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Abstract: The pulse radiolysis of Mn>(CQO)g, Mn(CO)sBr, and Mn(CO)s! in ethanol solution has been investigated. The
Mn(CO)s- radical, which was observed, exhibits an optical absorption band with a maximum at 830 nm and a molar absorp-
tion coefficient of eg39 = 800 = 80 M~! cm~!. Absolute rate constants were determined for the reactions of the solvated elec-
tron with Mns(CO) ;g (9.1 X 10° M1 s~1), Mn(CO)sBr (1.0 X 101 M~! s71), and Mn(CO)sI (1.02 X 10! M~! s~1), For
the iodide system, Mn(CO)s- is also formed by the reaction of a-ethanol radical with Mn(CO)sI (1.5 X 108 M~!s~!), The re-
combination of Mn(CO)s- has a rate constant of 2k = 1.2 X 109 M~!s~!; Mn»(CO)q is identified as a final product in the ra-
diolysis of the halide complexes. Mn(CO)s- reacts with O, (1.8 X 109 M~!s7}).

Introduction

Organotransition metal radicals represent a rapidly growing
class of reactive intermediates.2~” They have been encountered,
on numerous occasions, in chemical reactions leading to the
formation and/or cleavage of metal-carbon, metal-hydrogen,
and metal-metal bonds. A number of them have been impli-
cated in catalysis by transition metal complexes.? Yet, recent
developments notwithstanding, relatively little is known about
their structure, spectroscopic properties, and elementary re-
actions.

A severe limitation on continued rapid progress in this field
is the paucity of general methods of production and direct
observation of such transient species in solution.® At present,
transition metal centered radicals have been best generated
by conventional photochemical or flash photolytic cleavage of
metal-metal bonds in metal carbonyl complexes.5-7.41-14

hv
Ln(CO)mM'M(CO)an - 2Ln(CO)mM‘ (1)

In these processes homolysis of the metal-metal bond is
thought to occur via a ¢(M-M) to ¢*(M-M) one-electron
excitation.!?> The resultant short-lived radicals have been
characterized indirectly either by spin trapping with nitroso
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compounds or by scavenging in halogen abstraction reaction
with organic halides. Organotransition metal radical pathways
have also been diagnosed by the observation of chemically
induced dynamic nuclear polarization'®!” and, less directly,
by various methods of kinetic and stereochemical origin.?

The pulse radiolysis method!8:' potentially represents a
powerful and versatile alternative method to flash photolysis
for the direct study of organotransition metal radicals in so-
lution. Surprisingly, it has received little application toward
these ends.20 Attachment of the solvated electron to an ap-
propriate organotransition metal compound is expected to
produce a radical anion

L,MX + e"oy — L,MX"~ (2)

which may then undergo dissociation to generate a stable anion
and the desired metal-centered radical.

L,MX~—L,M. + X~ 3

The present work was undertaken in a new program con-
cerned with the application of pulse radiolytic methods to
studies on a submicrosecond time scale of organotransition
metal transients. The manganese carbonyls Mn,(CO);¢ and
Mn(CO)sX (X = Br, I) selected for this initial investigation
represent two general classes of metal carbonyl compounds,
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namely, metal-metal bonded dimers and the carbonyl halides,
It may be anticipated that in combining with the solvated
electron Mny(CO) g will use its ¢*(M-M) orbital, causing
dissociation into Mn(CO)s~ and Mn(CO)s., Similarly, dis-
sociative attachment of the solvated electron to Mn(CO)<X
is expected, by analogy with the behavior of the organic ha-
lides,?! to produce X~ and Mn(COQ)s-. Thus, it appears that
the desired Mn(CO)s- radical is potentially accessible from
several different types of compounds.

The Mn(CO)s- radical has been generated in solution and
indirectly characterized by several investigators,>-7:1-13.22.23
It has a large rate constant for dimerization to form
Mn,(CO),o.'2 The electronic spectrum of Mn(CO)s- is un-
known.'2 It is relevant to this investigation that a closely re-
lated, isoelectronic (d7) analogue of the Mn(CO)s- radical, the
Co(CN)s3~ anion, is a well-characterized species.?* It is quite
stable toward dimerization in solution and it possesses a rea-
sonably well-explored radical chemistry.2>:26 Its electronic
spectrum has been recorded and interpreted.*

In this paper we report the generation of the Mn(CO)s-
radical by pulse radiolysis of Mn,(CO) ¢ and Mn(CO)sX.
Some physical and chemical properties of Mn(CO)s- have been
determined. All of these studies were conducted in ethanol
solutions. Ethanol was selected as the solvent because the yield
of €701 is unity or higher?’-2 and the manganese carbonyls
are sufficiently soluble. A number of radiolytic investigations
have been carried out on ethanol, and the properties of the
major radicals formed, e, and a-ethanol radical, have been
well documented.?7-29

Experimental Section

A. Pulse Radiolysis Apparatus and Procedures. The apparatus based
ona Varian V-7715 A electron linac, delivering 4-MeV electrons, has
been described previously.!8:1930 The pulse radiolysis experiments
were performed at 293 + | K using a 2-cm quartz irradiation cell with
a double pass of the analyzing light beam. Changes in the light level
transmitted by the irradiated solutions were detected using photo-
multiplier tubes (RCA 7102 and 7200); these detectors and the as-
sociated electronic circuitry had a rise time of less than 70 ns. Ap-
propriate light filters were used to minimize the extent of photolysis,
and a shutter was employed to restrict the exposure to the analyzing
light. The irradiation cell was constructed so that it could be filled and
emptied of solution in the absence of air. The solutions were deaerated
using argon gas (99.999%) in conjunction with a syringe technique
similar to that of a published procedure.?! For all sources of ethanol
used in this work, the decay in deaerated solutions of the electron,
which has an absorption band with a peak at 700 nm,27® closely ap-
proximated first-order kinetics. The apparent first-order rate constant
for this process did, however, increase with increasing dose ([€ ot} max
= | -7 uM). This behavior and the range of half-lives found (¢, ;5 =~
1-5 us) are in agreement with results reported by others.2%2-32 In this
regard, corrections for the reaction of e7yy with the solvent system
were made in determining the rate constants for the electron reactions
for the mangancse complexes and the molar absorption coefficient
of the reaction product. This was done using the apparent first-order
rate constant for the electron decay in the solvent system at the ap-
propriate dose condition. In addition to the presence of ¢4y in
pulse-irradiated and deaerated ethanol, a transient was also observed
in the region of 280-400 nm, which had the expected absorption level
and kinetic properties of a-ethanol radicat,296.32.33

B. Materials, Decacarbonyldimanganese(0) was purchased from
Strem Chemicals. Inc. Bromopentacarbonylmanganese(l),
Mn(CO)sBr, and the corresponding iodo compound, Mn(CO)sl, were
prepared by published procedures.34.35 Samples of these compounds
were purified by sublimation and stored in the dark in a refrigerator,
generally under an argon atmosphere. Their IR and UV spectra were
in good agreement with their reported spectra.?234-3% While
Mn(CO)sBr decomposed slowly in absolute ethanol solutions (first
half-life ca. 8 1)4% and that of Mn(CO)s! even more slowly, solutions
of these compounds were considered to be sufficiently stable for use
under our conditions where the solutions were prepared and run within
about a 4-h period. Solutions of Mn,(CQO)q were observed by their
UV spectra to be unchanged over 3 days. All solutions were protected

from light as much as possible. Samples of absolute ethanol were
obtained from two different sources. USP quality ethanol was pur-
chased from [. M. C. Chemicals Group Inc., and distillation of this
material under argon3? was found to improve the lifetime of e=4q.
Specially selected samples of absolute ethanol were generously sup-
plied by U.S, Industrial Chemicals Co., and were used as received.
This material had been analyzed by gas-liquid chromatography and
UV spectrophotometric techniques. The only impurities identified
were isopropyl and sec- and fert-butyl alcohols in the range of 1-10
ppm Other chemicals and gases used were of reagent quality.

C. Determination of Dissolved Oxygen Concentrations. Based upon
the apparent rate constant for the electron decay at low doses and the
rate constant for the reaction of 7o With O3 [ke+0, = (1.9 £0.3)
X 1010 M~1 571132 an upper limit to the concentration of residual
oxygen in deaerated ethanol solutions was estimated tobe 10 uM. In
experiments directed at investigating the reactivity of the manganese
transient toward O, the value of k.40, also served as a means to de-
termine the concentration of added oxygen as follows. A deaerated
solution of pure ethanol was saturated with O,. Aliquots from this
oxygenated stock solution were injected by syringe into deaerated
solutions containing Mn,(CO);q and into deaerated ethanol. The
concentration of added O, in ethanol was then calculated from the
apparent first-order rate constants for the electron decay in the
presence and absence of O, This procedure was done in triplicate, and
served as the basis for determining the oxygen concentrations in the
stock solution and in the solutions containing Mn,(CO)q.

D. Pulse Radiolysis Dosimetry. These measurements were made
using the absorption of €45 at 700 nm (e 15 000 M~! ¢cm~1)27b or the
application of the aqueous ferrocyanide dosimeter.4! The latter
technique involves observing the formation of a stable product,
Fe(CN)¢?™ (€420nm 1040 M~ cm™1), and is consequently a somewhat
more reliable procedure than that based upon the electron absorption,
particularly at high dose rates where the electron decay is rapid. The
response of aqueous 5 mM K4Fe(CN)g solutions saturated with N,O
was used in determining the molar absorption coefficients for the
transients arising from the reactions of ¢~ with the manganese
complexes. The dose per pulse was typically in the range of 1-5 X 10!7

eV/g.
Results and Discussion

A. Studies of Mny(CO);¢. On pulse irradiation of deaerated
ethanol solutions containing 200-400 uM Mn,(CO)q, the
decay of e~ was found to be concurrent with the formation
of a transient absorbing in the region of 680-1030 nm (Figure
1). Nosignificant level of absorption was observed in the region
of 680-440 nm.*? Saturation of such solutions with N,O, a
facile scavenger of e~ 4,,28 completely eliminated the transient
absorption. This feature indicates that not only is the transient
associated with the reaction of the electron but also that the
«-ethanol radical, the other principal radical present in both
deaerated and N,O-saturated solutions, did not give rise to this
transient. Concentration studies where the concentration of
Mn,(CO),q was greatly in excess of that for e~ showed that
the kinetics of the decay of e~ were independent of wave-
length over the wavelength region in which the 830-nm tran-
sient overlaps the absorption of €74, and in which e~ of
course, dominates the absorption. The kinetics were first order
with respect to Mn,(CO)yo concentration, yielding a rate
constant of (9.1 £ 1.0) X 10° M~! s™! for the reaction of ey,
with Mn,(CO)o.

The transient absorption shown in Figure | decayed on the
millisecond time scale without the formation of an observable
product in the region of 440-1030 nm42 and without alteration
in the shape of the band. This decay obeyed second-order ki-
netics; a representative plot of 1/A4 vs. time for the decay is
shown in Figure 2. The slopes of such lines were normalized
by multiplying by the factor 4,/ As30. These normalized slopes
indicated that the decay rate was invariant with wavelength
(790-900 nm) as well as being independent of dose (factor of
2) and of the source of ethanol used. The slopes did, however,
decrease slightly from the first to the third pulse and thereafter
remained the same from the fourth to the 16th pulse; the total
amount of Mn,(COQ) g reacting at this stage was ca. 10%, In
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Figure 1. Transient spectra on pulse irradiation of manganese complexes
in ethanol. Curve |: deaerated solution of [Mn(CO)sI] = 308 uM and
[e7sotlmax = 5.5 uM, t = 3.4 us (O); (9) deaerated solution of
[Mn(CO)sBr] = 307 uM at ¢t = 3.2 us—points normalized to curve | at
830 nm. Curve 2: deaerated solution of [Mny(CO)g] = 288 uM and
[e7sot)max = 5.9 uM, t = 4.0 us (O). Curve 3: N2O-saturated solution of
[Mn(CO)sI] = 320 uM, t = 42 us (A). Same dose level as curve |. Light
path = 4 cm.

this work, results obtained from the fourth to the 12th pulse
were made use of.

It is clear from the foregoing that the absorption band with
a peak at 830 nm is representative of a single species. From the
evidence subsequently developed we identify this absorption
band with the Mn(CO)s- radical formed in the dissociative
electron attachment:

e 5ol T Mn2(CO)o — Mny(CO) o~ (4)
Mny(CO) 1~ > Mn(CO)s: + Mn(CO)s~  (5)

The second-order decay which follows this is ascribed to
Mn(CO)s- + Mn(CO)s- — Mny(CO) 1o (6)

a reaction which has been proposed under other circum-
stances.6.7.11.12.22,38

The molar absorption coefficient of Mn(CQO)s+ at the
maximum, eg3g, was determined using aqueous ferrocyanide
dosimetry in the following manner. The value of €g3p was cal-
culated using the amount of Fe(CN)43~ formed in the aqueous
dosimetry solution and the following G values (yield of radi-
cal/100 eV): G(e™,q) = G(OH) = 2.8; G(e™50)) = 1.0.27043
In this calculation, allowance was also made for the fact that
only about 90% of e, reacted with Mn,(CO);o under our
conditions. The average value of ¢g30 for four determinations
was 800 + 80 M~! cm~! so that the second-order rate constant
for the transient decay was found to be 2k = (1.1 £0.2) X 10°
M~! s~! on the assumption that the only reaction of the
Mn(CO);s- occurring was reaction 6.

To investigate the reactivity of Mn(CO)s. toward O,, 0.3
mM solutions of Mn,(CO),q were injected with oxygen in the
range of 40-70 uM (see Experimental Section). At these
oxygen levels, less than 32% of the electron formed would react
with O,. Addition of oxygen caused a marked increase in the
rate of the disappearance of the transient but without the
formation of an observable product. The decay kinetics of this
process could now be described by first-order kinetic behavior.
A plot of the observed first-order rate constant vs. concentra-
tion of added oxygen is presented in Figure 3. From the slope
of this line, the rate constant was found to be 1,8 X 10° M~!
s~!, presumably due to the reaction

Mn(CO)s- + 05 — -0,Mn(CO)s )
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Figure 2, Second-order kinetic plot for decay of transient at 830 nm. Data
recorded on the eighth pulse of [Mny(CO)yg] = 287 uM. Plot covers 3
half-lives of the reaction.
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Figure 3. Plot of observed first-order rate constant for decay of transient
from the reaction of €4 and Mny(CO)yo vs. concentration of added
oxygen. [Mn3(CO)yo] = 300 uM. Slope = [.8 X [0° M5!,

While this reaction has not previously been investigated in
detail, the presumed product has been detected. 4

B. Studies of Mn(CO)sBr. On pulse irradiation of solutions
containing 190-300 uM Mn(CO);sBr, the disappearance of
€ 501 coincided with the formation of an intermediate having
an optical absorption band with A,.x 830 nm (Figure 1) and
a molar absorption coefficient of 690 M~! cm™~!, which is,
within experimental error, the same as was obtained in reaction
5. As in the Mn,(CO) g case, the addition of N,O as an elec-
tron scavenger eliminated the occurrence of the transient. The
rate constant associated with the decay of the electron was
determined as (1.0 £ 0.3) X 101° M~! s~!. In analogy to re-
actions 4 and 5, these reactions are

€ 5ot + MH(CO)5BI' - MH(CO)5BI'_ (8)
f
Mn(CO)sBr— —> Mn(CO)s- + Br- (%)

The Mn(CO)s- radical decayed via second-order kinetics
(740-870 nm) with a value of 2k¢ = (1.0 £ 0.2) X 10° M~!
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Figure 4, Absorption spectra of irradiated Mn(CO)sBr solutions recorded
on a Cary |7 spectrophotometer. Curves: |, deaerated solution; 2, N,O-
saturated solution; 3, base line with unirradiated Mn(CO)sBr solution
as reference. [Mn(CO)sBr] = 302 uM (before irradiation): total transient
concentration &~ 28 uM (ca. 4.7 uM per pulse). Light path = | cm.

s~!, in excellent agreement with the result for the decacarbonyl
system. 43

To investigate the final products formed upon irradiation
of Mn(CO);Br solutions, such solutions were pulse irradiated
in the dark six times so that the total concentration of the
electron product was ca. 28 uM (ca. 4.7 uM per pulse). This
was done in both the presence and absence of N>O. The
near-UV spectra of the pulsed materials were recorded on a
Cary 17 spectrophotometer with the unirradiated solutions
serving as the reference. These spectra are reproduced in
Figure 4. In the deaerated medium, there occurred a band with
a peak at 342 nm. While the absorption level of this band was
somewhat less than that anticipated on the basis of the amount
of e~ formed (see below), the location of the peak and the
half-width of the band indicated that it represented, predom-
inantly, the presence of Mn»(CO)¢. The effect of the addition
of N,O in largely suppressing the band pointed out that it de-
rived principally from the reaction of e™5,. Two features
suggested, however, the presence of other unidentified prod-
ucts: the fact that there was some residual absorption in the
N,O saturated solutions and that while the location of the peak
at 342 nm in the deaerated medium remained unchanged over
several hours, the absorption at both tails of the band decreased
with time.

Pulse radiolysis experiments were also conducted to deter-
mine if the growth of Mn,(CO),q coincided with the decay of
Mn(CO)s-. Owing to the absorption of Mn(CO)sBr (peak at
382 nm), these efforts were severely hindered by the photolysis
of Mn(CO);Br upon exposure to light below 450 nm from the
monitoring lamp. At 364 nm, which was chosen to try to
minimize these complications, a relatively stable product was
observed to be formed over the same time scale (millisecond)
as that for the disappearance of the Mn(CO)s-. On addition
of N0, the growth in absorption was now somewhat less and
took slightly longer to reach its maximum development. While
on a qualitative basis, the growth in near-UV absorption oc-
curred concurrently with the Mn(CO)s- decay in the near-IR
region, clearly more than one process was being monitored at
364 nm.

C. Studies of Mn(CO)sl. Irradiation of deaerated ethanol
solutions containing 177-425 uM Mn(CO);I resulted in the
rapid disappearance of e 5o and the concurrent formation of
a transient again having the same spectral features as that
formed by the electron reactions with Mn(CO)sBr and
Mn>(CO)yo (Figure 1). The rate constant for the reaction of
€ 5ol and Mn(CO)sI was determined to be (1,02 £ 0.06) X
1010 M—t g1,

However, in the case of the Mn(CO)sl there was an addi-
tional reaction forming Mn(CQ)s- which did not occur with
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the other two compounds. From about 3.4 us (at which point
the amount of electron remaining was negligible) to ca. 15 us,
there was a slight increase in the absorption level without al-
teration in the shape of the band, Clearly there was an addi-
tional reaction giving rise to Mn(CQ)s-. This effect was most
pronounced in experiments involving N,O solutions. In the
presence of N>O, the electron will react with N,O to yield
hydroxyl radical.?8 Under our conditions, OH is very rapidly
scavenged by ethanol to form a-ethanol radical*? so that this
is now the principal radical species present at the end of the
irradiation period. In this situation, since the electron was now
scavenged by N>Q, there occurred only the slower growth in
absorption covering the region of 680-1030 nm. The absorp-
tion spectrum, which developed over a period of ca. 40 us, is
presented in Figure 1. While the maximum level of absorption
was about 70% of that encountered in the absence of N»,O, the
peak at 830 nm and its band shape were the same. The evidence
suggests that this slower process is

CH;CHOH + Mn(CO)sI — Mn(CO)s- + CH3;CHIOH
(10)

The rate of this process was independent of wavelength
(730-970 nm) and increased with increasing concentration of
Mn(CO)sI (177-425 uM). The rate curves were found to fit
a first-order rate law. However, the rate constants obtained
from these rate curves were sensitive to dose level (ninefold),
the value tending to be lower at high concentrations of
Mn(CO)slI and low doses. This dose dependence would be
consistent with the occurrence, in competition with reaction
10, of

CH;CHOH + CH3CHOH — products (I

At the highest concentration of Mn(CO)sI used (425 uM), the
value of k;¢°%d ranged from 4.2 to 1.6 X 108 M~!s~! for the
ninefold variation in dose. Extrapolation of the rate constants
to zero dose yields a value of kg = 1.5 X 108 M~ s=!, Oxygen,
which scavenges organic free radicals such as alcohol radi-
cals,%6 completely eliminates this reaction.

In both deaerated and N,O-saturated solutions, the decay
of Mn(CO)s- obeyed second-order kinetics, leading to a rate
constant of 2k, = (1.2 £ 0.3) X 10 M~! s~! in deaerated so-
lution and 2k, = (1.2 £ 0.4) X 10° M~' s=! in N,O-saturated
solution based on €30 = 800 M~! cm™!, in excellent agreement
with the values obtained in Mn(CO)sBr and Mny(CO)o
systems.4? In point of fact, the iodide data represent a partic-
ularly favorable situation for the evaluation of 2k, for the
following reason. The occurrence of reaction 10 removes the
a-ethanol radical and diminishes the possibility of the cross-
reaction:

CH3;CHOH + Mn(CO)s- — (CH;CHOH)Mn(CO)s
(12)

50 that the second-order decay in the iodide case represents only
reaction 6.48

The final products formed upon irradiation of Mn(CO)sl
solutions in the presence and absence of N>O were investigated
in the same manner as for Mn(CO)sBr experiments. The UV
spectra of the irradiated solutions exhibited a pronounced band
(similar to Figure 4) with a peak at 342 nm, characteristic of
Mn,(CO);o. Two features were encountered which differed
in detail from the case of Mn(CQ)sBr. In addition to the
spectra being relatively stable in time, the amount of
Mn,(CO);o in N,O-saturated solution was now about 85%
that in deaerated media. Furthermore, the concentrations of
Mn,(CO)q for deaerated (21 uM) and N,O-saturated (18
uM) conditions were greater than that expected (14 uM) on
the basis of the amount of ¢~ produced and the occurrence
of reaction 6. This fact is consistent with the occurrence of
reaction 10 in addition to the generation of the radical by re-
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action of e~,. The observation that the yield in deaerated
solution is greater than in N,O-saturated solution is expected
on the basis of the competition between reactions 10 and 11.

In the case of Mn(CO);Br, it should be pointed out that the
yield of Mny(CO);p in deaerated media was lower than that
expected. This suggests the possibility that the cross-reaction,
12, does occur. Processes analogous to that of 12 are known;
for example, Cr2*(aq) reacting with a variety of alcohol rad-
icals to yield Cr-C bonded species,?? and similar behavior for
Co(CN)s3~, which is isoelectronic with Mn(CO)s., have been
reported.2® The difference in behavior of the bromide system
from the iodide system, with regard to the role of reaction 12,
is presumably a manifestation of the lower rate of the reaction
analogous to 10 in the bromide system. This is not unexpected;
for example, the reaction of methyl halide with sodium atom
shows the same effect.49

D. Additional Facets. Our observation that the reaction of
the electron with all three complexes gives rise to the same
transient (Amax 830 nm), and that its decay is second order,
resulting in Mn,(CQO)q as a product, identifies the transient
as Mn(CO)s-, It is formed by

e 5ol + Mn(CO)sL — Mn(CO);L~ (L = X, Mn(CO)s)

(13)
followed by

fa
Mn(CO)sL~ —> Mn(CO)s- + L- (14)

Mn,(CO)0~ and Mn(CO)sBr~ have been observed in ESR
experiments on +-irradiated solids of Mny(CO)o and
Mn(CO)sBr at 77 K where the unpaired electrons are largely
confined to the ¢* Mn-Mn and Mn-Br bonds, respectively.’®
Our observation of concurrent decay of e~y and formation
of the 830-nm band makes it clear that in room temperature
solution reaction 14 is very fast. Owing to solubility limitations
of the complexes in ethanol, it was not possible to resolve re-
action 14 from 13. We can only say that the rate constant, k4,
is greater than 107 s~! and may, indeed, be much greater. It
is also noteworthy that Mn(CQ)s. is also generated in a reac-
tion, 10, which is less likely to involve the formation of an anion.
We have also established that the reaction of the electron with
free carbon monoxide did not give rise to an observable product
in the region 450-950 nm; the transient then cannot be an
electron adduct of CO,

The rate constant for the recombination of Mn(CO)s- in
ethanol, 2k¢ = 1.2 X 10° M~!s~!, may be compared with lit-
erature values!2 for this reaction in cyclohexane and in tetra-
hydrofuran, obtained by flash photolysis of Mn,(CO),q. The
data obtained by observation of the re-formation of
Mn,(CO) g give 4k = 7.7 X 10° M~! s~ in cyclohexane and
4k = 3.8 X 10° M~! s~ in tetrahydrofuran, both at 293 K.
These values were calculated from data given in the disserta-
tion of Hughey.3! On a comparative basis, our value of k = 6.0
X 108 M~1s! (ethanol) is in fairly good agreement with the
values k = 1.9 X 10° M—! s~ (cyclohexane) and k = 9.5 X 108
M~! s-1 (tetrahydrofuran). As different solvents were used
these variations likely reflect viscosity effects and specific
solvation effects.

A further feature of note in regard to the assignment of the
transient with a peak at 830 nm to Mn(CO)s- is its similarity
to the isoelectronic Co(CN)s*~. This free-radical species is
sensitive to oxygen and exhibits an absorption band in the near
IR (Amax 966 nm, €max 233 M~! cm~!).242 The structure of
Co(CN)s3~ in solution is assigned to that of square pyramidal;
this is based in part upon the expected absence of an absorption
band above ca. 500 nm if Co(CN);3~ exhibited trigonal-bi-
pyramidal form.242 Theoretical calculations®2 and results from
low-temperature matrix isolation-infrared experiments!0 in-
dicate a square pyramidal structure for Mn(CQ)s-. The loca-
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tion of the absorption band at 830 nm implies that its structure
in solution may also be of the square pyramidal type,

In this study, the technique of pulse radiolysis has been used
to directly detect and characterize the free radical, Mn(CO)s,
formed through the reactions of e~ and a-ethanol radical
with two types of manganese carbonyl compounds. This species
is representative of a broad class of radicals of general im-
portance to organometallic and polymer chemistry. As such,
this work illustrates the potential usefulness of pulse radiolysis
(and associated radiation chemistry) to kinetic investigations
into these areas.
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Abstract: The synthesis and characterization of three ferrocene-centered, hydrolytically unstable, surface derivatizing re-
agents and their attachment to pretreated (anodized) Pt and Au electrode surfaces are described. Trichlorosilylferrocene (I)
has been isolated from the reaction of SiCly and lithioferrocene; (1,1’-ferrocenediyl)dichlorosilane (1) has been isolated from
the reaction of SiCly and 1,1’-dilithioferrocene; and 1,1’-bis(triethoxysilyl)ferrocene (III) has been isolated from reaction of
CISi(OEt); with 1,1’-dilithioferrocene. The species I, I1, and T11 have been fully characterized by 'H NMR, mass, and UV-vis
spectra and elemental analyses. All are moisture sensitive and are capable of derivatizing anodized Pt surfaces. Detailed stud-
ies for derivatization of anodized Au using IT are described. In many respects the properties of derivatized Au electrodes paral-
lel those for derivatized Pt. Such derivatized electrodes exhibit persistent cyclic voltammetric waves at a potential expected
for an electroactive ferrocene derivative. Greater than monolayer coverages are found in each case, as determined by the inte-
gration of the cyclic waves. The cyclic voltammetric parameters are as expected for a reversible, one-electron, surface-attached
electroactive system except that the peak widths are broader than theoretical. This is attributed to chemically distinct ferro-
cene centers resulting from the oligomerization of the derivatizing reagent during the derivatization procedure.

In a recent preliminary account we outlined the chemical
derivatization of anodized Pt electrode surfaces using tri-
chlorosilyferrocene (I), which resulted in the persistent at-
tachment of polymeric, reversibly electroactive ferrocene.!
Also, we have shown that (1,1’-ferrocenediyl)dichlorosilane
(I1) is capable of derivatizing n-type semiconducting Si pho-
toelectrodes,? illustrating the first example of photoelec-
troactive surface-attached species. These studies have added
to a growing literature of chemically derivatized electrode
surfaces.3~!7

Elaboration of the number and types of chemical deriva-
tizing procedures is seemingly a necessary step in the illus-
tration and understanding of fundamental and practical con-
sequences of the resulting surfaces. In this article we wish to
report the synthesis and characterization of I, II, and 1,1’-
bis(triethoxysilyl)ferrocene (I11) and their use as derivatizing
reagents for anodized Pt electrode surfaces. We also report the
first derivatized Au electrodes using Il as the derivatizing re-
agent, and outline a procedure for the surface pretreatment
of Au that leads to successful derivatization, The structures

0002-7863/78/1500-7264$01.00/0

of the three derivatizing reagents are shown below. A quali-
tative comparison of the behavior of the resulting derivatized
surfaces is made.

Results and Discussion

1. Preparation of Compounds. The compounds presented
here are, by design, extremely moisture sensitive. Therefore,
care must be taken in the exclusion of moisture in their prep-
aration and subsequent handling. It should be noted that
compounds I and II seem to react with glass over a period of
time even when kept at low temperatures (—10 °C). Because
of this problem, in order to obtain satisfactory analysis, the
samples were purified immediately before being sent for
analysis, sealed in plastic ampules under dry nitrogen, and
analyzed as quickly as possible. This slow decomposition also
requires that the compounds be purified before use in elec-
trochemical studies.

All three complexes which we have prepared have been
characterized by elemental analyses and the results are satis-
factory. The mass spectral characterization provides a quick
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