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ABSTRACT

The X-ray crystal structure of Cr(CNPh), has been determined.
The complex crystallizes in the space group R3 with one molecule in
the unit cella =b =¢ =10,628A; @ =p =y =111.17° V = 861.1 4"
The metal atom has crystallographic site symmetry S, with the MC,
framework forming a perfect octahedron. The Cr-C-N bond angles
are all 174,7°, the Cr-C bond lengths are 1. 933(2);&, and the C-N
bond lengthé are 1.168(2)A.

Both infrared spectra, X-ray crystal structure data, and
electronic absorption spectra are consistent with the operation of a
second order Jahn Teller distortion of the ground state of Cr(CNPh),.
Data obtained on the sterically hindered systems Cr(CNDph), and
Cr(CNIph), [ Dph =2,6-dimethylphenyl and Iph = 2,6-diiscpropylphenyl]
also support the operation of a Jahn Teller effect. Similar considera-
tions apply to the Mo and W systems.

The electronic absorption spectra of M(CNAr), [M = Cr(0),
Mo(0), W(0), Ar = phenyl, ph; 2,6-dimethylphenyl, Dph; and
2,6-diisopropylphenyl, Iph], Mn(CNPh),Cl and [ Mn(CNPh),] (PF,),
are reported. FEach of the M(CNAr), complexes exhibits intense
allowed metal-to-ligand charge transfer (MLCT) absorption bands
between 20. 8 and 32.7 kK. The lowest MLCT bands are observed at
29.9 and 31.1 kK in the electronic spectrum of Mx1(CNPh)6+. Low
energy bands at 18,2 and 20.4 kK in [Mn(CNPh)G]2+ are assigned to

vibronic components of a ¢ (CNPh) - dm charge transfer transition.



The unique electronic structural properties of arylisocyanide
complexes are apparently related to the 7 conjugation of aromatic
ring orbitals with the cut-of-plane n‘*(CN) function.

The emission and photochemical behavior of M(CNPh), and
M(CNIph), complexes (M = Cr, Mo, W; Ph = phenyl, Iph =2,6-
diisopropylphenyl) has been studied. The complexes of Mo and W
show emissi;on attributable to an L * -~ dm process in a variety of
solvents (2-methylpentane, 2-MeTHF, benzene, pyridine) at room
temperature. Complexes of all three metals show emissions at 77T K
in 2-MeTHF that overlap the MLCT absorption bands. The emission
guantum yields for Mo(CNIph), and W(CNIph), in 2-MeTHF at 77 K are
6.78 + 0.08 and 0.83 £ 0.07, respectively. The emission lifetimes
at 77 K ir 2-methylpentane for the M(CNIph), complexes are:
7(Cr) < 10 nsec, 7(Mo) 40.2 + 0.5 psec (298 K, 43 + 2 nsec),

7(W) 7.6 + 0.5 psec (298 K, 83 + 2 nsec). Both M(CNPh), and
M({CNIph)s undergo photosubstitution reactions in pyridine solutions.
Formation of M(CNPh),py and M(CNIph).py occurs upon irradiation
at 436 nm, with quantum yields decreasing according to a regular
pattern [Cr(CNPh),] (0.23) ~ [Cr(CNIph),] (0.23) > [Mo(CNPh),]
(0.055) > [Mo(CNIph)s] (0.022) > [W(CNPh),] (0.011) >
[W(CNIph),] (0.0003). The very small quantum yield for photo-
substitution in the case of W(CN"[ph)G is interpreted as an indication
that the mechanism of formation of W(CNPh),py has associative
character, Irradiation of M(CNIph), at 436 nm in CHCI, yields the

one-electron oxidation products [M(CNIph),]Cl. The quantum yield
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in each case is 0,18 & 0,01, Similar irradiation of M(CNPh), in
CHCI, gives two-electron oxidation products. For M = Mo, W, the
products are identified as the seven-coordinate species [M(CNPh),C1]Cl.

The room temperature UV-VIS solution spectra of Rh(CNR)J'
[R =aromatic or aliphatic] have been found not to follow Beer's law.
This behavior has been attributed to complex oligomerization of the
monomeric Ri1(CI\TR)4+ units to form species of the type [Rh (CI\IR)J']n
(n=1, 2, 3). The extinction coefficients and formation constants

using the following expressions:

M + M = D

D+ M = T

have been obtained for the systems R = phenyl in acetonitrile solution;
and R =t-butyl in water solution. The values for the parameters used
are for R = phenyl, K, = 35 M™", ¢ =10,500, K, =183,000 M™";
for R =t-butyl, K, =251 M™, ¢, =16,900,

The nature of the oligomerization is due to a direct metal-
metal inferaction of the dSRh atoms. The band positions for the
oligomeric species were found to conform to predictions made by
simple Hiickel theory.

The synthesis and characterization of a dimeric Rh(I)
complex containing the bridging ligand 1, 3-diisocyanopropane(bridge)
is reported. In methanol solution, [Rl‘lz(‘bridgeh]2+ oligomerizes,

and species containing four, six, and eight Rh atoms have been
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identified spectroscopically. The dimer, [ha(bridge)fi]z_*, undergoes
two center oxidative addition reactions with I,, Br,, and CH,I. The
products, [Rh, bridge),X,1"" (X =1, Br) which contain two strongly
coupled Rh(II) atoms, possess trans stereochemistry. The
mechanism of oxidative addition is thought to involve attack of the

Rh(I) on the heavy atom of substrate molecule.
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CHAPTER I
PREPARATION, STRUCTURAL CHARACTERIZATION, AND
EXCITED STATE PROPERTIES OF
HEXACOORDINATE ARYL ISOCYANIDE COMPLEXES OF
Cr(0), Mo(0), AND W(0)



Introduction
Surprisingly little is known about the electronic structure and

photochemistry of isocyanide complexes, in spite of the strong

current interest in the coordination chemistry of isocyanides and

the obvious relationship of these ligands to cyanide ion and carbon

monoxide. =5 Previous theoretical work on isocyanide complexes

appears to be limited to a few semi-empirical molecular orbital

4,7-11

. 4-8 . .
calculations, incomplete electronic spectral data, and one

2

photochemical study. ™~

The approach used in attacking this area was to obiain an
overview of the complexes' electronic structure and to explore the
photochemical reactions which were suggested by the nature of the
excited states.

Low valent complexes containing only isocyanide ligands
of Cr(0), Mo(0}, W(0), and Mn(i) and (II) have been known for quite
some time.1 | They are usually synthesized from simple metal

14 Moy(CoH,0,),, 1° wer, 16, ana

complexes (Cry(CyH Ok 2H,0,
MnIé)N by addition of the appropriate isocyanide and in some cases
a reducing agent such as magnesivm. In Malatesta's and Bonati's
book1 and in several more recent reviews, _the chemistry ofiso-
cyanide complexes of metals is reviewed. LyBy's
The M(CNAr), ccmplexes (where M = Cr(0), Mo(0), W(0)) are
obtained as very thermaily stable dark red to orange crystals that
are stable to air in the solid state indefinitely (for M = Cr(0)) or fora
few days (M = Mo(0) and W(0)).. The Mn(I) complexes are air stable,

being much more stable than the corresponding Mn(II) complexes
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which under proper conditions are spontaneously reduced bhack to the
Mn(l) complexes. k

Haviug low-spin dG configurations, one expects that thermal
ligand exchange reactions would be rather slow. This is borne out
by experiment, ki the half life for exchange of C]S labeled phenyl
isocyanide with Cr(CNPh), being about 250 hours at 20°C, This
rate is slower than the rate for the exchange of CIBO with Cr(CO),.

Early in our work15 on the electronic structure of M(CNPh),
complexes (where M = Cr(0), Mo(0), W(0)) it became obvious that
an X-ray crystal structure would be needed to clarify the structural
ambiguities suggested by the electronic spectra and the v(CN)

region of the infrared spectra. 11,12,18
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X-ray Crystal Structure of Cr(CNPh),

Red crystals of Cr{CNPh); were obtained by slow cooling of a
saturated toluene solution of the complex. The crystals were found
to be rhombohedral in shape and of X-ray quality. A crystal, 0.24
mmonanedge, was selected and mounted so the spindie axis was
perpendicular to the apparent three-fold symmetry axis of the
crystal. Weissenberg photographs initially suggested that the space
group was triclinic but a precession photograph showed the three-
fold symmetry present in a hexagonal/rhombohedralunit cell. By
fitting fifteen observed reflections with the program C‘ELL19 and
examining the data set for absences, the space group was determined
to be [RJ; 148].

Data were collected on a Datex automated General Electric
quarter circle diffractometer and the unit cell dimensions were
determined by a least squares procedure programlg using 26 values
measured for sixteen reflections. More information is given in
Table 1.

Symmetry considerations redquire that the metal sit on the
inversion center of the unit cell. This AreQuires that all six ligands
be equivalent. Thus only the positions of nine nonhydrogen atoms
needed to be found. The program MULTAN20 was used to solve
the structure using 100 strong reflections.

21
Least squares = refinement of the structure anisotropically

for all nine nonhydrogen atoms and isotropically for the five



Table 1. Experimental Data for the X-ray Difiraction Study of
Cr(CNPh),

Space group [Rfi; No. 148]

Rhombohedral Cell Hexagonal Cell
a=b=c, A10.628 a=b=175354
e =9.701A
a=B=y 111.17° a=p=90"°
y =120°
v, & 861.1 V = 2283.3
z =1 z =3

Mol. wt. 670,74

p caled g em™°1.294

p obsd (floatation in CCl,/pentane) 1. 3.

Radiation graphite-monochromatized MoKa (A = 0.71069 A)

Scan mode coupled 6 - 26.

Scan speed 1°/min.

Range 1.5° < 26 < 40°,

Background 20 sec at beginning and end of each scan.

Reflections collected: 2354 including equivalent forms to give 750
unique data reflections.

Absorption coeff: p=3.90cm”™".
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hydrogen atoms yield R, and R, of 0.0311 and 0,0311 for R, =
VIE |- 17 1/5 18, | and Ry = (5 w(| By |- [F, N/ D w92,
The GOTF parameter, GOF = [7_‘, W(Foz - Fcz)z/(m— s)]é is 1.5215.
A three dimensional difference Fourier Synthesisig calculated at
the conclusion of the refinement indicated no discrepancies greater
than + 0.21 A",
Discussion

The metal atom sits On a site of Sy symmetry, allowing a
distortion along the three fold crystalographic axis such that the
four-fold axis present in an octahedron vanishes. The distortion
takes the form of a deviation from linearity of both the M-C-N angle

and the EL angle of about 7°. The two planes defined by

rin
these two sets of thrie atorns however do not coincide, the dihedral
angle between the plane normals being 59.15°. The M—CiSO—N plane
normal also makes an angle of 89, 2° with the three fold symmetry
axis. This can be visualized easily by taking the M(CN), frame work
and bending all of the MCN bond angles toward the plane perpendicular
to the three fold axis of the complex, reducing the symmetry of the
M(CN); portion of the molecule from Oy, to Dg q- Addition of the
phenyl rings further reduces the symmetry of the molecule to that
of the site symmetry, which is Sq. The phenyl rings are arranged in
an almost perfect T fashion about the Cr atom. Each ring normal
is tipped 6.86 ° away from one of the two fold axes of a Th structure
while it is nearly perpendicular (88.97°) to the other unique two-fold.

(The angle made with the third two-fold is 90° + 6.86° = 96.86°.)



This reduction in the symmetry cf the molecule from Th to

Se¢  was predicted from the v (CN) stretching region of the infrared
spectrum. . Infrared data will be discussed in relation to
structural considerations in a follow ing section.

The bond lengths and angles are set out in Tables 2and 3. The
metal-carbon bond length of 1.933(2)A is close to that found in
Cr(CO), where the M~C bond length is 1,92 + 0.04A . ad The
carbon-nitrogen triple bond is 1.168(2)A which compares favorably
to those found in other phenyl isocyanide structures. = The six
carbon atoms of the phenyl rings form nearly perfect hexagons; the
C-C bond lengths being (1.374 + 0.018 }); deviations from

coplanarity being less than 0.007A.

Infrared Spectra

Symmetry considerations suggest that a M(CN), fragment
having perfect Oh symmetry should give rise to one infrared active
T,y V(CN) stretching mode. If, however, one reduces the symmetry
to D;4 by applying a trigonal distortion to the M(CN), fragment, the
triply degenerate T, ¥(CN) mode is split into a singly degenerate
Ay, and doubly degenerate E, mode. Further lowering of the
symmetry from D,y to S; only changes the appropriate symmetry
labels, maintaining the degeneracy of the E,; mode. (The new labels
in Sgare A and E;.) Reduction of the M(CN); fragment from Oy to
Th does not split the degeneracy of the triply degenerate T,

v(CN) mode (T, in T}). Interestingly, infrared spectra of
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Table 2. Bond Distances® for Cr(CNPh),

no

CR e 1) 1.933( 2} B T o & 1 IR B Y i D B

crz) - €13} 1s 3831 2] L2y -t 1384t 20
L3y ~ L1143} 13761 23 Ci3) - Hi3) CoSSL{1E)

Cl&) - H{4)  D.ST5(17) C{s) - Cle) . 1.3066( 2)

C{5) - Hl6) ___1.993(22) _ ceer -

CLe) - ri7) 1.$83{16) LiLy BT Qo8Z211€)

N = C(2)  1e.381( 2) Cla) = CU5) __ 1.349¢ 2)

L2 = FITT - 1930118} C(5) - F(5) 0,679(16)

T8 Cle) - F(6) . 0.925(22)

1
- Numbering system is C=N .
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Table 3. Bond Angles® for Cr(CNPh),

CR

Cty}

N

c(zy — Ccit3)

L CL2) - CHT) - BT 117094(114)

S CU3) - CL4)

- C{D)

N

H{3)

- C(5)

ALY

S Cte) - e

T116.37( $%)

174.73(

151

121,990

T 1200840

118,97(

CIay

C (s

s

-t

-2

- r(a)

- T

= CU3) 1194450 140

115,60(1

122,98(1

03)

- - N - 173.30( 17)
15) N - (t2) - H(N $B.201 501
_______ C(B)i—”C(;)V7>C(7) 119.42( 15)
O C(3Y - C(2y = H{1  142.24( 511

17)

18)_

o BLT) | 1310860 51)

gy

L 2 -3 Bl O 03

Tezy - Tdny”

- C(4)

- cloy

119.91(

119,040

15)

GRS

L

5

Cit

Ci4)

)

B 88) = C16]

LT 120075 19)

C€(6)

{5}

B o O & 1 o1 -2 O

[ Cl4) = C(5)

ey < ctel

120, €7(112)

51

H{

- HU6) -  11G.48(1432)

= HU6) _ 143,69( 66) _

- HU6)  119.60014))

17)

TTcts) - a3y

- H(3)

12064410

15907 ¢

691

HUSY = C5)

TTH(B)Y - Cle)

2 Number system is the same as for Table 2.

- E{6) _ 96.93(129)

- H{7) 98,37(143)



View of Cr(CNPh), down the three-fold axis.

Figure 1.
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Figure 2. Stereoscopic view of Cr(CNPh), down the three-fold axis.



Table g_ Atomic Coordinates in Terms of the Rhonbohedral Cell

Atom
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Table 5. Atomic Coordinates in Terms of the Hexagonal Cell

Atom
COOCRC
COORC
COGRD
CCORC
CCORE
CCCRD
COCRE
CCCRED
CGCRD
CCCRD
COORD
CCCRD
CCCRD

CCCRD

CR
N
c(1)
C(2)
C(3)
C(4&)
'C(S)
C(6)
CLT7)
H(3)
H{4)
H({5)
H{6)

H(7)

CR

Nl

Cl

C’

Cl

Cl

HS

HS

HS

HS

X

0.0

~0.087410
~0.0556027
-0.113647
~0.203533
~0.233783
~0.181997
~0.098330
~0. 065630
-0.239893
~0.292913
~0.2C4747
~0.0664383

~0.014780

4

0.0

0.068620
0044107
0.107257
0,092173
0.1333903
0.1888L06
0,203640
0.162760
0.0G560€3
04124743
0-.218237
0238413

0168640

Z

0.0

0.205100
0.1226C7
0,295S47
J,280893
0.366473
0. 466496
0.483720
0399460
0.202563
0.353133
0.525447
0.556133

0.410190
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Table 6.

Atom

atR
ANISG N
ANTISC C{1)
ANISO C(2)
ANISC C(3)
ANISO Cl4)
ANISQ C(5)
ANISO C{9}

ANISO C{7)

Atom

150 H{3)
1SC H(4&)
158G H{5)
1Sk Hid)
1S0 H{T)

B

0.0026257
0.0062633
0.0035¢C1L1
0.0045433
0.0043289
V.0046144
0,00567439
0.0069511

0,004C773

13

622

0.00262617
0.,0061600
0.0035578
0.0043267
0.0043139
0.C053244
C.0058222
0.0065611

.0070211

Bas .
C,C108033
0.0150733
0.013404%
0.0111133
C.0114369
0.0124411
0.0133739
0.0128244

0.,01435738

O.

Uo

(U

Oe

Uo

C.

Final Thermal Parameters for Cr(CNPh)g

612 313

£026267 0.0
0084267 0.0049933
00375LL-0.0030556

00500600 0.,0027133

<

0055111 0.0030844

0383822 0,0008022~

B

0.0

0.0015533
0.0015822
0.,0:221400
0.0G08G22

0.001.7356

0,0065489 0,0024022-0.0009859

0.0044778-0.0025296-0.0051044%

0.0051111~0,0007356 0.0017689

) 2 2 2
& he form of the anisotropic temperature factor is exp[-27 (ha” By +

*
...+ 2K1b"C Ba9)] .

bThe form of the isotropic temperature factor is of the form

exp| ~B(sin 6/A)].
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H K
-13 =2
=13 =3
-13 -4
-14 -1
-14 =2
-14 =3
-15 -1
-15 -2
-11 =1
=Ll =2
-11 =3
-11 -4
-11 =5
-11 -6
-1 -7
-12 =<1
-12 =2
=12 =3
-12 =«
-12 =£
-12 -6
-13 =1
-13 =2
=13 =3
-13 =4
-13 =5
~-14 ~1
-14 =2
~-14 =3
=185 =1
-10 -1
— 1) =P
-10 -3
-10 ~4
~-10 =&
-1¢ -¢
-10 -7
-10 -8
=11 =1
-11 =2
-11 =3
-11 =4
-11 =5
~-11 -6
-11 =7
=12 =7
~-12 =2
-12 ~3
-12 =4
-12 =5

Calculated and GCbserved

¢

'
N~ NN~ O

FOBS
16450
25433
15.20
.94
14.21
13.40
10,46
14.59
Ghatr b
35.64
17«72
8.08
2248
HT.56
11.61
49,00
42,19
29:29
7.83
5.84
1425
a71
24,91
12.42
3.18
11,05
1430
6.97
3,31
25.94%
15,07
Bl w3
7,99
15,41
13461
9.08
1,49
2,80
43,57
Bia {9
45,57
2.16
3543
35.4%1
7 0/4'3
3:53
13.40
3643
13.33
35472

14

FCAL
195« CT
25.598
1426
8.14
11.76
14.C3
1067
14,20
1.82
36484
17.59
B8.48
22:53
4G .46
13.17
51.08
42.73
30,52
4680
2.C6
14,13
0.7C
24.95
1le51
3+.03
1056
9837
6,19
3.88%
295: 85
13.68
38.47
70‘!3
13.56
12,91
9.54
4040
3.85
44,33
667
45.38
2.61
3351
33,94
9,20
6.67
l4,C7
35.938
13.¢4

UG (Q
2 S 2 ~

H
=13
=13
=13
=33

-14

i

]
W N = O WLWND=OFHNISLN —~O

)
WN~ "~ NDSDWNR -0

-

Structure Factors

FOBS

43.38
41 .48
10,15
20.84
24,36
2044
201%

17.65

2611
82.89
6542 2
4,01
20,206
8,11
2615
29.33
20+ 15
16647
23.63
17.95
27.02
6.16
46,79
8,39
21,05
11.14%
T65
2299
12.08
39,84
39,30
GoT1
16.08
3558
14414
G424, 0%
44 4%2
1313
2953 L
19.87
2093
1769
214t
14,88
10.13
30.29
25,09
25,37
26,90

11.80

FCAL
44.C6
41.28
10,53
19.99
2 3G
1992
1.00
18.28
25,170
B3:25
65+46
30,06
19,62
T7.28
"foa\{)
29,54
21,41
165.32
23.93
17.¢1
25,92
3.51
!‘}{1‘627
T1+49
2labl
J.69
96 U2
231
12.20
38.39
33.46
4. 2%
16.24
37.22
1369
42. 30
LG . 23
12,02
34,51
l(‘) o[?Z
2099
17.00
Zle 12
L3s 31
3.45
B0+ 53
25659
29 4 372
256895
10.82



B K L FOBS FCAL H K L FOBS FCAL
~10 =1 C 3%el32 35,25 -7 =2 1 31.20 26.S5%
-10 =2 1 48.45 46,38 -7 =3 2 50,00 48,15
~10 -3 2 29,70 29.55 -7 =4 3 49,22 48.44
-10 =4 3 35.85 34,00 -7 -5 4 32,97 32,53
-10 =5 4 2.69 177 -7 =5 5 3.27 $.53
~10 -6 & 14.32 14455 -7 =7 & 12.40 1Z2.C9
-11 -1 2 29.85 30,12 -8 -1 2 32.90 33,23
-11 -2 3 24,04 23.21 -8 =2 2 35,75 37.28
-11 =~z 4 46,52 46,18 -3 -3 4 10.19 9. 16
-11 -4 £ bsl2 5.61 -8 =4 5 17.35 16.C8
-12 -1 4 13.85 13,39 -8 -5 6 22.40 21.36
-12 -2 -5 T457 9,35 -9 =1 .4 36,93 35,13
-7 =1 =3 131,95 130.73 e 5 33,04 33,22
~7 =2 =2 66.52 68,80 -9 =3 6 6.08 8e59
-7 =3 =1 51,90 53.53 -9 =4 7 4,03 2.68
-7 ~4 0 41.17 39,41 -10 -1 &€ 24.81 24.81
-7 -5 1 18.65 13.64 -10 =2 7 4,55 3,61
-7 =56 2 19.78 20.61 -3 =3 =3 71.86 72.06
-7 =7 3 3.01 s 1 2 -5 =1 =1 10.33 12.92.
-7 -8 4 14.34 13,069 -5 =2 C S1.21 52,36
-7 «5 E 26,20 295.48 -5 =3 1 48,33 48.67
-8 -1 =1 Golt 4 8.02 -5 =4 2 13.70 12.56
-8 =2 0 1,85 0660 -5 =5 3 5464 2.79
-8 -2 1 31.48 30.74 -5 =6 4 32,32 31.93
-8 =4 2 40,92 41.45 -5 =7 5 2.20 0,89
-8 =5 3 48,02 49,23 -5 -8 6 4,73 3.16
-8 —¢ 4 Tal2 9,37 -6 ~1 1 23.63 23,72
-8 -7 5 3.23 0054 -6 =7 2 54.44 55,09
-9 -1 1 49,71 51,02 -6 -3 3 16.13 18,92
-9 =2 ? 24,42 24,28 -6 =4 4 6.26 5.C8
-9 =3 3 6520 7.01 -6 =€ 5 13.34 11,69
- -4 4 45,18 45,83 -6 —¢ 6 12.435 11.32
~9 =t 8 1287 11.67 -6 =T T B4.38 55.19
-9 =6 & 10.33 10,19 -7 -1 3 23,37 22.47
-10 -1 3 40440 40.7S ~7 =2 & 18.71 20.20
-10 =2 4 8.65 B8e27 ~7 =3 5 50.25 49.380
-10 =12 & 13456 1ll.61 -7 =4 6 18.47 13.77
~10 -4 € 17.17 17,20 -7 =5 7 22.56 23.46
-11 -1 5 28:58 26:51 -8 -1 5 8,76 3039
-11 =z ¢ 4,58 4,06 -8 =2 6 49,78 50411
-6 =1 =2 21.25 22,34 -8 -2 T 29.86 29.12
-6 =2 -1 59,49 57.53 | T 2377 24.60
-& =3 € 55417 53,99 -9 =2 g€ 23,09 23.80
-6 -4 1 40.54 42.56 -4 -~ C 56.41 53,92
-6 =5 2 11.19 10.36 -4 =2 1 346,77 3143
-6 =6 3 21.12 20.1% ~4 =3 Z 21,90 20.83
-6 =1 4 11.74 10446 -4 =4 2 5«62 7.C0
-6  =¢ 5 19.24 19.61 -4 =5 4 34,97 33,97
-6 =5 & 8.33 9,18 -4  ~€ S 35,11 34,87
-7 -1 B 317s47 1%<5%8 ity -] 6 44,40 h3.32
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Cr(CNPh),, determined as Nujol mulls or in BCCI, solution show a
sharp band at about 2005 em”™ and an ex‘cremelyb road band at

1950 cm ™. 4% Thus, although the precise value of the deviation of the
MCN bond angle from 180° may be dependent on crystal packing
forces, the fact that the bend is electronic in nature seems assured by
the similarity between the solution and solid state spectra. 'The
broadening of the 7(CN) band at 1950 cm”™ is also explainable in terms
of the structure since pseudo rotations along the M-CN-C bonds
should be of very low energies. In fact, 2 low temperature IR
spectrum of Cr(CNPh), in 2 KBr pellet shows the band at 1950 cra™
sharpening considerably. Similar arguments obtain for the Mo and

W complexes. The ramifications of this bending in terms of the
electronic structure of the complex will hot be discussed at this time,
but will appear in a later section.

By changing the steric requirements of the phenyl rings by
putting large alkyl groups in the two ortho ring positions, one should
be able to perturb the M-C-N bonds back toward colinearity. Strong
evidence suggests that this is the case for Cr(CNIph), (CNIph =
2, 6-diisopropylphenylisocyanide). The IR spectrum of Cr(CNiph),
shows two bands in solution and in the solid state, but the bands are
considerably sharper and the higher energy band is much weaker in
intensity relative to the low energy band. The spectrum of
W(CNIph),,which is almost identical, is shown in Figure 4.

Molecular models show that the bulky R groups of Cr(CNIph),

should tend to push the structure band to Ty via nonbonding steric
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Figure 3. IR spectra of Cr(CNPh), as a KBr pellet. Top
curve T =14 K; bottom curve T = 310 K.
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Figure 4. Upper curve, IR spectrum of W(CNIph), in HCCl,.
Lower curve, IR spectrum of W(CNPh), in HCCl,.
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interactions among the i-propyl groups. The idea that Cr(CNIph),
is closer to Th symmetry is also supported by the simpler
appearance of its electronic spectrum compared to CrCNPh),.
Useful correlations of the appearance of the v(CN) region cf the iR
spectrum of M(CNAr), complexes with the microsymmetry at the
metal are apparent.

In Figure o, the infrared spectra of Cr(CNPh)G0 )Tyt are
shown, and in Figure 6 are spectra for Cr(CNPh),, Mn(CNPhCH,),',
and Ivlll(CI\IPhC}IS)82+. Other IR spectral data are given in Table 8.
Thus it appears from the data presented that for a given metal,
oxidation results in a sharpening of the v(CN) stretch, an increase
in energy, and a lessening of distortions away from Th symmetry.
For the isoelectronic d° metals (Cr(0), Mn(i), Re(l), Mo(0), W(0),
Fe(l)) it is seen that moving to the right and down in the periodic
table, the M(CNR), complexes tend to deviate more from Ty,
symmetry. This is consistent with an increasing propensity of the
metal toward distortion to relieve the instability caused by
increased electron density at the metal which is caused by a gradual
saturation of the CNAr #* orbitals' ability to accept electron

density through 7 donation from the metal.



26

&3 R TN Y o B TN T
N 17 0
z.gze:,; LY i A WU

Figure 5. Curve 1: R spectrum of Cr(CNPh)4 in HCCl;

Curve 2: IR spectrum of Cr(CNPh)," in HCClg;
H.
6

Curve 3: IR spectrum of Cr(CNPh), in HCCl,.
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Figure 6. Curve 1. IR spectrum of Cr(CNPh), in HCCl,;
Curve 2: IR spectrum of Mn(pCNPhCH,), in HCCly;
Curve 3: IR spectrum of Mn(pCNPICH,) &+ in HCCl,.
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Table 8. Positions of #(CN) for Several Six Coordinate Aryl

Isocyanide Complexes

a Complexes 7(CN) in cm”™’
Cr(CNPh), 2012 s, 1965 vs
Mo (CNPh), 2012 s, 1960 vs
W(CNPh), 2013 s, 1952 vs
Mn (pCNPhCH,), " 2038 vs, 1990 wk
Re(pCNPhCH,),* ° 2070, 2040 wk
Cr(CNIph), 2005 m, 1962 vs
Mo (CNIvh), 2000 m, 1960 vs
W(CNIph), 2000 m, 1960 vs
d Complexes v (CN) in cm ™
Mn (pCNPhCH,), 2160 s
Cr(CNiph), " 2065 vs

Mo (CNIph)g" 2050 vs
W(CNIph)," 2040 vs

4 This work, unless otherwise noted.
b

M. Fremiand V. Valenti, Gazz. Chim. Ital., 91, 1352 (1961).
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Electronic Structure

The Electronic Structure of the Lisanas
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Simple molecular orbital cal<:ulat'101155’23 have been carried
out on methyl, vinyl, and phenyl isocyanides. The important aspects
of the eleclronic structure of these molecules are that they contain
& lone pair of electrons localized on the carbon atom. which can
form a strong o bond to a transition metal and that they 21l contain
two CN 7* molecular orbitals which can be potentially useful in
forming dn-pr* 7 bonds. The calculations5 show tlﬁat for alkyl
isocyanides, which have cylindrical symmetry about the C=N bond,
the two 7* levels are degenerate as in cyanide ion. In vinyl and
pheny! isocyanide however, the planarity of these groups splits the
degeneracy of the 7* levels so as to stabilize one (* vertical)
through interaction with other p orbitals of 7 symmetry relative to

‘the other (7* horizontal). Thus in gualitative terms, taking phenyl
isocyanide as an example, n‘*v should be a much better acceptor
than ”*h since it should be able to allow electron density to escape
into the phenyl ring. This is in agreement with Horrocks' work a4
which puts p-tolyl isocyanide above t-butyl isocyanide in respect

to forming v bonds. This effect will be quite important in the

discussion of the complexes which contain phenyl isocyanide.
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Each of the complexes M(CNAr), [M = Cr(0), Mo(0), W(0)]
exhibits strong electronic absorption bands above 300 nm. The
bands below 300 nm are attributable to 7 — #* transitions localized
primarily in the ligand Systen1‘25 and are not of primary interest.
Spectral data for the observed bands of M(CNAr), (M = Cr(0), Mo(0),
w(0)and Ar = Ph, 2,6-dimethylphenyl = Dph, 2, 6-diisopropyl-
phenyl =Iph; and 4-chlorophenyl are set out in Table 10,

In Figure 12 | a molecular orbital diagram was constructed
assuming the idealized T, symmetry for M(CNAr), complexes. This
diagram was constructed by estimating the interaction of the highest
occupied and lowest unoccupied molecular orbitals of six CNPh ligands
with the central metal,

The ground state for each complex has the (’cg)6 1A configura-

tion. As is the case with the related M(CO), complexes,z% the
lowest energy excited states are derived from either d-d (dr — do*)
or metal-~to-ligand charge transfer (MLCT) transitions. It can
reasonably be assumed that the d-d states lie above 25,000 cm-l,
and transitions to them should give rise to relatively weak bands.
Therefore, it is not likely that any of the intense bands in the
M(CNPh), complexes are due to d-d transitions.

The situation regarding MLCT transitions is more complicated
than for the M(CO), complexes. As has been previously discussed,

: » B .
molecular orbital calculations™ suggest that there are two low-lying
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_Table Sc. Electronic Absorption Spectra® of M(CNAr), Complexes

Complex Eln_gg_(’_nf Y max KX Relative Absorbance
Cr(CNPh)q 469 21.3 0.71
420 23.8 1.00
Mo(CNPh), 474 21.1 0.66
408 24.5 1.00
385 26.0 0.87
W(CNPh), 540 18.5 (triplet) 0.08
425 sh 21.0 0.59
470 21.3 0.63
459 sh 21.8 0.59
402 24.9 1,00
379 sh 26.4 0.92
Cr(CNDph), 470 sh 21.3 0.27
410 24.4 1.00
W(CNDph), 510 19. 6 (triplet) 0.05
460 21,1 0.19
3817 25.8 1.00
Cr(CNIph), 482 26,7 1.00
422 23.17 0.57
W{CNIph), 508 19.7 (tripiet) 0.35
469 sh 21.3 0.99
461 21,17 1.00
432 sh 23.2 0. 7%
360 27.8 0.53
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Table 9¢ (Continued)

Complex Amax P max’ kK Relative Absorbance
Cr(pCNPhCI), 488 20.5 0.70
435 23.0 1,00
Mo(pCNPhCI), 483 20,7 0.63
420 23.8 1,00
391 25.6 0.76
W(pECNPLCI), 552 18.1 (triplet) 0.11
494 sh 20,2 0.74
480 20.8 0.80
470 sh 21.3 0.78
414 sh 24,2 s
380 26.3 1.00



Figure 7. Electronic abscrption spectra of Cr(CNPh)4 in 1:1
isopentane/diethyl ether (——), Mo(CNPh)4 in 8:2:1
ethanol/methanol/diethyl ether (---), and W(CNPh),
in EPA (***) at 77 K.
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Figure 8. Electronic absorption spectra of Cr(CNPh), (—),

Mo (CNPh), (---), and W(CNPh), (---) in degassed
THF (~-—--) at 298 K.






Figure 9. Electronic absorption spectra of Cr(CNDph), (—)

7
Mo (CNDph), (---), and W(CNDph), (-« +) in degassed
THF (-—-—-) at 298 K.
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Figure 10. Electronic absorption spectra of Cr(CNIph), (—),

Mo(CNIph), (---), and W(CNIph), (+--) in degassed
f—e—i—g @l 208 K,
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Figure 11, Electronic absorption spectra of Cr(pCNPhCI)4(—),
Mo (pCNPhC1) (---), and WECNPICI), (--+) in
degassed THF (-»—-—-) at 298 K.
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Energy

dr
L

o (CNPh)

7,777,

Figure 12. General classification and estimated relative energies
of the molecular orbitals in M(CNPh), complexes; dr

and o(CNPh) levels are occupied in the ground state.



7% levels in CNPh. The out-of-plane #*(CN) function is involved in
the lower level, which is designated ﬁv* in Figure 12. The

’ITV* MO, therecfcre, is stabilized by conjugation with the 7 orbitals
on the aromatic ring, whereas the in-plane orbital, wh*, is
localized on the cyano group.

The two lowest bands above 30C nm in each of the M(CNPh),
complexes may be assigned to allowed components of the tg - tuﬂv*
(CNPh) one electron transition. The fact that these transitions are
substantially blue-shifted in the electronic spectrum of the (d7r)6
complex Mn(CNPh)," confirms the MLCT interpretation. The lowest
dr — m* (CNPh) band, for example, is 8kK higher in Mn(CNPh)s
than in Cr(CNPh),. The magnitude of the shift is very nearly the
same as that observed for the lowest lA1 g~ lTlu transitions in
Cr(CO), (35.7 kK) and Mn(CO)," (44.5 kK).2®

The 33 kX band present in the zero valent complexes could
be assigned as a higher energy component of the tg - tu wv*CN
transition but is more logically assigned tc an excitation to tuﬂh*CN
based on the following argument. Comparing the position of the
lowest MLCT bands 'n M (CNMe)g'® to Mn(CNPh), , one finds a red
shift of about 10 kK (43.1 kX vs. 33.0 kK). Attributing the entire
shift in the MLCT band to the position of 7*CN and assuming that the
7*CN orbitals of methylisocyanide are good models for 7rh*CN of

phenylisocyanide, one predicis the t_ — tuwh* tran sitions of

g
Cr(CNPh), to be located at or above 31,8 kK,which is very close to

the 33 kK band found in 21l the M(CNAr),; (M = Cr(0), Mo(0), W(0))
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complexes. This view is further strengthened by the spectrum of
CJl.“(CNV'myI)G27 which is similar to Cr(CNPh), except that the two
lowest bands are shifted to higher energy while the highest band is
again found at about 33 kK., This is exactly as expected since the
stabilization of T.'V*CN conjugated to a vinyl group has been shown5 in
calculations to be less than that conjugated to a phenyl ring.

The spectra of the W(0) complexes show more complexities,
containing several additicnal weak bands not found in the corresponding
Cr(0) and Mo(0) complexes. It is verfectly reasonable to assign these
bands to transitions which have increased in allowedness via the
increase in the spin orbit coupling in W vs Mo and Cr. To call the
transitions singlet triplet transitions though secms rather dangerous

2+
in view of the work of Crosby, et al. 28,29 "

on Ru(bipy) They
have developed a2 model which treats MLCT {ransitions in d6 systems
by weakly coupling a d5 low spin core to the excited electron which is
placed in the appropriate ligand orkital., In its limits, this model
predicts that the singlet and triplet MLCT transitions are degenerate
when ez/rij and 7 are Z:Lro. Crosby's analysis of the luminescence
arising from Ru(bipy), suggests that cff-diagonal matrix elements
due to spin orbit coupling are larger (~1000 cm” ) than those due to
the ez/r-.1j elements (100 cm™) involving an electron on the ligands
and the d core. Thus assigning spin labels to the various states
arising from this analysis has little justification except for deter-

mining the allowedness of the transition. A more complete

discussion of the comparison between the M(CNAr), (M = Cr, Mo, W)
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and M{bipy). (M = Fe, Ru, Os) is includsd in the section
discussing the emission results.

| Up to this point, the electronic structure of the M(CNAr),
complexes has been discussed in terms of idealized T}, symmetry.
Crystallographic and infrared data show however that the M~CN
linkage in Cr(CNPh), is bent to 173° lowering the symmetry

of the complex to S; symmetry. The data suggest that the
disfortion is also present in solution sinhce solid state and
solution IR spectra are identical and consistent with S, symmetry.
The observed distortion can be rationalized in terms of a second
order Jahn-~Teller distortiongo—32 of the ground state which can be
formulated as foliows. The second order Jahn-Teller effect states

that the energy of the ground electronic state is given by
2 2
E = By + £,Q + @

where E, is the energy of the unperturbed wavefunction ¥, Q.1 is
the normal vibrational cocrdinate and fo & and { ok contribute to the
force constant of the normal mode. The constant foo cons ists of
matrix elements containing ¢, only, but £ il is of the form

Ju 2
W< o |5Q; 9 >) /(B - Ep)
k

Consequently, for matrix elements of this form to be non-zero, the
direct product of I‘Ol“k must contain I‘Q. Thus a normal vibrational
mode of proper symmetry I‘Q can mix the excited state zpk into the

ground state ¥ 5 causing a ground state distortion in the normal
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coordinate I‘Qi provided that the energy gap EO - Ek is small
(less than 30,000 cm”™ and that the excited state which is
coupled to the ground state via this mechanism is distorted.
MLCT excited states can be expected to be substantially via
bending of the M-CN bond angle to relieve the electron density
build up.

For a molecule M(CNPh), constrained to have perfect Th

symmetry, the ground state will be (t g)6 = 1A. o the lowest excited
5 i 4 5 1, 1

states are MLCT states (t){t) and (;,) @:g5 (2T, + A, + E_and

1 1 1 5

2 Tg + Ag + Eg), respectively. Since the (tg) (tgj cne electron

excitation corresponds to exciting an clectron from the metal tg
orbitals (which are bonding) to the tg m* orbifals (the antibonding
a_, or e _normal
g “g’ g °
mode is parity allowed. The mode along which the ground state is

analog of the metal t g) a distortion along a t

distorted is the t o symmetric bending mode which simultaneously
reduces all the M-C=N bond angles. Thus the data are clearly
consistent with the operation of this mechanism.

Further evidence for the occurrence of a second order Jahn-
Teller distorted ground state is obtained from the temperature
dependence of the uv-vis spectra of M(CNIph), and M(CNDph), which
are shown inFigures 13-16 . The spectra of these complexes in
2 MeTHTF or 2 Me pentane show drastic changes in intensity in
cooling to 77 K,suggestive of some sort of gross structural changes.
32,33

As has been previously noted in the systems, changes in the



Figure 13.

(3]
]

Electronic absorption spectra of Cr(CNIph), in
2-Methylpentane at 77 K (upper curve) and

298 K (lower curve).
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Figure 14, Electronic absorption spectra of Mo(CNIph), in
2-Methylpentane at 77 X (upper curve) and

298 X (lower curve).
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spectra with temperature such as these are also consistent with
second order Jahn-Teller distorted ground state. Based on
simplistic arguments from the spectra in Figure 15 it appears that
the structure of the complexes containing CNDph become less
distorted on cooling while those of CNIph become more distorted.
Both cf these cases as well as the case where no change is
observed (Ar =Ph) have previously been observed in other systemszfl"‘??’
Low temperature solution infrared data would be especially helpful

in accessing the structural changes which are occurring on cooling

in these M(CNAr), systems.

In vi ew of the complicated nature of the spectral details
involved in assigning more specific labels to the various electronic
transitions present in these systems it would not be warranted to
pursue assignments further without data of more detailed
nature. Of major importance here is that these ambiguities
are recognized and could be resolved by expanding the simplified
meodel presented. Further experiments designed to elucidate the

electronic structure of these complexes are in progress.

The Electronic Spectra of the d_ Systems

The spectral data for Mn(CNPh)G2+ and Cr(CNIph), are given
in Table1l ., The ground state of both of these complexes has been
showns’ = to be low spin (tg)s. The low temperature spectrum of
[ Mn(CNPh)g] (PFy), exhibits a structured low energy sysfem (18.2,

20.4 kK) attributable to the LMCT transition o(CNPh) — tg‘ Similar



' R
!
i
Eoin
e
£ s
b
\
o
(SO |
-
(.
oIy
it
.
(%

Figure 15. Electronic absorption spectra of Cr(CNDPh), in

2-Methylpentane at 77 K (upper curve) and
298 X (lower curve).
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Figure 16, Electronic absorption spectra of Mo(CNDph), in
2-Methylpentane at 77 X (upper curve) and

298 K (lower curve).
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low energy LMCT bands have heen observed in Fe(CN)GS_ and
Mn(CN)Gq—.M The two observed peaks in the 0(CNPh) — tg system
may be assigned to components of a vibrational progression in the
symmetrical C=N siretching motion. The excited state value of
about 2200 cm™ for this vibration is reasonable.

The spectrura of Cr(CNIph),  is similar to the Mn(II)
spectrum showing allowed MLCT bands at 36.2kK and 22,75 kK very
close to the values for Cr(CNIph),. In addition the LMCT band
which occurs at 18,2 and 20.4 kK in the Mn(iI) system is observed
at 28.2, 27.0 kK in the Cr(I) system. This substantial blue shift
(8.6 kK) is in line with a net destabilization of the t o level in Cr(})
relative to Mn(II) making the Cr(I) complex harder to reduce.

12,35, 36 are in line with this

Electrochemical redox potentials
argument predicting a shift of about 5.5 kK in the LMCT band.

It is of some interest that the MLCT bands in the (dr)°
M(CNPh)GZ complexes are substantially lower in energy than
corresponding peaks in M(CO)GZ analogs (Table 12). The lower
energies of dr - 7* transitions are probably due in part to the
effects of enhanced o donation in the CNPh complexes, which would
tend to increase the electron density on the central metal, thereby
raising the encrgies of both dv and do* levels relative to carbonyl
analogs. The splitting of 'ﬁ*CN(ﬂV* < ﬂh*) by interaction with
aromatic ring orbitals must also play an important role, as judged
by the high energy of the observed dr - 7* band in 1\4711(CNM9)6+

(43.1 kK). - Preferential stabilization of WV*, of course, is not



Table 12. Energies of MLCT Transilions in M(CO),” and

M(CNPh),” Complexes

Cr(0)

Mo (0)

W(0)

61

dr ~ 7*(CQ), KK

2 Acelonitrile solution, 300 K; Ref. 34.

P This work.

35.17

43.
34
42
34.
43.
44,
49,

6

.6
-8

7

dr — 7*(CNPhL), kK

b

21.8

25

26,
22,
21,
29,
31.

N - L

.4
22.

1
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available to alkylisocyanide ligands. It follows that stabilization of
low~oxidation ground states of metals through dr back donation to
7rv* should be much more pronounced in aryl- than in alkylisocyanide

complexes.

Emission Properties

The complexes M(CNAr), where M = Cr, Mo, W and
Ar = Ph, DPh, Iph,4-ClPhwere 2ll found to show unstructured
emission at 77 K in 2-MeTHF glass. The peak positions, width at -
half height, and excitation wavelengths are given in Table 13.
Complexes of all three metals were also found to luminesce in fluid
solutions of pyridine, Xylene, 2 MeTHF, 2 Me pentane, and Me
cyclohexane. The emission maxima of W(CNPh), and W(CNIph), at
298 X were found to be only slightly solvent dependent (the values
are given in Table14). No emissionat298 K was observed from the Cr(I),
Cr(1), Mn(l), Mn(l), Mo(l), Mo(X), W(), W(I) complexes. The
emission from the Cr(0) complexesatroom temperature was extremely
weak. Information regarding the room temperature emission
properties of the complexes in pyridine are reported in Table 13 .
The emission quantum yields for some selected complexes of Mo and
W at 77 K are given in Table 15, The lifetimes of several of the

complexes at 77 and 298 K in 2-Me-pentane are given in
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Table 14. Emission Maxima® as a Function of Solvent at 298 K

Iso-octane p-Xylene Pyridine
W (Iph), o071 076 581

W(CNPh), - 591 603

In nm.
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Table 15. Emission Quantum Yields® at 77 K

W(CNPh), - 0.93+0.07
W(pCNPLCY), 0.68 +0.08
W(CNDph), 0.67 + 0,10
Mo(CNPh), 0.78 + 0,08
Mo (pCNPhCI), 0.71 +0.08

& Excitation wavelength 450 nm, Ru(bipyridine),Cl, (¢ = 0.376 +
0.037) optical densities were matched under the conditions of

the measurements.
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Table 16. EmissionLifetime Data for Selected M(CNAr),

Coraplexes
T Observed™’ By
278 K 77 K

Cr(CNIph), -- < 10 nanosec

Mo (CNIph), 43 + 2 nanosec 40.2 + 0.5 microsec
W(CNIph), 83 + 2 nanosec 7.8+ 0.5 microsec
Cr(CNDph), -- <10 nanosec
Mo(CNDph), 21 + 2 nanosec 22.8 + 0.5 microsec

4 Monitored at 580 nm.
b \reasured by Steve Milder, California Institute of Technology.
€ In 2-methylpentane.
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Table 16 . Typical emission spectra at 77 K are shown for

M(CNPh); (M =Cr, Mo, W) in Figures 17, 18, and 19,

In view of the similarities in the absorption spectra and the
gross similarities of the emission spectra, the luminescence
observed in the complexes of all three metals is reasonably assigned
to a ligand to metal charge transfer. The differences in the emission
propertics place the Mo and W complexes together while the Cr
emissions have the more unique characters. The Stoke's shifts
observed for the Cr complexes are larger than in the corresponding
Mo and W complexes, suggesting that the excited state geometry in
the Cr complexes is more distorted relative to the ground state. The
emission hali-widths for the Cr complexes are about a factor of two
broader than the Mo or W complexes. The lifetimes of the Cr
complexes'emission are much shorter (< 10 msec vs. 50 pusec at
77 K) than the Mo and W complexes.

The quantum efficiency at 77 K for the Mo and W complexes
measured were all quite high while the Cr complexes were estimated
to be at least a factor of 10 smaller. Thus in many aspects the
emission arising from the Cr complexes is significantly different
from that arising from the Mo and W complexes. Any model
describing the nature of the emitting excited states must be able to

account for these differences.
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Figure 17, Absorption spectrum (——) and emission spectrum

(==-) of Cr(CNPh),; at 77 X in 2-methylTHF glass.
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Figure 18. Absorption spectrum (—) and emission spectrum

(~=-) of Mo(CNPh), at 77 K in 2-methylTHF glass
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Characterization cf the emitting states in terms of a good
working model is also important in describing their photochem ical
properties. Since excitation spectra are similar to the absorption
spectra in all cases, rapid relaxation to the lowest emitting state(s)
is suggested. This suggests that excitations into the bands at
x> 300 nm will populate the emitting state(s) which are also
responsible for the observed photochemistry. Thus by studying the
nature of the emitting state(s) in these complexes, one most likely
is studying the states responsible for the observed phdochemistry.

The model which best seems to explain the limited emission
results here is the model of Crosby, 48,2 et al. which has been
developed to explain the emission spectra of Ru(bipy)32+ complexes,
The results are so strikingly similar for the M(CNAr), (M = Cr, Mo,
W) and M(bipy)32+ (M = Fe, Ru, Os) that a common model is
literally demanded. First, a short review of the absorption emission
properties of M(b'_lpy)g2+ complexes is in order.

The absorption spectra of the low spin d'3 complexes of the
form M(bipy) 32+ where M = Fe, Ru, Os are extremely similar to
one anothel‘,37'43 showing intense (¢ ~ 10,000 - 20,000) MLCT
bands of virtually identical energy and band shape. The spectrum of
the Os complex%o however, has some additional bands of moderate
intensity (e ~ 4000) at lower energy. Spectra are reproduced here

from references 37 and 40 (Figure 20).



+
Figure 20. Spectral data for M(bipy) 32

(M = Fe, Ru, Os);
(A) from ref. 37; (B) from ref. 40; (C) from

ref. 40.
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Figure 2. Relative quantum yield (a) and absorption spectrum
(b) of tris(2,2"-bipyridine)ruthenium(Il) chloride in an ethanol-
methanol glass (4:1, v/v) at 77°K: (a) 3.4 X 1077 A in a 1.76-cm
cell; (b) curve A {right-hr 1d scale), 1.32 X 10~% A in a 1.76-cm
cell; curve B (left-hand scale), 2.65 X 10-5 Af in a 1.76-cm cell.
Dotted curve is the estimated contribution of the singlet-triplet
absorption.
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Figure 5. Relative quantum vield (a) and absorption spectrum
(b) of tris(2.2'-bipyridincjosmium(1l) todide in an ethanol-meth-
anol glass (1:1, viv) at 77°K.: (a) 7.2 X 1077 AMfin a 1.76-cm ceil,
(b)6.73 X 107% Mand 1.35 X 107 A in 1.76-cm cells.



The gross emission characteristics of these systems are
that no emission is observed for the Fe system while intense

44 and 0340

emission is observed for the Ru systems.

In the case of the Os complex, the emission band is found to
show good overlap with the low intensity absorption peaks, while the
emission spectrum of the Ru complex barely overlaps the higher
intensity absorption band,.40 That the Fe complex shows no CT

31 who have

emission is supported by the work of Piper, et al.,
shown that a weak d-d band is probably present on the low energy
absorption tail of the intense charge transfer transition.

The emission lifetimes and quantum yields (at 77 K) are
similar for the Ru and Os complexes but show some differences.

Both the quantum yield and the lifetime are smaller in the Os
complex (discussions of this are in references 40 and 45).

In Table 17 the data available on the emission properties of
the isocyanides and the bipyridine complexes are compared. The
similarities are striking.

The detailed work on the emission spectrum of Ru(bipy) 32+
and related complexes has led to the formulation of a weak coupling
modelzg’ 42 which explains all the experimental results for the Ru
complexes. In simple terms the model for MICT {ransitions couples
the d low spin core levels with the excited electron placed in an
appropriate ligand orbital. Since the excited electron is localized

mostly on the ligands, electron repulsion terms between it and the

core electron are much smaller than those found in normal ci—ci



2.{_
M(bipy), (M = Fe, Ru, Os) Complexes

Cr
Mo

Fe
Ru
Os

M(CNAr),
¢ TTK TR T 298 K
<0.07 < 10nsec --
~0.7 4C.2 psec 43 nsec
~0.7 7.6 usec 83 nsec

2+

M(bipy),
0. 376 5.21 pusec 0.6 nsec
0.0348 0.89 usec 19.2 nsec
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transitions (100 cm™ vs.>1000 cm™). Since the spin orbit coupling
in.Ru is several thousand cm"l, the spin orbit perturbation terms
are far more important than the terms arising from the electron
repulsion, Thus the emission from the lowest excited states
of Ru(kipy) 32+ has been shown to possess both singlet and triplet-
character. Since both types of states can be thermally populated,
at appropriate temperatures, the spin allowedness of the emission
is a strong function of temperature,

This model, when applied to the isocyanides of Cr(0), Mo(0),
W(0) gives the following results consistent with the data, As one
goes to the heavier metals, the spin orbit coupling and the crystal
field splitting should increase. Thus in the Cr complexes where the
spin orbit coupling and the crystal field splittings are smaller, the
lowest CT excited states will have a small amount of d-d character
mixed into them and the energy differences between "singlet" and
"triplet” spin orbit states will be small. The emission bands arising
from such a "CT singlet with some d-d character’ should have:
1) a very short lifetime since it is mainly spin allowed due to the
small value of x; 2) good overlap with the CT "singlet' absorption
band; 3) show a fair Stoke's shift and 4) be reasonably broad. This
description fits the emission spectra observed for the Cr complexes
very well.

The heavier metals (Mo and W) where the spin orbit coupling
is quite large and the crystal field splitting is also large, should

show: 2) lessened d-d character in the emission band(s) resulting
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in narrower emission band(s) and a smaller Stoke's shift; 2) longer
lifetimes reflecting the increasing 'forbiddeness' of the emission
modified to account for the exact thermal population of the spin
orbit states populated and 3) enhanced absorption due to the spin
orbit allowed transitions like those seen in the low ener gy region of
Os(bipy)32+, (These are observed in the W spectra, see Figure 19 .)

Since only detailed lifetime and quantum yield measurements
as a function of temperature can sort out the exact disposition of
states contributing to the emission spectra, further discussion at
this time seems unwarranted. It will be interesting to see i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>