THE SPECT!OSCW M mnou KlﬁT!CS 1/4
NATIVELY UNSATURATED META. . (U) MTD“STEM unly
ON IL DEPT OF Cl‘HISTRV € MEITZ 2
UNCLASSIFIED #OSI-TR-O?-!.M AFOSR-83-@. ?/3




Y,y o LY - . s w .....11.4. S vAL S ettt ;-f. . 5
A -.... » ..,.. ! fo f“ K .—.\\..-.-—\ ) .u.-‘. -. - O A Ta e e e e et
S e DRI @ NS, @l A @A w R el NN e

A
.*..J\ B

i

»
L]

S oy =
EEER

*gt

PR

P
|
|



- Unzlassified PRt | Q

AD-A 120 53 2 REPORT DOCUMENTATION PAGE .

1 A\

1b. RESTRICTIVE MARKINGS

18 mer . P
Unclassified
28. SECURITY CLASSIFICATION AUTHOAITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release,
distributionunlimited

2b. DECLASSIFICATION/DOWNGRADING SCHEDULE

4. PERFORMING ORGANIZATION REPORT NUMBERIS) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

6a. NAME OF PERFORMING ORGANIZATION rb. QFFICE SYMBOL T7a. NAME OF MONITO!IEE ORaN!A’O! 7 8 g
.

ELEMENT NO.

Bolling AFB, Washington D.C. 20332 EY: ﬁﬁble (7/52

11. TITLE (Inciude Security Classification; 1He Spectroscopy &
Reaction Kinetics of Coordinatively Unsaturated Metal Carbomyls

(1 applicabi
Northwestern University soplicasiel AFOSR
6c. ADDRESS (City. State and ZIP Code) ) 7b. ADORESS (City, State and ZIP Code)
Department of Chemistry Building 410
Evanston, IL 60201 Bolling AFB, Washington D.C. 20332
8a. NAME OF FUNDING/SPONSORING 8p. OFFICE SYMBOL |9. PAOCUREMENT INSTAUMENT I0ENTIFICATION NUMBER 1
ORGANIZATION (If applicable)
APOSH/NE Afosk- 830372
. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.
Building 410 PROGRAM PROJECT TASK WORK UNIT F

12. PERSONAL AUTHORI(S)

Eric Weit2
13e. TYPE OF AEPOAT 13b. TIME COVERED 14. DATE OF REPQAT (Yr., Mo., Day) 15. PAGE COUNT
Final FAom 10783 1010/87 _ 87/10/24 16

16. SUPPLEMENTARY NOTATION

17. COSAT! CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify dy dlock number)
FIELD GROUP SUB. GR.

e —

19. AKRACT (Continue on reverse if necessary and identify by biock number)

A program involving the investigation and characterization of reactions of
coordinatively unsaturated organometallic species is described. The program emphasizes
the measurement of rates of reaction of photolytically produced coordinatively
unsaturated species with the parent and rates for cluster formation. Experimental
measurements are performed using a time resolved transient absorption apparatus which
uses a line ggqgeﬁegﬁgzégggr and a diode laser to record spectral and kinetic
information by means of probing absorptions in the CO stretch region of the
infrared. Systems that have been investigated include coordinatively unsaturated

experiments with these systems are discussed,

species generated from the Fe(CO)g, Cr(CO)_ and MnE(CO)id parents, The results of <::'

20. OISTRIBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION ’ -

UNCLASSIFIED/UNLIMITED g SAME AS meT _ oTic useas (J Unclassified

TELEPHONE NUMBER
(Inclige Area Code)

\20 0

EDITION OF 1 JAN 7018 OBBOLETE.

[ 9, ~
A‘-“

22s. NAME OF RESPONSIBLE nlvonvnouu.

00 FORM 1473, 83 APR




Final Technical Report for:
The Spectroscopy and Reaction Kinetics of
Coordinatively Unsaturated Metal Carbonyls

Contract #AFOSR-83-0372

Eric Weitz
Department of Chemistry
Northwestern University

Evanston, IL 60208

——
e e st et
— i

Acoassion For _
:* CouTiy GUAKL ‘
|5 & . A mru
LY, c DTIT G = ;
‘ A [
b DoUpannve ; : !
f:;'.‘-! - ek SR AL S 2 RIS
» - e
v, e .
N o e
s DY e e
;::". i r;f_trit\';t‘:.}/ e
o o '
o IR EIERRRE TS es
o . ~ -
F"s"' - L [ \‘
» . .
A i
RNCHE i
,\.' | Y]
.‘-'C' - f
_S'_' v~ ————
-“':-k - e
>
)
.-ﬁ"
L] \
o,
e
L
[%
}
-
)
o . AN 2
* L ) PR R s | .r.f‘{-\-" af',,\-'.\v~ . *
L4 o e el e e e el . P P S P IS DT N 'w e
y..-\)-\‘- ‘I ) AN AN "t'.' “ " e ¥

o
ST AITADE VL A A A S VAN
Aot Ao

ot

. o

7




u‘:‘!’!z!!:!quqxﬂxﬁlnﬁ‘ﬁﬂﬁﬁFWYW)HIﬁFY)Tﬂ‘)‘ﬁYS‘B‘}‘)*;‘F‘SYﬁ‘X’VYIV?VYYYV;V:?:‘:‘;‘\1.w;w.-;-;-.-;-_-L.,.‘.,....
T s

~

W

=
-~

Final Technical Report for:
The Spectroscopy and Reaction Kinetics of
Coordinatively Unsaturated Metal Carbonyls

Contract #AFOSR-83-0372

Eric Weitz
Department of Chemistry
Northwestern University
Evanston, IL 60208
Coordinatively unsaturated metals are important chemical species with a

variety of interesting and unique chemical properties. These species have been
shown to be exceedingly reactive. They are important catalysts, reaction
intermediates and can form oligomers and metal clusters containing multiple
metal centers.l Despite their importance and a great deal of Interest in this
area, little is known regarding details of the structure or reactivity of
coordinatively unsaturated metals. Their extreme reactivity has heretofore
been an impediment to detailed study of these species in the liquid phase and
has virtually precluded study in the gas phase. Until recently nothing was
known about the mechanism or kinetics for reactions or cluster formation in
these systems.

In an effort to alter that situation we developed an apparatus and a

technique which allows us to study coordinatively unsaturated metals in either

phase in real ~ime.2:3 The use of transient absorption spectroscopy has
allowed us to detect and monitor coordinatively unsaturated metals. Though our
work is now well summarized in a number of review articles, -6 a summary will

be presented here for convenience. Most of our studies, to date, have involved

4

excimer laser photolysis of volatile metal carbonyls to yleld gas phase
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4
coordinatively unsaturated metal carbonyls or metal atoms. Most of our work
has employed an apparatus that uses a line tunable CO laser, as a probe, to
monitor the change in absorption of the sample following the excimer laser

photolysis pulse. However, we have now integrated a cw diode laser into the

apparatus. This allows us to probe transient species in any region of the

FEEN X « v V.80 T S I & L 5-7% v Wiw = & &.°

infrared and thus vastly increase the versatility of the apparatus. A diagram

iy e

of this apparatus is shown in Figure 1. Though the diagram depicts a CO laser,

the apparatus is set up so the probe laser can also be a diode laser.

2 B

~

To actually generate a transient spectrum the change in absorption of the

s

ey

probe laser is monitored at a variety of different laser frequencies with the

(4 .’)
; time versus absorbance signal digitized via a transient digitizer which feeds ‘
o~

the data to a signal averager from which it is fed to a computer. The computer r:

l..'
takes all the frequency dependent data and assembles it into a transient ;;

I'd

absorption spectrum which can be displayed as a function of time following the

PR

photolysis pulse. A typical transient absorption spectrum is shown in Figure

2 which has been taken from reference 5. Features in a transient absorption -,
2
[ s 4 a2 .
s P —_— >
2 ==INE et "
Figwre 2. Portion of the infrared spectrum shown following photolysis :"_
of 30 mTorr of Fe(CO)y in $ Torr of argon with a KrF excimer laser NS
puise. Adjacent traces are taken at 3-us intervals. The largest excursion -:,.
from the base line for festures 24 is the first trace with that trace taken .

3 us after the excimer laser pulse. Nine traces are shown in addition to
the base line. Also shown is the position of the Fe(CO), absorption in
a neon matrix. The tic marks above the abscissa indicate the frequencies |
of the CO laser lines that were used to construct the traces. Features -
2-5 are Fe(CO),;, Fe(CO),, Fe(CO),, and Fe(CO), absorptions. re-
spectively. Percent change in transmtted intensity refers to CO lgser

% CHANGE IN TRANSMITTED INTENSITY

intensity.
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spectrum can be identified by a procedure we call a "kinetic bootstrap" K

procedure.> In this procedure an excess of the ligand or ligands that are lost

""" o - R A L AL
s g R A R AT VN




'L £ 2y

-

TS

YN

LT .

¥
,
l'
\¢
X
¥

eV,

5

in photolysis is added to the sample mixture. On photolysis we can then watch
a coordinatively unsaturated compound react with added ligand to generate
successively less coordinatively unsaturated species and finally parent. As a
specific example, on ArF photolysis of Fe(CO)s, Fe(CO); and Fe(CO); are
formed.” When these are formed in the presence of added CO we observe that
Fe(CO)2 reacts with CO to form more Fe(CO)3 which reacts with CO to form
Fe(CQ),4 which also reacts with CO to form Fe(CO)s5. Since these reactions are
sequential each reaction product can be clearly identified. An example of this

procedure is shown {n figure 3 which has been taken from reference 5, where

¥

-

CHANGE IN TRANSNISSION

Figure: 3. Transient absorption spectrum generated on KrF photolyss
of 30 mTerr of Fe(CO), with 100 Torr of CO. The figure depicts the
spectra (from ~ 2060 to 1970 cm™') over a S-us range which has besm
segmented into ten equal time intervals. The first three are marked. The
arrows indicated the partially resolved A, B,, and B, bands of F&(CO),.

- N &

2070.0 2020.0 1970.0
YAVENUMBERS

Fe(CO)4 1is seen reacting with CO to form FC(C0)5.7 Note the isobestic point

indicating a clean A - B reaction. Once features in the transient absorption

TV T L VAW VN W W M T W W
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spectrum are identified, a specific feature can be monitored as a function of ,n
5

time and its kinetic behavior discermed. Our current apparatus has a time }%
response of 30 nsec, a frequency range of 350-2350 and 2900-3300 ca"l, and a ~
"
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typical detection sensitivity corresponding to 1010 coordinatively unsaturated
metal carbonyl molecules.

With the above technique, we have been able to obtain the first gas phase
infrared spectrum of a coordinatively unsaturated metal.2:3 We have obtained
infrared spectra in the CO stretch region for the species Fe(CO)y (x = 2,3,4)
and have measured the rate of reaction of Fe(CO)y, with CO and the activation
energies for these reactions.’ Data for reaction of Fe(CO)3 and the other
Fe(CO)x species 1s presented in Table 1.

Table 1. Summary of the Bimolecular Rate Constants for M(CO)x-CO

Recombination Reaction

gas-phase rate constant,

spin allowed 10713 cpd mo1-1s~1
Fe(CO)q + CO - Fe(CO)s N 0.003
Fe(CO)3 + CO - Fe(CO)y Y 1.2
Fe(CO)9 + CO - Fe(CO)3 Y 1.7
Cr(C0)s + CO ~ Cr(C0)g Y 1.5
Cr(C0)q4 + CO = Cr(CO)sg Y 2.4
Cr(C0)3 + CO = Cr(C0), Y 1.8

It is interesting to note that the reaction of Fe(CO)7 and Fe(CO)3 with CO
are of similar magnitude while the reaction of Fe(CO), with CO is slower by
almost three orders of magnitude. The fact that the reaction of Fe(CO), with
CO is anomalously slow relative to typical addition reactions of coordinatively
unsaturated speclies is confirmed by studies on the Cr(CO)68v9 and Co(CO)(NO)310
system. So the question arises, why is this reaction different from all these
other reactions? The answer to this question can be found in studies of the

electronic structure of Fe(CO);. The ground state of Fe(CO), is a triplet.ll
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Thus the addition reaction of CO to Fe(CO), is spin forbidden. This has
further implications for the Fe(CO)y system. If a spin forbidden reaction is
expected to be significantly slower than a spin conserving reaction, then the
ground states of Fe(C0)312 and Fe(CO)2 are also triplets. This prediction has
been previously made for Fe(CO)3 and we have postulated, based on our kinetic
data, that Fe(CO)2 has a triplet ground state.

We find that only one of two isomers of Fez(CO)813 forms on reaction of
Fe(CO)3 with Fe(CO)S.20 We believe this situation occurs because the kinetics
of reaction of Fe(CO)3 with Fe(CO)s5 is spin controlled. We are working to
verify this hypothesis which couid have important ramifications for
understanding and predicting which clustering reactions will occur in the gas
phase.

We have performed similar studies for the Cr(CO)g system, obtaining
spectra for Cr(CO)y (x = 2,3,4,5)8v9 and have measured rates of reactions of
Cr(CO)g with CO, CH4, Ny, Hy and C6H6.18 Data for the reaction of Cr(CO)y with
CO are also presented in Table 1. We have also observed a heretofore
unreported clustering process in the Cr(CO)y system.9 We find that all the
Cr(CO)y fragments react readily with parent. In particular, we have
investigated in detail the clustering process for the reaction of Cr(C0), and
Cr(CO)s with parent. We find that both reactions occur at a rate that is
within a factor of two of gas kinetics.? We assign the species initially
produced via these clustering reactions to Cr(C0)1g and Cry(C0)11,
respectively, and have recorded the first gas phase spectra for these species
in the carbonyl stretch region.9

We have also obtained results on the Mnp(CO)jg syst:em.ls»16 As with
Cr(CO)g and Fe(CO)s5, we have recorded the spectra of the photofragments

{dentified following photolysis at 193, 249 and 351 nm.16 Both Mn(CO)s and
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Mn9(CO)g9 are observed with a wavelength dependence favoring the initial
photochemical step leading to production of Mny(CO)q as a function of
increasing photolysis energy. Mn(CO)s has been observed to undergo
radical-radical recombination to form Mny(C0)jp with a rate constant that is

near gas kinetic. Mnj(CO)g has been observed to react with CO to reform

d
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.
)
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R
.\
.
i
"
4
g
'i

Mn(C0)1g with a rate constant that is equal to (2.4 * 0.8) x 106 1 mole -1
s-l. Both of these results are compatible with kinetic results in solution.l’
Other interesting features of results in this system are the observation

of photolysis products in gdditiop to Mn(CO)5 and Mny(CO)g. Other absorptions

are observed which increase in number and intensity as the photolysis

wavelength is decreased. Though these results should still be considered as

e

preliminary, these additional photoproducts are likely to be dissociation

XA

products of Mn(CO)s5 rather than Mn2(CO)g9  This conclusion was reached by

i

studies of the time evolution of various absorption bands on addition of CO to

LI
”
v

.

the system.18 Thus the major additional photoproducts are Mn(CO)y where x<5.
This result is compatible with the hypothesis first put forth by Vaida that the
Mn-Mn bond strength increases as additional CO's are lost from an(CO)g.19
There have also been some very interesting results in the area of
photochemistry and photophysics. For example, a general feature in the
production of coordinatively unsaturated metal carbonyls in the gas phase is
that they are typically formed with internal excitation.® As the internal
excitation relaxes the absorptions narrow and shift toward higher frequency.

This behavior has been observed in all metal carbonyl systems studied to date

N
‘N
Y
I‘

N

“y

with an increasing degree of excitation observed in a given photofragment as

o Nt

the energy of the photolysis photon increases.

-

"
P P
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Another interesting observation regarding the dissoclation process is a

AN

general increase in the degree of unsaturation of the photoproducts as a
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function of the energy of the input photon.3 This behavior is apparent in
either the iron or chromium system where the branching ratios for photoproducts
changes dramatically with input energy and is also observed in the Mnjy(CO)iqg

system. Almost exclusively Fe(CO)4 is formed for XeF laser photolysis while

o
.-g
N

Y
'
'

-

for KrF laser photolysis the product mix shifts toward Fe(CO)3. For ArF laser
photolysis almost exclusively Fe(CO); is produced. Similar behavior is
observed in the chromium system with XeF photolysis producing predominantly
Cr(CO)s, KrF photolysis predominantly Cr(CO), and ArF photolysis a mix of
products including Cr(C0)3 and Cr(CO),

The behavior described in the two preceding paragraphs is compatible with
a straightforward mechanism for photodissociation which also reconciles
observed differences in product distributions in the gas phase versus condensed
phases.S The initially absorbed photon initiates a photochemical event which
results {n loss of a CO ligand and the production of a photofragment which is
highly internally excited. This excited molecule is rapidly relaxed in con-
densed phase due to the high density of surrounding collision partners. Thus
the net result of photolysis in these and related systems in condensed phase {is
loss of one ligand. However, in the gas phase additional processes can occur.

The energized photofragment can go on to further dissociate in an RRKM like

process leading to multiple products. Dissociative steps are terminated when

‘i

the eircited molecule can be collisionally stabilized on the timescale of the
next possible dissociative event.

We have also obtained information on the spectroscopy and thus structure !
of the photofragments produced in photolysis of the iron, chromium and
manganese carbonyls. Virtually all of the gas phase absorption features that
we have observed for coordinatively unsaturated compounds of Fe, Cr and Mn are

compatible with their reported matrix structures.%:3> This 1is an important
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10
observation in that it implies that matrix isolated coordinatively unsaturated
metal carbonyls are not subject to "matrix effects" and the structure deter-
mined in the matrix is very likely to be that of the gas phase species. Some
subtleties may modify this statement such as the effect on the structure of
coordinated rare gas molecules or other coordinated matrix or glass substrate
molecules. Nevertheless, this statement is likely to be accurate in a large
majority of cases. The only possible exception to this statement that we have
observed to date, deals with a the difference in position of the semi-bridging
CO band in Mn3(C0)19 in the matrix versus the gas phase. This band i{s observed
to be at higher frequency in the matrix which is counter to typical behavior.
This could indicate a change in structure in the gas phase versus the matrix
for this compound. However,'until further studies are completed the previous
statement should be regarded more as conjecture than proven fact.

We are also investigating the Fe(CQ),(N0O)) system where we are primarily
interested in determining the relative importance of simple addition reactions
versus displacement reactions.2l We are probing this question by looking at
reactions that occur following photolysls of Fe(CO)s5 in a bath of NO
molecules. Since Fe(C0)3(NO); is the only stable mixed iron carbonyl nitrosyl,

we are investigating how the kinetics and branching ratios for reaction of the

various Fe(CO)y moieties lead to this species. This work is being done by
following both the NO and CO absorptions of the parent compound and the o
coordinatively unsaturated species. Work on this system is not yet conclusive
with regard to all of the processes going on in the system. However, we do

find that Fe(CO)y and Fe(CO); react very readily with NO while Fe(CO), is

PR
PR

virtually inert to reaction with NO. Following reaction of Fe(C0)j with NO we

find that the addition complex Fe(CO)3NO does not seem to react further with

N

NO. However, it seems to have a high propensity for reaction with parent, ;:
ad
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11
presumably leading to a polynuclear metal species of yet unknown structure.
Fe(CO)oNO's reaction kinetics have been less well characterized however, though
it does appear that it reacts with NO to generate Fe(C0))(NO), but can also
react with parent.

Finally, we have been investigating some predictions on relative rates of
reaction of metal carbonyls with various ligands which were made by Roald
Hoffmann based on an inorganic analog of Woodward-Hoffmann orbital symmetry
rules. 22 Specifically we have been looking at the reaction of conjugated
versus unconjugated dienes with Fe(CO)3 and Cr(CO)z,.23 Hoffmann predicted that
the former species should react with conjugated dienes faster than with
unconjugated dienes and that the latter specles should behave in an opposite
fashion. These predictions have never been tested because of the prior
inability of experimentalists to produce specific coordinatively unsaturated
metal carbonyls in a controlled fashion in the gas phase. Obviously these
rules for reaction, which have been so important in the understanding of
organic reaction kinetics, could also be of paramount importance in predicting
rates and pathways of reactions of organometallic species.

We find that the rate of disappearance of the Fe(CO)3 or the Cr(CO),
absorptions on reaction with either conjugated or unconjugated dienes is the
same and quite rapid. However, we have indications that in either or both
systems what we are looking at is the formation of the first diene - metal
bond. This is, we are looking at formation cf an 02 bond. We are still
investigating this system to study formation of the second metal-diene bond
with the possibility that we can directly observe the unimolecular
rearrangement that must occur in these systems for the aforementioned

mechanism.
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Due to our studies we have formulated a series of propensity rules dealing

5

with the kinetics, structure and photophysics of coordinatively unsaturated

’ |
S50 ®

P A g

metal carbonyls.S They are:

5

TCuA
{ I'd

1) Addition reactions to coordinatively unsaturated compounds are

1@

expected to be significantly faster than substitution reactions.

2) Spin conserving reactions of coordinatively unsaturated metal o

carbonyls are significantly faster than spin disallowed reactions.

e
3) Spin allowed addition reactions of coordinatively unsaturated metal oA
S
carbonyls with small ligands have been observed to have rate AR

~
-‘ ’-
constants near gas kinetic. o
o
4) In the gas phase, the degree of coordinative unsaturation increases :i:

»

with increasing photolysis energy. it
0
5) Both the coordinatively unsaturated photofragment and the ejected CO :;“
®
tend to be produced with more internal energy as the energy of the X
e
photolysis photon increases. ﬁié
6) The nature of the electronic state accessed can influence branching ?f;
®
ratios for products. However, within a given electronic state, o\
-
N
statements 5 & 6 will prevail. o
o
7) The structures of gas phase coordinatively unsaturated metal {{;
®
carbonyls are generally compatible with the structure of the matrix IR
A
MR
isolated species. i
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