.0 J-g™'). For all the
measurements, an empty crucible was used as a reference. The
thermal behavior of Me-NENA was investigated at a heating
rate of 5 K'min™' under nitrogen flow. The differential
scanning calorimetry (DSC) measurements were repeated
twice, the temperature of phase change was determined from
the peak onset, and the integration was executed with a straight
line for a baseline. The measured values agreed within the
experimental uncertainties u(ALHS) = 0.2 kJ-mol™' for the
molar enthalpy of fusion and u(T) = 0.5 K for the melting
temperature (Tg,). The measured temperature of fusion
(309.9 + 0.5 K) fits in the wide interval of temperatures
reported in the literature (304—314 K).'>***°

The resulting molar enthalpy of fusion at the melting
temperature was adjusted to 298.15 K using eq 7

https://doi.org/10.1021/acs.jced.0c01014
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Table 6. Experimental Conditions Resulting in Absolute Vapor Pressures p,,, and Thermodynamic Properties of Vaporization
(Molar Enthalpy of Vaporization AfHy, and Molar Entropy of Vaporization AfS;,) Obtained from the Measurements of Et-

NENA by the Transpiration Method®

Et-NENA: ABHS, (298.15 K) = 79.8 + 0.4 kJ-mol™"

Ing,, /2" = 5"
T m® Ve T flow
K mg dm? K dm3h~!
283.6 0.14 65.0 298.4 3.6
283.7 0.15 68.6 296.0 3.6
283.7 0.09 38.9 295.6 2.4
288.3 0.30 79.8 298.0 4.8
288.5 0.30 80.1 295.6 4.8
293.3 0.08 12.0 297.8 4.8
298.3 0.08 7.5 298.0 4.8
303.2 0.10 5.4 296.0 4.7
303.2 0.08 4.3 297.6 4.8
308.1 0.10 33 296.0 4.7
308.1 0.10 3.3 296.1 4.7
308.2 0.12 4.0 296.6 4.8
313.1 0.08 1.6 297.8 4.8
313.1 0.08 1.6 299.7 4.8
313.2 0.22 4.4 298.8 4.8
318.0 0.13 1.7 296.1 4.7
318.0 0.13 1.7 296.1 4.7
318.0 0.13 1.7 296.1 4.7
3229 0.18 1.4 297.1 4.7
323.0 0.15 1.2 296.6 4.7
323.1 0.15 1.2 299.0 4.8
3279 0.23 1.2 297.5 4.7
328.0 0.23 1.2 296.6 4.7
328.0 0.23 1.2 298.5 4.8
332.7 0.36 1.2 295.8 4.7
337.7 0.58 1.3 296.0 4.7
338.0 0.54 1.2 299.9 4.8
342.8 0.82 1.2 300.0 4.8
347.7 0.88 0.9 296.5 3.5
347.7 0.89 0.9 300.3 3.6
347.8 0.87 0.9 300.2 3.6
347.9 1.17 1.2 299.1 4.8

106649.2

90.1

R 1 298.15K
Pt u(pe) ABHS(T) AFS2(T)
Pa Pa k]~m0rl J-mol™ Lg-!
0.0293 0.0006 81.1 160.94
0.0298 0.0006 81.1 160.93
0.0304 0.0007 81.1 161.02
0.0523 0.0011 80.7 159.57
0.0513 0.0011 80.7 159.18
0.0915 0.0020 80.2 157.90
0.151 0.003 79.8 156.04
0.255 0.006 79.3 154.59
0.257 0.006 79.3 154.65
0.418 0.009 78.9 153.07
0.433 0.009 789 153.36
0.428 0.009 78.9 153.19
0.690 0.015 78.4 151.72
0.705 0.015 78.4 151.88
0.696 0.015 78.4 151.70
1.06 0.02 78.0 150.09
1.07 0.02 78.0 150.12
1.09 0.02 78.0 150.26
1.74 0.04 77.6 149.01
1.77 0.04 77.5 149.10
1.74 0.04 77.5 148.94
2.68 0.06 77.1 147.62
2.70 0.06 77.1 147.62
2.67 0.06 77.1 147.47
4.13 0.09 76.7 146.50
6.32 0.14 76.2 145.28
6.25 0.13 76.2 145.00
9.46 0.20 75.8 143.93
13.71 0.30 75.3 142.67
13.69 0.30 75.3 142.63
13.40 0.29 75.3 142.43
13.47 0.29 75.3 142.40

“Saturation temperature [u(T) = 0.1 K]. “Mass of the transferred sample condensed at 243 K. “Volume of nitrogen [u(V) = 0.005 dm®] used to
transfer m [u(m)/m = 0.015] of the sample. dTamb is the temperature of the soap film flow meter used for the measurement of the gas flow. “Vapor

pressure at temperature T, calculated from m, and residual vapor pressure at the condensation temperature, calculated by an iteration procedure; p

o

= 1 Pa. 'Relative standard uncertainty with confidence level 0.68 (k = 1) for p was calculated to be u(p)/p = 0.0216 (see the Supporting
Information). Experimental conditions: T—saturation temperature, m—mass of the transferred sample, Vy,—volume of the carrier gas, and

T,mp—ambient temperature. "The uncertainties for T, V, and m are standard uncertainties. The uncertainty of the molar enthalpy of vaporization is
the standard uncertainty with a confidence level of 0.68 (k = 1), calculated including uncertainties of vapor pressure, uncertainties from the fitting
equation, and the uncertainty of temperature adjustment to T = 298.15 K. Detailed information on the methods of calculations was published

: 21,22
previously.

ALHS(T,/K)/(J-mol ™)
= ALH(T,,/K)/(J-mol™") — [(AECy,,/J-K " -mol ")

— (AfCp/J K mol (T /K) = (T/K)]
)

The results are presented in Table S.

The calculation according to eq 6, Al H® (298.15 K) =
104.5 + 0.9 kJ-mol™" —82.0 + 1.1 kJ-mol™" = 22.5 + 1.4 kJ-
mol~', shows an agreement (within the combined experimental
uncertainty) with the individually measured calorimetric value
of ALH2(298.15 K) = 23.8 + 0.3 kJ-mol™". The agreement of

the results supports the consistency of the molar phase
transition enthalpies for Me-NENA achieved in this work
(Tables 3 and 4).

3.2. Et-NENA. The vaporization behavior of Et-NENA was
measured in the temperature range of T = 283.6—347.9 K. The
collected mass m was determined with the GC/MS device.
The absolute vapor pressures p,, and the thermodynamic
properties of vaporization obtained by the transpiration
method are compiled in Table 6.

3.3. Butyl-NENA. The vaporization behavior of Bu-NENA
was measured in the temperature range of T = 283.4 to 348.0
K. The collected mass m was determined with the HPLC-DAD

https://doi.org/10.1021/acs.jced.0c01014
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Table 7. Experimental Conditions Resulting in Absolute Vapor Pressures p,,, and Thermodynamic Properties of Vaporization
(Molar Enthalpy of Vaporization AfHy, and Molar Entropy of Vaporization AfS;,) Obtained from the Measurements of Bu-

NENA by the Transpiration Method®

Bu-NENA: AFHS (298.15 K) = 85.9 + 0.5 kJ-mol™"

0 360.3 115222.9 98.3 T
lnp,, /p" = - - —In
R RT R 298.15K

T m’ Vi o flow Pt u(pa)’ AFHR(T) AFSH(T)

K mg dm? K dm*h~1 Pa Pa kJ-mol ™ J-mol1.K~!
283.4 0.02 35 299.9 1.8 0.0070 0.0001 87.4 171.26
283.5 0.05 86 297.7 4.8 0.0070 0.0001 87.4 171.18
283.5 0.03 NY 296.9 2.7 0.0071 0.0001 87.4 171.37
288.3 0.03 24 296.6 4.8 0.0134 0.0003 86.9 169.74
293.3 0.03 16 297.9 4.8 0.0242 0.0005 86.4 167.86
298.3 0.02 6.8 298.6 4.8 0.0429 0.0009 85.9 166.08
303.2 0.03 4.5 299.2 4.9 0.074 0.002 854 164.28
308.0 0.04 3.2 296.6 4.8 0.135 0.003 84.9 163.37
313.0 0.04 2.0 297.2 4.8 0.226 0.005 84.5 161.73
313.1 0.06 3.3 303.6 4.9 0.225 0.005 84.4 161.60
313.1 0.08 4.4 296.8 4.8 0.227 0.005 84.4 161.62
313.1 0.04 2.0 296.8 4.8 0.224 0.005 84.4 161.52
313.1 0.06 3.2 298.4 4.8 0.228 0.005 84.4 161.66
313.2 0.06 32 299.0 4.8 0.228 0.00S 84.4 161.61
318.0 0.04 1.2 297.5 4.8 0.368 0.008 84.0 159.95
3229 0.11 2.4 301.4 4.9 0.541 0.011 83.5 157.68
327.7 0.10 1.3 297.2 4.8 0.897 0.019 83.0 156.66
332.7 0.14 1.2 303.2 4.9 1.43 0.03 82.5 155.26
337.6 0.23 1.2 297.9 4.8 2.24 0.05 82.0 154.01
338.0 0.23 1.2 300.1 4.8 2.34 0.05 82.0 153.90
342.5 0.34 1.2 297.9 4.8 341 0.07 81.6 152.63
347.4 0.50 1.2 297.9 4.8 5.03 0.10 81.1 151.08
347.9 0.56 1.2 297.0 4.8 5.54 0.12 81.0 151.38
348.0 0.57 1.2 297.6 4.8 5.64 0.12 81.0 151.47
348.0 0.55 1.2 300.7 4.8 S.51 0.11 81.0 151.27

“Saturation temperature [u(T = 0.1 K]. “Mass of the transferred sample condensed at 243 K. “Volume of nitrogen [u(V) = 0.005 dm?] used to
transfer m [u(m)/m = 0.015] of the sample. dTamb is the temperature of the soap film flow meter used for the measurement of the gas flow. “Vapor

pressure at temperature T, calculated from m, and residual vapor pressure at the condensation temperature, calculated by an iteration procedure; p

o

= 1 Pa. 'Relative standard uncertainty with confidence level 0.68 (k = 1) for p was calculated to be u(p)/p = 0.0208 (see the Supporting
Information). Experimental conditions: T—saturation temperature, m—mass of the transferred sample, Vy,—volume of the carrier gas, and

T, p—ambient temperature. "The uncertainties for T, V, and m are standard uncertainties. The uncertainty of the molar enthalpy of vaporization is
the standard uncertainty with a confidence level of 0.68 (k = 1), calculated including uncertainties of vapor pressure, uncertainties from the fitting
equation, and the uncertainty of temperature adjustment to T = 298.15 K. Detailed information on the methods of calculations was published

: 21,22
previously.

device. The absolute vapor pressures p,, and the thermody-
namic properties of vaporization obtained by the transpiration
method are compiled in Table 7.

3.4. Comparison. The experimental p—T data of the
compounds of interest are depicted in Figure 3. The
corresponding thermodynamic properties are compiled in
Table 8.

Evaluation of the experimental p—T data of all the alkyl-
NENA compounds, measured in this work, reveals that the
vaporization behavior of Me-NENA and Et-NENA is
comparable. As can be seen in Table 8, the molar enthalpies
of vaporization at 298.15 K for these compounds almost match
within the experimental uncertainties. The molar enthalpy of
vaporization has been shown to have a linear dependency on
the number of carbon atoms in an aliphatic chain.”*” This
phenomenon explains the increase of the molar enthalpy of
vaporization for the Bu-NENA compound in comparison to
short-chain length Me-NENA and Et-NENA.

As shown, the absolute vapor pressures of Me- and Et-
NENAs are nearly indistinguishable, Et-NENA having slightly
higher vapor pressure values. Little to no data is present in the
literature to support the observed behavior: no studies report
the experimental boiling points since the measurements are
hindered by the exothermal decomposition of alkyl- NENA
compounds; however, it should be noted that the temperatures
of fusion Ty, of alky- NENA compounds are significantly
lowered with every additional carbon atom in the alkyl chain
[Me-NENA: 309.9 + 0.5 K, from this work; Et-NENA: 274—
278 K;** and Bu-NENA: 245—246 K** ]. It can be speculated
that in the case of a shorter alkyl group, the chemical structure
and the corresponding charge distribution in Me-NENA
induce an additional dipole moment affecting the intermo-
lecular interactions. In this regard, the behavior of vaporization
partially agrees with the results of thermogravimetric analysis
(TGA) of alkyl NENA compounds, reported in the work of
Cartwright,'” which mainly focuses on the volatility of the
propellant compositions containing several plasticizers, includ-
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Figure 3. Comparison of the experimental vapor pressure values of
alkyl- NENA compounds measured in this work. Here, + and dotted
line—Me-NENA, sublimation; X and long dashed line—Me-NENA,
vaporization; ® and solid line—Et-NENA; and B and dashed line—
Bu-NENA.

ing the group of alkyl-NENAs. This work graphically reports
the isothermal TGA experiment results on neat alkyl- NENA
compounds, not disclosing any absolute values for the mass
loss rate. The graph depicts a general vaporization behavior,
showing that Et-NENA has a higher mass loss rate than Me-
NENA and that agrees with the results of this work.
Surprisingly, the same graph also shows that the rate of mass
loss for Bu-NENA is higher than that for Me-NENA and that
does not align with the results reported in this work. For this
reason, the isothermal TGA experiment was repeated here in
an attempt to replicate the conditions and data from ref 10.
The illustration of the results and experimental conditions are
reported in the Supporting Information. In the repeated
experiment, Bu-NENA has a significantly lower mass loss rate
than the other two compounds analyzed. These observations
lead to the assumption that the results of the isothermal TGA
experiment in the work of Cartwright'® might be erroneous in
terms of indexing of the analytes in the graph.

4. CONCLUSIONS

In this study, the experimental vapor pressures and the
resulting molar enthalpies of phase transitions for alkyl—
NENAs were reported for the first time. The thermodynamic
properties of compounds Me-NENA, Et-NENA, and Bu-
NENA were measured in an ambient temperature range using
the transpiration (gas saturation) method.

In the case of Me-NENA, two p—T fitting equations were
reported: the sublimation behavior was investigated in the
temperature range of 278.2—298.1 K, resulting in the molar
enthalpy of sublimation at 298.15 K equal to 104.5 + 0.9 kJ-
mol™!; the vaporization experiments were performed in the
temperature range of 313.0—353.0 K with the corresponding
molar enthalpy of vaporization at 298.15 K equal to 82.0 + 1.1
kJ-mol™". To verify the validity of the derived molar enthalpies
of phase transition of Me-NENA, a DSC experiment was
performed and the molar enthalpy of fusion at 298.15 K was
determined. The resulting value (23.8 + 0.3 kJ-mol™") agrees
with the derived difference of experimentally determined molar
enthalpies of sublimation and vaporization (22.5 = 1.4 kJ-
mol™") within the experimental uncertainties, confirming the
consistency of the experimental results.

For Et-NENA, the p—T fitting equation was reported in the
temperature range of 283.6—347.9 K, yielding the molar
enthalpy of vaporization at 298.15 K to be 79.8 + 0.4 kJ-mol™".
In the case of Bu-NENA, the experimental results were
reported in the temperature range of 283.4—348.0 K. The
resulting enthalpy of vaporization at 298.15 K was derived to
be 85.9 + 0.5 kJ-mol™".

The results of this study fill an evident gap in the knowledge
of the thermodynamic properties of the alkyl-NENA
compounds and may assist in the optimization of the
manufacturing process of propellant mixtures.
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S1. Purity assessment

Elemental analysis (CHNS) was performed with an Elementar Vario Micro instrument. H-
NMR spectra were measured with a Bruker AVANCE 400 MHz instrument and the processing
was done with MestReNova v. 12.0.1-20560 software. The peaks were integrated excluding the
sattelites. The H-gNMR experiments were executed and results were processed with a
procedure, described previously [1]. For these compounds a certified reference material 1,3,5-
trimethoxybenzene was used (Sigma-Aldrich, Product no. 74599, 99.96% mass fraction purity).

1.1 Purity assessment results
Results of the purity assessment are presented in the following. The peaks used for the purity
assessment are marked in the spectra and underlined in the Tables S1-S3.
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Fig. S1.'H-NMR spectrum of Me-NENA.

Table S1. Results of NMR and EA experiments for Me-NENA.

'H-gNMR (CDCls, 400 MHz): & = 4.74 (t, 2H, O-CH,), 4.10 (t, 2H, N-CH), 3.45 (s,
3H, CHs) ppm.
1,3,5-Trimethoxybenzene, CRM (CDCls, 400 MHz): 6 = 6.09 (s, 3H, CH),
3.77 (s, 9H, CHs).

13C _NMR (CDCls, 101 MHz): § = 69.2 (O—CHy2), 50.3 (N-CH>), 40.2 (CH3), ppm.

“N-NMR (CDCls, 29 MHz): § = -29.5 (N-NO,), -46.0 (O-NO2) ppm.

EA Calc.: C 21.82, H 4.27, N 25.25 %; Found: C 21.80, H 4.29, N 25.06 %.
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Fig. S2. 'H-NMR spectrum of Et-NENA.

Table S2. Results of NMR and EA experiments for Et-NENA.

'H-NMR  (CDCls, 400 MHz): § = 4.73 (t, 2H, O-CH,~CHpy), 4.03 (t, 2H, N-CH>-CH,),
3.82 (g, 2H, CH2—CHa), 1.58 (t, 3H, CH3) ppm.
1,3,5-Trimethoxybenzene, CRM (CDCls, 400 MHz): § = 6.09 (s, 3H, CH),
3.77 (s, 9H, CHs).

13C _NMR (CDCls, 101 MHz): = 69.2 (O—CH>), 48.6 (N-CH,), 48.0 (CH,—CH3), 11.3

(CH3) ppm.
“N-NMR (CDCls, 29 MHz): & = -30.4 (N-NO,), -45.3 (O-NO2) ppm.
EA Calc.: C 26.82, H5.06, N 23.46 %; Found: C 27.32, H5.05, N 23.12 %.
/\/\N/\/ONO;;
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Fig. S3.H-NMR spectrum of Bu-NENA.
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Table S3. Results of NMR and EA experiments for Bu-NENA.

IH_NMR  (CDCls, 400 MHz): & = 4.73 (t, 2H, O—CH,—CHy), 4.03 (t, 2H, N—-CHo—CHa),
3.75 (t, 2H, CH>—CH2—CH>-CH3), 1.64 (m, 2H, CH>—CH>—CH>-CHj3), 1.35
(m, 2H, CH>—CH3), 0.94 (t, 3H, CH3) ppm.
1,3,5-Trimethoxybenzene, CRM (CDCls, 400 MHz): = 6.09 (s, 3H, CH),
3.77 (s, 9H, CHs).

15C _NMR  (CDCls, 101 MHz): 8 = 69.2 (O—~CHz), 52.9 (N-CH), 49.0 (CH2-CH2—CH2—
CHs3), 28.6 (CH2—CH>—CH>—CHj3), 19.9 (CH2>—CHj3), 13.6 (CHz) ppm.

UN_NMR (CDCls, 29 MHz): 8 = -30.3 (N-NO), -45.6 (O-NOy) ppm.

EA Calc.: C 34.78, H 6.32, N 20.28 %; Found: C 34.68, H 6.56, N 20.16 %.

S2. Assessment of the uncertainties

The calculation of standard uncertainties of vapor pressure measurements was previously
discussed elsewhere [1, 2]. The calculation of combined standard uncertainties for measured
vapor pressure values includes several contributions from various sources: uncertainty of mass
of the analyte (u(man)), mass of the reference material (u(mger)), volumes of the pycnometers
(u(Vpyc)), volumes of the standard solutions (u(Vst)), uncertainties introduced by standard
addition into the sample (u(Vadd)), chromatographic analysis (for calibration and determination)
(u(GC/HPLC)), transporting gas volume uncertainty (u(Vgas)), Saturator and ambient
temperatures uncertainties (u(T)) and the uncertainty of purity of the materials (u(Pan)).
Experimental vapor pressures measured in this work are reported together with standard
uncertainties of confidence level 0.68 (k = 1).

S3. TGA experiment

In this work an isothermal TGA experiment was conducted for the purpose of comparison of
own results with the previously reported results by Cartwright [3]. The experiment was
performed using a Perkin ElImer TGA4000 device with dry nitrogen as purge gas. The device
crucible was filled with 17 to 27 mg of compound under investigation, heated to initial
temperature (set temperature 373.15 K, sample temperature 371.48 K) and run for extensive
period of time under 20 ml-min™* purge gas.
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Fig. S4. Results of Me-, Et- and Bu-NENA compounds in isothermal TGA experiment, sample temperature 371.48 K. Here:
long dashed line — Me-NENA, dashed line — Et-NENA, dashed-dotted line — Bu-NENA.

S4. GCMS/HPLC-DAD parameters

Compilation of VO-GC/MS parameters used for transpiration experiments:

GC/MS
Injector

Liner

Restriction
Column connector
Analytical column

Oven program

Injector head
pressure

Virtual column

Shimadzu QP2010SE® with LabSolution GCMSsolution v4.11
Atas Optic 4 with Evolution Workstation v4.1

10 mm V2A stainless steel tube, 5 mm wall thickness, equipped with
silanized glass wool (2 mm injection needle penetration into wool)

0.05 mm capillary, 10.53 mm length (Restek #10097)
SGE Siltite pu-Union® (Restek #073562)
Restek RTX-TNT 1® (3 m, 0.53 mm, 1.5 pum)

Me-NENA, vaporization: 40 °C (hold 0.10 min) - 215 °C (rate 60 °C min’
1, total program time 3.02 min.

Et-NENA: 40 °C (hold 0.10 min) = 215 °C (rate 60 °C min™), total
program time 3.02 min.

97 kPa

100 m, 0.25 pm film thickness, 0.20 mm i.d. (entry for GCMSsolution)
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Column flow
Split ratio

Purge flow

Injection volume

lon source

MS interface

3.97 mL min'?

150.0 (entered in LabSolutions GCMSsolution)
10 mL min?

lpuL

200 °C

200 °C

MS SIM mode (event time 100 ms)
Me-NENA: 1.20 — 1.80 min; m/z: 43.1. Retention time: 1.50 min.
Hexadecane (standard): 1.90 — 3.00 min; m/z: 57.1. Retention
time: 2.28 min.
Et-NENA: 1.20 — 2.00 min; m/z: 46.0. Retention time: 1.63 min.
Hexadecane (standard): 2.00 — 3.00 min; m/z: 57.1 Retention
time: 2.28 min.
m/z: quantification ion.
(x1,000,000)
A3.10 (1.00] S57.10(1.00]
1.7&:
1,25—2 \N/\/ONOQ
1.00] NO,
“*”é N N N N
0.5!};
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Fig. S5. GC/MS chromatogram of Me-NENA (retention time 1.50 min, m/z = 43.10) and standard hexadecane (retention

time 2.28 min, m/z = 57.10), measured with a method, described in S4.
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Fig. S6. GC/MS chromatogram of Et-NENA (retention time 1.63 min, m/z = 46.00) and standard hexadecane (retention time
2.28 min, m/z = 57.10), measured with a method, described in S4.
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Fig. S7. HPLC-DAD chromatogram of Bu-NENA (retention time 5.09 min, integration wavelength A = 241 nm) and standard
naphthalene (retention time 7.55 min, integration wavelength A = 275 nm), measured with a method, described in S4.
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Fig. S8. HPLC-DAD chromatogram of Me-NENA (retention time 2.9 min, integration wavelength A = 238 nm) and standard
naphthalene (retention time 7.55 min, integration wavelength A = 275 nm), measured with a method, described in S4.
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5.4.Measurements of Organic Azides (Article 4)

Article 4: Thermodynamics of organic azides: experimental vapor pressures of

organic polyazido compounds measured with the transpiration method

The results were published in Fluid Phase Equilibria (2021) [112] and are reprinted with
permission. Copyright 2021 Elsevier. DOI: doi.org/10.1016/j.fluid.2021.113222.
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In this study experimental vapor pressures of several organic azides including 1,3-diazidopropan-2-ol (1,3-
DAP, CAS: 57011-48-0), 2,3-diazidopropan-2-ol (2,3-DAP, CAS: 67880-10-8) and geminal diazido group
containing 1,3-diethyl-2,2-diazidomalonate (DE-DAM, CAS: 168207-98-5) were measured for the first
time using the transpiration method. The study provides p-T fitting equations and corresponding mo-
lar enthalpies of vaporization, adjusted to 298.15 K: (72.6 + 0.5) k] mol-! for 1,3-DAP, (75.2 + 0.6) k]
mol~! for 2,3-DAP and (76.0 + 1.1) k] mol~! for DE-DAM.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The organic azides are useful as building blocks in “click” chem-
istry [1,2], in pharmaceuticals [3], energetic materials [3-5] and
many other applications [3]. In the field of energetic materials, the
introduction of the azide functional group in the composition of
potential energetic materials can result in “greener”, more envi-
ronmentally friendly solutions since the combustion of the azide
functional group containing materials is smokeless and produces
environmentally harmless molecular nitrogen. However, the -N3
group not only raises the energetic load of the compound, but of-
ten causes a significant increase in the sensitivity towards friction
and impact [6]. The sensitivity of the compounds might hinder the
determination of experimental thermodynamic parameters, such as
molar enthalpies of phase transitions or molar enthalpy of forma-
tion, which are important for the assessment of the performance
of potential high energy materials [7]. As a result, in recent years a
considerable amount of effort was invested in the development of
the computational methods to predict the thermochemical proper-
ties of the organic azides [6-11]. The development of the meth-
ods relies heavily on the availability of high-quality experimen-

* Homepage: http://www.hedm.cup.uni-muenchen.de
* Corresponding author.
E-mail address: tmk@cup.uni-muenchen.de (T.M. Klapotke).

https://doi.org/10.1016/j.fluid.2021.113222
0378-3812/© 2021 Elsevier B.V. All rights reserved.

tal thermodynamic data. Consequently, in the past decade several
published studies aimed to provide new reliable data and to elimi-
nate the existent disarray in experimental thermodynamic proper-
ties of organic azides [12,13]. Moreover, the relatively “young” class
of compounds containing geminal diazides have remained an un-
investigated area in terms of their thermodynamic behaviors [14].

Recently our research group executed investigations on the
performance of several organic azides [15,16]. Therefore, a group
of relatively insensitive organic polyazido compounds, including
two diazido propanols, 1,3-diazidopropan-2-ol (1,3-DAP) and 2,3-
diazidopropan-2-ol (2,3-DAP), and a malonic ester with a gemi-
nal diazido group 1,3-diethyl-2,2-diazidomalonate (DE-DAM), were
chosen for the determination of thermodynamic properties using
the transpiration method (Fig. 1).

2. Materials and methods
2.1. Materials

CAUTION! 1,3-DAP, 2,3-DAP and DE-DAM are energetic materials
with sensitivity to various stimuli. While we encountered no issues in
the handling of these materials, we encourage to employ additional
protective measures (Kevlar gloves, hearing protections, face shields,
etc.) during the handling of all of the compounds at all times including
vapor pressure measurements.
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List of symbols

Dsat saturated vapor pressure, in Pa (Eq. (1))

p° reference pressure, in Pa (Eq. (2))

m mass of the analyte collected during the transpiration ex-
periment, in kg (Eq. (1))

Tamb ambient temperature, in K (Eq. (1))

T temperature, in K (Eq. (1))

To Reference temperature, in K (Eq. (2))

Vi, volume of carrier gas at ambient conditions, in m3 (Eq.
(1))

Com standard heat capacity at constant pressure, in

J-mol-1.K-1 (Table 2)
A‘IgC;;,m difference of molar heat capacities at constant pressure,
in J-mol-1.K-1 (Eq. (2))

A$H;  standard molar enthalpy of vaporization, in J-mol-!
(Eq. (3))

A‘fS;’n standard molar entropy of vaporization, in J-mol-!
(Eq. (4))

All of the compounds investigated in this study were synthe-
sized by procedures, described previously in the literature. The
1,3-DAP and 2,3-DAP compounds were produced according to the
methods described in Farhanullah et al. and Samrin et al., respec-
tively [17,18]. Compound DE-DAM was prepared according to the
synthetic path described in the study of Erhart et al. [19]. The pu-
rity of the compounds used in this study was investigated with
the elemental analysis and TH NMR spectroscopy and is reported
in Table 1. Further information on purity assessment is provided in
the Supporting Information.

Before the transpiration experiment took place, a sample condi-
tioning step within the experimental setup was executed by sub-
jecting the sample to the carrier gas stream at ambient and ele-
vated temperatures (315-320 K) for 2-3 h each, in order to remove
moisture and possible volatile impurities.

2.2. Transpiration method

The measurements of the experimental vapor pressures were
executed with the transpiration method described previously [20].
The method relies on the determination of the amount of the an-
alyte in a saturated carrier gas stream. To facilitate the saturation
conditions, a generous amount of the compound of interest (0.5-
1 g) is homogenously coated on the surface of the 1 mm diameter
glass beads, which are placed in a temperature-regulated glass ves-
sel, the so-called saturator. Given that the flow of the carrier gas
is relatively slow (1-5 dm®-h~1), the carrier gas stream enters the

Table 1
Origin and mass fraction purity P, of the compounds investigated in this
work.

Substance  IUPAC name CAS # Pan?

1,3-DAP 1,3-diazidopropan-2-ol 57011-48-0 >0.98
2,3-DAP 2,3-diazidopropan-1-ol® 67880-10-8 >0.95
DE-DAM 1,3-diethyl-2,2-diazidomalonate 168207-98-5 >0.98

3 Purity Py, of the samples as mass fraction, estimated from the 'H NMR,
were clean spectra could be associated with the purity of >0.98 (m/m). The
conservative estimations were backed up by elemental analyses. Pee not de-
termined.

O O
N3/\01\N3 HO/\N(\N3 /\O O/\
3 N3N
1,3-DAP 2,3-DAP DE-DAM

Fig. 1. The compounds of interest, that were analyzed in this work: 1,33-DAP, 2,3-
DAP and DE-DAM.
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Table 2
The estimated molar heat capacities Cp,, and their dif-
ferences of the organic azides, investigated in this work

(T = 298.15 K).
Compound Gm®? ~AfGwm
J-mol~1 K1 J-mol-1.K-1
1,3-DAP 327.5 95.7
2,3-DAP 3275 95.7
DE-DAM 458.0 129.7

2 Calculated according to the group contribution method
by Acree and Chickos [22]. Group values for azide functional
group were obtained from experimental heat capacity val-
ues by Fagley and Myers [23].

b Calculated by — A§C;,, =10.58 +C; . (I) x 0.26 [21].

glass vessel and, upon the contact with the analyte, gets saturated.
The saturation state is demonstrated by the independence of the
analytical results and flow rate at the lowest experimental tem-
perature. To determine the amount of the vapors of the analyte,
present in the gas phase, the gas stream exits the saturator into a
detachable glass tube, which is immersed in a cooling bath (iso-
propanol, 243 K). The vapors of the analyte condense on the glass
walls and the amount of the analyte collected over a specific pe-
riod of time is quantified by a chromatographic technique (HPLC-
DAD, Shimadzu, Prominence® with LC-20AD pump module and
SPDM20A Diode Array Detector). For the chromatographic methods
please refer to the Supporting Information.

Experimental conditions including temperature of the saturator
T (in K), ambient temperature T, (in K), volume of the carrier gas
Vn, (in m?3) along with the amount of the analyte collected during
the transpiration experiment m (in kg) are inserted into modified
equation of the Ideal Gas Law (Eq. (1)), which allows the calcula-
tion of absolute vapor pressure psqr (in Pa).

mRTamb
MVy,

psat(T) = (1)

Here R is universal gas constant 8.314462 [J-mol-1.K~1]; M:
molecular weight [kg-mol~1]. The validity of the Eq. (1) relies on
the Dalton’s law of partial pressures and the assumption that the
volume of the vapors of the analyte is negligible in comparison to
the volume of the carrier gas. The relationship between the ab-
solute vapor pressures and the experimental temperature is de-
scribed by a fitting equation:

Psa  AGm, T B

ln<p0>— Pt A )

Here p°is the reference pressure (in Pa), Ty is the reference tem-
perature (in K), A and B are fitting coefficients (A is unitless, B in
K). Molar heat capacity differences between liquid (I) and gaseous
phase (g) at constant pressure A‘;”’C;_m for the compounds of in-
terest were calculated using the procedure described by Acree and
Chickos [21]. The molar heat capacities Cj ,(I), required for this
calculation were obtained via group contribution method by Acree
and Chickos [22]. The values are detailed in Table 2.

The determined p-T datasets allow the determination of the
molar enthalpy of vaporization A‘Igl-lg1 and molar entropy of vapor-
ization A,gs; at temperature T according to the equations

AfH; (T) = RB+ A$C, T (3)
A$H; (T)
AFS(T) = === 4 Rin( 2 ) (4)

Here pcis the standard pressure (0.1 MPa).
For the evaluation of the uncertainties of molar enthalpies of
vaporization A;gng(T), experimental vapor pressures were fitted
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Fig. 2. Experimental vapor pressure (®) deviations from the derived fitting equation
for 1,3-DAP in Table 3. Dashed lines display the absolute deviation in pressure. Error
bars are the standard uncertainties as reported in Table 3.
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Fig. 3. Experimental vapor pressure (®) deviations from the derived fitting equation
for 2,3-DAP in Table 4. Dashed lines display the absolute deviation in pressure. Error
bars are the standard uncertainties as reported in Table 4.

to the linear equation Inp= f(T~!) using the method of least
squares. The resulting enthalpies of vaporization, their correspond-
ing uncertainties and the uncertainties introduced by the approx-
imation were included in the calculations of the uncertainties of
AfH (T) (Eq. (2)) [24].

3. Results and discussion

The results of the transpiration experiments performed as de-
scribed above are reported in the Tables 3 - 5 together with the
fitting functions according to Eq. (2) and molar enthalpies of va-
porization, adjusted to 298.15 K. The correcponding p-T data is also
plotted in the Figure 5.

Visualizations of the experimental vapor pressure deviations
from fitting equations are provided in Figs. 2, 3, and 4. The ex-
perimental vapor pressures of DE-DAM exhibit significantly higher
deviations from the fitting equation (Eq. (2)) than for 1,3-DAP and
2,3-DAP and for this reason standard vapor pressure uncertainties
for DE-DAM were increased by a factor of two.

If fitted to the Clarke-Glew equation [27] (Eq. (5)), where vapor
pressures are directly related to the thermodynamic functions of
vaporization, the fitting equation yields a theoretically impossible
positive A{C; ,value.

(1) - 2 s -

pO
+A,gc;,m(9)((;, -1 +ln<£>> (5)
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Error bars are the standard uncertainties as reported in Table 5.
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Here pgy is the vapor pressure (in Pa) at the temperature T,
p° is the standard pressure (0.1 MPa), 6 is an arbitrary reference
temperature (in this work 6 = 298.15 K), AfC;’,,m is the difference
in the isobaric molar heat capacities between gaseous and liquid
states, A,gH;’,, is the molar enthalpy of vaporization and AIgG;1 is
the difference in Gibbs energy between gaseous and liquid states.

Reduction of the experimental data-set at high and low temper-
atures eliminated this inconsistency and the remaining data points
are presented in Table 5 and Fig. 4. The full experimental vapor
pressure data-set of DE-DAM is reported in table S4 and deviation
plot is depicted in figure S4. The resulting molar enthalpies of va-
porization at 298.15 K derived from reduced and full p-T-datasets
(76.0 k]-mol~! and 76.2 kJ-mol-!, respectively) agree within the ex-
perimental uncertainties.

The thermodynamic properties, derived in this work for 1,3-
DAP, 2,3-DAP and DE-DAM, are compiled in the Table 6. There
are notable differences in the vaporization behavior of the diazi-
dopropanols: the molar enthalpy of vaporization at 298.15 K of
1,3-DAP has a lower value (72.6 + 0.5 kJ-mol-!) in comparison to
the value of 2,3-DAP (75.2 + 0.6 k]-mol-!) and there is an obvious
difference in absolute vapor pressures in the whole experimental
temperature range, with the compound 1,3-DAP having higher va-
por pressures. The reasoning behind these results could be that the
compound 2,3-DAP is less symmetrical and, consequently, more
polar than 1,3-DAP. Also, it is known that the hydrogen bond for-
mation in the primary alcohol group (2,3-DAP) is less sterically
hindered compared to the bond formation at the secondary alcohol
group (1,3-DAP) [28]. With respect to that, more hydrogen bonds
can be expected for 2,3-DAP. The increase of the molecule polar-
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Table 3
1,3-DAP (liq): experimental conditions and resulting absolute vapor
pressures psa: obtained by the transpiration method in this work.

ASH;, (298.15 K) = (72.6 % 0.5) kJ mol-!

In (%) =233 _OLAS _ B nsoliex

T mb V[\sz Tambd Gasflow Psat® u(Psat) f
K mg dm* K dm*h~!'  Pa Pa
2745 0.13 14 2959 3.6 0.161 0.009
274.6 0.26 28 299.8 1.6 0.160 0.009
274.6 0.12 14 2959 4.8 0.153 0.009
278.4 0.41 28 295.6 1.6 0.251 0.011
2834 0.15 5.6 2955 4.8 0.445 0.016
288.3 0.12 2.8 296.0 4.8 0.753 0.024
2933 0.09 1.2 296.0 4.8 1.23 0.04
298.2 0.17 14 295.8 4.8 2.10 0.06
303.2 0.24 1.2 2953 4.9 3.38 0.09
303.2 0.24 1.2 295.2 4.8 3.37 0.09
303.2 0.24 1.2 295.3 4.8 3.41 0.09
303.2 0.24 1.2 298.8 49 3.34 0.09
308.2 0.38 1.2 296.6 4.8 5.43 0.14
313.2 0.55 1.2 302.0 4.9 7.77 0.20
318.2 0.45 0.6 299.9 2.4 12.7 0.3
3231 0.51 0.5 295.5 1.8 19.0 0.5
328.1 0.75 0.5 2971 1.8 28.2 0.7
3331 0.99 0.4 298.5 1.6 41.2 1.0
3331 1.09 0.5 298.8 1.6 41.3 1.0
3331 0.99 0.4 300.0 1.7 41.2 1.0

2 Saturation temperature (u(T) = 0.1 K). ® Mass of transferred sam-
ple condensed at 243 K. ¢ Volume of nitrogen (u(V) = 0.01 dm?)
used to transfer m (u(m)/m = 0.015) of the sample. ¢ T, is the
temperature of the soap film flowmeter used for measurement of
the gas flow. ¢ Vapor pressure at temperature T, obtained from the
mass m and the residual vapor pressure at the condensation temper-
ature, calculated by an iteration procedure; p° = 1 Pa. f Standard un-
certainties were calculated with u(p/Pa) = 0.005 + 0.025(p/Pa). The
uncertainties for T, V and m are standard uncertainties. The determi-
nation of the u(m) included the evaluation of the uncertainties as-
sociated with the preparation of internal standard solutions (caused
by weighing and pycnometers), volumetric standard addition, chro-
matographic calibration and determination. The uncertainty of the
molar enthalpy of vaporization (at 298.15 K) is the standard uncer-
tainty with a confidence level of 0.68, calculated including uncer-
tainties of vapor pressure, the uncertainties from the fitting equa-
tion and the uncertainty of temperature adjustment to T = 298.15 K.
Detailed information on the methods of calculations was published
previously [25; 26].

ity and the hydrogen bonds lowers the vapor pressure of a com-
pound. Similar behavior can be observed for analogous aliphatic
compounds, where the molar enthalpy of vaporization for pentan-
3-ol (CAS: 584-02-1, 53.2 kJ-mol-! [22; 29]) is slightly lower than
of 2-methyl-1-butanol (CAS: 137-32-6, 54.1 kJ-mol-! [30,31]).

As expected, the compound DE-DAM showed both lower vapor
pressures and higher molar enthalpies of vaporization in compari-
son to the diazidopropanols, investigated in this work (Table 6).

Literature research revealed that only few studies discuss the
vapor pressures of the compounds containing multiple azido
groups [12,32]. The work by Lee et al. [32] provides, as stated
by the researchers, “approximate” results on the p-T-data for sev-
eral aliphatic chains with terminal azido groups. In the work by
Verevkin et al. [12] the results of Lee et al. were processed to
yield the molar enthalpies of vaporization at 298.15 K and a cor-
relation between the Afon(ZQS.]S K) and the carbon number in
the aliphatic chain was derived. However, no experimental p-T-
data are available for the -OH group containing aliphatic diazido-
compounds, or, in fact, any of the compounds investigated in this
work. One noteworthy datapoint available for 1,3-DAP is a boiling
point, reported in the work of Isaev et al. [33] and it is depicted in
the Figure S5 in the Supporting Information. The measured boiling
point lies closely to the extrapolated fitting equation from the re-
sults achieved in this work (Table 3). Additionally, this is the first
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Table 4
2,3-DAP (liq): experimental conditions and resulting absolute vapor
pressures psqe obtained by the transpiration method in this work.

ASH, (298.15 K) = (75.2 % 0.6) k] mol-!

In (%) = # - 103';%1'26 - %l" 298.15K

T2 mP VG Tam®  Gasflow  pa®  u(psa)
K mg dm* K dm*h-!  Pa Pa
274.2 0.07 14 297.7 4.8 0.082 0.007
274.2 0.32 66 296.2 3.6 0.081 0.007
274.2 0.15 32 296.6 2.0 0.081 0.007
274.2 0.21 42 298.0 24 0.084 0.007
278.1 0.07 8.7 297.2 4.8 0.133 0.008
283.1 0.06 4.4 2971 4.8 0.226 0.011
288.1 0.06 23 296.4 4.8 0.410 0.015
2931 0.07 1.6 296.3 4.8 0.680 0.022
298.1 0.09 1.2 296.2 4.8 1.17 0.03
303.1 0.14 1.2 296.0 4.8 1.94 0.05
303.1 0.14 1.2 296.2 4.8 191 0.05
303.1 0.14 1.2 2959 4.8 1.94 0.05
303.1 0.14 1.2 2971 4.8 191 0.05
308.1 0.22 1.2 295.4 4.8 3.07 0.08
313.0 0.35 1.2 296.8 4.8 4.87 0.13
318.0 0.54 1.2 296.5 4.8 7.49 0.19
323.0 0.87 1.2 297.0 4.8 12.0 0.3
328.0 0.80 0.7 295.2 2.8 18.6 0.5
328.0 0.79 0.7 2953 2.8 18.6 0.5
3329 1.14 0.7 2954 2.8 26.7 0.7
333.0 1.14 0.7 2953 2.8 26.7 0.7
333.0 112 0.7 295.2 2.8 26.3 0.7

For table legend please refer to Table 3.

Table 5

DE-DAM (liq): experimental conditions and resulting absolute va-
por pressures psqr obtained by the transpiration method in this
work.

ASH, (298.15 K) = (76.0 + 1.1) kJ mol™!

In (%) = 38 _ 14LRH _ 1B In otk

T? mP Ve,  Tam®  Gasflow  pa®  u(psa)f
K mg dm* K dm?-h! Pa Pa
278.5 0.67 78 296.3 4.8 0.09 0.01
2834 0.50 30 296.4 4.8 0.17 0.02
288.3 0.52 18 296.2 4.8 0.30 0.02
2933 0.51 12 2971 4.8 0.44 0.03
298.2 0.51 6.4 296.8 4.8 0.80 0.05
303.2 0.45 3.6 297.1 4.8 1.25 0.07
308.1 0.50 2.4 297.7 4.8 2.08 0.11
3131 0.47 1.5 297.4 4.8 3.26 0.17
3131 0.50 1.6 296.4 4.8 3.13 0.17
3131 0.51 1.6 296.3 4.8 3.20 0.17
318.1 0.58 1.2 296.5 4.8 4.83 0.25
323.0 1.00 1.2 297.5 4.8 8.40 0.43
328.0 1.49 1.2 297.0 4.8 12.5 0.6
333.0 2.22 1.2 296.5 4.8 18.5 0.9
338.0 3.09 1.2 297.5 4.8 25.8 13
3429 7.15 19 297.2 4.8 38.9 2.0

a Saturation temperature (u(T) = 0.1 K). ® Mass of transferred
sample condensed at 243 K. ¢ Volume of nitrogen (u(V) = 0.01
dm?3) used to transfer m (u(m)/m = 0.015) of the sample. 4 T, is
the temperature of the soap film flowmeter used for measurement
of the gas flow. ¢ Vapor pressure at temperature T obtained from
the m and the residual vapor pressure at the condensation temper-
ature, calculated by an iteration procedure; p° = 1 Pa. f Standard
uncertainties were calculated with u(p/Pa) = 0.01 + 0.05(p/Pa). The
uncertainties for T, V and m are standard uncertainties. The de-
termination of the u(m) included the evaluation of the uncertain-
ties associated with the preparation of internal standard solutions
(caused by weighing and pycnometers), volumetric standard ad-
dition, chromatographic calibration and determination. The uncer-
tainty of the molar enthalpy of vaporization (at 298.15 K) is the
standard uncertainty with a confidence level of 0.68, calculated in-
cluding uncertainties of vapor pressure, the uncertainties from the
fitting equation and the uncertainty of temperature adjustment to
T = 298.15 K. Detailed information on the methods of calculations
was published previously [25; 26].
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Compilation of the thermodynamic data on 1,3-DAP, 2,3-DAP and DE-DAM, derived from

p-T-data obtained in this work.

Experiment  T-Range Tave APH; (Tug) © APH(29815K) P poq©
K K kJ-mol-! kJ-mol-! Pa
1,3-DAP 2745 - 333.1 302.1 723 + 0.5 72.6 + 0.5 2.05
2,3-DAP 274.2 - 333.0 301.6 749 + 0.6 75.2 + 0.6 1.19
DE-DAM¢ 278.5 - 3429 309.8 74.7 £ 1.0 76.0 + 1.1 0.79

3 Molar enthalpies of vaporization at average temperature, derived by the linear data
approximation Inp = f(T-') and for the purpose of calculation of u(A,gH;,) from the
Eq. (3). P Molar enthalpies of vaporization were adjusted according to Acree and Chickos

[21] with values of AfC; .,

and Cj (1), stated in Table 2. The uncertainty of molar en-

thalpy of vaporization is expressed as standard uncertainty with the confidence level of
0.68. “The calculated vapor pressure at 298.15 K, according to the fitting equations re-
ported in the Tables 3-5. 4 Results obtained from reduced data-set, as explained above.

time that experimental vapor pressures and corresponding ther-
modynamic properties are reported for a geminal diazido- com-
pound.

4. Conclusions

This study discusses the vaporization behavior of sev-
eral compounds from a rarely thermodynamically investigated
organic polyazido group: 1,3-diazidopropanol (1,3-DAP), 2,3-
diazidopropanol (2,3-DAP) and 1,3-diethyl-2,2-diazidomalonate
(DE-DAM). Their experimental vapor pressures were measured us-
ing the transpiration method. It is the first time the thermody-
namic properties are reported for a compound, containing a gem-
inal diazido- group (DE-DAM). The experimental p-T-datasets were
obtained in the ambient temperature range and their correspond-
ing p-T fitting equations were derived and reported. The achieved
data allowed the determination of the molar enthalpies of vapor-
ization and saturation vapor pressures at 298.15 K. The reported
thermodynamic data could contribute to achieve a better under-
standing of the vaporization behavior of the azido- group contain-
ing organic compounds and improve the existent thermochemical
parameter estimation methods for the compounds containing mul-
tiple azido groups.
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S1. Purity assessment

Elemental analysis (CHNS) of the liquid samples were performed with an Elementar Vario El
instrument. *H-NMR spectra were measured with a Bruker AVANCE 400 MHz instrument and
the processing was done with MestReNova v. 12.0.1-20560 software. Results of the purity
assessment are presented in the following.
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Figure S1. *H-NMR spectrum of 1,3-DAP.

1,3-DAP: 'H NMR (CDCls, 400 MHz): 5 = 3.9 (q, 1H, CH), 3.4-3.3 (m, 4H, CH>), 2.3 (s, 1H,
~OH) ppm. 3C NMR (CDCls, 101 MHz): 8 = 69.7 (CH2—OH), 54.0 (CH2—-N3) ppm. N NMR
(CDCls, 29 MHz): 5 = —134 (Ng), 170 (Ng). EA: Calcd.: C 25.35, H 4.26, N 59.13 %; Found:

C 25.05, H 3.99, N 59.04 %.
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Table S1. Peak integrals for *H-NMR spectrum of 1,3-DAP in Fig. S1.

d range Integral (normalized) Integral (absolute)
4.01..3.84 1.00 286012.37
3.47 ..3.32 4.01 1150154.36
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Figure S2. *H-NMR spectrum of enantiomeric mixture for compound 2,3-DAP, ee not defined.

2,3-DAP: 'H NMR (CDCls, 400 MHz): & = 3.82-3.72 (m, 1H), 3.7-3.6 (m, 2H), 3.5-3.4 (m,
2H), 2.2 (s, 1H, ~OH) ppm. 3C NMR (CDCls, 101 MHz): § = 62.7 (CH2—OH), 62.7 (CH-N3),
51.6 (CHz—N3) ppm. N NMR (CDCls, 29 MHz): § = —134 (Ng), —135 (Ng), —169 (Ny) ppm.
EA: Calcd.: C 59.13, H 4.26, N 25.35 %; Found: C 58.71, H 3.92, N 25.58 %.

Table S2. Peak integrals for tH-NMR spectrum of 2,3-DAP in Fig. S2.

d range Integral (normalized) Integral (absolute)
3.79..3.72 1.00 472590.20
3.72 .. 3.60 2.00 944603.83
3.52..3.39 2.03 957175.81
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Figure S3.*H-NMR spectrum of DE-DAM.
DE-DAM: *H NMR (CDCls, 400 MHz): = 4.4 (q, 4H, CH2CH?3), 1.3 (t, 6H, CH3) ppm. 3C
NMR (CDCls, 101 MHz): 6 = 163.6 (CO2Et), 80.0 (C(N3)2), 64.2 (CH2CHs3), 14.0 (OCH,CHj5)

ppm. N NMR (CDCls, 29 MHz): & = —141 (Ng), —156 (Ny) ppm. EA: Calcd.: C 34.70, H
4.16, N 34.71 %; Found: C 34.97, H 3.75, N 33.01 %.

Table S3. Peak integrals for *H-NMR spectrum of DE-DAM in Fig. S3.

d range Integral (normalized) Integral (absolute)
4.43 ..3.30 4.00 1304431.14
1.38..1.29 6.00 1958122.41

S2. Experimental results of DE-DAM

Table S4. DE-DAM: experimental conditions and resulting absolute vapor pressures py,, obtained by the transpiration

method in this work.

AYH,, (298.15 K) = (76.2 % 2.2) kJ mol™

In (@) _ 383.7 3 114870.37 3 129.7 In T
PO R RT R 298.15K
T? mP Vit Temy® Gasflow p° u@,)’
K mg dmsa K dm3-h*  Pa Pa
27469 041 69 2974 4.8 0.06 0.01

27469 0.46 79 296.7 4.8 0.06 0.01



27469 042 72 298.0 4.0 0.06 0.01

27479  0.44 70 297.6 3.0 0.06 0.01
278.5 0.67 78 296.3 4.8 0.09 0.01
283.4 0.50 30 296.4 4.8 0.17 0.02
288.3 0.52 18 296.2 4.8 0.30 0.02
293.3 0.51 12 297.1 4.8 0.44 0.03
298.2 0.51 6.4 296.8 4.8 0.80 0.05
303.2 0.45 3.6 297.1 4.8 1.25 0.07
308.1 0.50 2.4 297.7 4.8 2.08 0.11
313.1 0.47 15 297.4 4.8 3.26 0.17
313.1 0.50 1.6 296.4 4.8 3.13 0.17
313.1 0.51 1.6 296.3 4.8 3.20 0.17
318.1 0.58 1.2 296.5 4.8 4.83 0.25
323.0 1.00 1.2 297.5 4.8 8.40 0.43
328.0 1.49 1.2 297.0 4.8 125 0.6
333.0 2.22 1.2 296.5 4.8 18.5 0.9
338.0 3.09 1.2 297.5 4.8 25.8 13
342.9 7.15 1.9 297.2 4.8 38.9 2.0
347.79  5.86 1.0 296.2 3.0 59.0 3.0
347.79 443 0.8 296.2 3.0 59.5 3.0
347.79 443 0.8 296.2 3.0 59.3 3.0
347.89  4.47 0.7 296.5 3.0 60.2 3.0
347.99 438 0.7 296.4 3.0 59.1 3.0
352.99 9.40 11 296.8 4.5 83.4 4.2
35319 6.11 0.7 296.5 2.4 84.7 4.2

a Saturation temperature (u(T) = 0.1 K). ® Mass of transferred sample condensed at 243 K. ¢ Volume of nitrogen
(u(Vv) = 0.01 dm?®) used to transfer m (u(m)/m = 0.015) of the sample. ¢ Tamp is the temperature of the soap film
flowmeter used for measurement of the gas flow. © Vapor pressure at temperature T obtained from the m and the
residual vapor pressure at the condensation temperature, calculated by an iteration procedure; p° = 1 Pa. f Standard
uncertainties were calculated with u(p/Pa) = 0.01 +0.05(p/Pa). The uncertainties for T, V and m are standard
uncertainties. The determination of the u(m) included the evaluation of the uncertainties associated with the
preparation of internal standard solutions (caused by weighing and pycnometers), volumetric standard addition,
chromatographic calibration and determination.The uncertainty of the molar enthalpy of vaporization (at 298.15

K) is the standard uncertainty with a confidence level of 0.68, calculated including uncertainties of vapor pressure,



uncertainties from the fitting equation and the uncertainty of temperature adjustment to T = 298.15K. Detailed
information on the methods of calculations was published previously [1; 2]. %Values not included for the

determination of the fitting equation and molar enthalpies of vaporization.
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Figure S4. Experimental vapor pressure (e) deviations from the derived fitting equation for DE-DAM
in Table S1. Dashed lines display the absolute deviation in pressure. Error bars are the standard
uncertainties as reported in Table S1.



S3. Comparisons to other literature data
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Figure S5. Experimental vapor pressures of 1,3-DAP from this work (e) and the derived fitting equation
from the Table 3 (dashed line) in comparison with the boiling point (at reduced pressure of 3 mmHQ)
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Figure S6. Experimental vapor pressures as of aliphatic analogues for diazidopropanols investigated in
this work: 3-pentanol (+) and 2-methyl-1-butanol (x), as reported in the work by Censky et al. [4].



S4. HPLC-DAD parameters

HPLC Shimadzu Prominence® with LC-20AD pump module and SPD-
M20A Diode Array Detector; software LabSolutions v5.86
Analytical column  Phenomenex Kinetex® (2.6 pm Biphenyl, 100 A, 150 x 4.6 mm)
Oven temperature:  40°C
Program
1,3-DAP Injection volume: 1 puL
Total Flow: 0.75 mL/min
Mobile phase: 25 % MeOH, 75 % Water
Time: 15 min
Channel 1 wavelength: 212 nm (1.3-DAP)
Retention time: 6.0 min
Channel 2 wavelength: 232 nm (standard, RDX)
Retention time: 13.6 min
2,3-DAP Injection volume: 1 puL
Total Flow: 0.75 mL/min
Mobile phase: 25 % MeOH, 75 % Water
Time: 15 min
Channel 1 wavelength: 212 nm (2.3-DAP)
Retention time: 6.4 min
Channel 2 wavelength: 232 nm (standard, RDX)
Retention time: 13.5 min
DE-DAM Injection volume: 1 puL
Total Flow: 0.95 mL/min
Mobile phase: 60 % MeOH, 40 % Water
Time: 10 min
Channel 1 wavelength: 212 nm (DE-DAM)
Retention time: 8.4 min
Channel 2 wavelength: 280 nm (standard, 4-MNT)
Retention time: 6.2 min
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Figure S6. HPLC-DAD chromatogram of 1,3-DAP (retention time 6.01 min, integration wavelength A
= 212 nm) and standard RDX (retention time 13.57 min, integration wavelength X = 212 nm),
measured with a method, described in this section.
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Figure S7. HPLC-DAD chromatogram of 2.3- DAP (retention time 6.44 min, integration wavelength
A =212 nm) and standard RDX (retention time 13.48 min, integration wavelength A = 232 nm),
measured with a method, described in this section.
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Figure S8. HPLC-DAD chromatogram of DE-DAM (retention time 8.40 min, integration wavelength
A =212 nm) and standard 4-MNT (retention time 6.21 min, integration wavelength A = 280 nm),
measured with a method, described in this section.
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5.5.Measurements of phlegmatized TATP mixtures (Article 5)

Article 5: Phlegmatization of TATP and HMTD with Activated Charcoal as

Training Aid for Explosive Detection Dogs

The results were published in the journal Propellants, Explosives, Pyrotechnics (2022) [113]
and are reprinted with permission. Copyright (2022) John Wiley and Sons, New York, NY.
DOI: doi.org/10.1002/prep.202100057.
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Phlegmatization of TATP and HMTD with Activated
Charcoal as Training Aid for Explosive Detection Dogs

Isabel Wilhelm,™ Greta Bikelyté,'” Michael Wittek,"™ Martin Andreas Christian Hartel,** Dirk Roseling,” and

Thomas Matthias Klapotke!

Abstract: Both TATP and HMTD could be phlegmatized by
coprecipitation with active charcoal resulting in mixtures
with a nominal content of 40 wt-% (d40-TATP) and 10 wt-%
(d10-HMTD), respectively. In terms of impact and friction
sensitivity for both peroxides a content of 40 wt-% resulted
in >30 Nm impact sensitivity and >360 N friction sensi-
tivity. Both phlegmatized peroxides passed the Koenen
Tube and Thermal Stability Test according to the UN rec-
ommendation on the transport of dangerous goods test
manual. Investigations with a process mass spectrometer
indicate that d40-TATP can produce a saturated TATP head-
space at least in the same time as the same amount of pure

TATP. Measurements with the transpiration method dem-
onstrated that the vapor pressure p,, at 298.15 K of d40-
TATP (2.3 Pa) and d32.7-TATP (0.9 Pa) is lower than that of
pure TATP (6.7 Pa). Headspace SPME-GC/MS measurements
revealed that the active charcoal does not contribute to the
vapor profile of the training aid. Both d40-TATP and d10-
HMTD were tested as training aids for explosive detection
dog teams (EDD). In both differentiation track and realistic
environment scenarios a detection rate of 100% could be
achieved by German Federal Police EDD with a false pos-
itive rate of solely 3%.

Keywords: Peroxides - Explosive Detection - Canine Training Aid - Explosive Detection Dogs - Vapor Pressure

1 Introduction

Triacetone triperoxide (TATP) is a notorious explosive that
was discovered accidentally by Wolffenstein [1] in 1895.
With respect to its high vapor pressure and extreme sensi-
tivity towards impact and friction, the explosive neither
finds military nor civil application. Dry TATP is reported to
have a higher impact (0.1 J) and friction sensitivity (0.05 N)
than the crude product from the aqueous synthesis (0.5 J,
0.2 N) that is stabilized by trace amounts of water [2]. De-
spite that, the compound is a homemade explosive that is
illegally synthesized by both amateur chemists and terro-
rists, which is reflected by numerous incidents [3-5]. Due to
the dangerous popularity of the illicit use of TATP and
hexamethylene triperoxide diamine (HMTD) law enforce-
ments units are urged to train their explosive detection dog
teams (EDD) for the detection of peroxide explosives like
TATP and HMTD. Regarding the sensitivity of the peroxides,
training for EDD is frequently performed with training aids
that contain TATP or HMTD (mostly in trace amounts) with
numerous commercial, patented products available. These
include microamounts of the peroxide explosives coated on
porous metal [6-7] and proprietary mixtures with phlegma-
tization agents [8-12]. Recent research work dealing with
the phlegmatization of TATP/HMTD for canine training aids
includes a study using ionic liquids as an inert matrix [2]
(commercially available at the Diehl Defence GmbH & Co.
KG) and the microencapsulation of TATP in polymers [13-
15]. The latter development has been commercialized in
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form of a microsphere heater system [15]. The vapor sens-
ing of explosive materials has been reviewed by Lefferts and
Castell [16] including animal olfaction approaches like EDD.
For the training of an EDD it is essential to both train the
detection of confined explosives, as well as large bulk
amounts of explosive material. Whilst confined explosives
(e.g., well-sealed pipe bomb) release solely trace amounts
of explosive vapor into the air, large open bulk amounts
(e.g., a trolley filled with explosive) release a “cloud” of va-
por with high concentration. If the latter scenario is not
trained properly, the EDD may be overcharged by the pres-
ence of the vapor “cloud”, which possibly results in inability
of the EDD to locate the explosive or even non-detection.
This phenomenon is called “large amount problem”[17].
Canine training aids have been reviewed in detail by Si-
mon et al. [18]. Commercially available HMTD training aids
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have been characterized [19] without disclosing the brand.
The results indicate headspace variation of bulk HMTD vs.
commercial training aids that contain HMTD and diatoma-
ceous earth [8-11]. Multiple research efforts [20-24] focus
on the development and characterization of canine training
aids, which are, to the best knowledge of the authors, not
commercially available.

The majority of the commercially available canine train-
ing aids mentioned before remain to be products with pro-
prietary ingredients, production processes (e.g. used sol-
vents) and sparse public availability of (peer-reviewed)
characterization data including the characterization of the
vaporization behaviour and headspace profile.

In order to ensure the proper training of EDD for the de-
tection of large bulk amounts of the highly sensitive perox-
ide explosives TATP and HMTD the German Federal Police
commissioned the Fraunhofer Institute for Chemical Tech-
nology with the development of a training aid for both
TATP and HMTD that is safe to handle and can be used for
the training of large bulk amount scenarios of both com-
pounds. It was our intention to publish the results without
prior patenting to give the international EDD training com-
munity access to an open-source canine training aid for
peroxide explosives with public availability of the synthetic
procedure and extensive characterization data.

The task was realized by phlegmatization of both per-
oxides with activated charcoal. The resulting materials were
characterized in terms of handling safety (impact and fric-
tion sensitivity), security testing (Koenen Tube Test, Thermal
Stability Test), toxicity (Lumistox test) and detectability with
EDD provided by German Federal Police. With respect to
the difficult gas phase behaviour of HMTD [19,25-27] solely
the volatility of the TATP training aid was investigated by
vapor pressure measurements with the transpiration meth-
od (performed at the University of Munich) and by real-time
concentration monitoring with a process mass spec-
trometer. Additionally, the headspace composition of the
TATP and HMTD training aids was investigated with SPME-
GC/MS (solid phase microextraction gas chromatography
mass spectroscopy).

2 Experimental Section

Within the framework of the development of the training
aid one of the main tasks was to find a stabilizing additive
that would not contribute to the odor profile of the per-
oxides, but would decrease the friction and impact sensi-
tivity of the peroxides so that they could be used for safe
handling in training. Activated charcoal was selected be-
cause of its odorless characteristic. A lot of other materials
were tried to be used as additive materials (e.g., molecular
sieve, silica gel, diatomaceous earth). Some materials (e.g.,
diatomaceous earth) were excluded with respect to their
characteristic smell (perceived olfactorally by the ex-
perimenter), some materials have even increased the fric-
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tion and impact sensitivity (e.g., sand). Within the stabiliza-
tion agent screening performed in this work active charcoal
provided the best results and its peroxide mixtures were
further characterized.

Chemicals: Hydrogen peroxide (30%, p.a. stab.) and citric
acid (without further purification) were obtained from Carl
Roth GmbH + Co. KG. Activated Charcoal (SUPELCO, puriss.,
p.a., powder) was obtained from Sigma Aldrich. Acetone (>
99 %, technical) and hydrochloric acid (37 %, Reag. Ph. Eur.)
were obtained from VWR International GmbH. Urotropin
(for synthesis) was obtained from Merck KGaA.

2.1 Synthesis of TATP on Activated Charcoal: d40-TATP

15.0 mL of acetone were cooled down to about —10 to
—5°C, then 9.0 mL hydrogen peroxide were added within
45 minutes while cooling and stirring constantly. After-
wards 1.0 mL of hydrochloric acid (37%) was added drop-
wise under cooling in an ice-salt bath in the temperature
range of —10°C to —5°C and stirring within 5 minutes. The
solution was stirred for 45 minutes in the ice-salt bath and
then slowly warmed up to room temperature. The TATP,
which precipitated overnight, was filtered and washed with
distilled water until the filtrate reached a neutral pH value.
The TATP was dried at room temperature overnight. The
procedure yielded ~3.0 g of pure TATP.

These 3.0 g of TATP were diluted in 15.0 mL acetone
and 4.5 g of activated charcoal were slowly added while
stirring. The mixture was stirred for one hour, followed by
addition of 50 mL distilled water. The mixture was filtered
and dried overnight at room temperature in a fume hood
(Figure 1). The procedure yielded ~7.5g TATP/activated
charcoal-mixture with 40 wt—% of TATP in the mixture
(d40-TATP), as determined via GC-FID, method specified in
2.6.2.

Figure 1. Dried homogeneous TATP/activated charcoal-mixture
d40-TATP on top of a filter paper (circular, folded once).
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2.3 Synthesis of HMTD on Activated Charcoal: d40-HMTD,
d10-HMTD and d5-HMTD

16.0 mL of hydrogen peroxide were cooled down to —10 to
—5°C, then 8.0 g urotropin were added within 30 minutes
keeping the temperature below —5 °C by the use of an ice-
salt bath and stirring constantly. After an additional 20 mi-
nutes, 8.0 g of citric acid was added within the time span of
30 minutes. The solution was stirred another 20 minutes
until the acid was dissolved. Then, while maintaining the
cool conditions, 6.0 g of activated charcoal was added with-
in 20 minutes. The resulting suspension was stirred for an-
other 60 minutes in the ice-salt bath (—=10°C to —5°C) and
then slowly warmed up to room temperature. HMTD/acti-
vated charcoal precipitated overnight and was filtered and
washed with distilled water until neutrality of the filtrate
was reached. The HMTD/activated charcoal-mixture was
dried overnight at room temperature in a fume hood (Fig-
ure 2). The procedure yielded ~9.6 g HMTD/activated char-
coal-mixture with 40 wt.-% of HMTD in the mixture (d40-
HMTD), as determined via HPLC, method specified in 2.4.

12.5 g of the 40% HMTD/activated charcoal (d40-HMTD)
were well mixed with 37.5 g pure activated charcoal to ob-
tain 50.0 g of a 10% HMTD/activated charcoal-mixture (d10-
HMTD). To obtain 50.0 g of a 5% mixture (d5-HMTD), 6.25 g
of 40% HMTD/activated charcoal were mixed with 43.75 g
pure activated charcoal.

Figure 2. Dried homogeneous HMTD/activated charcoal-mixture
d40-HMTD on top of a filter paper (circular, folded once).

Table 1. HPLC method eluent gradient.

Time B Flow
min % mL/min
0 17 0.6

8 20 0.6

9 920 0.6

10 17 0.6
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2.4 High Performance Liquid Chromatography (HPLC)

The content of HMTD in the mixtures was determined using
a HPLC device (1290 Infinity) by Agilent.

HPLC conditions. Column: Kinetex 2.6 pm Biphenyl 100 x
4.6 mm with C18 pre-column (Phenomenex); Eluent: Water
(A): Acetonitrile (B), 83:17 (Table 1); Flow: 0.6 mL/min; De-
tection: 200 nm (DAD); Injection volume: 5 pL; Column tem-
perature: 308.15 K; Analysis time: 10 min.

2.5 Impact and Friction Sensitivity

The impact sensitivity was determined by the BAM (Bunde-
sanstalt fir Materialprifung - Federal Institute for Material
Testing) Fallhammer test 3(a)(ii) and likewise the friction
sensitivity was determined with BAM Friction test 3(b)(i) in
accordance with the UN Recommendation on the Transport
of Dangerous Goods, Manual of Tests and Criteria [28].

2.6 Gas Chromatography
2.6.1 SPME-GC/MS Analysis

The pure activated charcoal and the mixture with TATP was
analyzed via SPME-GC/MS (Gas Chromatograph 7890 B and
Mass Spectrometer 5977 A by Agilent; PAL autosampler by
CTC Analytics). The SPME-GC/MS analysis was performed
using the following parameters:

GC/MS  conditions. Column: HP-5MS, 30 mx0.25 mm
ID,x0.25 um film; Liner: 2 mm, Siltek coated (Restek); Oven:
343.15 K-4 min, 10 K/min-563.15 K; Inj.-Temperature:
523.15 K, split-ratio 6; mass spectrometer: scan, 10-500
amu.

SPME conditions. Fiber: 65 um Polydimethylsiloxane
(PDMS) / DVB (Divinylbenzene) (Supelco); Incubation: 5 min
at 318.15 K; Extraction: 5 min at 318.15 K; Desorption: 5 min
at 523.15 K.

The activated charcoal mixture with HMTD was analyzed
via SPME-GC/MS as well. (Gas Chromatograph 7890 A and
Mass Spectrometer 5975 C by Agilent; PAL autosampler by
CTC Analytics). This analysis was performed with the follow-
ing parameters:

GC/MS conditions. Column: HP-5 MS, 30 m x 0.25 mm
ID, x 0.25 um film; Liner: 2 mm, Siltek coated (Restek)

Oven: 323.15 K-3 min, 15 K/min-553.15K; Inj.-Temper-
ature: 533.15 K, split-ratio 10; mass spectrometer: scan, 10-
500 amu.

SPME conditions. Fiber: 50/30 um DVB / CARBOXEN-
PDMS (Divinylbenzene/ Carboxen/ Polydimethylsiloxane)
(Supelco); Incubation: 30 min at 323.15 K; Extraction: 15 min
at 323.15 K; Desorption: 5 min at 533.15 K.
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2.6.2 GC-FID TATP Content Determination[M1]

The activated charcoal mixture with TATP was analyzed via
GC ( Agilent 6890N) using following parameters:

Column: Supelco Equity - 5, 30m x 0.32mm ID x Tpm
film; Liner: 4 mm, Siltek coated (Agilent); Oven: 333.15K -3
min, 10 K/min - 523.15 K; Inj.-Temperature: 423.25 K, split-
ratio 20; flow: He, 2 mL/min; Detection: 523.15 K; FID: H,/Air
- 30/400 ml/min, Make-up Gas — 25 mL/min.

Sample preparation:

Approximately 10 mg of the TATP/activated charcoal
samples were weighed into a 10 ml flask and filled with
acetone. The flasks were then placed in an ultrasonic bath
for 10 minutes and then the liquid phase was filtered off.

2.7 Security Testing: Koenen Tube Test and Thermal
Stability

The Koenen Tube Test is used to determine the sensitivity
of solid and liquid substances to the effect of intense heat
under confinement. The requirements for the test method
are listed in the UN Recommendation on the Transport of
Dangerous Goods, Manual of Tests and Criteria, Koenen
Tube Test 2(b) [28]. Samples of the test material are con-
fined in a steel tube fitted with an orifice plate at the top
end with varying vent hole diameters. The steel tube is
heated along its entire length by four burners which are
positioned around the tube (Figure 3). The vent hole diame-
ter is decreased from 20 mm until the increased confine-
ment causes a reaction to burst the tube. The limiting di-
ameter is determined as the largest diameter at which an
explosion is observed.

2.8 Thermal Stability

The thermal stability test type 3(c)(i) according to the UN
Recommendation on the Transport of Dangerous Goods,
Manual of Tests and Criteria [28] has been carried out. This
test procedure is used to measure the stability of a sub-
stance when it is exposed to higher temperatures in order
to determine if the substance is too dangerous for trans-
portation. A 50 g sample is filled into a beaker, covered and
placed in an oven. The oven is heated up to 348.15 K and
the sample is left there for 48 hours or until an ignition or
explosion occurs.

If the substance shows no signs of reaction in this test, it
can be considered thermally stable. If the test result is “pos-
itive (+)”, the substance should be considered as thermally
unstable for transportation.

4 www.pep.wiley-vch.de
KR These are not the final page numbers!

© 2021 Wiley-VCH GmbH

I. Wilhelm, G. Bikelyté, M. Wittek, M. A. C. Hdrtel, D. Réseling, T. M. Klapé6tke

Figure 3. Koenen Tube Test Apparatus.

2.9 Accelerating Rate Calorimeter (ARC)

A dilution series for the HMTD/activated charcoal mixture
was analyzed by ARC. The Accelerating Rate Calorimetry
method is used for the detection of thermally induced de-
composition reactions [29].

The measurements were performed in an Accelerated
Rate Calorimeter (ARC ES) from Thermal Hazard Technology
using the following parameters:

Weighing 300 mg, with a phi factor of approx. 7 (phi
factor sample plus vessel without pressure transducer).

The sample vessel is made of titanium; Start temper-
ature: 313.15 K; Final temperature: 513.15 K; Step size: 5 K;
Sensitivity: 0.2 K/min; Waiting time: 10 min.

2.10 LUMIStox Test for Toxicity
The luminescent bacteria test was performed to estimate
the acute toxicity of HMTD and TATP. This test was carried

out with the LUMIStox 300 instrument from Dr. Lange. In
combination with the LUMIStherm incubation block it
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meets the technical requirements of DIN 38412 L34/L341
and the international standard DIN EN ISO 11348 [30,31]. In
the luminescent bacteria test, the ability of the marine bac-
teria Vibrio fischeri to glow under optimal growth con-
ditions (bioluminescence) is used. Toxic substances cause a
reduction in bioluminescence, which is proportional to the
toxicity of the sample. The toxicity of the sample is ex-
pressed as G, value [32], a dilution factor.

0.2 g of the peroxide explosives were suspended in a
2% NaCl solution. After 3 days the suspension was filtered.
The G, value is then determined with the filtrate obtained
in the luminescent bacteria test. The reported solubility of
TATP in water is 177 mgL™' (22°C) [33]. According to Ma-
tyds and Pachman [34], the solubility of HMTD in water is
100 mgL™".

2.11 Process Mass Spectrometer Measurements

In this experiment, the spread of TATP and d40-TATP in the
gas phase was compared. Since d40-TATP is to be used to
enable gas phase experiments under safe conditions, the
time until saturation of the gas phase is reached, is valuable
information. Since the saturation time depends on various
external parameters such as temperature [35], humidity, gas
volume, packaging, etc., the experimental setup was con-
figured to minimize the fluctuation of these parameters.
TATP and d40-TATP were laid out in a closed gas volume
and the increase of concentration in the gas phase was
monitored. The aim of the experiments was to verify that
the mixture, which is safe to handle, shows a similar behav-
iour in comparison to pure TATP.

Method: The diffusion rate of any substance into the gas
phase depends on the total surface area. In order to obtain
the same macroscopic surface, both the TATP and d40-
TATP were laid out in the same open cardboard box in DIN
A4 format (297 x 210 mm). Larger agglomerates were care-
fully crushed so that the particle size was optically identical
for d40-TATP and pure TATP. 100 g of pure TATP and 100 g
of d40-TATP (40 wt.-% pure TATP) were used.

An acrylic glass cuboid (aquarium) with a volume of 150
litres was used to confine the closed gas volume (Figure 4).
The cuboid has a removable cover that allows to put the
TATP or the mixture into the chamber. It also has 9 inlets
each closed with an Agilent long-life, non-stick inlet septum
made from silicone polymers. 3 of the inlets are on the lid
and 3 on each of the two smaller sides.

The concentration of TATP in the aquarium was moni-
tored with a Pfeiffer MS OmniStar GSD 320 O mass spec-
trometer using the secondary electron multiplier (SEM). For
monitoring the concentration in the gas phase, mass chan-
nels, that were only influenced by TATP, were selected. Dur-
ing the electron impact ionization of the TATP, the frag-
ments with the following mass to charge ratios should have
the highest intensity according to the literature: m/z 43, 58,
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Figure 4. Glass cuboid used for the process mass spectrometer
measurements.

59 and 75 [36]. For both TATP and d40-TATP a signal in-
crease in channels 43, 58 and 59 could be observed.

Acetone is used in the synthesis of TATP and d40-TATP.
Since the synthesis of TATP involves chemical precipitation
with water and a subsequent additional drying process, it is
very unlikely that residues of acetone will remain. However,
since acetone decomposes into the same fragments with
mass to charge ratios 43 and 58 during ionization [37] (Fig-
ure 5), the results of TATP and TATP/activated carbon were
compared with an identical experiment carried out with
1 mL acetone. The spreading time of acetone is many times
faster than that of TATP and acetone showed no signal in
the m/z 59 channel. With TATP and d40-TATP, however, all
channels 43, 58 and 59 showed the same concentration
trends. Considering all these aspects, it is relatively safe to
assume that the resulting signals in the m/z 43, 58, and 59
channels can be allocated to the presence of TATP.

The aquarium was filled with ambient air, and the rela-
tive humidity during the experiments averaged at about
40%. The temperature was 24 °C.

Experimental: Before TATP or d40-TATP were laid out
into the aquarium, the aquarium was cleaned thoroughly
with distilled water and flushed with pure Nitrogen for a
couple of hours. The lid was closed and the concentration
was monitored with the mass spectrometer. No change in
the background signal of the aquarium could be detected
between the two measurements, ensuring an identical
starting point for the experiments.

The respective substance was positioned into the aquar-
ium and the lid was closed. The measurement was con-
tinued until saturation was achieved for several hours (Fig-
ure 6).
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Figure 5. Mass spectra of TATP (above) and acetone (below). Data
extracted from [36] and [37].
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Figure 6. Comparison of the concentration increase of TATP and
TATP/activated charcoal (d40-TATP). The graph with the lower final
ion current corresponds to d40-TATP. The time zero represents the
time at which the respective substance was placed in the aquarium
and the lid was closed.
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2.12 Vapor Pressure Measurements using the
Transpiration Method

In order to investigate the thermochemical properties of
developed phlegmatized mixtures, vapor pressures of mix-
tures d40-TATP and d32.7-TATP were measured using the
transpiration method. This method has been successfully
implemented for the measurements of vapor pressures of
various energetic materials, including pure TATP [38]. The
same experimental procedure that was used to determine
the vapor pressures of pure TATP in the work of Hdirtel et al.
[38] was also replicated in this work.

The working principle of the transpiration method has
been thoroughly discussed in the literature [39]. In this
work, the experimental setup was filled with TATP/activated
charcoal-mixtures prepared according to the procedure, de-
scribed in section 2.1. The gas saturation was confirmed by
replicate measurements at different carrier gas flowrates re-
sulting in the same derived vapor pressure. The quantifica-
tion of the analytes was carried out with vacuum-outlet gas
chromatography coupled with mass spectrometer (VO-GC/
MS) [40] using a Shimadzu QP2010 SE device. Along with
the obtained experimental p-T data, corresponding thermo-
dynamic parameters and fit-functions in a form of a modi-
fied Clarke-Glew equation [41] were derived. Table 2 pro-
vides the isobaric molar heat capacities and their
differences for TATP, which are necessary for the adjust-
ment of the molar enthalpies of sublimation to the refer-
ence temperature (298.15 K) according to the procedure
discussed in the work of Chickos et al. [42].

2.13 Explosive Detection Dog Trials

As part of the desensitization study of HMTD and TATP a
test was carried out with explosive detection dog teams
(EDD). For this purpose, several EDD were provided by the
German Federal Police, who tested the detection of both
the pure substances and the safe-to-handle mixtures at
Fraunhofer ICT over a period of 3 days. The following dogs
took part in the testing: two German Shepherds (both fe-
male, 4 and 5 years old), two X-Mechelaars (both male, 3
and 4 years old), one Dutch Herder (male, 7 years old) and
one Malinois (female, 7 years old). All dogs participated in
the tests, except for day 3: the Malinois and one German
Shepherd dog (4 years old) did not participate due to a po-
lice operation. The dogs were trained before according to

Table 2. Molar heat capacities and their differences at constant
pressure (T=298.15 K).

Compound Cpm(cr) -NC, "
Jmol 'K Jmol T K™
TATP 271.8 [43] 415

° Calculated by —A%,C,, = 0.75+ 0.15xC;, (cr) [44].
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BRAS 170, which is a restricted German Federal Police in-
ternal guideline. The training of the dogs includes by rou-
tine the presence of numerous distractors (gloves, human
scent, etc.) in search scenarios.

A differentiation track was used to test the detection of
pure (1.0 g) and phlegmatized substances (3 g) in a time-
efficient manner (Figure 7). In this test, easily accessible
odor samples are placed at regular intervals on a wooden
beam. The EDD have to identify the samples with the ex-
plosives in between different samples. Pure activated char-
coal has been used as distractor odor sample: one of 15
samples contained an explosive (training aid) amongst sam-
ples with pure activated charcoal and blank samples. All of
the tests were carried out in a single-blind fashion. This
means that, besides the test assessor, neither the dog nor
the handler knew where the explosive was located. The lo-
cation of the target was randomly chosen and changed be-
tween every dog. The sample preparation included 5 mi-
nutes of soak time prior to testing.

Furthermore, various training aid samples were hidden
in different scenarios: 40.0g d10-HMTD in a locker of a
dressing room, 40.0 g d10-HMTD in the trunk of a car and
70.0 g d40-TATP in an engine compartment of a car and

Figure 7. Top: Training at a differentiation track, bottom: Signal po-
sition of an EDD for detection of a compound.
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had to be found by the EDDs. The training aids were laid
out 5 minutes in advance.

3 Results and Discussion
3.1 Impact and Friction Sensitivity

The materials were tested according the UN Recom-
mendation on the Transport of Dangerous Goods, Manual
of Tests and Criteria [28] (Table 3).

The test result is considered “positive (+)” if the lowest
impact energy at which at least one “explosion” occurs in
six trials is 2 Nm or less and the substance is considered too
dangerous for transport in the form in which it was tested.
Otherwise, the result is considered “negative (—)".

The test result for the friction test is considered “positive
(+)" if the lowest friction load at which one “explosion” oc-
curs in six trials is less than 80 N and the substance is con-
sidered too dangerous for transport in the form in which it
was tested. Otherwise, the test result is considered “neg-
ative (—)".

Pure TATP and HMTD are extremely sensitive against
friction and impact. The pure explosives are very dangerous
and extreme caution is required when handling these sub-
stances.

Table 3 shows that the mixtures with the activated char-
coal are significantly less sensitive than the pure peroxide
explosives. Therefore, the handling of the mixtures is much
safer compared to the pure peroxide explosives.

3.2 Headspace SPME-GC/MS Analysis of TATP on
Activated Charcoal

A headspace SPME-GC/MS analysis of pure activated char-
coal was performed. Figure 8 shows the resulting chroma-
togram.

The big peak at the beginning of the chromatogram is a
ghost peak caused by air (maximum peak height at
3.7x10%. The second peak at 18 minutes is caused by col-
umn bleeding, a common degradation process of the sta-
tionary phase. The resulting chromatogram of the head-
space SPME-GC/MS analysis of the activated charcoal did

Table 3. Impact and friction sensitivity of pure and desensitized
substances.

Impact Sensitivity Result Friction Sensitivity Result

Nm +/- N +/-
pure TATP  0.03-1.00 + <5.0 +
d40-TATP >30.0 - >360.0 -
pure HMTD 0.20-1.00 + <5.0 +
d40-HMTD >30.0 - >360.0 -
d10-HMTD >30.0 - >360.0 -
d5-HMTD >30.0 - >360.0 -
www.pep.wiley-vch.de 7
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Figure 8. GC chromatograms of pure activated charcoal.

not reveal the presence of further compounds, therefore
the activated charcoal does not influence the odor sig-
nature of the peroxide explosive mixtures.

The chromatogram of the TATP/activated charcoal-mix-
ture TATP-d40 in Figure 9 contains the ghost peak caused
by air and an explicit peak for TATP at a retention time of 8
minutes. No peaks that correspond to impurities or decom-
position products are present in the chromatogram.
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Figure 9. GC chromatogram of d40-TATP.
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Figure 10. SPME-GC/MS chromatogram of d10-HMTD.
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As it is stated in the literature, the odor profile of HMTD
is complex. [19,25-27]. Using headspace SPME-GC/MS, deg-
radation products of HMTD could be identified in the head-
space of the HMTD mixture. The first peak in the chromato-
gram (Figure 10) is caused by air. The following degradation
products of HMTD were found in the gas phase: formamide
(2), formic acid (3), acetic acid (4) and dimethylformamide
(6). The peaks 5, 7, 8 and 9 are siloxanes, caused by column
bleeding. The qualitative headspace profile of the HMTD
mixture agrees with the components found in the head-
space profile of laboratory-grade and clandestine HMTD
with different ages [19]. The non-detection of formaldehyde
and trimethylamine, quantitative aspects of the headspace
composition and ageing effects must be further inves-
tigated for the training aid presented in this work in com-
parison to the work by Simon and DeGreeff [19].

3.3 Security Testing: Koenen Tube Test, Thermal Stability
3.3.1 Koenen Tube Test

The Koenen Tube Test was performed for d40-TATP and d-
40-HMTD.

For d40-TATP, explosions occurred at 2 and 3 mm vent
hole diameters (Figure 11). With a nozzle diameter of 5 mm,
no explosion was observed for three times. Therefore the
limiting diameter of d40-TATP according to the UN test
manual is 3 mm.

The results of the Koenen test for d40-HMTD indicate
that the material has a limited vent hole diameter of less
than 1T mm (Figure 12). However, during the tests it was ob-
served that the mixture was blown out very fast from the
steel tube after a few seconds at low thermal stress (about
370 K).

3.3.2 Thermal Stability

The test was carried out with 50.0 g of d40-TATP. Due to its
density, the mixture did not fit into the 50 mL beaker pro-
posed in the test manual. Only 14 g of the substance would
fit into it. After consultation with BAM the mixture was
placed in a 250 mL beaker (plane, without spout) and cov-
ered with a watch glass. The beaker was placed in an oven
at 348.15 K for 48 hours. During the 48 h, no ignition or ex-
plosion took place. Weighing of the mixture indicated that
a weight loss of 1.34% had occurred. The result of the ther-
mal stability test for d40-TATP is “negative (—)", so it is con-
sidered as thermally stable for transportation.

Likewise, the test was also performed with 50.0 g of
d40-HMTD. Already after 2 hours in the oven, a deflagration
of the mixture could be observed, similar to the ob-
servations made within the Koenen test. d40-HMTD must
therefore be classified as “positive (+)”, so the substance
should be considered thermally unstable for transport.

Propellants Explos. Pyrotech. 2021, 46, 1-16
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Figure 11. Steel tubes after testing with d40-TATP. Top: 5 mm vent
hole diameter (no explosion, the orifice plate and the steel tube is
intact), bottom: 3 mm vent hole diameter (with explosion, the steel
tube is destroyed, the orifice plate is still intact).

Based on this result, ARC (Accelerating Rate Calorimeter)
[29] analysis of d40-HMTD was carried out. In addition, a di-
lution series for the HMTD/activated charcoal mixture was
also analyzed by ARC. The dilution was performed as de-
scribed in part 2.2.

The analysis by the adiabatic calorimeter (Figure 13)
shows that the 40% HMTD/activated charcoal mixture ach-
ieves a high self-heating rate (900 K/min). In order to sup-
press this self-heating, active charcoal dilutions of the
HMTD activated carbon mixture were examined. The 5%,
10% and 20% HMTD/activated charcoal mixtures show
only low self-heating rates above 363.15 K and 353.15 K re-
spectively (max. ~0.1 K/min).

Based on the ARC results, the thermal stability test was
performed again with 50.0 g of a 5% HMTD/activated char-
coal mixture. No inflammation or explosion was detected
during the 48 h in the oven. Weight loss of the mixture was
1.8%. The result of d5-HMTD is “negative (—)".
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Figure 12. Steel tubes after testing with d40-HMTD. Top: 20 mm
vent hole diameter of the orifice plate, the steel tube and the plate
are still intact; bottom: 1 mm vent hole diameter; orifice plate and
steel tube are both intact.

The thermal stability test was also performed with the
10% HMTD/activated charcoal mixture. Again, no in-
flammation or explosion could be observed during the
48 h. The weight loss of the mixture was 2.1 %. The result of
d10-HMTD is “negative (—)". So, both d5-HMTD and d10-
HMTD are considered as thermally stable for transportation.

3.4 LUMIStox Testing for Toxicity

The LUMIStox Test was performed for TATP and HMTD.

TATP has a G, value of 1:2 and is classified as non-toxic
(Table 4). The lowest achievable G, value is 1:2 with respect
to the measurement procedure. Therefore, TATP does not
cause any effect on the luminescent bacteria at the lowest
possible dilution level.

The first dilution level of HMTD with a light transmission
of less than 20% was 1:64 and thus corresponds to the G,
value. The sample containing HMTD is classified as moder-

www.pep.wiley-vch.de 9
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Figure 13. Adiabatic self-heating rates of HMTD/activated charcoal
mixtures.

Table 4. G, results of TATP and HMTD.

G,

triacetone triperoxide (TATP) + 2% NaCl-Solution 1:2

hexamethylene triperoxide diamine (HMTD) + 2% NaCl-Sol- 1:64
ution

ately toxic according to the classification by Wang [32], a
hazard is assumed if the G, value greater than 1:8 is ex-
ceeded.

3.5 Process Mass Spectrometer Measurements

The asymptotic nature of curves during saturation (Fig-
ure 6) combined with the signal noise makes it difficult to
define the point at which saturation is reached. To compare
the two experiments, the time when 10% and 90% of the
maximum signal was reached were determined.

I. Wilhelm, G. Bikelyté, M. Wittek, M. A. C. Hértel, D. Roseling, T. M. Klapdtke

The data (Table 5) show that for TATP 90% saturation
was reached after about 9-10 hours, whereas for d40-TATP
this took half of the time, namely 4-5 hours. The saturation
point of 10% was reached after about 2 hours for TATP, and
after about 1 hour for d40-TATP. The absolute signal level
for TATP was 3.5 times higher for TATP than for d40-TATP.

The observed differences between both TATP variants
can be explained by several reasons. First, the absolute
amount of TATP was different in both experiments, specifi-
cally 40 g vs. 100 g. It should also be mentioned that first
the TATP experiment and then the experiment with TATP/
activated charcoal was performed. A possible explanation
for the faster speed of saturation in the second experiment
could be that the walls of the aquarium were saturated by
adsorption of TATP in the first experiment. Possibly the
walls could not adsorb as much TATP since they were al-
ready loaded, although cleaning was performed between
the measurements. The TATP in the gas phase in the experi-
ment with d40-TATP was possibly not adsorbed on the
walls anymore, which might have led to a faster gas phase
saturation.

On the other hand, the faster saturation time could be
explained by a larger surface area of the d40-TATP in com-
parison to TATP. Due to the mixture with activated char-
coal, the surface area of the TATP with activated charcoal
could potentially be larger than that of pure TATP. There-
fore, the time to saturation is shorter due to the larger sur-
face area for interactions between TATP molecules and the
gas phase.

Another reason could be the reproducibility of the ex-
periment. Since the vapor pressure and the spreading time
in the gas phase are very sensitive to changes in external
factors, the difference in gas spreading could be due to
fluctuations during both experiments. For example, it was
observed that the concentration of TATP in the gas phase
could be correlated with the incident solar light during the
day and therefore varied by about +/—10%.

It should be noted that the mass spectrometer could
not be calibrated as there was no calibration gas generator
available for calibration. Therefore, the absolute signal level
cannot be correlated with a specific concentration, but the
deviation in signal level is most probably not caused ex-
clusively by the possible loss of sensitivity of the mass spec-
trometer during this period alone. If the concentration for

Table 5. Comparison of signal levels and corresponding times of TATP and d40-TATP.

TATP d40-TATP

m/z 43 m/z 58 m/z 59 m/z 43 m/z 58 m/z 59
Baseline [pAl] 0.5 0.1 0.1 0.8 0.1 0.1
saturated signal [pA] 58.0 13.9 0.6 18.2 43 03
10% saturated signal [pA] 6.3 15 0.1 25 0.5 0.1
90 % saturated signal [pAl 52.2 12.5 0.5 16.5 39 0.3
t_10% saturated signal [h] 1.9 1.9 1.8 1.0 1.0 1.0
t_90% saturated signal [h] 9.3 9.1 9.8 44 4.1 49
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Table 6. d40-TATP: absolute vapor pressures p,,; and thermodynamic properties of sublimation obtained by the transpiration method in

this work.

d40-TATP: A? H:n (298.15 K) =80.2 0.5 kJmol ™

317.4 92612.5 4.5 T

In poot/p° ==~ — =5 — F In s < ) .
T m° Vi, © T o Gasflow Peat® U(py) | ASH ASS,
K ug dm? K dm?*h™’ Pa Pa kJ mol™ Jmol K™
274.5 30.6 2.54 2974 2.0 0.14 0.01 81.58 184.9
274.5 21.6 1.74 298.2 23 0.14 0.01 80.17 180.0
274.5 19.1 1.59 2979 1.6 0.14 0.01 80.17 179.7
279.0 21.9 0.98 298.0 20 0.25 0.01 79.98 179.5
279.1 21.0 0.98 296.7 2.0 0.24 0.01 79.98 179.0
283.7 19.2 0.49 297.7 20 0.44 0.02 79.79 178.7
288.5 326 0.49 298.0 2.0 0.74 0.02 79.59 177.7
2934 58.6 0.49 297.3 20 1.33 0.04 79.39 177.2
2934 56.9 0.49 298.1 2.0 1.29 0.04 79.39 177.0
2934 58.1 0.49 298.0 20 1.32 0.04 79.39 177.2
298.2 97.2 0.49 297.2 2.0 2.21 0.06 79.19 176.4
303.1 162 0.49 298.0 20 3.70 0.10 78.98 175.8
307.9 263 0.49 296.6 2.0 5.98 0.17 80.20 179.6
307.9 274 0.49 2974 20 6.23 0.18 80.20 179.9
312.7 498 0.52 2979 2.0 10.6 0.3 80.00 179.8
312.7 454 0.49 298.0 20 10.3 0.3 80.00 179.5

? Saturation temperature (u(T)=0.1 K). ® Mass of transferred sample condensed at 243 K. © Volume of nitrogen (u(V)=0.005 dm?®) used to
transfer m (u(m)/m=1.5%) of the sample. ¢ T, is the temperature of the soap film flowmeter used for measurement of the gas flow. ©
Vapor pressure at temperature T, calculated from the m and the residual vapor pressure at the condensation temperature, calculated by an
iteration procedure; p°=1 Pa. f Standard uncertainty in p was calculated with u(p/Pa)=0.005 + 0.025(p/Pa) for p <5 Pa and u(p/Pa)=0.025

+0.025(p/Pa) for p > 5 to 3000 Pa.

TATP was higher, this could be explained by leaks from the
aquarium. The aquarium is far from being gas-tight and the
lid was only loosely put on to avoid any forces during
opening and closing.

The comparison of these preliminary aquarium experi-
ments of pure TATP and d40-TATP has shown that d40-
TATP needed roughly half the time for saturation of the cu-
boid atmosphere and produced a 3.5 times smaller signal at
the mass spectrometer. Due to the sensitive characteristics
of gas spreading, such as the discussed factors of wall ad-
sorption and sunlight, further experiments need to be con-
ducted to obtain a more conclusive picture. To get more
insight into the comparison of the vaporization behaviour
of bulk TATP and the phlegmatized d40-TATP under well-
controlled (calibrated, gas-tight) conditions we performed
vapor pressure measurements of the active charcoal mix-
tures d40-TATP and d32.7-TATP.

3.6 Vapor Pressure Measurements

The obtained p-T values, experimental conditions, their un-
certainties and the corresponding thermodynamic proper-
ties of TATP in the mixtures d40-TATP and d32.7-TATP, ob-
tained by vapor pressure measurements with the
transpiration method are compiled in Tables 6 and 7.

The uncertainties for T, V and m are standard un-
certainties. Uncertainty of the enthalpy of sublimation is the
standard uncertainty, calculated including uncertainties of

Propellants Explos. Pyrotech. 2021, 46, 1-16
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vapor pressure, uncertainties from the fitting equation and
the uncertainty of temperature adjustment to T=298.15 K.
Detailed information on the methods of calculations was
published previously [45-46].

Comparison of experimental vapor pressures of pure
TATP [38] and the phlegmatized mixtures, measured in this
work are presented in the Table 8 and Figure 14.

It was observed that lowering the amount of TATP in
the mixture with activated charcoal decreases the vapor
pressure p,, at 298.15K (6.7 Pa for pure TATP, 2.3 Pa for
d40-TATP and 0.9 Pa for d32.7-TATP) and increases the mo-

55
4,5 1
3,5 1
2,5
1,5 1
0,5 1
0,5 1
1,5 -
25 -
3,5 -
-4,5

0,0031

In(P/Pa)

///

0,0032 0,0033 0,0034 0,0035 0,0036 0,0037
KT

Figure 14. Experimental vapor pressures of the TATP in TATP/acti-
vated charcoal-mixtures in comparison with the literature values.
Here x-Hdrtel et al. [38], O-d40-TATP from this work,+ — d32.7-
TATP from this work. Solid lines represent the linear fits.
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Table 7. d32.7-TATP: absolute vapor pressures p,,; and thermodynamic properties of sublimation obtained by the transpiration method in
this work.

d32.7-TATP: A? H:n (298.15 K) =84.4+0.5 kimol ™’

In psat/po :%_$_$ngs,€s K . .
T mP Vi, ot Gasflow Dot u(py) | ASH ASS,
K ug dm? K dm®*h™ Pa Pa kJ mol™ Jmol™ K™
2743 12.3 3.05 297.1 2.0 0.05 0.01 85.35 189.7
2743 11.8 2.78 298.0 14 0.05 0.01 85.35 190.1
2743 8.5 2.06 299.7 2.2 0.05 0.01 85.35 189.9
278.3 5.1 0.70 297.9 2.0 0.08 0.01 85.18 189.5
283.3 74 0.50 299.0 2.0 0.16 0.01 84.98 189.3
288.2 13.2 0.50 298.4 2.0 0.29 0.01 84.77 188.2
293.2 229 0.50 298.2 2.0 0.51 0.02 84.57 187.2
298.1 40.4 0.50 298.9 2.0 0.90 0.02 84.36 186.4
298.1 40.2 0.50 299.3 2.0 0.90 0.03 84.36 186.3
298.1 414 0.50 299.4 2.0 0.93 0.03 84.36 186.6
298.2 50.2 0.60 298.8 2.0 0.94 0.03 84.36 186.7
303.1 744 0.51 299.2 2.0 1.6 0.1 84.15 186.1
308.1 125 0.50 299.0 2.0 2.8 0.1 83.95 185.2
313.1 210 0.51 300.1 2.0 4.6 0.1 83.74 184.5
313.1 211 0.51 299.3 2.0 4.7 0.1 83.74 184.6
313.1 209 0.50 299.7 2.0 4.6 0.1 83.74 184.5

? Saturation temperature (u(7)=0.1 K). ® Mass of transferred sample condensed at 243 K. ¢ Volume of nitrogen (u(V)=0.005 dm?) used to
transfer m (u(m)/m=1.5%) of the sample. ¢ T,.,, is the temperature of the soap film flowmeter used for measurement of the gas flow. ®
Vapor pressure at temperature T, calculated from the m and the residual vapor pressure at the condensation temperature, calculated by an
iteration procedure; p° =1 Pa. " Standard uncertainty in p was calculated with u(p/Pa)=0.005 4 0.025(p/Pa) for p <5 Pa.

Table 8. Compilation of data on molar enthalpies of sublimation A2H_ of TATP and its phlegmatized mixtures.

cam
Experiment Method? T-Range ASH (298.15 K)° Pt
K kJ mol™! Pa
pure TATP [38] T 274.3-314.1 76.7+£0.7 6.7
d40-TATP T 274.5-312.7 80.1+0.5 2.3
d32.7-TATP T 274.3-313.1 844+0.5 0.9

 Method: T=transpiration. ® Enthalpies of sublimation were adjusted according to Acree and Chickos [44] with values of A2C  and

o car—p,m

C, (cr), stated in Table 4. Uncertainty for molar enthalpy of sublimation is expressed as standard uncertainty. © Vapor pressure at 298.15 K.

lar enthalpy of sublimation at 298.15 K (76.7 0.7 k) mol™’
for pure TATP, 80.1+0.5 kJmol™" for d40-TATP and 84.4+
0.5 kimol™" for d32.7-TATP) which can be attributed to ab-
sorption phenomena. This demonstrates that the volatility
of the TATP in the TATP/activated charcoal-mixtures is rath-
er sensitive to the compound concentration. For the simu-
lation of the vaporization behavior of pure TATP with active
charcoal mixtures the content should be chosen as high as
feasible in terms of handling safety.

Measurements with the transpiration method demon-
strated that the vapor pressure p,,, at 298.15 K of d40-TATP
(2.3 Pa) and d32.7-TATP (0.9 Pa) is lower than that of pure
TATP (6.7 Pa) but in the same order of magnitude with a
strong dependency on the TATP-content in the mixture.

The results agree with the process mass spectrometer
measurements (section 3.5) which indicated that d40-TATP
has a lower volatility than the pure bulk material regarding
the lower signal intensity (ion current) of d40-TATP in com-
parison to the bulk material in Figure 6.
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3.7 Explosive Detection Dog Trials

Day 1:

On the first day 7 Explosive Detection Dog Teams (EDD)
were available. For the start of the training at the differ-
entiation track 1.0 g HMTD (pure substance) was used. In
the afternoon, 40.0 g of the HMTD-activated charcoal mix-
ture (d40-HMTD) were hidden in a desk container in the
building for free search. The mixture was found by each
team. Furthermore, in the afternoon, 1.0 g of TATP (pure
substance) was hidden in a handbag placed in a room to
check the detection abilities for TATP. Again, the explosive
was detected and located by all teams.

Day 2:

On the second day also 7 EDD were available. The differ-
entiation track was set up: The samples, containing one of
the safe-to-handle TATP/HMTD mixtures, were placed. The
quantity of d40-HMTD and d40-TATP was 3.0 g. The differ-
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entiation track experiments were continued on day 3, the
results of both days are summarized in Table 9.

Day 3:

5 EDD were available on day 3. The differentiation track
experiments were continued. The results are shown in Ta-
ble 9. The safe mixtures of HMTD and TATP were found
with a total detection rate of 100%. Afterwards 3 realistic
environment tasks were prepared for exercise: 40.0g of
d40-HMTD in the trunk of a car, 70 g of d40-TATP in the
engine compartment of a car and 40 g of d40-HMTD in the
locker of a dressing room. All safe explosive formulations
were found by all teams.

Both TATP and HMTD were detected with a rate of
100% by the EDD in their safe mixtures.

TATP/activated charcoal and HTMD/activated charcoal
mixtures were found by all teams resulting in a global de-
tection rate throughout all tests of 100%. A total of 168
blank sample vials, which were in some cases filled with ac-
tivated charcoal as distractor, were used, 5 of which were
indicated as explosives by the sniffer dog. Thus, a false pos-
itive alarm rate of 3% was observed. (Table 10).

4 Conclusion

Both TATP and HMTD could be phlegmatized by coprecipi-
tation with active charcoal resulting in mixtures with a
nominal content of 40 wt-% (d40-TATP) and 10 wt-% (d10-
HMTD), respectively. In terms of impact and friction sensi-
tivity for both peroxides a content of 40 wt-% resulted in
>30 Nm impact sensitivity and >360 N friction sensitivity.
Both phlegmatized peroxides were tested according to the
UN recommendation on the transport of dangerous goods
test manual. (Koenen Tube Test and Thermal Stability). For
the Koenen Tube Test a limiting diameter of 3 mm was de-
termined for d40-TATP and 1 mm was determined for d40-
HMTD. The thermal stability test for d40-TATP resulted in a
weight loss of 1.34% (pass (“-")). For d40-HMTD the thermal
stability test resulted in a deflagration (fail (“+ ")), whilst for

Table 9. Detection rate for the safe mixtures.

d40-TATP d40-HMTD
Counts 12 15
Notification/Signal 12 15
Detection rate 100 % 100%

Table 10. Summarized results for all scenarios of the explosive dog
detection trials.

Blank sample Safe mixtures

Counts 168 27
Notification/Signal 5 27
Failure rate 3% -

Detection rate - 100%

Propellants Explos. Pyrotech. 2021, 46, 1-16
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d10-HMTD the test was passed with a weight loss of 2.1 %.
In terms of toxicity TATP was classified as non-toxic and
HMTD as moderately toxic for aquatic organisms by the LU-
Mistox test. The volatility of the phlegmatized TATP was fur-
ther investigated. Investigations with a process mass spec-
trometer indicate that d40-TATP is likely to produce a
saturated atmosphere at least in the same time as the same
amount of pure TATP. Despite that it should be noted that
the process mass spectrometer experiment was only per-
formed once and remeasurements should be carried out to
check for reproducibility of the results. Measurements with
the transpiration method demonstrated that the vapor
pressure p., at 298.15 K of d40-TATP (2.3 Pa) and d32.7-
TATP (0.9 Pa) is lower than that of pure TATP (6.7 Pa) but in
the same order of magnitude with a strong dependency on
the TATP-content in the mixture. Headspace SPME-GC/MS
measurements revealed that the active charcoal does not
contribute to the vapor profile of the training aid. Finally,
both d40-TATP and d10-HMTD were tested as training aids
for EDD. In both differentiation track and realistic environ-
ment scenarios a detection rate of 100 % could be achieved
by EDD of German Federal Police with a false positive rate
of solely 3%. It should be noted that the published results
did not verify whether dogs that have never been con-
ditioned for the detection of HMTD and TATP will detect
the bulk materials after exclusive conditioning with the de-
veloped training aids. The authors encourage appropriate
authorities for bilateral exchange. Consequently, a promis-
ing canine training aid for both TATP and HMTD was devel-
oped. It has the potential for enabling both trace and bulk
amount detection scenarios and was reported without prior
patenting of the technology. First tests towards a UN trans-
port classification for dangerous goods were performed and
will be continued. For a deeper understanding of the gas
phase release of bulk and phlegmatized TATP quantitative
vapor analysis will be performed in the near future.
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