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[Ru(bpy);]?* to variations in solvent. Except for some
sharpening, the emission is nearly unaffected. This emission
sharpening can probably be attributed to the increased rigidity
of the environment similar to the sharpening observed when
the complex is measured in a rigid glass at 77 K.

The shortening of the lifetime in PVA with increasing
concentration can probably be attributed to concentration
quenching. On the basis of an assumed density of the matrix
equal to that of bulk PVA, we can calculate a Stern—Volmer
self-quenching constant, Kgy, from eq 3, where 7, is the un-

Ksy = [(ro/7) = 11/[[Ru(bpy);]**] (3)

quenched lifetime (taken as the value in the most dilute ma-
trix) and 7 is the quenched lifetime. For the quantum counter
sample in PVA, we obtain Kgy = 0.4 M. The onset of
nonexponentiality in the decay curves at high concentrations
can probably be attributed to one of two sources. As the
concentration rises, the complex molecules may be crowded
together into adjacent occupancy sites in the polymer, giving
rise to an increase in nearest-neighbor quenching. Alterna-
tively, we may just be observing the onset of crystallization

in microscopic domains. This latter possibility seems most
probable for the following reasons. The nonexponentiality
becomes most severe after the visual appearance of crystals
and the lifetime of the fast component are the same for the
crystallized sample and the quantum counter where no dis-
cernible crystallization is apparent.

We suggest that the somewhat poorer spectral flatness of
the PVP film may be correlated with the much lower solubility
of [Ru(bpy);]** in this matrix. Even at the low but near
saturated concentration used in the PVP counter, we may still
be observing the presence of some microdomain crystallization.
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Solution electronic absorption and magnetic circular dichroism (MCD) spectral data at 298 X are reported for cis-[Pt(PEt;),X;],
cis-[Pt(PEt;),(Me)X] (X = Cl, Br), cis-[Pt(PEt3),(R),] (R = Me, Et), trans-[Pt(PEt;),X,] (X = Cl, Br, 1), trans-[Pt-
(PEt;),(H)X], trans-[Pt(PEt;),(Me)X], and trans-[Pt(PEt,),(Et)X] (X = Cl, Br). Electronic absorption spectra obtained
at 77 K in glassy solution (7/4 methylcyclohexane/pentane) are also reported for cis-[Pt(PEt;),Me,], cis-[Pt(PEt;),(Me)Cl],
trans-[Pt(PEt;),(R)Cl] (R = Me, Et), and trans-[Pt(PEt;),Br,]. All of these complexes exhibit intense absorptions in
the UV spectral region which are assigned as metal-to-ligand charge transfer (MLCT) transitions from occupied Pt 5d
orbitals to empty phosphorus 3d orbitals of the PEt; ligands. Some of the halide complexes also exhibit ligand field (LF)
and ligand-to-metal charge-transfer (LMCT) bands in addition to the MLCT transitions. Detailed spectral assignments
are given, and the relative energies of the MLCT transitions as a function of the X and Y ligands are discussed. For the
cis complexes, the ordering Et, < Me, < MeX < X, (X = Cl, Br) is found whereas for the trans complexes the ordering
HX < EtX < MeX < X; (X = Cl, Br) obtains. Since the positioning of the MLCT transitions is a sensitive function of
the Pt oxidation state, the above orderings imply that the metal ion becomes less oxidized upon descending the series X

> Me > Et > H.

Introduction

Square-planar complexes of metals with the d® electronic
configuration which possess w-acceptor ligands generally show
intense metal-to-ligand charge-transfer (MLCT) bands in their
electronic absorption spectra.>® These result from electronic
excitation from occupied MQO’s, mainly of metal nd character,
to empty ligand-based orbitals. Excitation of this type may
be viewed as an incipient oxidation of the metal ion and the
energetics of excitation reflect metal orbital stability and are
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related to the redox properties of the metal ion in the complex.
Thus the MLCT excited states, which are often the lowest
energy-allowed excited states, are of considerable interest not
only from the standpoint of electronic structure but also in
formulating electronic models for reaction pathways involving
metal oxidation.

Hydride and alkyl ligands play a pivotal role in organo-
metallic chemistry and are invoked as key intermediates in
numerous transition metal catalyzed or mediated organic re-
actions. Yet, surprisingly few studies have been conducted
which have examined the electronic structures of complexes
of these ligands, and no single comparative study is available
for a series of complexes in which these and accompanying
ligands are systematically varied. In order to partly fill this
void, we have measured the electronic absorption and magnetic
circular dichroism (MCD) spectra of a series of planar cis-
and trans-[Pt(PEt;),(X)(Y)] complexes in which X and Y
include hydride, alkyl, and halide ligands. This data has
allowed us to assess the relative oxidation state of the metal
ion in these complexes and to correlate the oxidation state with

© 1981 American Chemical Society
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Figure 1. One-electron molecular orbital energy level diagrams for
planar complexes of C,, and D,; symmetries.

the g-donor properties of the ligands.

Experimental Section

The complexes trans-[Pt(PEt;),X,] (X = Cl, Br, I),? trans-[Pt-
(PEty),(H)X] (X = C}, Br),'° trans-[Pt(PEt;),(Me)X] (X = Cl, Br),!!
trans-[Pt(PEts),(Et)X] (X = Cl, Br),'? cis-[Pt(PEt;),X,] (X = Cl,
Br),’ cis-[Pt(PEt,),(Me)X] (X = Cl, Br),"! cis-[Pt(PEt;),Me,],"! and
cis-[Pt(PEt,),Et,]'? were prepared by published procedures. The purity
of the complexes was ascertained by their 3P NMR and mass spectra
and comparison of their IR spectra and melting points to reported
values. Electronic absorption spectra were obtained on a Cary 17
or Cary 1501 spectrophotometer using 1.0-cm path length quartz cells.
The MCD spectra were recorded on a Jasco ORD/UV-5 spectrometer
equipped with a CD attachment, using a permanent magnet with a
field of 1.0 T. Spectra at 77 K were measured in frozen 7/4 me-
thylcyclohexane/pentane solutions with use of a quartz Dewar with
optically flat Suprasil quartz windows. The 77 K spectra were
corrected for 20% solvent contraction upon cooling.

Methylcyclohexane (Baker analyzed reagent grade) and pentane
(Aldrich Chemical Co. spectrophotometric grade) were dried over
calcium hydride and then passed through an alumina/AgNO; column
to remove aromatic impurities.!*>  Acetonitrile (spectrophotometric
grade) was obtained from Aldrich Chemical Co. or MCB Reagents
and was used without further purification.

Results

Molecular Orbital Energy Levels and Excited States. In the
following discussion the cis- and zrans-[Pt(PEt;),(X)(Y)]
complexes are assumed to approximate C,, and D,; symme-

y
y -
513P\1/x EtsP_ _X
Pt —-—x /PT\
EP X X PEts
C N

2L
cis-[Pt(PEt,),X, ] D,y
trans-[Pt(PEt,) X, ]

tries, respectively, when X = Y. The one-electron molecular
orbital energy level diagrams which are appropriate for these
symmetries are shown in Figure 1. In both cases the z axis
is taken perpendicular to the molecular plane. The C, sym-
metry axis of the cis complex and the two PEt; ligands of the
trans complex lie along the x axis. The diagrams shown in
Figure 1 must be modified when X = Y, but the spectral data
discussed below indicates that in general these modifications
are small.

The ground states of all the Pt(II) complexes examined in
this work are diamagnetic and totally symmetric. The MLCT
excited configurations are produced by excitation of electrons
from the occupied Pt 5d orbitals to the primarily ligand-based
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Figure 2. Electronic absorption (lower curve) and MCD (upper curve)
spectra of [(n-C4Hg) N1,[Pt(CN),] in CH;CN solution. Reproduced
with permission from ref 4.

2by (Cy) or by, (D) orbitals which are mainly phosphorus
3d but with some admixture of the 6p, orbitals. Because of
the strong Pt spin—orbit coupling ({54 = 0.30-0.35 um™), the
singlet and triplet MLCT states become mixed, and consid-
erable intensities can be observed for formally spin-forbidden
transitions.

The MLCT states expected for the cis- and zrans-[Pt-
(PEt;),X;] complexes are analogous to those described for the
higher symmetry D, complexes studied earlier.?** These
states result from the three dipole-allowed one-electron ex-
citations d,» — 7*, d,, — =*, and d,, — #* in which =* is
a general representation for the ligand-based orbital described
above. In the cis-[Pt(PEt;),(X)(Y)] complexes of C, sym-
metry, the d,2 ,» — 7* excitation, which is orbitally forbidden
in higher symmetry also becomes formally allowed. Even
though the singlet and triplet MLCT states are intermixed by
Pt spin-orbit coupling, it is still useful to refer to transitions
to these states from the singlet ground state in terms of their
predominant spin components. For example, the notation !{d,2
~> 7¥] and 3[d,z — 7*] refer to d,2 excitation to MLCT states
of singlet and triplet parentage, respectively. This notation
is used in Table I to indicate the specific spectral assignments.

The MCD spectra for the cis- and trans-[Pt(PEt;),(X)(Y)]
complexes should exhibit only B terms because the low sym-
metries of the complexes remove all strict degeneracies.
However, if two MLCT transitions which have B terms of
opposite sign lie sufficiently close in energy (less than their
bandwidths), the MCD spectrum will give the appearance of
an A term, characteristic of transitions to true degenerate
states. Such a situation has been observed in several cases for
MLCT spectra in planar complexes, even in higher symmetry
complexes where true degeneracies do exist,>*!* and has been
called a pseudo-4 term.'* The signs, if not the relative
magnitudes of the B terms and also the pseudo-A terms, can
be predicted from eq 1,4 where 8 is the Bohr magneton, AW};

i

] 2 (L + 2s|k)-(alm|/)x(klm|a) (1)
AWy k=
is the energy difference between states k and j, and the matrix
elements are of orbital (I) and spin (s) angular momentum
and the dipole operator (m). The states j and k are approx-
imated by one-electron atomic orbital functions, and the
summation is limited to the states k closest in energy to j
because of the AW, ! term. This approximate approach has
provided predictions that compare favorably with experiments
for the MLCT spectra of several higher symmetry complexes.2

Electronic Absorption and MCD Spectra. Specific spectral
assignments for the complexes studied in this work are given
in Table I, and the rationale for these assignments is detailed

B(a—)) =

(14) Piepho, S. B;; Schatz, P. N.; McCaffery, A. J. J. Am. Chem. Soc. 1969,
91, 5994.
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Figure 3. Electronic absorption (lower curves) and MCD (upper curve)
spectra of cis-[Pt(PEt;);(Me),): (—) 298 K, CH;CN solution; (---)
77 K, 7/4 methylcyclohexane/pentane glassy solution.

below. The best studied example of a Pt(II) complex with
m-accepting ligands which shows MLCT bands is [Pt-
(CN),]*.** For comparison with the results reported herein,
the spectra and corresponding assignments of this complex are
briefly reviewed.

[Pt(CN)4]*. The electronic absorption and MCD spectra
of [(n-C4Hg)4N1,[Pt(CN),] in acetonitrile solution have been
given in ref 4 and are reproduced in Figure 2. The specific
band assignments which have been derived, with the notation
employed herein and the labels of Figure 2, are as follows:
band I, 3.54 um™!, 3[d,;2 — =*]; band 11, 3. 85 pm™, {[d,: —
*], [dxy, d,, — =*]}; band IV, 4.55 um" dy,, dy, — w*].
Bands III and V at 4.05 and 4.70 um™' were assigned to
excited-state vibrations associated with the '3[d,,, d,, — 7*]
states. Similar spectra were obtained and analogous assign-
ments derived for the [Pt(CN),en] and trans-[Pt(CN),-
(NH,),] complexes which are symmetry related to the cis- and
trans-[Pt(PEt;),(X)(Y)] complexes studied herein.*

cis{Pt(PEt,),(R),] (R = Me, Et). The band patterns ob-
served in the MCD and electronic absorption spectra of
cis-[Pt(PEt;);Me,] (Figure 3) are remarkably similar to those
found for [Pt(CN),]* *'* (Figure 2), and similar spectra as-
signments are thus indicated. Since the methyl ligands are
not involved in 7 bonding, the MLCT states of cis-[Pt-
(PEt;),Me,] should in fact closely parallel those of [Pt-
(CN)4]?%, with the lowest energy states being expected from
d,;: — =* followed by states from d,, — =* and d,, — =*
exc1tat10n at higher energy. The lowest energy band I at 3.28
um™! exhibits a positive B term (negative ellipticity) in the
MCD spectrum, while the higher energy bands at 3.64 um™
(I1) and 4.86 um™ {(IV) exhibit pseudo-A terms indicating two
or more overlapping transitions. The lowest energy band is
assigned as 3[dz — w*], the lowest energy component of which
is predicted from eq 1 to have a positive B term. Band II is
assigned to the overlapping transitions ![d,: — 7*], 3[d,, —
x*], and °[d,, — 7*] which give rise to the pseudo-A4 term
in the MCD spectrum. The positive pseudo-A4 term observed
in the MCD spectrum indicates that the ![d,: = =*] MLCT
transition is lowest in energy since, of the three transitions,
only it yields a positive B term. Note that partial resolution
of these transitions is achieved when the spectrum is recorded
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Figure 4. Electronic absorption (lower curve) and MCD (upper curve)
spectra of cis-[Pt(PEt;),Cl,} in CH;CN solution.

at 77 K in a glassy solution (Figure 3). Thus band IIa at 3.61
um’} in the 77 K spectrum is attributed to the ![d,. — 7*]
transition and band IIb at 3.66 um™ to the *[d,, — =*], *[d,,
— 7*] transitions.

Band IV is attributed to the nearly degenerate overlapping
transitions '[d,, — =*] and ![d,, — =*]. The positive pseu-
do-A term is analogous to the positive 4 term observed for
the degenerate ![d,,, d,, — x*] transition for [Pt(CN),]*".#!4
Finally, band III which appears as a shoulder in the absorption
spectrum, is a551gned as °[d,2,2 — w*]. This transition should
be slightly higher in energy than the *[d,, — #*], 3[d,, — 7*]
transitions due to the greater degree of 7 bondmg p0551ble
between the two PEt; ligands and the in-plane d,2 ; orbital
compared to the out-of-plane d,;, d,, orbitals.

Although not as well resolved, the electronic absorption
spectrum of cis-[Pt(PEt,),Et,] is similar to that of the dimethyl
analogue, and analogous assignments are suggested (Table I).
One notable feature is the shift to lower energy in the *[d,:
— 7*] transitions for the Et, complex when com?ared to
cis-[Pt(PEt;),Me,], although the energetics of the *[d,,, d,,
— x*] transitions are comparable.

cis[Pt(PEt;),X;] (X = C1, Br). The MCD and absorption
spectra of cis-[Pt(PEt;),Cl,] (Figure 4) and cis-[Pt(PEt,),Br,]
are somewhat more complicated than those of the dimethyl
complex due to the appearance of ligand field (LF) and lig-
and-to-metal charge-transfer (LMCT) transitions, the latter
from halide-based orbitals to the empty b, (d,,) orbital. The
weak band at 3.13 um™ (I) and the broad MCD B terms at
3.18 and 3.62 um™ for cis-[Pt(PEt;),Cl,] are attributed to LF
transitions. A similar assignment is appropriate for the band
at 2.95 um™ (I) and the MCD features at 2.74 and 2.94 um™
in the spectra of cis-[Pt(PEt;),Br,]. These bands have no
counterpart in the dimethyl complex, presumably because the
high position of CHj; in the spectrochemical series places
corresponding transitions at high energy beneath the more
intense MLCT bands. Support for the assignment of these
bands as LF transitions comes from the energy difference
between the corresponding bands (I} in the chloro and bromo
complexes (0.18 um™™) which is in the same direction and of
the same magnitude as the energy difference between the
lowest singlet LF transitions in [PtCl,]> 8 and [PtBr,)> 1% (0.16
um™).

(15) Kroening, R. F.; Rush, R. M.; Martin, D. S, Jr; Clardy, J. C. Inorg.
Chem. 1974, 13, 1366.



792 Inorganic Chemistry, Vol. 20, No. 3, 1981 Roberts, Mason, and Geoffroy

Table I. Electronic Absorption and Magnetic Circular Dichroism Spectral Data®

abs MCD?
Amax> Ymax €max _
complex band nm um™! M1tcm™! v, pm™ ' ([8] ) assignt
[(n-C,H,),N],[PtCN),]¢ 1 283 3.54 1230 [dy2 — n*]
(298 K) 1l 260 3.845 12900 1[d,2 — n%], *[dy2, dy, — %]
11 247sh  4.05sh 1840 1+ von
v 220 4.55 29300 Ndgzs dy, = 7*]
Y 213sh 470 sh 8780 IV +ven
cis-[PH(PEL,),Me, ] I 305sh  3.28sh 510 3.21(-0.154) 3[d,2 > n*)
(298 K) 3.55 (-0.78) Hdy2 - n*],
1 275 3.64 4800 {3.66 (0) } {dys, dy, > 7*]
3.76 (+0.57)
11 235sh  4.25s¢h 5660 Hdgryz - a*)
{4.50 (—1.9)}
v 206 4.86 23000 4 4.63 (0) dy,, dy, - n*
473 (+1.2)) ez dye = 7]
cis-[ Pt(PEt,),Me, ]2 I 306 3.26 622 [dy2 — ¥
(717 K) 1la 277 3.61 5640 [dg2 > m*)
11b 273 3.66 5640 1d,,, dy, - 7
it 247 4.06 2870 {dxi &z ] :
cis-[Pt(PEt,),Et, ] I 323sh  3.10 400 3[dy2 > m*]
(298 K) 1la 293sh  3.40 2060 Hdgr - %]
1Ib 275sh  3.64 2670 Mdyz, dy, — 7]
111 245sh  4.08 3870 *dy1yz > ]
v 203sh  4.93 24000 dyy, dyy = 7]
cis-[Pt(PEL,),CL,] 1 319 3.13 370 3.18 (-0.02) LF
(298 K) 3.62 (+0.024) LF
3.73(~0.079)
1 262 3.81 1960 {3.79 (0.0) } [d,2— n¥]
3.86 (+0.074)
4.08 (-1.27)
111 242 4.14 7400 {4.16 (0.0) } dg2— m¥], [y, dy, — 7]
424 (+1.11)
v 219 4.56 10900  4.60 (+0.63) ~LMCT
\Y 202 4.96 41500  4.81(-3.3) } [dys, dyy — 7*]
) 4.90 (0.0) o-LMCT
cis-[PUPEL,), Br,] I 339 2.95 sh 450 274 (-0.015) LE
(298 K) 294 (0.0) LF
11 297 3.37 1660  3.47br(+0.072)  -LMCT
111 264 3.78 sh 1620  3.72(-0.093) Nd,2 — n%]
3.98 (~0.96)
v 247 4.05 sh 6900 {4. 10 (0.0) } dg2 = %], *[dyy, dyy — 7¥]
4.22 (+0.66)
Y 227 4.4 sh 16200  4.69 (-3.6) } 0-LMCT, [dy,, d,, — 7¥]
4.81(0.0)
\Y| 208 4.81 44900
cis-[Pt(PEt,) ,(Me)Cl] 1 286 3.50 sh 1270 3.45(-0.12) 3[dy2 - 7*]
3.89 (-0.75)
(2985 I 244 4.09 7500 {4 00 (0.0) } ezt
4.13 (+0.72) [dyz, dy, = 7*)
1 222 4.5 sh 8900  4.46 sh(-0.13) dgroy2 - m*]
4.72 (- 1.5) . .
v 207 4.82 16500 {4 81(0.0) } [dyz) dyz — 7*]
493 (+1.1)
cis-[Pt(PEL, ), (Me)C1]d 1 280 3.57 1400 3[dy2 = n*]
(17K) Ila 248 4.03 8400 Tid,2 — 7*),
1Ib 238 4.20 10500 M dygr dy, = 1]
cis-[Pt(PEt,),(Me)Br] 1 284 3.52sh 1380 3.44(=0.11) I[dy7 — n*]
(298 K) 6 (~0.86) Hdgr - 1*),
1 250 4.00 6900 {3.95 ) } dyg dy, = 7]
4.05 (+0.65)
11 220 4.55sh 15300  4.65(-1.4) Ay, — ¥
v 206 4.85sh 27500 [dyz, dy; — 7]
Y 201 4.97 29700 LMCT
trans-[Pt(PEL,),(H)Cl] I 302 3.31sh 910  3.24(=0.19) 3[d,2 - 7*]
(298 K) 3.52(-0.21) 3[dy; — *]
11 264 3.78 sh 4600  3.80(~0.33) Hdy? - m*]
1 252 3.96 6050  4.02(+0.59) 1[dy, — %]
4.48 (~0.91) [d,, — %)
v 215 4.65sh 11000  4.63 (0.00) U[dey — n*]
v 196 5.1 21000 mLMCT/d > p
trans-[PY(PEL,),(Me)Cl] 1 292 342sh 1060  3.32(-0.20) N[dg2 — m*]
(298 K) i 274 3.65 sh 2440 3.61(~0.21) d,, > ¥
3.82 (~0.35) 1[dy1 - n*],
I 254 3.94 5300 {3.91 {0.0) } 1{dy, = 7]
4.03 (+0.47)
4.37 (=0.23) 3dy, — m*]
v 197 5.08 31800 #~LMCT/d - p
trans- [Pt(PEt ), Me)Cljd I 293 3.41 1040 3[dyz - m*]
(77K 1 269 3.72 2500 *[dy , > %]

11 253 3.95 5800 [dz2 = 7], 'dy, — n*]
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abs
= MCD?
Amax> Ymax> fmax) =~ —————
complex band nm um™ M*em™ 2,um™ ([6]m) assignt
trans[Pt(PEt,),(Et)Cl] I 297 3.37 sh 1130 3.26 (-0.20) 3[d,2 — ¥
(298 K) 11 274 3.65 sh 3000 3.55(-0.18) [dy; — n*]
3.77 (=0.3D '{d 2 — n*],
I 258 3.88 5330 {3.86 (0) } Hd, , - ¥
3.98 (+0.45)
v 195 5.13 33200 7-LMCT/d - p
trans-[ Pt(PE,),(E)C1] & I 297 3.37 1200 3[dy2 — ]
(77 K) 11 284 3.52 1500 *ldy, - m*]
I 255 3.92 7000 1[dy2 — %]
trans-[Pt(PEt,),(H)Br] I 302 3.31sh 1040 3.22(-0.19) *[d,z > n¥)
(298 K) 3.47 (~0.19) dy; - 7]
3.70 (-0.35) '[dy2 - n¥],
1 258 3.88 5860 {3.83 (0.0) } ‘[dy, = n*]
3.97 (+0.59)
4.48 (~0.76) dyp — ]
111 215 4.65 sh 14100 4.69 (0.0) Hdy, — %)
v 197 5.07 sh 28000 m-LMCT/d - p
trans-[Pt(PEt ) ,(Me)Br] I 292 3.43sh 1180 3.33(=0.18) 3[dy2 — 1¥]
(298 K) I 274 3.65 sh 2280 3.58 (~0.19) *[dy, = n*]
3.77 (- 0.40) dyz ¥,
III 255 3.92 5300 {3.89 (0.0) } '{dy, = n*]
4.02 (+0.46)
4.35 (~0.24) [dgz — %]
v 217 4.60 sh 17100 'dy,; — 7*]
v 198 5.06 48100 m-LMCT/d - p
trans-[Pt(PEt,),(Et)Br] I 298 3.36 sh 1270 3.27(-0.19) }[d,2 — n¥]
(298 K) 1 275 3.63 sh 2800 3.57(-0.17) ’[dy, — n*]
3.73 (-0.37) 1[dy2 - %]
111 259 3.86 5340 3.83 (0) Hdy, — n*]
3.97 (+0.49) }ldyz > 7¥]
v 215 4.65 sh 18300 4.48(-0.54) dy, — 7¥]
v 198 5.05 37900 7-LMCT/d - p
trans-[Pt(PEt,),Cl, ] I 308 3.28 sh 640 3.50(+0.04) LF
(298 K) II 267 3.74 10700 3.65(-0.15) *ldy, = m¥]
3.82(-0.17) Hdg2 = ¥)
Il 248 4.03 11300 4.18 (+0.34) Hdy, — m*]
v 221 4.53 4800 4.46 (-0.17) }dy, = m¥]
4.76 (-0.39) Hde, = %)
\'% 193 5.17 sh 33300 7-LMCT
trans-[ Pt(PEt,),Cl, ] ¢ I 303 3.30 sh 510 LF
(298 K) Ila 270 3.70 sh 6440 [y, = n*]
IIb 263 3.80 7820 Hd2 = n¥]
111 249 4.02 13900 'dy; = 7]
IVa 233 4.29 4590 dy, = m*]
IVb 221 sh 4.52 9350 'dez = 7*]
trans-[Pt(PE,),Cl, ¢ I 303 3.30 400 LF
(77 K) Ila 272 3.68 sh 5300 *[dy; = 7]
IIb 260 3.85 7860 Hdy, —» ]
111 248 4.03 17000 Hdy, = n*]
IVa 230 4.35 3dys — m*]
IVb 21 4.52 [dgy — 7]
trans-[Pt(PEt,),Br, ] I 435 2.30 sh 16 3[LF]
(298 K) 11 333 3.00 sh 496 '[LF}
111 288 347 sh 5800 3.44 (+0.30) n-LMCT
v 279 3.58 6300 3.62 (-0.36) 3y, —n*]
v 252 3.96 4800 3.97(-0.19 '[dy2 = ]
vi 221 453sh 14200 [dy; — 7%]
VII 210 475sh 21300 dyy — %]
4.85 (-3.3)
VI 200 5.00 58700 {4.95 (0) } o-LMCT
5.10(+2.6)
trans-[PY(PEt,), Br, |4 I 435 2.30 20 3[LF]
(298 K) II 330 3.03 455 '[LF]
m,v - 282 3.55 7780 7-LMCT/?[d, , — n*]
v 257sh  3.89 4830 '1d,? - %]
trans-[PPEL,), 1, ] I 334 2.99 2620 2.92(+0.22) ~LMCT
(298 K) I 299 3.35 3370 3.30(-0.30) *[dy, = m*]
111 283 3.53 6480 3.50(-0.42) Y[dy2 - n*)
v 250 4.00 sh 12200 3.88 (+0.22) Y[dy, — 7*]
v 226 443 48800 {431 1.7 } a-LMCT
4.44 (0)
4.62(-1.4) intraligand
VI 207 4.83 28600 {4.72 0) } ord—p

4.90 (~+1.2)

9 CH,CN solution unless otherwise indicated. ® [6], = 330044 /MIH. © Reference 4. 9 7/4 methylcyclohexane/pentane solution.
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Figure 5. Electronic absorption spectra of trans-[Pt(PEt;),(H)Cl]
(—), trans-[Pt(PEt,),(Me)Cl] (---), and trans-[Pt(PEt;),(E)CH] (-++)

in CH,CN solution.

Band IV at 4.56 um™! in cis-[Pt(PEt;),Cl;] and bands II
and V in cis-[Pt(PEt;),Br,] at 3.37 and 4.4 um™, respectively,
also have no counterpart in the spectrum of the dimethyl
complex. These intense bands are attributed to LMCT
transitions from the halide orbitals. Charge-transfer bands
of the LMCT type have been characterized for [PtCl,]? and
[PtBr,]* and lie at comparable energies to those observed here
for the chloro and bromo complexes, respectively.®!® The lower
energy band II in the dibromo complex and band IV in the
dichloro complex are assigned to transitions from the halide
orbitals of = symmetry, designated x-LMCT, while the higher
energy band V in the dibromo complex is assigned to a tran-
sition from a halide orbital of ¢ symmetry and is designated
o-LMCT. The difference in absorptivity between the -
LMCT bands for the dichloro and dibromo complexes is likely
due to the proximity to an intense MLCT transition in the
former case. ,

The MLCT transitions in the dichloro and dibromo com-
plexes follow the same pattern as for the dimethyl complex.
The 3[d,2— =*] transition at 3.81 um™ has a positive pseudo-4
term clearly resolved in the MCD spectrum of cis-[Pt-
(PEt;),Cl,]. This term is analogous to the positive 4 term
observed for the degenerate E, component of the 3[d,» — 7*]
transition in [Pt(CN),]* %!* and other Pt(II) and Ir(I) com-
plexes®*’ and thus indicates the closeness in energy of the
component MLCT states of the 3[d,: — 7*] excitation.

cis-[Pt(PEt;),(Me)X] (X = Cl, Br). The band patterns
observed in the MCD and electronic absorption spectra of the
cis-[Pt(PEt;),(Me)X] (X = Cl, Br) complexes are quite sim-
ilar to those observed in the spectra of cis-[Pt(PEt;);Me,].
Analogous assignments are thus indicated (Table I). As in
the case of cis-[Pt(PEt;),(Me),], band II of cis-[Pt(PEt;),-
(Me)Cl] is partially resolved into its component transitions
in the 77 K spectrum (Table I).

trans{Pt(PEt;),(X)(Y)] (X = CL, Br; Y = H, Me, Et). The
electronic absorption and MCD spectra of all the trans com-
plexes in the above series are remarkably similar to each other,
and common MLCT assignments are thus indicated. A
comparison of the electronic absorption spectra of the
trans-[Pt(PEt;)o(Y)Cl] (Y = H, Me, Et) complexes is shown
in Figure 5. In these trans complexes, the d,, orbital is
directed toward the PEt, ligand and because of its = inter-
actions is expected to be stabilized relative tod,2and d,,. Thus
MLCT transitions involving d,, should lie at higher energy.
The ordering of the d,: and d,, orbitals cannot be as easily
predicted. The MCD spectra of the trans-[Pt(PEt;)»(X)(Y)]

Roberts, Mason, and Geoffroy

complexes show two positive B terms at lower energy followed
by a pseudo-A term. This pattern implies that the d,. — =*
excitations are lower in energy than the d,, — 7* excitations
since a reversal of this energy ordering would lead to opposite
signs for the MCD B terms because of the AW};! term in eq
1. Thus, the lowest energy bands which are clearly resolved
in the MCD spectrum of each complex are assigned to the [dz
— 7*] and *[d,, — #*] transitions in that order. The higher
energy, overlapping transitions responsible for the positive
pseudo-A term in each spectrum are assigned to ![d,: — 7*]
and ![d,, — =*] with the former at slightly lower energy
(negative ellipticity). Bands at higher energy still at ca. 4.4—4.5
and 4.6-4.7 um™ are assigned to the *[d,, — 7*] and ![d,,
— 7*] transitions, respectively. Very intense bands are ob-
served in each complex at 5.0~-5.1 um™' which may be at-
tributed to 7-LMCT transitions or possibly d — p transitions
from the d,: orbital to the 6p, orbital of Pt. However, in-
sufficient information is available to make firm assignments
for these latter bands.

trans-[Pt(PEt;),X;] (X = Cl, Br, I). The band patterns
observed in the MCD and absorption spectra of the trans-
[Pt(PEt;),X,] complexes are more complicated than those of
the other trans complexes discussed above because of the
presence of LF and LMCT transitions in these derivatives.
Bands at 2.30 um™ (I, € 16 M1 cm™) and 3.00 um™ (11, ¢
496 M~ cm™) are apparent in the electronic absorption
spectrum of trans-[Pt(PEt;),Br,], and these are attributed to
triplet and singlet LF transitions, respectively. Only the
corresponding singlet LF transition at 3.28 um™ (I, ¢ 640 M™!
cm™!) is resolved in the spectrum of the dichloro complex. The
singlet LF transitions occur at nearly the same energy as the
LF bands identified in the cis-dihalo complexes discussed
above. Band III at 3.47 um™ and band VIII at 5.00 gm™ in
the dibromo complex are assigned as x-LMCT and ¢-LMCT
transitions, respectively. As expected, the corresponding
LMCT bands for the diiodo complex are located at lower
energy: 2.99 (w-LMCT) and 4.43 um™ (¢-LMCT). In each
case the 0-LMCT band is very intense and exhibits a positive
pseudo-A term in the MCD spectrum, analogous to the positive
A terms previously observed for ¢-LMCT transitions in several
d® complexes of D, symmetry.!6 The diiodo complex exhibits
another intense band at 4.83 um™ (VI) which may be an
intraligand I” transition or a d — p transition. Evidence to
distinguish between these possibilities is not available. The
remaining bands in the spectra of these complexes are at-
tributed to MLCT transitions, and the specific assignments
are set out in Table I.

Discussion

Each of the Pt(II) complexes examined in this study show
well-defined MLCT bands in their electronic absorption and
MCD spectra. Whether or not these transitions lie lowest in
energy is a sensitive function of the nature of the X and Y
ligands for a given complex. The positioning of the ligand-
based acceptor orbital, largely derived from the PEt; phos-
phorus 3d orbitals, should be relatively invariant with changes
in X and Y. However, because of the differing magnitude of
the crystal field splitting induced by the X and Y ligands, the
positioning of the metal 5d orbitals can vary significantly. For
the ligands employed in this study the spectrochemical series
follows the ordering H, Me, Et > PEt; > C1 > Br > I. When
X =Y = C}, Br, or I the empty metal d, orbital (d,, in the
cis complexes and d,2 2 in the trans complexes) falls below
the ligand-based acceptor orbitals. In these complexes LF
transitions lie lowest in energy. As expected, upon replacement
of the halide ligands with H, Me, or Et ligands, the LF

(16) McCaffery, A. J.; Schatz, P. N.; Stephens, P. J. J. Am. Chem. Soc.
1968, 90, 5730.



Spectra of cis- and trans-[Pt(PEt;),(X)(Y)] Complexes

Inorganic Chemistry, Vol. 20, No. 3, 1981 795

Table Il. MCD Band Positions (um™") for cis-[Pt(PEt,),(X)(Y)] Complexes

Me, MeCl MeBr Cl, Br, assignt predicted MCD

3.21 3.45 3.44 3.79 3.72 3[dy2 - n*} +B or +pseudo-A4 term

3.66 4.00 3.95 4,16 4.10 1[d,2 - n*], +pseudo-4 term
3[d::.za dyz - n¥]

4.63 4.82 4.90 4.81 Hdig, dy, = 7n¥] +pseudo-4 term

Table III. MCD Band Positions (um™) for trans-[Pt(PEt,),(X)(Y)] Complexes

HC1 HBr MeCl EtCl MeBr EtBr Cl, Br, L, assignt  predicted MCD
3.24 3.22 3.32 3.26 3.33 3.27 3[d,2 > 7¥] +B
3.52 3.47 3.61 3.55 3.58 3.57 3.65 3.62 3.30 *[dy, = n¥] +B
3.80 3.70 3.82 3.77 3.77 3.73 3.82 3.97 3.50 H[d,2 > a¥] +B
4.02 3.97 4.03 3.98 4.02 3.97 4.18 3.88 [dy, = n¥] -B
4.48 4.48 4,37 4.35 448 4.46 *[dyz = 7¥] +B
4.63 4.68 4,608 sh 4.76 dez = m*] -B

% Band in absorption spectrum.

transitions move to higher energy and the MLCT transitions
lie at lower energy than the LF bands.

When X =Y = Cl, Br, or I, intense LMCT transitions
associated with the halide ligands are also observed and occur
among the MLCT transitions. These bands are easily iden-
tified because they are strongly halide dependent with relative
energies Cl > Br > 1. For trans-[Pt(PEt;),l,], the lowest
energy band (I) at 2.99 um™! is assigned as the =-LMCT
transition which obscures the lowest energy MLCT band, 3[d .2
— 7w*], and weaker LF transitions. As expected, the empty
metal d orbital is destabilized, and the LMCT transitions blue
shift when a halide ligand is replaced by the stronger & donors
H, Me, and Et.

The effect of varying the X and Y ligands on the MLCT
bands for the various complexes can be seen in the data set
out in Tables I-III. For the cis complexes the observed energy
orderings for the *[d,: = x*] and '[d,> — «*] transitions are
Me, < MeX < X, (X = Cl, Br). Since the position of an
MLCT transition is a sensitive function of occupied metal
orbital stability (metal oxidation state), this series indicates
that, as the halide ligands are successively replaced by methyl
ligands, the metal orbitals become less stable; i.e., the metal
becomes less oxidized. This, of course, reflects a greater charge
donation from the methyl ligands due to their higher ¢-donor
ability as compared to the halide ligands. A similar shift,
though somewhat smaller, is noted for the ![d,,, d,, — 7*]
transition.!”

The observed energy ordering Et, < Me, for the cis-[Pt-
(PEt3),(R);] complexes implies that the metal ion is less ox-
idized in the former complex due to the greater ¢-donor
strength of the ethyl ligands. The latter is presumably due
to the increased electron density on the ligating carbon of the
ethyl ligand due to the inductive effect of the CHj substituent.
In this regard, these results are consistent with Chen and
Kochi’s'® electrochemical results in which they observed that
cis-[Pt(PMe,Ph),Et,] is much easier to oxidize than is cis-
[Pt(PMe,Ph),Me,] (0.72 vs. 0.40 V;vs. Ag/0.1 M AgNO,).

In the trans complexes the energy ordering of the MLCT
bands generally parallels the o-donor strength of the ligands
with HX < EtX < MeX < X, (X = Cl, Br), although the
variation in band position is small.!” In fact the spectra of the
trans complexes where X = halide and Y = H, Me, or Et are
remarkably similar (Figure 5). It is noteworthy that the

(17) Comparison of MLCT band energies in related complexes includes a
component reflecting differences in electron repulsions in the MLCT
states. While these differences are presumed small, they could be large
enough to account for the smali differences observed between corre-
sponding complexes.

(18) Chen, J. Y.; Kochi, J. K. J. Am. Chem. Soc. 1977, 99, 1450.

Table IV. Comparative MLCT Transition Energies (um™)

Hdy = [dg—

complex m*] *] Apeg
[Pt(CN),}* ¢ 3.85 4.55 0.70
[Pt(CNEY),] ** ° 3.93 4.83 0.90
cis-[Pt(PEt,),(CH,),] 3.66 4.63 0.97
cis-[Pt(PEt,), (CH,)Cl] 4.00 4.82 0.82
cis-[Pt(PEt,),Cl, ] 416 490  0.74
cis-[Pt(PEt,),Br,] 410  4.81 0.71
trans-[Pt(PEt,), (H)CI] 3.80 4.63 0.83
trans-[Pt(PEt,),(H)Br] 3.83 4.68 0.85
trans-[Pt(PEt,),Cl, ] 3.82 4.76 0.94
trans-[Pt(PEt,),Br,] 3.96 4.75 0.79

a Reference 4. © Reference 5.

MLCT transitions for the XEt complexes lie at lower energy
than those of the XMe complexes (Table 1) for the reasons
discussed above, and furthermore, the orderings HX < MeX
(X = Cl, Br) indicates that the metal ion is less oxidized in
the hydride complexes as compared to the methyl derivatives.
The relative insensitivity of the position of the *[d,, — =*] and
'[d,, — =*] bands in all the complexes except for trans-[Pt-
(PEts),I,] indicates that = donation from the chloride and
bromide ligands to d,, in the trans complexes is relatively small.
The somewhat lower energies observed for the diiodo complex
would be consistent with greater charge donation from iodide
to the platinum as expected since I” is a more strongly reducing
ligand than either Br™ or CI".

The m-acceptor ability of the PEt; ligand in the cis- and
trans-[Pt(PEt;),(X)(Y)] complexes can be compared quali-
tatively with CN~ and CNEt from the data collected in Table
IV. The d,: orbital is weakly antibonding or nearly non-
bonding in these complexes, while the d, orbitals (d,, and d,,
in a Dy, or a cis complex and d,, in a trans complex) are
stabilized due to r interactions with the w-accepting ligands.
An increased w-acceptor ability of the ligand results in a
greater energy difference, A, , between corresponding MLCT
bands originating from these two types of metal orbitals. The
data in Table IV show that A,_, for the cis- and trans-[Pt-
(PEt;),(X)(Y)] complexes is dependent upon X and Y but
generally lies between that for [Pt(CN),]? and [Pt(CNEt),]**.
Thus, this study implies that PEt, is a better = acceptor than
CN-~ and is comparable to or slightly less than CNEt.

The observed solvent effect on the electronic absorption
spectra of trans-{Pt(PEt;),Cl;} (Figure 6 and Table I) is in-
teresting. Bands II and ITI change markedly when the solvent
is changed from CH;CN to the methylcyclohexane/pentane
mixture. The former is weakly coordinating, presumably
perpendicular to the plane of the molecule, and hence can alter
the energies of the d orbitals. The orbitals most affected upon
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Figure 6. Electronic absorption spectrum of trans-[Pt(PEt,),Cl,] in
CH;CN (—) and 7/4 methylcyclohexane/pentane (- - -) solution at
298 K.

coordination is d,z which should be destabilized in the solvated
complex. Hence MLCT transitions which involve depopulation
of this orbital will lie at lower energy in CH;CN than in the
noninteracting hydrocarbon solvents. Band II is a single peak
(3.74 um™) in CH,CN solution but is resolved into two com-
ponents in hydrocarbon solution (Figure 6 and Table I). The
IIb peak at 3.80 um™! in hydrocarbon solution is attributed
to the !{d,» — #*] transition from the MCD data, and indeed
it does shift to lower energy (3.74 um™) in CH,CN solution,
The *[d,, — w*] transition seen as a shoulder (Ila) at 3.70
um™! in hydrocarbon solution apparently blue shifts to 3.74
um~! in CH,CN solution, implying partial stabilization of the
d,, orbital via « interaction with the weakly w-accepting
CyH3CN. The trans-[Pt(PEt;),Br,] complex appears to show
a similar solvent shift, but the effect is largely masked by the
presence of the intense 7-LMCT band in this spectral region
(Table I). It is interesting that none of the other complexes
examined in this work show such a solvent effect, but we can
offer no explanation for this observation.

Finally, the results described herein are relevant to a recent
photochemical study of related complexes. Costanzo et al.!®
recently reported that c¢is- and trans-[Pt(PEt;),(Ph)CI] un-
dergo photoinduced cis = trans isomerization in acetonitrile
solution. Quantum yields were measured, and the observed
wavelength effects were rationalized on the basis of the dif-
ferent excited states involved. The latter were deduced from
an interpretation of the electronic absorption spectra of these
derivatives in which the observed bands were attributed to LF
and LMCT transitions. However, the electron absorption
spectra of cis-[Pt(PEt;),(Ph)CIl] (A 280 nm, ¢ 1600 M~ cm™!;
A 245 nm, € 990 M~! cm™)!® and trans-[Pt(PEt;),(Ph)Cl] (A
290 nm, € 1250 M~' cm™'; A 255 nm, ¢ 5300 M~ cm™)!9 are
virtually identical with those of the cis- and trans-[Pt-
(PEt;),(Me)Cl] complexes studied herein (Table I) for which
the observed bands have been assigned as MLCT transitions.
Common MLCT assignments for the observed bands in the
cis- and trans-[Pt(PEt;),(Ph)Cl] complexes are thus indicated.
The excited-state arguments given by Costanzo et al.!? to
rationalize their photochemical results are therefore inap-
propriate, and the observed photochemistry of the cis- and
trans-[Pt(PEt,),(Ph)Cl] complexes should be reassessed in
view of the correct MLCT assignments.
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The electronic structure of square-planar complexes is apparently characterized by an anomalously low-lying ay, (d,2) orbital.
An attempt is made to describe the situation by using a semiempirical correction parameter 4. A number of ligand field
spectra of Pt(IT) and Pd(II) complexes are analyzed and (re)interpreted on the basis of this procedure. The nature of the
0,4 parameter is discussed in terms of second-order perturbation theory.

Introduction

From the point of view of ligand field theory, the electronic
structure of square-planar coordination compounds is char-
acterized by a number of unusual features.”™ Most of the

(1) D. S. Martin, Inorg. Chim, Acta, Rev., 5, 107 (1971).

(2) J. Chatt, G. A. Gamlen, and L. E. Orgel, J. Chem. Soc., 486 (1958).

(3) T. J. Peters, R. F. Kroning, and D. S. Martin, Inorg. Chem., 17, 2302
(1978).

observed anomalies appear to be related to the energy and the
nature of the a;; (d,2) orbital. The fact that this orbital is
apparently situated at much lower energy than can be expected
from ligand field considerations is thought to be due to an (n
+ 1)s—nd mixing phenomenon.!!

(4) M. A. Hitchman and P. J. Cassidy, Inorg. Chem., 18, 1745 (1979).
(5) H. Basch and H. B. Gray, Inorg. Chem., 6, 365 (1967).
(6) F. A. Cotton and C. B. Harris, Inorg. Chem., 6, 369 (1967).
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