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Chapter 21

Theoretical Study of Structure, Vibration
Spectra and Thermodynamic Properties
of Cluster Ions in Vapors over Potassium,
Rubidium and Cesium Chlorides

Tatiana P. Pogrebnaya, Jean B. Hishamunda, Camille Girabawe,
and Alexander M. Pogrebnoi

Abstract The geometrical structure, the frequencies of normal vibrations, and
the thermodynamic characteristics of tri- and pentaatomic cluster ions M,CI™T,
MCl,~, MsClL T, and M,Cl;~ (M =K, Rb, or Cs) existing in saturated vapors over
potassium, rubidium, and cesium chlorides have been calculated by nonempirical
methods. According to the calculations, the triatomic ions have a linear equilibrium
configuration of Do symmetry. For the pentaatomic ions M;CL+ and M,Cl;™,
three isomeric forms were considered. The most abundant isomer in saturated vapor
was found to be the linear one (Dup) for K3ClL T, Rb3Cl+, K,Cl3~, Rb,Cl;~ and
Cs,Cl37, and the angular V-shaped (C,y) for Cs3;ClLT. The concentration of the
other two isomers, cyclic and bipyramidal, is negligible. The energies and enthalpies
of dissociation of the ions have been found. The enthalpies of formation of the
ions, AtH°(0 K) in kJ/mol, were obtained: 116 £+ 3 (K,C1T), —623 £3 (KCL,7),
—228 +£7 (K3ClL1), =971 46 (K,Cl3™), 91 £3 (Rb,CIT), —620 £ 3 (RbCl, ),
—256 £ 5 (Rb3Cl, ™), =967 £4 (RbyCl37), 51 £ 4 (Cs,ClT), —622 £ 3 (CsCl, ™),
—301 £ 8 (Cs3ClL 1), =975 £ 6 (Cs,Cl3 7).
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21.1 Introduction

The MbX', MX,™, M3X,™ and MyX;3™ type ions (M is an alkali metal; X is
halogen) were recorded in vapors over alkali metal halides in mass spectrometric
studies [1-5]. Similar ions are of great importance in different applications: ionic
implantation, ion thrusters, MHD generators, aerospace investigations, etc. Exper-
imental data about the structure and spectra of these cluster ions are unavailable.
Previously, nonempirical investigations of structure and properties had been done
for the ions existing in vapors over sodium halides [6—8]. At present work, quantum
chemical study has been performed for tri- and pentaatomic ions M,CI+, MCl, ™,
M;CL 7+ and M,Cls;~ where M=K, Rb or Cs. Our aims were as follows: to
determine the equilibrium geometrical structure of the ions; to compute the normal
vibrational frequencies, to find out the possible isomeric configurations of the
pentaatomic ions and the relative concentration in saturated vapors. Based on the
molecular parameters determined in this work, together with equilibrium constants
taken from high temperature mass spectrometric investigations [1-5], thermody-
namic functions and thermodynamic properties of the ions were to be found.

21.2 Methodology

The calculations were performed using the GAMESS program [9] (PC GAMESS
version 7.1.C [10]) implementing the following methods: electron density functional
theory (DFT) with the Becke-Lee—Yang—Parr functional (B3LYP5), second order
and fourth order Moller—Plesset perturbation theory (MP2 and MP4).

To choose the appropriate theory level, the calculations of properties of the
diatomic alkali metal chloride molecules were performed using DFT and MP2
methods in two basis sets. The first basis set was constricted and the second was
extended, we denoted them as B1 and B2 respectively. The basis set B1 was the
McLean-Chandler full-electron basis set (6s5p1d) augmented with diffuse functions
of the s- and p-type for CI [9]; and the relativistic effective core potential with
cc-pVTZ basis set (5s4pld) for valence shells [11] was used for K, Rb, Cs. The
extended basis set B2 was the full-electron basis set cc-pVTZ (Ss4p2d1f) augmented
with diffuse functions of the s, p, d, and f type for CI [11] and the relativistic
effective core potentials [11] for K, Rb, Cs. The valence shells of the metal atoms
were described by correlation consistent basis sets cc-pVTZ [11]: (5s4p2d1f) on K,
(7s5p4d1f) on Rb, and (6s5p4d1f) on Cs.

The optimization of the geometric parameters of the ions and the calculations
of vibrational frequencies in the harmonic approximation were carried out by the
methods implemented in the GAMESS program. In the calculations by MP2 and
MP4 methods, the 1s, 2s, 2p orbitals of Cl were frozen.
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21.3 Results and Discussion

21.3.1 Diatomic Molecules KCI, RbCl, and CsCl

The equilibrium internuclear distance, the normal vibration frequency, and the
ionization potential are given in Table 21.1 for KCl, RbCl, and CsCl molecules.
These calculated values are compared with the reference data.

As it is seen from Table 21.1, the results obtained with MP2 method and the
extended basis set B2 are better to correspond to the reference data than the results
obtained with the other three methods. Therefore we have chosen the theory level
MP2 B2 for further computation of the properties of the ions. The internuclear
distances calculated for KCI, RbCl, and CsCI molecules are systematically overrated
about 0.03-0.06 A and the frequencies are underrated by 2-3% compared with the
experimental data. We expect the similar uncertainties in the values of R, and w; for
the tri- and pentaatomic ions. The results represented below for the ions correspond
to the MP2 B2 calculations.

Table 21.1 Calculated and experimental parameters for KCI, RbCl and CsCl

molecules
R.M-Cl), A  we,em™ ., D IP, eV

Method KCl

DFT Bl 2.746 255 11.3 5.6

MP2 B1 2.750 257 11.7 9.0

DFT B2 2.722 268 10.5 5.7

MP2 B2 2.709 272 10.7 9.1

Experimental 2.667 [12] 280 [12] 10.2 [13] 8.3+0.2[14]
RbCl

DFT B1 2.889 218 11.5 5.5

MP2 B1 2.877 223 11.8 8.9

DFT B2 2.864 219 10.8 5.6

MP2 B2 2.849 225 11.1 9.0

Experimental 2.787 [12] 233 [12] 10.5[15] 8.2+0.2[14]
CsCl

DFT B1 3.001 202 11.3 5.5

MP2 B1 3.001 205 11.7 8.9

DFT B2 2.954 206 10.4 5.7

MP2 B2 2.937 209 10.7 9.1

Experimental 2.906 [12] 214 [12] 10.5 [15] 8.1£0.2[14]

R.(M-Cl) is the equilibrium internuclear distance, w, is the frequency of
normal vibration, . is the dipole moment, /P is the ionization potential. The
calculated value of /P was taken as the energy of the highest occupied MO
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21.3.2 Triatomic Ions M,Cl*, MCl,~ (M =K, Rb, or Cs)

According to the calculations, the structure of all triatomic ions is linear with Doopy
symmetry. The properties, namely the equilibrium internuclear distances, the total
electron energies, the frequencies of normal vibrations, the intensities of vibrations
in IR spectra are represented in Table 21.2.

As is seen in Table 21.2, the increase in the internuclear distances R.(M-Cl)
in series K-Rb—Cs either in positive or in the negative ions is similar to those
in the MCI molecules given in Table 21.1. It is evident also that increase of the
values R.(M—C]) correlates with the enlarging of the ionic radius in the series Kt-
Rb*—Cs™. As concerns frequencies, the stretching symmetric vibration frequency
w; is smaller than the antisymmetric @, in all cases. For the positive ions, the
stretching vibration w; may be considered to be close to the frequency w. in the
diatomic molecules respectively. For the K,CI*T and KCl,™ ions, the frequencies
are similar to each other respectively, while for the other two pairs, Rb,CI™ and
RbCl, ™, Cs,CI+ and CsCl, ™, the corresponding frequencies are markedly different.
In addition, the intensities of the vibrations w; and w3 active in IR spectra are of the
same magnitude approximately.

21.3.3 Pentaatomic Ions M;Cl,Yand M,Cl;(M = K, Rb, or Cs)

Several probable geometric configurations of the pentaatomic ions M3;ClL* and
M,Cls~ (M=K, Rb, or Cs) were considered: Doy linear symmetry, C,, planar
cyclic symmetry, and D3p, bipyramidal symmetry (Fig. 21.1). For each configuration
the geometric parameters were optimized, and the frequencies of normal vibrations
were calculated.

The obtained parameters of the linear structure are given in Table 21.3. Accord-
ing to the calculations performed, the equilibrium structure of ions K3 CL™*,KyCly~,
and Rb,Cl;~ found to be linear. As concerns the other three ions, the imaginary
frequencies were found: w7(I1,) for Rbs;Cl, T, Cs3Cl, T, and Cs,Cl3~ and ws(I1g)
for Cs,ClI;3 ™.

In the case of Rb3Cl,* and Cs,Cl;~, the optimization procedure showed the
“slightly distorted linear” configuration of C, symmetry. Meanwhile, no energy
decrease of this distorted configuration compared with the linear structure was
observed. Note that DFT method indicated the linear structure of these two ions also.
Therefore we assumed that the equilibrium structure of Rb;CL, T and Cs,Cl3~ must
be linear. The imaginary deformation frequencies were substituted by the values
given in Table 21.3 between the parentheses. These frequencies were estimated by
the comparative method based on the tendency in frequency change in the series
K3C12+ - Rb3C12+ - CS3C12+ and K,Cl;~ — Rb,Cl3™ — Cs,Cl3 ™.

As to Cs3Cl,™ ion, the optimization procedure gave the V-shaped angular
structure with C,, symmetry shown in Fig. 21.1. The geometric parameters
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Fig. 21.1 Isomers of the pentaatomic ions: linear, angular, cyclic, and bipyramidal

and vibration frequencies are given in Table 21.4. As is seen from the data,
the central fragment CI-Cs-Cl was specified by the angle a.=141° whereas
the Cs-CI-Cs fragments were found almost linear. The energy was decreased
by h=E(Csy) — E(Doon) = —0.5 kJ/mol. Thus among the number of considered
pentaatomic ions the only one was not found to be linear but definitely bent.

The other two structures, cyclic (C,y) and bipyramidal (Dsy), were found to be
equilibrium as well. The valence angles o, and B, of the cyclic isomer and o, of
the bipyramidal isomers were close to 90°. The values of relative energy /s, of
these two types of isomers with respect to linear (or angular V-shaped for Cs3Cl, ™)
are given in Table 21.5. All the ions, except the cyclic K5ClL* and K,Cl;~, have the
negative value of hjs. That means that the bipyramidal isomers of all ions and the
cyclic isomers of Rb;ClL T, Cs3CL T, Rb,Cly~, and Cs,Cl; ~ are energetically more
stable than those of linear structure (or angular V-shaped for Cs3CL ).
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Table 2+14 Properties of the Property CssCLT (Cay)
Cs3Cl, ™ ion of V-shape Ra(CsCD) 3.052

R, (Cs—Cl) 3.213

o (C1-Cs-Cl) 141.1

Be(Cs—Cl-Cs) 179.7

E —979.65434

E— E(Doon) —0.5

w (Ay) 208

wy (Ay) 56

w3 (Ay) 35

w4 (Ar) 35

ws (Ay) 10

wg (A2) 86

w7 (A2) 28

wg (By) 201

g (B1) 28

e 6.1

R (M—-Cl) and R.,(M-Cl) are the terminal
and bridge internuclear distances respectively,
A; o and B, are the valence angles in degrees;
E is the total electron energy, au; E — E(Doop)
is the relative energy, kJ/mol. w; are the fre-
quencies of normal vibrations, cm™'; g, is
the dipole moment, D. The vibrational repre-
sentation is I' =5A; + 24, + 2B,. Analysis
of vibrational modes was performed using
the SHRINK software [16]; the Q2SHRINK
program [17] was used for building the input
for SHRINK

In order to draw the final conclusion about the content of the isomers of
pentaatomic ions in saturated vapor, it is necessary to take into account the entropy
factor. To evaluate the relative isomer contents in saturated vapor over alkali
metal chlorides, we performed thermodynamic calculations. We considered the
isomerization reactions from the linear into cyclic or bipyramidal configurations:

M;ClL ™ (Do) = M3Cl™ (Cyy or D3y) 2L.1)

M,Cl;™ (Doon) = MaClz™ (Cyy or D3p) (21.2)

Instead of linear, the equilibrium angular V-shaped structure was considered for
the Cs3CL, 1. To calculate the relative concentration of the isomers we used the

following formula

A,H (0K) = RTIn(piso/ p) + TA® (T) (21.3)



361

21 Theoretical Study of Structure, Vibration Spectra and Thermodynamic...

JIOWOST dY) JO UOTBIIUIIUOD dATE[AI ST d/%'d ‘uorjoear o) Jo AS10u0 sqqID) paonpar
Y SI (L) od"'V ‘uonoraray) jo Adpeyius oy st (3 0) 4V ‘A319us [rUOnRIqIA JUIod 019Z S1 3y “IOWOSI YY) JO A3I0UD JALIR[AI dY) ST My

8100 10S°1L— 0'8¢— Sl S6E— (popruiddiq) _£15%sD = (4vaul]) _£[%sD
090°0 SC8YE— V1= 60 €CI— (0179400) _E1D%D = (4vaut]) _E1DD
1€0°0 [ XA 9°9C— 'l L'LT— (jpprum.ikdiq) +0%D = (4ppn8u) +0%D
Ye1'0 w1'ce— ys— 90 19— (011949) L YD) = (uvpnsuv) 4 YDESH
¥00°0 0v0°L9— 6 1C— Sl V' ec— (ipprupiddiq) _ 1Dy = (4vaul]) _D4qY
¥20°0 869°CE— 91— 60 SC— (011940) _E 1%y = (4waut]) _£[DqY
#1070 Cless— S6l— 9l I'e— (poprupikdiq) | GDEQY = (4vaui]) 4 DAY
LLOO €LS1T— £0— L0 01— (0179400) L UDEQY = (vaul]) | D QY
100°0 0v0°0L— 9CI— 9l cyl— (pppruaddiq) _ 18 = (4vaul]) DT
L000 065°LE— Se 80 LT (011940) _E 108 = (4waul]) DT
L000 £65°95— Lvl— L1 Vol— (ippruikdiq) | G = (4vaul]) | DN
L¥0°0 ST6'CC— 9C 80 8’1 (011240) +08 = (waup) L DY
dyostd [-jown)/ [owy/y [owy/[y ‘3y [owy/y Sty UO1OBAI UONBZLISWOS]
(Do®@'V ‘L0)H'V

S 000°T 18 SIQWOSI Ay} JO SUONEIUIDUOD JANE[AI PUB SUOTIOLAT UONeZLIDWOST Jo said[eyiug §°J7 dqEL



362 T.P. Pogrebnaya et al.

where pjso/p is the ratio between the pressure pjs, of the ions of the cyclic or
bipyramidal isomeric form and the pressure p of linear (or angular for Cs3;Cl,™)
isomer; A;®°(T) is a change in the reduced Gibbs energy of the isomerization
reactions.

The enthalpies of the isomerization reactions A.H°(0 K) were obtained on the
basis of the relative energy of isomers hjs, and the zero point vibration energy
correction Ae:

A H(0K) = higo + As. (21.4)

The zero point vibration energy correction was calculated using the formula

Ae = 1/2]’!6‘ (Z Wiprod — Za)ireact) (215)

where h is the Planck’s constant, ¢ is the speed of light in free space, Xwj proq
and Xwjreact are the sums of the vibrational frequencies of the products and
reactants, respectively. According to calculations this correction was small and
negative, did not exceed 1.7 kJ/mol. The values of the reduced Gibbs energy
were calculated in the rigid rotator—harmonic oscillator approximation using the
geometrical parameters and vibration frequencies found in this work. The results of
calculations are given in Table 21.5 for the temperature of 1,000 K, common in the
mass spectrometric investigations of alkali metal halides.

As it was mentioned above, the relative energy A, for the majority of isomers
(excluding the cyclic isomer of K5CL 1+ and K,Clz7) is negative. That means that
these isomers are energetically more stable than those of the linear structure (angular
in the case of Cs3Cl, ). Nevertheless, the calculations show that the relative amount
of either cyclic or bipyramidal isomers in vapors is small. The largest value of
Diso/P = 13.4% is predicted for Cs;CL T (cyclic).

The low amount of the cyclic and bipyramidal isomeric forms may be explained
by the prevailing effect of the entropy factor. The considerable decrease in entropy
and hence in the reduced Gibbs energy A,®°(7T) in the isomerization reaction
dominate over the energy factor and lead to a higher concentration of linear isomer
(angular for Cs3Cl,"). The concentration of the cyclic and bipyramidal isomers
is decreased when the temperature is increased. As an example, the temperature
dependence of the isomer concentration is presented for Cs3CL T and Cs;Cl;~ in
Fig. 21.2.

21.3.4 Enthalpies of Ion Molecular Reactions and Enthalpies
of Formation of the Ions

The dissociation energies of ions AE were calculated with MP2 and MP4 methods.
For pentaatomic ions the energies of the reactions were calculated for the linear
isomers (angular for Cs3Cl,™) because they dominate in the equilibrium vapor.
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Fig. 21.2 Temperature dependence of the relative amount of the isomers of Cs;ClL 1 (a) and
Cs,Cl37 (b) ions

Moreover, the ion dissociation energies were calculated taking into account the
basis set superposition error (BSSE) by the counterbalance method [18] using
the procedure proposed by Solomonik and co-workers [19]. The energies of the
reactions obtained with MP4 method and BSSE corrections are denoted as AE,
(Table 21.6). The BSSE correction equals to the difference of the values AE and
AE,., it was not big here but allowed us to obtain more reliable results of the
dissociation energy values. The values of enthalpies of the reactions A,H°(0 K)
called the “theoretical” in Table 21.6 were calculated using the formula

AH (0K) = AE, + A¢ (21.6)

where Ag is the zero point vibration energy correction.

The values of A,H°(0 K) called “based on experiment” were calculated using
the equilibrium constants K,° for the heterophase reactions from [3-5] and the
procedure of the third law of thermodynamics:

AH' (0K) = —RTInK,” + TA® (T). (21.7)

The thermodynamic functions of atomic ions MT, CI7, alkali metal chlorides
MCI in the condensed and in gaseous phase were taken from [21]. The ther-
modynamic functions of the cluster ions MyCIl*, MCl, ™, M;3Cl, ™", and M,Cl3 ™
were calculated using the molecular constants obtained in this work and listed in
Tables 21.2-21.4. In order to converse the enthalpies of heterophase reactions into
the enthalpies of gas phase reactions, we used the sublimation enthalpies of MCl
from [21]. The enthalpies of the reactions are given in Table 21.6.

The uncertainties in the theoretical enthalpies of the reactions were estimated
from the comparison of MP2 and MP4 results. The uncertainties of the dissociation
enthalpies “based on experiment” included errors in equilibrium constants [3-5],
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the standard deviation in the A.H°(0 K) values calculated by the third law of
thermodynamics, and the uncertainties in the reduced Gibbs energy caused by errors
in frequencies which were accepted to be 10%.

The theoretical values of A.H°(0 K) and the values “based on experiment”, as
seen in Table 21.6, agree between each other within the uncertainty limits. For the
triatomic ions, the enthalpy of dissociation of positive MyCI™ ions is very close
to that of the negative MCI,™ ions respectively. For the pentaatomic positive and
negative ions, the values of A.H°(0 K) are very close to each other also and less than
those of the triatomic ions. For all ions, the decrease of the dissociation enthalpies
from potassium to cesium is observed.

The enthalpies of formation of M,CI*, MCl,~, M3Cl,™, and M,Cl;~ ions
were calculated on the basis of the theoretical values of AH°(0 K). The required
enthalpies of formation of M, CI~, and MCI were taken from [21]. Our values
of AtH°(0 K) of the ions are in good agreement with the available reference data
(Table 21.6), but obtained with much less uncertainties.

21.4 Conclusions

The MP2 method with the extended basis set was accepted for the calculations of
geometrical parameters and vibrational frequencies of the cluster ions as the more
reliable method because it gives better agreement with available reference data for
the diatomic molecules KCI1, RbCl and CsCl.

Geometrical structure, vibrational spectra and thermodynamic properties of the
ions M,C1+, MCl,~, M5CL, T, and M,Cl;~ (M = K, Rb, Cs) have been determined.
The equilibrium structure of the triatomic ions M,CIt and MCL,~ is the linear
of Doon symmetry. For the pentaatomic ions M;Cl,t and M,Cl5~, three isomeric
forms were considered. The most abundant isomer in saturated vapor was found to
be the linear one (Doop) for K3ClL T, RbsClL T, K»Cl3~, Rb,Cl;~ and Cs,Cl;—, and
the angular V-shaped for Cs;Cl,*. The other two forms, cyclic and bipyramidal,
correspond to minima at the potential energy surface of the ion and have the
comparable or even lower energy than the first isomer; nevertheless, according to
the calculations, the relative amount of cyclic and bipyramidal isomers in saturated
vapor is negligible.

The geometrical parameters and vibrational frequencies of the cluster ions vary
regularly in K-Rb-Cs series.

The enthalpies of the dissociation of the ions A.H°(0 K) were found by quantum
chemical calculation and also on the basis of available equilibrium constants of
reactions. The theoretical and the “based on experiment” values of AH°(0 K) agree
between each other within the uncertainty limits. That confirms the reliability both
the experiment and theoretical results.

The enthalpies of the dissociation reactions of the ions are higher for triatomic
ions than those for the corresponding pentaatomic ions. The A:H®(0 K) values
decrease monotonically from K to Cs for both negative and positive ions. The
enthalpies of formation of the ions were determined.
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