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Twelve rhodium( 111) complexes with ethylenimine of the types [RhAz3X3], [ R ~ A z ~ X ~ ]  +, [RhAzbX] z+, [RhAz6]3+, [RhAz3- 
(HzO)z(OH)] 2 + ,  and [Rh(l\rTHs)&~]~+ (where X = halide and Az = ethylenimine) have been synthesized and isolated. 
Their general properties have been determined. The electronic spectra have been studied and term assignments have been 
made of the absorption bands. An unusual rhodium( I) compound [RhAzJ] was isolated and identified. 

Coordination compounds of ethylenimine (aziridine) 
with uranium salts have been reported by Jones and 
co-workers. More recently Jackson and Edwards3 
reported inert complexes with Co(III), Cr(III), Pt(II), 
Pt(IV), and Pd(I1). Labile complexes have also been 
~ r e p a r e d . ~  Kiser and Lapp5 investigated the ab- 
sorption spectra of nickel and cobalt complexes of ethyl- 
enimine. 

We are reporting the preparation of a variety of 
rhodium complexes of ethylenimine and a tentative 
interpretation of their electronic spectra. 

Experimental SectionsJ 
Starting Materials.-Ethylenimine was obtained from the 

Chemirad Corp. It was stored over solid potassium hydroxide 
in a refrigerator and freshly distilled from sodium hydroxide 
previous to use; bp 55.5’. 

Rhodium( 111) chloride and bromide were obtained from the 
Fisher Scientific Co. or Johnson and Matthew. Chloropentaam- 
minerhodium(II1) chloride and an aqueous solution ( loyo) of 
rhodium( 111) nitrate were obtained from Engelhard Industries, 
Inc. Rhodium(I11) iodide was prepared via the method de- 
scribed by Pascal.* 

Trichlorotris( ethylenimine)rhodium( 111), [RhAz3C13], 1.-An 
ice-cold solution of 2.0 g of rhodium( 111) chloride trihydrate in 
10 ml of anhydrous methanol was added dropwise with stirring 
to a cold solution of 3.7 g of ethylenimine in 6 ml of the same sol- 
vent. A tan precipitate which formed rapidly changed to 
bright yellow after a few minutes. After standing 5 hr in the 
refrigerator (with occasional shaking), the precipitate was re- 
moved by filtration, washed three times with 1 ml of cold meth- 
anol, once with 2 ml of anhydrous ether, and dried in a vacuum 
desiccator over potassium hydroxide pellets. The bright yellow 
product (0.5 g) was recrystallized from warm water for the 
analytical sample. The trichlorotris( ethylenimine)rhodium( 111) 
is slightly soluble in cold water, moderately soluble in warm 

(1) Supported in part by Grants CA-07521 and CY-4813 from the U. S. 
Public Health Service. 

(2) R. G. Jones, E. Bindschadler, D. Blume, G. Karmas, G. A. Martin, 
Jr., J. R. Thirtle, and H. Gilman, J .  A m .  Chem. Soc., T8, 6027 (1956). 

(3) T. B. Jackson and J. 0. Edwards, Inorg. Chem., 1, 398 (1962). 
(4) T. B. Jackson and J. 0. Edwards, J. A m .  Chem. Soc., 88,355 (1961). 
(5) R. W. Kiser and T. W. Lapp, Inorg. Chem., 1 ,  401 (1962). 
(6) Analyses by Schwarzkopf Microanalytical Laboratory, Woodside, 

N. Y., or Alfred Bernhard Mikroanalytisches Laboratorium, Mulheim, Ger- 
many. 

(7) Infrared spectra of solid mulls in Nujol were taken on a Perkin-Elmer 
grating spectrophotometer, Model 337, with sodium chloride plates. Elec- 
tronic spectral data in the 200-800-mp range were taken on a Bausch and 
Lomb Spectronic 505 using 1-cm quartz cells or on a Cary 14 recording 
spectrophotometer. The reflectance spectra were recorded on the reflect- 
ance attachment for the Cary, MgCOa being the standard. 

(8) P. Pascal, “Nouveau Trait4 de Chimie Minerale,” Vol. 19, Masson et  
Cie, Paris, 1968, p 330. 

water, dimethylformamide, and dimethyl sulfoxide, and insol- 
uble in methanol, ethanol, acetone, ether, and tetrahydrofuran. 
Anal. Calcd for Rh(C2H5N)3C13: C, 21.29; H ,  4.48; K, 12.44. 
Found: C, 21.49; H,4.70; N, 12.18. 
Dichlorotetrakis(ethylenimine)rhodium(III) Chloride, [RhAz4- 

Clz] C1, 11, and Chloropentakis( ethylenimhe)rhodium(III) Chlo- 
ride, [RhAz&l]Cl2, 111.-The filtrate from the preparation of I 
(above) was treated with anhydrous ether until the solution be- 
came hazy. After standing overnight in the refrigerator, the 
precipitate was separated by filtration and washed with three 
portions of 1 ml of ether. The precipitate was redissolved in 10 
ml of methanol and fractionally crystallized by adding 10-ml 
portions of ether and allowing the solution to stand a t  10” for 5 
hr. The first fraction contained about 0.15 g of the tetraimine 
I1 and the third fraction contained about 0.05 g of the penta- 
imine 111. 

An alternate procedure to separate I1 and 111 was to evaporate 
the methanolic solution to dryness in vacuo, redissolve the solid 
mixture in a minimum of methanol, and remove the solvent 
slowly in va~uo a t  room temperature. The solid substance 
crystallizing during the evaporation was filtered from time to 
time, yielding several fractions. The first fraction contained 
tetraimine and the last one the pentaimine. Both compounds 
are bright yellow and are easily soluble in water, dimethyl sulfox- 
ide, ethanol, and methanol but insoluble in ether. 

Anal. Calcd for 11, Rh(C2HsN)4C13: C, 25.18; H,  5.28; N, 
14.68; C1, 27.89. Found: C, 25.11; H,  5.22; N, 14.46; C1, 
27.84. 

Anal. Calcd for 111, Rh(C2HsN)&13: C, 28.28; H, 5.95; N, 
16.49. Found: C, 27.98; H ,  6.22; A?, 16.26. 

Hexakis( ethylenimine)rhodium(III) Chloride, [RhAz,] CI,, IV. 
-During the 1-week period that 0.5 g of I was allowed t o  stand 
in the refrigerator in an excess (2.0 g) of ethylenimine, the tri- 
imine dissolved and yellowish white crystals of the hexaimine 
appeared on the bottom of the flask. Trituration with methanol 
removed excess ethylenimine plus some I1 and I11 which are by- 
products. The remaining impure hexaimine was dissolved in 
water and reprecipitated with ethanol and ether. The final 
product was white, but the analysis suggests that some impuri- 
ties contaminated IV. This 
preparation was difficult to reproduce. A n d .  Calcd for Rh- 
(C21hN)&13: C, 30.81; H,  6.48; N, 17.97; C1,22.74. Found: 
C,31.60; H, 7.23; N, 17.81; C1,22.45. 

Dichlorotetrakis( ethylenimine)rhodium(III) Bromide, [Rh- 
Azd&]Br, V.-A solution of 0.05 g of I1 in 2 ml of water was 
rubbed with 0.15 g of finely powdered potassium bromide. A 
yellow precipitate was separated after 1 hr, redissolved in water, 
and reprecipitated with ethanol and cther. The yellow analyti- 
cal sample was washed with a few drops of ice-cold ethanol and 
ether, in turn, and dried in vacuo over potassium hydroxide. 
Yield: 0.04 g. Anal. Calcd for Rh(C2HsN)dClzBr: C, 
22.55; H, 4.73; N, 13.15; C1, 16.63; Br, 18.75. Found: C, 
22.55; H,  4.69; N, 13.07; C1, 16.50; Br, 18.59. 

In a similar manner, the iodide, [Rh(A~)~Clz]1, VI, was pre- 

The yield was low (about 0.01 g). 
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pared from the corresponding chloride, 11. Anal. Calcd for 

20.16; H, 4.26; S, 11.50. 
Chloropentakis( ethylenimine)rhodium( 111) Tetraiodomercu- 

rate(II), [RhAzjC1] [HgIa], VI1.-A solution of 0.03 g of I11 in 3 
ml of water was treated with a solution of 0.06 g of potassium 
tetraiodomercurate in 2 ml of water. Immediately, a heavy, 
yellow precipitate formed. After 1 hr the colorless solution was 
filtered, and the precipitate was washed with water, ethanol, and 
ether, in turn, and dried in vacuo. Yield: 0.05 g. The com- 
pound is insoluble in water, methanol, ethanol, and acetone but is 
easily soluble in warm hydrochloric acid. Anal. Calcd for 
Rh(C2HjS)&!IHgI4: C, 11.30; H, 2.35; N, 6.58. Found: C, 
11.22; H, 2.20; N, 6.22. 

Tribromotris( ethylenimine)rhodium(IIIj, [RhAzsBrs], VII1.- 
A solution of 0.15 g of I in 30 ml of water mas heated on the steam 
bath for 6 hr with 10 ml of constant-boiling (48y0) hydrobromic 
acid. Small additions of the acid finally put all of the original 
chloro compound into solution. The solution was concentrated 
to about 15 ml by evaporation on the steam bath. After cooling 
the reddish brown solution, red-orange crystals precipitated; 
these were filtered, washed with water, ethanol, and ether, in 
turn, and dried in vacuo. Yield: 0.14 g. VI11 has a low solu- 
bility in water, methanol, ethanol, and acetone. Anal. Calcd 
for Rh(C2HsN)gBrs: C, 15.28; H, 3.18; N, 8.92; Br, 50.82. 
Found: C, 15.36; H,3.40; N,8.82; Br, 51.03. 

Dibromotetrakis( ethylenimine)rhodium( 111) Bromide, [Rh- 
Az4Brg]Br, 1X.-A cold solution of 0.5 g of rhodium(II1) bromide 
in 3 ml of water mas added dropwise to  a cold solution of 0.37 g 
of ethylenimine in 2 ml of water. 4 dark brown precipitate 
formed a t  once; the reaction mixture was allowed to stand over- 
night in the refrigerator. The brown product was filtered, 
washed with ice water, and dried. Yield: 0.15 g. The analyti- 
cal sample was prepared by recrystallizing from ethanol. Anal. 
Calcd for Rh(C2H;N)4Br3: C, 18.67; H ,  3.92; Br, 46.56. 
Found: C, 18.52; H,3.89; Br,46.67. 

Diiodotetrakis(ethylenimine)rhodium(III) Iodide, [RhAz4- 
1 2 1 1 ,  X.-Rhodium(II1) iodide (0.8 g) was introduced into a 
solution of 1.6 g of ethylenimine in 10 ml of ethanol. The solu- 
tion was heated a t  reflux for 1 hr a t  60-70". During the heating 
the solution became reddish brown, and a yellow-brown sub- 
stance began to precipitate. The reaction mixture was left 
overnight a t  room temperature, then filtered, and the precipi- 
tate was washed with ethanol and ether, in turn, and dried in 
z~acuo. X is slightly soluble in warm water, insoluble in meth- 
anol, ethanol, and ether. Anal. Calcd for Rh(C2H6N)41s: 
C, 14.65; H, 3.06; S, 8.55. Found: C, 14.92; H,  2.88; S, 
8.54. 

Hydroxodiaquotris( ethylenimine)rhodium( 111) Tetraiodomer- 
curate(II), [RhAz3(Hz0)20H] [HgIa], XI.-I (0.3 g) was heated 
slowly in 20 ml of water to the boiling point in the presence of 
1 .0 g of silver oxide until the yellow salt was completely dissolved 
and then boiled 15 min longer. The greenish yellow filtrate after 
cooling was treated dropwise (with stirring) with aqueous potas- 
sium tetraiodomercurate( 11). X greenish yellow precipitate 
was filtered, washed with water, methanol, and ether, and dried 
in oacuo. Anal. Calcd for Rh(C2HsS)303H5Hg14: C, 7.25; 
H,2.04; h-, 4.22. Found: C, 7.80; H, 1.92; N, 4.05. 

Iodotris(ethylenimine)rhodium(I), [RhAzJ] , XI1.-I (0.3 g) 
mas treated with 1 g of silver oxide as previously described. To 
the greenish yellow solution obtained after filtration an excess of 
potassium iodide (nearly 5.0 g )  was added. After warming on 
the steam bath, a dark brown substance precipitated; the length 
of time necessary to  achieve precipitation depends on the amount 
of potassium iodide present and the concentration of the solution. 
This precipitation was filtered, washed with water by suction, 
and dried in vacuo. XI1 is insoluble in water but soluble in 
methanol and ethanol. Anal. Calcd for Rh(C2HsN)J: C, 
20.10; H,  4.19; N, 11.73. Found: C, 19.75; H,  3.97; N, 
11.42. 
Pentaamminoethyleniminerhodium(III) Chloride, [Rh(NHsjs- 

Rh(CaH8K)rClaI: C, 20.30; H,  4.26; N, 11.83. FouIId: C, 
Az] Cll, XII1.-One gram of chloropentaamminerhodium( 111) 
chloride xas  dissolved in 25 nil of mater a t  the boiling point. 
The filtered solution was refluxed with 8 ml of ethylenimine for 1 
hr. The solution was cooled and diluted with methanol and 
ether to a volume of 200 ml. Upon standing a t  refrigerator tem- 
perature overnight, a white precipitate formed. This salt mas 
dissolved in a minimum of warm water and reprecipitated with an 
excess of methanol and ether. The product was dried in vacuo 
for an analytical sample. In  repeating the synthesis of XII I ,  in 
some cases the first precipitated product was yellowish due to the 
presence of some unreacted [Rh( IVH3)jClI Clm; this impurity was 
eliminated by recrystallization. Anal. Calcd for RhCzHlo- 
NsCI3: C, 7.12; H, 5.97; S,24.90.  Found: C,6.27; H ,  5.70; 
X, 24.40. 

Many of the compounds described above tend to  form oily 
products whose handling and purification are difficult. I n  order 
to avoid such products, freshly distilled ethylenimine was always 
used, and the amount of added precipitating agent-usually 
ether-was carefully measured. In  most of the experiments the 
separation of oily substances could be avoided by adding the 
precipitating solvent a t  room temperature until the solution be- 
came hazy and then by placing the solution in the refrigerator for 
several hours or overnight. Under these conditions, the sub- 
stances precipitated slowly, usually in filterable, nonoily form. 

Results and Discussion 
General Properties of Complexes.-The variety of 

coordination compounds formed by rhodium and other 
metals with ethylenimine exemplify the tendency of 
this imine to act as a typical monodentate ligand, 
resulting in compounds similar to the well-known am- 
mine complexes. 

By reaction of solutions of rhodium(II1) chloride 
with an excess of ethylenimine, three products can be 
isolated; these are the triimine I, the tetraimine 11, 
and the pentaimine 111 complexes. Working with ice- 
cold solutions of rhodium( 111) chloride and ethylen- 
imine, there resulted first a tan precipitate which was 
unstable and which changed after a short time to the 
yellow triimine. The analysis of the tan product indi- 
cated a composition intermediate betn-een a triimine 
and a diimine. Presumably, it is a mixture of I and 
[RhAz2(H20)Cls] ; the aquo complex is unstable and 
in the presence of free ethylenimine forms the less 
soluble triimine. 

By reaction of a solution of [RhAz4C12]Cl with an ex- 
cess of potassium bromide or potassium iodide a t  room 
temperature, the ionic chloride is replaced by bromide 
or iodide whereas the coordinated chloride ions remain 
unaffected. 

In the reaction between rhodium(II1) chloride and 
ethylenimine in aqueous solution, the insoluble rhodium 
hydroxide does not form ; the rhodium-chlorine bond 
must be quite inert and may also be strong, for only the 
coordinated water molecules are easily replaced by 
ethylenimine. The formation of complexes with 
greater imine content, which require displacement of 
chloride ions from the coordination sphere, takes place 
only slowly and in the presence of an excess of ethylen- 
imine. On the other hand, treating an aqueous solution 
of rhodium (111) nitrate with ethylenimine results in 
immediate precipitation of the hydroxide. 

Replacement of coordinated chloride by bromide 
ions takes place at  higher temperature and with excess 
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bromide; the reaction is slow and requires several 
hours. In this way, [RhAz3Br3] was prepared from I. 
The dibromotetraimine, [RhAz4Brz]Br, was obtained 
by direct reaction between rhodium(II1) bromide and 
ethylenimine in alcoholic solution. In  contrast to the 
chloro compound, the bromo compound is only slightly 
soluble in water. The iodo complex, [RhAz&]I, was 
prepared by the reaction of rhodium(II1) iodide and 
ethylenimine. 

An attempt to prepare an iodo derivative in the 
same manner as the bromo derivative, by reaction of I 
with hydriodic acid, resulted in a maroon, impure 
ethyleniminerhodium(1) complex. Presumably, the hy- 
driodic acidis acting as a reducing agent. The pure com- 
plex [RhAzaI], XII, was obtained by the reaction of the 
hydroxyaquotris(ethy1enimine)rhodium (111) complex 
with potassium iodide in aqueous solution on the steam 
bath. It is evident that the ethylenimine molecules 
remain coordinated to the rhodium atom during the 
reduction process. The unusual dark color of this 
compound is in keeping with the uncommon oxidation 
state of the rhodium atom. The ease of reduction of 
the ethyleniminerhodium(II1) complexes to rhodium(1) 
complexes by iodide ions indicates that the oxidation- 
reduction potential of the Rh(1)-Rh(II1) couple is 
close to the I--Iz couple in this type of complex; this is 
surprising in view of the fact that ethylenimine would 
not be expected to act as a ir-bonding ligand such as 
carbon monoxide or a phosphine which stabilizes 
rhodium(1). 

The low solubility of the nonelectrolytes [RhAz3C13] 
and [RhAz3Br3] suggests a high lattice energy in the 
solid compounds. On the other hand, the relatively 
high solubility of the electrolytes, e.g., I1 and 111, in 
methanol and ethanol is noteworthy. For both the 
electrolyte and nonelectrolytes, the solubilities decrease 
with increasing mass of the halide. The anion HgI4'- 
also forms salts of low solubility. 

In  dilute aqueous solutions of halorhodium(II1) com- 
pounds, aquation of the complex occurs on standing. 
The coordinated halide ions are slowly replaced by 
water molecules, presumably resulting in aquoimine 
complexes. These changes are reflected, among others, 
in the electronic spectra of the aqueous solutions (vide 
infra). 

The replacement of coordinated halide ions by water 
molecules can be accelerated by warming the solution 
of the haloimine complex with silver oxide. Applying 
this well-known procedure to [RhAz3C13] resulted in a 
mixture of aquoimine and hydroxyaquoimine complexes 
in solution, from which the salt [RhAz3(H20)20H]- 
[HgId] could be isolated. The coordinated halide 
can be replaced also by other nucleophiles, e .g . ,  am- 
monia, upon warming a complex under reflux with 
aqueous ammonia solution. Analysis indicates that 
some of the coordinated ethylenimine is also replaced 
by ammonia. The data obtained here, along with pre- 
vious s t ~ d i e s , ~ , ~  suggest that the order of bond strength 
to rhodium(II1) is NH3 > C2H5N > C1- > H20; for 

example, ammonia can replace ethylenimine, but we 
have been unable to accomplish the reverse process. 

Coordinated Ligand Reactions.-The compounds 
with a higher number (five or six) of coordinated ethyl- 
enimines were more difficult to isolate than are the 
corresponding ammine complexes, possibly as a result 
of the steric hindrance arising from the bulk of the 
ethylenimine molecule. Such an effect has also been 
observed in other ethylenimine c~mplexes .~  

On the other hand, the coordinated ethylenimine 
molecule exhibits a much higher ring stability than the 
free molecule toward acids and nucleophiles. Treating 
I (which is, of course, inert to  ligand replacement) 
with a solution of hydrochloric acid does not result in 
ring opening of the coordinated ethylenimine. Simi- 
larly, treatment with hydriodic acid reduces the metal 
without concomitant ring opening. The retention of 
the ring structure is shown by the presence of the char- 
acteristic symmetric ring deformation band in the in- 
frared spectra of the acid-treated compounds. In 
ethylenimine itself, the ring is easily broken by mineral 
acids, by weak organic acids,I0 and particularly by 
acids in the presence of strong nucleophiles.11 The 
stabilization of the ethylenimine ring in the complexes 
toward acids is presumably due to the coordinate 
saturation of the nitrogen atom; this precludes the 
addition of a proton to this imino nitrogen, a prelude 
to the ring-opening process. It is also evident that a 
metal ion when attached to the imino nitrogen does not 
exert a labilizing effect on ring opening to any extent 
comparable to an attached hydrogen ion. 

The analysis of our infrared data, which were em- 
ployed to identify the ring in the complexes, was based 
on other data.12-14 The presence of a strong band 
between 850 and 890 cm-l in the compounds served as 
evidence, along with the analytical data, for the integ- 
rity of the ethylenimine ring. A more detailed study 
of the infrared spectra of ethylenimine complexes is 
being made. 

Electronic Spectra.-An increase in the number of 
coordinated ethylenimine molecules in the complex is 
marked by a hypsochromic effect. For instance, in the 
series [RhAz,Cl~-,], the triimine is bright yellow, the 
tetra- and pentaimine are pale yellow, and the hexa- 
imine (like the ammonia complex) is white. For com- 
pounds with the same number of ethylenimine ligands, 
replacement of chloride by a heavier halide results in an 
intensification of visible color and a bathochromic effect. 
Both of these changes in color are reflected in corre- 
sponding shifts of the absorption bands in the elec- 
tronic spectra of the compounds although low solubili- 
ties and the replacement problems mentioned above 
make i t  difficult to give quantitative significance to the 
visible effects. 

(9) V. B. Schatz and L. B. Clapp, J. A m .  Chrm. Soc.. 77,  5113 (1955). 
(10) D. H. Powers, V. B. Schatz. and L. B. Clapp. %bid..  78, 907 (1956). 
(11) J. E. Earley, C. E. O'Rourke, L. B. Clapp. J. 0. Edwards, and B. C. 

Lawes, ibid., 80, 3458 (1958). 
(12) H. T. Hoffman, Jr., G. E .  Evans,  and G. Glockler, ibid., 75, 3028 

(1951). 
(13) W. J. Potts, Sgectvochim. Acta, 21, 511 (1965). 
(14) T. Harris and W. 1'. King, unpublished data a t  Brown University. 
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TABLE I with concentration. The d-d transitions were evalu- 
ated with saturated solutions owing to the relative ELECTRONIC SPECTRA OF RHODIUM(III) COXPLEXES IN WATER 
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Most of the discussions and interpretations of the 
absorption spectra of complexes containing metals 
with partly filled d shells have been concerned with the 
first transition series. Less work has been done with 
complexes containing elements with 4d and 5d elec- 
trons. Spin-orbit coupling becomes larger in these 
Complexes and cannot be treated as an unimportant 
perturbation. The interpretation of the experimental 
results is, therefore, more difficult. Electronic spec- 
tra of rhodium compounds have been recorded and dis- 
cussed by J@rgensen,15 by Konig and Schlafer,16 and by 
Schmidtke. l7 

The results on the electronic spectra of aqueous soh-  
tions a t  room temperature of our complexes are pre- 
sented in Table I. Because of the low solubility of 
some of the compounds, it was not always possible to 
establish emax, and in some cases the given values are 
approximations due to partial solvolysis during the 
dissolution of the complexes. We found that Beer's 
law was not exactly obeyed for the intense adsorptions 
near 220 mp (45,500 cm-l). The extinction coefficient 
increased on dilution for several complexes. This is 
not the direction that would be expected on the basis of 
ion pairing. At the present time, we do not under- 
stand the reason for this change in extinction coefficient 

(16) C. K. JGrgensen, Acta Chem. Scend., 10, 500, 518 (1956); 

(16) E. Kdnig and H. L. Schlafer, 2. Physik.  Chcm., 26, 371 (1960). 
(17) H.-H. Schmidtke, abid., 34 ,  295 (1962); 38, 170 (1963); 40; 96 (1864); 

11, 151 
(1957). 

2. Anovg. Allgem. Chem., 339, 103 (1966). 

- 
weakness of the adsorption and the low solubilities. 

The assignment of electronic bands observed for the 
complexes has been carried out in accordance with 
standard ligand field theory procedures ;la we used sym- 
metry class Oh in these assignments. Most of our com- 
plexes have more than one type of ligand, and we have 
no data on configuration (cis or trans, etc.). There- 
fore, the treatment of these complexes as having octa- 
hedral symmetry is only an approximate one. 

Rhodium(II1) has an electronic configuration [Krl- 
(4d6) where [Kr] represents the krypton kernel. The 
ground state of most octahedral rhodium(II1) complexes 
is 1A1, from the closed subshell configuration ( t z g ) 6 ;  
the next electron distribution, belonging to the con- 
figuration (t2g)5(e,)l, has four levels 3T1,, 3T2g, ITlg, and 
IT2,. Consequently, by electronic transitions from the 
ground state to the nearest excited states, there can 
result four bands. The transitions to the triplet levels 
are spin-forbidden and can generate only weak bands, 
though the spin-orbit interaction a t  transition elements 
with 4d electrons is approximately twice the interaction 
a t  elements with 3d electrons and the transitions be- 
come less improbable. The spin-forbidden transition 
'A1, + 3T1, has been reported by J@rgensen18 in the 
absorption spectra of [RhC16I3-, [Rh(C204)3]3-, and 
[Rh(NH3)5Br]2f in aqueous solutions. We find a 
similar transition in the spectra of [RhAz3C13] and 
[RhAz412]I. The other bands occurring in the region of 
20,000-33,000 cm-1 with low molar extinction coef- 
ficients (emax -lo2) are considered to be due to '41, + 

IT1, and 'AI, + ITZg transitions. 
Besides the bands resulting from d-electron transi- 

tions, the electronic spectra of all ethylenimine rhodium- 
(111) complexes present strong absorptions in the region 
45,700 to 43,900 cm-1 (see Table I). In this spectral 
region, there is an ethylenimine absorption. Also, the 
extinction coefficients suggest that there are charge- 
transfer transitions from halide ligands to the rhodium. 
In some cases, e.g., for compounds containing unbound 
iodide ion, the absorption band for the hydrated anion 
should appear in the same region. In  aqueous solu- 
tions of halo complexes, the value of emsx of this band 
slowly decreases with time, and A,,, slowly shifts to- 
ward shorter wavelength. These changes are connected 
with the progressive aquation of the complex (replace- 
ment of coordinated halide with water) similar to that 
observed in the spectrum of [RhC16I3- solutions;15 the 
kinetics of this process has recently been investigated. I9 

The results obtained for the reflectance spectrum and 
the absorption spectra in different solvents of [RhAz3- 
Clal are given in Table I1 ; the spectral data for aqueous 
solutions of this solute were given in Table I. Typical 
spectra are shown in Figure 1. The two bands assigned 
to singlet-singlet transitions are observed even in the 
spectra of dilute M )  solutions of [RhAz&]. A 

(18) C. J. Ballhausen, "Introduction t o  Ligand Field Theory," McGraw- 

(19) W. Robb and G. M. Harris, J .  Am. Chrm. Soc., 87, 4472 (196.5). 
Hill Book Co., Inc., New York, N. Y., 1962. 
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TABLE I1 
REFLECTANCE AND SOLUTION ABSORPTION SPECTRA OF [ RhAz&] 

Tenta- 
tive 

assign- 
Spectral source Concn, M haxi cm-1 emax ment 

Reflectance 30,100 . . . ' T z g  

25,300 . . . 'Ti, 
19,600 . . .  3T1, 

~ 

31,100 140 ' T a g  

DMF-CH~OH 2 x 1 0 - 4  25,800 240 'TI, 

S o h  in 

(1 :9) 

- 

31,300 -200 ' T ? g  

194 'Ti, 

soin in 

(4: 1) 
DMF-CH~OH 2 x 10-3 25,800 

1.75 

0.6 1 
o.5 i- 

ai 
9 0.4 - 

3 0.3 - 
4 

e 
\ 

- 

1.75 

1.50 

1.25 

L_k7------------- ..____.__ .,._, ,' 

500 450 400 350 300 250 200 
Wavelength, mp. 

Figure 1.-Electronic absorption spectra of [RhhzsCl3] : 
- . -  * ,  reflectance spectrum; - , in HzO; - - - -, in DMF 
+ CH,OH (1:9). 

weak band a t  about 19,600 cm-1 which was assigned to 
a singlet-triplet transition could be observed only in 
the reflectance spectrum. The flat minimum (of E 

-100) between the two singlet bands may indicate a 
slight splitting by asymmetric field effects or the exist- 
ence of isomeric impurities. The absorption of DMF 
in the ultraviolet region makes difficult the detection of 
solute absorption bands in that region. Dilution of 
the DMF with methanol moved the solvent absorption 
to shorter wavelength and permitted spectral measure- 
ments on the solute complex in the visible and near- 
ultraviolet regions. Changes in the solvent nature 
(Tables I and 11) influence the intensity but not the 
general position of the ligand-field bands. 

Using the assignments for [RhAz3C13] from reflect- 
ance data in Table 11, i t  is possible to calculate the 
crystal-field-splitting parameter 1 ODq, the Racah elec- 
tronic interaction parameter B ,  and the nephelauxetic 
ratio ,B (defined as /3 = Boomplex/B~hB+). Using the 
treatment for a low-spin octahedral d6 complex, l8 

we find l0Dq equal to 28,100 cm-l and B equal to 300 
cm-l; taking into account the subshell configuration 
interaction, *O the corrected value of B is 296 cm-I. The 

(20) C. K. Jplrgensen, PVOEY. Inovg. Chem., 4, 73 (1962). 

2.00 n I  0.7 

1 I 
500 400 300 200 

Wavelength, mfi. 

Figure 2.-Electronic absorption spectrum of [RhAzbCl~] C1 in 
aqueous solution a t  room temperature. 

value of B for Rh3+ is 720 cm-l,20 and consequently /3 is 
equal to 0.41. 

The spectrum of an aqueous solution of [RhAz3Br3] is 
similar to that of the corresponding chloride, but the 
larger energy difference between the two singlet transi- 
tions in the bromo complex indicates a higher value of 
B and a stronger electronic interaction of the central 
atom with the more polarizable bromine atom. 

The spectra of dilute solutions of I1 (Figure 2) and I11 
present many similarities to each other. Besides the 
strong band a t  44,800 cm-l, they show three ligand-field 
bands whose intensities suggest that they arise from 
singlet-singlet transitions. The presence of three peaks 
instead of two is possibly the result of splittings due to 
the difference of the two ligands in the same complex. It 
is not clear why the first transition (assigned lAI, + IT,,) 
which occurs in the region of 410 my has a lower energy 
than the corresponding transition in [RhAz3C18]. 

In the spectrum of a dilute (-loF4 M )  aqueous solu- 
tion of [RhAz4Brz]Br, only two absorption bands could 
be observed. The spectrum of [RhAzJo]I showed three 
bands aside from the intense high-energy band at  43,900 
cm-l; using the values of A,,, and the assignments 
given in Table I, we calculate that lODq equals 31,600 
cm-l, B equals 478 cm-l (corrected B equals 474 cm-I), 
and /3 equals 0.66 for this complex. 

The relatively low value of emax for the high-energy 
band in the spectrum of [ R ~ A Z ( N H ~ ) ~ ] C ~ ~  is consistent 
with the absence of an intramolecular charge-transfer 
band (there being no halide ion in the coordination 
sphere). The breadth of this band a t  45,700 cm-1 
suggests an intermixing of the ethylenimine absorption 
characteristic of this region with a d-d transition; the 
band a t  30,900 cm-l is similar to the ligand-field bands 
observed with the other complexes. 
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