
VoZ. 8, No. 5, May 1969 CHLORO(METHAN0L) COMPLEXES OF TITANIUM(III) 1131 

value of Kd > 1014 Mfor Ni(CN)42-. The difference is, 
of course, in the associative path of the square-planar 
substitution reactions. In  the present case, once inter- 
mediates such as I11 form, they must react readily to add 
cyanide and break the nickel-nitrogen bonds to trien. 

Lack of more detailed knowledge of the kinetic be- 
havior of labile octahedral to square-planar reactions 
forces a somewhat speculative discussion. This is an 
interesting area for additional investigation. The fact 

remains that from pH 5 to 7.5 cyanide reacts 2.5 times 
faster with nickel-trien than it does with aquonickel to 
form tetracyanonickelate (11). 
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Several new chloro complexes of titanium(II1) have been isolated: 
(CaH6N) [TiC14(CH30H)2], and ( C6HcN)2 [TiCls( CH30H)].  
susceptibilities and optical spectra are reported. 
pounds of similar types. 
exhibited axial symmetry. 
or for ( C ~ H B N ) ~ [ T ~ C ~ ~ ( C H ~ O H ) ] .  
in methanol solutions of titanium(II1) is discussed as are the electronic spectra of such species. 

H [TiCL( C~HIOO)] ,  TiC13(CH30H)3, (CsH6N)TiCL, 
These new compounds have been characterized and magnetic 

Esr spectra have been determined for these and previously reported' com- 
Three of the complexes, [TiCl(CH30H)6] Cl2, TiCla(CH30H)3, and (C5H6N)2[TiC15(CHsOH)2], 
No esr signals could be observed for the hexachlorotitanate(III), for the octachlorotitanate(III), 

The nature of species present Three distinct g's were observed for the other compounds. 

In  a continuation of previous work1 on solutions of 
titanium(II1) in methanol solutions, we have prepared 
some new compounds, Characterized them, and applied 
esr measurements to all of the series of compounds 
which gave esr signals. 

Experimental Section 
Materials and Experimental Techniques.-Solvents were puri- 

fied as described in a previous study.' All other chemicals were 
reagent grade and were used without further purification. All 
operations were carried out as before under nitrogen, mainly by 
use of Schlenk-tube techniques. Nitrogen was purified by passing 
i t  through columns filled with BTS catalyst (BASF), calcium 
chloride, and magnesium perchlorate. 

H [Tic],( C,HIOO)] .-A 7.7-g sample of Tic13 was added to 50 ml 
of anhydrous ether saturated with HC1. The mixture was stirred 
vigorously for 1 day and was then resaturated with HC1. The 
resulting yellow-brown compound, which was slightly soluble in 
ether, was filtered and washed with dry ether (12.6 g). Anal. 
Calcd for TiC14C,H110: Ti, 18.1; C1, 53.8. Found: Ti  (vol), 
17.75; T i  (grav), 18.3; C1, 52.8. 

TiCb(CHaOH).-A 6.6-g sample of TiCl,HC4Hlo was added to 
a mixture of 50 ml of dry benzene and 3.0 ml of methanol. After 
being stirred for 1 day, the solution was filtered and its volume 
was reduced under reduced pressure. Pale blue crystals sepa- 
rated (4.8 8). They were filtered and washed with benzene and 
petroleum ether (bp 37.5-46.8) and were dried under vacuum. 
If the reaction is carried out with Tic13 and methanol in benzene, 
1 week of vigorous stirring is required before the product is ob- 
tained. Anal. Calcd for TiCl~C3H1203: Ti, 19.14; C1, 42.49. 
Found: T i  (vol), 18.93; T i  (grav), 19.12; C1, 42.36. 

TiC14(C5H6N).-A 7.7-g sample of Tic13 was added to a mix- 

(1) W. Giggenbach and C. H. Brubaker, Jr., Inorg. Chem., 7, 129 (1968). 

ture of 4.0 ml of pyridine in 50 ml of anhydrous ether which was 
saturated with HCl. After 1 day of vigorous stirring the resulting 
pea green powder (13.5 g) was filtered and dried. Anal. Calcd 
for TiCl4CsH6N: Ti, 17.75; C1, 52.56; C5H6Nf, 29.69. Found: 
Ti (vol), 16.87; Ti  (grav), 17.12; C1, 51.98; C5H6Nf, 30.07. 

(CsH6N) [TiC14(CHaOH)2] .-A 6.8-g sample of (C6HsN)TiClr 
was added to a mixture of 2.0 ml of anhydrous methanol in 50 ml 
of anhydrous ether. After being stirred for 1 day, the turquoise 
product (8.4 g) was filtered, washed with ether, and dried i n  
vacuo. Anal. Calcd for TiC14C~H1402N: Ti, 14.44; C1, 42.73; 
CsHeN+, 24.14. Found: T i  (vol), 14.22; T i  (grav), 14.31; C1, 

(CsHeN)2[TiC15(CH30H)] .-A 7.7-g sample of Tic13 was added 
to a mixture of 8.0 ml of pyridine and 2.0 ml of methanol in 50 
ml of anhydrous ether or chloroform saturated with HCl. After 
1 day of vigorous stirring, the yellow product (20 g) was filtered, 
washed with chloroform and ether, and dried under vacuum. 
Anal. Calcd for TiClsC11Hl60Nz: Ti, 11.47; C1,42.48; C5H&+, 
38.38. Found: T i  (vol), 11.23; Ti  (grav), 11.39; C1, 42.24; 

Attempts to Prepare a Monomeric Titanium(II1)-Chloro(meth- 
oxo) Complex.-From the behavior of tungsten(V)-,2 molyb- 
d e n ~ m ( V ) - , ~  and niobium(1V)-chloro4 compounds one could 
anticipate the formation of titafiium(II1)-chloro(methoxo) com- 
plexes by the reaction of higher titanium(III)-chloro complexes 
with methanol with elimination of HC1. 

When methanol was added to a yellow suspension of (CsH&)a- 
H[TiCla] in chloroform, a green precipitate was obtained and 
proved to be (C6HeN)2[TiCls(CHaOH)z]. This suspension was then 

42.75; CsHsN', 24.33. 

CbHeN', 38.18. 

(2) R. A. D. Wentworth and C. H. Brubaker, Jr., ibid., 2, 551 (1963); 3, 
47 (1964). 

( 5 )  H. Funk, F. Schmeil, and H. Scholz, Z .  Anovg. Allgem. Chem., 310, 86 
(1961). 

(4) D. P. Rillema, W. J. Reagan, and C. H. Brubaker, Jr., Inorg.  Chem., 
8, 587 (1969). 
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stirred and caused to reflux while a steady stream of nitrogen >vas 
passed through the system to  carry away volatile products. 
A4fter 3 hr the green compound had turned into a bright orange 
precipitate consisting of clear hexagonal platelets. Analysis and 
the ir spectrum suggested the formation of a CHCI3 adduct to 
(Cj&N)3TiCls. The reflectance spectrum and the magnetic data 
are identical with those of the compound (CsH6N)aTiCls. Anal. 
Calcd for TiCle(CjH&)3.CHC13: Ti, 7.7; CI, 34.2; CjHeN+, 
38.8. Found: Ti  (vol), 7.66; Ti  (grav), 7.78; C1, 34.73; CjH6S+, 
39.23. 

The substance was also obtained by adding 1 equiv of pyridine 
to (CsH&)J%[TiC18] in CHC13. Addition of 3 equiv of pyridine 
resulted in the formation of a yellowgreen compound whose 
analysis corresponded to  ( C S H ~ N ) ~  [TiClj(CsHdX)$]. The ir spec- 
trum showed the typical bands for coordinated and protonated 
pyridine. Anal.  Calcd for TiCjCzaHa: Ti, 8.8; C1, 32.6; 
CjHjS, 58.6. Found: Ti  (vol), 8.41; Ti (grav), 8.58; C1, 32.09; 

On additiori of methanol to a suspeiisioii of (CjHsS).[TiC16- 
(CjHjS7)2] iti dichloroethane a deep red solution was obtained. 
When this solution was caused to reflux in a nitrogen stream, the 
starting material was regenerated. 

\Vhen HC1 was bubbled through a suspension of (C&N)2- 
[TiClj(CjHgX)2] in dichloroethane, the orange (C&S)3TiC16 
mas formed. 

On addition of methanol to a suspension of (C&S)3TiC16 in 
dichloroethane, the formation of the green compound ( C ~ H S X ) ~ -  
[TiClj(CH30H)y] was also observed. If the solution was boiled 
and the methanol was driven off, the hexachloro complex was 
regenerated. 

When (C5H6N)2[TiClj(CH30H)2] in a nonpolar solvent was 
allowed to reflux for 1 day, the methanol was driven off and a 
pink-brown solid was formed whose analysis suggested the for- 
mation of the compound (CsH&)sTiClj. Infrared and reflec- 
tance spectra indicated that  the decomposition was not complete 
even after prolonged boiling. Anal. Calcd for TiCleCioHlzNz: 
Ti, 12.6; C1, 46.00; CsH6NT, 41.7. Found: Ti  (vol), 11.1; Ti  
(grav), 11.36; c1, 42.01; C&N+, 41.5. 

Spectra.-Visible and ultraviolet spectra were determined by 
use of a Uriicarri SP-800 and a Cary Model 14 spectrometer. 
Reflectance spectra were recorded on a Spectronic 500 spectro- 
photometer, which was equipped with the reflectance attachment 
for the range 1'2,500-30,000 cm-I and barium carbonate was used 
as reference reflector. For measurements below 12,500 cn- '  a 
thick paste of the compound and mineral oil was placed between 
a pair of glass plates and was brought into the cell compartment 
of the Cary model 14 spectrometer. The intensity of the refer- 
ence beam was reduced mechanically. The spectra were recorded 
as if they were ordinary absorption spectra. 

Infrared spectra were determined in mineral oil mulls and a 
Unicain Model SP-200 was used. 

Esr spectra were obtained with a I-ariaii Y-4500-1O:l spec- 
trometer with 100-kHz modulation. The spectra were calibrated 
by use of a Hewlett-Packard 5246 frequency counter. The 
klystron frequency was 9.5 GHz a t  room temperature and 9.2 
GHz for liquid nitrogen measurements. 

Relative spin concentrations were determined by multiplying 
the peak-to-peak height of the derivative signal by the square of 
the maximum slope width. *%bsolute concentrations were esti- 
mated by use of spectrophotometrically standardized benzene 
solutions of diphenylpicrylhydrazyl 

Magnetic Moments.-Magnetic susceptibilities were obtained 
as previously described.l 

Spectrophotometric Titrations.-The titrations were carried 
out in a three-necked flask, equipped with a magnetic stirrer, a 
nitrogen inlet, and a 5O-ni l  buret. 'The upper end of the stop- 
pered buret was connected to the flask through a side arm to per- 
mit pressure equalization in the closed system. During the titra- 
tions, samples \yew withdrawn by means of an all-glass syringe. 

C;H,jN, 68.1%. 

The spectroscopic cells atid the esr tubes were filled and closed 
under purified nitrogen. 

The solutions were prepared under purified nitrogen from rc- 
agent grade materials in volumetric flasks equipped with side 
arms. The concentrations of the solutions were determined by 
weighing the starting material or by analyses (Cl- and I-, 
potentiometrically with Agxos; CjH&+, spectrophotometri- 
cally).l 

TiC13, 6.43 
g/100 ml (0.418 M); HC1, 41.6 g/100 ml (11.42 X); CaHeNC1, 
70.8 g/100 ml (6.12 M); C&iYCl + HCl, (71.8 g + 26.4 g)/100 
ml; KI, 12.9 g1100 ml (0.78 M); iYaOCH3, 1.0 g of Na/100 ml 
(4.36 M ) .  

The following solutions in methanol were used: 

Results and Discussion 
Reflectance Spectra.-All of the monomeric com- 

plexes TiCln(CH30H)e--n3--a (n = l-6)j (CjH6X)Z- 
[TiCl;,(CHaOH)2], and (CnH6N)4H [Tic&] exhibited rc- 
flectance spectra consisting of two bands of varying 
relative intensity, the high-energy band always being 
the more intense one. \Vith increasing number of C1- 
ions in the coordination sphere, the charge-transfer 
bands moved progressively into the visible part of the 
spectrum. The results are given in Table I, which in- 
cludes compounds already described in a previous 
study.l 

TABLE I 
Reflectance 

spectra, 
108 X cm-1 

B1 sz 

18.6 15.2 
18.2 15.0 
16.9 13.8 
15.7 12.9 
13.6 11.4 
12.9 11.0 
12.9 11.0 
15.6 12.9 
12.9 10.9 
22.5 16.6 
16.1 10.9 
20.0 . . .  
23.8 13.4 
. . .  . . .  -n 

Solution 
spectra, 

loa X cm-1 
GI R 

16.8 15.1 

15.5 13.9 
15.1 13.4 
14.6 12.7 

13.7 11.8 

. . .  . . .  

. . .  . . .  

. . .  . . .  
13.4 10.9 
. . .  . . .  
. . .  . . .  

. . .  . . .  
20.6 14.G 

Re- 
marks 

U 

b 

d 

b 
s 

C 

e 

a In pure methanol. * S o t  observed in solution. 111 solutioii 
witli 2 AI CY.  d In supernatant ether from the preparation. 
8 In solution with 6 M C1-. f In supernatant acetonitrile from 
the preparation. 0 In methanol solution containing OCH3- or I-. 

Magnetic Moments.-The calculations outlined by 
Figgis6>' have been used to obtain values for K (de- 
localization of the d electron onto the ligands) and A 
(the splitting of the tzg levels in an axial field) in the case 
of the paramagnetic compounds and to obtain n (the 
number of members in a polyatomic chain) and J (the 
exchange integral) in the case of the antiferromagnetic 
chloro complexes. Since measurements were made a t  
only three temperatures, these values should be re- 
garded as beiiig only approxiinate. 'The iiiagiietic. 
moments of (C5H&)2 [Tic&] have been corrected for the 
presence of the impurity of ( C E H ~ N ) ~  [TiCl;(CH30H)z] 
('rabie 11). 

(6) B. S. Figgis, 7'i.n?ir. Fnini iny Soc. ,  157, 108 (1901). 
( i )  A. Eat-nshaw, B. N. Figgis, and  J. Lewis, J .  L'hcvz. SOL., A ,  1 U X  (l!)W), 
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TABLE I1 
M A G N E T I C  DATA 

10-6~~', -reif BM-- 0, & 
cgsu 292' 1 9 5 O  7 7 O  O K  K cm-1 

TiClz(CHs0H) 1341 1 .79  1 . 7 3  1 .65  -18 1 1250 
(CKHeN)[TiC14(CHsOH)2] 1373 1.79 1.73 1 .64  -20 1 1100 
(C5HsN)[TiC1~(CHaOH)] 1348 1 .79  1.69 1 .54  -44  0.9 450 

10-6xarf, ----fieif, BM- Probable J ,  

H [Ticla]. CaHlaO 256 0.78 . . . 0 . 3 2  . . . . . .  . . .  cgsu 292O 195' 7 5 O  geometry 1z cm-1 

(CKHeN)[TiCla] 716 1.31 0.96 0 .47  Chain >4 160 
(C5HsN)2[TiCls] 578 1.27 1.15 0 . 9 9  Ring 3 90 

The reflectance spectra of the series of compounds 
with the general fomula TiClfi(CH30H)~-n3-fi may be 
used to test the validity of the rule of average environ- 
ment proposed by J#rgensen.8 This rule states that  the 
optical absorption of octahedral complexes containing 
two different ligands in varying ratios can be predicted 
by use of the relationship 

?31XnYs-n = '/6[nhIxs + (6 - %)?MY61 

In the case of the titanium(II1)-chloro(methano1) com- 
plexes, this equation is satisfied best with values of 
19,900 f 800 cm-l assumed for the high-energy band 
and 15,200 i 900 cm-' for the low-energy band of the 
unknown complex [ T ~ ( C H I O H ) ~ ] C ~ ~ .  This also shows 
that the deviations from the predicted values are not 
greater than 5% for the first and 6% for the second band 
in spite of the largely different symmetries of these com- 
plexes (Figure 1). 

liigure 1.-(a and b) Position of the absorption bands iii the 
reflectance spectra of the complexes TiCl,(CH30H)6-,3-". 
Circles represent experimental data; the straight line indicates 
values expected from the rule of average environment by assutn- 
ing 61 = 19.9 X lo3 cm-' and Gz = 15.2 X lo3 cm-lfor the species 
Ti(CH30H)s3+. (c) The values of the splitting of the lower 
orbitals derived from magnetic data. 

The obvious axial syniiiietry of the c o n i p x "  CTiC1- 
(CH30H)j]C12 was confirmed by its esr spectrum 
(Figure 2 ) .  The low value of Dq for of 1100 
cm-I compared to the estimated value of 1520 cm-' for 
Ti(CH30H)e3 + would suggest a somewhat smaller 
interaction between the ligands and the d orbitals of the 
central atom along the fourfold axis containing one C1- 

(8) C. K. Jgrgensen, "Absorption Spectra and Chemical Bonding in Com- 
plexes," Pergamon Press Inc., New Yoi-k, N. Y.,  1062, 1, 109. 

9'2GHz rJ 

Figure 2.-Esr spectra of the solid undiluted conipouuds a t  
liquid nitrogen temperature. 

ion and one CH30H molecule than in the equatorial 
plane formed by four methanol molecules. Such inter- 
actions would lead to a splitting of the cubic tag and e, 
levels into a low-lying e, level followed with increasing 
energy by bZg, alg, and bl,. The magnetic moments 
observed on this complex, however, require the presence 
of a low-lying orbital singlet with the next orbitals more 
than 1500 cm-l above. In the case of the complex 
(C5H6N)z [TiCl5(CH*0H) 1, the more strongly interact- 
ing CH30H molecule in the axial position should lead 
to a well-separated orbital singlet ground state. The 
magnetic moments, however, indicate a rather small 
splitting of about 490 cm-l between the B2, ground 
state and higher excited states. 

These effects may be explained by the ability of the 
C1- ion to form 7r bonds to the central atom, thus in- 
creasing the T i 4  bond strength which in turn means 
a shorter bond and a stronger electrostatic potential in 
the Ti-Cl bond direction. On the other hand, addi- 
tional T bonding would lead to a reduction of the posi- 
tive charge on the Ti atom and a decrease in the over-all 
electrostatic potential between Ti  and the ligands as 
indicated by decreasing Dq values with increasing num- 
ber of C1- ions in the coordination sphere. 

For the complexes [TiC12(CH30H)4]C1 and (CiH6N)- 
[TiC14(CH30H)el lrnns uid cis configurations are pos- 
sible. The three-lint esr spectrum indicates uonaxial 
symmetry and, therefore, cis configurations for these 
compounds. Only detailed calculations, however, may 
establish the ordering of the d orbitals, according to 
their energy, without ambiguity. 
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The esr spectra of the compound TiC13(CH30H)3 sug- 
gest axial symmetry. By assuming Cav symmetry and 
taking the threefold axis as a new axis of quantization, 
the de% orbital with the symmetry alg would have the 
lowest energy, followed by two degenerate levels e,' and 
eg" a t  different energies. Magnetic moment measure- 
ments showed that the first level eg' is separated from 
the alg level by about 1250 cm-I. The transition from 
the Alg state into the E," state should then cause the 
absorption in the visible part of the spectrum. Since no 
distortion, no matter how strong, along the trigonal axis 
can remove the degeneracy of the eg levels, one would 
expect only one band. The reflectance spectra, how- 
ever, show clearly two bands a t  16,900 and 13,800 cm-l. 
The relatively large splitting of about 3000 cm-l could 
be explained by some additional distortion with a strong 
component in a direction perpendicular to the trigonal 
axis. A similar problemg exists for a complex TiC13- 
(CH3CN)3 whose esr spectrumlo a t  77°K also consists of 
two lines with values for gll = 1.907 and gi = 1.949. 

TABLE I11 
g VALUES OF VARIOUS SOLID TITASIUM(III j-CHLORO(METHATOL) 

COMPLEXES AT 77"Ke 

TiCl( CH30H)j2+ 1.927 1.927 1.869 
TiCl*(CHsOH)4+ 1.937 1.894 I. 860 
TiC13( CH30H )3 1.869 1.869 1.815 
TiC14( CH3OH)g- 1.923 1.877 1.813 
TiCla(CHa0H)2- Not obsd 
TiCle3- Not obsd 
T1Clb(CH30H)2'- 1.875 1. Si5 1.817 
H [TiClg] 4 -  Not obsd 

gl E2 ga 

a Counterions are CjHeN+ or C1-. For axial symmetry, gl = 

g2 = gl.  

The compound (C6HsN)z [TiC15(CH30H)z] exhibits an 
esr spectrum (Figure 2) whose two lines could signify 
D j h  symmetry, corresponding to a pentagonal-bi- 
pyramidal structure. However, again a strong addi- 
tional orthorhombic distortion has to be assumed to 
explain the removal of the degeneracy of the Eg' ground 
state in D 5 h  symmetry. The optical absorption bands 
for this complex are much closer to those observed for 
(C5HfiN) [TiCld(CH30H)2] than to those for (C5HsN)z- 
[TiClj(CH30H) ] (see Table I). In addition, the separa- 
tion of the lower orbitals determined from magnetic 
moment measurements is, a t  1250 cm-l, very close 
to that for the tetrachloro complex (C5HsN) [Ticla- 
(CH30H)zl. 

The fact that  no esr signal could be found for the 
complex (CbH6N)aH [Tic&] a t  77°K either in solution or 
in the solid state indicated that the unpaired electron 
occupies a d orbital which is close enough to other 
appropriate d orbitals to give rise to strong spin-orbit 
interaction. The strong temperature dependence of the 
magnetic moments and the resulting large Weiss con- 
stant of -72" confirm these considerations. Assuming 
that all C1- ions are coordinated to the Ti  atom, one 

(9) G. D. McDonald, Af .  Thompson, and E. L. Laisen, I n o i g .  C h e m ,  7 ,  

(10) W. Giggenbach, unpublished result. 
648 (1968). 

has to  eonsider mainly the possible arrangements : the 
Archimedean antiprism (D4d), the dodecahedron (D2d) ,  

the cube ( o h ) ,  the trigonal prisms with two ligands 
either in the center of two end faces (Dah) or in the 
center of two side faces (Czv). The first two arrange- 
ments lead to well-separated orbital singlets11*12 and 
therefore have to be excluded. Since the matrix ele- 
ments of L, between the d,, and dZ2+ wave functions of 
the low-lying *E, term are zero, no strong orbital angu- 
lar momentum contribution is expected for the third 
configuration. In D a h  the degenerage d,, and d,,-,, 
orbitals form the gound state giving rise to  angular 
momentum. In Cgy a pair of low-lying (,41 and Az) 
orbitals is close together and is primarily made up of 
the same two d,, and dZ2+ orbitals. Thus one of the 
last two arrangements for the TiCls6- ion (C5H6N)4- 
H [Tic&] would be supported by the spectra and the 
magnetic susceptibility. 

The importance of the compounds H [TiCla]. C4H100, 
(C5H6N)TiC14, and (C&jN)zTiC16 lies mainly in their 
use to prepare mixed titanium (111)-chloro complexes 
with various ligands xvhich might not be accessible 
otherwise. H [Ticla] * C4HloO can be substituted for TiC1, 
in many cases in preparing neutral TiC13L3 complexes, 
if 3 equiv of the neutral ligands is added to a suspen- 
sion of the tetrachlorooxonium salt in a nonpolar sol- 
vent. A similar method may be used to prepare com- 
plexes like (CjHsN) [TiC14L2] and (C5H6N)* [TiC15L] from 
(CbHsN)TiCh and (C&-N)2TiC1,. The low magnetic 
moments of these compounds indicated strong antifer- 
romagnetic interactions and a polymeric structure with 
chloride bridges. 

Spectrometric Titrations.-Since the optical and esr 
spectra of all of the compounds TiC1,(CH30H)6-,3-n 
were known, it appeared worthwhile to investigate the 
position of the equilibria TiC1,(CH30H)6-,3-n + C1- 

TiC1,,+1(CH30H)j-,2-n as a function of the C1- ion 
concentration. 
On addition of C1- in the form of HC1, CeHsNC1, or a 

mixture of both to a solution of TiC13 in methanol, the 
characteristic double band with maxima a t  16,800 and 
151100 cm-l was gradually changed to a broad, struc- 
tureless band with a maximum a t  15,300 cm-l and the 
molar absorptivity changed from E 4.8 to E 6.3 a t  the 
highest maxima. On further addition of C1- ions, this 
broad band gradually shifted to lower frequencies while 
a new absorption appeared a t  about 13,000 cm-I and 
steadily increased. At a concentration of 6 ;2F C1- the 
green compound (c5HsN)~ [TiClj(CH30H)2] precipi- 
tated and redissolved on further addition of C1-. In 
very concentrated solutions, saturated with CiHOC1 and 
then HCI, the yellow compound (C5HgN)dH [TiC18] 
separated and the yellow supernatant solution showed 
an absorption band which had a maximum a t  13,900 
cm-1 with a shoulder a t  13,000 cm-I. 

A comparison of the spectroscopic data for the com- 
pounds TiC1,(CH30H)m3--n in Table I shows little direct 
relationship between the reflectance and solution spec- 

(11) G Gliemann, Theoiet  Chim. Acta,  1, 14 (1962). 
(12) M Randic, J .  Chem. Phys . ,  36, 2094 (1962). 
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tra. This disparity, the large widths of the absorption 
bands (half-widths -6000 cm-l), and the narrow range 
in which they occur (10,000-19,000 cm-l) made i t  im- 
possible to determine the nature of the molecule or 
molecules formed in solutions of different C1- concen- 
trations by optical spectroscopy. 

On the other hand, the distinct and relatively sharp 
esr absorption curves (Figure 2) suggested that there 
might be a means of identifying the species present dur- 
ing a titration. In the initial solution of Tic13 in 
methanol one predominant paramagnetic species could 
be detected a t  77°K. The signal at  77°K consisted of 
three lines corresponding to a nonaxial species with g 
values of 1.987, 1.897, and 1.854 and is probably due to 
the compound [TiClz(CH30H)4]Cl. The difference be- 
tween the experimental g values of the powder spec- 
trum and the spectrum in frozen methanol is possibly 
caused by the difference in line width of the signals 
(Figure 3). The frozen solution spectrum is consider- 
ably broader (AH = 65 G, compared to a maximum 
slope width of AH = 26 G for the powder spectrum). 
There were no indications of the presence of the corn- 
pound [TiC1(CH80H)s]Clz in solution. 

9.2 GHz 

[TI C12(C%OH$ 

PIC~(CH~OH)J 

Figure 3.-Esr spectra of the Ti(II1) species observed in 2 and 6 
M C1- methanol solutions. 

After C1- ion was added, the esr spectrum of [TiClZ- 
(CH30H)dJCl was gradually replaced by a three-line 
signal which has g's equal to 1.981, 1.885, and 1.808 and 
which is probably due to (CbHsN) [TiC14(CI-130H)2]. 
The spectrum of the frozen methanol solution showed 
broader lines with AH = 65 G, compared to AH = 26.5 
G for the powder spectrum (Figure 3). On further addi- 
tion of C1- ions, the green compound (CsHaN)z[TiClb- 
(CHSOH)~] precipitated but  no corresponding csr signal 
could be detected in the supernatant liquid. If the solu- 
tion was cooled slowly to permit the crystallization of 
the pentachloro complex in the esr tube, the typical 
two-line spectrum could be observed at 77°K. After 
the esr tube had been warmed and the solid redissolved, 
the signal again disappeared. 

I n  solutions containing more C1- a third very broad 
single line (A€€ = 225 G) was observed which might be 
due to one of the compounds (CbH&)z [TiC15(CH30H) 1, 
(C6HaN)3TiC16, or (C6H6N)4H [Tic& 1. The precipitation 
of (CbH6N)4H [TiCls] in these solutions does not neces- 
sarily imply any appreciable concentration of such a 
species in solution. 

In  Figure 4 these relationships are shown. The con- 
centrations of different species are given as the per- 
centage of the amount of Ti(II1) present in solution. 

O ? , ,  0.4 , 0.6 , , 0.8 , , 

2 3 4 5 6 7 8 9 '  

3 log[CI -] 

1 MCI- 
Figure 4.-Concentrations of Ti(II1) species present in meth- 

anol solutions containing varying amounts of C1- as determined 
by esr spectra. Open symbols represent experimental values 
obtained from solutions containing HC1 and half-filled symbols 
correspond to  CsHeHC1-containing solutions, whereas filled 
symbols indicate experimental values obtained from solutions 
containing both C6HeNCl and HC1 (see text). 

The concentration for Cl- ions in the case of CbHBNC1 
is the analytical. concentration. It has been found that 
the concentration of HC1 had to be about 2.33 times 
higher than that of C&NC1 to cause similar changes in 
the esr spectra. Therefore, Figure 4 has been plotted 
by use of the empirical relationship YHCI = 0.43 ycsHeNcl  

and the assumption that Y C ~ H ~ N C I  = 1, where y's are 
fitted, molar-scale activity coefficients. 

From the preceding observations it was not possible 
to determine the nature of the species present in solu- 
tions of Tic13 in pure methanol. The complex isolated 
from these solutions, TiC13(CH30H)s, exhibited a two- 
line esr spectrum typical of axial symmetry and the 
structural formula [TiC1(CH30H)6]C1~. The reflec- 
tance spectrum consisted of two bands of about equal 
intensity of 18,600 and 15,200 cm-l. In  solution, how- 
ever, the absorption spectrum showed two bands of 
slightly different intensity a t  16,800 ( E  4.8) and 15,100 
cm-I (E 4.6) and the esr spectrum a t  77°K seems best 
ascribed to the complex [TiC12(CH30H)4]C1. As can 
be seen from Figure 4, the concentration of [TiClZ- 
(CH30H)d]CI was 50% of the total Ti(II1) concentra- 
tion as determined from esr spectra of solutions of TiC13 
in methanol alone. On addition of about 1 equiv of 
HCl the intensity of the esr absorption reached a maxi- 
mum and the bands a t  18,600 and 15,200 cm-1 were 
replaced by the broad absorption band with its maxi- 
mum a t  15,600 cm-'. Because of the absence of a cor- 
responding esr signal, the missing 50% of the Ti(II1) 
and the double-banded optical spectrum must be due 
to a species different from [TiCl(CH30H)b]C12. 

A species causing a sharp esr absorption was detected 
by Waters and Maki13 in T ic& in methanol solutions 
which contained methoxide ion. This signal consists of 
an intense central line accompanied by a series of hyper- 
fine lines representing the hyperfine pattern expected 

(13) E. L. Waters and A. H. Maki, Phys. Rev., 126, 233 (1962). 
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for 47Ti and 49Ti in their natural abundance. The 
hyperfine patterns are best observed a t  -45". At 
higher or lower temperatures the signal broadens and a t  
77°K a rather broad asymmetric signal is observed. 
The intensity of this signal reaches a maximum in solu- 
tions containing 1 mol of sodium methoxide per mole of 
TiC13, but it also could be observed in solutions of TiCla 
in pure methanol. The absolute concentration of this 
species was estimated as described in the Experimental 
Section and it was found to account for only about 27G 
of the total Ti(II1) concentration in pure methanol and 
for about lOyG in solutions containing 1 equiv of 
methoxide. It was, therefore, necessary to consider the 
possibility of the presence of a third species which could 
be ascribed to the remaining 48% of Ti(II1) in pure 
methanol and which had an absorption spectrum with 
bands a t  16,800 and 15,200 cm-l. No esr absorption 
could be detected whose behavior toward changes in 
C1- concentration corresponded to the changes in the 
optical absorption and may be explained by the large 
width of the esr signal of a species whose teg sublevels 
are only slightly separated. The highly symmetric 
complex [Ti(CH30H)6]C13 would fulfill this requirement. 

I n  order to support the idea of the formation of the 
hexamethanol complex, we tried to replace the rather 
strongly coordinating C1- ions by ions whose tendency 
to enter the Ti(II1) coordination sphere is expected to 
be rather low: Clod- and NO3- were rapidly reduced 
by Ti(II1) whereas BF4- appeared to give off F- ions 
to form Ti-F complexes. The only ion tried which did 
not interact with Ti(II1) directly was the I- ion. Addi- 
tion of a concentrated solution of K I  to the blue solu- 
tion of Tic13 in methanol caused the precipitation of 
KC1 without any significant change in the absorption 
spectrum until about 1.5 mol per mole of Ticla had been 
added and an equivalent amount of KC1 had been preci- 
pitated. On further addition of KI,  the color of the solu- 
tion changed from blue to violet to yellow as two new 
bands in the optical spectrum a t  20,600 and 14,600 cm-' 
appeared. An isosbestic point a t  18,900 cm-I indicates 
that two species participate in this equilibrium but the 
esr spectra a t  77°K revealed that there is still about 
10% of TiC12(CH30H)4+ present even in solutions 
saturated with KI.  These esr spectra also showed a 
much stronger, broad, asymmetric signal consisting of 
two lines with experimental values of gl = 1.960 and 
gll = 1.944. With rising temperature this signal nar- 
rowed considerably and changed into the characteristic 
eight-line hyperfine spectrum observed in solutions of 
T i c &  in methanol containing methoxide. The calcu- 
lated (g) = 1.954 from the spectrum a t  77°K is very 
close to the experimental isotropic g value of the signal 
a t  -45" with g = 1.953. The isotropic hyperfine con- 
stant,I3  AT^, is 16.3 X l oF4  cm-l and corresponds to 
that observed for methoxide-containing solutions, (16.2 

0.2) X lop4 cm-'. The absolute concentration of the 
corresponding species reached about 55% of the total 
Ti(II1) concentration and it seems reasonable to ascribe 
the two new optical bands a t  20,600 and 14,600 cm-I to 
this species, probably Ti(OCH3) (CH30H)j2+. 

0 1 1  arltlition oC anothcr 0.,5 equiv of some alkali nictk- 
oxide to a solution of Tic13 in methanol containing 1 
equiv of methoxide, the concentrations of the complexes 
[ T ~ C ~ Z ( C H ~ O H ) ~ ] C ~  (as indicated by its esr spectrum) 
and [Ti(CH30H)6]C13 (as indicated by its optical spec- 
trum) reached zero, and the eight-line hyperfine esr 
spectrum also disappeared. Very weak signals ob- 
served in these solutions are probably best ascribed t o  
impurities. 

The equilibria existing in these TiCl3 solutions con- 
taining various amounts of CH:,O- or T -  can prohahly 
be represented by 

l'l'iClr(CH:jOH),] CI [Ti(CH3OH)ti]CI8 
+CHJOH +OCHa- 

+c1- +HC1 

+ CHBOH +I- 
[T iC l -~CFr j0 I€ )~ ]  C1 -+I [Ti(CHjOH)~]Cla J_ 

fC1- THCI 
[T~(OCHB)(CHBOH),] 1 2  

From the preceding discussion of the esr titrations 
one can conclude that in methanol containing C1- ion 
only the species [Ti(CH30H)6]C13, [TiC12(CH30H)4]C1, 
and (CiHsN) [TiC14(CH30H)z] occur in significant con- 
centrations. The data of the optical spectra of these 
solutions are given in Table I. They show that the 
solution spectra appear a t  considerably lower frequen- 
cies than the corresponding reflectance spectra From 
Figure 5 one can see that the rule of average environ- 

Figure 5.-Position of the absorption bands of some Ti(II1) 
complexes stable in methanol solutions containing C1- ions. 
The straisht line corresponds to  values expected from the rulc 
of average mvironnient. The data for TiClti3- are tlime of tlic 
reflectance spectrum. 

ment can also be applied to these data. One also can 
see that the differences between the solution spectra and 
the reflectance spectra decrease with decreasing number 
of coordinated methanol molecules. The complex 
(CjH6N)3TiClO is not stable in methanol, but if its opti- 
cal data are calculated by use of the rule of average 
environment and the available solution data of the 
other compounds, the calculated values are very close 
to those obtained from reflectance spectra. This ob- 
servation supports the idea that the differences of the 
solution and reflectance data are mainly determined by 
the number of coordinated CHaOH molecules and have 
to be explained by strong interactions between coordi- 
nated and solvent CH8OH molecules through hydrogen 
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bonds. A similar effect has been observed on two com- 
pounds in acetonitrile solutions also investigated during 
this study. The reflectance spectra of ( C S H ~ N ) ~  [Tic&] 
and (CsH6N)2 [TiCleCH8CN ] have strong maxima a t  
12,900 and 14,000 cm-I, respectively. In  solution these 
bands appear a t  higher energies a t  13,700 cm-' (4-800 

cm-l) for the hexachloro complex and a t  15,200 mi-' 
(+ 1200 cm-l) for the pentachloroacetonitrile complex. 
Thus, acetonitrile has the opposite effect of methanol. 
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Luminescence measurements indicate, in a series of double complex salts [CrA8] [Cr(CN)6] .xH20 and [Cr(A-A)a] [ c r ( c N ) ~ ]  . 
zH20, where A and (A-A) are mono- or bidentate neutral ligands with oxygen or nitrogen as coordinating atoms, an excita- 
tion energy transfer from chromium in the cation (donor, D) to chromium in the anion (acceptor, A). Relative emission 
intensities and lifetimes of the phosphorescence 2E, + 4A2g of the acceptor are reported. It is suggested that a doublet- 
doublet transfer D*(doublet) + A(quartet) - D(quartet) + A*(doublet) is operating. Possible types of mechanism are 
discussed. 

A. Introduction 
I n  a previous paper' we reported an excitation energy 

transfer from the cation to the anion in the double 
complex salt [Cr(OC(NH&)6] [Cr(CN)6] .3Hz0. This 
was concluded on the basis of luminescence measure- 
ments from the fact that  excitation of the cationic com- 
ponent, i.e., absorption in a spectral region where only 
the hexaureachromium(IJ.1) entity absorbed, yielded a 
phosphorescence emission 2Eg(an) + 4Azg(an) located 
in the hexacyano part. The corresponding phospho- 
rescence emission of the cation 2Eg(ct) - 4Azg(~t) and also 
the fluorescence 4T2g(~t) -t 4A.2,(~t) which are seen in 
[ C r ( ~ r ) ~ ] C l ~  'H20 or [Cr(ur)6](ClO4)3 were both to- 
tally quenched in the double salt. The emission of the 
Cr(CN)63- part in the double salt was greatly increased 
compared to the emission of K3 [Cr(CN)6]. 

The present work has been undertaken to clarify the 
luminescence behavior of similar double complex salts of 
the type [CrA6] [Cr(CN)6] exHz0 or [Cr(A-A)3] [Cr- 
(CN)6] .xHzO, where A is a monodentate and (A-A) a 
bidentate neutral molecule. Compounds with oxygen 
or nitrogen coordination of the cationic Cr3+ and with 
different distances Cr3+(ct)-Cr3 +(an) have been in- 
vestigated in the hope of obtaining information about 
the relationships between the efficiency of energy trans- 
fer, the cation-anion distance, and the nature of the co- 
ordinating atom of the cation. These double salts have 
been selected to fulfill the following conditions. (1) 
The absorption spectra of the double salts should be 
very nearly a superposition of the spectra of the indi- 

(1) H. L. SchlBfer, H. Gausmann, and H. Witzke, J .  C h e m .  Phys., 46, 
1423 (1967). 

vidual constituent ions. (2) A spectral region should 
exist where only the cationic part of the double salts 
absorbs. At an appropriate wavelength, excitation of 
only the cation is then possible. (3) The lowest doublet 
state 2Eg(an) of Cr(CN),j3- from which the emission 
originates should be located a t  somewhat lower energy 
than the lowest doublet 2E,(ct) of the cationic com- 
ponent. 

On mixing aqueous solutions of C ~ ( C N ) G ~ -  with 
CrAe3+or Cr(A-A)s3+ [A = urea (ur), antipyrine (atp), 
imidazolone (imid), or ammonia; (A-A) = ethylenedi- 
amine (en), propylenediamine (pn), or trimethylenedi- 
amine (tn), respectively], one easily obtains crystalline 
precipitates of the corresponding double complex salts. 

B. Results and Discussion 
The reflectance spectra of the double salts are very 

nearly a superposition of the individual spectra of the 
cation and the anion (Figures 1-7), indicating little or 
no coupling between the two chromium(II1) centers. 
Therefore i t  is possible to discuss the energy states of 
the double complex salts from the point of view of two 
Cr3+ entities, each of which consists of a chromium(II1) 
metal ion surrounded octahedrally by six identical 
ligands A or CN- or by three equal bidentate ligands 
(A-A). Also it seems reasonable to regard the elec- 
tronic excitation of the double complex salts as a t  least 
temporarily completely localized in the cation or the 
anion part. 

Figures 8 and 9 show the term diagrams for the differ- 
ent compounds, obtained using the spectral data of 
Figures 1-7. On the right the electronic energy states 


