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but in no case did any additional features appear or any significant 
change in band intensity occur. 

In all cases the value of x (and y )  quoted refers to the molar ratios 
of components in the initial mixture from which mixed crystals were 
made. 
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A photochemical mechanism is proposed which accounts for almost all the experimental data on matrix-isolated M(CO)5 
(M = Cr, Mo, W), N,M(CO),, and M(CO)&S. The mechanism is based on evidence obtained by polarized photolysis 
and polarized spectroscopy of square-pyramidal (spy) L.-M(CO), (L = Ar, Xe, N2 etc.) species. Polarized photolysis 
of Ar.-Mo(CO), in mixed Ar/N, matrices leaves oriented A~.-MO(CO)~, but the photoproduct N,Mo(CO), is randomly 
oriented. Other reactions of this type also exhibit dichroic photodepletion without dichroic photoproduction. In pure matrices 
polarized photolysis of m..M(CO), (m = matrix) with visible light causes reorientation to positions less favorable to absorption. 
These results can be understood from a three-step mechanism consisting of (1) photochemical ejection of the sixth ligand 
m from spy m-.M(CO)5, (2) internal rearrangements of the resulting nuked M(CO), via a trigonal-bipyramidal (tbp) 
intermediate and decay back to the spy ground state in one of several orientations, (3) recombination with an alternative 
ligand, CO, Ar, N2 etc. This spy - tbp - spy process represents an inverse Berry mechanism and also accounts for many 
other aspects of the photochemistry (e.g., recombination with CO to M(C0)6). A similar mechanism also explains the 
initial formation of M(C0)5 from M(CO)6. The details of the mechanism are developed from an assignment of the 
photochemically active absorption and from molecular orbital arguments using both extended Hiickel and angular overlap 
methods. 

O n  ultraviolet photolysis of metal hexacarbonyls of chro- 
mium, molybdenum, and tungsten in low-temperature ma- 
trices, CO and square-pyramidal metal pentacarbonyls are 
generated. Irradiation of the pentacarbonyl in its visible 
absorption band results in the reversal of this reaction (eq 1).2 

(M = Cr, Mo, W; m =matrix) 

The infrared and UV/visible spectra and the photochemical 
properties of the metal pentacarbonyls have been studied under 
a wide variety of  condition^.^-' These experiments and those 
on the analogous system M(C0)SCS (M = Cr,W)8,9 have been 
summarized in a recent review.1° In this paper we describe 
in detail the additional information obtained by using polarized 
photolysis and detection (a short communication was published 

0020-1669/78/ 13 17-0147$01 .OO/O 

earlier"). We use a molecular orbital treatment to suggest 
a photochemical pathway which accounts for almost all the 
data, both new and old. 
I. Experiments with Polarized Light 

Although the use of polarized photolysis and detection in 
low-temperature glasses was described many years ago,I2 the 
technique is still new for matrix isolation." A detailed analysis 
of other applications of the method and a description of the 
experimental technique will be given e1~ewhere.l~ 

If a nonrotating molecule (of lower symmetry than cubic) 
is photolyzed with plane-polarized light in a matrix, the 
preferential absorption of the photolyzing light by molecules 
in some orientations will lead to partial orientation of the  
remaining starting material (dichroic photodepletion). If there 
were no rotation in the photochemical reaction, the product 
would be preferentially oriented in the opposite direction 
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Figure 2. Molecule with molecule-fixed axes x', y', z' held rigid in 
matrix with space-fixed axes x ,  y ,  z. Light incident along x axis can 
be polarized with electric vector along z (vertical) or y (horizontal) 
axis (adapted from ref 15). 

Mixed N,/Ar matrices 

cl Ii 
& A -  hvvert / h'horiz 

Figure 1. Schematic representation of the relationship between 
polarization of light and IR absorption of m.M(CO)j or N,M(CO)j 
in three extreme orientations in the CO stretching region. 

Table I. Proportionalities for Absorption of Polarjzed Lighta 
Transition moment 

Symmetry - Direction AvertL) AbrizO 
a1 Z'  B cos2 e B sinz e sinz @ 
e X ' ,  Y'  B' sinz o B'(cosZ e sinz @ + cosz @) 

A values are pro- a Adapted from ref 12 (Albrecht's papers). 
portional to absorbance, B and B' are absorption cross sections. 
C X ' , ~ ' ,  z '  and 0,  @ are d e f i e d  in Figure 2 .  

(dichroic photoproduction). A third phenomenon is possible 
if the starting material rotates after absorption but does not 
react. Preferential orientation then results with little or no 
depletion (photoreorientation). All three phenomena may be 
detected by infrared and UV/visible spectroscopy using po- 
larized light. 

In our experiments a carbonyl sample, very dilute in the 
matrix gas, is deposited as a film on a flat spectroscopic 
window held in the vertical plane and photolyzed with light 
perpendicular to the window.14 IR and UV/visible spectra 
are recorded with light incident in the same direction. When 
plane-polarized light is used for photolysis or detection, this 
will be represented as huVelt if the electric vector is vertical and 
hvhodz if the vector is horizontal. The effect of polarized light 
on absorption can be visualized by considering the hypothetical 
IR spectra of C,, M(CO), in three extreme orientations 
(Figure 1) (the IR-active C O  stretching modes transform as 
2al + e, while the x, y ,  z axes transform as e + al). More 
quantitatively, the probability of absorption by a single 
molecule is given by the proportionalities in Table I (axes 
defined by Figure 2).12,15 The behavior of a real sample, which 
will not reach the extremes of Figure 1, may be calculated from 
the sum of the individual molecular contributions given by 
these proportionalities. 
11. Polarized Photochemistry of M(CO)5/N2M(CO)5 in 
Mixed Matrices 

A mixture of Ar...Mo(CO), and N2Mo(CO), was gen- 
erated by unpolarized UV photolysis of M o ( C O ) ~  in a mixed 
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Figure 3. UV/visible spectrum obtained after UV photolysis of 
Mo(CO)~ in a mixed Ar/N2 (1 : l )  matrix after (a) 30 min of un- 
polarized photolysis with X -314 nm and (b) 45-min photolysis with 
X -367 nm, hv,,,: (-) spectrum polarized vertically, (- --) spectrum 
polarized horizontally. 

N2/Ar matrix ( M o ( C ~ ) ~ : A ~ : N ~  = 1:1000:1000) at 20 K.10316317 
It was then photolyzed with plane-polarized light ( A  367 
nm) in order to promote the reaction 

-367nm 
N,Mo(CO),- Ar.**Mo(CO),  + N, 

The UV/visible spectra of both N,Mo(CO), and Ar- 
Mo(CQ), are initially identical for the two polarizer orien- 
tations (AYelt = Ahorlz) indicating the random orientation of 
the sample (Figure 3a). On polarized photolysis the 
NzMo(CO), absorption develops dichroism (Figure 3b) in- 
dicating partial orientation. On the other hand the Ar-- 
Mo(CO), increases in intensity but remains randomly oriented. 
The orientation of the N,Mo(CO), is expected according to 
the theory of dichroic photodepletion (see above). The lack 
of orientation of the product AP-Mo(CO)~ demonstrates that 
there is motion during the reaction, which prevents the ob- 
servation of dichroic photoprod~ction. '~ These effects are 
found both in the I R  nd UV spectra in mixed N2/Ar and 
N2/CH4 matrices. 

When the reverse reaction 
432 nm Ar... Mo(CO), f N,-N,Mo(CO), 

is promoted with polarized light, it is the Ar-Mo(CO), which 
becomes partially oriented, while the N2Mo(CO), remains 
randomly oriented. Thus we are again observing dichroic 
photodepletion without dichroic photoproduction. The re- 
actions are summarized in Table 11. As has been observed 
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Table 11. Polarized Photolysis of Ar... Mo(CO), and N,Mo(CO), 

Photolysis 
wavelength, 

nm Ar**.Mo(CO),a N,Mo(CO),' 

367 R throughout R + 0 
432 R+O R throughout 

a Key: R = random, 0 = oriented. 

Table 111. Absorbances of Visible Band (A, -489 nm) of 
CH,..*Cr(CO), in  Pure CH, Following Polarized Visible 
Photolysis (A >375 nm)  

Photolysis Absorbance 
Polarization time,= min Horiz Vert 

Unpol 0 0.28 0.28 
Vert 1 0.28 0.25 
Horiz 25 0.21 0.28 
Vert 10 0.25 0.19 

a These times refer to  sequential photolyses in the same 
experiment. 

in other matrix reactions, there must be some motion during 
the photochemical act which randomizes the orientation of the 
photoproduct. l3  

111. Polarized Photolysis in Pure Matrices 
When a sample of CH4-Cr(CO)5, generated by unpolarized 

UV photolysis of Cr(C0)6  in pure CHI, is photolyzed with 
hvVert ( A  >375 nm), the visible spectrum shows developing 
linear dichroism in the CH4-.Cr(C0),. On further photolysis 
with hvhoriz the dichroism observed in the spectrum is reversed. 
A second reversal may be induced by photolyzing again with 
hv,~." The absorbances measured in these experiments show 
that each reversal is accompanied by an increase in optical 
density of one polarization relative to the previous spectrum 
(Table 111). Similar results were obtained by photolyzing 
N2Cr(C0), in pure Nz (Figure 4) or Ar...Cr(CO), in pure Ar, 
in the appropriate visible band. In all these experiments any 
dichroism is destroyed by photolyzing with unpolarized light. 

The linear dichroism in these spectra indicates preferential 
orientation of m..Cr(CO)s (m = matrix), just as in the ex- 
periments in mixed matrices. Each time the sample of 
Cr(CO), is photolyzed with visible light there is some con- 
version to Cr(C0)6. However, the increase in intensity of one 
polarization demonstrates that the molecules are being re- 
oriented to positions where they have a lower probability of 
absorbing the incident radiation. This is the phenomenon of 
photoreorientation mentioned in section I as the third possible 
effect of polarized photolysis. It can be observed here because 
the rate of reorientation is comparable to that of recombi- 
nation. In the experiments in mixed matrices the higher rate 
of reaction precluded the detection of photoreorientation. 

The preferential orientation of a sample may be detected 
both in the IR and in the UV/visible spectra." 

Since the symmetry of the CO stretching modes is known,3 
the symmetry of the transition moments for the UV/visible 
bands may be deduced. The behavior of the longest wave- 
length UV/visible absorptions of both M(CO), and NzM- 
(CO), mirrors that of the IR bands of species e and is the 
opposite to those of species a l  (see ref 3). Thus the longest 
wavelength UV/visible absorption bands must have a transition 
moment of species e. The consistency of the polarization data 
with the photochemical activity of these bands may be tested 
by comparing the polarization of the absorption with that used 
for photolysis. As expected it is A,,,, which decreases fastest 
on photolysis with hvvOrt. 

The symmetry of the visible band may be used to specify 
the spatial orientation (relative to laboratory axes) of the 
oriented samples. With huVert, m-Cr(CO), accumulates with 
the fourfold axis uerticaf. This process of turning over of 

N,Cr(CO), in N2 matrix 

,- polarised vert. __-___ oolarised horiz. 

I I I ,  I I I ,  I I I ,  I I 
400 340" 400 340' ' 400 340 " 400 340 

nm 

Figure 4. Effect of polarized photolysis on the near-UV absorption 
of N2Cr(CO)s in pure N 2  (a) after 20 min of unpolarized photolysis 
of Cr(C0)G in Nz, h -314 nm, and photolysis with h -367 nm, (b) 
with hvVert, 20 min, (c) with hvhorlz, 30 min, and (d) with hvVert, 15 
min: (-) spectrum polarized vertically, (- - -) spectrum polarized 
horizontally. 

m--Cr(C0)5 on polarized visible ir;adiation is illustrated in 
eq 4. Although this process might be expected to continue 

h"horir. \ /  hV,erl 

/ \  
m .Cr(CO)s - m ......... Cr - - \1/ (4) 

/ i\ random 

m 

until the sample was completely oriented (a dichroic ratio18 
of l), we have never observed a dichroic ratio in excess of 0.15. 
This can be attributed both to the symmetry species of the 
absorption bands and to the imperfections of our spectral 
setup.13 It should be noted that the matrix may be kept 
indefinitely without loss of dichroism, and it may even be 
annealed to temperatures above 40 K without affecting the 
degree of polarization. Further experiments in which dichroic 
samples were annealed are discussed in section V. 

The ability to maintain oriented samples demonstrates the 
lack of fluxionality of the ground state of d6 M(CO), at these 
temperatures. Fe(CO)5, a molecule which is still fluxional at  
100 K, can also be preferentially oriented in a matrix.Ig By 
analogy, d6 M(CO), could be fluxional in its ground electronic 
state at higher temperatures even though it is rigid at 20 K. 
IV. Polarization Experiments with W(CO)&S 

When W(CO)5CS is photolyzed in matrices, W(CO)4CS 
is generated in two isomeric forms, with the CS group oc- 
cupying either axial or equatorial positions of a square-py- 
ramidal structure. Isomerization of the M(C0)4CS can be 
induced by selective photolysis.8 As described earlier8 pho- 
tolysis of M(CO)&S with plane-polarized light (A -300 nm) 
leaves an oriented sample of unreacted M(CO)&S. This 
represents an example of dichroic photodepletion in the re- 
action to lose CO from the six-coordinate starting material. 
Stereospecifically labeled trans-( l3CO) W(CO)4CS has been 
used to demonstrateg that isomerization is an integral step in 
the photochemical generation of W(CO)&S (eq 5) .  The 

S S 

\ I / l C ? t d n m  

' I \  - - - - - / -  
.~ _ - .  . ..... 

> t C o  (5) ' W T  MW. 

/ '13~0 
i 

A i  
I 

'3 c 
0 

t A 



150 Inorganic Chemistry, Vol. 17, No. 1, 1978 

m o o  1980 1960 2000 1980 1960 2000 i sao  1960 

Burdett et al. 

6 

Figure 5. Annealing behavior. IR spectra of W(CO)6 in SF6/C0 
(20:l) (a) at 20 K, (b) after 10 min of photolysis with h -230 nm-5 

W(CO)5, and (c) after warming to 40 K for 8 min and recooling 
to 20 K. 

isomerization was shown to take place in an excited state of 
the fragment, Le., after ejection of CO and not in the parent 
molecule. 

In order to clarify the processes occurring in this reaction 
we photolyzed a sample of ~ ~ U ~ S - ( ’ ~ C O ) W ( C O ) ~ C S  (t) with 
polarized light (A C314 nm, see eq 3, ref 9). As expected, t 
remaining after photolysis showed considerable linear di- 
chroism. Unlike the reactions of N2M(CO), there was a 
reproducible but smaller orientation of the product Ar- + .- 
(13CO)W(CO)3CS (A) in the opposite direction (Le., the a’’ 
mode of A had the opposite polarization to the e mode of t ) .  
The sample was then irradiated with unpolarized visible light 
(A >375 nm). No trace of dichroism was found in the IR 
bands of the regenerated c ~ s - ( ’ ~ C O ) W ( C O ) ~ C S  (c) even 
though the bands o f t  still remained polarized after irradiation. 

The smaller polarization of the product A than of the 
starting material t shows that dichroic photoproduction was 
incomplete. Therefore, UV photolysis o f t  not only causes a 
change in the relative positions of the 13C0 and C S  groups 
from trans to cis but also a substantial rotation of either the 
CS or the 13C0 groups relative to the laboratory axes. The 
randomization of the final product c imples that a further 
rotation takes place during the recombination with CO. 
V. Thermal Behavior of M(C0)5 

When M(CO), is generated in pure Ar matrices, it is not 
observed to recombine with CO on warming the matrix to 40 
K. However, if the matrix is doped with a few percent CO, 
some of the M(CO), recombines with CO on anr~ealing.~.~ The 
polarization experiments suggest that the photochemical 
recombination of M(CO)5 with CO is associated with re- 
orientation of M(CO), in the matrix (see below). On an- 
nealing an oriented sample, no loss of polarization is observed 
(section 111). These observations lead to the hypothesis that 
the lack of recombination of M(CO), in pure Ar is related to 
the inability of M(CO), to reorient at  40 K. In order to test 
this theory, we have studied the thermal behavior of M(CO), 
in SF6 matrices which have a much larger annealing range 
than Ar. 

Figure 5 shows the results of experiments involving the 
photochemical generation of W(CO)5 in SFs followed by 
annealing. Recombination with CO occurs whether or not the 
matrix is doped with excess CO, but it is much faster in 
CO-doped matrices. We have also generated Cr(CO), in a 
PVC film doped with T H F  at 77 K. Warming the film to 120 
f 20 K resulted in the smooth conversion of Cr(C0)5 into 
Cr(CO)6 and Cr(CO),THF. 

Generation of oriented samples of W(CO), in SF6 was 
hampered by rapid photochemical regeneration of W(CO)6. 
However, oriented samples did not appear to lose dichroism 
when thermal recombination began. The implication of these 

and previous experiments is that thermal recombination re- 
quires a suitably positioned CO molecule and that there is no 
reorientation of the fragment before recombination. 
VI. Mechanistic Consequences of the ~ x p e ~ ~ m e ~ ~ s  

The polarization experiments have demonstrated the motion 
inherent in the photochemical act occurring on visible irra- 
diation of m-.M(CO)5. The association between facile 
photochemical recombination and changes in the orientation 
of M(CO), may be contrasted with the reluctance of M(CO), 
to undergo thermal recombination with CQ or thermal re- 
orientation. According to the mechanism described in the first 
paper in this series,2 the photochemical recombination of 
M(CO), with CO is a thermal effect caused by the production 
of a local hot spot around the absorbing molecule. The GO 
diffuses in the resulting “local SOUP’’ and recombines with the 
carbonyl fragment. Since the publication of that paper, both 
theoretica120121 and experimental evidence have become 
available showing that any excess energy is dissipated very 
rapidly with minimal disturbance of the cage. In particular, 
Brus and Bondybey’’ have examined emission from IC1 in 
matrices and shown that “there is no evidence for a transient 
local “hot spot” of well defined temperature”. 

Many of the observations on M(CO), and M(CO)4CS 
described earlier could be explained by local heating if the local 
temperatures were in excess of 80 K. However, in view of the 
evidence against a hot spot, alternative mechanisms muse be 
examined.23 

In two-component mixed matrices two M(CO)5 species are 
observed corresponding to stereospecific interaction of M(CO), 
with one or other component through the sixth coordination 
position (e.g., Ar-.M(CO)5 and N,M(CO), in Ar/N2 ma- 
trices). These two species can be interconverted by selective 
visible p h o t ~ l y s i s . ~ ~ ’ ~  These ligand exchange experiments 
strongly suggest that the sixth ligand of LM(CO)5 (L = Ar, 
N2 etc.) is photochemically ejected and that this ligand is then 
replaced by another one. The isomerization of IvI(CO)~CS 
indicates that the photochemical act involves an internal 
rearrar~gement ,~,~ while the polarization results require a 
rotation (either real or apparent) of the carbonyl molecule. 
These requirements can be accommodated in the following 
three-step mechanism: (a) expulsion of L from LM(CO), (6, 
= Ar, N2 etc.); (b) internal rearrangement of M(CO)5, re- 
sulting in axial-equatorial ligand exchange and an apparent 
rotation; (c) recombination with a sixth ligand L’ to give 
L’M(CO)5 (L’ = CO, Ar, N2 etc.). 

So far we have discussed only the photolysis of LM(CO),, 
m-M(CO),, and related species. However, the photolysis of 
M(CO)6 and M(CO),CS also poses mechanistic problems in 
the initial escape of the ejected CO and the rearrangement 
of the 13C0 and CS labeled molecule, eq 5. There is no 
inherent reason why the initial loss of CO should proceed by 
the same mechanism as that for the reverse reaction, since 
different electronic states may be involved. Nevetheless, we 
favor a more complete mechanism than simple diffusion of 
the escaping C O  in a local hot spot because (a) the CO does 
not escape from the cage on initial photolysis3 and (b) the 
photolysis of I ~ ~ ~ S - ( ’ ~ C O ) W ( C O ) ~ C S ~  involves an internal 
rearrangement. The evidence is consistent with a three-step 
process analogous to that proposed above with L = CO. 
VII. Assignment of the UV/Visible Spectrum of 
m-*M(C0)5 and Its Consequences 

In this section and the next we turn to molecular orbital 
arguments to define the pathway more closely. The validity 
of the first step of the proposed mechanism (ligand expulsion) 
can be tested from the assignment of the visible band of 
M(CO), and by comparison with the behavior of LM(CO)5 
complexes in solution. The d-orbital splitting diagram for C,, 
M(CO), is illustrated in Figure 6a.24 We have shown above 
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SPY tbp 

(a) (b) 

Figure 6. d orbital splitting diagrams for (a) square-pyramidal (spy) 
and (b) trigonal-bipyramidal (tbp) M(C0)5 (d6). 

that the transition moment for the visible band has species e 
symmetry. This is consistent with the assignment of the band 
to the e - a l  (d,z) transition, which has been adopted by us 
for the matrix species4 and by most quthors for stable LM- 
(CO)s c ~ m p l e x e s . ~ ~ , ~ ~  It is not, however, conclusive proof, since 
both the e - bl and some components of the e - a* C O  
transitions also have e symmetry. 

The assignment of the longest wavelength band of LM(CO)5 
complexes which are stable at room temperature to the e - 
a l  transition is justified as follows. Irradiation of these 
complexes in solution in this band leads to loss of either L or 
CO, with a much higher quantum yield for loss of L than for 
C0.25 Loss of L is expected on population of the a l  (dZz) 
orbital since the greatest antibonding character of this orbital 
is associated with the ligand L rather than the CO ligands.24 
In contrast, population of the bl (dXz+) orbital should lead 
to expulsion of equatorial CO because of the M-C u-anti- 
bonding character in the xy plane. Since the a* CO orbitals 
are probably M-C bonding, CO loss is not expected for C O  
charge-transfer states.27 Thus irradiation into band A must 
lead to population of the a l  (dpz) orbital either directly or by 
internal conversion. That direct population occurs has been 
proved by some elegant experiments of Wrighton et a1.28 

The long-wavelength band of the matrix-isolated m-M-  
(CO)5 (m = matrix) complex corresponds in wavelength, 
intensity, and photochemistry to that of stable LM(CO)5 
complexes. Thus it may safely be assigned to the e - a l  (dZz) 
transition (‘A - lE). We infer that such excitation leads 
directly to truly naked M(CO)s, which then undergoes an 
internal rearrangement in the next step of the mechanism. 

The behavior of m...M(CO)5 (m = matrix) on short- 
wavelength excitation can also be understood on this ligand 
field model. On irradiation into the M - a* CO charge- 
transfer band29 at  about 245 nm, both CO loss and recom- 
bination with CO are observed. The photoreactions probably 
result from internal conversion to ligand field states with 
population of the dg-9 orbital leading to loss of equatorial CO 
or population of the dZz orbital leading to loss of M and re- 
combination with CO. Stable LM(CO)S complexes also show 
an increasing quantum yield for CO loss at shorter wave- 
lengt hs.25929 
VIII. Electronic Structure of M(C0)5 and Internal 
Rearrangements 

Both Burdett30 and Elian and H ~ f f m a n n ~ ~  have reported 
the analysis of numerous binary metal carbonyl geometries 

Table IV. d-Orbital Stabilization Energiesa of M(C0) 
(units of f lu Su2) 

Orbital 
occupation 

Configuration M noUb  tbp spy Cz,: 

d6  low spin Cr 22 200 7.75 10 8 
d6  intermediate spin Cr 22 110 7.75 8 7.75 
d7 low spin Mn 2 2 2 1 0  6.625 8 6.15 
d’ low spin Fe 22 220 5.5 6 5.5 
a Calculated from the angular overlap model.3z The number 

of electrons in each d orbital, working upward in energy, e.g., 
for spy Cr(CO), (see Figure 6) d6  low spin is “bZze2ez” and d6  in- 
termediate spin is “b2 2e%1a,1”. Structure as in (7) (see later). 

by extended Huckel MO calculations with gratifyingly similar 
results. Veillard et have reported ab initio calculations 
on V(CO)=,, Mn(CO)S, and Fe(C0)5 and very recently have 
examined Cr(CO)5 itself. Burdett3* has also examined the 
geometries of such systems in terms of competition between 
a d-orbital stabilization energy favoring a square-pyramidal 
(spy geometry) and the repulsion forces favoring a trigo- 
nal-bipyramidal (tbp) geometry. Encouragingly, this angular 
overlap model, the two sets of extended Huckel calculations, 
and the ab initio calculations agree in predicting a spy ge- 
ometry for d6 M(CO), in the singlet ground state. Here we 
use both new and published MO results to examine the 
plausibility of the mechanism and to predict the structure of 
electronically excited M(C0)5. 

Table IV shows the d-orbital stabilization energies obtained 
from the angular overlap model for three five-coordinate 
geometries (see ref 32). The argument may be illustrated using 
d8 Fe(CO)s and d6 Cr(CO)s as examples. Although the 
stabilization energy for Fe(CO)5 favors a spy geometry, the 
margin of stability over the tbp structure is so small (0.5 (3, 
S:) that the repulsion forces cause adoption of the tbp ge- 
ometry. For Cr(CO)5 the substantial margin by which the 
spy geometry is favored (2.25 (3, S:) is sufficient to stabilize 
the molecule in this geometry. 

The MO analyses also account for much of the behavior 
of d6 spy M(CO)5. The lowest three d orbitals (see Figure 
6a) are primarily involved in a bonding. The LUMO is mainly 
u antibonding; in addition to dzz character, it contains a 
significant contribution from the ( n  + 1)s and (n + l)p, metal 
orbitals. Elian and Hoffmann have shown that this a l  orbital 
protrudes from the base of the square pyramid and has an ideal 
shape and energy to act as an acceptor orbital for interaction 
with the sixth ligand (1). Thus it is not surprising to find that 

‘M b 
’(J‘ 

1 

Cr(CO)5 is so sensitive to interaction with the matrix material 
via this ~ite.~,’O On the other hand, this interaction is certainly 
too small to be the principal cause of the preference for a spy 
rather than a tbp geometry (e.g., the Ne...Cr(CO)s interaction 
energy must be extremely small). 

Three sets of a ~ t h o r s ~ ~ * ~ O J ~  have shown independently that 
the relative energy of the d orbitals in these spy systems is very 
sensitive to the droop angle, 8, of the molecule (1). All agree 
that the e - a l  energy separation increases as the angle 
decreases from 100 to 90’. We have found evidence for an 
increase in this angle from Xe...Cr(CO)5 to Ar...Cr(C0)5.4,10 
Accordingly we have attributed the extreme sensitivity of the 
position of the visible band of M(CO), to a combination of 
(a) a direct bonding interaction with the a l  orbital and (b) a 
decrease in the droop angle. Both these effects act in concert 
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C4Y D3 h c4 ” 
Figure 7. Energy diagram for the ground and first excited singlet 
states of a d6 M(C0)5 fragment, a slice through the potential energy 
surface connecting square-pyramidal and trigonal-bipyramidal ge- 
ometries. (N.B. There are in fact three possible spy permutations 
connecting with each tbp.) 

to increase the separation of the e and a l  orbitals. Thus these 
considerations are entirely consistent with the assignment of 
the visible absorption band given above 
(b2’e4) ‘A,  -+ (bz2e3a,’) ‘E (6 1 

The geometry of d6 M(CO)5 in its first excited singlet state 
may be predicted to be tbp from Table IV (d6, 22 110). It is 
unlikely to be square pyramidal, since the stabilization of this 
geometry over tbp (0.25 0, S:) is less than that for Fe(CO)5, 
which is known to adopt the tbp geometry. We have confirmed 
by extended Hiickel calculations that this configuration should 
have an energy minimum a t  the tbp structure. However, 
within the singlet manifold this electronic structure (tbp: 
(e”)4(e’)2, see Figure 6b) correlates with both the ground and 
first excited states of the C4, geometry. Thus the energy 
profiles for distortion of the ground and first excited singlet 
states of the C4, structure touch at the D3h configuration 
(Figure 7) .  This effect can also be seen in terms of two 
Jahn-Teller instabilities. The ‘E C,, configuration is unstable 
with respect to the D3h geometry, but the ‘E’ D3h configuration 
is unstable with respect to the C4, structure again. Figure 7 
only shows the correlation of the lower components of the 
degenerate pairs for the ‘E and ‘E’ states of the two structures. 
The partners of these states correlate with higher energy states 
which do not concern us here. The figure is strikingly similar 
to the Renner-Teller d e ~ c r i p t i o n ~ ~  of the ground and first 
excited electronic states of NH2 and other triatomic hydrides 
with quasi-linear first excited electronic states which become 
equienergetic a t  the linear geometry (211). The geometry of 
the first excited singlet of d6 M(CO)5 may be described as 
quasi-trigonal bipyramidal. 

Since the M O  methods used above do not distinguish 
different spin states, the first excited singlet and triplet states 
are predicted to have the same energy. However, the triplet 
state with tbp geometry (3A2’) is stable with respect to the spy 
ge~met ry .~ ’  Its energy profile is described by the upper curve 
of Figure 7. 

The analysis of the geometry of the first excited singlet state 
of d6 M(CO)5 enables us to trace a possible photochemical 
pathway for X-M(CO)5 following visible excitation. In the 
ground state the molecule is trapped in potential wells of spy 
geometry; it neither rotates nor undergoes internal rear- 
rangements in the low-temperature matrix. On visible ex- 
citation the sixth ligand X (Ar, NZ, etc.) is ejected and the 

co co 

Figure 8. Photochemical behavior of ‘‘M(C0)5’’ in a mixed matrix 
containing X, Y,  Reorientation via a trigonal-bipyramidal inter- 
mediate. (Each rotation of the spy should strictly be 120°, not 90°; 
90’ angles are used here for simplicity.) Key: *, electronically excited 
state; t ,  electronically or vibrationally excited state. 

la1 ib l  (c I id1 id 

Figure 9. Molecular orbital counterpart of Figure 8, showing pro- 
duction and visible excitation of M(C0)5. 

molecule is placed in a highly vibrationally excited state 
centered a t  the tbp geometry. I t  runs “downhill” to the D3,, 
structure and then to one of the ground-state Clu structures 
where it picks up the same or a different ligand. The details 
of the energy-transfer process must await the results of further 
studies. 
IX. Photochemistry Linking M(C0)6 and M(C0)5 

We are now in a position to propose a more complete ac- 
count of the photochemical behavior of these species. A 
scheme compatible with the observations and making use of 
the molecular orbital arguments is depicted in Figure 8 in 
two-dimensional form. The M O  counterpart of the scheme 
is shown in Figure 9. The hexacarbonyl trapped in the cage 
of a matrix containing X and Y atoms loses a C O  molecule 
after UV irradiation leaving a spy M(CO)5 molecule which 
we shall assume to be in an excited electronic state. (We 
further assume for the present that this is the first excited 
singlet state, although the argument is unaffected if it is a 
triplet-see section X.) The spy geometry is unstable for this 
electronic configuration and the molecule distorts to the tbp 
geometry. The tbp geometry connects with three possible 
ground-state spy molecules to which it has an  equal chance 
of proceeding. One of them has a spatial orientation such that 
a Y atom is adjacent to the sixth site, one contains an X atom 
in this position, and the third has the same orientation as the 
electronically excited spy molecule produced intially. In the 
first two environments the CO molecule is not situated ad- 
vantageously for recombination with the carbonyl fragment 
and Y-.M(CO)5 and X.-M(C0)5 result. In the third ori- 
entation facile recombination with CO may occur to give the 
hexacarbonyl. 



Polarized Photochemistry of Cr(CO)S 

This mechanism requires that the loss of CO from M(CO)6 
should be accompanied by an excited-state rearrangement of 
the M(CO), fragment. It is unusual for photochemical 
cleavage to yield products in an excited state, but in the closely 
analogous M(C0)+2S system, such a rearrangement has been 
shown to occur in a vibrationally or electronically excited state 
of the photoproduct M(C0)4CS.9 

The route from M(CO)6 to M(CO)S accounts for the escape 
of the ejected CO from the sixth site of M(C0)s without 
leaving the cage itself. The maximum quantum yield for the 
production of m.M(CO), is predicted to be two-thirds, exactly 
equal to the value recently measured for Cr(C0)6  in cyclo- 
hexane solution (0.67)!35 The route also shows how trans- 
(13CO)W(CO)4CS can be photolyzed to yield c i ~ - ( ' ~ c O ) -  
W(CO)3CS as principal p r o d ~ c t . ~  The rearrangement takes 
place in the five-coordinate excited state via a process 
equivalent to the inverse Berry twist (see below). 

Visible irradiation of Y-.M(CO)S populates the tbp ge- 
ometry which may then give M(CO)6 (recombination) or 
X-.M(CO)s (mixed-matrix ligand exchange, section 11) or 
Y.-M(CO)s again. The photochemical recombination with 
@O will be facile if the rearrangement brings the sixth site 
of M(CO), close to the CO molecule ejected initially. The 
photoreorientation process (section 111) on visible photolysis 
is seen as a consequence of the internal rearrangement; no 
physical rotation is required, only the pseudorotation through 
120° inherent in the spy - tbp - spy interconversion (the 
inverse Berry t ~ i s t ) . ~ ~ , ~ ~  The photochemically induced 
isomerization8 of M(C0)4CS is another manifestation of the 
inverse Berry twist, which effects an axial-equatorial ligand 
exchange. The maximum quantum yield for recombination 
should be one-sixth, only one-quarter the value for the initial 
production of M(CO)5. The ratio of the quantum yield for 
production of Mo(CO)~ to that for recombination to Mo(CO)~ 
has been measured in Ar, CH4, and CO mat rice^.^ Although 
the value for Ar matrices agrees exactly with the predicted 
value (0.25), that for CH4 is quite different (0.04). Indirect 
evidence suggests intermediate values for other rare gas 
matrices. The reasons for the differences are thought to reflect 
the rates of deactivation of excited M(C0)b and M(C0)s but 
are not understood in detail. 

The scheme shown in Figure 8 has been simplified for 
two-dimensional display. In fact, two tbp molecules are 
accessible from each spy molecule, depending on which pair 
of radial ligands is depressed. By an inverse Berry twist, one 
particular square pyramid may connect with a number of other 
orientations, a conclusion which explains the randomization 
of the photoproducts of oriented A ~ - M o ( C O ) ~  and N2- 
MO(CO)~ (section 11). The implication of this mechanism for 
the photochemistry of M(CO)6 in solution is discussed 
elsewhere.1° 

The proposed mechanism involves an effective rotation of 
the M(CO)s fragment. It might be argued that such a motion 
is surprising in a "rigid" matrix at low temperature and that 
the matrix plays a more important role in the course of the 
reaction than we have suggested. In considering these ar- 
guments the following points should be noted. (i) The effective 
rotation produced by the spy - tbp - spy interconversion 
involves only very small movements of the carbonyl groups. 
The process occurs during th8 photochemical act; subsequently, 
the molecule is held rigid, at least up to the boil-off tem- 
perature of the matrix. (ii) There are no authenticated ex- 
amples known to us, in which matrix rigidity forces a gross 
change in structure relative to an unperturbed situation. (iii) 
Some recent experiments have illustrated the role of the cage 
in matrix reactions.2298 On the one hand, the high com- 
pressibility of the matrix allows the cage to accommodate 
changes in guest size incurred by photolysis (e.g., the change 
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in equilibrium bond distance of IC1 in an excited state or the 
expulsion of CO from M(CO),). Such adiabatic changes are 
possible with very little influence of the host on the movements 
of the guest, because the vibrations of the host are separated 
in time scale from movements of the guest (a sort of Born- 
Oppenheimer approximation). On the other hand, impulsive 
collisions of guest atoms with host atoms can prevent per- 
manent photodissociation, leading to in-cage recombination 
and the familiar cage effect. Brus and Bondybey observed both 
phenomena in the single example of IC1 in Ar lattices.38 
Finally it is important that the cage does not in general allow 
rotation of the guest even in the presence of excess energy. For 
instance, polarized stimulation of emission of IC1 in Ar showed 
that negligible angular reorientation accompanies the pho- 
todissociation-recombination process, even for excitation 0.8 
eV above the relevant dissociation barrier. Thus although the 
reorientation of m-M(CO)S is not ~ n i q u e , ' ~ ~ ' ~  excess energy 
will not necessarily lead to rotation in the lattice. 
X. Alternative Mechanisms 

We showed earlier that the photothermal mechanism was 
highly impiausible; are there any other alternatives to the 
scheme put forward in sections VI11 and IX? 

The scheme of Figure 9 was drawn so as to involve singlet 
excited states only. A variant on the mechanism involves the 
triplet manifold of M(CO)5 and M(CO)6. If Figure 9 is 
redrawn in the triplet manifold, it will be qualitatively un- 
changed except that (i) the unpaired electrons in (b) and (c) 
have parallel spins as do the highest energy pair of electrons 
in (d) and (ii) there is no smooth progression from (d) to (e). 
Instead there will be simple T1 to So relaxation. Thus overall 
the observed photochemistry is expected to be identical in both 
manifolds. However, no increase in photosensitivity is observed 
on moving from Cr(CO)5 to W(CO)5, as would be expected 
if the triplet route were ~ i g n i f i c a n t . ~ ~  

Relaxation of a D3h structure can occur in three ways to give 
differently oriented ground-state C4, geometries. Application 
of Stanton and McIver's ruies4' shows that thermal inter- 
conversion between these C4, ground-state geometries cannot 
have the D3h configuration as the transition state although it 
can be an intermediate-there must be a lower energy 
pathway. Our calculations suggest that this transition state 
has C,, geometry with bond angles 90, 135, and 135' (eq 7). 

I 
C4"iSPYI C,, intermediate C4" (SPY) 
reoriented 

For clarity the distortion coordinate in eq 7 is shown as 
movement of a single ligand; in practice there will be an overall 
rotation counter to the ligand movement to maintain zero net 
angular momentum. Table IV shows that the d-orbital 
stabilization energy of this geometry for low-spin d6 M(C0)s 
lies between that for the spy and tbp geometries. For the other 
electronic configurations of Table IV, the d-orbital stabilization 
energy of the new geometry is the same as for the tbp, so the 
repulsion forces will make the structure disfavored. These 
results which are confirmed by extended Huckel  calculation^^^ 
are shown in Figure 10. Thermally, but not photochemically, 
the process in (7) should be favored relative to the tbp pathway 
for low-spin d6 M(CO)s (Le., the ground electronic state of 
the carbonyl). This equatorial-hole exchange mechanism 
belongs to the same observable process category as the spy 
equivalent of the Berry process described above,37 and thus 
it is difficult to detect experimentally. 

All the mechanisms considered so far in this paper have 
involved dissociative replacement of L in LM(CO)S by L'. 
Although we consider an associative photochemical mechanism 
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Figure 10. Distortion coordinate for spy M(CO)5 via C, intermediate 
(eq 7)  and tbp intermediate (D3h) in the ground electronic state of 
d6 hf(CO)5. 

to be implausible, associative reactions could occur during 
annealing (see section V).  

XI. Other Applications of the Photochemical Mechanism 
The photochemical mechanism described in section IX 

suggests that reorientation of the M(CO), inherent in the 
photochemical act allows the escape of the ejected CO from 
the vacant site. Photochemical yields in other systems may 
also be strongly influenced by electronic effects on the relative 
orientation of the products. Sometimes a lack of reorientation 
may cause immediate recombination, reducing the observed 
product yield drastically. Possible examples are the low yield 
for C O  loss from the tetrahedral molecules Ni(C0)4  and 
Fe(CO)2(NO):2 and the lack of Mn(C0): from Mn2(CO)10.42 
In other situations, the reorientation of pruducts may enhance 
the yield even when a strong cage effect might have been 
anticipated. For instance, despite its size, pyridine can be 
expelled photochemically from W(CO)5(py) in Ar matrices.43 
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