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Molecular constants of MPBKM = Li, Na, K, Rb, and Cs) were calculated theoretically at the MP2(full)

and B3LYP levels with the SDD (Pb, K, Rb, and Cs) and cc-aug-pVQZ (F, Li, and Na) basis sets to determine
the thermochemical characteristics of the substances. Satisfactory agreement with experiment was obtained,
including the unexpected nonmonotonic dependence of substance dissociation energies on the alkali metal
atomic number. The bond lengths of the theoretical CsPhédel were substantially elongated compared

with experimental estimates, likely because of errors in both theoretical calculations and electron diffraction
data processing.

1. Introduction (SDD) or StevensBasch-Krauss (SBK) ECPs for the other
elements. In global minimum structure, energy, and frequency
calculations, the SDD basis sets were augmented by bits and
pieces from other sources (diffuse (exponent 0.0168) and
polarization (0.179) functions for Pb, diffuse (0.0047) and

Thanks to their unique optical properties (low refractive
indexes), metal fluorides are extensively used as antireflection
and protective coatings. The preparation of such coatings by
chemical vapor deposition (CVD) requires knowledge of the o .
thermodynamic properties of gas-phase reaction participants an olarization @d (0.458 and 0.1145) and @f (1.11) functions

their temperature dependences. This in turn presupposes knowl-or,K’ an.d polgrization functions for Rb. (0.24) anpl Cs (0'19).)’
edge of the molecular constants of the substances, includingWhICh slightly improved agreement with the refiable experi-

S . . ; ) ; 6,7
structure characteristics and vibrational frequencies. mental data on the system’s constituents ¢Pafd MF)>* In

Unfortunately, these objects are difficult to study experimen- fact', simple SDD for Pb plus 6-311G(d) f(.)r F was the best
tally because of complex vapor compositions and a low intensity ch0|cr_e for Pbg, but the 6'3136((1) baS|s_ set for F gave
of vibrational bands, which are, in addition, situated in the far Unsatisfactory results for alkali metal fluorides.

IR spectral range. We therefore deemed it worthwhile to ~ The calculations were performed using the PC Gafresd
undertake a quantum-chemical study of alkali metal fluoroplum- Gaussian-0Bpackages both at the MP2(full) level and with the
bates MPbg (M = Li, Na, K, Rb, and Cs) used in CVD B3LYP hybrid functional and its various modifications imple-
processes, not least to gain experience in handling such systemgnented in Gamess.

Of all the MPbk compounds, only the structure of CsBbF The transition states were sought starting from energy
was studied by gas-phase electron diffracfiéihe molecule minimum geometries by applying first the QST2 procedure
was found to be a trigonal bipyramid, symme@y;,. Note that (Gaussian) with default and then QST3 with very tight
the thermodynamic characteristics calculated in refs 1 and 2 onoptimization tolerance values. The intrinsic reaction coordinate
the basis of the results obtained in these works and using certaircalculations were performed using the Gamess package because
model considerations were strongly at variance with the massthe optimization criteria in the corresponding Gaussian proce-
spectrometry dath? dure were too loose, whereas the potential energy surfaces of

The IR spectra of matrix-isolated MPptere studied in ref  our systems were fairly flat. Population analyses of compounds
5. Only two comparatively high-frequency bands were, however, with heavy atoms are impeded for several reasons, in particular,
recorded. because of the unavailableness of either the M&malman or

The validity of our theoretical calculations was evaluated Breneman radii.
against the mass spectrometric data on the energies of MPbF  gecayse chemical vapor deposition and matrix isolation
dissociation to MF and Phfalculated according to the second experiments are often performed under harsh (e.g., target
and third laws of thermodynamics and from the ion appearance bombardment) conditions, we deemed it necessary to perform

potentials®* calculations not only for the ground but also for excited states
of molecules. We were then largely interested in energy
differences rather than exact molecular constant values. For this
The main difficulty in handling such objects as alkali metal reason, these calculations were made with the 6+&(,f)
fluoroplumbates is the selection of basis sets, which should basis sets for fluorine and light alkali metal atoms. Our single-
satisfy one important requirement: they should equally well excitation configuration interaction (CIS) calculations of the
describe the MF and PbFnoieties. Our final choice was as lowest triplet and singlet excited states of the LiRbiffough
follows: aug-cc-pVQZ for F, Li, and Na and Stuttgart/Dresden CsPbk complexes showed that excited-state contributions to
thermodynamic functions could safely be ignored under usual
* Corresponding author. E-mail: sipachev@online.ru conditions because of the high excitation energies. The results
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into a transition stateTS1, one imaginary frequency 16.7i
cm~1). Graphically, the transition-state geometry is indistin-
guishable from that shown in Figure 1b. Its imaginary frequency
corresponds to the doubly degeneratePB—M bending mode.
(The corresponding (real) frequency of LiRboR the GM2 state

is about 50 cmt.) The M—Pb bond order decreases rapidly as
the atomic number of M increases, to 0.414 for-NRb and
0.062 for Cs-Pb. The IRC path from this transition state, which
leads to the global minimum, is fairly long; several intermediate
structures are shown schematically in Figure 3.

There is one more saddle point of order 1 (one imaginary
frequency) on the ground-state potential energy surface outside
lthe section shown in Figure 2. The corresponding structure
(Table 1,TS2, one imaginary frequency 91.4i cr) is almost
strictly planar and is graphically indistinguishable from that
shown in Figure 6 for the triplet excited stafeM1), although
its Pb—F bond lengths are strongly elongated compared with
3. Ground-State Geometry the triplet-state geometry (Table 1). Conversely, theFIVDono!s

are shortened somewhat. For Csgbihe TS2 energy is

The geometry of the alkali metal fluoroplumbate molecules (0541349 au ~142.02 kJ/mol) counting from the global
bipyramids ofCs, symmetry with Pb and M in bipyramid ver-  from LiPbF; through CsPbg The imaginary frequency can be
tices and fluorine atoms in the equatorial plane (Figure 1a ); described as the folding of the planar structure (Figure 6) about
this expectation is in agreement with the earlier'2Bnd spec-  the F3F5 axis above or below the F3PbF5 plane. Simultaneously,
tral5 data. Our CalCuIatiOn reSUltS ShOW that Mehﬂé indeed the M2 and F4 atoms move toward each other Forward and
have trigonal pyramidal structures, but not exactly regular. One pack IRC paths lead to the same ground-state global minimum
of the M—F and Pb-F bonds is slightly different from the other configuration (Figure 1a).
two in all alkali metal fluoroplumbates (Table 1). Although the e |RC paths througi'S1 and TS2 that begin and end at

difference is insignificant, it is_ persistently repro_duced forall ihe global minimum configuration change the orientation of the
MPbF; at all levels of calculations. The exact point symmetry gymmetry plane in MPhf which may pass through any of the
group of the molecules is therefo@. three fluorine atoms.

Symmetry lowering can be caused by.an admixture of the In addition, LiPbk molecules form dimers in the gas phase
TS2structure (see below). Note that the difference between the(TabIe 1, Figure 4). The dimer haSs symmetry, and its

Pb—F and M-F bond lengths disappears in 6812 and saddle gy mmetry plane contains the Pb1, Pb2, Li3, Li4, F8, and F10
structures (Table 1), whose symmetry is exactly. atoms. Two LiPbg moieties in it are largely held together by

However, in reality, the potential energy surface of the ground -~ 1omb interactions; in any event, the PH2L0 bond order
state is not all that ;imple. We were able to locate at least four ;g |qwered two times compared with the other-Fbbonds.
more stationary points. , , The geometry of the dimer is also determined by #4%5 and

For MPbF;, this surface has a ravine along the coordinate Pbl--F9 purely Coulomb interactions (the PbE5 and
corresponding to simultaneous equal changes in thd’bt-F Pb1:++F9 bond orders are less than 0.05). Al the +Ryidge
angles. (The MPbF@3 “umbrella” becomes turned inside out (Forigge = F10, F9, and F5) bonds are elongated equally com-
along this coordinate.) The corresponding energy profile iS nared with the other LiF distances. The dissociation energy
plotted in Figure 2 for LiPbf: The deeper (global) minimum ¢ e gimer into two monomers is271.26 kJ/mol; the dimer
(GM1) relates to the configuration shown in Figure 1a, and the {harefore cannot be present in the gas phase in noticeable
shallower (local) one&M2), to the configuration shown in  5m6,nts under the conditions specified above (680 K).
Figure 1b. The parameters of these two configurations and theyis characteristics are listed in Table 1 (bond lengths and charges

saddle point are listed in Table 1. , o are averaged over two LiPpFnoieties). Heavier alkali metal
A decrease in the charge on Li in the configuration with the o ivatives behave similarly to the lithium compound.
PbF; pyramid turned toward the Li atom by its Pb vertex is

evidence that this structure contains a covalentHibond.
According to Mulliken population analysis, the +Pb bond
order is 0.612 in this configuration. The local energy minimum  In the singlet excited state MPbF; virtually dissociates into
(GM2) is raised by 0.15423 au-405 kJ/mol) above the global  two neutral species, PbFand M (Table 1). Naturally, the
minimum, and the structure shown in Figure 1b can hardly potential energy profile along thélM—Pb—F coordinate
contribute much to the properties of LiPflnder the conditions ~ contains two dips of approximately equal depths (TablgNl1
of usual electron diffraction, mass spectrometric, and CVD and SM2) situated symmetrically with respect to the planar
experiments (600800 K). (OM—Pb—F = 90°) configuration of the Pbfmoiety (Figure

GM1 andGM2 are separated by a saddle point of order 3. 5). The potential energy minimum of the singlet excited state
Its imaginary frequencies correspond to totally symmetrical and is raised above the global ground-state minimum by 0.2775 au
doubly degenerate MPb—F bending vibrations. At the saddle  (~7.5452 eV), the vertical excitation energy being 9.7052 eV.
point, the geometry of the Phoiety is almost planai(Li— The spins (antiparallel) are largely localized on Li and Pb (1.0
Pb—F ~ 88). and 0.724, respectively).

For heavier alkali metal atoms, the shape of the potential  Certainly, residual L+Pb interaction aflLi—Pb—F = 114.7
energy curve along theM—Pb—F coordinate is closely similar ~ (charge on Li+0.145) is a calculational artifact: optimization
to that shown in Figure 2, but the local minimum transforms stops atr(Li—Pb) = 10.048 A because the potential energy

Figure 1. Structure of LiPbg in the ground state: (a) glob&M1
and (b) localGM2 minima.

obtained are nevertheless of certain phenomenological interes
and likely have some bearing on practical matters.

All calculations were performed without symmetry
restrictions.

4. Excited-State Geometries
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TABLE 1: Mean Bond Lengths and Charges in Li—F—Pb Species (DFT Calculations, B3LYP Functional)

internuclear distances Mulliken charges
stationary point energy Pb—F Li—F Pb—Li PbP LiFb Pb F Li
LiPbFs;, ground state
GM1¢ 0.0 2.161 1.873 2.591 2.159 1.877 +1.132 —0.635 +0.772
GM2 (TS1)¢ 0.1542 2.048 4.073 2.696 +1.485 —0.678 +0.549
saddle 0.2104 2.153 3.401 2.709 +1.381 -0.717 +0.769
TS2 0.0339 2.366 1.715 3.042 2.103 4537 +1.051 —0.534 +0.549
LiPbF;, singlet excited state
SM1e 0.2763 1.998 1.018 0.048 +1.727 —0.624 +0.145
SM2f 0.2775 1.981 0.497 1.094 +1.821 —0.606 —0.004
saddle 0.3091 2.104 8.828 8.610 +1.774 —0.706 +0.215
LiPbFs;, triplet excited state
T™M1 0.1753 2.203 1.739 2.962 2.048 4.610 +1.376 —0.706 +0.741
T™M2 0.2124 2.092 1.955 2.673 2.258 1.765 +1.302 —0.682 +0.745
TS3 0.2185 2.071 4.130 3.835 2.222 1612 +1.389 —0.727 +0.792
TS4 0.2131 2.196 1.788 2.746 2.050 2.344 +1.306 —0.681 +0.739
(LiPbFs),, dimer
minimum 0.0517 2.221 1.798 2.679 2.301 1.904  +1.094 —0.533 +0.504

aThe energies (au) are counted from the ground-state global minithumicue fluorine atom. The other two P and Li-F bonds are strictly
or approximately equaf. Global minimum,JLi —Pb—F = 45.C°. ¢ Local minimum,0Li —Pb—F = 117.7; transforms into transition staf&S1 for
M = Na through Cs¢ OLi—Pb—F = 114.7. fOLi—Pb—F = 67.5. 9 Etry,/2 — ELirors

E, au
-309.8
-309.9
-310
Figure 4. Structure of (LiPbE),.
-310.1
E, au
40 60 80 100 120 140
/Li-Pb-F, deg -308.8
Figure 2. Potential energy profile along tHéLi—Pb—F coordinate. 308.85]
F4 F4 -308.9|
308.95
Pb1 Fs F3
Na2 . -309
Na2 Pb1 309.05
F3 40 60 80 100 120 140
F4 F5 F3 s F3 /Li-Pb-F, deg
Na2 Figure 5. Potential energy profile of LiPkfn the singlet excited state.
Na2 Pb1 Fa
Fa Pb1
Pb1 Na2
A Figure 6. Structure of LiPbg in the triplet excited state (Table 1,
M1).
Figure 3. Several structures along the intrinsic reaction coordinate )
path fromTS2 to the global minimum geometry. difference between the triplet excited and ground states is
surface along this coordinate becomes too flat and the gradient,0.1709awr 448 kJ/mol, which is slightly lower than for LiPhF
too low, rather than because a minimum is attained. Some characteristics of the molecule in the triplet excited state
In the triplet excited state, the potential energy surface has are listed in Table 1TM1).
a ridge rather than ravine along thd/1—Pb—F coordinate. The Here, the lead atom hasTashaped configuration, and the

equilibrium configuration of MPbfin this state is quite different  molecule as a whole is strictly plana€{ symmetry). The
from those found for the ground and singlet excited states (Tablecharges on the atoms are therefore close to those obtained for
1, Figure 6,TM1), and its energy is only 0.1753 at+460 kJ/ the saddle point (planar BRBroup) ground-state configuration.
mol) higher compared with the ground state, the vertical The spins are largely localized on Pb (1.787), which is quite
excitation energy being 7.7530 eV. For CsBbfhe energy natural, because the other atoms have either almost full (F) or



Alkali Metal Fluoroplumbates MPhf J. Phys. Chem. A, Vol. 111, No. 28, 2006537

F5 TABLE 2: Calculated (DFT, B3LYP) and Experimental 125

Interatomic Distances ¢, A), Root-Mean-Square Vibrational
Amplitudes (/ A), and Vibrational Frequencies (cnt?) for
CsPbF;

parameter calcld exptl parameter calcd exptl
rq (Pb—F) 2.165 2.142(5) | (Pb-F) 0.064 0.088(5)
rg (Cs—F) 2.951 2.779(9) |(Cs—F) 0.144 0.221(22)
rg (F-+F) 2.964 2.800(13) | (F-+-F) 0.127 0.163(38)

rg (Cs+-Pb) 3.706 3.654(7) | (Cs-+Pb) 0.085 0.152(5)
v(A1) (CsPbl) 457.8 456.0  »(E) (CsPbR) 416.5 405.0

TABLE 3: Calculated and Experimental Characteristics of
MPDbF; — MF + PbF, Reactions (kJ/mol}

enthalpy

Figure 7. Structure of NaPbfin the triplet excited state: (a) local energy enthalpy energy
minimum TM3 and (b) transition stat&S5. reaction (calcd) (calcd) (AP) 11l law Il law
LiPbR; = LiF + PbR,  213.18 209.83 238(30) 225.8(8.4) 219.0(2.4)
almost empty (M) outer shells. Naturally, there exists an NaPbk = NaF+ PbR 241.63 237.62 252(30) 252.0(8.4) 257.9(4.0)
equivalent structure with M attached to the F3 and F4 atoms. KEbE :_KFb+ Pb’ib 255.80 245.05 250(30) 262.5(11.0)
AII MPbFz; molecules have agecondary minimum in the triplet gsEbE;CRsFF:;bE gig:gg ngfg ggggg; gig:ggéig
excited state (Table I,M2), which corresponds to a strongly
distorted trigonal bipyramidQ@ symmetry). The differences 2 The enthalpy values for M= Li, Na, K, Rb, and Cs correspond to
between both the PEF and Li~F bond lengths are as large as /22 714, 800, 800, and 800 K, respectively. The second and third
~0.2 A in this structure. The transition state betw@afl and columns contain values calcglated in t_hls work fﬁom"quantum-chem!cal
. . . data (corrected for zero-point energies), the “AP” column contains
TM2 (TS4, one imaginary frequency 146.2i cA) also has @ values calculated from ion appearance potentiand the “Ill law”
trigonal bipyramidal geometry distorted to a still greater extent. and “Il law” columns, values calculated by the third and second laws
One of its L-F bonds is longer by as much a€.6 A than of thermodynamics, respectively, from the mass spectrometricdata.
the other two (this bond disappears in the structure correspond-
ing to TM1). Two equal bonds are considerably (9.2 A) spectrometrically). Indeed, the ED structure of CsPhis
shorter than in the structure corresponding k2 and slightly refined in refs 1 and 2 using an empirical force field, which
(by ~0.05 A) longer than in the structure correspondingial . very poorly reproduced the thermodynamic properties of this
The behavior of LiPbkin the triplet excited state differs  compound. The IR spectra obtained in ref 5 were not corrected
strongly from that of the heavier alkali metal derivatives. The for the matrix effect. The results reported in refs 1, 2, and 5 are
transition state (Table I['S3, one imaginary frequency 89.1i  compared with our theoretical data on CspbFTable 2.
cmY) between two equivalent structures with Li attached to ~ The rq (calculated) values are the quantum-chemical geo-
the F3 and F5 or F3 and F4 atoms is strictly planar, and the metric parameters corrected for vibrational (including anhar-
Pb1-F3—Li2 angle is 180. Interestingly, the structure remains monic) effects according to ref 10 (the Shrink program). We
planar along the whole IRC path connecting two minima and see that the experimental electron diffraction struétti(€able
passing througfi' S3. 2) is noticeably contracted compared with that obtained in
Heavier alkali metal fluoroplumbates have an additional quantum-chemical calculations. Conversely, the amplitudes
minimum with a single F atom involved in bonding with M reported in refs 1 and 2 are appreciably exaggerated. These
and a flattened pyramidal PbEonfiguration. This minimum discrepancies might appear because, first, quantum-mechanical
is raised by 151.93 kJ/mol aboveM1 (Figure 7a,TM3, the calculations poorly reproduce F distances with larger M

lowest frequency at 32.3 crh corresponds to PbiF4—Na2 atoms and, second, the authors of refs 1 and 2 used an empirical
bending vibrations). Interestingly, the charge on Na in Ga8 force field constructed by fitting the theoreticg¥\(s) curve to
andTS5 (see below) is close to zero, and the spins are localized experimental. This approach can hardly be considered reliable.
on Na (~1.011) and Pb~0.773) (the charge on Li ifS3is In any event, the low frequencies obtained in refs 1 and 2 (67.3
+0.792). The energy of the transition state (Figure 785, cml, (v + 0)(Csk)) were underestimated by-40 cnt?

one imaginary frequency 90.3i cry like the lowestTM3 compared with our theoretical results (:0720 cnt?h). The

frequency, it corresponds to PbE4—Na2 bending vibrations)  corresponding frequency factors (and, accordingly, the ampli-
betweeriTM1 andTM3 (Figure 7a) is slightly higher and equals tudes) were therefore strongly exaggerated (below 100'cm
158.47 kJ/mol. The F4M bond inTS5is bent inside the PhF the frequency factor increases exponentially as the frequency

pyramid, whereas, in the intermediate minimuiM3), it is decreases). The use of too large amplitude values in the

bent outward and at a smaller PbE4—M angle. refinement of electron diffraction data might in turn cause errors
Interestingly, along the IRC path fromS5to TM1, the Pbt- in structure parameter estimates.

F4—M angle first narrows from-136° to ~108, while the dihe- The experimental and theoretical frequency values closely

dral angles between the Pb1F4M2 and Pb1F4F5 and betweeragree with each other. It should, however, be borne in mind

the Pb1F4M2 and Pb1F4F3 planes, which are equdlda, that the experimental frequencies contain unknown matrix shifts.

remain unchanged. Next, the Pb1F4M2 fragment begins to rotate  The thermodynamic characteristics of MBb¥ere obtained
about the Pb1F4 axis toward the F5 or F3 atom (Figure 7), while in the rigid rotator-harmonic oscillator approximation with
the Pb1-F4—M2 angle changes very slowly and insignificantly. corrections for zero-point energies. A comparison of our data

In the final configuration, this angle becomed01°. with those reported in refs 3 and 4 is given in Table 3.
. . The remarkable feature of these results is nonmonotonic
>. Discussion variations inAgsH along the series of alkali metal fluoroplum-

The experimental data mentioned in section 2 are not very bates. We were unable to reproduce this trend with basis sets
reliable (except the thermodynamic values determined masssmaller than those used in the present work (Figure 8).
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AH, kJ/mol approach to the problem (the main point was the selection of
2900 the basis set for F that equally well described the two moieties
A, A constituting the molecules) allowed us to reproduce the most
280 reliable experimental results. Figure 8 shows that basis set
selection is crucial to the description of the thermochemical
270 characteristics of the systems studied in this work and, probably,
related systems. The theoreticalisH values for M= Li, Na,
260r and K are slightly underestimated, but the general trend is
reproduced fairly well, Li< Na < K > Rb > Cs. This allows
250r us to claim the validity of our quantum-chemical data.
240 The results described above show that the shape of MPbF
potential energy surfaces is fairly complex. Various structures
230k can therefore be formed under harsh (e.g., target bombardment)
conditions frequently used in CVD and matrix isolation experi-
220k ments. Moreover, these structures can be quenched in the solid
state because of barriers to interconversions. The problem of
210k the structural homogeneity of coatings obtained this way should
therefore be given special attention.

200 — ! ' ! ! The molecular constants of MPpBetermined in this work
Li Na K Rb Cs
Fi 8. Enthalpies of di iation of MPBE . | (thick were used to calculate the temperature dependences of the
igure 8. Enthaipies of dissociation o b experimental (thic thermodynamic functions of MPRBFrequired for practical
line, circles), calculated using the aug-cc-pVQZ basis set for F (dot- licati includi ited f . dch .
and-dash line, squares), and calculated using the 6-1d) basis set  aPplications, including excited-state functions and characteristics
for F (dotted line, triangles). of reactions with the participation of MPBFThese results will

be published elsewhere.
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