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The reactions of matrix-isolated iron atoms and clusters with the alkenes ethylene and propylene have been investigated
by infrared and Mdssbauer spectroscopies. In ethylene at low temperatures (<18 K) and with low iron concentrations
(<1%) the major product is Fe(C,H,). This is the only monoiron product formed, although unreacted iron atoms can be
observed in pure ethylene at 4.2 K. Irradiation with the unfiltered output of a high-pressure Xe lamp causes the unreacted
iron atoms to react to Fe(C,H,). At higher temperatures and iron concentrations additional products Fe,(C,Hy), (x =
1, 2) and Fe,(C,H,), (p > 2) are formed. Massbauer spectra of Fe/C;H, at both 4.2 and 20 K are very similar to those
of Fe/C,H,. Hence the products are similarly assigned to Fe(C;Hy), Fey(C;Hg),, and Fe,(C;Hg), (p > 2). The Massbauer
spectra of the products indicate that the electronic configuration of the iron atoms in the alkene complexes is approximately
(4s)1(3d)’, in agreement with theoretical work. The Massbauer spectra of Fe(C,H,) and Fe(C;H) are also consistent
with the proposal that C;H, and C;Hg are primarily ¢ donors with only minimal d,—>»* back-bonding.

Introduction

The mechanistic details of the reactions that occur on sin-
gle-crystal surfaces and on heterogeneous catalysts are not well
understood. It has been proposed? that well-defined metal
clusters or even single atoms are reasonable, simple models
of the more complex larger systems. This view has been
challenged.’

Matrix isolation is one technique whereby a single atom or
a few atom cluster is allowed to interact with a reactant under
controlled conditions, usually without the complication of
additional ligands. In spite of its widespread use in industry
as a heterogeneous catalyst, there have been relatively few
matrix isolation studies of iron and its reactions. In addition,
57Fe (2.2% natural abundance) shows the Massbauer effect.
This Mossbauer isotope has narrow lines and hence good
resolution. It is also one of the most straightforward to use
experimentally. The Mossbauer effect allows the direct ob-
servation of each type of iron atom present. The resulting
spectrum provides information about the electronic environ-
ment, the local symmetry, and the stoichiometry of the iron
complex. Infrared spectroscopy provides complementary in-
formation about the coordinated ligands. Thus together the
two forms of spectroscopy give a more complete picture of the
iron complex.

We have chosen to investigate the reactions of iron atoms
and clusters with simple alkenes in order to provide a model
for the reactions of alkenes at an iron surface.

Experimental Section

Detailed descriptions of both the Mdssbauer* and the infrared®
vacuum systems have been published.

In brief, the samples for infrared spectroscopy were prepared by
deposition onto a NaCl window held at 16-20 K by an Air Products
Displex closed-cycle refrigerator. Iron was evaporated either from
resistively heated iron powder (Research Organic/Inorganic Corp.
99.99%) in an alumina crucible held in a tantalum furnace or by direct
resistive heating of an iron foil (Materials Research Corp. 99.99%)
clamped between water-cooled electrodes. Foil evaporation was more
difficult to control but resulted in lower temperatures at the cold
window. Temperatures were measured with an optical pyrometer and
were typically 1450~1550 °C for the crucible and 1250-1350 °C for
the foil. Infrared spectra were recorded on a Perkin-Elmer 683
spectrometer. This was interfaced to a Radio Shack Model II TRS-80
microcomputer.

Samples for Mdssbauer spectroscopy were prepared on a Be disk
at 4 K with a Janis liquid-helium cryostat or an Air Products
Massbauer Displex closed-cycle helium refrigerator. This uses a helium
exchange gas, resulting in higher temperatures during deposition than
the Displex used for the infrared experiments. All the Mossbauer
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experiments used $’Fe (New England Nuclear 95.85% enriched). This
was evaporated from an alumina crucible held in a furnace similar
to that used for the infrared experiments. Mossbauer spectra were
recorded with a conventional constant-acceleration spectrometer using
a *'Co/Rh source. A natural-abundance a-Fe foil at room temperature
was used for calibration. All isomer shifts are given with respect to
a-Fe. The multichannel analyzer output was also interfaced to the
TRS-80. The Maossbauer spectra were computer fit to a sum of
quadrupole doublets with either the TRS-80 or a VAX/PDPI11. The
pairs of peaks were constrained to have equal amplitudes and full
widths at half-maximum. A Lorentzian line shape was used to each
peak. The standard statistical tests X* and MISFIT were used as
quantitative measures of the quality of the fit.

Argon (Linde 99.999%), ethylene (Linde 99.5%), ethylene-1,2-3C,
(Merck Sharp and Dohme 90 atom % '3C), and propylene (Linde
99.5%) were used without further purification.

Results

Infrared Experiments. When Ar/C,H, gas mixtures are
condensed with iron vapor at 16-20 K, new infrared absorp-
tions appear in the regions 1550-1450 and 12501150 cm™.
These bands only appear when iron and ethylene are present
in the matrix. Background experiments without iron, but
under otherwise identical conditions, do not show these bands.
When iron is present, the new bands, although weak, occur
and are consistently reproducible. These spectral regions are
characteristic of ethylene coordinated to metal atoms and
clusters. The vibrations correspond mainly to the C=C stretch
and C—H bend of the coordinated olefin, although normal-
coordinate analyses of ethylene complexes®’ show that these
vibrations are extensively mixed.

At the lowest iron concentrations two new absorptions ap-
pear at 1491 and 1215 cm™. (The latter band partly overlaps
a weak band due to unreacted ethylene at 1220 cm™.) These
bands appear with a constant intensity ratio in matrices con-
taining from 1 to 100% C,H, (Figure 1) and during warm-up
experiments. The occurrence of these bands at the lowest iron
and ethylene concentrations suggests that the species consists
of only one iron atom and one coordinated ethylene. In ad-
dition, its presence in pure ethylene implies that this product
is the only monoiron complex formed.

The stoichiometry of the complex is confirmed by the
concentration dependence of the 1491-cm™ band and by

(1) A preliminary report of this work was presented at the 3rd International
Matrix Isolation Conference, Nottingham, England, July 20th, 1981.

(2) Muetterties, E. L.; Rhodin, T. N.; Band, E.; Brucker, C. F.; Pretzer,
W. R. Chem. Rev. 1979, 79, S1.

(3) Moskovits, M. Acc. Chem. Res. 1979, 12, 229,

(4) McNab, T. K; Barrett, P. H. “Ma&ssbauer Effect Methodology”; Plenum
Press: New York, 1971; Vol. 7, p 59.

(5) Peden, C. H. F,; Parker, S. F.; Barrett, P. H.; Pearson, R. G. J. Phys.
Chem. 1983, 87, 2329.

(6) Nakamoto, K. “Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds”, 3rd ed.; Wiley: New York, 1978, p 383.

(7) Andrews, D. C.; Davidson, G. J. Organomet. Chem. 1972, 35, 161.
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Figure 1. Infrared spectra, showing the absorptions of Fe(C,H,) (A),
of ethylene-containing matrices in the voc and §c_y regions at 15
K: (a) Ar/C,H, (10%); (b) Ar/C,H, (1.5%)/Fe (0.4%); (c) C;H,/Fe

0.5%).

mixed-isotope (12C,H,/13C,H,) studies. The intensity of the
1491-cm™ peak is proportional to the first power of the iron
concentration. This is good evidence that the absorbing species
contains only one iron atom. The mixed-isotope studies (Figure
2), particularly in the 1500-1450-cm™ region, show that the
species contains only one coordinated C,H, molecule. The
absence of any new absorptions between the 1491/1469-cm™!
doublet of Fe('2C,H,)/Fe(**C,H,) respectively is good evi-
dence for a single ethylene coordinated to an iron atom. If
the complex were Fe(C,H,), (n > 1), then in addition to the
peaks corresponding to Fe(!2C,H,), and Fe(*3C,H,), there
would have been the absorptions of the mixed '*C,H,/*C,H,
complexes Fe('*C,H,)(1?C,Hy),; (1 £i<n-1).

When the matrices with low concentrations of iron are
warmed to 35 K and recooled for spectral recording, two new
absorptions at 1510 and 1246 cm™ grow in together. There
is a simultaneous loss in intensity of the peaks of Fe(C,H,)
(Figure 3). The mixed-isotope studies show only a doublet
for this new species in the C~H bend region. This is incon-
sistent with a reaction of the type

Fe(C,H,) + C;H, — Fe(C,H,), (1)

because such a product would be expected to show a triplet
of absorptions in the mixed-isotope studies as has been observed
for Cu(C,H,),.* Furthermore, for all the metal/olefin systems
that have been examined in pure ethylene, on deposition, the
major mononuclear product, M(C,H,),, is the one that has
the largest possible value of n for the given metal M; e.g., n
= 3 for Ni, Pd. This would imply that the species responsible
for the 1510/1246-cm™! bands should be the major product
before annealing, which it is not.
The reaction

FC(C2H4) + FC(C2H4) g CZH4—FC_FC_C2H4 (2)
in consistent with the evidence. If the vibrational coupling

between the two ethylene molecules across the Fe~Fe bond
were small, then the isotopic spectra would only show a doublet

(8) Ozin, G. A.; Huber, H.; MclIntosh, D. Inorg. Chem. 1977, 16, 3070.
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Figure 2. Infrared spectra of (a) Ar/!?C,H, (10%)/Fe (1.5%) (X5
expansion), (b) Ar/12C,H, (10%)/"*C,H, (10%)/Fe (1.2%) (X5
expansion), (c) Ar/*C,H, (10%)/Fe (1.2%), and (d) X5 scale ex-
pansion of (c) showing the isotope patterns of the iron/ethylene reaction
products. Note that (b) is a superposition of (a) and (c).
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Figure 3. Infrared spectra of Ar/C,H, (10%)/Fe (0.7%) (2) as it
is deposited at 17 K and (b) after it is annealed to 35 K and recooled
to 17 K, showing the reaction A — B.
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and not a triplet. Minimal vibrational interaction across a
metal-metal bond has been observed in a number of systems
for both ethylene (M,(C,H,),, M = Co,’ Cu?) and carbon
monoxide (M,(CO),, M = Ni,!° Cu!!). By analogy to Ni,-
(C,H,), (x = 1,2),'? the breadth of the bands (~15 cm™) and
their position at higher energy than those of Fe(C,H,) also
suggest that they are due to a low-nuclearity cluster.
Cocondensation at either a higher temperature, 20 K, or
higher iron concentrations results in additional bands (Figure

(9) Hanlan, A. J.; Ozin, G. A,; Power, W. J. Inorg. Chem. 1978, 17, 3648.
(10) Moskovits, M.; Hulse, J. E. Surf. Sci. 1976, 57, 125.
(11} Moskovits, M.; Hulse, J. E. J. Phys. Chem. 1977, 81, 2004,
(12) Ozin, G. A,; Power, W. J; Upton, T. H.; Goddard, W. A, III. J. Am.
Chem. Soc. 1978, 100, 4750.
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Figure 4. Infrared spectra of an Ar/C,H, (10%)/Fe (1.5%) matrix
(a) as it is deposited at 17 K, (b) after it is annealed to 30 K, and
(c) after it is annealed to 35 K, showing the reactions C — B and
A —B.

4) at 1493 br, 1220, 1200, 1186, and 1172 cm™. Warm-up
experiments indicate that the 1493 br/1220/1200/1172-cm™
bands belong to a single species and that the 1186-cm™ band
belongs to a different species.

On warming of the matrix to 30 K the 1186-cm™ band
rapidly diminishes in intensity and those of Fe,(C,H,), grow
in (Figure 4b). This suggests that the species responsible for
the 1182-cm™ band can be facilely converted into Fe,(C,H,),.
Such a species would be Fe,(C,H,). This simply adds C,H,
to give Fe,(C,H,),:

FC_F&C2H4 + C2H4 - C2H4_Fe_Fe_C2H4 (3)

Annealing to 30 K results in little or no change in the intensity
of the bands of Fe(C,H,). This is consistent with the difference
between reactions 2 and 3. Thus (3) involves reaction with
a molecule that is part of the matrix cage, perhaps just a
reorientation of the reactants, whereas (2) requires diffusion
of the reactants through the matrix, a higher energy process.

The identity of the species responsible for the bands at 1493
br/1220/1200/1172 cm™ is less certain. Its production under
conditions of high iron concentration, or considerable surface
diffusion, all suggest a low-nuclearity cluster, Fe (C2H4) (p
g > 2). lIts persistence up to the point where the matrlx is
boiling off (40-50 K) supports this assignment. The mixed-
isotope studies again indicate only a monoethylene product
(Figure 2). However, the three C—H bend bands show that
there is more than one coordinated ethylene molecule in the
complex. Thus for the same reasons as elaborated for Fe,-
(C,H,), the isotope data suggest there is one C,H, per Fe
atom. Hence, a reasonable formula would be Fe,(C,H,), (p
> 2). Table I lists all of the observed infrared bands and their
assignments.

Maéssbauer Results. The Mdssbauer spectra (Figure 5) of
low concentrations (<1%) of iron in pure ethylene deposited
at 4.2 K show the presence of one major product (A) and three
minor products (1, B, D). The isomer shift of the doublet 1
is characteristic of matrix-isolated iron atoms,'? the quadrupole

(13) McNab, T. K.; Micklitz, H.; Barrett, P. H. Phys. Rev. B: Solid State
1971, 4, 3787.
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Table I. Infrared Frequencies® and Assignments for the
Iron/Ethylene System

species vo=c Sc—n assignt
A 1491 1215 Fe('*C,H,)
A" 1469 1192 Fe('’C,H,)
B 1510 1246 Fe,(**C,H,),
B' 1485 1216 Fe,(**C,H,),
C 1186 Fe,(”C H,)
D 1493br 1220,1200,1172 Fep(**C,H,)p (0 > 2)

D' 1465br 1194,1170, 1144 Fep( C Ha)p 0 >2)

@ All frequencies (1) are in cm™! for the products in an
Ar/*C,H, (10%) (x = 12 or 13) matrix at 18 K.
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Figure 5. Mossbauer spectrum of C;H,/Fe (0.5%) at 4.2 K (a) at
the time of deposition and (b) after 2-min irradiation with a high-
pressure Xe lamp. Included in the fit but not shown for the sake of
clarity is a small contribution from Fe,(C,H,), (B).

splitting arising from the noncubic site symmetry of solid
ethylene.!* Irradiation of the samples with the unfiltered arc
of a high-pressure Xe lamp results in the complete loss of the
iron monomer (Fe;) doublet and concomitant growth of the
doublet A. This is very similar to the recent demonstration
that iron atoms could be isolated in pure CO at 4.2 K and
converted solely to Fe(CO); on irradiation.®* This would
suggest that A is a mononuclear reaction product of iron atoms
with ethylene.

1t has been shown!® that for a metal ctuster of x metal atoms
(M) and their associated ligands (L), the ratio of the con-
centration of the metal cluster (M, L)) to that of a mononuclear
complex (ML,) is proportional to the total metal concentration
to the power x — 1:

[MxLy]/[MLz] « [M]totalx_]

This relationship holds for low metal concentrations and
excess ligand. For a Mdssbauer absorption, the area of the
peak is proportional to the product of the number of absorbers
multiplied by the recoil-free fraction (probability that a
Méssbauer absorption will occur).! Hence, a log-log plot
of the ratio of the area of A to that of 1, the iron monomer,
vs. total iron concentration will be a straight line of slope x

(14) Wyckoff, R. W. G. “Crystal Structures”; Wiley: New York, 1966; Vol.
5, p 258.

(15) Hulse, J. E.; Moskovits, M. J. Chem. Soc., Faraday Trans. 2 1977, 471.

(16) Note that the recoil-free fractions of Fe; and A only appear in a constant
term. Measurement of the total area of the spectrum before and after
irradiation shows that the total area is approximately (£5%) constant.
Thus the individual recoil-free fractions of Fe; and A must also be
approximately equal, implying that the constant term is nearly zero.
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Figure 6. Ratio of the Mdssbauer absorption areas of species A:Fe,
vs. iron concentration. The subscript “a” denotes data from ref 17.
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Figure 7. Massbauer spectra of C;Hy/Fe (0.7%) at 20 K (a) at the
time of deposition and (b) after annealing to 60 K.

— 1. From the graph (Figure 6) x = 1 so A contains only
a single iron atom as expected from the infrared experiments.

In another experiment (not shown) the spectrum consisted
of A, larger amounts of B and D, and a well-resolved magnetic
hyperfine pattern due to a product E. This has the following
Massbauer parameters: isomer shift +0.52 mm s, quadrupole
splitting 0.0 mm s7!, and internal magnetic field 450 kG. For
iron in argon it has been shown!? that at least a six-atom cluster
is required in order to see a magnetic hyperfine pattern. The
positive isomer shift of E suggests that it is an iron/ethylene
reaction product. It would seem reasonable that a cluster of
several iron atoms is required in order to be able to observe
magnetic splitting. Thus, the presence of E shows that con-
siderable diffusion has occurred in this sample even though
the total iron concentration is only ~0.1%. Hence, the larger
quantities of B and D indicate that they also arise from the
reaction of small clusters of iron with ethylene.

The Mossbauer spectra of samples (Figure 7) prepared at
20 K show the presence of products A, B, and D. Annealing
of the samples shows the transformation A — B with D re-
maining approximately constant. This is very similar to the
situation seen in the infrared experiments, where Fe(C,H,)
reacted to give Fe,(C,H,), on annealing. Hence, A is assigned
to Fe(C,H,) and B to Fe,(C,H,),. A reasonable assignment
for D would be to identify it with the Fe,(C,H,), cluster. The
absence of magnetic splitting indicates that p is small. This
is supported by the broad line widths indicative of the wide
variety of possible structures for a few-atom cluster. The

(17) Mclntosh, D. F.; Ozin, G. A.; Messmer, R. P. Inorg. Chem. 1980, 19,
3321.
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Figure 8. Mossbauer spectra of C3Hg/Fe (0.6%) (a) at the time of
deposition and (b) after annealing to 60 K.

Table IL. Mossbauer Parameters® for the iron/Ethylene System
in Pure C,H, at 20 K and for the Iron/Propylene System in
Pure C;H, at 20 K

species 8 A r assignt

1  -071 320 050 Feb

A +0.55 280 043  Fe(C,H,)

B +0.52 220 0.54 Fe,(C,H,),

D +0.54 116 073  Fey(C,H,), (@ >2)

E  +0.52 000 157 Feg(C,H,), (g >2)>¢
F +0.54 295 044 Fe(C,H,)

G +0.57 165 060 Fe,(C,H,),

H

+0.64 0.35 0.84

8 isomer shifts (§)
(T) are in mm s™*,
450 kG.

Fe,(C,Hy)p 0> 2)

quadrupole splittings (A), and line widths
Values at 4.2 K. € Internal magnetic field

b

Madssbauer spectrum suggests that the cluster is very similar
to Fe(C,H,) and Fe,(C,H,),, so a formula with an equal
number of iron atoms and ethylene molecules would seem
reasonable. Thus the stoichiometry Fe,(C,H,), (p > 2) is in
accord with all the available data. However, a formula where
the number of coordinated ethylene molecules differs slightly
from the number of iron atoms cannot be ruled out. All of
the Mdssbauer experiments were conducted in pure ethylene.
Thus the absence of any absorptions that can be ascribed to
Fe,(C,H,) is not surprising. In addition the broad lines would
allow small (~5%) amounts of the complex to remain unde-
tected.

The iron/polypropylene system was also investigated by
Mossbauer spectroscopy (Figure 8). As expected, the spectra
are very similar to those of iron/ethylene. At 4.2 K the major
product (~90%) is a quadrupole doublet Fe with parameters
virtually identical with those of Fe(C,H,); hence, this is as-
signed to Fe(C;Hg). Interestingly, there are no unreacted iron
atoms in this case, showing a difference in reactivity between
ethylene and propylene. Deposition at 20 K produces three
products, F, G, and H. These behave very similarly to the
three products obtained in Fe/C,H, depositions at 20 K. By
analogy to the Fe/C,H, system G and H are assigned to
Fe,(C3He), and Fe,(C3Hg), (p > 2), respectively. The
Madssbauer parameters for tﬁe species observed in the iron/
ethylene and iron/propylene systems are given in Table II.

Discussion

The iron/ethylene system proved to be surprisingly difficult
to characterize. This was the result of two factors. The first
was the critical temperature requirement. To obtain Fe(C,H,)
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by itself, a temperature of less than ~18 K was needed.
Deposition at 20-25 K gave mainly Fe (C,H,), (x 2 2,y 2
1) products. Deposition above 25 K resulted in no infrared-
observable products. This is corroborated by the Mdssbauer
spectra. Deposition at 4.2 K gave mainly (~80%) Fe(C,H,)
whereas deposition at 20 K gave mainly (>70%) iron/ethylene
complexes containing more than one iron atom.

The second factor was the extensive band overlap in both
the Mdssbauer and the infrared spectra. This was particularly
so in the C-H bend region. This was further complicated by
an ~25-cm™ difference in the positions of the bands. Since
the 12C,H,/*C,H, isotope shifts are also ~25 cm™!, there is
considerable overlap of 12C,H, and *C,H, products.

We note that the use of isotopic substitution may lead to
incorrect conclusions if the vibrational coupling between the
coordinated ethylene molecules is small. This is apparently
the case for silver.!” Mixed isotopic substitution, 1*C,H,/
13C,H,, indicated a monoethylene formulation, Ag(C,H,).
Electron spin resonance (ESR) experiments!® have demon-
strated that the complex is actually Ag(C,H,),. However, the
available data suggest that silver may be atypical. Earlier ESR
work!® had indicated that Ag(C,H,) was only very weakly
bonded, in that the change in the ESR parameters of the silver
atom in the complex was within the range caused by matrix
perturbations of silver atoms. Presumably the weakness of
the bonding causes the expected shifts in the infrared spectrum
of coordinated vs. uncomplexed ethylene to be too small to be
observed. This behavior is to be contrasted with that of Co,?
Ni,!2 Cu,® Rh, and Pd.2® For all of these metals the infrared
spectra show that bona fide complexes, M(C,H,), (n = 1—
Nuax), are formed. Furthermore, in the cases where isotopic
substitution experiments were performed (Co, Cu, Rh, and
Pd) the spectra of the mixed '2C,H,/'*C,H, complexes were
seen. This indicates that the vibrational coupling of the co-
ordinated olefins is reasonably strong and there is no apparent
reason why iron should be different from these typical tran-
sition metals. Furthermore, both the ethylene concentration
study and the isotopic substitution experiments point to a
monoligand formulation.

The Mossbauer spectrum of iron in pure ethylene at 4.2 K
has been previously reported.?? In this case the spectrum,
identical with that in Figure 5a, was interpreted as being due,
in part, to unreacted iron atoms, the major product A was
assigned to an iron dimer product, and the remainder of the
spectrum to an ethylene reaction product of an iron trimer or
higher multimer. The identification of the iron monomer is
indisputable. However, the concentration dependence of A
shows conclusively that this product contains only a single iron
atom. The identification of the third product with an iron
multimer reaction product is not unreasonable, although we
prefer the more detailed assignment given in this paper. The
principal difference between deposition at 4.2 and 20 K is the
degree of clustering that occurs. Thus, it seems reasonable
to use the more accurate values of the clusters (because of the
larger amounts present) obtained from the 20 K work as an
aid to the analysis of the minor components in the 4.2 K data.

That iron forms only a monoalkene complex is somewhat
surprising. However, it does fit very well with the trend to
increasing coordination number that has been observed for
matrix-isolated ethylene complexes as the first row of the
transition metals is traversed: Fe(C,H,), Co(C,H,);,, Ni-
(C;H,)1 23, Cu(C,Hy), 25. The formation of only a monoalkene

(18) Kasai, P. H. J. Phys. Chem. 1982, 86, 3684.

(19) Kasai, P. H.; McLeod, D., Jr.;, Watanabe, T. J. Am, Chem. Soc. 1980,
102, 179.

(20) Huber, H,; Ozin, G. A.; Power, W. J. Inorg. Chem. 1977, 16, 979.

(21) Pardum, H.; Montano, P. A.; Shenoy, G. K.; Morrison, T. Phys. Rev.
B: Condens. Matter 1982, 25, 4412,

(22) Pasternak, M. Chem. Phys. Lett. 1981, 77, 66.
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complex is not unprecedented although it has only previously
been found for Au.? Interestingly Pd and Pt form complexes
of the same stoichiometry and Rh forms a complex of higher
stoichiometry than their congeners in the first transition series.

This work supports the conclusions arrived at from studies
of other metal/alkene systems.®*!223 From these it appears
that the alkene is coordinated to the metal with only minimal
changes in the coordinated ligand. Thus, the Mossbauer
spectra of Fe/C;H, samples are virtually identical with those
of Fe/C,H, samples, indicating that propylene is coordinated
through the w-bond rather than as an allyl complex.

There have been a number of theoretical studies made on
systems relevant to this work. The Fe dimers?* FeM (M =
Mn, Fe, Co, Ni, Cu) have been investigated by a variational
technique, Goddard and co-workers have investigated a series
of complexes of the type NiX (X = CO,* CH,, CH,,* C,H,,
C,H,,* Ni(C,H,)!?) by generalized valence bond theory with
configuration interaction (GVB-CI). These studies all show
a remarkable degree of agreement, in that they all conclude
the electronic configuration of the metal atom is changed from
(4s)2(3d)" to (4s)'(3d)"L.

The Mossbauer isomer shift gives direct information on the
electronic configuration of the iron atom via the relationship

isomer shift = k[¥(0)]> + constant

where [¥(0))? is the electron density at the nucleus and k is
the isomer shift calibration constant. This is negative for *’Fe;
hence, the larger the value of |¥(0)[?, the more negative the
isomer shift. In a nonrelativistic approximation only s electrons
have a non-zero value of |¥(0)[%2. However, electrons in other
shells can affect the value of |¥(0)? indirectly by shielding
of the s electrons. From the known isomer shifts of Fe,
(4s)2(3d)%,'® Fe* (4s)!(3d)5,% and Fe* (3d)”® together with
theoretical values® of |\/(0)}2, an isomer shift of approximately
+1.0 mm s7! may be estimated for Fe, (4s)!(3d)”. The
measured isomer shifts of the iron/alkene complexes are all
~+0.5 mm s”!. This is intermediate between the values of
Fe, (4s)2(3d)® and Fe, (45)'(3d)” but much closer to the latter.
Thus, this study provides strong experimental evidence for the
validity of the conclusions from the theoretical work.

The GVB—CI studies also conducted that for ethylene?” the
principal interaction was a o bond with the = electrons of the
olefin donated to the metal 4s orbital and only minimal
back-bonding from the metal d orbitals to the ligand =* or-
bitals. A similar study of Ni(CO)? conctuded that in this case
there was a small but significant amount of d,—=* back-
bonding. The Méssbauer results for Fe(CO),* Fe(NH;),*!
Fe(C,H,), and Fe(C;Hg) are in agreement with this conclu-
sion. The removal of an s electron by the rehybridization of
the iron atom to (4s)!(3d)’ increases the isomer shift, while
removal of d electrons by d,—w* back-bonding decreases the
shielding of the s electrons, hence decreasing the isomer shift.
The measured order of the isomer shifts in Fe(X) is

X = CO < C2H4 = C3H6 < NH3

Thus, CO has significant = bonding and therefore shows the
most negative isomer shift. NH; is a pure ¢ donor and so has
the most positive isomer shift, fairly close to that calculated
for Fe, (4s)!(3d)". C,H, and C,;H; have isomer shifts close

(23) Mclntosh, D.; Ozin, G. A. J. Organomet. Chem. 1976, 121, 127.

(24) Guenzburger, D.; Baggio Saitovich, E. M. Phys. Rev. B: Condens.
Matter 1981, 24, 2368.

(25) Walch, S. P.; Goddard, W. A, IIL. J. Am. Chem. Soc. 1976, 98, 7908.

(26) Reppé, A. K.; Goddard, W. A III. J. Am. Chem. Soc. 1977, 99, 3966.

(27) Upton, T. H.; Goddard, W. A,, IIL. J. Am. Chem. Soc. 1978, 100, 321.

(28) Micklitz, H.; Litterst, F. J. Phys. Rev. Lett. 1974, 33, 480.

(29) Micklitz, H.; Barrett, P. H. Phys. Rev. Lett. 1972, 28, 1547.

(30) Trautwein, A.; Harris, F. E.; Freeman, A. J; Desclaux, J. P. Phys. Rev.
B: Solid State 1978, 11, 4101,

(31) Barrett, P. H.; Pasternak, M. J. Chem. Phys. 1979, 71, 3837.
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to that of NH,, reflecting the predominantly o-donor nature
of these alkenes.

The products Fe(C,H,), Fe,(C,H,),, and Fe,(C,H,), all
have similar isomer shifts and quadrupole splittings, implying
similar electronic configurations. Thus, it would appear that
addition of further Fe-~C,H, units to Fe(C,H,) itself causes
only a small perturbation to the iron atom. This is in
agrelezment with the results of the GVB-CI study of Ni,(C,-
H,).

One of the unexpected findings of this research was the
presence of small amounts (~10%) of unreacted iron atoms
in pure C,H, at 4.2 K in addition to Fe(C,H,). Although
unreacted atoms in a pure reactive matrix are surprising, they
are not unknown. Cobalt® and copper® atoms have been ob-
served by ultraviolet spectroscopy (UV) in pure C;H, at 12
K. Chromium and vanadium?®? atoms have been observed by
UV in pure N, at 4.2 K. In the case of iron, unreacted atoms
have been detected by Mossbauer spectroscopy in pure N, (also
by UV?), in CO,5 and in CH,.** So it would appear that the
persistence of bare atoms in pure, reactive matrices is ap-
parently not uncommon. This points to the existence of a small
activation energy. Our results show that this energy can be
supplied either thermally or photolytically. In the latter case
whether the mechanism is direct reaction of an excited-state

(32) Huber, H.; Ford, T. A.; Klotzbucher, W.; Ozin, G. A. J. Am. Chem.
Soc. 1976, 98, 3176.

(33) Barrett, P. H.; Pasternak, M.; Pearson, R. G. J. Am. Chem. Soc. 1979,
101, 222.

atom or just a local heating of the matrix is difficult to say.

To our knowledge there have been no surface vibrational
studies of the iron/ethylene system. Part of the reason for the
paucity of data is that iron surfaces are notoriously difficult
to clean. However, recent work3* appears to have overcome
this problem. From a study® of ethylene on the a-Fe(100)
surface using low-energy electron diffraction and ultraviolet
photoemission spectroscopy, it was concluded that ethylene
is molecularly absorbed at 77 K. Cleavage of the double bond
to surface methylene groups started to occur at 98 K and by
123 K was complete. Our matrix isolation study gave no
evidence for C=C cleavage at any temperature up to the
highest annealing temperature used (50 K), the only reaction
being clustering of the iron/alkene complexes. (There have
been no reports of cleavage of C=C bonds by matrix-isolated
atoms or clusters.) Thus, while both iron clusters and iron
surfaces can molecularly bond alkenes, the small clusters are
unable to cleave the double bond. Whether this is due to the
temperature being too low to provide the necessary activation
energy for the process, or to a fundamental difference between
clusters and surfaces, is a question we are unable to answer.
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The syntheses of 6-p-styryl-2,2’-bipyridyl (6-stybpy) (1), 6-p-tolyl-2,2’-bipyridyl (6-tolbpy) (2), 6,6’-di-p-tolyl-2,2"-bipyridyl
(3), W(CO),(6-stybpy) (4), [Ru(bpy),(6-stybpy)](PFy), (5), and [Ru(bpy),(6-tolbpy)](PFy), (6) are described. 'H NMR
spectra of § and 6 taken between 0 and 75 °C reveal that in these complexes the rotation of the phenylene group is hindered.
In contrast to [Ru(bpy);]**, § and 6 are only weakly luminescent at room temperature in fluid solution. Copolymers of
1 with styrene, methyl methacrylate (MMA), or maleic anhydride and copolymers of 4 and § with styrene have been prepared
by radical-initiated copolymerization. Polymer-bound Ru(bpy), complexes of poly(6-stybpy-co-MMA) are formed by reaction
of [Ru(bpy),(OH,)Cl]* and a poly(6-stybpy-co-MMA) copolymer. The luminescence and photochemical properties of
this polymer-bound Ru(bpy), complex and also of poly(sty-co-[Ru(bpy),(6-stybpy)]**) differ quite markedly from those
reported for Ru(bpy), derivatives of bipyridylated polystyrene, possibly indicating that in this latter material the bipyridyl

function is bound to the polystyrene through its 4-position.

Introduction

Research into the properties of polymer-bound compounds
has been stimulated inter alia by their usefulness as reagents
or as catalysts’™ and as electrode coatings.>” The aim of our
work in this area has been to determine how the photochemical
and photophysical properties of metal complexes such as metal
carbonyls,? (bipyridyl)ruthenium complexes,®!° and porphy-
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rins!® are modified upon binding to polymers. It is hoped that
this information may lead to the design of more efficient

(1) Throughout this paper a compound number may designate either the
neutral complex or its cation.
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