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The heats of formation, crystal structure, lattice energies, and donor-acceptor bond energies for some N [MX4] salts (N 
= Na or Cs; M = A1 or Ga; X = C1 or Br) have been determined. The salts CsAIC14, CsGaClr, CsAIBr4, and CsGaBr4 
are all isomorphous with Bas04  (space group Pnma, four molecules per unit cell). Their heats of formation (AHf, salt 
(c)) are as follows: CsAIC14 (-292.0 kcal/mol), CsGaC14 (-252.0 kcal/mol), CsAIBr4 (-239.4 kcal/mol), and CsGaBr4 
(-203.4 kcal/mol). The lattice energies of these salts are: CsAIC14 (120 kcal/mol), CsGaC14 ( I  19 kcal/mol), CsAIBr4 
(1 15 kcal/mol), and CsGaBr4 (1 16 kcal/mol). The bond dissociation energies D(MX3-X-) for the four anions are: AICb-C1- 
(87 f 7 kcal/mol), GaCl3-Cl- (87 f 7 kcal/mol), AlBr3-Br- (80 f 7 kcal/mol), and GaBr3-Br (75 f 7 kcal/mol). There 
is apparently little difference in the donor-acceptor properties between these group 3 metal trihalides and the respective 
halide ligands. A new method of estimating donor-acceptor energies for MX3-X- has been developed using the fact that 
the tetraphenylarsonium salts are structurally isomorphous and have low lattice energies due to the large cation. The compounds 
[(C6Hs)4As]I and [ ( C ~ H S ) ~ A S ]  [GaCh] were used to calibrate the method and measurements on [(C6Hs)4As] [InC14] were 
used to derive a value for the bond dissociation energy D(InC13-CIk) = 98 f 10 kcal/mol. The method appears promising. 

Introduction 
Most of the studies of donor -acceptor bond energies are 

limited to complexes with no net charge because of the dif- 
ficulty of correcting for the lattice energy of ionic solids. With 
the help of digital computers these calculations can be made 
but they still are quite limited in application since crystal 
structures for all of the compounds must be known. The 
present paper reports some new results for chloride and 
bromide ion donor-acceptor energies with a series of group 
3 halides. In addition a method for avoiding the tedious 
calculations is proposed. The method is based on the fact that 
the tetraphenylarsonium salts of the group 3 tetrahalides have 
isomorphous crystal structures with very little variation in the 
lattice constants. The method must be calibrated with known 
compounds and this is reported in the present paper. 

The details of the experimental procedure have been de- 
scribed elsewhere192 so only a brief description will be given 
here. Final purification of all compounds was by zone melting. 
In addition, fractional freezing using an apparatus similar to 
that described by Gunn3 was used for purity determinations 
of the samples. Compounds were made by standard techniques. 
In all cases fractional freezing showed that the impurities were 
less than 0.2%. The quantitative analysis of all samples was 
satisfactory. Tetraphenylarsonium salts of the tetrachloro- 
gallate and tetrachloroindate ions were made by adding solid 
tetraphenylarsonium chloride to GaCb or I n c h  in concentrated 
hydrochloric acid forming the insoluble product. Satisfactory 
analyses were obtained for these compounds. 

A 250 ml dewar calorimeter194 and an LKB batch 
microcalorimeter5~6 were used in this study. 
Heats of Formation 

The results of the heat of solution measurements with the 
dewar calorimeter at 25' are given in Table I. The heats of 
solution of the alkali halides and group 3 halides are in 
reasonable agreement with literature values considering the 
differences in solvents used.1 From the heats of solution given 
in Table I, together with heats of formation of the alkali halides 
and group 3 halides taken from standard sources,7-10 the heats 
of formation of the crystalline alkali metal tetrahalides can 
be calculated. The results are also given in Table I. 

The heats of solution of the tetraphenylarsonium salts listed 
in Table I have a higher standard deviation because of the slow 
rate of solution for these salts (complete solution took from 

30 to 60 min). The heat of solution of tetraphenylarsonium 
tetrachlorogallate could not be measured directly since the rate 
of solution was even slower. Instead, the heat of solution of 
tetraphenylarsonium tetrachlorogallate in anhydrous aceto- 
nitrile was measured in the LKB batch microcalorimeter. The 
resulting solution was removed from the calorimeter and its 
heat of solution in 1.021 mol/l. HCl was measured in a dewar 
calorimeter. A third experiment measured the heat of solution 
of anhydrous acetonitrile into a solution of tetraphenylarsonium 
tetrachlorogallate in HC1 to produce the same final solution 
as obtained in the previous two experiments. Combining these 
results in a simple thermochemical cycle gives the heat of 
solution of the solid tetraphenylarsonium tetrachlorogallate 
in 1.02 mol/l. HCl. The resulting heat of solution for three 
separate experiments was 19.8 f 0.8 kcal/mol. 

Table I shows that the heat of solution measurements for 
cesium tetrabromoaluminate fall into two strikingly different 
classes-depending on the sample used. Samples I, IV, and V 
gave -66.7 f 0.4 kcal/mol while samples I1 and 111 gave -40.9 
f 0.5 kcal/mol. It is believed that the result for samples I, 
IV, and V is correct and that samples 11 and I11 contained 
excess cesium bromide. This choice of value is based on the 
fact that the analysis for sample 111 was not as good (calcd.: 
Al, 5.6; Br, 66.6. Found: Al, 5.4; Br, 64.9) and sample I1 was 
not analyzed. The phase diagram11>12 for the CsBr, AlBr3 
system shows a eutectic at 52.5% CsBr which could have 
formed if a slight excess of cesium bromide had been used in 
one of the samples. Further calculations of the bond energies 
using both results show that the values obtained from samples 
I1 and 111 do not fit in with the regular trend expected for the 
donor-acceptor bond energies.' 
Lattice Energy Calculations and 
Crystal Structures of NMX4 

The lattice energies were calculated by modification of the 
equation of Ladd and Lee.13 For salts of polyatomic anions 
this equation must be modified because the polyatomic anion 
is not a point charge but an array of point charges. This means 
the Madelung constant for separation of the anion from the 
cation is now a function of the cube root of the molecular 
volume (6).2 A second modification is necessary because we 
have expressed the Madelung constant as a function of 6 rather 
than ro, the nearest neighbor distance between the center of 
the anion and the center of the cation. The derivation of the 
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Table I. Heats of Solution of Various Substances at 25" 

Gearhart, Beck, and Wood 

I l___ll__ --_____ 
Amount: -VI roln, hll," ,f 

Subsldnce mmol Solve id  A'C kcaljmol kralimol 

CFCl(C) 

CsBr(c) 

41Cl,(c) 
GaC1, (c)  
AIBr,(c) 
GaBr,(c) 
Na AlCI, (c) 

NaGaCl,(c) 
CsGaCl,(c) 
NaAIBr,(c) 
CsAIBr,(c) 

NaCaBrJc) 
CsGaBr ,(e) 
[(C,H, ),AslI(c) 
[(C,H, ),As]InCl,(c) 

CsAICl,(c) 

4-7 
4-5 
7-9 
6-10 
0.8-2.4 
0.7-0.9 
0.6-1.9 
0.9-1.3 
0.6-1.4 
0.8-1.3 
0.9-1.3 
0.7-1.0 
0.3-0.6 
0.5-1.0 

0.5-0.8 
0.3-0.6 
0.2-0.4 
0.3-0.4 

0.103 mol/l. HC1 
1 02 mol/l. HCl 
0.092 mol/l. HBr 
1.01 mol/l. HBr 
0.103 mol/l. HC1 
1.02 mol/l. HC1 
0.092 mol/l. HBr 
1.01 mol/l. FIBr 
0.103 mol/l. HC1 
0.103 mol/l. HCI 
1.02 mol/l. HC1 
1.02 mol/l. HC1 
0.092 mol/l. HBr 
0.092 mol/l. HBr 

1.01 mol/l. HBr 
1.01 moi/l. HBr 
Water 
1.021 mol/l. HC1 

4 
3 
3 
3 
6 
5 

10 
5 

11 
8 
8 
8 
8 
8 
3 
8 
8 
3 
6 

4.22 (0)d 
4.06 (1) 
6.25 (0) 
5.89 (1) 

-78.6 ( I )  
-44.2 (2) 
--92.0 (2) 
-42.3 (1) 
-71.5 (2) 
-54.5 (1) 
-33.3 (1) 
-17.0 (1) 
-83.4 (1) 
-66.7 (4)' 
-40.9 (5)e 
-36.0 (0) 
-19.7 (1) 

6.9 (2) 
-2.2 (2) 

-272.5' 
-292.0 
-- 23 3.6 
-252.0 
-- 220.7 
-239.4 

- - I  84.8 
-203.4 

a Range of sample sizes used. 
Kumber of determinations. 

In all cases 250 g of solvent were used. The 250 ml dewar calorimetcr was used in all experiments. 

V gave -66.7 kcal/mol. Heat of formation calculated from the heals of solution and data from 
Wagman et ai.,' Rossini et al.,' and Coughlin" (AlC13). 8 Rossini et a1.* find AN; = -270.6 from the heats of solution measurements of 6.  
Baud,Ann. Ckim. Phys., 1, 8 (1904). 

'The number in parentheses is the average deviation of the last digit for all experiments. e Samples I,  I\', and 
Samples I1 and I11 gave -40.9 kcal. 

Table 11. Lattice Parameters of the Cesium Group 3 Tetrahalides 

Cs [GaCI, ] 11.66 7.16 9.4 i 
Cs[ AlCl,] 11.83 7.16 9.1Ja 
Cs [ GaBr, ] 12.15 7.48 9.88 
Cs [ AlBr ,] 12.18 7.50 9.89 

a Value calculated from cone-axis photogra.211; all other lattice 
parameter values obtained from zero-level precession photographs 
(!.I = 30°, h r= MOK~). The standard deviation of the lattice 
parameter measurements is estimated to be 0.2%. 

new equation involves differentiating the total lattice energy13 
with respect to 6 and setting this equal to zero at  the equi- 
librium interatomic distances. The result2 is that the repulsive 
energy at  0°K (U(GO'K)rep), is given by: 

UCOUI is the coulomb energy, L h 5  is the van der Waals energy, 
and p is usual repulsion exponens.4,13 

The lattice energies and van der !Waals sums were calculated 
by the method of Vd00d.~~,15 The derivative of the Madelung 
constant with respect to molar volume was calculated by 
varying the molar volume by a small amount and calculating 
the change in the Madelung constant. Calculations were 
performed for various charge distributions on the anions. The 
correct result was taken as the average of the results with 
chloride ion charges of 0, -0.2, and -1.0 electron. The van 
der Waals energies were calculated in the same way as before.4 
The van der Waals sum (St,) for the Ga--CI- interaction 
reported previously4 was found to be in error by a factor of 
10. (The correct sum is 241.3, not 24.13.) 

The Cs(MX4) salts, with M = Ga or A1 and X I- Cl or Br, 
all crystallize in the space group Pnma and are isomorphous 
with BaS04. The lattice parameters are given in Table 11. 
The intensity data for Cs(GaBr4) were obtained using an 
integrating Weissenberg camera with Mo radiation. For the 
Cs(GaC14) an integrating precession camera was used with 
Mo radiation. The film intensities were read with a densi- 
tometer. Appropriate absorption corrections were applied. For 
Cs(GaBr4), there were 131 observed and 66 systematically 
extinct reflections out of a total of 345 possible observations. 
The final structure gave an R for the observed reflections of 

Table III. Final Atomic Parameters foi Cs(GaBr,) 
Piactional Cooidinates 

_______.__I_ 

Atom XU Y b  Z 

c s  0.1810 (10) I / ,  0.173 (4) 

Br(1) -0.0925 (20) 0.575 (6) 
Br(2) 0.215 (20) 0 3 5 5  (7) 
Br(3) 0.0825 (9) 0.0054 (13) 0.825 (3) 

The estimated standard deviation of the last digit is given in 

0.692 (11) Ga 0.0677 (30) ' / R  

parentheses. 
fixed by symmetry. 

Table IV. Final Atomic Parameters for Cs(GaC1,) 
Fractional Coordinates 

T h e y  coordinates of Cs, Ga, Br ( l ) ,  and Br(2) are 

Atom X Y z 
c s  0.1800 (4) '/ 0.167 (1) 
Ga 0.0712 (7) '/.I 0.692 (1) 
Cl(1) -0.0920 (25) 0.584 (3) 

0.552 (2) Cl(2) 0.2140 (25) 
C1(3) 0.0805 (11) 0.0060 (18) 0.828 (I )  

21%. For Cs(GaCh), there were 399 observed and 83 sys- 
tematically extinct reflections out of 1001 possible observations. 
The final structure gave an R for observed reflections of 12.6%. 
The final fractional coordinates for the two structures are given 
in Tables I11 and IV. The details of the structure solution 
are reported elsewhere.* In the lattice energy calculations, 
it was assumed that the aluminum compounds had the same 
fractional coordinates as their gallium analogs The final values 
of the coulombic, van der aals, repulsion, and total lattice 
energies are reported in Table V for various charge distributions 
on the anion. The best value is taken as the average of the 
values for the three charge distributions. The heat of formation 
of the gaseous anion is calculated in the usual way4 and the 
results are given in Table VI. From thk, the donor-acceptor 
bond energy for the gaseous anion is calculated and the results 
are given in Table VI1 together with values from previous 
studies. The estimated accuracy of the donor-acceptor bond 

~ ~ t r ~ ~ ~ e ~ y ~ ~ r s ~ ~ ~ ~ ~  Salts 
Because of the tedious nature of the previous calculations, 

and the fact that crystal structures need to be determined for 
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Table V. Lattice Energies I I I I I I I I I I 

- 

- 

" ' I ' I I I I '  

sal t  ea u c o d b  uvdw urep uzc Utotal 
Na(AlC1,) -1 -147.32 -14.0 +18.86 +1.0 -141.5 

-0.2 -133.40 +18.33 
0 -132.73 +17.54 

Ga(GaC1,) -1 -131.45 -18.5 +23.57 
-0.2 -127.46 +19.84 

0 -124.86 +19.67 
Cs(GaC1,) -1 -116.23 -20.2 +20.41 

-0.2 -119.74 +17.81 
0 -119.44 +17.42 

CS(AlC1,) -1 -117.08 -20.4 +20.72 
-0.2 -120.32 +17.73 

0 -120.13 +17.47 
CdGaBr,) -1 -111.82 -20.6 +19.21 

-0.2 -114.49 +16.79 
0 -114.11 +16.43 

Cs(AlBr,) -1 -111.62 -20.0 +18.78 
-0.2 -114.25 +16.37 

0 -113.87 +16.12 

-128.1 
-129.2 
-125.3 
-126.1 
-123.6 
-115.0 
-121.1 
-121.2 
-115.7 
-122.0 
-122.1 
-112.2 
-117.3 
-117.2 
-111.8 
-116.8 
-116.7 

a e is the charge on the halide ion. 
in kcal/mol and are calculated at  0°K. 
energy.* 

each new compound, an approximate method of obtaining 
donor-acceptor bond energies was developed.2 The method 
uses a simple thermochemical cycle involving heats of solution 
and heats of hydration. The resulting equation is 

All energies are expressed 
Estimated zero point 

[Affh(M+) - v] = Affs(MX) - M h ( x - )  (2) 
where U is the lattice energy of the salt MX, AHh(M+) and 
AHh(x-) are the heats of hydration of the M+ and X- ions, 
and AHs(MX) is the heat of solution of MX(c) in water. For 
a series of salts with a common cation, the left side of eq 2 
will vary as the lattice energy (approximately linearly as l/@. 
Thus, if the right side of eq 2 is plotted vs. 1 /6  for a series of 
known compounds the resulting graph will be a slightly curved 
line. To obtain the heat of hydration of a new cation all that 
is needed is to measure the heat of solution of the salt of that 
ion and its molecular volume. The calibration graph gives the 
left side of eq 1. The heat of solution is known so the heat 
of hydration of the anion is found. This leads by simple 
thermochemistry2 to the heat of formation of the gas phase 
ion and to other quantities of interest. In order for this method 
to achieve any accuracy the compounds should be structurally 
isomorphous so that the lattice energy varies smoothly with 
1/6. In addition, it is helpful if the lattice energy is rather 
small and does not vary greatly as the size of the anion changes. 
The tetraphenylarsonium salts meet these criteria. The 
tetraphenylarsonium cation forms a number of structurally 
isomorphous M X c  salts (including the group 3 tetrahalides) 
and the large size of the cation lowers both the lattice energy 
of the salts and the change in the lattice constants with the 
size of the ions. Precession photographs of all of the tetra- 
phenylarsonium salts showed that they belonged to space group 
Z4. Mooneyl6 determined the crystal structure of tetra- 
phenylarsonium iodide and Zaslow and Rundle17 determined 
the crystal structure of tetraphenylarsonium tetrachloroferrate 
(space group 14 with A = 13.16 A and C = 7.15 A). These 
two salts are isomorphous with a F e C L  ion replacing a I- ion 
in the lattice. It seems safe to assume that all of the tetra- 

Table VI. The Heat of Formation of the Gaseous Mx,- Ion and the Values Comprising It 

Salt U(6 N f  ,salt(c) usub(N) IP(N) Nf [ hlX, 1 - (8) 
Na(AlC1,) 133 -272.5 +26.0 +120.0 -286 f I 
Ga(GaC1,) 125 -168.2 +66.2 +139.8 -249 * 7 
Cs(GaC1,) 119 -252.0 +18.8 +91.3 -243 * 7 
Cs(AlC1,) 120 -292.0 -282 7 
Cs(GaBr,) 116 -203.4 -198 f 7 
Cs(A1Br 4)  115 -239.4 -235 * I 

a All energies are expressed in kcal/mol. Except for U, all values are at 25". 
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Table VII. The Heat of Dissociation of the MX,-X- Bond and 
the Values Comprising It 

AHf" MfO 
MX, (MX,(g)) (X-(g)) AHf" (MX-,(g)) DMX,-X-' 

GaC1, -107.0 -51.7 -249,b -243' 85,b 79' 
AICl, -139.4 -286,d -282' 8 9 9  85' 

AlBr, -101.6 -235' 80' 
GaBr, -70 -53.0 -19@ 75' 

' All heats are expressed in kcal/mol. Value calculated from 
Ga[GaCl,]. Value calculated from respective Cs salt; Value 
calculated from Na(AIC1,). 

Table VIII. Lattice Parameters of (Ph,As)(M'X,) 
Salts (M' = Ga and In) 

Salt a0 co 

(Ph, As)(GaCI, )' 13.156 (4) 7.163 (3) 
(Ph,As)(InCl,)' 13.267 (4) 7.192 (3) 
(Ph, As) I 12.15 (3) 6.88 (3) 

Parameters of D. E. Scaife,Aust. J. Chem., 23, 2205 (1970). 
Zero layer precession photographs gave similar but less accurate 
values. All values are in hgstr6ms. From several zero layer 
precession photographs of two different crystals. Mooney16 
found 12.194 and 7.085. There is evidently an error in the value 
for c. 

encouraging. The estimated accuracy of any one value is about 
7 kcal/mol and all of the different results are closer together 
than this error estimate. 

One of the most common methods of estimating lattice 
energy is to use Kapustinskii's equation19 as modified by 
Yatsimirskii.20 This method can be checked using the present 
data. Table IX gives values of the thermochemicai radius 
necessary to give the correct lattice energy in the Kapus- 
tinski-Yatsimirskii equation together with the crystallographic 
radius and the thermochemical radius estimated in the usual 
manner: that is, from a knowledge of the heats of solution 
of salts with different cations. The results show that the 
equation gives useful results when not enough data are available 
for more sophisticated calculations. 

A comparison of the donor-acceptor bond energies cal- 
culated in this work with donor-acceptor bond energies for 
a wide variety of neutral ligand$-27 indicates that the halide 
ions form much stronger donor-acceptor bonds than a wide 
variety of ethers, thioethers, esters, and amines. Toward the 
halide ions aluminum chloride is a slightly stronger acid than 
gallium chloride. Substituting bromide ion for chloride ion 
slightly decreases the donor-acceptor bond energy. The present 
results for halide donors are consistent with these trends. 

The way in which the values for indium trihalides fit into 
these trends is not clear. Greenwood, Perkins and 
Twentyman28 found the order of decreasing acidity AI > Ga 
> In for the ( C ~ H S ) ~ M  adducts with pyridine. In contrast 
to this the present results indicate that there is not a great 
difference in donor-acceptor bond energies of AlC13, GaC13, 
and TnC13 toward the chloride ion (87 f 7 ,  82 f 7 ,  and 98 
f 10 kcal/moi) but that I n c h  is probably a slightly better 
acid toward CI- than either AICh or GaCI3. Greenwood and 
Prince found evidence that the acidity of the indium trihalides 
is insensitive to the halogen atom involved29 and this is what 
has been found for the aluminum and gallium compounds. 

Table IX. Thermochemical Radii of MX,- Ions 

"Thermochemical 
radii" 

Salt r , ,  A V ( S  r - ,  ~a Y-, ~b y., A' 
Na[AlCI,] 0.95 132.7 3.94 3.17 3.14 
Ga[GaCl,] 1.13 126.5 4.00 3.23 3.00 
Cs[GaCl,] 1.69 118.9 3.96 2.98 3.00 
Cs[ GaBr,] 115.4 4.21 3.15 3.02 
Cs[ AICI, 1 119.7 3.95 2.95 3.14 
Cs[ AlBr, ] 115.0 4.21 3.16 3.03 

' These radii are calculated assuming that the radius is the sum 
of the M-X bond length plus the radius of the X- ion. 
chemical radius necessary to  give the correct lattice energy. 

the heats of solution of the sodium and cesium salts. 

Thermo- 

Thermochemical radius estimated by Beck' from a knowledge of. 
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