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The thermal decomposition of quaternary ethylammonium chloride, bromide, and iodide has been studied
using the experimental techniques of thermal gravimetry coupled to Fourier transform infrared spectroscopy
(TG-FTIR) and differential scanning calorimetry (DSC) as well as the density functional theory (DFT) and
MP2 quantum-chemical methods. These compounds decompose in a one-step process, and the almost perfect
agreement between the experimental IR spectra and those predicted at the B3LYP/6-311G(d,p) level
demonstrates for the first time that decomposition produces an equimolar mixture of triethylamine and a
haloethane. The respective experimental enthalpies of dissociation of the chloride, bromide, and iodide are
158, 181, and 195 kJ/mol. These values correlate well with the calculated enthalpies of dissociation based on
crystal lattice energies and quantum-chemical thermodynamic barriers. The experimental activation barriers
were derived from the least-squares fit of the F1 kinetic model (first-order process) to thermogravimetric
traces. These estimates are 184, 286, and 387 kJ/mol for chloride, bromide, and iodide, respectively, and
agree well with the theoretical calculations. It has been demonstrated that the theoretical approach assumed
in this work is capable of predicting the relevant characteristics of the thermal decomposition of solids with
experimental accuracy. DFT methodology is recommended for the quantum-chemical part of the model: B3LYP
for evaluating the thermodynamic barriers and MPW1K for assessing the activation characteristics. These
quantum-chemical data then have to be combined with crystal lattice energies. The latter should be calculated
using both electrostatic and repulsiedispersion terms.

1. Introduction thermal behavior of untested compounds to be predicted. The
The numerous attractive properties of the salts of quaternary MOSt Promising approach to this question seems to be the one
nitrogen organic bases (SQNOBS) are justification enough for that combines kinetic studies focusing on an accurate math-
the on-going interest in this group of compounds and have led _emat|c_al o_Iescrlpt|on of_the experimental results_wnh theoretical
to their being applied in a variety of ways. Being effective investigations attgmptlng to relate the experimental data to
surfactants, SQNOBs are some of the most potent antielectro-Processes occurring at the molecular leel.
static agents for synthetic polymérSince they display anti- As we have already mentioned, the attractive thermal proper-
fungal and antibacterial activity, they are common ingredients ties of the salts of quaternary nitrogen organic bases make these
of timber preservative’.Their biological activity has also ~ compounds convenient systems for working out a theory linking
rendered them useful in treatments for diabetes, cardiac ar-the experimentally observed thermal behavior of solid substances
rhythmia, neurosis, and allergiésThe role of SQNOBs in with theoretical information on the molecular characteristics of
inactivating the HIV virus and in potentiating anticancer drugs individual ions and selected crystal structure characteristics. This
has been reported recenflfthese substances are also widely is why our team has been investigating the thermal behavior of
used in the laboratory and industry as counterions in phasethis class of compounds for some time now. Besides the halides
transfer catalysis (PCT), thus ensuring the selectivity of reac- of N-methylated heterocyclic amingsand quaternaryN-
tions, and the high yields and purity of their producis). alkanaminium halide¥15we have studied primary, secondary,
Furthermore, many SQNOBs behave like ionic crystals; con- and tertiaryN-alkanaminium ([(GHzn+1)pNH4—p]X, Wheren =
sequently, they make excellent solvents for a wide range of 1-4, p = 1—3, and X= ClI, Br, 1)13715 and N-arylaminium
reactions such as polymerizatibolefin production via aldehyde  halides!8 mainly with the aid of thermodynamic analyses. As
reduction’ epoxide formatiorf,alkylation? hydrogenatiort? and our own thermochemical data and other experimental s#féffes
the Friedet-Crafts! and Wittigh? reactions. Finally, owing to  have suggested, these compounds decompose at elevated
their relatively simple thermal behavior, SQNOBs are conve- temperatures in quite a simple way. Thermal dissociation
nient models for investigating the thermal decomposition of probably leads to two gaseous products: one of them is a free
solids!3™15 base, but the identity of the other species depends on the system
solids is empirical. Therefore, the long-term goal of studying produced from primary, secondary, and tertiary halides, and an
the decomposition of solids is to develop a theory explaining gy halide is likely to be produced from quaternary salts.
the thermal stability of different substances and enabling the Several thermodynamic and kinetic characteristics of these
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Figure 1. Thermodynamic traces recorded for decompositioN,bN-triethylethanammonium chloride (1), N,N-triethylethanammonium bromide
(2), andN,N,N-triethylethanammonium iodide (3).

thermal dissociation, the enthalpies of formation, and the crystal ab initio models. Finally, we analyze the activation energies of
lattice energy of these salts on the basis of thermogravimetric the process in terms of the quantum-chemical barriers obtained
measurements 15 with the last-mentioned property using both  for the assumed mechanism and the calculated crystal lattice
the thermochemical cycle and the Kapustinskfatsmirski energies. The very good correspondence between the enthalpies
method?:22 As far as crystal energy is concerned, we should of activation obtained from the thermogravimetric curves and
also mention a series of papers that our team has published orthose modeled quantum mechanically suggest that quaternary
the direct estimation of the electrostatic part of the crystal lattice ethylammonium halides decompose via a unimolecular process.
energy?®27 Here, structural information from diffraction mea-

surements, the charge distribution in a complex cation, usually 2. Methods

calculated with a semiempirical or an ab initio quantum-

chemical method, and Ewald's summatitwere employedto 1, ichased at the best available grades and then purified by
evaluate the electrostatic energy. recrystallization from methanol, ethanol, or a mixture of

Several kinetic models have been used to describe the kineticsmethanol with ethyl ether, as prescribed in the literaffa.
of the volatilization of quaternary salts and amine hydrohalides. The final purity of the compounds was checked by elemental
It was found, for instance, that the R1 (zero kinetic order) and analysis on a Carlo Erba Eager 200 instrument.

R2 (contracting surface) reaction mechanisms were the most pynamic thermogravimetric measurements (TG) were con-
appropriate for describing the thermal dissociation kinetics of ducted on a Netzsch TG 209 thermobalance coupled to a Bruker
primary, secondary, and tertiary amine hydrohalides, whereas|Fs 66 FTIR spectrometer. Samples weighingl® mg were

the F1 (first-order) model was suitable for analyzing the thermal pjaced in a platinum crucible and heated&t2.5 K min~t in
degradation of quaternary salfs™® Besides these quantitative  a dynamic argon atmosphere.

CharaCteriStiCS, a number of qualitative observations were also Differential Scanning Ca|0rimetry measurements were carried
made: for example, the enthalpy of volatilization increased out on a Netzsch DSC 204 instrument. Samples weighirij7a
gradually with the increasing size of the alkanaminium cation, mg were placed in an aluminum crucible covered with a lid
and the absolute enthalpy of formation increased while the lattice (with a pinhole) and heated at 2:6.0 K min~* in a dynamic
energy decreased with the number of alkyl groups in the amine Ar atmosphere. These experiments allow the enthalpies of
molecule!®15 dissociation A¢gH°) to be measured directly.

The thermal properties of quaternary ethylammonium halides  Enthalpies of dissociation were also estimated by fitting
(QEtA) have been the subject of several of our investigations: thermogravimetric traces (see Figure 1) to the following formula
experimentally by thermogravimetry (T&)15272%and also by (van’t Hoff equation)t3-15
semiempirical and ab initio method@%?° In the current study
we applied several experimental techniques and theoretical _ AH1 AH
methods to study the thermal behavior of QEtA. Ina=-— 2R T ' 2R ?d (1)

This paper reports on the thermodynamics and kinetics of
the thermal decomposition of the title compounds studied with wherea. is the extent of the reactiofy is the temperature at
the thermoanalytical techniques of thermogravimetry coupled which a. = 1; R is the gas constant.
to Fourier transform infrared spectroscopy (TG-FTIR) and  Finally, the activation enthalpy of the decomposition process
differential scanning calorimetry (DSC). First, we compare the (AH°) was derived by fitting the TG curves to the general
FTIR absorption spectra of the products formed during thermal equation:
decomposition with the theoretical ones. From this comparison
we have been able to draw unequivocal conclusions regarding Z aH°
the mechanism of thermal decomposition. Second, we contrast 91 -0 = ET ex;{ RT ) (@)
the DSC measurements with the theoretical dissociation enthal-
pies calculated from the crystal lattice energies and correlatedwhereZ is the Arrhenius preexponential factgfl — a) is the

2.1. Experimental Procedures.All quaternary salts were
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integral form of the function describing the kinetic model followed at the B3LYP/6-311G(d,p) level, starting with the TS
assumed: zero kinetic order (R1g(1 — o) = a; surface structure for tetraethylammonium chloride, bromide, and iodide,
decomposition (R2)y(1 — ) = 1 — In(1 — &)¥2 unimolecular which confirmed that the located transition states were always

decomposition (F1)g(1 — a) = —In(1 — o). linked to the relevant substrate and products.
Fitting was applied only to those parts of the TG curves  The B3LYP method is known to underestimate reaction
corresponding tax in the ca. 0.2-0.9 range. barriers*® For this reason, additional geometry optimizations
2.2. Computational Methods.The crystal lattice energyef) were performed employing the MPW1K exchange-correlation
was calculated by summing the electrostatig)( dispersive functional, which was parametrized to reproduce barrier heights
(Eq), and repulsive E;) contributions: for chemical reaction&® The quantitative agreement between
the MP2, B3LYP, and MPWI1K predictions strengthens our
E=ETEt+E (3) conclusion.

Only the B3LYP method was employed to calculate harmonic

Eeiin eq 3 represents Coulombic interactions: vibrational frequencies and zero-point energies, which enabled

& QQ selected thermodynamic characteristics of stationary points to
:E N ' (4) be estimated. The stabilities of the various structures were
ey - &dne, R expressed on the enthalpy scale. The enthBlpgsulted from

correcting the electronic ener@yfor zero-point vibration terms,
while the sum ofEy and E; is expressed by the Buckingham thermal contributions to energy from vibrations, rotations, and
equation3? translations, and thgV terms. For estimating B3LYP and MP2
enthalpies, the B3LYP and MP2 electronic energies were
1 Db, supplemented with zero-point energy, and thermal contributions
Eq+ E =—z - ——+ BB exp-CCRy)| (5 were calculated at the same B3LYP/6-311G(d,p) level. The
25 = Rijs values ofH (discussed below) were obtained for= 298 K
and p = 1 atm in the harmonic oscillaterrigid rotor ap-
In egs 3-5 N is the Avogadro numbeg is the elementary proximation.
charge;eo is the permittivity of free spaceQi and Q; are the The theoretical estimates of dissociatidii®) and activation
relative partial charges at given atonis;(Dj), B; (B;), andC; (AaH°) enthalpies were derived from the calculated crystal lattice
(G)) are their van der Waals atomic parameters; Rpds the energies and DFT, MP2, and G2 gas-phase stabilities of'NEt
distance between interacting centers (the summation extendsand halogen ions X decomposition products, triethylamine
over all pairwise interactions between each atom of a molecule (NEts), and haloethane (EtX) and the respective transition state
chosen as a basic stoichiometric unit (denoted iBydnd all geometries. Thus\¢H° was calculated as the sum of the lattice
atoms from its surroundings (denoted B%)). The electrostatic ~ energy and the energy released when isolated ions are trans-
part of the crystal lattice energy was calculated assuming a 1 formed into dissociation products (NEfg + X (g — NEts()
charge on tetraethylammonium cations (Nfind a - charge + EtX(g). On the other hand\,H° was computed as the sum
on a halogen anion (X. The charges on particular atomic  of the energy required to form a gas phase ion conglomerate
centers of the cations were derived from the fit to the (van der Waals complex) and the activation enthalpy for the
electrostatic potential (MEP fij predicted at the density  decomposition process.
functional theory level. The atomic parameters necessary for  The gaseous products evolved in the course of decomposition
calculatingEq + E; contributions for all but bromine and iodide  were monitored by FTIR, and the IR spectra were compared to
atoms were taken from Filippini and Gavezzéftiyhile those  those predicted at the B3LYP level. The harmonic vibrational
for Br and | were adopted from Goddard efalCrystal lattice frequencies determined with the B3LYP method were usually
energies were calculated using the structural data of tetraethyl-of high quality* The errors, determined through comparison
ammonium chloridé® bromide$” and iodidé® available in the  with the experimental data, were systematic in nature, and a
literature. “scaling factor” was frequently used to correct for any remaining
The initial geometries of the stationary points on the potential discrepancies. Here, two scaling factors were applied that had
energy surface of the dissociation reaction were localized usingsuccessfully been used in the past to interpret IR spectra of
the computationally efficient semiempirical PM3 mettd.  gaseous arginin®. Thus, a value of 0.9813 was adopted for
These structures were further optimized at the density functional frequencies<2000 cn?, and the value of 0.9613, recommended
theory (DFT) with a Becke’s three-parameter hybrid functional by Wong?#® was used for higher frequency modes. To facilitate
(B3LYP)*and MP2 levels using the 6-311G(d,p) basis'$ét.  comparison between the theoretical and experimental spectra,
Since the stability of an ionic pair ([NEt-X]; see below) is the theoretical spectra are also presented as a linear combination
necessary for estimating an activation barrier, the effect of basisof Gaussian functions located at the positions defined by the
set superposition error (BSSE) on the interaction energy was calculated frequencies, the integrals of which are equal to the
checked within these van der Waals complexes. The value oftheoretical integrated infrared intensities. The widths of these
BSSE did not exceed 8 kJ/mol at the B3LYP/6-31G(d,p) level, Gaussians were obtained by the least-squares procedure to obtain
whereas the interaction energy uncorrected for BSSE was 320 the best fit to the experimental spectra.
370 kJ/mol (see below). We therefore present our interaction  Crystal lattice energies were calculated using the GULP
energy results without counterpoise corrections. program?6 All quantum-chemical calculations were carried out
The matrices of the second derivatives of the energy with with the MOPAC20067 and Gaussian 98codes on a cluster

respect to geometry (Hessians) were calculated to confirm thatof 32 bit Xeon/SCI Dolphin processors and a cluster of 2
the final geometries were minima (all positive eigenvalues) or Pentium Ill processors.

transition states (exactly one negative eigenvalue). To verify . .

the correctness of the transition state (TS) structures, we 3 Results and Discussion

visualized the normal mode corresponding to the imaginary 3.1. Thermal Decomposition.Figure 1 shows the thermo-
frequency. Additionally, the intrinsic reaction path (IRC) was gravimetric traces recorded for the three halides under study.
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[IN(C2Hg)4lX () = N(CzHg)3() + CoHsX (g (6)

(CH.).NCI

where X stands for CI, Br, or I. It should, however, be
emphasized that the evidence confirming this mechanism is
weak?!® Only recently, we pointed out that IR measurements
combined with thermogravimetric experiments is a reliable
method permitting the unambiguous identification of the species
produced as a result of the thermal degradation of quaternary
ethylammonium halide®. Here, to verify the validity of eq 6,
we calculated the B3LYP frequencies of NEdnd of the
respective EtX compounds and compared them with the IR
spectra of the products formed during particular TG experiments.
The harmonic frequencies, integrated intensities, symmetries,
(C.H.),NBr and description of the character of the IR modes, together with
the experimental transition energies, are set out in Table S1
(see Supporting Information). Both Nfnd EtX compounds
posses<s symmetry, and therefore only transitions 6faad
a' symmetry appear in their IR spectra. The short wavelength
region, above 2700 cm, is dominated by strong NEstretching
vibrations at 2797 and 2974 crhof ca. 153 and 95 Km/mol,
respectively (see Table S1). Medium-strength transitions due
to NEt; are located above 2900 ¢y specifically at 2927, 2980,
and 2982 of ca. 48, 64, and 45 Km/mol, respectively (see Table
S1). In the low-frequency region, below 1500 Thcrucial
bands come from both species. For instance, medium-strength
bending (C-C—H) transitions at 1071, 1220, 1377, and 1380
cm1 of ca. 25, 28, 24, and 27 Km/mol, respectively, are due
to E&N absorption, whereas those at 1299, 1255, and 1221 cm
of ca. 43, 62, and 90 Km/mol originate fromsCl, C;HsBr,
and GHsl, respectively (Table S1). Haloethanes also exhibit
medium-absorption bands related te' 8 stretching above 2900
cm1, which overlap the NEktbands, as well as characteristic
transitions below 700 crit due to the G-X stretching mode
(see Table S1).
Figure 3 illustrates the calculated and experimental IR spectra.

) ) ) On the basis of eq 6, we assumed an equimolar mixture of
Figure 2. Time dependence of IR spectra measured during TG-FTIR : " .
exgperiments: tetra?ethylammonium (?hloride, tetraethylamm%nium bro- 93S€0US prc_)ducts and _marked the theoretlca! trans.ltlons with
mide, and tetraethylammonium iodide. bars of a height proportional to the calculated intensity, scaled
accordingly (see Figure 3). Furthermore, to facilitate the

The smooth shape of these TG curves suggests a simple oneComparison between the theoretical and e_xperimenta_l re_sults,
step decomposition. The temperature for the onset of volatiliza- W& expressed the calculated spectra as a linear combination of
tion (490 K) was lowest for tetraethylammonium chloride (1) Gaussian functlons.defme.zd such that their mtegrals were equal
and highest (510 K) for tetraethylammonium iodide (3). In to the <_:a|cu|ate_d IR intensity. The widths of particular Gaussians
similar vein, tetraethylammonium chloride undergoes complete Were fitted, using the least-squares procedure, to reproduce the
volatilization at 540 K but tetraethylammonium iodide under- €Xperimental picture. The very good accordance between the
goes complete volatilization at 545 K (see Figure 1). experlmental and calculated spectra (see Figure 3) may be
The progress of volatilization was also monitored in that the Considered strong proof of the validity of eq 6.
IR spectra were recorded as a function of time (see Figure 2). 3.2. Thermodynamics of Thermal DecompositionUnlike
The “three-dimensional” IR spectrum of tetraethylammonium the hydrohalides of various amines, quaternary salts reveal
chloride (see Figure 2) demonstrates that the intensities of theconsiderable discrepancies between the enthalpies of volatiliza-
absorption signals pass through two successive maxima, antion estimated from the thermodynamic cycle and those
indication of the complex kinetics of this compound’s thermal calculated on the basis of eq!¥!> The DSC volatilization
decomposition. This is also reflected in the TG curve for Values for tetraethylammonium bromide and iodide are visibly
tetraethylammonium chloride, which exhibits two inflection smaller, whereas that for tetraethylammonium chloride is larger
points (see Figure 1); these could be due to the exceptionallythan the figures resulting from eq 1 (see Table 1). It should, of
high hygroscopicity of the chloride. On the other hand, all the course, be realized that, unlike the DSC values of thermody-
IR absorption bands of the three halides display the same patternamic barriersAgH° values resulting from the fitting to TG
(see Figure 2), which suggests that the relevant products aretraces do not refer to 298 1.0ne should also emphasize here
formed at the onset of decomposition and at the end of this that the enthalpy of dissociation obtained with the aid of DSC
process. can be considered the most accurate figure, since DSC is a direct
It has long been suggested that quaternary ethylammoniumtechnique, not requiring any fitting procedure or the use of a
halides dissociate with the release of triethylamine and the thermodynamic cycle.
corresponding haloethanes. Hence, the proposed dissociation As stated in the Introduction, the long-term goal of studying
process can be described by the following equation: the decomposition of solids is to develop a theory based on

=
E

Absorbance Units
o

000
3000 2750 2500 2250 2000 1750 1500 1250 1000 750

Abserbance Units

(CH.)NI

Absorbance Units

3280 2000 2780 2500 2260 2000 1750 1800 1250 1000 750

v [em’]



5070 J. Phys. Chem. A, Vol. 110, No. 15, 2006
0.95

0.85

Arbitrary Units

Sawicka et al.

(C:H,).NCI

mty

g N

3500 3250 3000 2750 2500 2250

A

0.854

0.651

0.55 4

0.451

Arbitrary Units

2000
[em]

1750 1500 1250 1000

750

(C.H.).NBr

i

A

Lbj-.i ity

3500 3250 3000 2750 2500 2250

Arbitrary Units

0.05

1500

1250

2000 1750 1000 750

v [em’]

(C.H:)NI

)

2

w be: b 'I'TI:I' 2

3500 3250 3000 2750 2500 2250

2000 1750 1500 1250 1000

750

v [em’]

Figure 3. Comparison between experimental and theoretical IR spectra. Solid lines denote experimental spectra; dotted lines indicate the fit to the

experimental spectrum with Gaussian functions (see Methods). The vertical bars refer to the calculated integrated intensities: squaremériethyl

circles, ethyl halide.

molecular-level data that explains their thermal stability and
predicts their thermal behavior. In the following we shall

Figure 4 depicts the thermodynamic cycle used to analyze
theoretically the thermal decomposition of the title compounds.

demonstrate that an approach relying on a sufficiently accurateTo reproduce the thermodynamic barrier to dissociation, we need

guantum-chemical treatment combined with crystal lattice

energies is indeed able to predict the thermodynamic charac-

teristics of thermal decay with acceptable accuracy.

to know the crystal lattice energ¥4; Figure 4), as well as the
enthalpies of the isolated iongedH°(NEt;") and 29gH°(X");
Figure 4) and those of the isolated producisH°(NEts) and
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TABLE 1: Experimental and Theoretical Enthalpies of Dissociation (Ag20dH°; EtaNX() = EtsN() + EtX(g) and Enthalpies of
the Conversion of lons in Isolation into Products in Isolation (A;29gH°; EtaNT (g + X~(g) — EtsN(g) + EtX () Together with Total
Crystal Lattice Energies (Ec) and Their Electrostatic Contribution ( Eg)

Aq 204H°
experimental theoretical At 20dH° crystal energy
compound DSC TG TG B3LYP MPWI1K MP2 B3LYP MPWI1K  MP2 Eel E.
[N(C:Hs)gCl  158.4+1.2  123.3+4.6 196° 159.5 172.5 170.3 405.0 392.9 395.0 476.8 565.3
[N(CoHs)4Br  181.1+6.5 191.9+3.5 4034 144.9 165.5 168.9 393.0 372.4 368.9  459.0 537.8
[N(CaHs)4]l 1954489 229.1+7.9 502° 190.9 214.6 221.3 348.8 325.1 318.4  464.6 539.7

a All values in kJ/mol.> From the least-squares fit of eq 1 to a thermogravimetric tra&#.values were estimated using the electronic energies
of ions in isolation and decomposition products calculated at the level indicated in the column heading; zero-point energies and thermahsontributi
to enthalpy were obtained at the B3LYP/6-311G(d,p) level.
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Figure 4. Thermodynamic cycle depicting the decomposition process.

TABLE 2: Experimental and Theoretical Enthalpies of Activation (Aa20dH1°; [EtaNtX ] = EtsN) + EtX(g) for the Thermal
Decomposition of Quaternary Ethylammonium Halide$

experimental theoretical

compound TGP B3LYP MPW1K MP2
[N(C2Hs)JICl 184.3+13.1 285.7 307.9 298.1
[N(C2Hs)4]Br 285.8+ 7.4 262.2 287.8 278.8
[N(CzHs)d]! 386.9+ 2.8 294.8 320.3 314.8

a All values in kJ/mol.> From the least-squares fit of eq 2 to a thermogravimetric trace.

208H°(EtX); see Figure 4). In our previous reports on the lattice terms does not hold for the quaternary salts we have analyzed.
energy of the salts of organic bases, we suggested that thdf we compare the figures in the last two columns of Table 1,
electrostatic contribution to the crystal lattice energy should we shall see that the total crystal lattice energy is larger than
alone account for the cohesive forces with commendable its electrostatic part by ca. 790 kJ/mol, which accounts for
accuracy, since the repulsion and dispersion terms (see eq 3ps much as 1417% of the total effect. Therefore, when
cancel each other out. To test this assumption, we calculatedpredicting the thermal stability of solids, even of ionic ones,
both the electrostatic energy and the total lattice energy of the we recommend using the total crystal energy instead of limiting
compounds under investigation. We modeled the sum of the the analysis to the electrostatic part of the cohesive forces.
repulsion and dispersion terms by employing the Filippiniand  Table 1 shows three guantum-chemical estimates of the
Gavezottt* as well as the Goddard et &l.parameters. The  enthalpy of decomposition. These barriers are the result of
former set was obtained by using as reference data theemploying the following equation (cf. Figure 4):
distribution of interatomic distances in 1846 organic crystals,
the heats of sublimation of 122 compounds, and the structural A °=FE 4 °(NEt,,.) + °(EtX —
data for 217 crystal%t On the other hand, Goddard et al. tested d’zgéﬁ =+ o' 3(9)) +298H ( (g))}f
their parameters against 76 accurately determined crystal {20dH°(NEt, " (g)) + 20dH° (X )}] (7)
structures of organic compounds, the rotational barriers of a
number of molecules, and the relative conformational energies whereE; is the crystal lattice energysgH®(species) represents
and barriers of many molecul&sWe can therefore regard these the quantum-chemical enthalpies derived for the reactants in
intermolecular potentials as extremely accurate. the gaseous phase (specieNEt", X, NEt;, or EtX). These
Analysis of the data in Table 1 indicates that the assumption barriers agree quite well with the experimental DSC results (see
of the negligible value of the sum of repulsion and dispersion Table 1). The greatest deviation (19.9%) is observed at the
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Figure 5. Geometries of stationary points for the gas-phase decomposition process calculated at the B3LYP (without brackets), MPW1K (square
brackets), and MP2 (parentheses) levels.

B3LYP level for tetraethylammonium iodide and the smallest and MPW1K usually work better than B3LYP. Indeed, on
one (0.7%) is observed for tetraethylammonium chloride, also comparing the values of the second term on the right-hand side
calculated with the B3LYP method. Hence we can conclude of eq 7, we find there are significant differences among the
that the approach we propose in this paper makes a reasonablestimates obtained using the various methods. The B3LYP value
assessment of the thermodynamic stability of quaternary salts.is larger by ca. 30 kJ/mol than the MP2 estimate for [N{g)4]!,
Analysis of the data in Table 1 suggests that the best and by ca. 24 kJ/mol than the MPW1K prediction for [Mfs)a]l.
thermodynamic barriers (i.e., those most resembling the DSC Therefore, taking into account the actual accuracy of the
enthalpies) are obtained at the B3LYP level. From the theoretical theoretical approaches we have employed in this work, we
point of view, however, this finding is unjustified, since MP2 would expect the MP2/MPW1K assessment rather than the
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TABLE 3: Interaction Energies? in lonic Pairs (Ain,208H°; EtaNT (g + X~ — [EtaN---X] ) and Activation Enthalpies for the
Conversion of the lonic Pair into Reaction Products Az 2041 °comy; [EtaN:++X](g) — EtsN(g) + EtX(g) Calculated at the B3LYP,
MW1K, and MP2 LevelsP

Aint,20dH° Aa2941° (com)
compound B3LYP MPW1K MP2 B3LYP MPW1K MP2
[N(C2Hs)4CI 353.2 357.7 366.5 73.6 100.6 99.2
[N(C2Hs)4]Br 347.5 350.7 361.8 71.9 100.3 102.7
[N(C2Hs)4]l 317.1 322.5 333.1 72.2 103.2 108.2

aUncorrected for BSSE; see MethodsAll values in kJ/mol.

B3LYP estimates to be most closely comparable to the DSC when we analyze the data in Table 3. It is worth stressing that
data. We can probably attribute these less-than-accurate predicthe MPW1K functional recommended for transition state
tions to the methods used for estimating the crystal lattice modeling, also one of the DFT methods, does not have this
energy. disadvantage (see Table 3). Our recommendation is therefore
3.3. Kinetics of Thermal DecompositionTable 2 compares 1o use the efficient and accurate MPW1K model for calculating
the kinetic characteristics estimated from the kinetic model of activation barriers. On the other hand, analysis of the values of
volatilization (see eq 2) and from the combination of crystal theAin208H° term indicates that all theoretical methods yield a
lattice energies with the calculated quantum-chemical activation very similar magnitude of this characteristic. The absolute
barriers (see Figure 4). difference between the lowest estimate and the highest estimate

Three kinetic models- R1, R2, and F1- were tested against of the interaction energy ir) ion pairs does not exceed 16 kJ/
the experimental datax(vs T; see Figure 1). Earlier, the R1 Mol (cf. the [N(GHs)a]l entries in Table 3). .
(zero kinetic order) and R2 (surface contracting area) models As we stated earher., we calculateq the activation barrier for
had provided an adequate description of the thermal decomposithe overall decompositionA,, 2o41°; Figure 4) as the sum of
tion of halogen halides of organic amines, and the F1 model the energy required to form the vdW complex and th_e activation
(unimolecular reaction) had best fitted the TG traces obtained enthalpy for the [NE#--X] ) = EtsN(g) + EtX(g) reaction (see
for quaternary ethylammonium chlorid®.Using the least- F|gu_re 4_). The activation entha_lpy e_st|mated from the fit of the
squares procedure, we derived the activation energies for thesé:]- kinetic model to thermograwmetrlc traces and that ca!culated
three mechanisms; we always found the highest correlation the manner described above agree reasonably yvell, irrespec-
coefficient for the F1 model. Table 2 shows the respective tive of the level of theory used (see Table 3), which suggests
activation barriers. As the standard deviations indicate (see Tablethat the assumed mechanism is indeed operative.
2), the values for bromide and iodide were the most reliable; .
this may be explained by the fact that chloride is the most 4 Conclusions
hygroscopic substance among the quaternary salts we investi- |n this work we have studied the behavior of selected
gated. In this context we may also recall the somewhat different quaternary ethylammonium halides at elevated temperatures. We
behavior of the “three-dimensional” FTIR characteristic recorded analyzed the thermal decomposition of the title compounds using
for tetraethylammonium chloride and the other systems. the TG-FTIR and DSC experimental techniques as well as the

Since the unimolecular mechanism turned out to be the mostDFT and MP2 quantum-chemical treatments.
appropriate for describing the experimental data, we also The smooth shape of the TG curves suggests a simple one-
assumed in our theoretical model that decomposition proceedsstep decomposition. This inference is confirmed by the time
in single-step fashion, via the same transition state that wasdependency of the IR spectra of the gaseous decomposition
localized for the gas-phase reaction involving the van der Waals products. After an initial increase, the absorption signal passes
(vdw) complex formed between the tetraethylammonium cation through a maximum, and then decreases gradually. All the IR
and the halogen anion [NEt-X]. Figure 5 illustrates the absorption bands behave in the same manner, suggesting that
structures of the stationary points. Transition state geometriesthe relevant products are formed at the onset of decomposition
suggest that the reaction proceeds by way of the well-known and at the end of this process. The perfect accordance between
Sn2 mechanism. The-CH,C— fragment becomes planar, and the experimental IR spectra and those predicted at the B3LYP/
the halogen atom and triethylamine are located at the opposite6-311G(d,p) level demonstrates for the first time that the
sides of the plane defined byCH,C— (see Figure 5). As decomposition produces an equimolar mixture of triethylamine
indicated by the geometric parameters, all the methods predictand the ethyl halide.
very similar geometries for the ion pair, transition state, and  The good correlation between the calculated and measured
product complex: the lengths of the corresponding covalent enthalpies of dissociation indicates that the computational
bonds differ by less than 0.03 A and those of the transition chemistry methods are a valuable tool enabling reliable predic-
state bonds by less than 0.2 A (see Figure 5). However, as fartions to be made about the thermal stability of solid materials.
as the energetics are concerned, the situation appears to b€omparison of the electrostatic contribution to the crystal lattice
different. Table 3 sets out the quantum-chemical characteristicsenergy with the totaE. demonstrates the importance of the
used to calculate the activation barriers. Here we notice repulsion-dispersion term, which was frequently neglected in
significant differences between the barriers estimated with the the past. The correspondence between the experimental and
B3LYP model and those calculated with other methods. For theoretical estimates @4 29H° was best at the B3LYP level,
instance, the enthalpies of activation of these salts are on thewhich, taking into account the quality of the theoretical models
order of 100 kJ/mol with the MP2 and MPW1K models, ca. 70 employed, we can attribute to inaccuracies in estimating the
kJ/mol with B3LYP. DFT methods, including the B3LYP crystal lattice energy.
functional, are known to underestimate activation barriers in  Of the three kinetic models used to fit the experimental data,
comparison with experimental values or with the results of the F1 unimolecular mechanism turned out to be the most
accurate ab initio calculatiort€-52 This effect becomes obvious  relevant (for thermal decomposition proceeding on/in the crystal,
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