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The solution and solid-state spectra of 11 representative manganese(II1) complexes and acidic, aqueous solution spectra of 
the manganese(II1) ion were examined. In each case two bands in the near-infrared and visible portions of the spectra were 
found under suitable experimental conditions. The consequences of Jahn-Teller effects on manganese(II1) complexes are 
discussed and the low-energy band (-10,000 cm-l) is assigned generally to the jB1, -+ 5AA1, transition for a Dlh symmetry 
complex, Further refinement of the X-ray crystal structure3 of manganese(II1) acetylacetonate confirms the fact that  no 
sizable static distortions of the Mn-0 bond are present. However, the data are insufficiently good to rule out pseudorotation 
or small static distortions with molecular disorder in the crystal. The electronic spectrum of the complex in the visible and 
near-infrared spectral regions is consistent only with a band assignment which assumes a splitting of -9000 cm-I for the 

(in o h )  state. 

Introduction 
The electronic and structural properties of high-spin 

manganese(II1) complexes are of unusual interest since 
the ground electronic state anticipated in octahedral 
complexes, 5E,, is subject to strong Jahn-Teller  force^.^^^ 
A similar electronic ground state has been observedG 
in complexes of chromiurn(I1). 

Despite several recent reports7-14 of the preparation 
and optical properties of manganese (111) complexes, 
difficulties have arisen in the assignment of the elec- 
tronic transition appearing in the near-infrared spec- 
tral region. The relationship of the presence of this 
band to the structure of the complex in question has not 
been clarified. In particular, this band has been vari- 
ously assigned to a spin-forbidden t r a n s i t i ~ n ‘ ~ ~ ~ ~  from 
the ground state to 3T1, (in o h ) ,  as a low-energy “charge- 
t r a n ~ f e r ” ’ ~ ~ ’ ~  transition, as a transition from the jE, 
ground state to a trigonally split ijTZg excited state,I7 
and as a spin-allowed transition between components of 
the SEg (in o h )  ground state split by Jahn-Teller phe- 
n ~ m e n a . ~ , ~ ~  

In this paper we report the results of a rather exhaus- 
tive study of the electronic spectra of a wide variety of 
manganese (111) complexes and attempt to correlate 
and systematize the available data. We also report 
the results of a reexamination of the structural data3 
for manganese(II1) acetylacetonate. We have ex- 
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amined the possibility that the electronic spectrum of 
this complex is consistent with a pseudorotating struc- 
ture, both in solution and for the room-temperature 
solid. 

Experimental Section 
Since complexes of manganese(II1) are readily subject to de- 

c o r n p o s i t i ~ n ~ ~ ~ ~ ~  it  is necessary to  use special care in preparing 
samples and observing spectra. 

Preparation of Complexes. Bis(2,4-pentanedionato)diaquo 
manganese (111) Chloride Dihydrate, Mn (acac), (H20)?C1 I ZHzO. 
-Preparative procedures were followed as given iu the litera- 
ture.21 A n d .  Calcd for MnCloH2~08C1: C, 33.24; H, 6.1. 
Found: C, 33.00; H,  6.04. 

Ammonium Bis(5-Chlorosalicylato)diaquomanganese(III) 
Dihydrate, NHl [Mn (5-Cl-Sal)2 (Hz0)2] ‘2Hp0 .-Literature 
methods of preparationz2 gave very satisfactory yields of this 
complex. Anal. Calcd for Il.lnCl~OloH20NC12: C, 34.3; H, 
3.67. Found: C, 34.35; H,  3.56. 

Other complexes prepared using existing procedures were: 
manganese(II1) acetate dihydrate;23 tris(l,2-propanediamine)- 
cobalt(II1) hexachloromanganese(III), [(1,2-pn)rCo] [MnCb] ;7 
potassium pentachloromanganese(III), KJInC1:,;24 potassium 
pentafluoromanganese(III), Kzh.ZnFj;2S potassium tris(oxa1ato)- 
manganese(II1) trihydrate, KsMn(Ox)3 ,3H20;20 and cesium- 
manganese alum, CsMn(SO& * 12Hc0.23 

Both manganese(II1) acetate (contaminated with MnOz and 
manganese(I1) acetate) and K31Lln(0x)3.3H20 (contaminated 
with potassium oxalate) were judged to be impure but usable. 
The other complexes were freshly prepared and/or recrystal- 
lized immediately prior to  use and were taken to be pure. 
Bis(tetraethylammonium)pentachloromanganese(III), [ (CzH;),- 

Nl2MnCli.-The preparation of this compomd has been re- 
ported by Goodwin and Sylva.I1 It was found that, although 
this preparative procedure is suitable, it is more convenient to 
alter certain portions of it.  

h suspension of manganese dioxide in absolute ether was treated 
carefully with acetyl chloride (99yo CHBCOCI, J. T. Baker 
Chemical Co.) to produce an intensely purple solution which was 
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then filtered to remove unreduced manganese dioxide. The 
reaction usually was initiated by adding a small amount of solid 
manganese(II1) acetate. Small portions of an ethanol solution of 
(C2Hs)aNCl were added to the purple ether solution until pre- 
cipitation of the green, finely divided complex was complete. 
The product was filtered, washed with ethanol and ether, and 
dried over sodium hydroxide in a desiccator. The complex may 
be prepared in solvents other than ether (e.g., ethanol, cc14, 
1-butanol, methanol) but photodecomposition appears slower in 
ether. 

Mixed Manganese-Aluminum Alum, NH4Al[Mn] (SO4)?. 
12Hz0.-This mixed alum is the only one reported which con- 
tains mangane~e( I I1 )~~  and may be prepared over quite a large 
range of manganese(II1) concentrations. In a typical prepara- 
tion 2.5 g of manganese(II1) acetate was dissolved in a minimum 
amount of cooled 30% (by volume) HzS04. Because of solu- 
bility problems in dilute acid, the required 4.85 g of Alz(S04)3 
was first dissolved in ~ 3 5  ml of warm water and then acidified 
to 30% HzS04, cooled, and added to  the manganese(II1) acetate 
solution. The cation was added as 1.98 g of (NHa)eSO4 which 
was also dissolved in 30% HzSO~ and cooled before addition to the 
manganese(II1) solution. The mixed alum was obtained in a t  
least two crystalline forms after being allowed to  stand in a 
refrigerator from 1 day to  1 month. These crystals were iso- 
lated by filtering rapidly on a coarse frit, washed quickly with 
absolute alcohol, and stored in loosely stoppered glass vials. To 
limit photodecomposition and dehydration, the vials were stored 
over 30y0 HzS04 in a darkened desiccator. 
Tris(tropolonato)manganese(III), Mn(tp)3.-Although this 

compound apparently has not been previously prepared, adapta- 
tion of a procedure given by DonarumaZ8 gives the desired com- 
plex easily. Tropolone (0.01 mol or -1.22 g) and manganese- 
(111) acetate (-0.0027 mol or -0.724 g)  were finely powdered 
and dissolved in 50 ml of dry toluene. The solution was placed 
in an appropriate flask and heated with magnetic stirring until 
-30 ml of a toluene-acetic acid azeotrope had distilled over, a t  
which point a dark green precipitate had formed. The reaction 
mixture was cooled and the product was filtered and washed four 
times with toluene. The product was recrystallized from chloro- 
form and washed with ether. The green needles obtained de- 
composed without melting at  -235' (uncorrected). Anal. 
Calcd for MnCzlHlsOe: C, 60.30; H, 3.59. Found: C, 59.59; 
H, 3.69. The compound was not thoroughly dried prior to analy- 
sis. 
Tris( 1,1,1,6,6,6-hexafluoro-2,4-pentanedionato)manganese (111). 
-Oxidation of manganese(I1) in the presence of sodium acetate 
and hexafluoroacetylacetone (HF~acac) with KMn04 gives 
MnOz or Mn203. Ligand-exchange techniques are required to 
prepare the complex. We found it  feasible to exchange the tri- 
fluoroacetylacetonate ligand for the hexafluoro derivative start- 
ing with Mn(F3acac)s. 

In a typical experiment, HFeacac (the hydrate must be 
avoided) was added to  Mn(F3acac)a in slight excess of the quan- 
tity necessary to dissolve the complex. Ligroin (bp 60-90') 
was added to increase the volume approximately fourfold and 
the solution was cooled to -OD. After about 2 hr, the impure 
product was filtered off and again treated to the HFGacac plus 
ligroin procedure. The product subsequently was sublimed at 
30" (250 mm) pressure onto a cold finger, mp 57-58' (uncor- 
rected). The complex readily formed a coating of what appeared 
to be Mn(FGacac)z.2HzO in moist air and decomposed in moist 
solvents. Anal. Calcd for MnC16H306F18: C, 26.7; F ,  50.7; 
Mn, 8.1. Found: C, 28.7; F,47.7; Mn, 8.4. 

Tris(3-cyano-2,4-pentanedionato)manganese(III).-Like Mn- 
(Fsacac)a, this compound could not be prepared by conventional 
procedures. Ligand exchange with Mn(DPM)a or M ~ I ( D I B M ) ~  
(DIBM is the anion of diisobutyrylmethane, and DPM is the 
anion of dipivaloylmethane) produced the desired product. In 

(27) J. Zernike, Rec. Trav. Chim., 71, 485 (1952); Chcm. Abslr., 47, 2619h 
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a typical experiment, 1.0 g of Mn(D1BM)a or Mn(DPM)s was 
dissolved in 20 ml of cyclohexane. To this black solution, 1.2 
g of 3-cyano-2,4-pentanedioneZg was added in small amounts with 
stirring. After complete addition of the ligand, approximately 
1 g of a black precipitate was formed which was filtered from the 
solution and washed with cyclohexane. The product was purified 
by recrystallization from benzene upon addition of cyclohexane 
and was found to melt a t  165' (uncorrected) with decomposition. 
Anal. Calcd for M~!~sHIsOBNS: c, 50.6; H, 4.2; N, 9.8; Mn, 
12.9. Found: C, 50.6; H,4.4; N, 9.9; Mn, 12.9. 

Acid Solutions of Manganese(II1) Ion.-Solutions containing 
manganese(II1) in dilute h y d r o c h l ~ r i c , ~ ~ ' ~ ~  s ~ l f u r i c , * ~ ~ ~ ~ ~ ~  and per- 
chl'oric5~8 acids have been reported previously. However, it was 
found that sulfuric acid solutions prepared by some literature 
methods3' were unstable and too concentrated for spectral studies. 
In essence, the procedure given by Voge131 was used with the 
concentrations of Mn(C104)~.6HzO and KMn04 cut by a factor 
of 10. The solutions were protected from photodecomposition 
throughout preparation and stored for several hours in the dark 
prior to taking the spectra. 

Solutions of manganese(II1) in hydrochloric acid mere pro- 
duced using the above procedure. I t  was found that hydro- 
chloric acid solutions of manganeseiII1) ion are more unstable 
to light and decompose faster, even in the dark, than sulfuric acid 
solutions. It was also found that a spectroscopically identical 
solution could be prepared simply by dissolving manganese 
dioxide in dilute HC1. 

Spectroscopic Studies.-A Cary Model 14 spectrophotometer 
was used to obtain solution and transmission mull spectra of the 
complexes. Solution spectra were obtained in matched silica 
cells and the solvents employed were of the highest practical 
purity. Samples for transmission mull spectra were prepared by 
dispersing the particular complex in a suitable medium (Nujol or 
hexachlorobutadiene), then pressing between silica plates, and 
sealing the edges. 

The reflectance spectra of several complexes were obtained 
from a Beckman Model DK-2 equipped with a standard reflec- 
tance attachment. Reflectance spectra at low temperatures were 
obtained using apparatus described by Fackler and Holah.E 

X-Ray Structure of Manganese(II1) Acety1acetonate.-The 
data of Morosin and Brathovde3 (M-B) were weighted according 
to the Hughes scheme.32 Refinement of the data33 using iso- 
tropic thermal parameters in a number of least-squares cycles was 
conducted to minimize R. M-B used the differential method. 
Changes in atom positions from those found by M-B were small 
though these changes did lead to somewhat lower thermal pa- 
rameters. A slightly larger trigonal twist, 8.5" compared with 
the 7.5" of M-B, was concluded. Interatomic distances and 
isotropic temperature factors as determined are presented in 
Table I for the structure of Morosin and B r a t h ~ v d e . ~  

Results 
Table I1 summarizes the results obtained in this 

study for the visible and near-infrared spectra of a 
wide variety of manganese(II1) complexes. As indi- 
cated here and e l s e ~ h e r e , ~ - ~ ~ ~ ~ ~  two prominent bands 
generally are observed between 5000 and 25,000 cm-l 
with molar extinctions under 500 M-l cm-l for com- 
plexes having six similar ligand atoms surrounding the 
metal ion. Examples are the tris-P-diketone complexes, 
the alums, the tris acetate, the tris tropolonate, etc. 
I n  bis (che1ate)diaquo complexes and in complexes 

(29) J. P. Fackler, Jr., J. Chem. Soc., 1957 (1962). 
(30) J. A. Ibers and N. Davidson, J .  Am.  Chem. Soc., 72, 4744 (1950). 
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TABLE I 
ISTERATOMIC DISTANCES AND ISOTROPIC TEMPERATURE FACTORS 

FOR THE REFINED STRUCTURE OF MANGASESE(III) 
ACETYLACETONATE 

Rond A 82 Bond A 82 
Mn-Ol 1.897 Mn 2.906 CIz-Cl 1.394 C1~6.896 

Mn-02 1.866 02 4.458 c12-C~ 1.354 

Dist,'L Temp factors, Dist,a Temp factors, 

01 4.746 

Mn-03 1.904 0 3  4.060 c3G-c3 1.421 C3~5.463 
Mn-04 1.897 0 4  4.455 C36-Ce 1.407 
Mn-0' 1.902 0 5  4.617 c46-c4 1.366 
Mn-OG 1.897 0 6  4.315 Ca4-C5 1.337 c454.533 
C1-01 1.239 CI 5.314 Ci-Czi 1.532 Cz16.391 
Ca-02 1.303 C2 4.717 CZ-C,~ 1.527 Czz6.844 
C3-03 1.253 Cs 3.630 C3-Cz3 1.547 Cza5.400 
(2-04 1.277 Cq 4.909 C4-C24 1.565 (2244.775 
(26-0; 1.287 C5 3.530 Cs-C,5 1.511 Czi 5.864 
C5-06 1.277 c5 3.736 Cfi-CzG 1.552 CreG.086 
Q A final value of R = 0.088 was obtained. 

which dissociate in solution, e.g., [(1,2-pn)&o] [MnC18], 
the low-energy (5B1, + 5A1g) band is not evident. 
However, the low-energy band of the bis(che1ate)- 
diaquo species can be seen in pyridine where the co- 
ordinated water presumably is replaced by the amine 
(Figure 1). In  a few cases, such as the tris(trop0- 
lonato)manganese(III) solution spectra, an additional 
band (5B1g + 5Eg) was resolved (see Figure 2) .  This 
band probably is present in all of the spectra but may 
appear either under the envelope of the lODq (5B1,-t 
5Bzg) band12 or as an indistinct shoulder on the side of a 
rapidly rising charge-transfer band. It many cases it is 
possible to estimate or calculate the position of this 
third band (vide infra).  

The spectra of the manganese(II1) complexes gener- 
ally appear to be unusually sensitive to the conditions 
under which the absorptions are observed. Solvent 
choice is particularly important since the position of 
the low-energy band (5B1g + jAlg) in many of the com- 
plexes is very sensitive to solvent interaction.'O Sol- 
vent perturbations usually can be recognized by com- 
paring solution spectra with solid-state reflectance 
spectra. 

Conversely, the results of solid-state spectra must be 
correlated with those of solution spectra with some care. 
Reflectance spectra usually show the 5B1g -t band 
at  lower energies than any other mode used to obtain the 
spectrum. Transition mull spectra, on the other hand, 
often show the 5B1g + 5A1g band broadened and shifted 
to higher energies. Single-crystal spectra of dilute 
manganese alum crystals obtained by the pinhole 
method in this laboratory34 do not show a defined low- 
energy band a t  all. In  other single-crystal spectral3 
the 5Blg + 5A1g band is shifted 600-1000 cm-l from the 
position found in reflectance spectra. 

Discussion 
Assignment of the Low-Energy Band.-Four reason- 

able assignments of the low-energy band appearing in 
manganese(II1) complexes (Table 11) have been sug- 
gested. (1) The transition arises owing to a static or 
dynamic splitting of the 5E, ground ~ t a t e . ~ ~ ' ~  ( 2 )  The 

TABLE I1 
SPECTROSCOPIC DATA FOR SOME HIGI-I-SPIN MANGANESE(III) 

XUMBERS IX PARENTHESES ARE EXTINCTIOS 
COEFFICIESTS, E (L. MOL-' cii-1) 

COMPLEXES. 

Excited state 
Medium! Bands, cm-1 (in Dah) 

Mn(acac)Z(H20)sC1.2HaOe (see Figure 1) 
Reflt -17,230 sh 5B2ga 
CH30H -17,600 sh (55) 6B?,a 
PY -8,500 b (34) '-41, 

NHI [nIn(5-Cl-Sal)s(HzO)~] .2HzOe 
18,180 sh (81) 6332, 

Reflt -17,000 b 6B2,a 
i-CqH70H -18,900 sh (339) 

PY 

Reflt 

C?H:,OH 

Reflt 

Reflt 

Reflt 

C4C1Gd mull 

-21,900 w, sh 
-13,500 sh (73) 
-18,900 b, sh (89) 
-21,400 w, peak (263) 
-22,700 sh (330) 

Manganese(II1) Acetates 
-11,400 b 
-22,000 vb 
-14,000 w, vb (33) 

[(1,2-pn)3Co] [MnCle]e 
21,600 sh (137)',C 

-8,300 b, w 
-17,540 sh 
-22,400 

K2MnCl;e 
-12,000 b, sh 
-18,500 b 
K ~ M ~ ( O X ) ~  .3H20 

-9,100 vb  
-199,050 sh 
-20,400 peak 
-9,500 vb 

-19,700 
CsMn(S04)s. 12H20 

Reflt (RT)  and -9,500 b 5A1, 
(77'K) -20,400 sh GB2,~ 

C4ClG mull -20,400 sh 5B2,b 
Sujo l  mull or -9,000 b, sh 54i,e 

Mixed Mn-AI Alums 
SH4.41[Mn] (SO4)2.12H20 

Reflt -11,500 b 5A4~, 
-21,050 sh 2g 

533 h 

Nujol mull -21,050 sh 5B2g'*e 

or C~CIG mull 

Mn(tp)3e (see Figure 2) 
Reflt -10,600 b 5.41, 

-16,700 sh 6Bzg 
-20,800 peak 6E, 

CHC13 9,090 (89) '&g 

15,875 (248) 6B2, 
17,545 (318) 'E, 

6 N H2S04 -12,500 5 A , ,  

20,800 peak BBZ, 
6 A' HC1 11,400 5 A ~ ,  

-17,400 sh 5B2g 

Mn3+ 

a The 5Blg + 6A1, band is under the envelope of this transition. 
b This band is broad and/or asymmetric and may contain two or 
more bands. Extinction coefficient subject to uncertainty due 
to decomposition of sample. d Mull protected from uv-induced 
photodecomposition. See Table I11 and ref 34 for additional 
spectral data. 1 R T  is room temperature, rreflt is reflectance 
spectrum. 
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from ligand to metal “charge t r ~ n s f e r . ” l ~ * ~ ~  We shall 
consider each of these possibilities separately. 

Splitting of the E, Ground State.-The elec- 
tronic configurations [core]3dg and (spin-free) [core]3d4 
produce E, ground states in fields of octahedral sym- 
metry. Such states are susceptible to Jahn-Teller 
forces which cause the removal of the orbital degen- 
eracy. However, other phenomena such as spin-orbit 
coupling, lattice distortions, solvent interactions, etc., 
also may cause the removal of the degeneracy. As- 
suming these other effects are not energetically sig- 
n i f i ~ a n t ~ ~  when compared with the energy of the ob- 
served transitions in CuZf,  CrZ+, and Mn3+ com- 

a splitting of the E, ground state by 9000- 
15,000 cm-l is required to account for the low-energy 
transition. An electronic splitting of this magnitude 
can occur only if sizable effective distortions*l of the 
nuclear geometry from a regular octahedron about the 
central ion also occur. For an ML6 system, distortion 
to Dlh symmetry removes the degeneracy of E,. How- 
ever, this may be either tetragonal elongation or com- 
pression, both equally probable for any one pair of 
trans M-L bonds; hence three degenerate minima in the 
potential surface must occur. Exchange among these 
minima produces the phenomenon labeled “minima 
exchange” or “pseudorotation.”42 

(1) 

4 0 -  

30 - 

20 - 

10 - 

20 19 18 17 16 15 14 13 12 II IO 9 8 7 6 

t crn“ x IO-’ 

Figure 1.-Visible spectrum of Mn(acac)z(HLO)zC1.2HL0 in (A) 

- 

- 

- 

- 

- 

- 

- 

- 

- 

pyridine and (B) methanol. The Jahn-Teller problem with E, ground  state^^^-^' 
has been treated thoroughly elsewhere (see Appendix). 
For purposes of the present discussion we will neglect 
any barrier which might exist to prevent “pseudorota- 
tion” and will discuss the result in terms of the energy 
level diagram given in Figure 3 (see Appendix). Here 
we assume that nuclear motion along the q 2  coordinate 
gives a pair of minima which are symmetric with re- 
spect to rotation about the threefold axis of the octa- 
hedron. Thus transitions may occur between com- 
ponents of the E, (in o h )  ground state and from the 
ground state to the components of T2g, which is less 
seriously split.43 Should the molecule be statically 
distorted, as is apparent from X-ray crystal 
of many chromium(II), manganese(III), and copper(I1) 
complexes, it  would be appropriate to label the states 
according to the symmetry observed for the molecule. 
Thus in the limit of an infinitely large tetragonal dis- 
tortion in which the axial ligands are removed from the 

(36) Spin-orbit coupling splits the 2D state in Cuz+ by about 2000 cm-1 
Lattice effects, and the bD states in Crz+ and Mna+ by smaller amounts. 

however, may be very large. 
0 ‘ ” ’ l “  

1 1 , , , , 1 ,  

20 19 18 17 16 15 14 I3 12 II IO 9 8 7 6 

t cm-’ x 

Figure 2,-Visible spectrum of manganese(II1) tropolonate in 
chloroform. 

excited state is split (by distortions) ; hence transitions 
from the 6E, ground state are doubled.” (3) Since a 
Tanabe-Sugano diagram35 predicts the presence of a 
low-lying triplet state, the low-energy transition could 
be spin-forbidden.l6ll6 (4) The transition could arise 

(35) F. A. Cotton, Chemical Applications of Group Theouy, Interscience 
Publishers, New York, N. Y . ,  1963, p 210. 

(37) 0. G. Holmes and D. S. McClure, J .  Chem. Phys., 26, 1686 (1957). 
(38) D. G. Holah and J. P. Fackler, Jr.,  Inorg. Chem.,  4, 1112 (1965). 
(39) R. L. Belford, A. E, Martell, and M. Calvin, J .  Znorg. Nucl. Chem., 2, 

11 (1956). 
(40) J. P. Fackler, Jr.,  and F. A. Cotton, Inovg. Chem., 2, 102 (1963). 
(41) Dissimilar ligands may produce an effectively distorted geometry. 
(42) The exchange has the effect of a rotation about the threefold axis of 

the octahedron. 
(43) The excited state for Mna+ would arise from the configuration 

[core]tzgzepz. I t  is less susceptible to  strong Jahn-Teller perturbations with 
its octahedrally symmetrical distribution of antibonding electrons than is the 
[c0re]t2~3e, configuration. 

(44) Bath axial compression and elongation have been observed in the 
crystalline state (see ref 45-47). 

(45) K. Knox, J. Chem. Phys., 30, 991 (1959). 
(46) E. C. Lingafelter and H. Montgomery, private communication, found 

(47) J. W. Tracy, N. W. Gregory, J. M. Stewart, and E. C. Lingafelter, 
a compressed octahedron about chromium(I1) in the Tutton salt. 

Acta Curst., 16, 460 (1962), and references therein. 
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Figure 3.--Potential energy surfaces for Jahn-Teller split Eg and 
T2g States. Only E, states are drawn t o  scale (see Appendix). 

metal the assignments become that of the square-planar 
complex (see Figure 4). Recent assignments4* of this 
type for the CuOa square-planar geometry show that all 
of the “d-d” transitions may appear a t  energies larger 
than 16,000 cm-’. 

OCTAHEDRAL WEAK TETRAGONAL STRONG TETRAGONAL 
FIELD (AXIAL FIELD (SQUARE 
ELONGATION) PLANAR) FIELD ION 

Figure 4.-Tetragonal spliting diagram. 

The above assignment allows the low-energy transi- 
tion between components of the E, (in Oh) ground 
state in a weak tetragonal field to occur anywhere be- 
tween zero and -16,000 cm-l. Since the transition 
is “spin-allowed,” the intensity observed (Table 11) 
should be similar to the intensity of other spin-allowed 
d-d bands. Also, since the minima of the components 
of E, are widely separated (distortions from octahedra 
of 0.2-0.5 A are commonly found), the band corre- 
sponding to a transition between components of E, 
should be exceptionally broad. In cases where a low- 
energy band is found, its width is certainly very large 
(see Figure 2 ) .  

In a recent electron paramagnetic resonance study 
of Sc2+ doped into the cubic cation sites of CaF2, 
H o ~ h l i ~ ~  showed experimentally that for a lODq of 
-6000 cm-1 in this system, a splitting of the 2E ground 
state by -2500 cm-1 is consistent with the data. 

(48) F. A. Cotton, J. J. Wise, and C. B. Harris, Inovg. Chenz., 6, 909, 915, 

(49) U. T. HBchli, Phys.  Rev. ,  162, 262 (19157). See, however, F. S. Ham, 
917 (1967). 

ibid., 166, 307 (1968). 

With octahedral manganese(III), chromium(II), and 
copper(I1) complexes, in which the eg orbitals are 
clearly antibonding in character, larger splittings of the 
ground state appear quite reasonable. 

The only apparent objection to assignment (1) for 
manganese(II1) complexes arises from an evaluation 
of the X-ray structure of the acetylacetonate complex. 
As Morosin and Brathovde3 showed, and as we have 
reproduced here, the metal-oxygen bond lengths all 
appear to be within experimental error of the same 
value. The complex clearly is not statically distorted 
to the extent needed to produce a low-energy electronic 
band a t  -9000 cm-l. Before considering this mole- 
cule further to show that a consistent assignment can 
be made within the framework of a split :E, ground 
state, the other possible assignments will be discussed. 

Split Excited State.-If the low-energy transi- 
tions arise from components of 5T2, (or 2T2, in Cu2+), 
the splitting is enormous (8000-20,000 cm-I). For 
example, with kInC163- (Table 11), the jT2, level would 
be split by 8300-10,500 cm-l to be consistent with such 
an assignment. Since this state arises from the strong- 
field [c0re]t2,~e,~ excited-state configuration, distor- 
tions from octahedral geometry are not expected to be 
large as the electronic octahedral anisotropy is in the 
nonbonding t 2 ,  orbitals.jO As the large splittings re- 
quired of the Ts, states would certainly be accom- 
panied by even larger splittings of the E, state, no 
consistency of assignment has been achieved with this 
model. Trigonal splittings of only 500-1000 cm-1 
have been observed with some tris-chelate complexes. I f i  

(3) Spin-Forbidden Transition.-The assignment 
of the low-energy band to the jE, + 3T1, transition, 
expected on the basis of a Tanabe-Sugano diagram for 
a d4 system, is ruled out by three distinct observations. 
First, the integrated intensity of the low-energy band 
often is as great as and sometimes is greater than the 
high-energy d-d transition. In no case is it “weak” 
compared with the principal visible band. Spin-for- 
bidden transitions generally have intensities 2-3 orders 
of magnitude less than observed here.jl 

As predicted from a Tanabe-Sugano diagram, an 
increase in the ligand field should cause a decrease in 
the energy of the 5E, + 3T1, transition. DingleIe first 
showed that this result is not consistent with the ob- 
served spectra of manganese(II1) complexes. Several 
additional exceptions are noted in Table 11. The low- 
energy band in chromium(I1) complexes also does not 
shift c o n s i ~ t e n t l y ~ ~ ~ ~  to loxer energies with increasing 
crystal field. Finally, the spectra of copper(I1) and 
chromium(I1) complexes6s38 suggest similar electronic 
transitions are found in both of these systems. How- 
ever, no “spin-forbidden d-d” transitions can be 
achieved with copper(I1) ; hence the assignment as a 
spin-forbidden transition would be specific to man- 
ganese(II1) and chromium(I1). 

(4) Charge Transfer.-The low-energy band in 

(2) 

(50) L. E. Orgel, “Transition-Metal Chemistry,” John Wiley and Sons, 

(61) T. hl. Dunn, “Modern Coordination Chemistry,” J. Lewis and I<. 
Inc., New York, N. Y. ,  1960, p 59 R. 

Wilkins, Ed., Interscience Publishers, Inc., S e w  York, N. \-., 1980, 
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nianganese(II1) p-ketoenolates was assigned initiallylO 
to a “charge transfer” because the observed solvent 
shifts appeared to be inconsistent with expected shifts 
for “d-d” transitions. Photoreduction of manganese- 
(111) complexes also suggested the presence of low-ly- 
ing “charge-transfer” bands. 

We are led to reject the charge-transfer assignment 
for several reasons. Certainly such an assignment for 
the low-energy band would have to be specific to man- 
ganese(II1) complexes since chromium(I1) and copper- 
(11) complexes would show such a transition a t  a vastly 
different energy. The fact that the particular ligand 
atom bonded to the manganese(II1) has relatively 
little influence on the position of the low-energy band 
also contradicts expectation for the charge-transfer 
assignment. While the manganese(II1) P-ketoenolates, 
as a class, might have been considered unique, the 
presence of a low-energy band in the tris-tropolonate, 
tris-oxalate, and tris-acetate complexes at  similar 
energies (Table 11) shows this assumption to be incor- 
rect. 

While photoreduction of manganese(II1) complexes 
does occur, no appreciable decomposition was found 
for the sensitive tris-oxalato species when light a t  ener- 
gies greater than 20,000 cm-l was removed by an 
appropriate filter. The photodecomposition does not 
appear to result from absorbance in the 8000-12,000- 
cm-1 region. 

While Dingle14 has suggested that ligands containing 
nonbonded electron pairs show the low-energy charge 
transfer, changing the bonded atom from 0 to F to C1 
certainly would be expected to produce much more 
striking shifts than are actually observed. The lack of 
previous observation of the low-energy band for Mn- 
(111) in A120352 and for Mn(II1) in the sulfate alum53 
cannot be correlated with lack of charge transfer as 
Dingle suggests, since this band is clearly present in 
the alum (see Table 11) and undoubtedly also would be 
found in A&03 under the appropriate experimental 
conditions (only 0.2 mol yo was doped into the lattice 
in the sample reported in the l i t e r a t ~ r e ~ ~ ) .  

As we show (vide infra) the spectra of the manga- 
nese(II1) P-ketoenolates also are best interpreted by an 
alternate assignment for the low-energy band. 

General Electronic Spectral Relationships.-On at- 
tempting to systematize the electronic spectral data 
for manganese(II1) complexes, the similarity of the 
data with data for chromium(I1) and copper(I1) com- 
plexes is readily recognized. The only assignment 
generally acceptable appears to  be the one which as- 
sumes a rather large static or dynamic splitting of the E, 
ground state. Assuming that the effective field about 
the metal is Ddh, the ground electronic state becomes 
AI, or B1, (static distortion). I n  the tetragonally 
elongated configuration which appears to predominate 
for complexes of known crystal structure, the elec- 
tronic d-d states for the manganese(II1) (and chro- 
mium (11)) complexes can be ordered energetically as 

(52) D. S. McClure, J. Chem. Phys., 36, 2757 (1962). 
(53) H. Hartman and H. L. Schlafer, 2. Naturforsch., 6a, 760 (1951). 

5B1g < bA1g < 5Bzg < jEg and an analysis can be carried 
out in terms of three  parameter^,^^ Dq, Ds,  and Dt, 
where E(5B1, -+ 5A1,) = 4Ds + 5Dt; E(5B1, -+ 5Bzg) = 
10Dp; and E(5B1g + 6Eg) = 3Ds - 5Dt + 1ODq. 
The consistency of such an analysis is obvious from the 
data of Table III.58639-14JJ’*56 

As indicated in a previous paper,6 the apparent stabi- 
lization of the tetragonal structure over that of the 
hypothetical regular octahedral one is given by -2Ds + 
Dt. No obvious trends in this parameter are observed, 
but complexes of manganese(III), chromium(II), and 
copper(I1) all show rather similar values (Table 111). 
If the structures are assumed to be tetragonally com- 
pressed octahedra, unrealistic values for the various 
parameters are obtained. 

Dynamic Effects.-As Hochli showed rather ele- 
gantly by epr studies, 49 the barrier to “pseudorotation” 
about Sc2+ in CaFz is sufficiently small to allow iso- 
tropic spectra to be observed to temperatures near 6OK. 
Below this temperature anisotropic spectra appear, 
consistent with static Jahn-Teller splitting of the 
ground state. Hochli suggests, “conservation of sym- 
metry is the main feature which distinguishes a dynami- 
cal Jahn-Teller effect from the static Jahn-Teller ef- 
fect.” As in the dynamical ammonia problem where 
the symmetry is D3h, the dynamical octahedral prob- 
lem utilizes the point symmetry oh. For Mn(II1) in 
the sulfate alum or water or with Mn”’X6, Cr’IXG, 
and cu’’x6 complexes generally, the dynamical Jahn- 
Teller phenomenon must be considered when discussing 
high-temperature (room temperature may be suf- 
ficiently high) physical data. Hathaway, et al.,57,68 
have pointed out the relevance of dynamical effect to 
the epr spectra of some cobalt(I1) and copper(I1) 
complexes. 

Since the Franck-Condon principle holds providing 
the splitting of E, is large, it is possible to describe 
electronic d-d transitions in terms of the static sym- 
metry of one potential minimum (Figure 4). However, 
polarization properties of electronic transitions as 
described by a static symmetry are useless. No polari- 
zation can occur if the crystal is cubic. In  accord with 
this, manganese(II1) in the “cubic” aluminum alum 
does not show spectral polarizations. At high man- 
ganese(II1) concentrations, however, noncubic lines 
appear in the X-ray powder spectrum.34 

The electronic spectra of the manganese(II1) p- 
ketoenolates clearly conform to interpretation in terms 
of a tetragonal distortion. Assuming reasonable force 
constants for Mn-0 vibrations, semiquantitative esti- 
mates may be made (Appendix) of the separation be- 
tween potential surfaces associated with the 5E ground 
state (Figure 3) .  The results are indeed satisfying and 
suggest that the potential energy barrier in the angular 

(54) C. J. Ballhausen, “Introduction to  Ligand Field Theory,” McGrarv- 

(55) D. Oelkrug, Angew. Chem. Intern. Ed. Engl., 6, 744 (1966). 
(56) R. L. Belford, M. Calvin, and G. Belford, J .  Chem. Phys., 26, 1165 

(1967). 
(57) H. Elliot, B. J. Hathaway, and R. C. Slade, Inovg. Chem., 6, 669 

(1966). 
(58) H. Elliot and  B. J. Hathaway, ibid. ,  6, 885 (1966). See also A I .  

Sturge, Solid State Phys., 20, 92 (1968). 

Hill Book Co., Inc., h-ew York, N. Y., 1962, p 101. 
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TABLE I11 
TETRACOSAL PARAMETERS O F  MANGANESE(III), CHROYIUM(II), .4SD COPPER(I1) COMPLEXES“ 

Complex 
KzMnFa 
NasMnFs 
(”4) &nFr 
MnFa 
KaivInF6 
KaMnF6 
[(C~HdaNlzMnCl~ 
[(bipy)HzlMnCls 
[(phen) HzlMnCls 
[(1,2-pn)3CoI [MnClsl 
Mn(acac)a 
Mn(F6acac)s 
ivf n(F6acac)a 
M n  ( y-CNacac) a 
Mn(benzoy1acac) 3 

Mn(DIBb1)a 
Mn(DPM)a 
RIn(tp)s 
KsMn(0x)s 
KsMn(Ma1)a 
CrClz 4Hz0 
Cu (acac) z 
Cu(acac) z 
Cu(acac)z 
Cu(acac)z 
Cu(r-CzHsacac)a 
Cu ( y-CzHsacac) z 
Cu( y-CzHaacac)? 
Cu ( y- CzHsaCaC) z 

Ref 
This work 

55 
13 
9 
55 
12 

This work 
11 
11 

This work 
10 
10 

10 
14 
10 

This work 
This work 

14 
6 
56 
56 
56 
56 
56 
56 
56 
56 

. . .  

in, 5 

bfedium 
Reflt 
Reflt 
Single crystal 
Reflt 
Reflt 
Reflt 
Keflt (77’K) 
Reat  
Reflt 
Reflt 
Cyclohexane 
Cyclohexane 

Benzene 
CCla 
C yclobexane 
Cyclohexane 
Chloroform 
Reflt 
Malonate buffer 
Reflt (77%) 
#-Dioxane 
1-Pentanol 
Pyridine 
Piperidine 
Acetone 
$-Dioxane 
Methanol 
Pyridine 

. . .  

$Big --f 
SA:&?, 
cm -1 

12,100 
12,500 
12,750 
12,000 
9,000 
9,000 
11,300 
11,500 
12,500 
8,333 
9,520 
11,600 
11,600 
8,060 
8,600 
8,850 
8,700 
9,090 
9,100 
9,600 
10,000 
13,500 
13,000 

11,300 

14,100 
13,150 
12,500 

12,100 

14.300 

&Big -+ 

'Brim 
c m  -1 

18,750 
lS,OOO 
18.200 
19,000 
17,400 
17,5OOb 
16,200 
17,240 
17,400 
17,540 
17,900 
18.700 
18.700 

17,900 
17,500 

17,900 
17,900 
15,875 
19,050 
19,600 
16,000 
15,100 

14,800 
14,800 
15,600 
15,450 
15,000 
14,650 

16,200 

6Blg --f 

6% 

cm -1 

21,400 
21,000 
21,000 

21,000~ 

23,0005 
19,600 

23,530 
24,400 

-25,000 
22,400 
21,500 
23,800? 

21,300 
22,500 
21,300 
21,300 
17,545 
20,400 
20,400 
18,900 
17,500 
17.100 
15,900 
15,100 
18,700 
18,250 
17,250 
16,600 

21,100’ 

Ds,  
cm -1 

2110 
2210 
2220 
2285 
1600 
1785 
2660 
2665 
2870 
1885 
1875 
2385 
2000 
1696 
1885 
1750 
1730 
1535 
1495 
1485 
1845 
2270 
2130 
1885 
1655 
2485 
2415 
2200 
2065 

Dq, 
cm -1 
1875 
1800 
1820 
le00 
1740 
1750 
1620 
1724 
1740 
1754 
1790 
1870 
1870 
1750 
1790 
1790 
1790 
1587 
1905 
1960 
1600 
1510 
1520 
1480 
1480 
1560 
1545 
1500 
1465 

Dt,  
cm -1 

735 
730 
775 
570 
520 
370 
135 
170 
205 
160 
405 
410 
720 
255 
210 
370 
355 
590 
625 
730 
525 
885 
89 5 
910 
935 
870 
890 
870 
850 

Stabiln, 
cm-1 

- 3485 
- 3690 
- 3665 
- 4000 
-2680 
- 3200 
- 5185 
- 5160 
- 5535 
-3610 
-3345 
-4360 
-3280 
-3135 
-3560 
-3130 
-3105 
- 2480 
- 2365 
-2240 
-3165 
-3655 
-3365 
- 2860 
-2375 
-4100 
-3490 
- 3530 
- 3280 

Stabiln, 
kcal/mol 

-9 .96  
-10.55 
-10.47 
-11.43 
-7.66 
-9.15 
-14.82 
-14.75 
-1Li.82 
-10.32 
-9.56 
-12.46 
-9.36 
-8.96 
-10.17 
-8.95 
-8.87 
-7.09 
-6.76 
-6.40 
-9.05 
-10.45 
-9.62 
-8.17 
-6.78 
-11.72 
-11.26 
-10.09 
-9.37 

Q See ref 34 for tetragonal parameters of other manganese(III), chromium(II), and copper(I1) complexes. b Band estimated. 

potential expression V(+) = (B/2)[1 - cos (zqi)] 
(where qi is the angular component of a polar-coordi- 
nate representation of the eg mode and B is the barrier 
potential) is sufficiently small to allow pseudorotation 
at  room temperature. Alternatively, as suggested 
p r e v i o ~ s l y , ~ ~  a small static distortion may exist which 
remains undetected through a molecular disordering 
in the crystal. However, the isotropic temperature 
factors (Table I) do not allow the presence of distor- 
tions comparable in magnitude with 3d4 systems known 
by X-ray technique to be distorted. 

The solution optical spectra of the manganese(II1) ,R- 
ketoenolates also are acceptably interpeted by recog- 
nizing that “pseudorotation” can occur. However, 
when hydrogen-bonding solvents such as CHCl3, 
CHBOH, or acetic acid interact with the complex, the 
six metal-oxygen bonds are no longer equivalent. I n  
such cases it becomes reasonable to assume the pres- 
ence of a “static” tetragonal splitting of the 5E, ground 
state, a splitting related to the hydrogen-bonding 
strength of the solvent which leads to the nonequiva- 
lence of metal-oxygen bonds,60 or a major shift in the 
relative energies of the potential energy minima.61 

An interesting argument for the assignment of the 
low-energy band in manganese(II1) halides to jB1, + 

5A1, ca.n be formulated. The reflectance spectra of 
K3MnF&2 and il.InC163- 34 show the presence of a low- 
energy band a t  - 9000 and -8300 cm-l, respectively. 
The single-crystal spectrum of (NH&MnFS shows a 
(59) J. P. Fackler, Jr., Pvogv. Iizorg. Chem., 7 ,  401 (1966). 
(60) We hope to test this description by designing experiments which 

effectively influence the form of the potential energy surfaces. For example, 
the low-energy transition should be much more sensitive to  changes in  pres- 
sure than the 5Eg - iT2g transition because the nuclear positions a t  equi- 
libria are much more different for each component of 6E, than they are for 
‘E, and Tzg separately (Figure 3). 
(61) L. Lohr, Inovg. Chem., 6, 1890 (1967). 

similar low-energy band at  12,750 cm-l (-12,000 cm-l 
in reflectance) which can be assigned to the 5B1, -P 6A1g 
transition on the basis of the polarization of the bands.13 
-411 other halide complexes for which there are sufficient 
data also show a low-energy band. These include Naz- 
MnF6 (12,500 cm-1),b5 K2MnC16 (-12,000 ~ m - l ) , ~ ~  
Kzh9nF5 (12,100 cm-l), 34 [ (C2H5)4K]zMnC15 (-11,300 
cm-l), 11,34 N,N‘-dihydrobipyridinium pentachloroman- 
ganese(III), [ (bipy)Hs ] [MnCI5] (- 1 1,500 cm-l) , I1  

N,N’-dihydrophenanthrolinium pentachloromanga- 
nese(III), [(phen)HP] [MnC15] (-12,500 cm-l),ll and 
MnF3 (12,000 cm-I). In the pentahalide species, 
generally, the atom probably attains six-coordination 
by sharing of axial ligands as in (NH4)2MnF5.13’62 In 
MnF3 all fluorines are shared to complete the dis- 
torted octahedron about each manganese(II1) 

The shift in position of the low-energy band in going 
from the hexahalides to the pentahalides and MnF3 is 
best understood on the basis of the Jahn-Teller effect. 
In the hexahalides none of the ligand ions is shared; 
hence dynamic motion (minima exchange) of the 
tetragonally displaced ligands about the manganese 
may occur. In  the pentahalides and in MnF3, with 
ligand ions shared between manganese (111) ions, the 
minima exchange should be decreased as stabilization 
of the molecule in one tetragonally distorted form oc- 
curs. A shift in the low-energy (5B1, + 5A1,) band to 
higher wave numbers consistent with a statically dis- 
torted structure follows. A similar argument5 was 
presented for aqueous MnF2+. 

A convenient way to describe the spectra of manga- 
nese(III), chrornium(II), and copper(I1) complexes is 

(62) D. R. Seais, Ph D. Thesis, Cornell University, lY68, 

(63) hl. A. Hepworth and K. H. Jack, Acta C r y s t ,  10, 346 (1957). 

Dzsseitalcoz 
Abstr., 19, 1225 (1958). 
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found by constructing tetragonality diagrams assuming 
static  distortion^.^^ The energy of the B1, ground state 
is set equal to zero and the energies of the AI,, B2g, and 
E, states are calculated in units of Dq and plotted 
against the ratio Ds/Dq.  The energy of B2, will always 
be lODq but the energies of A1, and E, are calculated 
for various Ds/Dt ratios. Similar calculations using 
the experimental Ds/Dq and Ds/Dt ratios are per- 
formed for each complex. Alternatively, 34  the energy 
levels for a complex may be obtained from the ratios 
of the B1, - AI, and the B1, + E, band energies to the 
B1, -+ B2, (1ODq) transition. 

Tetragonality diagrams for manganese(II1) com- 
plexes with bidentate ligands (Figure 5) and for some 
copper (11) complexes in various solvents (Figure 6) 
illustrate the general features of this type of diagram. 
Complexes with similar ligands (Figure 5) correlate 
well. The decrease in apparent tetragonal distortion 
that occurs when solvents of increasing ligand strength 
coordinate to planar copper (11) complexes is graphically 
demonstrated (Figure 6). 

/ 

/ /  / / .  

09 I .  Mn  (TROPOLONE)3 
2. Mn 
3. Mn (DPM)3  
4. M n  ( Y  CN-Acac13 
5. Mn (Acac13 

.‘I55 6. Mn (F6Acac)3 
7.  M n  (Ox);3 
8.  Mn 
9. Mn ( B E N Z O Y L - A C ~ C ) ~  

I 
Ds /Dq  

2 

Figure B.--Energy level diagram for mangnese(II1) chelate 
complexes. 

Conclusions 
The electronic spectra of manganese(II1) complexes 

(as well as those of copper(I1) and chromium(I1)) in 
the visible and near-infrared regions are best described 
in terms of E, ground states, split significantly by 
static or dynamic distortions. The magnitude of the 
tetragonal splitting appears to be 5000-20,000 cm-I, 
the upper limit occurring with complexes better de- 

Ds/Dt  = 2 ---- 
Ds/Dt  = 3  --- / 
D s / D t = 5  - 

-c--- 

I in PARA- DIOXANE 
2 in n-PENTANOL 
3 in PYRIDINE 
4 in PIPERIDINE 

A C u ( Y E t  -acac)2 
5 in ACETONE 
6 in PARA- DIOXANE 
7 in METHANOL 
8 in PYRIDINE 

I 2819 , 
I 2 

Ds/Dq 

Figure B.-Energy level diagram for copper(I1) p-diketone com- 
plexes in various solvents. 

scribed as planar. With aqueous complexes of these 
metal ions, all of the d-d transitions appear in the 
same spectral region. The transitions between com- 
ponents of the E, state appear to be a t  energies com- 
parable with 10Dq implying the existence of sizable 
distortions from octahedral symmetries. Yet the 
aqueous complexes are probably dynamically isotropic 
by pseudorotation. In  the case of manganese(II1) 
acetylacetonate, there appears to be no acceptable 
way to interpret the spectra in view of the X-ray struc- 
ture unless pseudorotation is assumed, even in the 
crystalline solid. 
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Appendix 
As indicated in the main text, for a molecule with an 

E, ground state the regular octahedral configuration 
may not represent a minimum of energy with respect 
to nuclear displacements. This leads to a considera- 
tion of the static aspects of the Jahn-Teller theorem, 
which has been treated in a number of  paper^.*^^^^^^ 
The purpose of this Appendix is to obtain an order of 
magnitude of the energy for the transition between 
the two potential energy sheets that  arise from the 
ground state owing to nuclear displacements in the 

(64) A. D. Liehr and C. J. Ballhausen, Ann. Phys.  (N. YJ, 3, 304 (1958), 
and references therein. 
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symmetry of the vibrational modes. It can be seen 
that the alg and eg displacements will contribute linearly 
to the potential energy changes, other vibrations only 
being effective in second order.4 Using then the re- 
sult and nomenclature of the pure crystal field calcula- 
tions of Liehr and B a l l h a ~ s e n , ~ ~  for the approximation 
that there is no barrier to pseudorotation, we have for 
the potential energy surface 

where q1 and q 2  are normal coordinates associated with 
the alg and e, vibrational modes, k ,  and ka are force 
constants associated withithe alg and eg modes, respec- 
tively, and B2 and Bi are radial integrals. 

While interactions involving the totally symmetric 
vibration can lead to a general increase or decrease in 
the metal-ligand bond lengths, they will not contribute 
to the raising of the degeneracy of the electronic E, 
level. Thus the first two terms in the above expres- 
sion need not be considered a t  this point. 

Hence a t  this level of simplification, on minimizing 
with respect to the energy, q2 = 7ct/’2kZ and AE = 

a 2 / 2 k 2 ,  where AE is the energy of a transition from the 
lower to the upper potential energy sheets. (Note: 
this energy does not include the aIg energy contribu- 
tion.) It thus remains to find suitable values for kz and 

Nakamoto has assigned what is predominantly an 
11-0 stretch in the infrared spectra of metal acetyl- 
acetonate complexes to a band occurring between 400 
and 600 cm-1.66 For Cu(acac)z, ~11-0 is -455 cm-1,65 
which is very similar to that found for Mn(acac)3,66 
so the k1l-o calculated for the former of -2.2 X lo5 
dyn/cm is probably a reasonable value for the man- 
ganese complexes. The VM-O for the acetylacetonate 

a. 

complexes is rather similar to that found for valg (394 
cm-I) in Raman studies on Z ~ ( H Z O ) ~ ~ + , ~ ~  and for 
which veg was found a t  200 cm-’. Thus one might 
estimate a value for an e, mode of kb1-0  - 0.65 X lo5 
dyn/cm in manganese(II1) acetylacetonate. 

Ballhausen and A n ~ m o n ~ ~  have given tabulated 
values of ligand field integrals. Assuming an effective 
nuclear charge of -5.6 with an effective metal-oxygen 
bond length of 2.10 8, CY is calculated to be 0.455 X 

This effective bond length is significantly 
greater than the mean observed bond length (1.594 A) 
and is an essentially empirical adjustment to give a 
reasonable transition energy. It might, however, be 
viewed as allowing for electron delocalization. Using 
these values of CY and kz, q 2  = 0.36 A and AE = 8500 
cm-I. The use of shorter metal-ligand bond lengths 
raises the value of AE. Thus this model would suggest 
that transitions of 8000 cm-I or more are reasonable. 
The assumption of zero barrier is acceptable within the 
requirement that  there be free rotation in the coordi- 
nate + j 6 1  the zero-point energy of th  e, vibration being 
-100 cm-1. The nuclear motion is confined to the 
lower potential energy surface, the coordinate pz re- 
maining static. The value of this latter parameter a t  
minimum energy: -0.35 k, ~ ~ u l d  require a nuclear 
motion of -0.2 A, with which the observed tempera- 
ture factors (Table I) would be consistent. 

The general form of the equation given above is 
independent of the bonding scheme used. While the 
crystal field approximation has not been very success- 
ful in the more sensitive calculation of the barrier po- 
tentia1,61@ i t  may be that it yields a correct order of 
magnitude for the transition energy.64 It is perhaps 
worth noting that the stabilizations calculated in Table 
111 are based on radial integrals that are of the same 
form as those used in the calculation above. The 
former stabilizations are then of similar value to those 
found from eq 1 in the absence of the terms in the 
harmonic potential. 

dyn. 
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