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Thermochemical bond strength measurements and the **Cl nqr spectra were compared for isostructural salts of GeCl,*",
SnCl,*", and PbCl,*". The energy for the reaction MCl,>"(g) - M**(g) + 6Cl™(g) best reflects the trend in bond strength
and was found to be 2364 * 20 kcal/mol for M = Ge, 2144 + 20 kcal/mol for Sn, and 2151 + 22 kcal/mol for Pb. The
35l nqr frequencies for [(CH,),N],MCl, salts (19.6 MHz for M = Ge, 16.7 MHz for M = Sn, and 18.3 MHz for M = Pb) do
not mimic this trend but are consistent with it recognizing that the response of the halogen coupling constant to s-bond
changes is opposite that of w-bond changes, whereas the bond energy reflects the net bond order. PbCl,*" appears to show
the effect of the “lanthanide contraction” in its nqr spectrum. Neither the bond strength nor the nqr measurements are
consistent with the fact that the electronegativity of lead is higher than that of germanium or tin on most scales.

Introduction

Chemical trends within the group IVb elements Si, Ge,
Sn, and Pb have produced considerable debate’-* during the
20 years since Sanderson® first called attention to the irreg-
ularities. For example the trend in electronegativity is non-
uniform on commonly used scales such as those of Allred
and Rochow,* Pauling,® Sanderson,® and Mulliken-Jaffe.”
The optical electronegativities for Ge, Sn, and Pb in MClg*
ions are respectively 1.45, 1.50, and 1.90.8 Because of the
extent of contradiction between predicted and observed
properties of these elements,® we decided to examine close-
ly a series of hexachlorometalate salts of Ge, Sn, and Pb by
determining the metal-chlorine bond energy from calori-
metric measurements for comparison with the 3Cl nuclear
quadrupole resonance spectra, To minimize the number
of anisotropic variables, the compounds chosen were iso-
structural in all cases. [(CH3)4N},MCl, salts were used for
the nqr spectra because the large cations isolate the anions
and reduce the repulsive potential between them. Such re-
pulsions between ions appear to be very important in deter-
mining crystal lattice effects in nqr spectroscopy.!® Thus,
to a very large extent the nqr spectra of these salts reflect
the intramolecular bonding trend without a complicating
“crystal lattice effect.” For solubility reasons, salts having
different cations were employed in the thermochemical
measurements. This presented no interpretational problem
because variations in the cation parameters were subtracted
out before any comparison was made.

Experimental Section

Syntheses. The salts K,SnCl,, [(CH,),N},SnCl,, Rb,PbCl,, and
{(CH,),N],PbCl, were prepared as described before.'! Cs,GeCl,
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(2) R. 8. Drago, J. Inorg. Nucl. Chem., 15, 237 (1960); R. S.
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was prepared by the method of Laubengayer, et al.,'? recrystallized
from methanol-12 M HCl (1:2 by volume), and then washed with
ethanol and ether. Rb,GeCl, and [(CH,),N],GeCl, have been pre-
pared previously'® by Laubengayer’s method. For this work, Rb,~
GeCl, was prepared in that manner, but {(CH,),N],GeCl, was pre-
pared by a new route. Here 5 ml (0.043 mol) of GeCl, was added
to a solution of 13 g (0.12 mol) of (CH,),NClin 25 ml of anhydrous
methanol. The resulting white precipitate was recrystallized from
absolute methanol and yielded hygroscopic colorless crystals. All
of the above salts were dried in a vacuum desiccator. The syntheses
of other R,GeCl, salts (notably NH,* and K*) were unsuccessful be-
cause of the incompatible solubility of GeCl, and most cation chlo-
rides in sufficiently unreactive solvents. One other salt, [(CH,CH,),-
NJ,GeCl,, is known and has been prepared in thionyl chloride.**

Ngqr Spectra. **Cl nqr spectra were recorded on a system des-
cribed before.'®* Errors in the measurements are estimated to be
about 0.005 MHz and the temperature in each case was 298°K. The
results are reported in Table 1.

X-Ray Powder Patterns, Powder patterns were obtained by the
use of a Debye-Scherrer camera and Cu Ko radiation. Visual com-
parisons were made of the films to determine whether or not the
compounds studied were isostructural. No indexing was done.

Calorimetry. Cs,GeCl,, K,SnCl,, and Rb,PbCl, from the above
syntheses were dried carefully in a vacuum oven. Cesium chloride
(Apache, 99.999%), rubidium chloride (ROC-RIC, 99%), potassium
chloride (MCB), and lead dioxide (Fisher, 97.5%) were dried at 110°
before use. Germanium tetrachloride (ROC-RIC, 99.999%) and
stannic chloride (Fisher) were used without further purification.

All samples were placed in thin glass bulbs and sealed inside a glove
bag filled with nitrogen.

The constant-temperature environment Dewar calorimeter used
has been described in detail previously.'® The heat of solution of
tristhydroxymethyl)aminomethane (NBS Standard Reference Ma-
terial No. 724) in 0.1 M hydrochloric acid was used to check the
calorimeter performance. An average value of 7107 cal/mol at 25°
was obtained for five runs with the standard deviation for a single
measurement being 9 cal/mol (0.13%). This value compares well
with previous results of 7112 *+ 5 cal/mol.!”

Sample ampoules were broken in 247 ml of calorimetric solu-
tion after the temperature had been adjusted to 25.00 + 0.01°. One
calibration was performed on each run after the bulb breaking. The
calorimeter solutions used in each case were 0.298 M HCl for the K -
SnCl, cycle, 6.04 M HCI for the Rb,PbCl, cycle, and 2:1.5:1 by
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2149 (1967).
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Table I. **Cl Nuclear Quadrupole Resonance Frequencies® at
298°K for R,MCl, Salts and Ionization Potentials
for M = Ge, Sn, and Pb

IP,2eV
R,MCl, Viscp MHz M 1st 2nd  3rd  4th
Rb, GeCl, 18.87 (6) Ge 7.90 15.93 34.22 45.71
[(CH;),N],GeCl, 19.61 (8)
Rb, SnCl, 15.60¢  Sn 7.34 14.63 30.50 40.73

[(CH;),N],SnCl, 16.67¢
[(CH,),N],PbCl, 18.54¢ Pb 7.42 15.03 31.94 42.32
@ Parenthetical numbers are signal-to-noise ratios. ® C. E,

Moore, Nat. Stand. Ref. Data Ser., Nat. Bur. Stand., No. 34 (1970).
¢ Reference 11.

volume 1-propanol-H,0-12 M HCl for the Cs,GeClg cycle. The
method of calculation of temperature changes has been discussed
elsewhere, '®

Results

Structural Information. In order validly to compare sol-
id-state spectral data, it is desirable that the salts under study
have the same crystal structures. All of the salts discussed
here have the cubic antifluorite structure of space group
Fosm. The structures of X,SnCl, and Rb,PbClg were re-
ported by Engel.!® Laubengayer, et al.,'* determined the
structure of Cs,GeClg to be Fyypm. Wyckoff and Corey™
reported the same structure for [(CH3)aN],SnClg. The
structural parameters for the K*, Cs*, and [(CH3),N]" salts
of SnCl¢% have been greatly improved recently.'®

X-Ray powder patterns indicate that the [(CHj;),N]" salts
of GeClg?™ and PbClg?" are isostructural with that of Sn-
Cle? and, hence, cubic antifluorite. The powder patterns
of Cs,GeClg which is cubic antifluorite!® and of Rb,GeClg
are also essentially identical.

Ngr Spectra. *Cl nqr frequencies for these SnCl¢*” salts
and PbCl? salts have been reported before,'%11:20:21 byt
to our knowledge none have been reported previously for
GeClg?™. The observation of the 33Cl signals for GeCly?
completes the first triad of MClg2™ salts in the same group
of the periodic table for which *Cl nqr frequencies have
been recorded.

It is interesting to note that the observed 3*Cl nqr frequen-
cies in GeClg?™ further support the conclusions about crystal
field effects in MCl¢2" salts reached in previous work from
this laboratory.'® A plot of vssg for GeClg?™ vs. v3sc; in
SnClg? for the Rb* and [(CH;)4NT* salts yields a line of
slope m = 0.69, which is the same as the slope for the PtCl*”
salts. This is expected because dp;-.c; = dge-c1 = 2.35 A,
and, thus, the anions are equal in size. The size of the an-
ion, MCls?®", in the cubic lattice is found to be jmiportant in
detleormining the crystal field effect on the *Cl nqr frequen-
cy.

An attempt was made to record and compare the tempera-
ture dependence of the **Cl nqr frequencies of the tetra-
methylammonium salts of GeClg?™, SnCls?", and PbCls?".
Unfortunately, reduced signal-to-noise ratios at lower tem-
peratures hampered this experiment and no further work
was attempted along this line.

Lattice Energies. The lattice energies of Cs,GeClg, K,-
SnClg, and Rb,PbClg were calculated using a method des-
cribed previously.?>%5 The characteristic encrgies and po-

(18) G. Engel, Z. Kristallogr., Kristallgeometrie, Kristallphys.,
Kristallohem., 90, 341 (1935).

(19) R. W. G, Wyckoff and R. B. Corey, Amer. J, Sci., 18, 437
(1929).

(20) D. Nakamura, Bull, Chem. Soc. Jap., 36, 1162 (1963).

(21) T. B. Brill, Z Z. Hugus, Jr., and A. F. Schreiner, J. Phys.
Chem., 74, 2999 (1970).

(22) R, C. Gearhart, Ph.D, Thesis, University of Delaware, 1972.
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Table II. Polarizabilities and Characteristic Energies for Ions
Characteristic
energies? X
Polarizability® 107'%, ergs/
Ions X 107**,em™? molecule
Cs* 245 36.2
K* 1.33 45.6
Rb* 1.42 39.8
Ge** 0.21 135
Sn** 0.50% 104
Pb** 0.83 99.2
cr 345 15.6

@ Calculated as in ref 22. ® M. Webster and P. H. Collins, J.
Chem. Soc., Daiton Trans., 588 (1973).

Table I1L. Interaction Force Constants (Cyj) and van der Waals
Sums (Sj;) Used in the Lattice Calculation

Cyi® X 107°°,
ergs cm?®/
Salt Ton pair molecule S0 AT

Cs,GeCl, Cs-Cs 163 33.6Y
Cs-Ge 22.0 82.5
Ge-Ge 4.46 7.21®
Cs~Cl 138 851
Ge-Cl 15.2 65.5
Cl-Cl 139 416

K,SnCl, K-K 60.5 33.6°
K-Sn 31.6 82.5
Sn-Sn 19.5 7.21b
K-Cl 80.0 856
Sn—Cl 35.] 67.9
Cl-Cl 139 490

Rb, PbCl, Rb-Rb 60.1 33.6°
Rb-Pb 50.2 82.5
Pb-Pb 51.2 7.21°
Rb-Cl 82.3 857
Pb-Cl 57.9 68.7
Cl-Cl 139 528

@ Calculated as in ref 22. ¥ These are slightly larger than the
values obtained by M, Webster and P. H. Collins, /. Chem. Soc.,
Dalton Trans., 588 (1973). The effect on the lattice energy is negli-
gble, however.

larizabilities in Table IT were used to calculate the interac-
tion constantsin the interaction force constant, Cy;, and the
van der Waals sums, S;; (Table III), using procedures described
previously.®® The calculations were performed assuming
the following self-consistent charge distributions and CI at-
om positions: for Cs,GeCly, Cs = 1+, Ge = 0.802+, Cl =
0.467—,x =0.2302; for K,SnClg, K = 14+, Sn= 1.0+, Cl =
0.50-,x =0.2415; for Rb,PbCls, Rb = 1+, Pb = 0.898+,
Cl=0.483—,x=0.2452. Table IV summarizes the results.
Webster and Collins?® have shown that variation in the
charge distribution produces significant changes in the cal-
culated lattice energy. The charge distributions used in this
calculation were estimated from the **Cl nqr coupling con-
stants,"" (€*Qq//) o1 using the equation (€*Qq/M)mor (€2 Qq/
R)4 — 1 = eg,, where (¢2Qq/h),, = 109.7 MHz. The charges
are internally consistent as well as chemically reasonable.
Structural details were taken from the crystallographic data
described above. Errors in the calculated energies, U, are
estimated to be ca. 5%.

Heat of Formation of Cs,GeClg(s). The heats of solution
of the following reactions were measured at 25° and results
are shown in Table V. No assumptions need to be made

(23) R. H. Wood, J. Chem. Phys., 32, 1690 (1960).

(24) R. H. Wood and L. A. D’Orazio, Inorg, Chem., §, 682
(1966).

(25) 1. D. Beck, R, H. Wood, and N. N. Greenwood, Inorg.
Chem., 9, 86 (1970),

(26) M. Webster and P. H. Collins, J. Chewm. Soc., Dalton Trans.,
588 (1973).
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Table IV. Lattice Energies®
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Table VI. Heats of Solution for the Tin Cycle®

Cs,GeCly, X,SnCl;, Rb,PbCl, Compd AH, kcal/mol
Coulombic energy +337.94  +333.18  +325.08 KC1b 4 +4.19
Madelung constant?  6.5363 6.3040 6.2822 $nCl, & -30.99 £ 0.2
van der Waals energy ~ +39.73 +35.60 +33.68 K,SnC1,°¢ +0.24 £ 0.05
Repulsion energy —41.12 —40.34 -38.57

Zero point energy -1.0 -1.0 -1.0
Lattice energy® +335.55 432744  +319.19

@ All energies in kilocalories per mole at 0°K. b These Madelung
constants lie on a smooth curve drawn through the results in ref 26
when plotted vs. charge on metal and chlorine parameter x. ¢ Error
15%.

Table V., Heats of Solution for the Germanium Cycle®

Compd AH, kcal/mol
csqb +3.80 £ 0.1
Ge(l1,54 ~17.47 £ 0.5
Cs,GeCl,b +3.010.6

¢ The calorimeter solution was 247 ml of 2:1.5:1 (by volume)
1-propanol-H, O-concentrated HCI. b Based on three separate
measurements. € Based on two separate measurements. 4 The
calorimeter solution also contained a stoichiometric amount of CsCl.

about the species present in solution other than that the
same germanium-containing species were formed in reac-
tions 1 and 2. The solution in each case is 2:1.5:1 by vol-

Cs, GeCl,(c) + 2:1.5:1 soln — Cs,GeCl, (in 2:1.5:1 soln) 1)
GeCl, (1) + 2CsCl (in 2:1.5:1 soln) ~ Cs,GeCl, (in 2:1.5:1 soln) (2)
ume 1-propanol-H,0-12 M HCl. Adding (2) and (3) and
2CsCl(c) + 2:1.5:1 soln — 2CsCl (in 2:1.5:1 soln) 3)
subtracting (1) give

2CsCl(c) + GeCl,(1) = Cs,GeCl, (c) “4)

Using the data in Table V, AH for reaction 4 is calculated to
be —12.9 kcal/mol. Using AH,’ [CsCl(c)] = —103.5 kcal/
mol?” and AH; [GeCly(1)] = —127.1 kcal/mol,?® the standard

heat of formation of Cs,GeClg(c) is determined to be —347.0

kcal/mol at 25°,
Heat of Formation of GeCls*'(g). The standard heat of
formation of GeClg?(g) at 298°K can be expressed as?®

AHEO [GCC162_(g)] =+ AHfo {CSZGecle(C)] -
2AHg,)(Cs) — 2IP(Cs) + [4*°%[C,(Cs,GeClg(c)) +
2Cp(e7(8)) — 2C,(Cs(8)) — Co(GeCls* (g))] AT )

U is the calculated lattice energy at 0°K and is equal to
335.6 kcal/mol, AHf° [Cs,GeClg(c)] = —347.0 kcal/mol,
AH_, (Cs) = 18.7 keal/mol,” and the jonization potential
of cesium is 89.8 kcal/mol3® The integral term may be
shown to be negligible in the following manner. The heat
capacity terms involving Cs,GeClg(c) and GeClg2 (g) were
neglected since they are estimated to be about 7 kcal/mol
and should cancel one another (1 kcal/mol).25-%6:28  The
cesium heat capacity term (1.5 kcal/mol)?? and the electron
heat capacity term (1.5 kcal/mol)?® also effectively cancel.
(The same assumptions are made regarding the integral terms
in AH [SnCls*(g)] and AH,” [PbCls?7(g)] and will not be
mentioned further. From ref 27, f,**C_[K(g)] dT = >
C,,[Rb(g)] AT = ,**8C_[Cs(g)] dT = 1.5 kcal/mol.) Thus,
AH [GeClg?(g)] = —228.4 + 20 kcal/mol.

(27) Nat. Bur. Stand. (U. 8.), Circ., No. 500 (1952),

(28) Nat. Bur. Stand. (U. 8.), Tech. Note, No. 270-3 (1968).

{29) H. A, Skinner and G, Pilcher, Quart. Rev., Chem. Soc., 17,
264 (1963).

(30) C. E. Moore, Nat. Stand. Ref. Data Ser., Nat. Bur. Stand.,
No. 34 (1970).

@ The calorimeter solution was 247 ml of 0.2978 M HCL. ® Cal-
culated; see text. € Based on two separate measurements. 2 The
calorimeter solution also contained a stoichiometric amount of KCI.
¢ Based on three separate measurements.

Heat of Formation of K,SnCl¢(s). The heats of solution
of the following reactions were determined at 25° and re-
sults are shown in Table VI. Again no assumptions need to
be made about the species present in solution other than
that the same tin-containing species were formed in reac-
tions 6 and 7. The heats of reactions 6 and 7 were meas-

K,SnCl,(c) + 0.298 M HCl - K, SnCl, (in 0.298 M HCl) 6)
SnClL, @) + 2KCI (in 0.298 M HCD) ~ X, SnCl, (in 0.298 M HCY) (7)
2KCl(c) + 0.298 M HCl ~ 2KCl (in 0.298 M HCI) (€))

ured and reported in Table VI. The values for the heat of
solution of SnCl,(1) compare well with those of Webster and
Collins, who reported —31.4 kcal/mol in 0.93 M HCL.?6 The
heat of solution of KCl(c) in 0.298 M HCl is calculated in
the following manner using data from Parker.3! Numbers
preceding formulas indicate the number of moles.

0.0737HCl (in 13.39H,0) + 0.00133KCl (in 0.2417H,0) —
0.00133KCl [in 0.0737HCI (in 13.63H,0)] 9

0.0737HCI (in 13.63H,0) - 0.0737HCL (in 13.39H,0) +
0.24H,0 (10)

0.00133KCli(c) + 0.2417H,0 - 0.00133KCl (in 0.2417H,0) (11)
Adding reactions 9, 10, and 11 gives

0.00133KCli(c) + 0.0737HCI (in 13.63H,0) —
0.00133XCl [in 0.0737 HCl (in 13.63H,0)] (12)

This corresponds to the 6.672 X 10™% mol sample of K,Sn-
Cl; in Table VI. The change in enthalpy for reaction 12
is calculated to be 4.193 kcal/mol of KCI. The enthalpy
change for reaction 9 is negligible.?

The sum of reactions 7 and 8 minus reaction 6 yields

2KCl(c) + SnCl,{1) - X,SnCl,(c) (13)

with a AH of ~22.85 kcal/mol. Using AH,°[KCl(c)] =
—104.175 kcal/mol?” and AH’ [SnCl,(1)] =—122.4 kcal/
mol,?® the heat of formation of K,SnCly(c) is calculated to
be —353.4 keal/mol. AH;°[K,SnCl¢(c)] agrees reasonably
well with the value of ref 27%° when it is corrected for the
differences in AH," [SnCl,4(I)] in the two computations; i.e.,
the value of ref 27 becomes AH, [K,SnClg(c)] = —354.9
kcal/mol.

Heat of Formation of SnCl,*(g). The standard heat of
formation of SnCls*(g) at 25° can be calculated using the
calculated lattice energy, U = 327.44 kcal/mol, AH{ [K,-
SnClg(c)] = ~353.4 kcal/mol, AH;,(K) = 21.3 kcal/mol,?®
and the ionization potential of potassium, 100.1 kcal/
mol.® Thus, AH; [SnCl? (g)] = ~268.8 £ 20 kcal/mol at
25°. This value is within experimental error of the value

(31) V. B. Parker, Nar. Stand. Ref, Data Ser., Nat. Bur, Stand.,
No. 2 (1965).

(32) Y. C. Wu, M. B. Smith, and T, F. Young, J. Pays. Chem.,
69, 1868 (1965).

(33) G. Thomsen, “Thermochemische Untersuchung,” Barth,
Leipzig, 1882-1886.
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Table VII. Heats of Solution for the Lead Cycle?®

Compd AH, keal/mol
RbCI® +3.61 £ 0.4
PbO, b —~1845£0.5
Rb,PbCl,? +15.89 1.5

4 The calorimeter solution was 250 mi of 6.04 M HCL. ? Based
on three separate measurements. € The calorimeter solution also
contained a stoichiometric amount of RbCl.

of =248 = 17 kcal/mol obtained by Webster and Collins
when corrected for AH; [SnCl4(1)] considering that they
determined their value from data on Rb,SnCl4.?

Heat of Formation of Rb,PbCl,(s). The heats of solution
of the following reactions were determined at 25° and re-
sults are shown in Table VII.

Rb,PbCl, () + (7 — 4)HCl-(m + 2)H,0 -

Rb,PbCl; [in (n —4)HCl-(m + 2)H,0] (14)
PbO, (c) + 2RbCl [in nHCl-mH,0] -

Rb,PbCl, [in (n — 4)HCL-(n + 2)H,0] a1s
2RbCl(c) + nHCl-mH,0 — 2RbCl [in nHCl-mH, O] (16)
nHCl-mH,0 - 4HCl(aq) + (» — 4)HCl-mH,0 17
nHCl'mH,0 + 2H,0 —» nHCl-(n + 2)H,0 (18)

n and m represent moles of HCl and H,O, respectively. The

heats of reactions 14 and 15 were measured in the same solu-

tion as reaction 16. The difference between the measured
heats of (14) and (15) in this solution (6.04 M HCI) and the
thermochemically exact solutions represented in reactions
14 and 15 was assumed to be negligible because the change
in HC1 concentration was very small.

The heat of solution of PbO,(c) in concentrated hydro-
chloric acid has been reported by Szychlinski and Lenarcik
to be ~37.5 kcal/mol.3* The measured heat of reaction 15
is —18.45 kcal/mol in 6.04 M HCL. This indicates that less
PbCl¢?" is formed at equilibrium in 6.04 M HCl than in 12
M HCIL. The heat of solution of RbCl(c) (AH = 3.6 keal/mol
from reaction 16) compares well with the AH reported by
We%ster and Collins of 4.7 kcal/mol at 298°K in 0.93 M H-
CL

The heat of reaction 18 can be calculated and is negligi-
ble.3! The heat of reaction 17 was calculated per mole of
lead for each of the three amounts of PbO, used. Adding
reactions 15 and 16 and then subtracting reactions 14, 17,
and 18 give

PbO, (¢) + 2RbCl(c) + 4HCl(aq) = Rb,PbCl,(c) + 2H,0 19)

where HCl(aq) is HCl at infinite dilution. AH for reaction
19 is calculated to be —13.71 kcal/mol. Using this value
and AH,” [PbO,(c)] = —66.3 kcal/mol,”® AH,” [RbCI(c)] =
-102.91 kcal/mol,?” AH;” [HCl(aq)] = —39.952 kcal/mol 22
and AH,” [H,0(1)] = ~68.315 kcal/mol, * we obtain AH,
[Rb,PbClg(c)] =—309.0 kcal/mol.

Heat of Formation of PbCls2(g). The standard heat of
formation of PbClg27(g) at 25° is calculated using the calcu-
lated lattice energy U = 319.19 kcal/mol, AH,” [Rb,PbCls-
()] =—309.0 kcal/mol, AH_, (Rb) = 19.5 kcal/mol,*® and
the jonization potential of rubidium, 96.33 kcal/mol.*
Thus, AH; [PbCle*(g)] equals ~221.5 + 22 kcal/mol.

MCl¢*” Donor-Acceptor Bond Energy. The bond disso-
ciation energy corresponding to the enthalpy change for

(34) J. Szychlinski and B. Lenarcik, Rocz. Chem,, 34, 817
(1960).
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Table VIII. MCl, %" Donor-Acceptor Bond Energies at 25°¢

AHS M- AH?[M-  AHF[C- Bond dissocn
M L7 @] C@F (®)] energy
Ge —228.4 -118.5 —58.8 —~7.7+20
Sn —268.8 -112.7 -58.8 +38.5 + 20
Pb -221.5 —68 £ 2¢ -58.8 +359+24

@ All energies in kilocalories per mole for the reaction MCl,*"(g) ~
MCl,(2) + 2CT(g). P Reference 28. © Estimated.

Table IX. MCI, " Coordinate Bond Energies at 25°¢

AHP M- AHF[M*  AH{[CT-  Coordinate
M CL*(®)] ®1° @] bond energy
Ge -2284 +2488.6 —58.8 2364.2 £ 20
Sn —268.8 +2228.3 -58.8 21443 + 20
Pb -221.5 +2282.7 -58.8 21514 £22

@ All energies in kilocalories per mole for the reaction MCl,*™~
(g) > M**(g) + 6CI"(g). b Reference 28.

reaction 20 was calculated for M = Ge, Sn, and Pb. Data
MCL,*(g) > MCL, (g) + 2C17(g) (20

and results are shown in Table VIII. The AH; {PbCly(g)]
was estimated from AH;" [PbCl4(1)] and the gaseous heats of
formation of germanium and tin tetrachloride.

It is evident from the results in Table VIII that it is consid-
erably more difficult to form the last two coordinate bonds
in GeClg?™ than in SnClg?” and PbClg?". The less favorable
enthalpy is reflected in the relative difficulty of forming Ge-
Clg? ® and conceivably is caused by the crowded nature of
GeCl* relative to SnClg?” and PbCle® (dg oy = 2.35 A,
dgpcy =241 A1 dpy,_;=2.50 A™).

MClz*" Coordinate Bond Energy. The coordinate bond
energy corresponds to the enthalpy change for the reac-
tion®

MCl*(g) = M**(g) + 6Cl (g) 21)

Results are shown in Table IX for M = Ge, Sn, and Pb.

The coordinate bond energy represents the removal of all
six Cl™ ions from the metal ion. Of course, it becomes more
difficult to remove successive chlorides, and it is important
to realize that the coordinate bond energy does not equal
the energy of the six bonds in MCI¢2". However, it is neces-
sary to consider the coordinate bond energies to obtain a
realistic bond energy trend for GeClg*", SnCls*", and PbCls>"
from the thermochemical data we collected. The gaseous
heats of formation do not reflect the bond energy trend ac-
curately because they include heats of atomization and are
also dependent upon the spectroscopic state of the central
atom. This is especially true for our results as different
cations were used for each anion in the calorimetry. The
trend of decreasing gaseous heats of formation is Sn > Ge >
Pb while coordinate bond energies decrease in the order
Ge > Pb = Sn.

Discussion

A discussion of bonding trends in the series GeClg?, Sn-
Cl,?", and PbClg? necessitates consideration of the large
amount of information available on the M-Cl bond for
group IVDb elements.’ The information is often inconclusive,
however, due to a lack of appropriate data, such as bond
energies, for comparison. A particularly ambiguous facet
of this subject is the extent of ¢ and 7 character in M-Cl
bonds, and consideration of o and 7 effects is important
when attempting to examine and correlate relative trends in
bond polarity and bond energy.

(35) R. G, Pearson and R. J. Mawby, Halogen Chem., 1, 55
(1967).



GeClg?™, SnClg?", and PbCl4* Tons

Relative amounts of 7 character in M-Cl bonds have main-
ly been discussed for tetrahedral compounds of the group
IVb elements.®>3¢#! The trend Si > Ge > Sn for 7 contri-
bution to M-Cl bonding in various substituted halides of Si,
Ge, and Sn has evolved form nqr*® and 3C nmr.*® Sucha
trend is reasonable in terms of orbital matching, although it
is difficult to ascertain the relative magnitude of ¢ and =
bonding because no technique can truly separate the two
contributions.

The nqr data presented in Table I can be interpreted in
terms of the Townes-Dailey approximation® which yields
the following equation for chlorine

Np,x + N,
(€*Qa /M)y = (6*0a /M)y [sz - —"2—"} (22)
Ny, is the population of the p,, p,, or p, orbital, and the z
axis has been taken to be the bonding axis of an M~Cl bond.
Care in devising the systems to study can improve the appli-
cability of the Townes-Dailey model. For example, the use
of salts with the same cation decreases variations in the elec-
tric field gradient (efg) due to crystal field effects, and the
use of large cations, such as (CH;),N*, separates the anions
and appears to reduce the crystal lattice contribution. All
of the chlorine atoms in the anions lie on fourfold axes, and,
hence, the efg asymmetry at each chlorine atom is zero.
The nuclear quadrupole coupling constant, e?Qq/A, is exact-
ly twice the chlorine resonance frequency. According to eq
22 increasing ¢ bonding in the M-Cl bond should increase
Vs While increasing m bonding decreases v, ¢y in this situa-
tion.

Among the heavier main-group element compounds, o-
bonding differences are overall the dominant factor in vari-
ations in the M-Cl bonds. An intimation of the g-bonding
trend lies in the ionization potentials of Ge, Sn, and Pb (Ta-
ble I), and the nqr frequencies follow this trend. The high-
er potential and nqr frequency for PbClg?™ compared to Sn-
Clg?" is explicable in terms of the poor shielding of the “f”
electrons of Pb. A similar effect probably also exists for

(36) E. A, C. Lucken, Struct. Bonding, 6, 1 (1969).

(37) M. G. Voronkov and V., P. Feshin in “Determination of
Organic Structures by Physical Methods,” Vol. 5, F. C. Nachod and
J. J. Zuckerman, Ed., Academic Press, New York, N. Y., 1973.

(38) J. D. Graybeal and P. J. Green, J. Phys, Chem., 73, 2948
(1969).

(39) T. L. Brown, P. A. Edwards, C. B. Harris, and J, L. Kirsch,
Inorg. Chem., 8,763 (1969).

(40) H. W. Spiess and R. K. Sheline, J. Chem. Phys., 53, 3036
(1970).

(41) E. D. Swiger and J. D. Graybeal, J, Amer. Chem. Soc., 87,
1464 (1965),

(42) C. H. Townes and A. L. Schawlow, ‘‘Microwave Spectros-
copy,” McGraw-Hill, New York, N. Y., 1055, p 233.
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GeClg?™ where the first d shell has just been filled. Super-
imposed on this g-polarity trend will be the smaller effects
of 7 bonding.

Comparison of *>Cl nqr frequencies in GeCls®~ (19.61 MHz
in [(CH3)4N],GeCly) and SnClg%" (16.67 MHz in [(CH;),-
N1,SnClg) with those in SeClg?” (20.43 MHz in K,SeCl,,*
but from conclusions presented before,’® v,s¢yin [(CHz )4
N1,SeClg would be expected to be near 22 MHz) and Te-
Clg%™ (16.29 MHz in [(CH;)sN],TeClg)!! indicates that
there may be nonnegligible  character in the Ge-Cl bond
in GeClg*™ for the following reason. The vss¢in SnClg?”
is about the same as that found in TeClg?". The similar re-
sult is expected for v,, . in GeCls?" and SeCl42". However,
vssc1in GeClg?™ is substantially lower than in SeClg?” which
could result from greater 7 bonding in the Ge-Cl bond com-
pared to the Sn~Cl bond. Considerably less 7 bonding
would be expected in the Pb-Cl bond® so the resonance fre-
quency in PbClg?" should reflect the ¢ bond almost exclu-
sively.

The thermochemical results (Table IX) produce the trend
in M-Cl coordinate bond energy of Ge > Sn =Pb. Al-
though correlations between bond polarity and bond energy
are not expected to be straightforward, the relative bond
energies are compatible with the nqr trend of covalency.
Some 7 character along with greatest g-bond character in
the Ge-Cl bond will account for the higher bond energy ob-
served in GeClg?™ and this is also consistent with the nqr da-
ta. A lesser, but nonetheless observable, amount of 7 bond-
ing along with the least g-bond character in SnClg?” accounts
for the lower 35Cl nqr frequency in SnClg?™ compared to Pb-
Cls?, but because PbCls?™ appears to contain more ¢ char-
acter than SnClg?", the two would be expected to have simi-
lar bond energies as is observed.

The only electronegativity scale to which these experimen-
tal measurements are directly comparable is the optical scale®
and it places Xpy, > Xgn = Xge- Xpp IS alSo greater than xg,
OT X e OR most other scales. It is worthwhile to note that
the results found here do not support such a trend and sug-
gest that the concept of electronegativity may not be gener-
ally useful in the heavier group IVb elements.
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