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Conclusions 
The complete single-crystal ESR and susceptibility tensors 

of this series of four low-spin, planar cobalt(I1) complexes, 
together with solution absorption spectra in the near-IR and 
visible regions have been reported in this and the earlier paper.3 
All data have been quantitatively reproduced within a common 
framework, the ligand field being parameterized within an 
orbital energy scheme appropriate to DZh symmetry, or the 
angular overlap model in the true geometry augmented by a 
stabilization of the dZ2 function by interaction with a metal 
s function. 

and to trends along the series of particular concern to the role 
of the a-methyl hydrogen blocking groups. The conclusions 
of central chemical concern are (i) the ?r-acid role of the 
phosphine ligands in these systems, possibly via d?r-d?r 
bonding, evidenced by both aom e,  parameters and a much 
enhanced nephelauxetic effect, (ii) the extent of d-s config- 
urational mixing in the system, depressing the dZz orbital by 
several thousand wavenumbers, and (iii) the indication of an 
indirect role for the blocking hydrogen atoms, in the mesityl 
and a-methylnaphthyl derivatives, in augmenting the d-s 
mixing process. 

Approximate orbital diagrams throughout the series are 
compared in Figure 8. The theoretical treatment of the 
results, while qualitatively confirming the conclusions of the 
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earlier doublet-restricted model, indicates the need for the 
present complete d7 configurational basis, especially with re- 
spect to our conclusions relating to the nephelauxetic effect 
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Mass spectra, ionization energies, fragmentation energies, ionic and neutral dissociation energies, and heats of formation 
for the title compounds are measured and compared. Substitution of CS for C O  in going from M(CO)6 to M(CO)&S 
results in (a) a slight modification of the mass spectra, if only the M(CO),CS+ and M+ ions are considered, (b) a lowering 
of the ionization energies by 0.1-0.4 eV, (c) a reduction of approximately 0.1 eV in the average M-CO bond energies in 
both the molecule and the molecular ion, and (d) a reduction of 3.0 A 0.3 eV in the heats of formation of the molecules. 
Within each molecule or molecular ion the M-CS bond is stronger than the M-CO bonds by 1.5-2.0 eV. Both the M-CS 
and the M-CO bonds increase in strength in going from Cr  to Mo to W. Comparison of calorimetric and mass spectrometric 
data for M(CO)6 indicates that each neutral C O  fragment leaves the ionization site in its first vibrationally excited state. 

Introduction 
During the past decade there has been considerable ex- 

perimental and theoretical interest in transition-metal thio- 
carbonyl c~mplexes.l-~ Particular emphasis has been placed 
upon comparing the strengths of the M-CO and M-CS bonds. 
As a result the group 6B metal pentacarbonyl thiocarbonyls, 
M(CO)JX,  have received much attention recently. The 
preparation and chemistry of these compounds have been 
des~ribed.~'  These studies reveal that CS forms a more stable 
M-C bond than does CO, activates the metal atom toward 
CO substitution (particularly in the trans position), and un- 
dergoes electrophilic addition and nucleophilic attack more 
readily than does CO. These conclusions are supported by 
matrix isolation studies of vibrational spectra,1° and 
theoretical calculations.",'* 

In this paper we report the mass spectra, ionization energies, 
and heats of formation of the group 6B hexacarbonyls and 
pentacarbonyl thiocarbonyls. We also compare quantitatively 
the M-CO and M-CS bond energies in the pentacarbonyl 
thiocarbonyls. In the remainder of this paper, pentacarbonyl 
thiocarbonyl will be shortened to thiocarbonyl. 
Experimental Section 

The metal carbonyls were obtained from Alfa Inorganics, Inc., 
Beverly, MA, and were used without further purification. The 
thiocarbonyls were kindly provided by B. D. Dombek (Iowa State 
University, Ames, IA). Hexacarbonyl impurities in the chromium 
and tungsten thiocarbonyls were removed via preparative gas chro- 

m a t o g r a p h ~ ~  to yield a product >99.9% pure. The molybdenum 
compound is not sufficiently stable to be purified by this method and 
was used without further purification. The presence of 30-40% 
M o ( C O ) ~  impurity precluded obtaining experimental data for Mo- 

The mass spectrometer used for this research has been described 
previo~sly. '~  The instrument consists of two 15-cm radius, 60° 
magnetic sectors in a horizontal plane. Positive and negative ions 
are obtained simultaneously from a single electron beam. The positive 
ions are extracted, accelerated, mass analyzed, and detected in one 
direction and the negative ions in the opposite direction. The ion source 
is a t  ground potential, and the analyzer tubes and collectors are a t  
f2000 V. The ionizing electron current of 8 pA is confined by a 
magnetic field of 110 G. The nominal mass range is 1-350 and a 
1Wo valley is achieved at  mass 350. Ions are detected by a magnetic 

(CO)," ( n  = 0-5). 
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Table I. M a s  Spectra of the Group 6B Hexacarbonyls and 
Pentacarbonpl Thiocarbonyl? (Percent Total Ions) 

Michels, Flesch, and Svec 

Ionization Energies. Values determined for the ionization 
energies (Z's) of the hexacarbonyls and thiocarbonyls studied 
are listed in the first two rows of Table 11. These values are, 
on the average, 0.02 f 0.08 eV higher than the corresponding 
photoelectron values,12,21 indicating that good-quality mea- 
surements have been made. The Z's of the thiocarbonyls av- 
erage about 0.3 eV lower than those for the respective hexa- 
carbonyls. This correlates well with empirical evidence22 that 
substitution of a ligand in a metal carbonyl complex with one 
having a lower Z will decrease the Z of the resulting complex 
by 10-20% of the difference [Z(CO) - Z(CS) = 2.67 eV; 
0.3/2.67 = 11%]. Within the framework of previous stud- 
ies23,24 that relate this change in Z to the relative a-donor and 
7r-receptor abilities of the ligand, these results suggest that CS 
is a stronger a donor than CO. Although theoretical calcu- 
lations12 confirm that CS is a stronger a donor than CO, the 
lower I's in the thiocarbonyls were shown to be a consequence 
of donation from CS 7r-bonding orbitals rather than from the 
a orbitals. 

In addition to yielding qualitative insights into the nature 
of the bonding within these complexes, the Ps  provide valuable 
information seldom used in bonding studies. Consider that 
the formation of M+ from M(CO), may occur by two path- 
ways: 

M = Cr M = M o  M = W  
ion hex thio hex thio hex thio 

12 13 14 
15 14 13  

1 2 2 
1 2 6 

1 4 15 1 
3 13  14 

2 28 30 1 
11  22 26 

22 1 19 14 3 
19 11 14 

31 5 18 3 15 2 
23 19 15 

32 20 16 10 9 6 

electron multiplier (Bendix Corp. Model M-3 10). Currents from this 
device are  measured by a battery-operated electrometer amplifier 
(Keithley Model 601) whose 0-1-V output is referenced to ground 
through a unity-gain isolation am~1if ie r . l~  

The mass spectrometer was modified15 to allow computer control 
(PDP12, Digital Equipment Corp.) of the instrument during the 
acquisition and processing of ionization efficiency (IE) data. The 
IE data were acquired at 0.05-eV intervals in the 2-V energy range 
immediately above the onset energy. The data were interpolated to 
0.01-eV intervals. Then electron energy values E,  (n = 1, 2, ..., 15) 
were found such that I E J I E ,  = n and E I 5  - E ,  = 1.5 eV, where I E n  
is the ion current measured at E,. The energy values E,  (n = 3, 4, 
..., 15) were used to calculate voltage differences, AE,, to be used 
in extrapolated voltage difference (EVD) plots.'6 The voltage intercept 
was determined from the least-squares line through the 13 data points. 
Each intercept was determined from data collected on at least three 
different days. Xenon was used as the calibrant gas to determine the 
ionization energy of each compound. In ensuing appearance energy 
determinations, data for the molecular ion were used as the standard 
for the EVD calculations. All of the data processing was performed 
automatically by the computer. The printout consisted of the 15 values 
for AE, and the EVD intercept. Plots of AEn vs. n could also be 
printed. 

Results and Discussion 
Mass Spectra. Mass spectra for the six compounds were 

obtained by using 50-eV electrons. The data as percent of total 
ions are presented in Table I .  The spectrum for Mo(CO),CS 
is corrected for the Mo(CO), impurity on the basis of the 
abundance of the Mo(CO), observed and the previously de- 
termined mass spectrum of Mo(CO),. 

The mass spectra of the hexacarbonyls reported here are 
in good agreement with those reported 
Substitution of CS for CO in going from M(CO)6 to M- 
(CO)5CS results in only a slight modification of the spectra, 
if only the M(CO),CS+ and M+ ions are considered. The 
other ions, M(CO),+, account for less than 10% of the total 
ions. Thus the probability of loss of a particular number of 
carbonyl ligands during the fragmentation of M(CO)$S is 
about the same as that for M(CO),. The low probability of 
the loss of CS is indicative that CS is bound more strongly 
to the metal than is CO. However, conclusions about the 
strengths of bonds based solely on mass spectra should be 
regarded with caution. Conclusive evidence can be obtained 
only from the energetics of the fragmentation processes. 
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It follows that 
z[M(CO),] - I(M) = 6B(M-CO) - 6D(M+-CO) ( 2 )  

where D(M-CO) and D(M+-CO) are the average bond dis- 
sociation energies in the molecule and molecular ion, respec- 
tively. Thus the difference between the Z's of the molecule 
and the central metal atom is equal to the difference between 
the total energies of the M-C bonds in the molecule and in 
the molecular ion. This source of bonding information is 
particularly useful in the quantitative evaluation of neutral 
bond energies from mass spectrometric data, since Z's deter- 
mined by electron impact are usually accurate to f0.1 eV. 
Such information will be used later when bond dissociation 
energies are discussed. 

Appearance Energies. When the molecular ion is used as 
the energy reference in the EVD determination of the ap- 
pearance energy ( A )  of a fragment ion, the energy difference 
which is determined is really a fragmentation energy. For 
example, in the determination of A[M(CO),+] the IE data 
compared are those for the reactions 

(3) 

(4) 

M(CO), + e- - M(CO),+ + 2e- 

M(CO)6 + e- - M(CO),+ + (6 - n)CO + 2e- 
The energy difference is that for the reaction 

M(CO),+ - M(CO),+ + (6 - n)CO ( 5 )  
Thus fragmentation energies are measured in this application 
of the EVD method. These measured energies are listed in 
Tables I11 and IV for the hexacarbonyls and thiocarbonyls, 
respectively. The appearance energies calculated from these 
fragmentation energies are listed in Table 11. The identities 
of the neutral fragments, CO and CS, are unequivocal since 
D(C-0) and D(C-S) are much greater than D(M-C). The 
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M = C r  M = M o  M = W  

ion hex thio 

M(CO),' 8.42 f 0.03 
M(C0);CS' 8.31 f 0.03 
WCO) <+ 9.85 t 0.03 10.58 t 0.07 
M(CO),CS' 9.39 f 0.04 
M(CO),+ 10.45 t 0.03 11 .12 t  0.05 
M(CO),CS+ 10.22 f 0.04 
WCO13+ 11.35 f 0.03 12.06 f 0.05 
M(CO),CS' 11.12f 0.04 
M(CO),* 12.51 f 0.04 13.52 f 0.08 
M(CO)CS+ 12.12? 0.04 

hex thio 

8.46 ? 0.01 

10.02 f 0.02 

11.61 f 0.02 

13.29 f 0.02 

14.86 t 0.02 

8.18 f 0.02 
10.96 f 0.20b 
9.36 f 0.05 

12.39 k 0.20b 
11.02 f 0.05 
14.05 f 0.20b 
12.39 f 0.09 
15.82 f 0.30b 
14.46 f 0.05 

hex 

8.60 t 0.02 

10.30 f 0.03 

12.22 f 0.03 

14.06 f 0.02 

16.29 f 0.04 

thio 

8.22 f 0.01 
11.46 f 0.14 
9.74 ? 0.04 

13.12 f 0.11 
11.61 f 0.04 
14.86 f 0.1 1 
13.46 f 0.04 
17.21 f 0.27 
15.83 f 0.04 

M(C0)' 14.03 r 0.04 14.94 f 0.08 16.52 r 0.03 17.54 5 0.30b 18.36 f 0.06 19.48 f 0.21 
MCS+ 13.68 f 0.04 16.07 f 0.09 18.07 f 0.04 
M' 15.36 ? 0.03 16.16 f 0.07 18.24 f 0.06 19.12 f 0.30b 21.01 f 0.05 21.97 * 0.13 

a The uncertainty is the standard deviation of a single measurement. The values and uncertainties forA [ M o ( c o ) , + ] ~  were estimated by 
cornparison toA [Cr(CO),+jT and A [w(co),+]T. See text. 

Table 111. Fragmentation Processes and Their Energies for the Group 6B Hexaearbonyls 

A H ,  eV 

assumed process Cr(CO), Mo(CO), W(CO), 
M(CO),+ + M(C0) j+ + CO 1.43 f 0.01 1.56 f 0.01 1.70 f 0.02 

-+ hl(CO),+ + 2CO 2.03 f 0.01 3.15 f 0.01 3.62 f 0.02 
5.46 f 0.01 -+ M(CO),+ + 3CO 

-+ M(CO),+ + 4CO 4.09 f 0.03 6.40 f 0.02 7.69 f 0.03 
--f M(C0)' + 5CO 5.61 f 0.02 8.06 f 0.03 9.76 f 0.05 
+ M' t 6CO 6.94 r 0.01 9.78 f 0.06 12.41 i 0.04 

4.83 * 0.02 2.93 f 0.01 

Table IV. Fragmentation Processes and Their Energies for the Group 6B Thiobarbonyls 

assumed process 

M(CO),CS+ .+ M(CO),CS+ + CO 
-+ M(CO),CS+ t 2CO 
-+ M(CO),CS+ + 3CO 
+ M(C0)CS' + 4CO 
-+ MCS+ + 5CO 
+ M(CO),+ + CS 
.+ M(CO),+ + CS + CO 
--f M(CO),+ + CS + 2CO 
-+ M(CO),+ + CS + 3CO 
-+ M(C0)' t CS + 4CO 
- + M I  + CS + 5CO 

A H ,  eV 

Cr(C0) ,CS Mo(CO),CS 

1.08 f 0.03 
1.91 f 0.03 
2.81 f 0.03 
3.81 t 0.03 
5.37 f 0.03 
2.27 f 0.06 
2.81 f 0.04 
3.75 f 0.04 
5.21 f 0.07 
6.63 f 0.07 
7.85 f 0.06 

1.18 f 0.04 
2.84 f 0.04 
4.21 i 0.09 
6.28 f 0.04 
7.89 f 0.09 
2.78 f 0.20a 
4.21 f 0.20a 
5.87 f 0.20a 
7.64 f 0.30a 
9.36 f 0.30a 

10.94 f O.3Oa 

w(co),cs 
1.52 f 0.04 
3.39 f 0.04 
5.24 f 0.04 
7.61 f 0.04 
9.85 f 0.04 
3.24 * 0.14 
4.90 f 0.1 1 
6.64 f 0.1 1 
8.99 f 0.27 

11.26 f 0.21 
13.75 f 0.13 

a These values were Calculated from the appearance energieq given in Table I1 

appearance energies of the fragments from the hexacarbonyls 
are in fair agreement with the values reported by previous 
investigators. 17-20 

Note that values for A[Mo(CO),~] are listed in Table I1 
even though no experimental values were possible. The values 
listed were estimated from the values observed for A[Cr- 
(CO),+] and A[W(CO),+]. We define an appearance energy 
difference, AAn, for Cr(CO),+ as in eq 6 where the subscripts 

= A[Cr(CO),+IT - A[Cr(CO),'IH (n = 0-5) 
(6) 

T and H denote that the ions were produced from the thio- 
carbonyl and hexacarbonyl, respectively. Values of (AA,JM, 
and (AAJW are similarly defined. Examination of the data 
shows that the AA's are relatively constant (0.80 f 0.13 eV 
for the chromium compounds and 0.98 i 0.14 eV for the 
tungsten compounds). It is reasonable to assume that the AA's 
for the molybdenum compounds are also reasonably constant 
and midway, i0.2 eV, between the values for the chromium 
and tungsten compounds. Thus the values for A[Mo(CO),+IT 
were calculated by use of eq 7 with uncertainties estimated 

(AA,)c, + (AA,)w 
2 A[Mo(co) ,+ ]~  = AIMO(co) , t ]~  + 

( 7 )  

to be 0.2 eV for the heavier ions and 0.3 eV for the lighter 
ions. Differences between Z[Mo(CO),CS] and the appropriate 
values of A [Mo(CO),~], are listed as fragmentation energies 
in Table IV. 

If we neglect any effects due to kinetic or excitation energies, 
the data represent the energies required to remove successive 
ligands from the molecular ion. This is evidenced by the 
monotonic increase in energy required with increased frag- 
mentation. 

Dissociation Energies. The energetics of the fragmentation 
processes provide a means of determining ionic bond disso- 
ciation energies. Usually such calculations have limited value 
because of indeterminate errors due to excess kinetic and 
excitational energies. However, in the case of the hexa- 
carbonyls, the calculated values can be compared to com- 
bustion calorimetry values, which are known accurately. Any 
corrections found to be necessary should be applicable to the 
thiocarbonyl results since the compounds are similar, as are 
their fragmentations in the mass spectrometer. Thus the 
hexacarbonyl data are used to calibrate the mass spectrometer 
for the thiocarbonyl data. For this reason the hexacarbonyl 
results are discussed first. 

Specific bond dissociation processes and the energies re- 
quired for them are listed in Table V for the ions from the 
hexacarbonyls. With the exclusion of the first entry in each 
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Table V. Specific Bond Dissociation Energies (eV) of the Ions 
from the Group 6B Hexacarbonyls 

Michels, Flesch, and Svec 

ergy ga_ined in forming the product ion, (6 - i)b(M+-CO). 
Here D(M+-CO) is the average bond dissociation energy 
calculated for this model of the fragmentation process. It is 
assumed that all the M-CO bonds are equivalent within each 
ion, M(CO)6-r+, and from ion to ion. The six enthalpy 
equations for the Cr(C0)6 fragmentations are 

b(Cr+-CO) = 1.43 eV 
3b(Cr+-CO) = 2.93 eV 4b(Cr+-CO) = 4.09 eV (9) 
Sb(Cr+-CO) = 5.61 eV 

The observational equations of this set of six equations in one 
unknown may be written in matrix form as given in (10). 

2b(Cr+-CO) = 2.03 eV 

6b(Cr+-CO) = 6.94 eV 

Cr Mo W 

bond dissocn energy 

dissocn urocess Cr Mo W 

M(CO),+ + hl(CO),+ + CO 1.43 1.56 1.70 
M(CO),+ --t M(CO),+ + CO 0.60 1.59 1.92 
M(CO),+ + M(CO),+ + CO 0.90 1.68 1.84 
M(CO),+ + M(CO),+ + CO 1.16 1.51 2.23 
M(CO),+ --f M(CO)+ + CO 1.52 1.66 2.07 
M(CO)+ + M +  + CO 1.33 1.72 2.65 
av i std dev 1.16 i 0.35 1.63 i 0.03 2.07 i 0.34 

Table VI. Ionic Bond Dissociation Energies (eV) for M(CO), 

D(M+-CO) 

electron 
compd impact calorimetrica &M’-CO)b A SEE 

Cr(CO), 1 . 1 6 i 0 . 0 1  0 .83+0 .01  1.1OiO.03 0.27 0.29 
Mo(CO), 1.63 i 0.01 1.35 i 0.01 1.61 i 0.01 0.26 0.06 
W(CO), 2.07 * 0.01 1.74k 0.01 1.97 + 0.04 0.23 0.36 

D(M-CO),”I[M(CO),] (this work), and Z[M].26  
tainties are those obtained for a random variation of one standard 
deviation in each of the fragmentation energies used in the calcu- 
lations. 

column, the entries are obtained by taking successive differ- 
ences of the processes and energies listed in Table 111. The 
values for the energies listed in each column represent six 
values of the M+-CO bond energy. Differences in the values 
within each column are the result of variations in reorgani- 
zational energies of the ions. Differences in the values within 
each row are consistent with the conclusion that D(W+-CO) 
> D(Mo+-CO) > D(Cr+-CO). 

For making comparisons between different compounds a 
single quantity is desired which is related to the specific bond 
dissociation energies of a molecule and which is free of re- 
organizational effects. Such a quantity is given by the average 
of the six dissociation energies and is called appropriately the 
average bond dissociation energy, D(M+-CO). Because of 
the arithmetic involved, this bond energy is one-sixth the en- 
ergy of the final process listed in Table 111. These are the 
values listed in column 2 of Table VI. The precision is 
one-sixth that of the final process listed in Table 111. This 
method of determining D(M+<O) has two advantages. First, 
only one fragmentation energy need be measured. Second, 
there are no reorganizational effects for the reaction since the 
fragmentation is complete. However, there are also disad- 
vantages. Information available from the other fragmentation 
processes is ignored. More importantly, a single term does 
not adequately describe the bonding which occurs in molecules 
having more than one set of chemically equivalent bonds [e.g., 
M(CO),CS]. The energy to fragment such a molecule com- 
pletely is described by a sum of terms, one for each set of 
equivalent bonds. To overcome these disadvantages, we de- 
veloped a model to describe the fragmentation which occurs. 
Use of this model and a least-squares treatment of all the 
fragmentation energy data yields an energy term for each set 
of chemically equivalent bonds. 

Consider the fragmentation reactions listed in Table 111. To 
a first approximation the specific bond dissociations are equal, 
and reorganizational energies can be neglected. Thus the ith 
fragmentation can be envisioned as occurring with the breaking 
of all of the M-CO bonds in the molecular ion, followed by 
the making of (6 - i) M-CO bonds in the fragment ion. 

M(CO)6+ - M+ + 6CO - M(CO)6-i+ + i C 0  (8) 

The enthalpy of this ith fragmenta_tion is equal to the energy 
required to break the six bonds, 6D(M+-CO), minus the en- 

a Calculated from eq 2 by using experimental values for 
The uncer- 

01 

These observational equations were solved by least-squares 
methods25 to yield the results listed in column 4 of Table VI. 
The precision listed is that obtained for a random variation 
of one standard deviation in each of the energy values in the 
six observational equations. This indicates that usual random 
errors in individyal measurements have little effect on the value 
calculated for D(M+-CO). Comparison of these values with 
those of column 2 show that the agreement is excellent. This 
is encouraging in view of the assumptions made in developing 
the observational equations. 

The standard estimate of error (SEE) is a measure of how 
well the values calculated from the fragmentation agree with 
the observed data. The SEE is the root-mean-square value 
of the differences between the observed and calculated frag- 
mentation energies. Values obtained for SEE for the hexa- 
carbonyl fragmentation model are listed in column 5 of Table 
VI and indicate a reasonable accuracy for the model. The 
values are in agreement with the standard deviations listed in 
Table V, as expected. 

The value of D(M+-CO) can also be calculated from eq 2 
by using the mass spectrometric values of I[M(CO),] reported 
here, the F s  of the metal atoms26 [6.76, 7.10, and 7.98 eV for 
Cr, Mo, and W, respectively] and D(M-C0)’s from a recent 
calorimetric study2’ [1.11, 1.57, and 1.85 eV for Cr(C0)6, 
Mo(CO)~,  and W(CO)6, respectively]. The resultant values 
for D(M+-CO) are listed in column 3 of Table VI. These 
values are lower than those of column 4, and the difference 
is listed in column 5 of the table. The differences are sur- 
prisingly constant for all three compounds. The lack of a mass 
dependence eliminates fragment kinetic energies as a probable 
cause. Their magnitudes are too low to result from electronic 
excitations but are highly suggestive of vibrational excitations. 
In fact, the average, 0.25 eV, agrees with the vibrational 
fundamental28 of CO, 0.27 eV. This leads to the interpretation 
that CO carries away one quantum of vibrational energy 
during the cleavage of the M-CO bond. Direct evidence 
supporting this hypothesis was obtained by determining Z(C0) 
for the CO produced in the fragmentation of Cr(C0)6 during 
electron impact. If CO is produced in its first (u  = 1) vi- 
brational state, its ionization energy should be lowered by 0.27 

(25) D. Brunt, “The Combination of Observations”, Cambridge University 
Press, London, 1931. 

(26) C. E. Moore, Natl. Bur. Stand. ( U S . ) ,  Circ., No. 467 (1949). 
(27) G. Pilcher, M. J.  Ware, and D. A. Pittam, J .  Less-Common Met. ,  42, 

223 (1975). 
(28) S. N. Suchard, “Spectroscopic Data, Part A”, IF1 Plenum Data Co., 

New York, 1975. 
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Table VII. Lca\t-Squaro Ionic Bond Di\bociation l'nergic? (eV)" 

compd &M+-co)~ &M+-co)~ &M~-cs) SEE 
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The results of the least-squares solutions of these equations 
are listed in Table VII. The values for SEE are essentially 
equal to those in Table VI, indicating a similarly accurate 
fragmentation _model. Note in particular that the values 
calculated for D(M+-CO)H are in excellent agreement with 
the calorimetric values for D(M+-CO) listed in Table VI. This 
is strong evidence that values calculated from this model of 
fragmentation are reliable. Because of this agreement, the 
calorimetric values for D(M+-CO) were substituted for D- 
(_M+-CO)H in the_observational equations, and values for 
D(M+-CO)T and D(M+-CS) were recalculated. The recal- 
culated values are listed in the middle portion of Table VIII. 
Using the lower, calorimetric values for D(M+-CO) has ?o 
effect on the values for SEE or the values calculated for D- 
(M+-CO)T but results in slightly lower values for D(M+-CS). 
The data clearly show that in the positive ion, the M+-CS 
bonds are considerably stronger than the M+-CO bonds. The 
M+-CO bonds in the thiocarbonyls are slightly weaker than 
the M+-CO bonds in the hexacarbonyls. These conclusions 
are in agreement with previously published results for the 
group 6B thiocarbonyl c o m p l e ~ e s . ~ , ' ~  Analogous with the 
hexacarbonyl compounds, the M+-CO dissociation energies 
decrease in the order W > Mo > Cr. The M+-CS bond 
strengths show a similar dependence. 

A recent electron-impact study3I of cyclopentadienyl- 
manganese thiocarbonyl and carbonyl complexes and a recent 
X-ray structural i n ~ e s t i g a t i o n ~ ~  of t rans-W(C0)4-  
(CNC6H11)CS have also shown the M-CS bond to be stronger 
than the M-CO bond. In contradiction to the present findings, 
the electron-impact results3I show the M+-CO bonds in the 
thiocarbonyl complexes to be slightly stronger than those of 
the carbonyl analogues. This discrepancy can presumably be 
attributed to a crossover in the electronic properties33 of CS 
and CO. 

Experimental evidence7 and force constant calculations1° 
suggest that the five carbonyl ligands of the M(CO)@ 
complexes are not equivalent. One of them, presumably the 
CO trans to CS, may be more weakly bound than the rest. 
On this basis the data of Table IV Tay be fit to a second model 
wherein the weak bond is denoted D'(M+-CO)T and the strong 
bonds are denoted D(M+-CO)T. For the purpose of generating 
the observational equations, the assumption is made that the 
weaker M+-CO bond is broken first. Also, the calorimetric 
value for D(M+-CO)H is substituted for D(M+-CO)H. The 
resulting observational matrix equations are given in (1 3). 

Cr Mo W 

r1 o r o . g i l  mil f i . 2 5 1  

Cr(CO),CS 0 90 f 0 03 0 74 i 0.02 2.46 k Q.15 0.25 
Mo(CO),CS 1.39 i 0.13 1.26 2 0.08 3.13 f 0.52 0.20 
W(CO),CS 1.84 f 0 09 1.64 f 0.05 3.82 ?I 0.44 0 34 

a CdlLUldted for the thiocarbonyls by a$mming equixalence of 
the five M'-CO bonds and in~luding a cal~ulation for D(M'-CO)H. 
The uncertaintie\ dre thow obtained for a random variation of 
one standard deviation in each of the fragmentation energies used 
in the calculation\. 

eV. By use of a recently developed neutral-fragment mass 
s p e c t r ~ m e t e r , ~ ~  Z(C0) for gaseous CO was determined to be 
14.0 f 0.1 eV. The value obtained for Z(C0) for the CO 
fragment from Cr(C0)6 is 13.7 f 0.1 eV, as anticipated. 
Similar results have been observed for CO produced from 
ketones.30 The experiment was not repeated by using Mo- 
(CO), or W(CO)6 because their vapor pressures are too low 
to provide sufficient gas flow into the present neutral-fragment 
mass spectrometer. 

From these studies of M(C0)6 it is concluded that the 
calculations using mass spectrometric data do yield accurate 
values for the bond dissociation energies of the hexacarbonyls 
if a correction is made for vibrational excitation in the free 
ligands generated. Similar treatment of the mass spectrometric 
data for M(CO)&S should also yield accurate values for the 
bond dissociation energies involved. In this case the frag- 
mentation is envisioned to occur in either of two ways: 

M+ + 5CO + CS - M(CO),CS+ + (5 - i)CO 
M(CO)SCS+ + 

+ M(CO),+ + CS + ( 5  - n)CO 
(1 1) 

If we neglect any effects caused by reorganization of the 
fragments, the energy of each process can be attributed to the 
making and breaking of M+-CS and M+-CO bonds. A series 
of observational equations can be generated in the same 
manner as was done for the hexacarbonyl compounds. It is 
assumed that the five M+-CO bonds in M(CO)+2S+ are en- 
ergetically equivalent but that they are different in energy from 
the M+-CS bond, and also different from the M+-CO bonds 
in M(CO)6+. Three quantities_can be calculated ?n the basis 
of this model: D(M+-CO)T, D(M+-CO)H, and D(M+-CS). 
The subscripts T and H differentiate the M+-CO energy in 
those ions containing the CS ligand from those which do not. 
It is assumed that the M(CO),+ ions formed in the thio- 
carbonyl fragmentation are identical with those formed in the 
hexacarbonyl fragmentations. It is also assumed that the free 
CS is in its first vibrational state,28 viz., 0.16 eV. Correcting 
the data from Table IV by 0.27 eV for each free CO and 0.16 
eV for a free CS formed in the fragmentations permits gen- 
eration of the observational matrix equations (12). 

Cr Mo W 

(29) J. R. Reeher, G. D. Flesch, and H. J. Svec, Int. J .  Mass Spectrom. Ion 
Phys., 19, 351 (1976). 

(30) D. Okey, M.S. Thesis, Iowa State University, 1974 (unpublished). 

I1:371 
12.301 12.85 I 

2 00 3.40 4.43 
2.73 5.20 6.53 
4.02 6.54 8.50 

= 6.26 or 9.32 or 11.83 
1 4 1 D(M'-CS) 5.70 9.13 11.47 
1 4 1  5.54 9.19 11.19 (13) I:! 1 4 1  

The dissociation energies calculated from these sets of equa- 
tions are tabulated in the lower portion of Table VIII. The 
values for SEE indicate a slightly better fit of the observed 
and calculated data for MO(CO)~CS and W(CO)sCS. There 
may be slight reductions in the M+-CS dissociation energies, 
but, more significantly, the destabilizing effect of the CS ligand 

(31) A. Effraty, M. H. A. Huang, and C. A. Weston, Znorg. Chem., 14,2796 
(1975). 

( 3 2 )  S. S. Woodard, R. A. Jacobson, and R. J. Angelici, J .  Organomef. 
Chem., 117, C75 (1976). 

(33) M. A. Andrews, Inorg. Chem., 16, 496 (1977). 
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Table VIII. Least-Squares Ionic Bond Dissociation Energies (eV) for the Thiocarbonylsa 

Michels, Flesch, and Svec 

compd B(M+-CO)H &M'-CO)T B'(M+-co)T &M+-CS) SEE 

Cr(CO), 0.83 i 0.01 
Mo(CO), 1.35 i 0.01 
W(CO), 1.74 f 0.01 
Cr(CO),CS 0.74 t 0.02 2.29 f 0.10 0.26 

W(CO),CS 1.62 t 0.05 3.59 t 0.28 0.35 
Mo(CO),CS 1.27 i: 0.09 2.97 fi 0.42 0.21 

Cr(CO),CS 
Mo(CO),CS 
W(CO),CS 

0.78 i 0.06 0.65 i 0.11 2.26 t 0.14 0.26 
1.41 i 0.22 0.84 t 0.44 2.82 t 0.61 0.13 
1.82 i 0.17 1.07 i 0.23 3.32 i 0.34 0.27 

a The middle portion of the table contains values calculated by assuming all five M+-CO bonds are equivalent; those for the lower portion 
were calculated by assuming four equivalent stronger bonds and one weaker bond. Calorimetric values of D(M+-CO)H are listed in the upper 
portion for comparison. The uncertainties are those obtained for a random variation of one standard deviation in each of the fragmentation 
energies used in the calculations. 

is limited to the weaker M+-CO bond. This destabilizing 
effect increases significantly going from Cr to Mo to W. 
Dissociation energies of the remaining four carbonyls are 
essentially the same as those of M(CO)6f. The relative energy 
ordering, W > Mo > Cr, is preserved in all cases. 

On the basis of the calculations from these two fragmen- 
tation models (five equivalent M-CO bonds or four equivalent 
strong bonds and one weak bond) and experimental ligand 
substitution evidence (specific trans substitution' in W(CO)5L, 
ambiguous results34 for MO(CO)~L and random s~bs t i tu t ion~~ 
in Cr(CO),L) it is reasonable to assume that the four 
strong-one weak bond model is the better description for 
W(CO),CS, that the five equivalent bond model is the better 
description for the Cr(CO)&S, and that the description for 
Mo(CO)$S is somewhere between. 

Neutral Dissociation Energies. Bond energies in the mol- 
ecule and the molecular ion for complexes of the type M(CO)6 
are related according to eq 2. The analogous relationship for 
M(CO)$S complexes is 
Z[M(CO)&S] - I(M) = Sb(M-CO), + b(M-CS) - 

5b(M+-CO)T - b(M+-CS) (14) 

where it is assumed that the five carbonyls are equivalent and 
the substitution of D for r )  has been made. E:cept for the 
neutral dissociation energies, D(M-CO)T and D(M-CS), all 
the terms of this equation are known. The dissociation energy 
D(M-CO)T can be estimated if it is assumed that the dif- 
ferences in the M-CO dissociation energies of the molecule 
and the molecular ion are the same for the thiocarbonyls as 
for the hexacarbonyls: 

D(M+-co)~ - D(M-co)~ = ~ ( M + - c o ) ~  - ~ ( M - c o ) ~  
(15) 

The dissociation energies used for the left side of the equation 
a;e the calorimetric values presented earlier, and values for 
D(M+-CO)T are taken from Table VIII. The values calcu- 
lated for D(M-CO)T are listed in the middle portion of Table 
IX. Subskitution of the appropriate values into eq 10 yields 
values for D(M-CS) which are also listed in the middle portion 
of Table IX. Similar calculations for the four strong-one weak 
bonding model can also be made. The values calculated for 
that model are listed in the lower portion of Table IX. 

It is seen that in the molecule, as in the molecular ion, the 
M-CS bond is much stronger than the M-CO bonds. The 
presence of the CS ligand slightly weakens the M-CO bond 
(equivalent bond model) or has little effect on four of the 
M-CO bonds while appreciably weakening the fifth M-CO 
bond Ifour strong-one weak mod;el). The data $so indicate 
that D(Cr-CS) > D(Cr+-CS), D(Mo-CS) N D(Mo+-CS), 

(34) R. J. Angelici, private communication 

Table IX. Least-Squares Neutral Dissociation Energies (eV) for 
the Thiocarbonylsa 

compd B(M-CO)H &M-CO)T ~ ' ( M - C O ) T  i(M-CS) 

Cr(CO), 1.11 i 0.01 
Mo(CO), 1.57 i 0.01 
W(CO), 1.85 t 0.01 

Cr(CO),CS 1.02 t 0.02 2.46 * 0.14 
Mo(C0) CS 1.50 t 0.19 2.92 i 0.47 
W(CO),CS 1.72 f 0.15 3.29 * 0.30 

Cr(CO),CS 1.06 i 0.16 0.91 i 0.21 2.43 t 0.17 
Mo(CO),CS 1.64 k 0.32 1.07 i 0.54 2.77 i 0.62 
W(CO),CS 1.92 * 0.27 1.17 rt 0.33 3.04 f 0.35 

a The middle portion of the table contains values calculated by 
assuming all five M-CO bonds are equivalent: those in the lower 
portion were calculated by assuming four equivalent stronger 
bonds and one weaker bond. Calorimetric values for D(M-CO)H 
are listed in the upper portion for comparison. The uncertainties 
are those obtained for a random variation of one standard devia- 
tion in each of the fragmentation energies used in the calculations. 

and b(W-CS) C b(W+-CS), although the uncertainties are 
large. 

Neutral Heats of Formation. The appearance energy data 
also yield information about the heats of formation of Cr(C- 
O)&S, Mo(CO)&S, and W(CO)5CS in the gas phase. 
Consider the dissociative ionization of the hexacarbonyls and 
thiocarbonyls to common ions: 

M(CO)&S - M(CO),+ + ( 5  - n)CO + CS 
M(CO)6 + M(CO),+ + (6 - n)CO 

M(C0)sCS + CO --+ M(C0)6 + CS (16) 
The difference of the two appearance energies for each M- 
(CO),+ (after correction for excitation energy in each free 
ligand) gives a value for the enthalpy of the ligand substitution 
reaction. These values and their averages are listed in Table 
X. From the average values and the known heats of formation 
of Cr(C0)6, Mo(CO),, W(CO)6, CO, and CS (-9.41 f 0.02,27 
-9.49 f 0.02,27 -9.16 f 0.03,27 -1.146 f 0.002,35 and +2.93 
f 0.09 eV,36 respectively), values for AHfo [Cr(CO),CS(g)], 
AHfo[Mo(CO),CS(g)], and AH," [W(CO)sCS(g)] are cal- 
culated to be -6.3 f 0.2, -6.4 f 0.3, and -6.2 f 0.2 eV, 
respectively. These results are in agreement with heat of 
formation, -6.6 f 0.1, -6.5 f 0.3, and -6.5 f 0.1 eV, re- 
spectively, calculated directly from corrected appearance po- 
tentials of the metal ions: 

M(C0)SCS M+ + 5CO + CS (17) 

(35) "JANAF Thermochemical Tables", Natl. Stand. Ref. Data Ser., Natl. 
Bur. Stand., No. 37 (1971). 

(36) M. J. Hubin-Franskin, D. Huard, and P. Marmet, Inr. J .  Mass Spec- 
trom. Ion Phys., 27, 263 (1978). 
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Table X. Substitution bnergics (eV) for M(CO),CS + 
CO + M(CO), + CS 

related ion M = Cr M = Moa M = W  
M(CO),’ 0 84 1.05 1.21 
M(CO),+ 0.78 0.89 1 0 1  
M(CO),+ 0.82 0 87 0.9 1 
M(CO),+ 1.12 1.07 1.03 
M(CO)+ 1.02 1.13 1.23 
M +  0.9 1 0.99 1.07 

av f 0.92 * 0.13 1.00 f 0.30 1.09 f 0.14 

a The number for Mo(CO),’ ir  the average of Cr(CO),’ and 

std dcv 

W(CO),+ and rewlts from the method used to estimate 
A [Mo(CO),+] 
of the estimate. 

The averages of these determinations, -6.4 f 0.2, -6.4 f 0.3, 
and -6.3 f 0.2 eV, are preferred values for AHfo[Cr- 
(CO),CS(g)l, AHfo  [Mo(CO)&S(g)l, and AHfo W- 
(CO),CS(g)], respectively. 
Summary and Conclusions 

The mass spectrometer has been used to determine and/or 
compare the values of several thermodynamic parameters of 
the group 6B hexacarbonyls and pentacarbonyl thiocarbonyls. 
From these results we conclude that for these compounds (1) 

The larger uncertdinty reflects the uncertainty 

fragmentation of the molecular ion in the mass spectrometer 
results in vibrational excitation of the free ligands produced, 
(2) substitution of CS for CO in M(C0)6 lowers the ionization 
energy of the molecule by 0.1-0.4 eV, (3) the M-CS bond is 
significantly stronger than the M-CO bonds in all three 
pentacarbonyl thiocarbonyls, in both the molecule and the 
molecular ion, and (4) the calculations of the four strong-one 
weak bonding model are supportive of the hypothesis that 
substitution of the CS ligand for the one of the CO ligands 
results in weakening of the M-CO bond trans to the CS ligand. 

These studies support the conclusions drawn from theoretical 
and experimental research performed elsewheres-12~22-24~31-32 
and show that the electron-impact mass spectrometer can be 
a useful and reliable tool for probing the physical chemistry 
of inorganic molecules. 
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The system tris( 1,lO phenanthroline)zinc(II) with adenosine 5’-monophosphate shows remarkable Pfeiffer activity. Noteworthy 
is the fact that the related compounds adenosine and a-ribose phosphate show little or no Pfeiffer activity in the pH range 
studied. The pH dependence indicates that a number of processes occur. At low pH the effect is most pronounced. It 
is concluded that short-range interaction between the purine base and the ligand rings is intimately involved in the ionic 
association process. The enhancement of the Pfeiffer effect in the protonated s p i e s  may be due to a charge-transfer interaction 
from the ligands to the environmental compound. Protonation of the purine base would therefore make it a better electron 
acceptor. All Pfeiffer-active systems are shown by Job’s method to involve 2 mol of environmental compound/mol of zinc 
complex. 

Pfeiffer activity’ is the nonadditivity of optical activity which 
sometimes results when a labile racemic component is added 
to a nonlabile optically active species. The two major mech- 
anisms which have been proposed to account for this effect 
are the formation of diastereomeric ion and the shifting 
of the racemization equilibrium due to an asymmetric electric 
field, leading to unequal activity coefficients and thus unequal 
 concentration^.^^,^ We have found a system which we feel 
clearly shows that the former mechanism provides a better 
description of the process. In addition this system provides 

(1)  P. Pfeiffer and K. Quehl, Ber. Disch. Chem. Ges. A ,  64, 2267 (1931). 
(2) (a) R. C. Brasted in “Coordination Chemistry”, S. Kirshner, Ed., Ple- 

num Press, New York, 1969; (b) K. Ogino and T. Kumagai, Bull. 
Chem. SOC. Jpn., 47, 855 (1974). 

(3) (a) F. P. Dwyer, Nature (London), 167, 1036 (1951); (b) E. C. 
Gyarfas, Rev. Pure Appl.  Chem., 4, 73 (1954). 
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some insight into the nature of the bonding between the 
components of the ion pairs. 
Experimental Section 

We have investigated the optical activity of the system 0.01 M 
tris( 1,lO-phenanthroline)zinc(II) with 0.02 M sodium adenosine 
5’-monophosphate as a function of pH, as well as the system containing 
the same cation but 0.02 M sodium D-ribose phosphate. In addition 
we have studied solutions of 0.020 M adenosine with and without the 
zinc complex also as a function of pH. 

The cation was prepared by mixing stoichiometric amounts of the 
ligand with a concentrated zinc chloride solution. (The 5’-AMP, 
3’,5’-c-AMP, and sodium D-ribose phosphate were obtained from 
Sigma Chemical Co. and were used as received.) All other reagents 
were obtained from Fisher Scientific Co. and were used without further 
purification. 

Optical rotations were measured at  the sodium D line on a Rudolph 
polarimeter fitted with a photoelectric detector using a filtered sodium 
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