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Solution electronic spectral data are reported for
30 tetragonal complexes of the types trans-Mfen),-
X5, M{NH;)sX™ (M = Rh{Ill), Ir(lll), or Pt(IV);
X = Cl, Br, or I); trans-M{NH,),X3" (M = Rh(III)
or Pt(IV); X = Cl, Br, or I); trans-PtL4 X3~ (L =CN~
or NO3, X = Cl or Br); and Pt{CN)sX*™ (X = Cl, Br,
or I). These data are interpreted in terms of ligand
field (LF) excited states in Cs, 0r Dy, symmetry and
ligand to metal charge transfer (LMCT) excited states
involving the halide ligands. Intensity patterns among
the LMCT transitions of intermediate intensity are
rationalized by including halide spin—orbit coupling
in excited configurations. Trends in LF and LMCT
excited state energies are discussed.

Introduction

Electronic spectra have provided an important
experimental basis for the development of electronic
structural models for low spin octahedral ML§ com-
plexes (O}, symmetry) of nd® metal ions [2, 3]. The
details of these models now seem clear and in many
cases fairly complete spectral interpretation is
available [4~7]. In contrast, electronic spectra of
tetragonal complexes of the type MLsX" (C4y sym-
metry) or trans-MLyX5' (D4n symmetry) are not so
well understood, even though the extension of octa-
hedral models to these lower symmetries is straight-
forward [8]. This is especially true for spectra of
tetragonal complexes of the 2nd and 3rd row metal
ions Rh(III), Ir(I1I) and Pt(1V), where data [9-19]
have been widely scattered, incomplete, and in a
few cases, suspect because of the presence of inter-
fering counterions, hydrolysis or photolysis. Spectral
interpretation, where available, often has been
incomplete or lacking in detail, particularly for the
intense charge-transfer bands exhibited by many of
these complexes [2, 5, 9-11]. Also, many of the
complexes of the nd® metal ions are photochemically
active [20, 21]. Therefore an understanding of the
nature of low lying excited states is of interest in
devising potentially useful photosynthetic reactions
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[22,23]. Accordingly we have systematically collected
spectral data under carefully controlled conditions
for 30 tetragonal complexes of the following type:
trans-M(en),X3*, M(NH3)sX™* (M = Rh(III), Ir(1II),
or Pt(IV); X = Cl, Br, or 1), trans-M(NH;3),X3' (M =
Rh(1II) or Pt(IV); X = Cl, Br, or I), trans-PtL4X3™
(L = CN~ or NO3; X = (I or Br), and Pt(CN)sX*~
(X = {1, Br, or I). In many cases our spectral measure-
ments have extended data beyond what was pre-
viously available, and new bands have been identified
and assigned. In addition to ligand field band assign-
ments, a detailed interpretation of charge-transfer
spectra, including the effects of ligand spin—orbit
coupling, is also presented.

Experimental

The complexes investigated are all known com-
plexes and their syntheses have been described in the
literature [12-14, 16, 24—34]. Nitrate or halide salts
of Rh(NH;)sX?* [13, 24], Ir(NH3)sX?** [25], trans-
Rh(en),X; [13], trans-Rh(NH;)4X3; [12¢c, 13] and
trans-Ir(en), X3 [14] (X = Cl, Br, or I) were converted
to perchlorate salts by precipitation from concen-
trated aqueous solutions with 72% perchloric acid at
ice bath temperatures. Suspensions of the less soluble
halide salts of trans-Pt(en),X2* [16, 26] or trans-
Pt(NH;),X%' [27] were first treated with stoichio-
metric amounts of silver perchlorate and the silver
halide removed before precipitating the cationic
complexes with 72% perchloric acid at ice bath tem-
perature. Phosphate salts of Pt(NH;)sCt** and
Pt(NH;)sBr** [28] and the carbonate salt of
Pt(NH;)sI3* [29] were converted to perchlorate
salts by dissolving in dilute perchloric acid and pre-
cipitating with ice cold 72% perchloric acid. Tetra-
ethylammonium salts of Pt(CN)sX?~ or Pt(CN),X3"
were precipitated from concentration aqueous solu-
tions of the potassium salts [30—33] by the addition
of a concentrated aqueous solution of (C;Hs)sNX.
Published methods [33, 34] were used to prepare
K, [Pt(NO,),Cl;] and K,[Pt(NO,)4Br,]. The com-
pounds used for spectral measurements all gave satis-
factory elemental analyses.
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Electronic spectral measurements were obtained
using a Cary 1501 spectrophotometer. Spectral grade
acetonitrile was used for solutions of the tetraethyl-
ammonium salts. Some low temperature spectra for
selected compounds were obtained using a Cryo-Tip
hydrogen refrigerator (Air Products and Chemicals,
Inc.); temperatures below 100 K were measured with
a calibrated gallium arsenide diode. Low temperature
measurenents were made on thin solid films of poly-
vinyl alcohol (PVA) containing water soluble com-
pounds or of methylmethacrylate containing alkyl
ammonium salts soluble in dichloromethane. The
details of the film preparation have been described
elsewhere [35].

Results and Discussion

Molecular Orbitals and Excited States

Simplified one-electron molecular orbital energy
level diagrams for the Cs, MLs;X"™ and Dgy, trans-
ML1,X5 tetragonal complexes are given in Figures
1 and 2. Since the electron configuration of the metal
ions is 4d® or 5d°, the highest filled levels are 3¢ and
2ey respectively. The ground states are diamagnetic
and totally symmetric, designated 'A; and 'A,,.
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Fig. 1. Molecular orbital energy levels for a Cgy ML X"
complex.

Low energy electronic excited states for these
halogen containing complexes can be divided into
two types. The first are ligand field (LF) states
resulting from transitions from occupied MO’s of
mainly nd character (1b, or 3e and 1by, or 2ey) to
the lowest energy empty orbitals (4a, or 2b; and
3a;, or 2b;,) also predominantly nd in character.
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Fig. 2. Molecular orbital energy levels for a Dap, trans-ML;;X';»n
complex.

. v'E,
bE —
1 - —_—— -
Tz -
~- 1
~a Bz 1
= S Bh
1. 1
T ‘A, Az
e
N LISy b’E
JTzs /\(,, '
<N 3
~\. 8, s
N e - 29
> 8 N
o N
s \\
g \\\ 'E
N
3T|' ______ :Al _____ JAZH
\\\\ a’E
\‘\\ BJE,
A, A, A,
oh Cav DAh

Iig. 3. Correlation of ligand field states between octahedral
symmetry and C4y or D4y, symmetry.

The second are ligand to metal charge-transfer (LMCT)
states resulting from transitions from halide based
MO’s (3a, or 2e and la,, or 2ey) to the empty nd
orbitals of the metal.

The LF excited states expected for the C4, and
Dy, complexes can be easily correlated with those of
octahedral complexes as shown in Figure 3 [8, 36].
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For all the complexes investigated the halide ligands
X lie lower in the spectrochemical series than the
ligands L. Therefore the a'E or a'E, state derived
from !T,  will be lower in energy than 'A, or 'A,,,
which is expected to be nearly the same energy as
'T,g in the ML complex [36]. The splitting of the
states derived from !T,, is predicted to be smaller
than those from !T,,, and in practice for a variety of
tetragonal Co(IIl) complexes [36] transitions to
these states have not been resolved. The intensities
of transitions to the singlet LF states are expected
to be low in keeping with the predominantly metal d
orbital character of the MO’s involved. Intensities of
spin-forbidden LF transitions are expected to be even
lower but increase with metal spin—orbit coupling
which allows relaxation of spin selection rules by
admixture of spin-allowed states. The free ion value
for the spin—orbit coupling constant {44 for Rh(III)
is ca. 1400 cm™, while {54 for Ir(IIl) or Pt(IV) is
estimated to be in the range 40005000 cm™ [5].
Therefore spin forbidden LF transitions will be rela-
tively more intense for Ir(IIl) and Pt(IV) complexes
than for Rh(III) complexes.

The LMCT excited states in the absence of spin—
orbit coupling include -3E, 3 A, and 3B, states for
the C4, complexes and “3E,, "?A,, and 2By,
states for the Dgy, complexes ("*E; and Ay, states
can also be visualized for the Dy, complexes but
transitions to these states are parity forbidden and
are expected to be weak and obscured by the more
intense bands at similar energies). If halogen spin—
orbit coupling is included, transitions to LMCT states
which are formally triplet states, can gain intensity by
coupling with allowed singlet states. The magnitude
of the coupling is determined by {,,, for the halogen,
for which free atom values are 587 cm™, 2457 ¢cm™
and 5069 cm™ for Cl, Br and I respectively [37].
Table I lists the spin—orbit states for the excited
LMCT configurations of the C4, and D4, complexes;
the symbols for the spin—orbit states are characterized
by the lack of spin-multiplicity superscripts. Of all
the spin—orbit states possible for these configurations
only transitions to the E and A; or E, and A,, states
will be allowed by dipole selection rules, and then in
proportion to the 'E and 'A; or 'E, and 'A,,
character in the spin—orbit eigenvectors. Secular
determinants for evaluating spin—orbit eigenvectors
and eigenvalues are given in Table II, where the
diagonal elements contain the energies of the singlet
and triplet states in the absence of spin—orbit inter-
action and ¢ is the halide np spin—orbit coupling con-
stant in the complex. The determinant elements were
determined by approximating the MO’s of the LMCT
states as pure metal nd or halide np atomic orbitals
and neglecting terms involving more than one center.
Metal centered integrals are zero so spin—orbit
coupling is limited to the halide alone. Furthermore
there is no mixing between the excited configurations
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TABLE 1. Excited Configurations and Symmetry Repre-
sentations of Excited States.

Excited Excited States Spin—Orbit States
Configuration® (No Spin—Orbit

Coupling)
C4y Complexes
(2¢)%(4ay) g E

3E E, Ay, Az, By, By
(3a;)(dap) 1Ay Ay

3A1 E, A,
(2¢)3(2by) g E

3 E, A, A2, By, By
(3a1)(2by) g, B,

3B, E, B,
Dan Complexesb
(2e)%(3azg) 'Ey E,

3Eu Ew Alw A2u> Blu,

Bzu

(1a2)(3a,g) 'Azu Az

A2 Eu, Ay
(2e)%(2byg) 5, E,

3Eu Eu: Alu’ A2u; B]u’

Bayy
(la2u)(2blg) ;B2u B2u
Bay Ey, B1y

38ee Figures 1 and 2. Bparity forbidden states involving
excitations from 2a;y or leg omitted.

TABLE 1I. Spin—Orbit Secular Determinants for LMCT
States.?

C4y Complexes D4y, Complexes

A states (X > 4a;) Agy states (X > 3a,g)
A, -E +¢2" YAz —E  +¢2%
(2% BE-gn2-E|  |+§2% 0 3E,-§2-E

E states (X ™ 4a,) E,, states (X = 3a;¢)

A —E 382 +if2 | |PA-E 3f2 +il2
7¢/2 E_E :it/2 {2 E,—E  =i{/2
—it/2 zi¢/2 3E-E|l [-itn2 7i¢/2  3E,-E

E states (X > 2b,) E, states (X > 2b; )

3By-E {2 +if2 | [|’Bou-E {2 {2
3403 lE_E :it/2 /2 g —E tit/2
—it/2 ri¢/2 SE-E| |-it/2 #¢/2 3, -E

2The elements of the 3X3 determinants are phase dependent,
and although the choice of phase is arbitrary, care must be
taken to be internally consistent. The “x+” signs included
here refer to two equivalent choices of phase.
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involving the metal d,» orbital (4a, or 3a,;) and
those involving the metal d,2_,: orbital (2b; or

2b,).

Electronic Spectra

Solution spectral data obtained at room tempera-
ture are collected in Table 1II. Where our measure-
ments overlap with previous reports [9-19] and
where hydrolysis, photolysis, or absorbing counter-
ions can be excluded in the previous investigations,
the agreement is generally satisfactory. In addition
to the room temperature solution measurements of
Table III several low temperature (22-25 K) measure-
ments on selected complexes in solid PVA or methyl-
methacrylate films were made to determine the tem-
perature dependence of bands of intermediate inten-
sity. Figure 4, which typifies the results obtained,
shows the spectra at 300 K and 22 K for the 4.35
um™ band of trans-[Ir(en),Br,]ClO,. The changes
in the spectra of the solid films as a function of
temperature were completely reversible.

TABLE I11. Electronic Spectral Data.®
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Spectral Assignments

The lower energy, lower intensity bands (¢ <400)
observed in the spectra of the Rh(III), Ir(Ill) and
Pt(IV) complexes are logically assigned as LF transi-
tions. The energies of corresponding bands vary with
the halide ligand I < Br < Cl in a manner predicted
by the spectrochemical series. The more intense
bands (¢ > 2000) at higher energy are assigned as
LMCT. Consistent with this assignment, the energies
of corresponding transitions parallel metal orbital
stability and are observed in the order Rh(IIl} <
Ir(III) > Pt(IV) for complexes of the same struc-
tural type. Bands are also observed which have inter-
mediate intensities (¢ ~ 400—1500). These bands are
more difficult to assign since they may be visualized
either as LF transitions enhanced in intensity by
coupling to adjacent allowed transitions or to weak
LMCT transitions which might be formally spin or
orbitally forbidden. Band assignments for individual
complexes are included in Table III, and their
rationale will be discussed in turn.

Band No. 7,um ! (€, M~  em ™ Excited State®
X=a X =Br X=1

trans-[Rh(en);X2]1Cl04

I 2.47(80.4) 2.36(116) 2.17(266) alE,

i} 3.48(120) blEy, 1By

11 4.13(1,600)° 3.63(2900) 2.97(14,500) L3Eu1(2ey)3(Bagp)]

v 4.86(39,000) 4.30(37,000) 3.72(34,000) 1,tsm,[(1a2u)3(3al,;)]

\Y 4.55(11,000)° L3E,[(2e0)° (2b19)]

Vi 4.92(16,000) 1™ intralig.

trans-|Rh(NH3)4X, ] Cl04

1 2.44(72.5) 2.32(136) 2.14(304) alE,

1 3.45(91.0) blE, !B,y

111 3.68(3,800) 2.97(15,000) L3E, [(2ey)>(Ba1g)]

v 4.81(33,000) 4.27(39,000) 3.72(28,000) 1A2u[(1a2)(3a1g)]

\'% 4.84(19,000) 17 intralig.

trans-[Ir(en), X2 ]1Cl04

1 2.40(7) 2.25(9) 2.03(12) a3Eg

11 2.92(48) 2.76(68) 2.53(165) )

1 3.60(35)° 3.46(30) 1A,g or triplet LF

v 4.35(3,280)° 3.56(13,800) L3E,[(2e0)3(Barg)]

v 4.36(43,000) Azu[(1az)Barg)]

A4 4.95(16,300)° I~ intralig.

trans-[Pt(en); X2 ]1(Cl04),

I 2.70(20)° 2.35020)° a%E,

1l 3.03(101) 2.70(172)° alEy

1 3.81(920) 3.13(1,150) L3 [(2en)3(3ay)]

v 4.82(34,500) 4,25(35,000) 1Azul(lazy)(Barg)]
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TABLE 111 (Continued)

Band No. 7um=! (e, M em™!) Excited State®

X=0qa X =Br X=1

trans-[Pt(NH3)4X,2](ClO4),

I 2.66(18)° 2.32(19)° 1.80(51) a’Eg

1 2.99(91.4) 2.67(175) a'Eg

111 3.86(560) 3.16(1200) 2.60(2400)¢ 13E,[(2e4)3(3a1 )]
v 4.80(31,000) 4.24(32,000) 3.60(1600)4 YAzu[(122)(3a1g)]
\Y 4.39(3600)4 L3E, [(2e)3(2b1 )]
[Rh(NH3)s X] (C104),°

1 2.35(24)° a’E

11 2.90(101) 2.80(124) 2.42(286) alE

111 2.60(250)° 1A, or triplet LF
v 3.64(109) blE, 1B,

\Y 4.15(1060)° 3.62(3400) 131 (2e)3(4ay)]

A1 5.32(29,000)° 4.92(29,000) 4.44(30,000) 1A;[(3a1)(4a))]
[1r(NH3)5 X](C104)2®

1 2.76(9.5)° £ f a’E

11 3.49(72) 3.31(84) 2.99(360) alE

111 4.42(370) blE, 1B,

v 4.38(760) 4.29(4500) L3E[(2¢)3(4ay)}

A% 5.07(1780)° 4.85(3100)°¢ 4.65(6,600) L3E[(2¢)3(2by)]
\%! 5.24(35.000) 1A1[(3a))(@a))]
[Pt(NH3)sX](Cl04)3°

i 3.54(180) 3.11(256) 2.58(840) alE

11 2.87(610)° YA, or triplet LF
1 3.60(4200)° L3E[(2¢)3(4ay)]

v 4.96(23,400) 4.20(10,800) 1A, [(3a))@ay)]

\% 5.00(16,600) 1~ intralig.

[(C2Hs)aN] 2 [PH(CN)sX]E

1 3.84(222) a'E

11 3.42(588) 3.04(2420) L3E[(20)3(42))]
111 5.14(29,400) 4.90(37,700) 4.55(38.000) 1A11(3a)@ay)]
v 4.95(13,000) 1™ intralig.

[(C2Hs5)aN] 2 [Pt(CN)4 X, 18

1 2.65(30)° 2.30(39)° a3Eg

11 3.05(180)° alEg

11 3.47(450) 2.88(1370) L.3E, [(2e4)3(3a )]
v 4.58(35,700) 4.14(47,700) T Azu[(lazy)(32yg)]
K2 [Pt(NO3)4X>]

1 3.05(7680) 3.05(7470)° NOZintralig.

1 3.61(21,600) 3.61(21,350) NO; intralig.

11 4.33(27,100) TAzy [(1azy)(3a1 9]
v 5.10(37,800) 5.10(32,800) NO3 intralig.
a8Aqueous solution, room temperature. bExcited state configuration given for LMCT transitions (filled orbitals omitted);
orbitals labeled as in Figure 1 or Figure 2. ®Shoulder, € is for the value of U given. Beer’s law not obeyed; solution con-
centration= 9.4 X 10~5 M. €0.010 M HCIO, solution. fShoulders at 2.6(10) and 2.4(14) um™! reported in ref. 9 for

Ir(NH3)sBr?* and Ir(NH3)512*, respectively, could not be located, even though a careful search was made using concentrated
solutions. € Acetonitrile solution.
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Fig. 4. Absorption spectrum of frans-[Ir(en),Br;] ClQ4 in a

solid polyvinylalcohol filn. ——, 300 K, — — —, 22 K.

Trans-M{en), X3 and trans-M{NH; ), X" Complexes

The LF bands observed for these complexes were
interpreted using the scheme in Figure 3. Only the
transition to a 'Eg is observed in each case. In addi-
tion to the expected spectrochemical ordering of the
transition energies, a systematic increase in band in-
tensity is also observed in the order Cl < Br < L
This pattern likely reflects the diminishing energy
difference between allowed LMCT states at higher
energy and the LF a'Ej state, resulting in enhanced
vibronic intensity stealing by the LF transition. The
Ir(ItI) and Pt(1V) complexes exh1b1t a weak band
lower in energy than the 'A,, — a 'E, transition. This
weak band is assigned as ' A;, ~> a’E,. For the Rh(III)
complexes where the metal spm—orblt coupling is
substantially lower, this transition is expected to be
weaker and therefore is not resolved at room tem-
perature. A low temperature (80 K) study [38] of
trans-[Rh(en),Cl,] Cl in glassy solution showed some
evidence of a weak shoulder at 2.13 um‘l (e ~ 1.5),
which is probably due to the Al - a’E, transition.

The spectra of trans- Rh(en)zClz, trans- Rh(NH3)4
Cl;, trans- Ir(en),Cl;, and trans- -Ir(en),Br; each reveal
an additional higher energy LF band. The band in the
Rh(11I) complexes (band II) is higher in energy than
the 1A, ~ ’Tl transition in Rh(en)3* (3.32 um™)
or Rh(NH3) (3 27 um™) [10], and therefore may
be reasonably assigned as the unresolved transitions
to the 'Byg + b'E, states, which derive from the 'T,,
O,, state. In contrast the band observed for the Ir(111)
complexes (band IIT) lies lower in energy than the

W. D. Blanchard and W. R. Mason

'A)g = Ty, transition in Ir(en)3* (4.02 Hm )
[10] and thus excludes an assignment to 'B,, + b'E,.
A possible assignment for band I1I, consistent with 1ts
relatively lower intensity, is a transition to the equa-
torially localized 1A2g state. However, this assign-
ment implies the 'A,, state is substantially lower in
energy than the 'T,g state in Ir(en)3*. Such a situa-
tion is difficult to rationalize in terms of LF or simple
MO theory. An alternative assignment of band III
might be as one or more transitions to spin-forbidden
LF states which are expected between a'Eg and 'A,,
(see Figure 3). The band intensity can be rationalized
by noting that the strong metal spin—orbit coupling
present in Ir(II) complexes will cause considerable
mixing of the spin-allowed and spin-forbidden LF
states, especially if the energy differences between
them in the absence of coupling are not very large
For example, the E,; spin—orbit component of By,
will mix with a E If these two states are reasonably
close in energy, as they are expected to be, then
mixing will be quite large giving considerable singlet
character to the spin-forbidden transition. Additional
experimental work is needed to resolve this question,
and a polarized single crystal measurement is planned.
The relatively intense bands which are prominent
in the spectra of the trans-M(en),X3 and trans-
M(NH;3)4X53 complexes are assigned to LMCT transi-
tions. These transitions may be divided into two
types: 0-LMCT which involve the occupied o orbital
of X, la,, and #-LMCT which involve the occupied
7 orbitals of X, 2e,. Straightforward theoretical con-
siderations, together with established experimental
patterns for LMCT bands in a wide variety of halide
complexes [2—4, 7, 39] lead to the expectation that
for a given empty acceptor orbital on the metal
allowed #-LMCT transitions will lie at lower energy
and will be less intense than the o-LMCT transition.
Thus for IMCT to the lowest energy virtual orbital
3a;4(d,2) the transition to ' Ay, (1a;, — 3a;,) should
be more intense and lie at higher energy than the
transition to 'E, (2e, = 3a,y). The LMCT excitations
to the 2b;, (dyt—y2) orbital are expected at higher
energy. In thise case, the 0-LMCT transition (la,, -
2b,,) gives rise to an orbitally forbidden 'B,, excited
state and therefore will be very weak and obscured by
more intense allowed transitions. The 7-LMCT transi-
tion (2e, > 2b,,) will give rise to an allowed 'E,
state, but transitions to this state are expected to be
less intense than the 'A,, - 'A,, 0-LMCT. Conse-
quently the most intense LMCT band in the spectra
of the trans-M(en), X3 and trans-M(NH;3),X5 com-
plexes (band IV, except for Ir(en), X3, where the band
in question is band V) is assigned as 'A;, > 'A,,.
A less intense band, lower in energy than 'A;, -
A2u is observed in each case except for trans-Ir(en),-
Cl3 and is assigned to the 7-LMCT to 3ay, (d,2). The
intensity of this band (band 11 for Rh(IIl) and
Pit(1V), for Ir(Il1) band 1V) is a marked function of
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the halide ligand with the observed order C1 < Br <1.
For example the relative absorptivities of band III
for the trans-Rh(en),X; complexes are 1:1.8:9.1
for X = Cl, Br, and I respectively. This order of inten-
sities parallels the magnitude of §,, for the halide
ligand and thus suggests that spin-forbidden LMCT
bands are present which are weak for X = Cl but gain
intensity by strong mixing with allowed states for
X = 1. Therefore, to provide guidance in the inter-
pretation of the observed intensity patterns and to
gain insight into the nature of the LMCT excited
states involved, some simple spin—orbit calculations
were performed. A similar approach to the intensities
in the LMCT spectra of Co(NH;)sX** was described
by Yamatera [40]. These calculations involve diago-
nalizing the appropriate spin—orbit secular deter-
minants (Table II) using input energies for the singlet
and triplet states in the absence of spin—orbit coupling,
together with the halide spin—orbit coupling constant.
The choice of input energies for the 'E,, °E,, 'A,,,
and 3A,, states was guided by the band energies
observed in the experimental spectra. The energy
differences between 'E, and 3E, or 'A,, and 3A,,
were assumed to be small, however. The calculations
were not very sensitive to the exact size of these
energy differences. Values of §,, for the halides in
the complexes were arbitrarily reduced to 80% of the
free atom values to allow for covalency. Table IV
presents the results of a typical set of calculations,

TABLE 1V. Calculated Spin-Orbit States for trans-Rh(en)2X 3.

State Calculated Energy, im ™' (% singlet

character)?

x=cP X =B x=1¢
E Ay 4.83(0) 4.27(3) 3.71(15)
Eu('Ey) 4.13(89) 3.89(62) 3.55(50)
E,CEY 4.05(11) 3.66(36) 3.00(35)
Asy(PAgy) 4.87(100) 4.31(96) 3.73(82)
A CEY 4.04(0) 3.63(4) 2.98(18)

2From squared coefficient of I E,;>or |1A2u > in normalized
spin—orbit eigenvector. Plnput energics (in gm™1): §’3p =
0.47, 1Ay, = 4.87, 3A2u = 4.83, IE, = 4.12, 3E, = 4.06.
®Input energies (in um™): §'4p =0.20, 1A2u =4.28, 3A2u =
4.24,1E, = 3.82, 3E, = 3.76. dInput energies (in um™):
$sp =0.41,1A,,=3.60,%A,, = 3.56, 1E, = 3.38, 3E, = 3.32.

in this case for the rans-Rh(en),X; complexes. It
is clear from these results that the singlet character in
the A,y and E, components of *E,, increase substan-
tially as the size of halide ligand is increased. In view
of the relative intensities expected for the allowed
'Aig @ 'Ay, and 'A,, — 'E, transitions, the calcu-
lations indicate that the primary contribution to the
increase in band intensity is due to ! A, character in
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the A,, component of 3E,, with a secondary contri-
bution from !E, in the E, component. Since only a
single band is observed in the experimental spectra
the A;, and E, spin—orbit states must be separated
in energy less than the band widths (typically ca.
0.3 um™). The halide 7-LMCT band may also include
the transition to the 'E, state since a separate band is
not resolved. Calculated energy differences between
E.('E,) and the components of 3E, ranged from
0.1 um~! for chloro complexes to 0.5 um~! for iodo
complexes.

An alternative assignment of band Il for trans-
Rh(en),X3, trans-Rh(NH3),X3, trans-Pt(en), X3" and
trans-Pt(NH;3),X%* (X = Cl or Br) or band IV for
trans-Ir(en),Br; to an intensity-enhanced LF transi-
tion is considered unlikely. Low temperature measure-
ments on several bromo complexes in solid PVA
films (see Figure 4) revealed typical charge-transfer
temperature dependence, showing band sharpening
and an increase in maximum absorbtivity. Vibronic
LF bands are expected to decrease in total intensity
as the temperature is lowered.

Two additional bands are observed in the high
energy region in frans-Rh(en),I3. The first of these,
a shoulder at 4.55 um™ (band V), is assigned as the
7-LMCT involving the higher energy 2b;, (dy2—y?)
metal orbital. Both the energy and intensity of this
band are consistent with this assignment. The second,
higher energy band (band VI) is similar in energy to
comparable bands observed for the other iodo com-
plexes, and is tentatively assigned as an iodide intra-
ligand transition from an 1~ 5p orbital to either a 5d
or 6s orbital, whichever is lower in energy.

The spectra obtained for trans-Pt(NH;),1%* did not
follow Beer’s law, probably due to reduction of
Pt(IV) to Pt(II). However the bands observed are con-
sistent with those expected for the trans-Pt(NH,),13*
ion and the energies are included in Table Il for
comparison purposes despite the complications. The
absorptions due to Pt(NH3)%*, the likely Pt(I) reduc-
tion product, are very weak at energies below
47 um™' [39] and therefore would not affect the
energies of the bands of the Pt(IV) complex. Attempts
to prepare trans-[Pt(en);1,](Cl0,), yielded only the
Pt(I)-Pt(IV) mixed valence compound [Pt(en),l,]-

[Pt(en).].

Trans-Pt{CN/, X3~ and trans-Pt{NO, /. X3~

The spectra of the trans-Pt(CN), X%~ (X = Cl or
Br) anions are remarkably similar to the spectra of
the trans-Pt(en),X%* or trans-Pt(NH3).X2* (X = Cl
or Br) cations. Consequently both LF and LMCT
assignments are analogous. The marked similarity
between the spectra of the CN™ complexes and the
NH; or en complexes demonstrates the dominating
effect the halide ligands have on the low energy
excited states for these Pt(IV) complexes. Perhaps
this is not too surprising since the lowest energy
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excited states of Pt(NH3)e" or Pt(en)3* and Pt(CN)? -
are considerably higher than those of PtX2~ (X = Cl
or Br [4].

In contrast to the cyano complexes, the nitro
complexes exhibit three intense bands (bands I, 1I
and IV) whose energies and intensities are nearly
halide independent and differ from the spectral
pattern of the other complexes. These bands are
likely due to intraligand O - #* transitions located
on the NO;Z ligands. The free NO; ligand absorbs in
this energy region and bands are also observed at
similar energies for the hexanitro complexes of Pt(IV)
and Rh(1I) [4, 41, 42]. Band III observed at 4.33
um™ in trans-Pt(NO,)4Br3~ lies only 0.2 um™!
higher in energy than the 'A,, > 'A,, transition in
trans-Pt(CN),Br3~, and therefore is assigned similarly.
The analogous band in trans-Pt(NO,),Cl5~ would lie
at higher energy and is probably obscured by the
intense NO3 band at 5.1 um™! (band IV).

M(NH5)s X" and Pt{CN)sX?~ Complexes

The pattern of assignments used for the Dy
complexes can be extended to these C,, complexes.
For example, the LF transitions 'A; - a%E and
'A; = a'E in M(NH;3)sX™ are shifted ca. 0.4-0.5
pm~! to higher energy compared to the analogous
transitions in the trans-M(NH;), X5 or trans-M(en) X5"
complexes of the same metal ion. Such a shift is
easily rationalized by the increase in axial ligand field
on replacing a weak field X~ ligand with a stronger
field NH; ligand. This replacement is expected to
destabilize the 4a, (d,,) metal orbital and stabilize
the 3e (dy,, d,,) metal orbitals. A similar effect,
though slightly larger (0.8 um™!) is observed in com-
paring the energies of the 'A,;, - a'E transition in
trans-Pt(CN),CI3~ (band II) and the 'A, - a'E
transition in Pt(CN)sCI*~ (band I). In the case of
Rh(NH;)sI** and Pt(NH;)sI3* a shoulder (band II)
is observed on the high energy side of the 'A; >
a'E LF band. These shoulders are probably analogous
to the high energy LF bands discussed above for the
trans-Ir(en), X5 (X = Cl or Br) complexes. They may
be assigned either to the orbitally forbidden 'A, -
YA, transition or to spin-forbidden LF transitions,
with the latter assignment being preferable on
energetic grounds.

The destabilization of the 4a; metal orbital is also
reflected in the higher energies of LMCT bands in the
Cs4y complexes compared to the Dg; complexes.
However, the pattern of band intensities as a func-
tion of the halide ligand is substantially the same
for the two structural types and can be rationalized
by similar arguments. Spin—orbit calculations lead to
the same conclusions as before regarding the halide
spin—orbit coupling in the #-LMCT states. The de-
stabilization of the 4a; orbital is also expected to
reduce the energy difference between the LMCT
excited configurations involving this orbital and the
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higher energy 2b; (d,2_,2) metal orbital. A second
lower intensity LMCT band (band V) is observed for
the Ir(NH;3)sX*"' complexes somewhat higher in
energy than the 4a; #-LMCT transitions. This band
is assigned as the 7-LMCT transitions to 2b,.

Finally it may be noted that both the LF and
MLCT assignments given here for the Pt(CN)sX?~
complexes are consistent with those of Geoffroy
et al. [23] for Rh(CN)s X3~ and If(CN)s X3~. Further-
more, solid film (methylmethacrylate) spectra at 23K
corroborate the 7-LMCT assignment for band II for
Pt(CN)sBr?~ and Pt(CN)sI?~.

Trends in LF and LMCT Energies

The transition to the a'Eg or a'E LF state is ob-
served for nearly all the complexes investigated here,
which allows some comparisons to be made. Observed
energies, together with data for related Co(III) [36],
Pd(IV) [43], and M(CN)sX 3, M = Rh(I1I) and Ir(III)
[23], complexes are collected in Table V. The
expected increase in energy Co(IIl) < Rh(IIl) <
Ir(I1IT) and PA(IV) < Pt(IV) is clearly observed for the
a'E, and a'E states. However, the energies of these
states for analogous complexes of Pt(IV) and Ir(1II)
are nearly the same. Similarly for PA(1V) and Rh(III).
Since it is probable that electronic repulsions will
increase with metal oxidation state, the similarity of
energies between analogous complexes of the iso-
electronic metal ions may indicate a decrease in LF
splitting as the metal oxidation state increases. This
trend, which is a reversal of behavior predicted from
crystal field theory, was also noted earlier [7] for
some MXg halide complexes of Pt(IV) and Ir(III)
and has been observed in several square-planar halide
complexes [7, 39]. A decrease in LF splitting likely
reflects a decrease in bonding to the more contracted
nd orbitals of the metal ion in the higher oxidation
state.

TABLE V. Energies ® of the a’Eg or a'E LF States Above the
Ground State.

Complex Co(IIl)  Rh(IIT) Ir(lll) P4(IV) Pt(IV)

al Eg States

mms-M(en)zCl‘;*+ 161° 247 292  246° 3.03
trans-M(en),Bry® 1.52° 236 276  2.38° 2.70

trans-M(en), 13 217 2.53

a'E States

M(NHs)sClnz 1.87° 290 349 3.54
M(NH3)sBr" 1.82° 280 331 3.11
M(NH3)sI® 1.72° 242 299 2.58
M(CN)sCI*~ 2569 3619 4.08¢ 3.84
M(CN)s B™~ 3489 3819

M(CN)gI™~ 3.199  3.649

%n y.m_l; data from Table 111 except as indicated. bRef. 36.
Ref. 43.  9Ref. 23.



Electronic Spectra of Tetragonal Complexes

Metal to ligand n bonding (back bonding) to CN~
will also be greatly reduced in complexes of metal
ions with highly contracted, occupied nd orbitals. This
is undoubtedly the case for the trans-Pt(CN),X3%
complexes, and is probably responsible for the close
similarity of the LF energies of these anionic com-
plexes and the corresponding cationic trans-Pt(en), X3*
or trans-Pt(NH,),Br3*, as noted in the discussion of
spectral assignments. If the non-m-bonding N-donor
ligands and the CN~ ligand have nearly the same
o-donor ability toward Pt(IV), then similar LF
energies are expected since the m bonding will be
limited to the halide ligands alone.

The bands of intermediate intensity which are de-
pendent upon the nature of the halide were assigned
as m-LMCT. The energies of these transitions as well
as the energies of the more intense ¢-LMCT transition
follow the expected pattern predicted from metal
orbital stability. However, a closer examination of the
energies of corresponding 7-LMCT or o-LMCT states
of analogous Rh(III) and Pt(IV) complexes shows
that the energies are nearly the same. If differences in
electron repulsions are small the similarity suggests
nearly equal orbital stability for Rh(IIl) and Pt(IV).
By the same argument orbitals of both of these metal
ions are 0.7-1.2 um™! more stable than orbitals of
Ir(111).

The energies of the o- and #-LMCT states involving
the d,2 orbital in trans-ML,X5' complexes are not
very sensitive to the nature of the L ligands. Some
comparative data which illustrate this trend are col-
lected in Table VI. The small energy differences in
the m-LMCT or o-LMCT states that are observed as a
function of L may be rationalized partly in terms of
minor differences in electron repulsions and/or solu-
tion environment. This result indicates that, insofar
as LMCT to the metal d,2 orbital is concerned, the
X—M--X acts as a chromophoric unit (along the z
axis) which is virtually independent of the equatorial
ligands (in the xy plane). This feature is consonant
with the observation that many photochemical reac-
tions of these tetragonal complexes involving irradia-
tion in the LMCT energy region lead to stereospecific
labilization of the M~X bonds [20, 21].

Finally, it may be noted that energy differences
between 0-LMCT and #-LMCT excited states in-
volving the metal d,2 orbital are fairly constant for a
given metal ion. Similar trends have been noted for
octahedral and square-planar complexes exhibiting
halide or pseudohalide LMCT [4, 7, 39]. Though data
are somewhat limited, the energy difference between
the o- and 7-LMCT states appears to increase signifi-
cantly with metal oxidation state. For example, the
differences in Table VI for several Rh(IIl) complexes
are 0.6-0.7 um™! while for the Pt(IV) complexes, and
the Pd(IV) complexes also, they are in the range
1.0-1.2 um™!. A similar trend is found in comparisons
among the M(NH;3)sX™ and M(CN)?~ complexes
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TABLE VL Energies ® of Halide LMCT States in trans-
ML4X'2" Complexes.

L TLMCT? GIMCT® L #-LMCT® &-LMCTS

trans-PtL,CI3 trans-PtL4Bry

a- 3.8 4.959 B~ 3.19% 4379
3.299
Yien  3.81 4.82 Yien 3.13 4.25
NH; 3.86 4.80 NH; 3.16 4.24
CN~ 347 4.58 CN~ 2.88 4.14
NO; 4.33
trans-IrL4Bry' trans-PdL4C1Y
Br~  4.11° a- 2.94°¢ 4.17°

Yien  4.35 %en 2.88f 3.95¢

trans-RhL4 CI5* trans-RhL4Br3'

cl- 3.92¢ Br~ 3.01,3.39°
Yien 4.13 4.86 Yen 3.63 4.30
NH,4 4.81 NH; 3.68 4.27

31n um™; data from Table 111 except as noted.
blAlg - lTlu[(tq“)seg] for the Oy, complexes or lAlg -
l’3Eu[(2e )3(3a1 )] for the tetragonal complexes.

c‘Alg nd Tlu[(tlu)seg] for the Oy, complexes or lAlg -
lAgu[(lagu)(3a1g)] in the tetragonal complexes.

9Ref. 4 and 5. °Ref. 37. TRef. 43.

(Table III, together with data in ref. 23). This trend
may be partly due to differences in electronic repul-
sions but the difference also reflects the relative o and
7 X orbital stability as affected by bonding to the
metal ion. Thus the difference may result from an
enhancement of X - M ¢ bonding compared to =
bonding as the metal oxidation state increases. This
might be visualized in a qualitative way as a “crystal
field splitting” of the o and = orbitals of the X ligand
by the charged metal ion [44].
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