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TABLE I 
POSITIONS AND OSCILLATOR STRENGTHS OF PROMINENT VISIBLE 
AND NEAR-IR POLARIZED BANDS OF(( CsHs)J’)gZn(Co)Clz at 77°K 

Polarization Assignment 
8, cm-1 parallel to 1 0 y  (see Figure 1) 

6,400 n 3 . 9  4B1 or 4Rz 
8,000 b 1 . 2  “Be 

10,700 C 4 . 2  4B1 or 4B2 

13,550 C 4 . 8  4B1 or 4Bz 
15,750 11 3 6  4 A ~  
16,555) 

n 9 1  or 
;: : :i:l 
17,065 

18,315 

In  tetrahedral symmetry the 4A2 level is the ground 
state and undoubtedly remains so in ((C6He)3P)2CoC12. 
Transitions are therefore expected from the 4A2 level 
to the low-symmetry components of the 4T2(F), 4Tl(F), 
and 4T1(P) excited levels. Absorptions involving 4Az 
+ 4T2 are generally not observed however as they 
occur in the infrared region a t  -3000-4000 cm-I and 
are masked by molecular vibrations. Transitions 
to the 4T1(F) and ITl(P) levels are commonly ob- 
served and in Czv symmetry should be governed by 
the selection rules shown in Table 11. 

TABLE I1 
POLARIZATION BEHAVIOR FOR Czv SYMMETRY 

4Ap 4 4B2 Allowed x 
4A2 -+ 4B1 Allowed y 
4Az + 4A2 Allowed z 

Transition Polarization 

In  Figure 1 we see displayed a series of absorption 
bands spanning -14,000 cm-l. The lowest three 
absorptions a t  6400, 8000, and 10,700 cm-l are as- 
signed to transitions arising from excitations from the 
ground 4A2 state to low-symmetry components of the 
4T1(F) level. The upper, more intense grouping of 
three absorptions is assigned to the IT1(P) parent. 

Using the selection rules in Table I1 we may uniquely 
assign the / / b  (112) bands in Figure 1 as 4Az + 4Az 
transitions, while the Ila and Ijc absorptions are 4Az 
+ 4B1, 4Bz, depending on the choice of x and y axes. 

The only absorption exhibiting any significant degree 
of fine structure is the band at -16,700 em-?. It ap- 
pears that  a vibrational mode of -250 cm-I is active 
here. What appears to be an intermingling of spin- 
orbit components, spin-forbidden transitions, and 
vibrational fine structure precludes any very accurate 
determination of the frequency of the vibrational mode 
in question. 

A point of importance is the broad region over which 
the absorption spectrum of ((C6H5)3P)2CoClz is spread. 
Typically for “tetrahedral” cobalt(I1) complexes, 
one finds the 4A2 -+ 4Tl(F) transition occurring in the 
4000-7000-cm-1 region with a band breadth of -3000 
cm-’. The 4A1 + (T1(P) then occurs in the 15,000- 

20,000-cm-’ region with a similar band width. 
For ((CeH5)3P)&oC12, we see that the absorption 
maxima are distributed over some 13,000 crn-l without 
the typical gap between the 4T1(F) and 4T1(P) levels. 
This is indicative of a rather large modification of the 
electronic structurc of the Co(T1) ion upon the intro- 
duction of two sets of dissimilar ligands. This is in 
contrast to the results found for high-spin five-co- 
ordinate cobalt(I1) complexes1’ and high-spin six- 
coordinate complexes. l8 

Turning our attention to Figure 2, we immediately 
observe two things. (I)  The solution and mull 
spectra are not isomorphic. This indicates that i t  is 
likely that the species ( ( C ~ H ~ ) ~ P ) & O C I ~  is not present 
in solution. (2) On the basis of the mull spec- 
trum, were the structure not known in detail, i t  would 
be possible to propose a distorted octahedral struc- 
ture for this c o m p o ~ n d . ~  This is not to say that  
polarized absorption spectra will allow one to assign 
a structure. Certainly optical measurements using 
polarized radiation are useless without a detailed struc- 
tural analysis. The strength of the polarized mea- 
surement does lie in the fact that  we may obtain a 
reasonable ordering of the energy levels based upon 
our experiment. This, of course, is impossible with 
mull or solution spectra. 
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(17) 2. Dori and H. B. Gray, Inovg. Chem., 7, 889 (1968). 
(18) C. K. J@rgensen, Acta Chem. Scand., 9, 1362 (1967). 

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 
32306 THE FLORIDA STATE UNIVERSITY, TALLAHASSEE, FLORIDA 

Thermodynamics of the Mercaptopropionate 
Complexes of the Lanthanides 

BY GREGORY R. CHOPPIN AND LUIS A. MARTIXEZ-PEREZ 

Received June 28,1968 

A large number of complexing systems of lanthanide 
ions with several ligands have been studied previously. 
The earlier studies emphasized large complex systems 
such as the aminopolycarboxylate cornp1exes.l - 3  In  
the past few years, a number of simple ligands have been 
in~es t iga ted .~-~  This study presents the results ob- 
tained for the cr- and P-mercaptopropionate complexes 
of the lanthanide ions. 

Experimental Section 
Reagents and Apparatus.-Stock solutions of the lanthanide 

perchlorates were prepared by dissolving a given amount of the 
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(6) G. R. Choppin and A. J. Graffeo, ibid., 4 ,  1254 (1965). 
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oxide (Lindsay Chemical Co., 99.99%) in concentrated perchloric 
acid. The excess acid was evaporated under a heat lamp. The 
stock solutions w.ere then adjusted to pH 3. The concentrations 
of the stock solutions were determined by passing a given amount 
of the stock solutions through a hydrogen-form cation-exchange 
resin (Dowex 50) and titrating the liberated acid with carbonate- 
free sodium hydroxide. Working solutions of 2.00 M ionic 
strength were prepared using KaC104.8 
a- and P-mercaptopropionate buffer solutions were prepared 

from reagent grade solutions (K & K Laboratories, Inc.). 
These were made and standardized following the method used 
earlier 

The calorimeter used was designed in our laboratories and is 
similar t o  that  used by Schlyter.s The niodifications are pre- 
sented This calorimeter makes possible the simul- 
taneous determination of the stability constants and the heats of 
formation of a given complex. The pH-measuring system con- 
sisted of a Beckman Research pH meter, Model 1019, and a 
combination electrode (A. J .  Thomas and Co.). The remainder 
of the apparatus was used for the determination of the heats of 
complexation as described earlier .' 

Results and Discussion 
All studies were carried out in a medium of 2.00 M 

ionic strength, dilute with respect to the reacting 
species. The thermodynamic values are, therefore, 
related to a standard state where the solvent medium 
is 2.00 M (NaC104). 

The pH and enthalpy datalo were treated as described 
earlier7 using the CDC 6400 computer of The Florida 
State University Computer Center. Table I lists 
the stability constants, enthalpies, and entropies for the 
reaction 

Ln3-(aq) + X-(aq) = LnXZ+(aq) 

Only the parameters for the monoligand complex 
are reported owing to the magnitude of the error limits 
for subsequent complexes. The estimated values for 
KP, AH2, and AS2 are of the order of 10, 1.6 kcal mol-l, 
and 10 eu, respectively, for the /3-mercaptopropionate 
complexes and 2, 1.0 kcal mol-l, and 9 eu, respectively, 
for the a-mercaptopropionate complexes. The error 
limits in Table I represent the standard deviation from 
the mean of three to five titrations of each metal- 
ligand combination. 

The values reported here for the stability constants 
are not in good agreement with those reported earlier 
from this laboratory, l1 particularly for the /3-mercapto- 
propionate system. Attempts to understand the origin 
of this disagreement have been fruitless. However, 
since the later data were thoroughly rechecked many 
times in light of the discrepancy, we conclude they are 
the correct values. The values of AH1 and AS1 of 
both mercaptopropionate systems are quite similar 
to those of the monodentate propionate complexes 
measured under the same experimental conditions.G 
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ber and remitting 13.00 for a photocopy, or $1.00 for a microfiche copy. Ad- 
vance payment is required. Make checks or money orders payable to: 
ASIS-NAPS. 
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Ion 

La 
Ce 
Pr 
Nd 
Sm 
Eu  
Gd 
T b  
DY 
Ho 
Er 
Tm 
T b  
Lu 
Y 

La 
Ce 
Pr 
Nd 
Sm 
Eu  
Gd 
T b  
D s 
Ho 
Er 
T m  
Y b  
Lu 
I' 

TABLE I 
TIIERMODYSAMIC PARAXETEKS 

AHL, A S i ,  
cal deg-1 mol-1 K1 kcal mol -1  

a-Mercaptopropionate Complexes 
1 7 1  5 2.64 i 0.37 1 3 . 6 1  1.9 

14.1 rt 0.8  23 f 3 
13.4 =t 0 . 9  78 f 5 

8 5 f  5 1.34 & 0.09 13.1 f 0 .1  
l l 6 f  5 0.98 2Z 0.23 12.3 f 1 . 4  
100 f 8 1.21 -L- 0.13 13.2 i 0 . 1  
5 6 i  4 1.77i 0.15  13.3 rt 0.1 
4 5 f  4 1 .57 4 0.20 11.6 f 0.8 

12.7 i 0.9  38f 2 
3 4 1  8 1.87 i 0.07 13 .3  f 0 . 2  
3 4 1  8 2.45 f 0.33 15.1 f 1 . 4  
3 0 1 9  2.56 i 0.67 14 .8  1 3.5  
2 7 f  6 3.19 i. 0.22 17.2 1.1 
3 2 f  1 1.66 4 0.14 12.4 f 0 . 3  

12.0 f 0 . 9  5 0 1  6 1.34 i 0.09 

2.31 3z 0.22 
1.42 i: 0.24 

1 .73  4 0.23 

p-Mercaptopropionate Complexes 
3 5 f  6 2 . 6 4 2 ~  0.31 15.8 2~ 1.3 
37 f 4 2.39 4 0.17 15.3 i 0 . 5  
37 f 6 2 . 5 9 f  0.19 15 .6  i 0 . 5  
5 5 4  2 2.45 i 0.60 16.2 f 1 . 7  
55f  2 1.73 1 0.33 13.7 f 0 .1  

15.2 f 0.3 44 i 3 
51 f 5 2.59 f 0.17 16 .5  i 0 . 7  
42 1 3 2.93 f 0.15 17.2 Ilt 0.4 
40 1 2 3.54 f 0.35 19.2 f 1.1 
29 f 2 3.23 f 0.07 17.8 f 0.5  
26 & 1 4.77 i 0.20 22.9 f 1 . 0  
2 5 1 3  4.71 f 0.73 22.1 f 2.2 
27 zt 4 3 .98  f 0.22 20.1 4 0 . 7  
31 f 6 4.87 i 0.61 2 2 . 8 f  2 .2  
3 2 i  1 5.04 f 0.71 23.7 f 2 . 3  

2.20 i 0.04 

Moreover, they differ significantly from those of the 
lactate chelates.' This is taken as evidence that these 
ligands function as monodentates with the lanthanide 
cations. The strong preference of the lanthanide ions 
for oxygen rather than nitrogen or sulfur is again ob- 
vious in these results. It has been suggested pre- 
viously8 that the p-mercaptopropionate complexec 
might be weak chelates but this is no longer tenable. 

The variation of AH and A S  with lanthanide atomic 
number for these latter co rnp lexe~ ,~~~  as well as for many 
 other^,^ has been related to the difference in hydration 
sphere between the lighter (La and Nd) and heavier 
(Dy to Lu) lanthanides. The similarity in the varia- 
tion of the enthalpy and entropy curves with atomic 
number for the mercaptopropionate complexes to those 
for the propionate and lactate complexes indicate a 
similar explanation. 

Models of the monomercaptopropionate complexes 
were built using Leybold atom models (LaPine Scien- 
tific Co.). In  the case of the a-mercaptopropionate, 
the movement of the hydrocarbon chain portion of the 
complex was hindered by the position of the mercapto 
group in the middle of this chain. For the /3-mercap- 
topropionates less steric hindrance was found since 
the mercapto group is at the end of the hydrocarbon 
chain. The result of this group in the p position 
could, then, be a larger disruption of the water struc- 
ture around the 0-mercaptopropionate complex. Such 
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a disruption of the water around the complex would 
account for the higher entropies and more endothermic 
enthalpies of the P-mercaptopropionate complexes 
compared to their a analogs. 
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The observation2-6 of large proton chemical shifts for 
diamagnetic cations in the presence of certain paramag- 
netic anions is perhaps the most sensitive technique for 
detecting ion pairing or aggregation in solution. These 
shifts (resonance frequency displacements from their 
diamagnetic positions) result from a dipolar interaction 

Its  value depends on the relative magnitudes* of the 
Zeeman anisotropy energy, the correlation time for 
tumbling in solution, and the electron spin-lattice re- 
laxation time. The final factor in eq 1 is known as the 
geometric factor. x is the angle made by a vector from 
the paramagnetic ion to the nucleus in question with 
the principal ligand field axis; R is the length of this 
vector. Very likely equations of similar form holds for 
the present tetrahedral d7 and ds systems. Thus far, 
dipolar shifts related to ion pairing have been observed 
for only symmetric cations : tetraalkylammonium 
 ion^^-^ and the tetraphenylarsonium No 
studies wherein the anion size has been varied for re- 
lated species have been reported. The present investi- 
gation deals with complexes of the type [CdHg(C6- 
H5)3P][M(C6H5)3PX3] (M = Co, Ni; X = Br, I), involv- 
ing an unsymmetrical cation and related anions of differ- 
ing size. 

Preparation of Complexes.-The complexes were 
prepared by the following general procedure. Equi- 
molar quantities of butyltriphenylphosphonium halide 
and triphenylphosphine were dissolved in hot butanol 
and added to a hot, filtered solution of anhydrous metal 
halide in the same solvent. The resulting crystals were 
washed with butanol and ether and recrystallized. 
Analytical and other pertinent data are listed in 
Table I .  

Pmr Results and Discussion.-The cation pmr spec- 
tra for the Co(C6H5)3PBr3- and Ni(C6H5)3PBr3- salts 
along with that  of diamagnetic [C&I9(C6H&P] [Br] are 
shown in Figure 1. The cation phenyl proton dipolar 

TABLE I 
ANALYTICAL” AND SYNTHETIC DATA 

I- Analyses, %-------- 
e--Calcd- -Found- 

Compound C H C H Recrystallized from MP, ‘C Color 
(C4HQ)(C6H5),P] [ C O ( C ~ H ~ ) ~ P B ~ ~ ]  54.57 4.47 54.27 4 .65  Nitromethane-ether 188-188.5 Blue 
( C ~ H Q ) ( C ~ H ~ ) ~ P ]  [Ni(C~H5)3PBr31 54.59 4.47 54.03 4.44 Butanol 182.5-183.5 Green 
(C4HQ)(C6H5)3P] [Co(CeH;)3PIa] 47.04 3 .85  47.17 3 .97  Chloroform-ethyl acetate 168-169 Dark green 
(CaH9)(C6Hs)3P] [Ni(CsH6)3PI3]* 47.05 3 .85  46.88 4.03 Xitromethane-ether 160 Green 

a Galbraith Laboratories, Knoxville, Tenn. The reaction solvent has 3 : 1 butanol-ethyl acetate. 

between the unpaired electron spin and the nuclear spin 
and generally occur when one of the ions in the ion pair 
exhibits significant magnetic anisotropy and there is a 
preferred orientation of the partners. a Dipolar shifts 
AVD for axially symmetric octahedral cobalt(I1) sys- 
tems are given bye-s 

AVD = - [p2vs’(S’ 4- 1)/3bT] [f(g)]((3 COS’ x - l ) /P ) l lv  
(1) 

where 3’ is the effective spin quantum number and 
f(g) is a function of the g values and g-tensor anisotropy. 
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shifts, together with their widths a t  half-height, are 
given in Table 11. The cation phenyl proton reso- 
nances are shifted upfield for the cobalt and downfield 
for the nickel complexes owing to the opposite senses of 
the magnetic anisotropies in the two cases. The cation 
phenyl resonances of [C*Hg (CeH,) aP ] [Ni( GH5)  3P13] 
were not resolved and will not be considered further. 
The butyl proton resonances (Figure 1) are shifted in 
the same sense as the phenyl resonances, but the indi- 
vidual methyl and methylene peaks are not as well re- 
solved as they were for the (C4H9)4Nf Sa lk2  The res- 
onances observed for the anion triphenylphosphine pro- 
tons correspond very well with those reported for the 
M(C6H5)3P13- ions in salts of other  cation^.^^^ 

Estimates of interionic distances can, in principle a t  
least, be made from observed dipolar shifts or shift 
ratios (eq 1). Such estimates have been made5pe for 
interionic distances between Co(CeH&PIa- and the 

(9) G. N. La Mar, ibid., 48, 235 (1986). 


