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1 | INTRODUCTION

Dihydroxylammonium 5,5-bitetrazole-1,1'-dioxide (TKX-
50) is a high explosive which was first reported in 2012 [1].
It has been extensively investigated in the decade since,
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Abstract

The thermodynamic characterization of dihydroxylammonium 5,5'-bite-
trazole-1,1'-dioxide (TKX-50) was reinvestigated. Although TKX-50 is one of
the most promising new-generation energetic materials, contradictory reports
are found in the literature with regard to its solid enthalpy of formation. The
standard (p°=10’ Pa) molar enthalpy of formation of crystalline TKX-50,
(175.3+1.9) kJ-mol !, was determined experimentally based on the measured
standard massic energy of combustion, determined through static-bomb com-
bustion calorimetry. Additionally, the standard molar enthalpy of sublimation
of TKX-50, at T=298.15K, (165.04-2.4) kJ-mol™', was derived from vapor
pressure measurements determined by a Knudsen mass-loss effusion techni-
que. Finally, different approaches were used in attempts to calculate the stan-
dard enthalpy of formation of TKX-50 in the solid state. A critical overview
and assessment of the data on the enthalpy of formation of TKX-50 is also
presented.

KEYWORDS
CBS-QB3 level of theory, combustion calorimetry, enthalpy of formation, enthalpy of
sublimation, TKX-50, vapor pressures

due to its excellent properties [2]. Since in-depth reviews
have been dedicated to TKX-50, the properties which make
is a highly promising candidate for use as a future high-
explosive can be simplified here to being a combination of
low sensitivity to external stimuli (impact, friction, ESD)

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Propellants, Explosives, Pyrotechnics published by Wiley-VCH GmbH.

Prop., Explos., Pyrotech. 2023;48:€202200361.
https://doi.org/10.1002/prep.202200361

wileyonlinelibrary.com/journal/prep 10f13


https://doi.org/10.1002/prep.202200361
http://wileyonlinelibrary.com/journal/prep
https://doi.org/10.1002/prep.202200361
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fprep.202200361&domain=pdf&date_stamp=2023-06-01

Propellants,
Explosives,

20f13

Pyrotechnics

with high thermal stability, high density and detonation
velocity as well as low toxicity. Equally important is that
fact that TKX-50 can be prepared using a simple and inex-
pensive synthetic route. In contrast to the high explosives
RDX, HMX and TNT which are all neutral molecules,
TKX-50 is a salt containing the C,NgO,*~ dianion and two
NH;OH" cations making it a 2:1 (ratio of ions) salt
(Figure 1).

The detonation velocity (D) of TKX-50 has been de-
termined experimentally by various groups, and all of
the experimental values for the detonation velocity of
TKX-50 (Table 1) are in good agreement. Furthermore,
the agreement between the experimentally determined D
and calculated D using EXPLOS5 are also in excellent
agreement.

However, the same cannot be said for the heat of for-
mation of TKX-50, which has resulted in a plethora of
values and discussion as to not only which value is best,
but also which method should be used to calculate the
enthalpy of formation of such a compound [7-12]. There
is a large discrepancy between the value for the enthalpy
of formation (A;H,(cr)) originally  reported
(447 kJ -mol ! calculated [1, 7], 439 kJ-mol* combustion
calorimetry) [7,12] and more recently reported ex-
perimental and calculated values which are given in ta-
bles 2 and 3 respectively [6, 8-12].

The experimentally determined (combustion calorim-
etry) value of Sinditskii of (111 4 16) kJ-mol™" [8] ap-
pears to be too low and the original reported value (com-
bustion calorimetry) of 439 kJ-mol ™" is too high [1, 12].
The other experimentally determined results
[6,9, 10, 11] given in Table 2 are all relatively similar

H 7/ N (e1S) H
H\N/@H | N H (@
[ N \ N<H
H\o / l N H\o/
e N 7/

and result in an average value AH_(cr) of
197.4 kJ-mol™". This is considerably lower than calcu-
lated value of 447 kJ-mol™" originally reported [1, 7, 12].
This discrepancy is problematic, since an accurate value
for A¢H, (cr) is important for calculating the energetic
properties of a compound such as the detonation velocity
[13].

The calculation of A;H_ (cr) for neutral energetic
molecules using the computational CBS-4M method is
widespread [13, 14], as is calculation of the AfH:n(g) of
constituent ions of a salt using CBS-4M followed by esti-
mation of the lattice energy using the Jenkins equation
in order to obtain AfH:n(cr) for salts [13, 14].

If, however, the calculated values for A;H, (cr) for
TKX-50 given in Table 3 are compared, then it is clear
that the CBS-4M/Jenkins approach [7] results in a value
which is too endothermic for TKX-50. The same ap-
proach using B3LYP/6-31G*/PM7/Jenkins was reported
[15] to give a lower value which was in good agreement
with the experimentally obtained value of 111 kJ-mol™
by Sinditskii [8].

The main difference between the CBS-4M/Jenkins
and B3LYP/6-31G*/PM7/Jenkins was optimization of
the structures of the ions at B3LYP/6-31G* level in the
latter calculation as opposed to HF/3-21G* in the CBS-
4M method, and calculation of the energies of the ions at
composite CBS-4M or PM7 level. The authors proposed

TABLE 2 Experimentally determined enthalpies of formation for
crystalline TKX-50 previously reported in the literature.

FIGURE 1 Structural formula of TKX-50.

TABLE 1 Results of detonation velocities (D) of TKX-50 and TKX-50 based formulations.

Density/
Condition g-cm™?
Neat compound 1.877
TKX-50/binder =95.5/4.5 1.80
TKX-50/wax=94.5/4.5 1.776
TKX-50/wax=97/3 1.735
Calculated value (EXPLO5) 1.877

Method AH (cr)/kJ-mol™ Ref.
Combustion calorimetry 111+16 [8]
Combustion calorimetry 194.14+0.9 [9]
Combustion calorimetry 193 [10]
Combustion calorimetry 189 [11]
Combustion calorimetry 213.4+1.2 [6]
Combustion calorimetry 439 [12]
Combustion calorimetry 175.3+1.9 this work
Average of results marked 197.4
Method D/m-s™" Ref.
LASEM 9560 £ 280 [3]
60 mm tube 9037 [4]
50 mm tube 9020 [5]
50 mm tube 9248 [6]
9698 [1]
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TABLE 3 Calculated enthalpies of formation for crystalline TKX-50 previously reported in the literature.

AH,, (cr)/
Method kJ-mol™ Ref.
CBS-4M AH, (g) of ions, lattice enthalpy determined using Jenkins’ equation 447 [7]
Experimental A:H, (cr) of NH,0OH, estimated A;H, (cr) of C,H,N,O, based on value for bistetrazole and esti- 119 [8]
mated value for AH g eaction
B3LYP/6-31G* structure optimization of gas phase ions followed by A;H_ (g) ions calculated using PM7, lat- 112.6 [15]
tice enthalpy determined using Jenkins’ equation
Calculated sum of ions model 171.1 [16]
Calculated isodesmic model 164.1 [16]
that the poor agreement between the originally (ClO,” salt) resulting in an average value of

calculated CBS-4M value and experimental value was
the result of the wrong level of theory being use in the
CBS-4M calculations [15]. However, we re-calculated the
energies of the TKX-50 constituent ions by performing
the same calculations as Christopher et al. [15] by per-
forming geometry optimizations at B3LYP/6-31G* level
of theory followed by PM7 single point energy calcu-
lations and obtained different results. We then recalcu-
lated the ions by performing structure optimizations at
PM?7 level of theory, followed by energy calculations at
PM?7 level of theory and obtained the same results as
Christopher et al. reported [15]. Therefore, the value of
112.6 kJ-mol™ [15] likely results from a semi-empirical
PM7 calculation of the structures and energy and not
B3LYP/6-31G* optimized structures as previously pub-
lished [15]. Furthermore, in order to assess whether this
approach (PM7 structure optimization and PM7 energy)
was in fact, applicable to other related salts, we calcu-
lated a second 2:1 (ratio of ions) salt GZT using the PM7
method, and found the resulting heat of formation to be
in poor agreement with experimentally obtained results,
therefore, this approach is not to be recommended.
Sinditskii calculated the AH_(cr) for TKX-50 to be
119 kJ-mol " [8] by using the A;H, (cr) for NH,OH re-
ported in the literature (—114.8 kJ-mol™" [17]), as well as
an estimated A:H_(cr) for the acid of the anion, namely
C,H,N;0, (~481 kJ-mol ™), by subtracting 50.7 kJ-mol !
from the value for the enthalpy of formation of solid 5,5’-
bistetrazole (531.7 kJ-mol™") reported in the literature
[8]. No specific information was given for the
50.7 kJ-mol ™" subtracted. Finally, the heat of salt re-
action was also used in this calculation. Sinditskii re-
ported this value to be 67 kJ-mol™" as the average value
obtained for the reaction of NH,OH (cr) with HNO; (1)
forming NH,OH "NO,~ (cr) and NH,OH (cr) with HCIO,
(1) forming NH;O0H"CIO,” (cr) [8]. However, using the
A¢H_ (cr) reported for NH;OH"CIO,” in the literature of
—276.8 kJ-mol™* [18] results in values for the salt re-
action of 78.2kJ-mol™" (NO,~ salt) and 122.0 kJ-mol™

100.1 kJ-mol ' which is over 30 kJ-mol " higher than
the value of 67 kJ-mol™" reported by Sinditskii [8]. This
discrepancy is probably the result of the different value
used for AfH:n(cr) for NH,OH"ClO,” in this work, since
unfortunately, the value used by Sinditskii [8] in his
work is a value from a 1968 US military report [19],
which we have been unable to obtain a copy of. There-
fore, in order to obtain an average value for the salt re-
action with hydroxylamine as the base, we used the val-
ues in the NBS tables for NH,OH"NO,™ (cr), NH,OH
(cr), liquid HNO,, (NH;0H),SO, (cr) and liquid H,SO,
[17] and obtained an average value of 74 kJ-mol™’,
which is the value we used in the work reported herein.
The value for the enthalpy of salt reaction for the for-
mation of NH,OH"NO,” (cr) was calculated to be
78.2kJ-mol™! and for (NH,0H),SO, a value of
69.8 kJ-mol ' per NH,OH was calculated.

The calculated sum of ions model and calculated iso-
desmic model reported recently provides a much better
calculated value for the A;H_ (cr) of TKX-50 [16]. How-
ever, it requires calculation of the molecular volumes of
the constituent ions.

Since the standard enthalpy of formation is an im-
portant value to accurately know for predicting the en-
ergetic performance of a high explosive, and the determi-
nation of this value for TKX-50 produced so many
contradictory results, we decided to re-determine the
standard enthalpy of formation of TKX-50, in the crystal-
line phase, at T=298.15 K, using high-accurate equip-
ment of combustion calorimetry and compare this with
results from quantum chemical calculations at the high-
est possible levels. In addition, the sublimation vapor
pressures of the title compound were determined at sev-
eral temperatures using the Knudsen effusion method.
The experimental results enabled the determination of
the standard molar enthalpy, entropy and Gibbs energy
of sublimation, at T=298.15 K, of TKX-50.

In addition, the standard enthalpy of formation of
TKX-50 in the crystalline phase was calculated using

85U80|7 SUOWLIOD @A eaID 8|qed!|dde ay3 Aq pausenob afe ssjoiie YO ‘8sN JO Se|n. 10} Areiq1T8ulUQ AB]IA UO (SUORIPUOO-pUe-SWLBYALICD" A8 | 1M AfeIq1jBUI [UO//:SANY) SUORIPUOD PUe Swie 1 8us 88S *[7202/20/6T] Uo Akeiqiaulluo AW ‘Auewses aueiyooD Aq T9E002Z0Z deid/z00T 0T/I0p/woo A3 1M Akeiq1jeutjuoy/sdny wo.y pepeojumod ‘2 ‘€202 ‘L80VTZST



Propellants,
Explosives,

40f13

Pyrotechnics

different approaches that combined experimental results
and quantum chemical calculations at the CBS-4M and
also at the CBS-QB3 levels of theory, in order to find a
more accurate predictive route for estimating the AH,,
(cr) of TKX-50.

2 | EXPERIMENTAL SECTION

CAUTION! TKX-50 is an energetic material and should
be handled accordingly. Energetic materials can show un-
expected sensitivities towards various external stimuli (e.g.
elevated temperature, friction, impact). Although no haz-
ards occurred, proper security precautions (safety glasses,
face shield, earthed equipment and shoes, leather jacket,
Kevlar sleeves, and earplugs) have to be worn while syn-
thesizing and handling TKX-50.

2.1 | Materials characterization

TKX-50 was synthesized according to the literature and
the purity checked by elemental analysis (CHN) and
NMR spectroscopy (‘H, *C) [1].

The Hitachi-DSC7020 heat flow calorimeter was used
to check whether phase transitions occurred in the crys-
talline phase of TKX-50, as well as to study the behavior
of TKX-50 at different temperatures. The sample was
sealed in an airtight aluminum crucible of 7.5 uL and
scanned at 0.033 K-s™' from T~301K to T~460K un-
der a controlled nitrogen flux which was used to prevent
eventual contamination of the calorimeter. Calibration
of the equipment was performed using benzoic acid
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FIGURE 2 DSC thermogram of TKX-50 (heating rate 2 K/
min).

(NIST SRM 39j), indium (Sigma-Aldrich, mass fraction
>0.99999) and tin (Sigma-Aldrich, mass fraction
>0.99999). Figure 2 shows the thermogram obtained
during the DSC experiment performed on TKX-50. This
confirms the absence of crystalline phase transitions in
the temperature range used for the volatility study of this
compound (411.2 and 431.2) K (more details in section
3.2.). In a previous study, the thermal stability of TKX-50
was also evaluated, and showed that the onset of
decomposition occurred at 495K (heating rate of
0.083 K-s™') [1]. In addition, the thermal behavior of
TKX-50 was evaluated using differential scanning
calorimetry (DSC), thermal gravimetric analysis-Fourier
transform infrared spectroscopy (TG-FTIR) and thermal
gravimetric analysis-differential scanning calorimetry-
mass spectrometry (TG-DSC-MS) [20]. The critical
temperature of thermal explosion and the initial
decomposition temperature were determined to be
523.39 K and 513.80 K, respectively.

2.2 | Combustion calorimetry

The combustion calorimetric experiments were achieved
using a macro-combustion calorimeter previously de-
scribed [21, 22]. The static-bomb used is a twin valve
bomb whose internal volume is 0.342 dm’ (type 1108 of
Parr Instrument Company). The energy equivalent of the
calorimeter and its standard deviation of the mean, ¢, =
(16002.6 £1.7) J-K !, were determined from the combus-
tion of benzoic acid (NBS 39j) whose massic energy of
combustion under the certificate conditions is —(26434 +
3)J-g~'. The calorimeter temperatures were measured to
+(1x107%) K, at time intervals of 10s, with a quartz
crystal thermometer (HP 2804A), interfaced to a PC; the
ignition occurs at T=(298.150+0.001) K.

Samples of TKX-50 were burnt in pellet form, under
oxygen at p=3.04 MPa, with 1.00 cm’ of deionised water
added to the bomb. n-Hexadecane (Aldrich, mass frac-
tion >0.999), stored under nitrogen, was used as auxil-
iary combustion in most of the experiments, in order to
obtain an adequate temperature rise. The energetic cor-
rection for the nitric acid formation, AU(HNO;), was
based on —59.7 kJ-mol ' for the molar energy of for-
mation of 0.1 mol-dm™ HNO,(aq) from N,(g), O,(g) and
H,0() [17].

The standard massic energy of combustion, Acus, was
calculated by a similar procedure to that developed by
Hubbard etal. [23]. Further details about the ex-
perimental procedure are provided in ESI.
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2.3 | Knudsen effusion method

The vapor pressures of the crystalline phase of TKX-50
were measured, at different temperatures, using the
Knudsen mass-loss effusion method. The apparatus used
in this work lets the simultaneous operation of nine effu-
sion cells that are inserted into cylindrical holes inside
three aluminum blocks. Each of these blocks is kept at a
constant temperature, different from the other two, and
contains three cells with differently sized effusion orifices,
made on platinum foil of (0.012540.001) mm thickness
and with the following areas: A (A;)=A/(A)=A (A=
(0.636+0.004) mm?* A, (B)=A,B,)=A4,B,)=(0.785+
0.004) mm? and A,(C,)=A,C,)=A4,C,)=(0.985+0.004)
mm”. The Clausing factors for the orifices of the series A,
B and C were calculated as 0.986, 0.988 and 0.989, re-
spectively, using w,=1/{1 + (I/2r)}, where r is the radius
of the orifices and [ is the thickness of the platinum foil
[24]. More information about this installation, procedure
and testing has already been described in detail [25].

In each experiment, the mass of the sublimed sample
due to the effusion process, Am, was determined by weigh-
ing the cells before and after the effusion period, ¢, with an
estimated uncertainty of 1x107° g. Equation (1) was used
to calculate the vapor pressure p of the crystalline sample,
contained in each effusion cell, at the temperature T.

L 1
P =awi\ ™™ @

Am (2nRT) 03

In this equation, M is the molar mass of the effusing
vapor and R is the molar gas constant
(8.314462618 J-K*-mol ™) [26]. The standard uncertainties
of the vapor pressure and temperatures measurements
were estimated as u(p/Pa)=0.02 and u(T/K)=0.01.

Pyrotechnics

24 | Computational methods

All quantum chemical calculations were carried out us-
ing the Gaussian G16 W program package [27]. The en-
thalpies (H) and free energies (G) were calculated using
the complete basis set (CBS) method of Petersson and
co-workers in order to obtain very accurate energies. The
CBS models are using the known asymptotic con-
vergence of pair natural orbital expressions to ex-
trapolate from calculations using a finite basis set to the
estimated CBS limit.

The CBS-QB3 has been modified by the inclusion of
diffuse functions in the geometry optimization step to
give CBS-QB3 [28]. The five-step CBS-QB3 series of cal-
culations starts with a geometry optimization at the
B3LYP level, followed by a frequency calculation to ob-
tain thermal corrections, zero-point vibrational energy,
and entropic information. The next three computations
are single-point calculations (SPCs) at the CCSD(T),
MP4SDQ, and MP2 levels. The CBS extrapolation then
computes the final energies [29].

3 | RESULTS AND DISCUSSION

3.1 | Experimental enthalpy of
formation of solid TKX-50

Detailed results of each combustion experiment for TKX-
50 are presented in Table S1 of the supplementary in-
formation. Some results of the seven combustion experi-
ments and the individual values of the massic energy of
combustion, Acuo, for TKX-50 are given in Table 4. The
values of A.u refer to the quantitative combustion re-
action represented by equation (2).

TABLE 4 Experimental data from combustion experiments for TKX-50.*

m(TKX-50)/g m(n-hexadec.)/g AT, /K —AU(IBP)/J
0.66454 - 0.37699 6039.14
0.65357 - 0.37182 5956.30
0.64754 0.23768 1.06974 17137.86
0.64742 0.21020 0.98832 15833.31
0.60282 0.20928 0.96016 15381.84
0.60045 0.21696 0.98079 15712.73
0.60856 0.17112 0.85137 13639.09

AU(HNO,)/J —AU(n-hexadec.)/J —Au’/(3-gh)
33.43 - 8962.30
48.66 - 8963.19
62.69 11203.47 8983.05
63.88 9908.29 8976.76
57.55 9864.87 8966.42
55.04 10226.90 8954.94
55.52 8066.07 8977.59

—(8969.2+3.8)°

* m(n-hexadec.) is the mass of n-hexadecane used in each experiment; AT, is the corrected temperature rise; AU(IBP) is the energy change for the iso-
thermal combustion reaction under actual bomb conditions and includes AU(ign); AU(HNO,) is the energy correction for the nitric acid formation; AU(n-
hexadec.) is the energy of combustion of the n-hexadecane; A u" is the standard massic energy of combustion. Detailed information about all the corrections

considered is provided in Table S1 of Supplementary Information.
" Mean value and standard deviation of the mean.
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C,HgN;O,(cr) + 20,(g) —

@)
2C0,(g) + 4H,0(1) + 5N,(g)

The internal energy for the isothermal bomb process,
AU(IBP), was calculated through equation (3), where
AT, is the corrected temperature rise obtained in each
experiment, & is the energy equivalent of contents in the
final state and AU(ign) is the electrical energy for igni-
tion.

AU(IBP) = —{ew + & } AT, + AU(ign)  (3)

The mean value of the standard (p° = 0.1 MPa) mas-
sic energy of combustion of TKX-50, as well as, the de-
rived standard molar internal energy of combustion,
AU, (cr) and enthalpy of combustion, A;H_(cr), and the
standard molar enthalpy of formation, in the crystalline
phase, AfH:n(cr), at T=298.15 K, are reported in Table 5.
The uncertainties associated with the standard molar en-
ergy and enthalpy of combustion are twice the overall
standard deviation of the mean and include the un-
certainties in calibration with benzoic acid [30, 31]. To
derive A;H_(cr) from A H,_ (cr), the standard molar en-
thalpies of formation, at T=298.15K, were used for
H,0(1), —(285.83040.040) kJI-mol™', and CO,(g)
—(393.51+0.13) kJ-mol™* [32].

3.2 | Thermodynamic properties of
sublimation

The effusion vapor pressures of TKX-50, reported in
Table 6, are the mean of the results determined through

the different effusion orifices at each temperature, listed in
detail in Table S2. The volatility study of this compound
was performed over the range (0.03 and 0.33) Pa, between
(411.2 and 431.2) K. At higher temperatures the effusion
vapor pressure results showed significant deviations and
therefore were not considered. The experimental (p,T) re-
sults of this compound were fitted by the Clarke and Glew
equation (truncated form) [33], eq. 4.

P\ _  ARGLO) | aeppoi (L 1
Rll’l(};) ——T—i-Acer(Q) g—T +.

sco(%) - 1n(D)

In this equation, p° is a selected reference pressure
(in this work, p°=10° Pa), p is the vapor pressure at the
temperature T, € is a reference temperature (in this
work, unless stated otherwise, 6=298.15 K) and R is the
molar gas constant. The differences between gaseous and
crystalline phases of standard Gibbs energy, enthalpy,
and heat capacity at constant pressure, are represented,
respectively, by ALG, , AL H, , and ALC, . The values of
these properties, the assigned uncertainties and the re-
sults of A2S (6) - calculated through equation (5) — are

crm

listed in Table 7.

S> (4)

g pyo —_ A& ;0
AgrS?n(a) _ Acer(e) 7 Achm(G) (5)

The results of vapor pressure obtained using the well-
known equation (6) are also reported in this table.

A2 G (0) = —ROIn (1%) 6)

TABLE 5 Standard (p°=0.1 MPa) massic energy of combustion, A.u (cr), molar energy of combustion, A U, (cr), enthalpy of
combustion, A.H, (cr), and enthalpy of formation, A(H_ (cr), for TKX-50, at T=298.15 K.*

A (cr)/kJ-mol ™
—8969.2+3.8

AU, (cr)/kI-mol *
—2118.1+1.9

AH, (cr)/kI-mol *
—2105.7+1.9

AH_ (cr)/kJ-mol *
175.3+1.9

# Uncertainties are twice the overall standard deviation of the mean, and include the contributions from the calibration and from the auxiliary materials

used.

TABLE 6 Vapor pressure results.

T/K p/Pa 100Ap/p® T/K p/Pa 100Ap/p® T/K p/Pa 100Ap/p®
411.19 0.037 0.5 421.39 0.114 0.0 429.56 0.274 13
413.38 0.047 —-0.3 423.36 0.139 -1.3 431.22 0.329 2.4
415.34 0.059 0.5 425.22 0.168 —22

419.20 0.091 1.3 42731 0.209 —2.4

* The reported effusion pressures are the mean of the values obtained using the small, medium, and large effusion orifices. The standard uncertainties are
u(T/K)=0.01 for the temperature and u(p/Pa)=0.02 for the effusion pressures. ® Ap=p—p.,. where p, is calculated from the Clarke and Glew, Eq. (4),
with parameters given in Table 7.
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TABLE 7 Standard (p°=10° Pa) thermodynamic properties of sublimation of TKX-50.

ALG.. () ALH.(6)Y  AES.(6) R ASC, (O o
AT/K 6/K kJ-mol * p°/Pa kJ-mol* J-K ' mol* J-K ' mol™*
411.2 to 431.2 298.15 81.46£0.69 5.36x 107" 165.0+2.4 280.2+£8.4 0.9996 —45.0° 0.0165
421.20° 48.00£0.04 1.11x107! 159.4+2.0 264.5+4.7

* Uncertainties are expressed as the expanded uncertainty (0.95 level of confidence, k=2).
® Calculated from Clarke and Glew equation for two different temperatures (6=2981.5 K and 6=mean temperature of the experiments).

¢ Calculated using equation 5; uncertainties calculated through the RSS method.
9 o, is the relative standard deviation of the fit, defined as o, = [Y_1_, (Inp—Inp )/ (n—m)]".

¢ Estimated value.
fMean temperature.

The value of Afrc;_’m was introduced in equation (4)
after being estimated through equation (7), suggested by
Monte etal [34,35], that is a reorganization of
equation (8) proposed by Chickos et al. [36]. The value
Cn(g)=250.49J-K"-mol ', determined at the temper-
ature 298.15 K for TKX-50, was derived from statistical
thermodynamics, calculated by means of the Gaussian
G16 W software package [27], using the vibrational fre-
quencies calculated at the B3LYP/6-31G(d) level of theo-
ry (scaled by a factor of (0.960+0.022) [37].

AEC (6)/T-K' mol™? =

cr~p.m

. B B (7
—{0.9+0.176 (C, . (g)/ - K* - mol ™)}

AEC. (6)/T-K'  mol =

cr - p,m

. B B (®)
—{0.75+0.15 (C, ,(cr)/T - K™' - mol ")}

Figure 3 shows the plot of vapor pressures against the
reciprocal temperatures of TKX-50. To the best of our
knowledge no (p,T) study was reported before for this
compound.

3.3 | Estimates of enthalpy of formation
of solid TKX-50 using computational
approaches

This experimental determination of the enthalpy of for-
mation of TKX-50 was necessary, due to the fact that the
enthalpies of formation AfH:n for crystalline TKX-50 de-
termined experimentally (Table 2) deviated substantially
from the calculated value using the widely applied meth-
od of CBS-4M/Jenkins (Table 3) [1, 7]. For example, the
CBS-4M calculated enthalpy of formation of the corre-
sponding ions in the gas phase (H;N—OH" and
C,0,N¢*") converted into the solid state using the Jen-
kin’s equations for the lattice energy and lattice enthalpy
yielded a value of A;H, (TKX-50, cr) = 447 kJ-mol'
[1, 7]. On the other hand, using an isodesmic model in

/2

In(p/Pa)

1 I 1 1 1 1 1
2.32 234 2.36 238 2.40 242 2.44

1000 (KIT)

FIGURE 3 Plotof Inp against 1/T for TKX-50. O, small
effusion orifices; A, medium effusion orifices and [, large effusion
orifices.

which the molecular volumes for two methyl-substituted
tetrazoles were calculated as additive using the molec-
ular volume of ethane gave a value of AfH:n (TKX-50, cr)
= 164.1 kJ-mol ! (Table 3) [16].

An equally important reason to investigate ex-
perimentally the A;H_ for TKX-50 was the substantial
difference in the experimentally determined values of
Sinditskii (111 & 16) kJ-mol™* (Table 2) [8], with those
of four other groups (189-213.4 kJ-mol ', average value
= 197.4kJ-mol ") (Table 2).

Furthermore, using the experimentally obtained re-
sults, the suitability of the CBS-4M/Jenkins approach for
predicting the A;H_ of energetic salts would be able to
be re-assessed and a different strategy assessed to allow
better prediction of the AfH:n of high explosives which
are salts. Several different computational approaches
were adopted and different levels of theory were applied.
Each of the different strategies which were used will be
discussed in more detail below.

The initial strategy involved again treating TKX-50
computationally as an ionic salt (Figure 1), in which the
enthalpies of formation of the individual ions in the gas-
phase were calculated at various higher levels (CBS-QB3,
G3MP2B3 and WI1BD (data in Table S3 of Supple-
mentary Information) and conversion of these values
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into the solid-state using Jenkin’s equation (eq.9) [7].
This approach was the same as that which is widely used
for energetic salts using CBS-4M level of theory [14], and
which resulted in the originally predicted values of
447 kJ-mol ™" at CBS-4M level of theory [1, 7].

N.
H SN o H
H_ / N o H / N
L P W I ¥ AHiatica enthatpy: Jenkins \/NQH ! { " CH
\ . H—, \ /
/ I\ S / I W H—d (9)
°p N\N// %9 N\N//

AHy (g) at CBS-4M AHy (g) at CBS-4M AHy (s) (CBS-4MiJenkins)

Regardless of which level of theory was selected
(CBS-4M, CBS-QB3, G3MP2B3 or W1BD), the value for
AfH;n was much more endothermic (Table 8) than the
experimentally determined value of 175.3kJ-mol™" de-
termined in this work (Table 5) and also than the aver-
age value of 197.4 kJ-mol ™" (Table 2) discussed in the in-
troduction section for previously reported experimentally
determined values. Despite being a widely-used ap-
proach for calculating the AfH:11 of energetic salts [14],
this method was shown to produce unsatisfactory results
for TKX-50. Preliminary results show that also for other
2:1 (ratio of ions), the calculated AfH:n values show un-
satisfactory agreement with experimentally determined
AfH:n values [14], with the calculated values generally
being too endothermic.

The second strategy involved treating TKX-50 as be-
ing a neutral adduct between two hydroxylamine mole-
cules with one bitetrazole-1,1’-diol (Figure 4). The en-
thalpy of formation of a neutral TKX-50 adduct was
calculated in the gas phase at CBS-4M and CBS-QB3 lev-
els of theory (data in Table S3 of Supplementary In-
formation) and each of these values was converted into
the corresponding enthalpy of formation in the solid
state using the enthalpy of sublimation of TKX-50 of
165.0 kJ-mol ' determined in this work (Table 7)

(eq. 10).
o’o
’ ;4’ “J"’,J
2™ - -
- 3

FIGURE 4 Calculated structure of TKX-50 in the gas phase
as a neutral adduct (CBS-QB3).

N
. V% \IN o
2 SN + \N N
H—, / | \N
o H—O N\N//

AgHgyp. (lit. value) AHgyp). (Keshavarz)

N
« \N 0____H\\\_N/0\H
\ ’ / —~H
H N N /
H\N/ | J \N H
“-H---0 4
H—d N

AH (cr) = AH, (g) at CBS-4M —AEH, adduct (10)

This approach resulted at CBS-QB3 level of theory in
a value for A¢H,, for TKX-50 of 337 kJ-mol ' which is
less endothermic than the values calculated for the ionic
salt using the CBS-4M/Jenkins or CBS-QB3/Jenkins
methods, and closer to the experimentally determined
value of 175.3 kJ-mol ! in this work. However, the value
is still in poor agreement with the experimentally de-
termined value. Utilizing the same approach, but using
the enthalpy of sublimation for TKX-50 predicted using
the method by Keshavarz (A% H, =176.9 kJ-mol ") [38]
instead of the value determined experimentally in this
work did not result in any significant improvement in
the agreement between the experimentally determined
and calculated values for A;H, .

A third strategy comprised again calculation of the
enthalpy of formation of the neutral TKX-50 in the gas
phase (adduct between two hydroxylamine molecules
with one bitetrazole-1,1’-diol, Figure 4) at CBS-4M and
also at CBS-QB3 levels of theory and subtraction of the
enthalpies of sublimation of the neutral component com-
pounds (2xNH,OH and C,H,N;0,), instead of subtract-
ing the enthalpy of sublimation of TKX-50 (eq. 11).

The value for the enthalpy of sublimation of the neu-
tral diol was estimated using Keshavarz’ method
(128.9 kJ-mol™") [38], and the value for the enthalpy of
sublimation of hydroxylamine (2x64.2kJ-mol™") was
taken from the literature [35], which resulted in a value
of 244.7kJ-mol™ at CBS-QB3 and 290.5kJ-mol ' at
CBS-4M, which were significantly lower than the calcu-
lated values obtained using the other strategies. How-
ever, the agreement with the experimentally determined
values was still unsatisfactory.

As was discussed in the introduction, Sinditskii has
proposed [8] that AfH;n for TKX-50 can be more accu-
rately predicted using an approach in which the AfH:n of
the acid and base are summed together with the en-
thalpy for the salt reaction which occurs between a base

N
~N O\H

Vi ----H-.. ./
N L "/N\H
—— S AV (11)
SNeyd [N

AH; (g) at CBS-4M
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TABLE 8 Overview of the different methods used to calculate the enthalpy of formation for crystalline TKX-50.

90f13

AH,, (cr)/
Method kJ-mol ™
H
. 447 11,7,12
a) CBS-4M A:H,, (g) calculated for H\N/@ [ ]
hed
N
N \’N 00
and \N/‘W/N/
/ [
(o] N__ //N
N
ions, lattice enthalpy determined using Jenkins’ equation
H
. 376.9
b) CBS-QB3 AH,, calculated for H\N/@H
H—g
2 \[N 00
and \N/H/N/
/ [
N
o N 7/
] ~N
gas-phase ions, lattice enthalpy determined using Jenkins’ equation [7]
H
N 462.2
c) G3AMP2B3 A;H, (g) calculated for H\N/@H
|
2 \[N 00
and \N/S/N/
/ [
o NN
N
ions, lattice enthalpy determined using Jenkins’ equation [7]
H
o 437.0
d) W1BD A;H, (g) calculated for H\N/@H
Hed
(0]
, \’N 00
and \N/IYN/
/ [
(e} N__ //N
N
ions, lattice enthalpy determined using Jenkins’ equation [7]
N//N\,N 0----H~-‘_N/°\H 337.0
e) CBS-QB3 AfH:n(g) calculated for neutral TKX-50 adduct, H /H \N N< H/ H
\N~._,H____c£ J N
H\o/ N
converted to AH, (cr) value, using exptl. AL H,, value (this work, 165 kJ-mol ) for neutral TKX-50 adduct
N//N\]N 0----H-..‘N/°\H 325.1
f) CBS-QB3 A:H._ (g) calculated for neutral TKX-50 adduct, H A% N/ [ H
m H_ / \ H
H\c{ ~

converted to A:H, (cr) value using estimated A8 H_, value (176.9 kJ-mol *, Keshavarz eq.) [38] for neutral TKX-50
adduct
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TABLE 8 (Continued)

AH,, (cr)/
Method kJ-mol ™
N
N// \]N " N/O\H 244.7
g) CBS-QB3 AfH:n(g) calculated for neutral TKX-50 adduct, H /H \N/‘T'( r{ H
SN-.. / N
‘H----0 7
H\o/ "
converted to AH, (cr) value using 2 x exptl. AL H, value for NH,OH (2x 64.2 kJ-mol ") [35] and estimated A% H,,
N\
N IN OH
value (128.9 kJ-mol !, Keshavarz eq.) [38] for \N N/
[ [ W
HO N 7/
N\'N oty oy 290.5
h) CBS-4M AH,, calculated for neutral TKX-50 adduct | M N< d H
\/NH J\ //N
H—d N
in gas-phase, converted to A;H, (cr) value using 2 x exptl. A& H, value for NH,0H (2 64.2 kJ-mol ) [35] and esti-
N
) N, OH
mated A% H, value (128.9 kJ-mol™, Keshavarz eq. [38]) for \ N
/ \
Wo N M
N//N\N o 164.7
i) 2X AH,, (cr) NH,OH, CBS-4M AH,, (g) for I ¥
/ [\
HO 7
N
converted to A:H, (cr) using Keshavarz eq. [38] for A8 H_, and AHy;cqcion €Stimated based on value for NH,OH(cr)
+ HNO(1) — NH,O0H"NO, (cr)
\ //N\N oH 164.9
j) 2X A¢H, (cr) NH,OH, CBS-QB3 AH, (g) for ’ N/
/ [N
HO 7
N\N/
converted to A¢H, (cr) using Keshavarz eqn. [38] for A8 H.,, and AH  cqci0n €Stimated based on value for NH,OH-
(cr) + HNO4(1) — NH,0H *NO; (cr)
k) Average of values calculated (CBS-4M) for of neutral adduct h) and ionic salt i) 227.6
1) Average of values calculated (CBS-4M) for of neutral adduct h) and ionic salt i) weighted 20:80 189.9
m) Average of values calculated (CBS-QB3) for of neutral adduct g) and ionic salt j) 204.8
n) Average of values calculated (CBS-QB3) for of neutral adduct g) and ionic salt j) weighted 20:80 180.9

and an acid. According to Sinditskii, the value for the
salt reaction remains relatively constant for a particular
base, regardless of which acid is involved, but not vice
versa [8]. Using this approach, Sinditskii obtained a cal-
culated value of A;H, for TKX-50 of 119 kJ-mol " [8]
which was in good agreement with his experimentally
determined value, but which is over 70 kJ-mol ' lower
than the average value for the experimentally de-
termined values (excluding the original value of
447 kJ-mol™" and 111 kJ-mol™" reported by Sinditskii)

(Table 2). We were unable to repeat exactly the
calculation of the enthalpies of salt reaction for the for-
mation of the NH,OH"NO,™ and NH,0H"ClO," salts to
obtain the average value used by Sinditskii [8], since the
value for A;H_ used by Sinditskii for NH;OH"ClO,” [8]
is contained in a report [19] which we have been unable
to access. However, using instead the values for A(H, of
NH;OH"NO,” and (NH,0H),SO, that are easily avail-
able in the literature [18], we obtained an average value
for the enthalpy of salt reaction for hydroxylamine base
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of 74kJ-mol™' which is less than that obtained by
Sinditskii [8]. The other difference in our calculation of
A:H,, using the salt reaction method from that reported
by Sinditskii [8] was that we calculated at CBS-4M the
A:H_(g) of the diol and converted this value to the A;H,_
value by estimating the enthalpy of sublimation using
the Keshavarz method [38], whereas Sinditskii used a
value of ~481 kJ-mol ' for AH, of the diol, based on
the value of 531.7 kJ-mol™" for bistetrazole [8]. Specific
information for the difference in the values of biste-
trazole and the value of ~481 kJ-mol ' used for the diol
of the dianion of TKX-50 was not given [8]. Using our
modified approach, we obtained a value of AfH:11 for
TKX-50 of 164.7 kJ-mol™" (eq. 12). This value was much
closer to the average experimentally determined value of
193.0 kJ-mol™" (Table 2) and our experimentally re-de-
termined value of 175.3 kJ-mol ™" reported herein.

Finally, since there is strong hydrogen bonding in
TKX-50 between cations and anions [1], we calculated
the average calculated value of A;H, TKX-50 using the
value obtained for the neutral adduct after subtraction of
the enthalpies of sublimation of the neutral component
acid and base, and the value obtained for the ionic de-
scription of TKX-50 using the modified Sinditskii ap-
proach [8], and obtained a value of 228 kJ-mol ™', which
was relatively close to the average value of the ex-
perimentally determined A;H, values. Reconsideration
of the crystal structure [1] suggested that the ionic de-
scription should have more weight than a neutral de-
scription, and by adopting a ratio 80 % ionic: 20 % neutral
adduct, a calculated estimated value for the A(H, of
TKX-50 of 190 kJ-mol™* was obtained, which is in ex-
cellent agreement with the average value obtained from
combustion calorimetry experiments of 193.0 kJ-mol™
(Table 2), and also with the experimentally determined
value of 175.3 kJ-mol ! reported in this work. An over-
view of the different computational methods which were
used in this work to estimate the A;H, for TKX-50 is
given in Table 8.

In order to assess whether this approach calculating
the A;H, of an energetic salt using a combined neutral
adduct/ionic salt with 20:80 percent contribution can be
applied to other salts of 2:1 ratio or 1:1 ratio, we are un-
dertaking similar computational work on other related
compounds and will report on these findings in sub-
sequent work.

Pyrotechnics

4 | CONCLUSION

The standard molar enthalpy of formation of the crystal-
line TKX-50, A:H_(TKX-50, cr, 298.15 K) = (175.3+
1.9) kI-mol™", was determined experimentally based on
the measured standard massic energy of combustion en-
thalpies of combustion determined by static-bomb com-
bustion calorimetry. This experimental study highlights
the relevance on the direct measurement of the combus-
tion energy of the compound, for deriving with accuracy
its enthalpy of formation in crystalline phase.

To extend the thermodynamic characterization of
TKX-50, the corresponding standard molar enthalpy of
sublimation, A%H, (TKX-50, 298.15K) = (165.042.4)
kJ-mol™!, was also determined from vapor pressure
measurements using the Knudsen effusion method.

In addition, several approaches were used to calcu-
late the enthalpy of formation of TKX-50, and the values
compared with the experimentally determined value of
(175.3£1.9) kJ-mol™" determined in this study. Calcu-
lation of the gas phase heat of formation for the con-
stituent ions and conversion to the solid-state enthalpy
of formation for TKX-50 resulted in values which were
too endothermic, regardless of which level of theory
(CBS-4M, CBS-QB3, G3MP2B3 or W1BD) was applied.
Therefore, this approach does not provide an accurate
value for the enthalpy of formation for TKX-50. Calcu-
lation of the enthalpy of formation of TKX-50 using opti-
mization of the gas-phase structures at B3LYP/6-31G*
followed by single point energy calculation at the semi-
empirical PM7 level of theory which was previously re-
ported in the literature [15] was repeated and the liter-
ature value of 112.6 kJ-mol™ [15] was shown to corre-
spond to the value obtained from structure optimization
and energy calculation at PM7 level of theory. Repeating
this approach for a related 2:1 (ratio of ions) salt gave a
value which showed poor agreement with the ex-
perimentally determined (combustion calorimetry) val-
ue.

The calculated value showing the best agreement
with the experimental value was obtained by combining
two approaches in an 80%:20% ratio, using summation
of the standard enthalpy of formation of neutral hydrox-
ylamine base from the literature [35] with the calculated
(CBS-QB3, sublimation energy estimated by Keshavarz
method [38]) enthalpy of formation of the neutral diol

H //N\N o \ /H //N\N 00 "
\ _H N N .
2 /N/ + \ | N/ 2 x AHgait reaction (for NH20H) \/N@H \N/”\//N/ H\N/@H
H—d / I\ H—o / - “\o/ (12)
HO N/ % N F

2 x AHs (s) lit. value AHs (g) at CBS-4M

- Agyp. (est. keshavarz)
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with the enthalpy of salt reaction for hydroxylamine
base (80%), as well as calculation of the neutral TKX-50
adduct in the gas-phase and subtracting the heats of sub-
limation of the components (20%). Thus, a model was
used in which the heat of formation doesn’t correspond
to a strictly ionic TKX-50, or to a strictly neutral TKX-50
adduct.
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