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Summary: A mid-IR fiber-optic cable operating as a
“dip” probe has been used to obtain IR spectra of
electrolysis solutions. The probe is employed in conven-
tional electrochemical cells to sample the bulk of solution
before, during, and after electrolysis. Unlike other
spectroelectrochemical methods, this technique requires
no cell design compromises which diminish the accuracy
of the electrochemical data.

We report a new method for obtaining mid-infrared
spectra of electrolysis products which has significant
advantages over previously reported methods. A fiber-
optic cable which is easily adapted to FTIR spectrom-
eters is immersed in a conventional electrolysis cell and
employed as a remote sensor. This method should
enable IR spectroelectrochemistry to be applied to redox
problems of increased complexity.
The difficulty of obtaining spectral information on

molecules of limited stability is a major impediment to
structural characterization of organometallic redox
products.1 IR spectroelectrochemistry is being increas-
ingly used to address this problem.2 When employed
to monitor a thin layer of solution near the electrode
surface, however, both reflectance and transmittance
spectral methods involve inherent design compromises
which limit the correlations one can make between the
spectral and electrochemical responses. For example,
the popular OTTLE (OTTLE ) optically transparent
thin-layer electrode) transmittance cell suffers from high
ohmic loss, leading to errors in the control potential
(Eappl) and severe distortion of voltammograms of elec-
trolysis products.3 These disadvantages have the effect
of limiting the usefulness of the OTTLE cell for inves-
tigations of closely spaced waves and of slow chemical
reactions coupled to electron transfer.
We sought a method which would take better advan-

tage of the strengths of traditional multicompartment
electrochemical cells and still allow in situ characteriza-
tion of redox products by IR spectroscopy. Among those

strengths are (1) accurate control of Eappl, (2) ability to
quantitatively follow the progress of the electrolysis
using a full complement of voltammetric methods, (3)
good performance at low temperatures, and (4) rigorous
exclusion of air from the electrolysis solution. To a
standard electrolytic “H”-cell4 we added only a fiber-
optic (“dip”) probe to obtain IR spectra. A Pt-gauze
cylinder was employed to perform electrolyses, and Pt
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Figure 1. Schematic representation of the sampling probe
head at the end of the fiber-optic cable. The portion shown
is immersed in the electrolysis solution, and solution enters
the sample chamber through holes in the stainless steel
probe wall.

Figure 2. IR spectra in the carbonyl region before (dotted
line) and after (solid line) one-electron anodic electrolysis
of 1.0 mM CpMn(CO)(dppe) (1) in CH2Cl2/0.1 M [NBu4]-
[PF6] at 273 K.
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mini- or microelectrodes were used for voltammetric
scans. The IR cable is carried in a 7 mm (o.d.) stainless
steel housing through an entry port in the top of the
cell, analogous to how an electrode would be placed into
the solution. The probe samples the the bulk solution
rather than the electrode reaction layer.
A bifurcated 1 m fiber-optic chalcogenide cable5

mounted on the exit port of a Mattson Polaris FTIR
spectrometer carries the IR radiation6 into the elec-
trolysis cell and returns it to a HgCdTe detector. The
probe terminates in a tip5 into which the analyte solution
is allowed to flow freely through entry holes (Figure
1). IR light enters the solution from the cable, bounces
off a gold reflecting mirror on the end of an adjustable
screw, and is returned to the detector by the cable. The
optical path length (b) may be changed (ca. 1-5 mm)
with the screw adjustment. The cable employed in this
study has acceptable transmission in the spectral range
4000-860 cm-1, except for an inaccessible segment at

ca. 2220-2100 cm-1. The νCO(asym) band at 1946 cm-1

for 0.89 mM CpMn(CO)3 in hexane had a signal-to-
background ratio >30 with b ) 1.2 mm. Although the
present experiments were carried out under argon using
Schlenk procedures, the method should be easily adapted
to drybox procedures and to vacuum or pressure cells.
Spectra prior to and after anodic electrolysis of CpMn-

(CO)(dppe) (1; dppe ) 1,2-bis(diphenylphosphino)-
ethane) are shown in Figure 2. Neutral 1 (νCO 1826

cm-1) was chosen for demonstration purposes because
it is known to undergo one-electron oxidation (E°′ )
-0.05 V vs Fc) to a persistent 17-electron monocation
(νCO 1927 cm-1).7 Identical results were obtained
between 298 and 235 K, demonstrating the applicability
of this method to low-temperature studies.
The oxidation of 1.0 mM acetylferrocene (2, E°′ ) 0.27

V vs ferrocene) was studied in CH2Cl2/0.1 M [NBu4][PF6]
at 273 K by monitoring the position and intensity of the
organic carbonyl band as the electrolysis proceeded at
Eappl ) 0.53 V (νCO 1666 cm-1 for 2; νCO 1700 cm-1 for
2+), in this case as difference spectra (Figure 3).
Progress of the conversion from 2 to 2+ was also followed
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fibers within a stainless steel probe of ca. 8 mm diameter. An
alternative to the transmission cell sample probe is one using a ZnSe
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Figure 3. Difference spectra obtained during anodic
electrolysis of 1.0 mM acetylferrocene (2) in CH2Cl2/0.1 M
[NBu4][PF6] at 273 K. An increasing amount of acetyl-
ferrocenium ion is produced in the sequence A-F.

Figure 4. Representative steady-state voltammograms
(scan rate 5 mV/s at a 250 µm Pt disk) of solutions A-F
like those in Figure 3. The anodic current is negative. Scan
A is that of 1.0 mM acetylferrocene and scan F that of
nominally 1.0 mM acetylferrocenium ion.

Figure 5. Absorbance changes observed in the experiment
of Figure 3 plotted against the total amount of charge
passed in the electrolysis. Passage of 1 faraday/mol re-
quired 3300 mC in this experiment.
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by voltammetry and coulometry. Slow linear scans at
a small (d ) 250 µm) Pt disk produced steady-state
voltammograms allowing direct measurement of the
relative amounts of 2 and 2+ in solution from the ratios
of anodic (for 2) and cathodic (for 2+) currents. The six
voltammograms in Figure 4 correspond roughly to the
six spectral samples in Figure 3. Moreover, the absorb-
ances of the bands were directly proportional (1700
cm-1, 2+) or inversely proportional (1666 cm-1, 2) to the
amount of charge passed in the electrolysis (Figure 5),
thereby indicating that the mechanism of the oxidation
does not change during the course of the electrolysis.
Evaluation of the electrochemical and spectral prop-

erties of electron-transfer side products was obtained
in studies of the double oxidation of (fulvalenyl)Mn2-
(CO)4(µ-dppm) (3; dppm ) bis(diphenylphosphino)-
methane) (3). Complex 3 has two one-electron anodic
processes that are chemically reversible in CV experi-
ments (E°1′ ) -0.06 V, E°2′ ) 0.40 V).8 After passage
of 1 faraday of charge the solution had an IR spectrum
identical with that reported earlier for 3+.8 The mono-

cation was then electrolyzed to the dication 32+, after
which the dication was reduced back to 3. CV scans
after the re-reduction (Figure 6) revealed the presence
of another wave at ca. 0.5 V in addition to the two one-
electron waves of 3. Square-wave voltammetry con-
firmed the presence of a secondary compound. IR
spectra after the back-and-forth electrolyses had two
new features at 1950 and 1889 cm-1 (Figure 7). Taken
together, the potential of the side product and the
positions of its CO bands suggest a CpMn(CO)2L moiety,
where L is a phosphine or related donor atom.
The fiber-optic remote sensing technique provides

high-quality spectra of electrolysis solutions over a
sufficiently wide spectral range to be of interest to
organometallic chemists working on a variety of redox
problems. It is anticipated that the combination of in
situ IR analysis and optimum electrochemical perfor-
mance will lead to advances in quantitative organo-
metallic electron-transfer studies, especially those in-
volving closely spaced voltammetric waves or otherwise
mechanistically complex reactions.
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Figure 6. Cyclic voltammetry scans (v ) 0.2 V/s) at a 250
µm Pt disk of (A) 1.0 mM (fulvalenyl)Mn2(CO)4(µ-dppm)
(3) in CH2Cl2/0.1 M [NBu4][PF6] and (B) solution a after
double oxidation (Eappl ) 0.8 V) to 32+ followed by re-
reduction at Eappl ) -0.4 V. The new feature at ca. 0.5 V
arises from a side product.

Figure 7. IR spectra in the 1800-2000 cm-1 range
corresponding to solutions A and B of Figure 6.
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