J. Phys. Chem. R006,110,12535-12539 12535

Theoretical Thermodynamics and the Nature of Interactions of the Quasi-Binary
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The formation of NaSnX(X = halogen) influences the sodium concentration in metal halide lamps making
the thermodynamics of such reactions critical for technological developments. Theoretical predictions of the
structure and vibrational properties of the quasi-binary N&&2IChL system lead to thermodynamical data
determined through the third law evaluation. Ab initio enthalpy and entropy of dissociation of NeSsd|

is reported. Additionally, insight into the nature of chemical bonding is provided by electron population
analysis and the interaction energy decomposition scheme.

1. Introduction NaSnC{ complexes and cations resulting from its fragmenta-

Th i tration in th h be i (ﬂon.l The electron population analysis and the interaction energy
€ sodium concentralion In the gas phase can bé Increase ecomposition that were performed provide insight into the

by chemical va£40r transport due.to thg formation of Ne@g)( nature of bonding characterizing the NaSn&@ mplex. Struc-
(X:d (|:.I, Br,fl). i T?}lsllgro?erty IS gn |r:n|portant facto'rdm the dtural and spectroscopic data obtained for NaS{@}lIspecies
modeling of metal hallde famps. such lamps are widespread,, o o applied to calculations of its thermodynamic functions.
because of their luminous efficiency and excellent color quality. The functions, which supplemented the experimental data

fTh% SIUdB{ |°f tgaseto;Js metzl. h?hde rc];om_pltex%s is also of reported in ref 1, were later used for the third law evaluation
undamental Interest for coordination chemisiry because even ¢ enthalpies for the gaseous reaction of formation of the

structures of (SnY, dimers are unusual and _difficult to predict NaSnCi(g) species. The third law data are compared with the
without advanced calculatiof. Th_e expenme_nta_l data on second law values reported in the previous stualy well as
NaSnX heterocomplexes are restricted to their direct (by use \ i yalyes obtained ab initio in the present work.
of mass spectrometryy)* or indirect identification in the gas
phase and to their thermochemistry studied in quasi-binary
systems: In ref 1, we reported thermodynamic studies of the
NaCl-SnCb system by Knudsen effusion mass spectrometry.  The ground-state geometries of the studied species were
The thermochemistry of the NaSn(]) heterocomplex was  obtained by applying the second-order Mgti®lesset perturba-
derived from the gaseous equilibria involving these species tion theory (MP2)° and the density functional theory (DF¥)
determined over a wide temperature range. Only the second lawmethods. The DFT approach utilizes Becke’s three parameter
evaluation was applied in the study because of the lack of functional? with the Vosko et al. local correlation p&ttand
structural and spectroscopic data on the NaggCtomplex. the Lee et al* nonlocal part, abbreviated as B3LYP. Geometry
The strong fragmentation of AMXg) gaseous complexes searches were performed for a number of possible isomers to
(A = alkali, M = multivalent metal, X= halogen) upon electron ~ ensure the location of the global minimum on the potential
bombardment is well-knownFor this reason, most of the ions  energy surface. No symmetry constraints were imposed during
recorded in a mass spectrum have two or more neutral precur-the optimization process. The location of true minima was
sors. Therefore, the quantitative apportionment of their ion confirmed by the vibrational analysis performed at the MP2
intensities has to be performed prior to the partial pressures andand the DFT levels of theory. The single point calculations at
the equilibrium constant evaluation for the studied chemical the coupled cluster method with single and double substitutions
reaction. Uncertainties of the mass spectrum interpretation canand noniterative triple excitations CCSD{T}6 was further
lead to serious errors in the second law enthalpies obtained byapplied to enhance the quality of the theoretical thermodynamics.
use of the estimated pressures. It is therefore of significant The calculations were performed using the relativistic effective
importance to apply the third law evaluation of the reaction core potential that retains the outer'%#°5p? shells and the
enthalpies and to compare them with the second law values. corresponding basis set of LaJohn et al. fortfi@hlorine and

The present theoretical studies supplement experimentalsodium atoms were represented by the all-electron cc-pVTZ
findings with the structures and vibrational properties of neutral basis set®**Additionally, the chlorine basis set was augmented

by a set of spdf diffuse functior8.Because of the ionic nature

* Corresponding author. E-Mail: jerzy@ccmsi.us or jerzy.r.leszczynski@ Of the bonding in the studied species, the applicability of the

2. Computational Details

J'SUTm-edU- o basis sets was verified by evaluation of the ionization energies
Jackson State University. . . . of Na and Sn and the electron affinity of the chlorine atom.
*Institute of Physical and Theoretical Chemistry, Wroclaw University . L . .
of Technology. The theoretical ionization energies (CCSD(T) level) of sodium
8 Chemical Department, Wroclaw University of Technology. (5.426 eV) and tin (6.956 eV) agree satisfactorily with the
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experimental values of 5.139 and 7.344¥Vespectively. The
calculated electron affinity of chlorine (3.678 eV) also agrees
well with the corresponding experimental value of 3.614&%2.
The thermodynamic properties of the studied complexes were
calculated applying the ideal gas, rigid rotor, and harmonic
oscillator approximation& The electron distribution was studied
using the natural bond orbital (NB&)electronic population
analysis approach and the MP2 electron densities.

The total interaction energy was calculated at the MP2 level
of theory, as

AByp,=Exg—Ex— Eg
and AEyp, has been further partitioned into Hartreleock

(AEnF) and correlation 2%,) components according to the
equation

AEyp, = AE: + b

The Hartree-Fock (HF) interaction energy decomposition
was performed within the variational-perturbational scheme
corrected for the basis set superposition error (BSSH) this E_igure 1_-d gﬂpﬁ and B3LY)P (indp(?)r)enlthezgs)(ﬁ_tn;]ctures 0; (a) trigonal

H s : H 0 Ipyrami , (IOW ener an an » (NI ener! Isomers
scheme, AEur is partltlonedL into electrostaticef”) and Ofp%aSnC£.3Distances igyangstromsrj anglés ingdegreeg.y
Heitler—London exchangeeg'x) first-order components and
the higher order delocalizatiom\E) term. The delocaliza-
tion energy represents the charge transfer, induction, and other
higher order HartreeFock terms® The e2), correlation cor-
rection includes the intermolecular dispersion contribution term
(eff,gp and the higher order correlation energy componénts.
The calculations of energy of monomers were performed in the
dimer basis set according to the “full” correction scheme
proposed by Boys and Bernafdi.The computations were
carried out using the Gaussian 03 suite of progréhibhe
interaction energy decomposition was performed applying the
modified versioR® of the Gamess cod®.

3. Results and Discussion

3.1. Structures. The calculations reveal two isomers of the
NaSnC} molecule with an energy separation of 133.5 kJThol
The energetically preferred structure for NaSni€represented
by the trigonal bipyramid where the tin atom is separated from
sodium via three equivalent chlorine bridges (Figure 1a). The
equilibrium structure of NaSnglis confirmed by calculations
of vibrational frequencies leading to the series: 110.4, 153.9, Figure 2. MP2 and B3LYP (in parentheses) structures of () NagnCl
156.7,224.7, 264.9, and 291.2 thAlll distances in the ground  and (b) NaSnGF cationic products of NaSngfragmentation. Dis-
state pyramidal isomer indicate the single molecule charactertances in angstroms, angles in degrees.

of the moiety. The formation of chemical bonds is confirmed _ .
by changes in bond distances in parent monomers and thePrediction of the stable NaSnCland NaSnGI™ species is

formed molecule that is mainly SnCl (from 2.375 to 2.511 A consistent with the observed mass spectra of the parent NaSnCl
in the complex) and NaCl (2.414 to 2.719 A). The second isomer COMplex: _ _ _
possesses @, planar geometry (Figure 1b). It is characterized 3.2. Thermodynamics.Enthalpies of the gaseous reactions
by two chlorine atoms involved in the Si€l—Na bridged bonds _

and a single terminal NaCl bond. A comparison of the bond NaSnCj(g) = NaCl(g)+ SnCkL(g) (1)
distances reveals significant differences in the bonding thqt SnCL(g) + Na,Cl,(g) = NaSnCj(g) + NaCl(g) (2)
governs the structure of the complexes. The bond distances in

the planar isomer are comparable to that observed in theere calculated from the experimental data reported in ref 1

corresponding monomers, allowing the two independent inter- according to the third law method applying the equation
acting molecules Snghnd NacCl to be distinguished.

The ionization of the NaSngisomer leads to a significantly AH®(298 K)= —T{RIn K + A[G°(T) — H°(298)]/T}
distorted structure with only two N&Cl bonds (Figure 2a). The
NaSnC}*t cation also is detected as a fragmentation product. The calculations were performed applying thermodynamic
Its structure is characterized by a planar ring with two bridged functions for NaCl(g), NgClx(g),*2 and SnCJ(g)® reported in
chlorines connecting tin and sodium (Figure 2b). The theoretical the cited literature. The thermodynamic functions for Nagal!
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TABLE 1: Thermochemical Functions for the High (Cs,) Energy Isomer of NaSnC} Calculated from Theoretical Structure and
Vibrations Determined at the MP2 Level of Theory

NaSnC(g)
H°(298 K) — H°(0 K) = 23.61 kJ mot?

TIK Cy® I molrtK™1t S JImolrtKt H°(T) — H°(298 K) J moft K1 -[G°(T) — H°(298)]/T I molrt K1
298.15 102.41 390.13 0 390.13
300 102.48 390.76 0.19 390.13
400 104.84 420.61 10.57 394.19
500 105.98 44414 21.12 401.90
600 106.61 463.53 31.75 410.61
700 106.99 479.99 42.44 419.37
800 107.24 494.30 53.15 427.86
900 107.42 506.94 63.88 435.96

1000 107.54 518.26 74.63 443.64
1100 107.64 528.52 85.39 450.9

1200 107.70 537.89 96.15 457.76
1300 107.76 546.51 106.92 464.26
1400 107.80 554.50 117.70 470.42
1500 107.84 561.94 128.48 476.28

TABLE 2: The Third Law Evaluation of the Enthalpy Changes for Different Reactions Obtained in Run 12

NaSnCi(s) = NaCl(g) + SnCh(g)° SnCh(g) + NaClx(g) = NaSnCi(g) + NaCl(gy
—A[G(T) — H*(298))IT —A[G(T) — H*(298))IT
TIK Ky Jmort K1 AH°(298 K)/kJ mot* Ky Jmort K1 AH°(298 K)/kJ mot*
773 3.40E-06 139.536 188.8 8.09802 —10.109 8.3
723 4.21E-07 140.020 189.5 8.2102 —10.304 7.6
713 2.39E-07 140.118 190.3 9.06802 —10.344 6.9
733 6.46E-07 139.922 189.4 8.96E02 —10.265 7.2
753 1.51E-06 139.728 189.1 8.36802 —10.186 7.9
743 1.01E-06 139.825 189.2 8.5HD2 —10.225 7.6
763 2.19E-06 139.632 189.2 8.25H)2 —10.148 8.1
783 4.64E-06 139.440 189.1 8.2HD2 —10.071 8.3
793 6.82E-06 139.345 188.9 8.1102 —10.033 8.6
803 9.76E-06 139.251 188.8 8.20802 —9.996 8.7
813 1.39E-05 139.156 188.7 8.0AD2 —9.958 8.9
823 1.79E-05 139.062 189.2 8.86802 —9.921 8.4
833 2.71E-05 138.969 188.6 8.312 —9.884 9.0
843 3.60E-05 138.876 188.8 8.45802 —9.848 9.0
853 5.38E-05 138.783 188.1 7.90ED2 —9.811 9.6
863 7.06E-05 138.691 188.3 8.10802 —9.775 9.6
mean: 189.6: 0.5 8.4+ 0.8

aSee ref 12 Errors are standard deviations.

TABLE 3: Second and Third Law Enthalpies of Gaseous Reactions in the NaGiSnCl, System

reaction run AHe(Il law, 298 K) kJ mot1a AHe(lll law, 298 K) kJ mol 12
NaSnCi(s) = NaCl(g) + SnCh(g) 1 1952+ 1.1 189.0+ 0.5
2 196.9+ 0.9 188.1+ 0.5
3 199.1+1.2 188.5 0.5
4 1949+ 1.2 188.6£ 0.5
5 199.4+ 1.4 188.3t 0.5
mean: 197. 1 5.7 188.5+ 6.0°
selected: AH°(298 K) = 193.0+ 7.4 kJ mot®
SnCh(g) + NaClx(g) = NaSnCi(g) + NaCl(g) 1 —-3.2+1.0 8.4+ 0.8
2 —3.3+0.8 9.4+ 0.8
3 —42+14 8.9+ 0.8
4 —23+14 8.9+ 0.8
5 3.8+28 8.6+ 0.8
mean: —-1.8+3.2 8.8+ 6.4
selected: AH°(298 K)= 0.3+ 8.0 kJ mol*®

a Standard deviatior?. Probable overall error.

(Table 1) were estimated on the basis of the molecular reciprocal probable overall errors given in Table 3 were taken
parameters obtained in the present study. Table 2 presents thas a weight of each value. The second and third law enthalpies
results of the third law calculations for run 1 in ref 1. The mean of reaction, eq 1, agree within the estimated uncertainties
values of the second law and the third law enthalpies obtainedwhereas the respective values for reaction, eq 2, differ by 1 kJ
for both reactions are summarized in Table 3. The second law mol~! more comparing to estimated uncertainties. The probable
values reported in ref 1 were corrected by H§T) — H°(298) overall errors of the second law enthalpies in Table 3 were taken
function estimated in the present study for NaS(@l The from ref 1. The respective errors for the third law enthalpies
selected sublimation enthalpies result from the computation of were estimated by considering the statistical errors and probable
the weighted average from second and third law values. The uncertainties of the data used in the calculations. The following
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TABLE 4: Calculated and Experimental Dissociation equally distributed between the three chlorine atoms. The
Energy, Enthalpy, Entropy, and Equilibrium Constants® separation of Na according to the formal equations Na€l
Do AHaoe Ao Na' + Cl~ and NaSnG= SnCk~ + Na' leads to dissociation
isomer  method kJ/mol  kd/mol  Jimol'K™  K(819 K) energies of 537.4 and 529.1 kJ/mol, respectively. The close
Csy B3LYP 1767 176.2 149.8 matching of these dissociation energies confirms the ionic
'\CﬂgéD(T) Zl%‘é-g Zlg‘é-% 151.2 11610° character of the GtNa bonds due to the additivity of the
ExpeP " 1030474 1488+6.7 1.75x 105 electrostatic interactions. The S€I bonds are more covalent
+49% comparing to NaCl because two electrons of Sn involved in
Cav ||\3/|?DL2YP fé-; ig-g 18%?1 the bonding lead to an atomic charge on Sn of 1.21 electrons.
' ' ' For formally separated SngCand NaCl fragments of NaSng;|
2 Of the gaseous dissociation reaction Nagn€INaCl + SnCh the charge transfer from NaCl to Sa@mounts to 0.03 electron
for high (Cs,) and low Cz,) energy isomers of NaSncP Ref 1. only. As indicated by the NBO analysis, the ionization of the

probable uncertainties were assumed for the computation of themOIeCUIe removes an electron exclusively from the chIonng
overall errors:Kp (eq 1)= 49%,K,, (eq 2)+ 46%, and (°(T) atoms. Interestingly, such a process enhances the back-donation

— H°(298)]/T + 1 J mol L K1 (for NaCl(g)), + 3 J moF 1 K1 of electroni_c density to_Na. The loss of an electr_on as described
(for NaCl(g) and SnCkg)), and + 6 J mol* K1 (for b_y th(_a M_uII|I_<en analysis Iead;, h_owever, _toad_lfferent conclu-
NaSnCi(g)). The probable uncertainties &, values were sion |nd|c_at|ng that the qualitative considerations should be
adopted from ref 1. Uncertainties of the thermochemical treated with caution. .
functions were estimated from the accuracy reported for the The calculated dissociation energy of NaSyigio .SnClZ and
respective table in ref. 32 (NaCl, dal,) and from uncertainties NaCl monomers of 204.6 !(J/mol (MP2) may be interpreted as
of calculated molecular parameters (SR@laSnCH). the result from the bre_aklng of one S@I and two Na-Cl

The calculated enthalpy of the NaSa@) = NaCl(g) + contacts. Such energetics of the complex allow tools that have

SnCh(g) reaction is properly predicted by ab initio calculations beer) developed to.study .|ntermoleculgr Interactions o be
(Table 4). The calculated data indicate the sensitivity of the applied. The tota! interaction energy In the_ Sﬁe“.aCI
theoretical results to the inclusion of the correlation energy. At complex representing thes, symmetry molecule is dominated .
least the MP2 level of theory has to be applied to accomplish t_)y (;Ielqca[lzatlon qnd electrostatlp terms (Table 6). The.partl-
the quantitative predictions. The calculated entropy of the tioning mgilcates mixed covaleﬁtqnlc.bondlng. The cotrelatlon
reaction is also in excellent agreement with the corresponding energy gives only a small contribution to the attractive force_s.
measured value. The latter value was adopted from ref 1 and3ecause of the densely packed complex, the repulsive contribu-

corrected according to the selected enthalpy of reaction 1 and'aontfromFthekexcdh?r:\ge mteractlonsl Its' S|g1n|f|clan;\on both tthde
thermodynamic functions of NaSng@) obtained in the present artree-rock and (n€ energy correlation [evels. AS expected,

study. The close agreement of the thermodynamic data Ieadsthe C,, isomer is stabilized mainly by electrostatic forces that

to the reproduction of the equilibrium constant of the dissocia- almost match the to_tal _interaction energy, due to the cancellat?on
tion of NaSnC4 in the gas phase within the limit of the of other terms. As indicated by studies of the electron density

experimental error bar. As expected, the formation of the secondd'smbunon’ the separation of the interacting fragments in the

isomer leads to the weakly bonded complex. More importantly, |on|zed_ system Is ambiguous; thus, _the results of the (SCl .
the close reproduction of the experimental data confirms the (NaCl) interaction energy decomposition should be treated with

proper location of the NaSn@étructure on the potential energy caution. The exchange energy is almost the same as in the parent
surface molecule, and interestingly, the system is mostly stabilized by

3.3. Nature of Bonding.The natural bond orbital population the covalent (delocalization energy component) forces.
analysis indicates that th@s, structure of NaSnGlis formed
with an almost perfect ionic GINa bond characterized by an
atomic charge out of Na close to one (Table 5). The electronic  Theoretical studies of the structure, vibrational properties,
density corresponding to the electron transferred from Na is thermodynamics, and charge distribution properties are reported

4. Conclusions

TABLE 5: Total Atomic Charges for NaSnCl; Isomers and NaSnC§™ and NaSnChL*™ Cations Calculated within NBO and
Mulliken Population Analysis (in Parentheses) Schemés

molecule/cation symmetry Sn Cl (bridge) Cl (terminal) Na
NaSnC} Cs, 1.209 —0.713 0.930
(1.149) (0.644) (0.783)

NaSnC} Ca, 1.329 —0.649 —0.948 0.918
(1.191) (0.572) (0.679) (0.634)

NaSnC* Cs, 1.136 —0.240 —0.144 0.488
(1.659) (0.553) (-0.464) (0.912)

NasSnCh* Ca, 1.417 —0.693 0.969
(1.275) (0.569) (0.862)

a Population analysis is based on the MP2 electronic density. Charges in electrons.

TABLE 6: Interaction Energy Decomposition Terms Corresponding to (SnCh)(NaCl) Complexes Representing NaSnGl
Isomers and the NaSnCJ™ Cation2

complex/symmetry GO AE-® AESE D AE? emp@ b o AEypz®
NaSnCyCs, —262.998 341.753 —294.897 —216.141 —16.050 —90.780 —232.191
NaSnCyC,, —44.221 18.410 —19.681 —45.493 —0.134 —2.849 —45.622
NaSnC+/Cs —243.063 934.678 —703.266 —11.662 —33.186 —44.843

a|n the case of cation the charge is located on the Sfi@yment.” Energies in kJ/mot.
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to supplement mass spectrometric data for the binary NacCl (7) Levy, J. B.; Jancso, G.; Hargittai, M. Phys. ChemA 2003 107,
SnCh system. The theoretical Gibbs energy functions (GEF) 10450-

. . (8) Karpenko, N. V.Russ. J. Inorg. Chen1967 10, 1556.
for the NaSnG complex allow for a third law evaluation of (9) Hilpert, K. J. Electrochem. S0d.989 136 2099.

thermodynamics. The ab initio calculations of enthalpy and  (10) Maller, C.; Plesset, M. Shys. Re. 1934 46, 618.
entropy of the dissociation reaction confirm the validity of the ~ (11) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
structural predictions. The electron population analysis and Molecules Oxford University Press: New York994

X X , L (12) Becke, DJ. Chem. Phys1993 98, 5648.
analysis of the interaction energy components indicate the (13) vosko, S. H.; Wilk, L.; Nusiar, MCan. J. Phys198Q 58, 1200.

differences between the natures of theXtd and the Sr-Cl (14) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
bonds with the latter being more covalent. The ionization of  (15) Bartlett, R. J.; Sekino, H.; Purvis, G. Bhem. Phys. Lett1983

; 98, 66.
the molecule drastically changes the skeleton of the parent (16) Pople, J. A: Head-Gordon, M. RaghavachariJKChem. Phys.
species. 1987, 87, 5968.
(17) LaJohn, L. A.; Christiansen, P. A.; Ross, R. B.; Atashroo, T.;
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