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wrong, More likely the force field chosen using only five 
frequencies may be incorrect. 

distinction between subgroups Va and Vb. Data are almost 
constant in Vb while variations are more pronounced in Va. 
On account of an increase in bonding strength with atomic 
number, the stretching force constant K increases from P to 
Sb in Va, but its value is lower for Bi than for Sb, which may 
be due to a longer central atom-fluorine distance, giving a 
stronger ionic contribution. 

The angular deformation constants H or D ,  again almost 
constant and negative in Vb, decrease from P to Bi in Va and 
possess a positive value. This suggests that the fluorine atom 
arrangement around the central atom gives a stiffer configura- 
tion in Va than in Vb and that in Va this stiffness is decreas- 
ing from P to Bi. 

The value of the repulsive force constant F is approximate- 
ly constant in Vb and decreases in Va from P to Bi in agree- 
ment with the increase in bond length and with the above 
remarks concerning the stiffness. 

Table XI listing OVFF force constants for both the hexa- 
fluoro anions and the isoelectronic molecules shows that the 
trends are the same for both species, and as expected, values 
are of the same magnitude. The decrease in stiffness from 
comparison of D or H values is less pronounced for Va hexa- 
fluoro anions than for the corresponding isoelectronic mole- 
cules. To sum up, the strong basic property of CIOFB 
makes possible the preparation of stable one-to-one adducts 
with group V element pentafluorides. The new crystalline 

Concerning the trends in force constant sets there is a clear 

Inorganic Chemistry, Vol. 13, No. 3, 1974 695 

phases have been defined by their X-ray powder patterns, 
while their ionic structure has been characterized by vibra- 
tional spectroscopy. The investigations performed on the 
entire group of possible XF6- anions allow a discussion of 
the OVFF and UBFF force field trends in this group. These 
force fields give good agreement between observed and 
calculated frequencies. 
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In order to examine the value of ESCA spectroscopy in the field of metal coordination complexes, we have investigated a 
number of compounds of general formula CI,(MX,), where M is a divalent metal (Co, Zn, and in some cases Mn, Ni, and 
Cu), X = Cl, Br, NCO, NCS, or NCSe, and CI is a monovalent tetraalkylammonium cation (alkyl =methyl, ethyl, and in 
some cases n-butyl). For comparison, some related octahedral complexes, CI,(MX,), and salts containing the same cations 
and anions were also considered. The fine structure observed in metal 2p,,, spectra when the metal atom has unpaired d 
electrons varies with the ligand X along the spectroscop@ series and with the metal. This behavior qualitatively agrees with 
a multiplet splitting mechanism. In addition, changes in binding energies of all the elements, with changing cation, ligand, 
or metal, also appear to correlate with a multiplet splitting mechanism. 

I. Introduction 
Recent photoelectron spectroscopic studies on coordina- 

tion complexes2 using the ESCA technique of Siegbahn and 
coworkers3 have shown the usefulness of this new tool. We 
have applied it to an investigation of a series of complexes 
of general formula C12(MX4), where M is a metal of oxida- 

tion number 2 (Mn, Co, Ni, Cu, and Zn), X = C1, Br, NCO, 
NCS, or NCSe, and C1 is a (monovalent) tetraalkylammoni- 
um cation (R = methyl, ethyl, or n-butyl)? In such com- 
plexes the coordination geometry around the metal atom in 
solids is generally a distorted tetrahedron. For the sake of 
comparison, some related octahedral complexes, C14(MX6), 

(1) (a) IRCHA; (b) Universite de Bretagne Occidentale. 
(2) (a) J. R. Blackburn,R. Nordberg, F. Stevie, R. G. 

Albridge, and M. M. Jones, Inorg. Chem., 9,2374 (1970); (b) 
C. D. Cook, K.-Y. Wan, U. Gelius, K. Hamrin, G. Johansson, 
E. Olsson, H. Siegbahn, C. Nordling, and K. Siegbahn, J. Amer. Chem. 
SOC., 93, 1904 (1971); (c) D. N. Hendrickson, J. M. Hollander, and 
W. L. Jolly, Inorg. Chem., 8,2642 (1969); (d) D. Leibfritz and W. 
Bremser, Chem.-Ztg., 94, 882 (1970); (e) G. 3. Leigh, J. N. Murrell, 
W. Bremser, and W. G. Proctor, J. Chem. SOC. D, 1661 (1970); ( f )  
M. Pelavin, D. N. Hendrickson, J. M. Hollander, and W. L. Jolly, J. 
Phys. Chem., 74, 1116 (1970). 

have been considered. 
(3) (a)K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. 

Hamrin, J. Hedman, G. Johansson, T. Bergmark, S. E. Karlsson, I. 
Lindgren, and B. Lindberg, “ESCA Atomic, Molecular and Solid 
State Structure Studied by Means of Electron Spectroscopy,” 
Almquist and Wiksells, Uppsala, 1967; (b) K. Siegbahn, C. Nordling, 
G. Johansson, J. Hedman, P. F. Heden, K. Hamrin, U. Gelius, T. 
Bergmark, L. 0. Werne, R. Manne, and Y. Baer, “ESCA Applied to 
Free Molecules,” North-Holland Publishing Co., Amsterdam, 1969. 

(4) R. Kergoat, J. E. Guerchais, and F. Genet, Bull. SOC. Fr. 
Mineral. Cristallogr., 93, 166 (1970). 
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Figure 1. Fine structure in the metal 2p,,, spectra of [(C,H,),N],- 
MCl, for various metals. 

11. Experimental Section 

Compounds were studied as microcrystalline powders with a Varian 
spectrometer (V-IEE 15).* This machine uses the filtered Ka radia- 
tion of aluminum (1487 eV) to bombard the sample and expel photo- 
electrons. An electrostatic spherical analyzer gives the relevant ener- 
gy spectrum. Elements have been characterized by the ionization 
of the levels in Chart I (approximate binding energy in eV). As dis- 

Chart I 

1. The preparation of complexes followed known 

1s C (284) N(399) 0 (532) 
2Pw2 S (164), C1 (200) 
3 d m  Se (57), Br (69) 
2p,,, Mn (641) Co (779) Ni (855), Cu (931), Zn (1021) 

cussed below, other metal levels were studied in specific instances. 
For some compounds, traces of surface decomposition were 

evident in the spectra; these samples are not reported in the following 
tables. 

2. The absolute determination of binding energies requires a 
knowledge of the sample work function. It is generally preferred to 
take as a reference the Fermi level of the spectrometer, which is near- 
ly c o n ~ t a n t . ~  Binding energies are thus corrected for the spectrom- 
eter work function. As this correction is the same for all spectra 
obtained at  a time on a given sample, it is possible to  use a secondary 
standard for binding energies by recording a "trace" element, oxygen 
for most cases in ow study, for which we choose 532 eV as a refer- 
ence level. This procedure would correct for any appreciable change 
in charging effect from one sample to another. 

All observed peaks, including those of trace oxygen and carbon, 

( 5 )  D. Forster and D. M. L. Goodgame, J. Chem. SOC., 2790  
(1964). 

(6) (a) F. A. Cotton, D. M. L. Goodgame, and M. Goodgame, 
J. Amer. Chem. Soc., 83, 4690  (1961);  (b) F. A. Cotton and M. 
Goodgame, ibid., 83, 1777 (1961);(c)  F. A.  Cotton, D. M. L. 
Goodgame, M. Goodgame, and A. Sacco, ibid., 83 ,  4157  (1961);  
(d) F. A.  Cotton, M. Goodgame, D. M. L. Godgame, and T.  E. Haas, 
Inorg. Chem., 1, 565 (1962) .  

(7) N. S. Gill and R. S. Nyholm, J. Chem. Soc., 3997 (1959). 
(8) J .  C. Helmer and N .  H. Weichert, Appl. Phys. Lett . ,  13, 266 

(1968); W. Bremser, 10th Symposium on Electron, Ion and Laser 
Beam Technology, 1969,  Messtechnick, 1970,  p 133. 

(9) C. S .  Fadley, S. B. M. Hagstrom, M. P. Klein, and D. S. 
Shirley, J. Chem. Phys., 48, 3779 (1968). 

Figure 2. Fine structure in the cobalt 2p,,, spectra of (R,N),Co- 
Br, for various cations, R,N+ (R shown in the figure). 

are given uncorrected in Tables I and 11. For metals, only the princi- 
pal maximum is given (fine structure will be discussed later on). For 
comparison, we report data for simple salts containing the same ca- 
tions or anions as studied here. 

111. Results 
1. Spectral Line Shape. For most elements observed in 

the samples, only one peak appears and its position will be 
discussed in section 111.2. For complexes with isocyanate 
and similar ligands, two peaks appear in the nitrogen 1s  spec- 
trum, one for this group and one for the tetraalkylammonium 
cation. Their assignment is straightforward. 

Fine structure appears on the metal 2p3,, peak for the 
tetrahedral complexes of Mn, Co, Ni, and Cu but not with 
Zn. This fact is clearly related to the existence of unpaired 
d electrons and is reminiscent of fine structure observed in 
the relevant X-ray K or L absorption edges (which also in- 
volve the 2p level)." Similar effects in ESCA spectra have 
been previously observed on iron and manganese metals and 
on manganese oxide and fluoridella and, more recently, on 
cobalt and nickel compounds, including complexes.'lb In 
the latter case, it was particularly noticeable that low-spin 
nickel(I1) complexes have only one peak for each of the two 
spin-orbit components (2p1 ,, and 2p,,,), whereas the high- 
spin complexes exhibit two for each. 

In our case, a rather complicated fine structure has been 
observed for the aforementioned complexes, especially for 
cobalt and nickel (Figure 1). This indeed corresponds to 
high-spin complexes as shown by magnetic moments mea- 
sured on these or closely related 

We shall now comment on the different aspects of this 
fine structure according to the metal, the ligand, or the ca- 

(10) (a) F. R. Hirsh, Rev. Mod. Phys., 14, 45 (1942); (b) R .  A. 

( 1  1) (a) C. S. Fadley, D. A. Shirley, A. J. Freeman, P. S. Bagus, 
Van Nordstrand, Advan. Catal. Relat. Subj., 12, 149  (1960). 

and J. W. Mallow, Phys. Rev. Lett., 23, 1397 (1969); (b) C. K. 
Jorgensen, Chimia, 25 ,  213  (1971); (c) G. K. Wertheim, R. L. Cohen, 
A. Rosencwaig, and H. J .  Gugenheim, International Conference Elec- 
tron Spectroscopy, Asilomar, Sept 1971. 
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Table I. Binding Energies (Uncorrected) Observed on  Investigated Complexes 
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Mn complexes C 0 N a Br S Se Mn 
[(CzH,),NIzMnBr, 284.7 531.5 401.3 67.8 640.5 
[(CzH,),NIzMnC1, 284.4 531.2 400.9 197.1 640.7 
I (C2 H 5)  ,NlzMn(NCO) 4 283.4 530.6 396.7 640.2 

400.6 
Co complexes C 0 N a Br S Se co 

286 
285.5 
285.8 
285 A 
284.5 

284.2 

285.4 

284.4 

284.2 

286.3 

286.1 

531.7 
531.9 
531.9 
531.6 
530.5 

531 

531.6 

531.3 

531.5 

532.6 

531.2 

402.8 
402.4 
402.9 
401.6 
396.6 
401 
398.2 
401.1 
397.7 
402 
397.1 
401 
396.3 
399 
398.9 
403.1 
398 
402.7 

69.1 
69 

198.6 
198.2 

162.3 

161.6 

160.5 

781 
780.8 
781.3 
781.2 
779.8 

780.4 

781 

781.6 

779.7 

55.6 7 80.9 

55.8 779 
Ni complexes C 0 N cl Br S Se Ni 

[(C2H,),NIzNiBr, 285.5 532.6 402.4 69.6 855.9 
[ ( c  z H s qN 1 z 285.1 532.1 402 198.2 855.8 
[(CH,),Nl,Ni(NCS), 285.6 531.8 398 162.4 856.9 

(CH,) ,N I ,Ni(NCS) 285.1 531.7 397.2 161.8 856.4 

[(C2Hs),Nl,Ni(NCS), 284.2 531.4 396.6 161.2 855.3 

[(CzH5),Nl,Ni(NCSe), 285.5 531.4 398.1 54.9 855.7 

Cu complexes C 0 N cl Br S Se c u  

402.6 

40 1.8 

400.9 

402.4 

933.7 
933.8 
932.6 

Zn complexes C 0 N a Br S Se Zn 
[(CH,),N12ZnBr, 286.6 531.9 403.2 69.6 1022.7 

[(CH 3 )  ,N 1 2  ZnC1, 286.5 531.9 403.1 198.9 1022.5 

[(CH3),Nl, Zn(NCO), 284.1 531.2 397 1020.7 

[ (C, H5 1 ,N 1 ZnBr, 285.4 531.7 402 68.9 1022.2 

[(cz Hs )4N1 z ZnC1, 285.3 531.9 402 198.3 1022 

[(C, H 1 ,NI Zn(NCO), 284.7 531.7 397.8 1021.2 
401.8 

401.8 

402.2 

401 

403.3 

402.4 

[ (CH A N  1 Zn(NCS) , 285.7 531.6 397.9 162.3 1021.6 

[(CzHs),Nl,Zn(NCS), 284.5 531.5 397 161.8 1020.9 

[(CH,),NIzZn(NCSe), 285.1 531.6 399.1 55.8 1022.5 

[ G H ,  ),N12 Zn(NCSe), 285.5 531.6 398.5 55.2 1022 

Ref compd C 0 N c1 Br S Se K 
196.9 283.8 

285.4 
284.7 
284.3 
285 
284.4 
283.8 

532.4 
531.9 
531.1 
531.6 
531.8 
531.6 
531.7 

531.5 

400.3 
402 
401.4 
400.9 
398.5 
397.8 
397.1 
400.3 
396.6 
401.3 

tion involved. This comment may rely on the line shape 
itself (in a qualitative manner as the resolution of peaks pre- 
sented by some metals, especially cobalt and nickel, is not 
straightforward) and on the relative importance of the satel- 
lite peaks. This importance may be quantitatively characte- 

67.5 
196.1 
195.9 

162.4 
161.8 

161.3 

292.9 
292.6 

rized by the area of satellites relative to the area of the com- 
plete pattern of peaks for a given sublevel (2p,/, or 2 ~ ~ ~ ~ ) ;  
p = satellites area/total area. The p's have been determined 
by planimetry for a number of complexes and are reported 
in Table 11. In that determination, we assumed a sym- 
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ture for Co and Ni and to a relatively broad and small band 
for Cu. On the other hand, p appears to change rather 
regularly (Figure 5). 

other metal peaks. 2s and 3s peaks have been found quite 
difficult to observe properly (probably due to  the Coster- 
Kronig effect).’” 2pl ,2 peaks are easily obtained. Satellite 
structures in 2p1,, and 2p,,, patterns present roughly the 
same complexity (for Mn. we observe one satellite in both 

For some of the complexes investigated, we have recorded 

Table 11. Relative Importance of the Satellite Peaks Observed 
in Metal 2u SDectra 

Complex p for 2p,,, structure”J’ 

[0.59] 

~~~~ 

Mn Complexes 

[(Et),Nl,MnCT, 0.38 [ r0.351 

Co Complexes 

[(Et),NI,MnBr, 0.46 [OS11 

[(Et) $1 Mn(NC0) 0.22 

[(Me),NI,CoBr, 0.55 
[(Me) Nl CoC4 0.50 
[(Me),NI,Co(NCO), 0.49 
[(Me),N 1 Co(NCS) 0.53 
[(Et), Nl CoBr 0.55 
[(Et)4NIzCoCl, 0.48 
[(Et),NI,Co(NCO), 0.49 
[(Et) 4N I z Co(NCS) 4 0.44 
[ (Bu) 4N 1 z Co(NCS) 4 0.41 

[(Me) ,NlzNi(NCS)4C 0.47 
[(Me),Nl,Ni(NCS), 0.40 
[(Et),NI,NiBr, 0.58 [ 20.681 
[(Et),NI,NiCI, 0.59 [ 20.681 
[(Et), N 1 ,Ni(NCS), 0.53 [0.81] 

Cu Complexes 
[(Me),NI,CuBr, 0.35 [0.35] 
[(Me),NIzCuCl, 0.34 [0.37] 
[(Et) ,N 1 CuBr, 0.32 [0.36] 
[(Et),Nl,CuCI, 0.22 [0.37] 

Ni Complexes 

a p for 2p1,, between brackets when pertinent. See text for 
This complex is actually pseudooctahedral the definition of p .  

(see ref 12). 

metrical line shape for the normal line without satellite 
(after properly substracting background), taking the high 
binding energy side as a mirror image of the observed low 
binding energy profile. 

(a) The cation seems not too important in determining 
the fine structure, at least from Me4N+ to Et4N+ (Figure 2). 
The only discernible trend may be a “compression” of the 
structure toward the main peak. 

(b) The ligand is of prime importance in determining the 
fine structure (Figure 3). Some change appears in the line 
shape (except for Mn for which just one satellite is observed) 
all along the spectroscopic series with a decreasing separation 
between satellites and main peaks, but the main trend is a 
reduction of p (Figure 4).12 We note that for cobalt and 
nickel complexes the metal main peak is rather sharp for 
halogen ligands but broader for NCO, NCS, and NCSe 
l igand~.’~ 

(c) The nature of the metal governs the general aspect of 
the satellites, as depicted in Figure 1. From a relatively 
sharp peak for Mn, we pass to a much more intricate struc- 

(12) (Me,N),Ni (NCS),, which contains bridging thiocyanates 
in a pseudooctahedral environment,” or (Me,N),Ni(NCS), can be 
used to  demonstrate the role played by ligands in octahedral systems. 
In  this case, the change in neighbors is accompanied by a change in 
line shape but not a significant change in p. Unfortunately, among 
the complexes considered here, no pair of related tetrahedral-octa- 
hedral complexes can be usefully compared in terms of the relevant 
metal fine structure. 

(13) D. Forster and D. M. L. Goodgame, Inorg. Chem., 4, 8 2 3  
(1965). 

(14) The classification of ligands according to  the (experimental) 
spectroscopic series is probably not the best as it mixes contributions 
of u and 71 bonding, when these are possible. From this point of 
view, it is interesting to observe that J. C. Carver, G. K. Schweitzer, 
and T. A. Carlson, J. Chem. Phys., 57, 973  (1972), found in their 
study of first-row transition metal salts that the splitting in the 3s 
shell varies inversely to  the position in the nephelauxetic series for 
halogen ligands when splitting and p in the 2p shell seems to  vary 
inversely to  the ligand position in the spectrochemical series, in our 
case. 

cases). The prikcipal change is for p to be greater for 2p1,, 
(Table II).15 

2. Peak Position. We restrict ourselves in the following 
to the presentation of data obtained on tetrahedral species, 
as no clear distinction can be made from peak position (for 
all the investigated elements) between related tetrahedral 
and octahedral complexes. 

When considering chemical shifts relative to the neutral 
element” and corrected for the oxygen standard at 532 eV 
(except for -NCO compounds), one finds a number of regular 
trends when the following substitutions are made. 

(a) We substitute one tetraalkylammonium cation for an- 
other. From C1 = Me4N+ to Et4N+ (and n-Bu4N+, when pos- 
sible), we note a trend to decreasing binding energies, either 
in the cation (N 1s of the R4N+) or in the anion (metal, 
halogen, or pseudohalogen), with the only possible excep- 
tion of isocyanate complexes (for which no convenient stand- 
ard exists). The decrease is the greatest for the ammonium 
type nitrogen atom in the cation (2.0 to 2.5 eV from Me4N+) 
to n-Bu,N+); it is sizable for the elements of the anion (0.3 
to 0.6 eV for Zn; 1.1 for Cu; 0.3 to 0.8 eV for the halogen 
or pseudohalogen, always from Me4N+ to Et4N+). Despite 
difficulties encountered in referencing (carbon and oxygen 
peaks of the compounds overlapping “trace” peaks), the 
difference in behavior of isocyanate complexes compared to 
complexes containing halogens or isothio- and selenocyanates 
seems significant. 

I t  is to be noted that “classical” spectroscopic properties 
of such complexes (ir frequencies and uv parameters) are not 
so much affected by a change in cation as are binding ener- 
gies reported here .5*69 l3 

(b) We substitute one ligand for another. When we con- 
sider ligands in the order of the spectroscopic series Br, C1, 
NCO, NCS, and NCSe, a regular trend exists in the binding 
energies for all elements in cobalt and zinc compounds (we 
note that these compounds are generally not isomorphous). 
For cobalt complexes, the N 1s  binding energy of R4N+ de- 
creases and the Co binding energy increases along the spec- 
trochemical series. On the other hand, for zinc complexes, 
both N 1s and Zn binding energies decrease along the same 
series. 

(c) We substitute a metal for another. The change only 
appears for the metal, all other binding energies being rough- 
ly the same. For the metal itself, the comparison of bind- 
ing energies needs a common standard; we have chosen the 
neutral element position, as given in ref 3.’’,’’ In this way, 
we find that the change in metal binding energy roughly 

(1 5) When investigating lamellar clay compounds with inserted 
cobalt, nickel, copper, or zinc derivatives,I6 we have observed similar 
and quite significant changes in p .  For example, extreme values for 
nickel are p = 0.12 in Ni(en,)Cl, inserted in Na montmorillonite (en = 
ethylenediamine) and p = 0.57 for nickel hydroxide in Na montmoril- 
lonite. 

(16) J .  Escard, I. Mantin, and G. Mavel, “Surface Structure and 
Properties of Clay Minerals,” Louvain, June 2 4 ,  1971; Bull. Groupe 
Fr. Argiles, 2 5 ,  181 (1973) 

(17) For metal elements, we discuss the position of the 2pgI2 
peak only. We have checked in a number of cases that the interval 
2p1,,-2p,,, is nearly constant for a given metal. 
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attributed in both cases to multiplet splitting.’19z2 But, 
later on, other explanations have been advocated for similar 
fine structures (shake-up processes,11c3z5 multielectron ioniza- 
tion,loa and plasmon structurez6). In addition, one must 
not forget the possibility of Auger peaks (ruled out from our 
observations) and of overlapping chemical shifts due to 
metal contamination. The latter explanation can be partly 
valid for Ni with NCS or NCSe ligands and for Co with 
NCO, NCS, or NCSe ligands, as previously indicated. 

mechanism responsible for fine structure (except for exclud- 
ing plasmon effects), this point will not be discussed further. 

2. Peak Position. (a) As our samples are ionic solids, the 
first requisite is to account for relevant polarization ef- 
f e c t ~ . ~ ~ ~ ’ ~  Fadley, et  aL,93’8 proposed to describe these by 
considering the potential exerted on the photoelectron by 
the ions surrounding it but, as discussed by 
“Madelung effect” cannot explain all observed features. 
For instance, in our experiments on complexes and related 
salts, the change in cation size (section III.2.a) would reduce 
the Madelung effect, thusdecreasing binding energies for anion 
elements and increasing that for cation elements. In fact, 
we actually observe a trend to decreasing binding energies 
for all elements in the complexes,30 especially noticeable 
for the ammonium type cation nitrogens. A similar decrease 
(but less regular and of smaller size) has been observed in 
the reference compounds we investigated; for instance, the 
change is only by ca. 0.4-0.6 eV from NMe4NCS to NBu4- 
NCS. Whatever change in bonding is expected during this 
replacement of Me4N+ by Et4N+ or B u ~ N + , ~ ~  Madelung 
terms cannot be the only ones to operate. I t  has been sug- 
g e ~ t e d ” ~ ” ~  that, besides some covalence contribution, 
polarizabizity would play a part in ionic crystals. 

As no conclusive argument can be use to decide on the 

this 

(b) As our observations show that anion chemical shifts 

Escard, Mavel, Guerchais, and Kergoat 

(21) L, G. Parratt, Phys. Rev., 50, 1 (1936);Rev. Mod. Phys., 
31, 616 (1959); R. E. Watson and A. J. Freeman in “Hyperfine 
Interactions,” A. J. Freeman and R. B. Franckel, Ed., Academic 
Press, New York, N. Y., 1967. 

(22) A similar type of fine structure was observed in the LII, 
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Figure 7. Relationship between metal binding energy and crystal 
field stabilization energy (after ref 36) for (Et,N),MCl, compounds. 

in our complexes are much more sensitive to cation size ef- 
fects than in the reference salts, it is fair to assume that the 
main factors governing relevant binding energies are linked 
to the anion structure itself. 

Two conflicting factors are likely to be important in con- 
nection with the nephelauxetic influence of ligands. On 
one hand, the participation of 3d metal electrons in anti- 
bonding MO’s is accompanied by a radial expansion, i.e., 
a decrease in all metal binding energies.% On the other 
hand, the 3d-2p interaction advocated in section IV.1. gives 
(according to free atom  calculation^^^) a decrease in binding 
energies which is less and less pronounced as 3d metal elec- 
trons participate in the MO’s. For zinc, which has its 3d 
levels completely filled, only the first factor is important 
and 2p energy goes down along the spectroscopic series; 
for cobalt, which has its 3d levels incompletely filled, the 
second factor dominates and 2p energy goes up along the 
spectroscopic series. 

If we turn now to cation chemical shifts in the same 
sequence, we note a larger sensitivity to cation size in com- 
plexes than in reference salts (ammonium N I s  spectra). 
The decrease observed in binding energies along the spec- 
troscopic series is the same whatever the number of un- 
paired electrons. This is consistent with the correlated 
trend to lower ionicity in the metal anion, thus to lower 
local electric field at the nitrogen; it is known that such 
fields cause orbital contraction (for bonding or closed shell 
orbitals). 

(c) Trends observed when substituting one metal for an- 
other in a given complex are not too easy to interpret ex- 
cept for the metal itself (Figure 6) for which binding energy 
(referred to neutral atom) roughly behaves as solvation ener- 
gies, a function of hyperfine splitting.36 This may be con- 
sistent with a 3d-2p interaction for unpaired electrons in ad- 
dition to progressive metal charge reduction and metal-ligand 
valence c o n t r i b ~ t i o n ~ ~  when 2 increases. 
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The microwave spectra of CH,CH'"BF, and CH,CH"BF, have been recorded from 12.4 to 40.0 GHz. Both A- and B- 
type transitions were observed and Q- and R-branch assignments have been m'ade for the ground state. Satellite lines 
resulting from the excited states opthe BF, torsion and two skeletal deformation modes were also identified and assigned. 
From the near-zero value of the inertial defect, A = I C  - (IA + IB) = 0.032 amu 2, it is concluded that the molecule is 
planar. The total dipole moment was determined to  be 1.74 f 0.04 D, with components pa = 1.69 i 0.04 D and & = 
0.37 f 0.02 D. The infrared (200-4000 c m - I )  and Raman spectra (0-3500 cm-') have been recorded for both the gas and 
the solid, A complete vibrational assignment is proposed. The internal torsional mode was observed at 103 cm-' in the 
Raman spectrum of the gas and a twofold periodic barrier of 4.17 kcal/mol was calculated. These data were consistent 
with the relative intensity measurements in the microwave spectrum. The B C  bond distance appears reasonable relative 
to the values reported for this distance in other organoboranes. 

Introduction 
The compound vinyldifluoroborane was first prepared 

and characterized by Brinckman and Stone2 in 1960. Since 
that time, this particular compound has received very little 
attention although vinylboranes in general have been widely 
investigated. Interest in this general class of compounds has 
centered on the question of boron-carbon n bonding since 
the boron atom has a low-lying vacant p,, orbital which 
could accept electron density from delocalization of the n 
system of the vinyl group. Mesomeric interactions of the 
type 

I & 8-1 

\ 
H,C=CH-B * H,C-CH=B 

\ 

could make a substantial contribution to the bonding in 
vinylboranes. Studies of the acceptor ability of vinyl- 
boranes? I9F nmr studies of vinylfluoroboranes; a study 
of the absorption frequencies of the C=C stretching band 
in aQ-unsaturated organoboron compounds," as well as a 
consideration of the position and intensities of the C=C 
stretching absorption in the infrared spectra4 of H2C= 
CHBC12 and Me3N.BCl2(CH=CH2) have been used as chem- 
ical and spectroscopic evidence for the occurrence of n 
character in the boron-carbon bonds of these compounds. 
In addition, B-C n bonding has been invoked as a possible 
explanation for the relative stability towards disproportiona- 
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tion of vinylalkylboron compounds: as well as the absence 
of reaction between trivinylboron and oxygen at room 
temperature? 

Theoretical studies have also addressed themselves to 
the question of n bonding. An approximate linear combina- 
tion of atomic orbitals-molecular orbitals computation,6 
as well as self-consistent field calculations,' has been per- 
formed to investigate delocalization in these systems. These 
calculations predicted a considerable n-electron density 
contribution by the halogen atoms to the boron atom in 
halovinylboranes. By contrast the vinyl group was found 
to supply little n-electron density to the boron atom. More 
recently, the photoelectron spectrum of trivinylborane has 
been obtained' and the conclusion reached that there is 
only limited conjugation in the molecule. 

Thus, the question of boron-carbon n bonding in vinyl- 
boranes is still in doubt. We have embarked an a program 
to investigate various vinylboranes from a vibrational, ro- 
tational, and nmr point of view in order to elucidate more 
fully appropriate parameters of these molecules. The 
determination of boron-carbon bond lengths, the barrier 
to internal rotation about the boron-carbon bond, and 
boron-carbon coupling constants should all present a cleaI 
picture of the bonding in vinylboranes. In this paper we 
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