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absorptions which we observe for the mnt compounds.29 

Multiple-state emissions from spin-orbit split excited states have 
been found for most of the previously reported luminescent Ir(I) 
and Rh(I) complexes.11'30 The key experimental evidence cited 
for multiple-state emission was often the temperature dependence 
of emission lifetimes below 77 K. For many of the compounds 
no significant spectral changes were observed. We note that the 
12 and 77 K emission spectra of complex Ib are essentially su-
perimposable. All of our data can be interpreted in terms of a 
single emitting electronic state; however, the possibility of mul­
tiple-state emission still exists in a situation where either only one 
state is responsible for the bulk of the observed emission or the 
emitting excited states (which must be in thermal equilibrium) 
have nearly identical emission spectra. Further studies of the 
temperature dependence of emission lifetimes seems to be in order 
for these systems. 

Finally, environmental rigidity appears to be required to observe 
luminescence from the Rh, Ir, and Pt mnt compounds. This is 
a general result for planar d8 complexes and a solvent relaxation 
study has been reported.31 We have also noticed a counterion 
effect on emission intensity. At room temperature, the TBA+ salts 
of the Ir complexes display brighter luminescence than the PPN+ 

salts. An extreme example of this effect is found in complex lib, 
which as the TBA+ salt exhibits bright luminescence at room 
temperature whereas no luminescence could be detected for the 
PPN+ salt. The origin of this curious effect is unknown, but it 
may relate to the structural rigidity of the lattices in the TBA+ 

(29) One possibility is that the highest occupied molecular orbital (formally 
assigned as a metal d orbital) has considerable ligand ir character. This would 
lead to lower extinction coefficients (due to the reduced effect of spin-orbit 
coupling) and larger singlet-triplet splittings (due to increased electron cor­
relation). 

(30) Fordyce, W. A.; Rau, H.; Stone, M. L.; Crosby, G. A. Chem. Phys. 
Lett. 1981, 77, 405-408. 

(31) Andrews, L. J. J. Phys. Chem. 1979, 83, 3203-3209. 

The investigation of heterogeneous and homogeneous electrode 
processes by infrared coupled spectroelectrochemical techniques 
has been reported. Thus work on the electrosorption of methanol 
on platinum electrodes1 and adsorbed hydrogen on platinum2,3 

and studies of the platinum-acetonitrile interface,4 adsorption of 
acrylonitrile,5 and changes in the water structure at metal elec­
trodes3'6 have been completed. 

The use of Fourier transform infrared spectrometers has proven 
to be a convenient rapid method for obtaining infrared spectral 
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and PPN+ salts. This observation is under continuing study. 

Conclusion 
We have discovered a new series of luminescent d8 complexes 

which have highly structured emission and excitation spectra. 
With the mnt compounds reported here, we have greatly extended 
the number and variety of d8 complexes exhibiting emission, and 
have developed a class of compounds ideally suited to detailed 
spectroscopic study. The luminescing excited state is essentially 
undistorted from the planar ground-state geometry and is assigned 
to be 3(d-7r*(mnt)). The vibrational structure is attributed to 
progressions in the mnt C = C vibration and other vibrations 
associated with the metal-mnt moiety. While the mnt complexes 
do not luminesce in fluid solution, studies to develop the photo­
chemistry of these systems are continuing. 
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differences between two polarization potentials at an electrode 
interface.4 We report here the ease with which the vibrational 
spectra of free-radical ions may be observed by using this tech­
nique. Traditionally, it has been rather difficult to obtain free-
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Abstract: High-quality infrared spectra of the radical ions of benzophenone, anthracene, and tetracyanoethylene were recorded 
during electrolysis of the substrates at a platinum electrode by using a specular reflection apparatus and a Fourier transform 
infrared spectrometer. Evidence of adsorption of benzophenone was indicated, whereas simple ion spectra were observed for 
anthracene and tetracycloethylene. Versatility of the technique is discussed. 
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FT IR of the Electrode-Solution Interphase 

radical ion spectra in the infrared region for the obvious reasons 
of sample handling and the large IR absorptions of the solvents 
commonly used when generating ion radicals. Conventional 
techniques used to observe such spectra include cocondensation 
of the parent molecule and alkali metal atoms onto infrared 
transparent windows,7 examination of mulls of prepared salts of 
stable radical ions,8 and crossed molecular beam cocondensation 
techniques.9"11 If the radicals of interest can be generated 
electrochemically, then it is likely, by using the technique described 
herein, that their infrared spectra may be recorded with minimal 
experimental effort. The traditional problem of strong solvent 
absorption is minimized by using reasonably thin layers of solution 
and efficient software subtraction routines available with most 
commercial FT IR instruments. 

Experimental Section 
FT IR Spectroscopy and Electrochemical Generation of Ions. Spectra 

were recorded on a Nicolet 7199 Fourier transform infrared spectrometer 
with a type A mercury-cadmium-telluride solid-state cooled (77 K) 
detector. Light was polarized by a Cambridge optical polarizer mounted 
before the cell. Potential programs were generated at the electrode by 
a HI-TEK DT2101 potentiostat and PPRl waveform generator. The 
spectra were recorded after near steady-state conditions had been reached 
at the appropriate potential. Potential step widths were 4 s at each level. 
Synchronization between the application of the potential step and the 
beginning of the spectral data collection was made by tapping the TTL 
signal accompanying the beginning of data collection at the Nicolet A/D 
converter and applying the signal to a 74190 down counter. Thus the 
waveform generator could be triggered at chosen sweep increments. 
Spectra reported herein were recorded at 4-cm"1 resolution at a nominal 
mirror velocity of 1.5 cm s"1. Further details are given elsewhere.12 

Solvents and Chemicals. Acetonitrile (Caledon HPLC grade, 0.003% 
water) was used without further purification. Benzophenone (Aldrich) 
was vacuum sublimed twice before use. Anthracene (Aldrich) was used 
as received, and tetracyanoethylene was recrystallized twice from chlo-
robenzene. All solutions were degassed with argon before use. 

Tetrabutylammonium tetrafluoroborate (TBAF)13 was used as sup­
porting electrolyte in all solutions. 

Cell and Electrodes. The cell body was constructed from glass; full 
details have been given elsewhere.12 A platinum mirror disk electrode 
(6-mm diameter) was mounted in a KeI-F cylinder (9-mm diameter) and 
the electrode inserted through a syringe barrel mounted on one end of 
the cell. The electrode cylinder extended through the interior of the cell 
to the opposite side, which was constructed of a plate of infrared trans­
parent material (silicon, Irtran-4) oriented parallel to the mirror electrode 
face. The electrode was adjusted so that only a very thin layer of elec­
trolyte solution was present between the electrode face and the window. 
Infrared radiation was directed through the window and solution and 
reflected off the electrode face and back through the solution and window 
to the detector. 

Secondary and reference electrodes were located in the cell as well. 
The reference was Ag/Ag+ (0.01 M; tetrabutylammonium tetrafluoro­
borate (0.10 M) in acetonitrile). 

Results 
The differential reflectance FT IR spectrum of a 10 mM so­

lution of benzophenone in acetonitrile (0.1 M TBAF) at a platinum 
mirror electrode is shown in Figure lb. The potential limits were 
-1.75 and -2.50 V vs. the Ag/Ag+ reference. The light was 
polarized such that the plane of the electric field vector was 
perpendicular to the surface of the electrode (p polarized with 
respect to the plane of incidence). The thickness of the solution 
layer was 1.0 ^m. The corresponding transmission spectrum of 
benzophenone in the same cell arrangement is shown in Figure 
la. As will be discussed later, bands extending downward (Figure 
lb) correspond to increased absorbance at -2.75 V, while peaks 

(7) See, for example J. Stanley, D. Smith, B. Latimer, and J. P. Devlin, 
J. Phys. Chem., 70, 2011 (1966). 

(8) See, for example A. Girlando, R. Bozio, and C. Pecile, Chem. Phys. 
Lett., 25, 409 (1974). 

(9) P. C. Li, J. P. Devlin, and H. A. Pohl, J. Phys. Chem., 76, 1026 (1972). 
(10) J. C. Moore, D. Smith, Y. Youhne, and J. P. Devlin, J. Phys. Chem., 

75, 325 (1971). 
(11) J. J. Hinkel and J. P. Devlin, J. Chem. Phys., 58, 4750 (1973). 
(12) A. Bewick, K. Kunimatsu, S. Pons, and J. Russell, submitted for 

publication in /. Electroanal. Chem. 
(13) H. Lund and P. Iverson in M. Baizer, Ed., "Organic 

Electrochemistry", Marcel Dekker, New York, 1973. 
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Figure 1. (a) Transmission spectrum of benzophenone. (b) Differential 
FT IR spectrum of benzophenone between -1.75 and -2.50 V. 

Table I. Comparison of Absorption Bands of Benzophenone and 
Benzophenone Ketyl Radical0 

benzophenone 

ref 15 

1666 (VS) 
1610 (m) 
1317 (S) 
1277 (VS) 
917 (m) 

this work 

1660 (vs) 
1600 (m) 
1319 (m) 
1277 (vs) 
922 (m) 

benzophe 

ref 16 

976 (s) 
1019 (m) 
1143 (vs) 
1150 (vs) 
1260 (vs) 
1288 (m) 
1396 (s) 
1560 (S) 

none ketyl 

this work 

970 (vs) 
1025 (W) 
1147 (vs) 
1155 (S) 
1249 (vs) 
1288 (W) 
1394 (m) 
1555 (vs) 

a Relative band-intensity nomenclature: 
strong, m = medium, w = weak. 

= very strong, s = 

extending upward correspond to decreased absorbance at this 
potential. Thus the downward extending bands correspond to 
absorbance due to the anion radical, while the upward extending 
bands correspond to disappearance of the substrate benzophenone 
as it is reduced to form the anion radical. Table I lists absorbance 
bands observed and compares them with literature values. Slight 
differences in wavenumber values are attributed to solvent effects 
(the literature values were determined in carbon tetrachloride 
(benzophenone) and tetrahydrofuran (benzophenone ketyl anion 
radical)). There is a very good correlation between this work and 
reported values, except for the weakest bands. No attempt was 
made to enhance the signal to noise by further signal averaging. 
The reported spectra were the average of 40 scans (about 5 min). 

The band at 1464 cm"1 in Figure lb has not been previously 
reported for the benzophenone ketyl anion radical. If the solution 
thickness is increased to 200 nm and the benzophenone in the thin 
layer of solution is 90% reduced to the ketyl structure, the dif­
ference spectrum has a greatly enhanced intensity, and it is not 
possible to detect the band at 1464 cm"1. The 1464-cm"1 band 
is also absent from the spectrum if the light polarization is changed 
by 90° to the s-polarized form. A comparison of the p-polarized 
spectrum with an s-polarized spectrum is shown in Figure 2. We 
note changes in band widths and intensities of the bands as a 
function of polarization and wavelength. 

Figure 3, a and b, shows the spectrum of anthracene and the 
difference spectrum of anthracene between -1.5 and -2.5 V, 
respectively. The light was p polarized and the solution thickness 
was 14 fim. The solvent and other parameters were the same as 
noted above for benzophenone. 

Figure 4, a and b, shows the results for the tetracyanoethylene 
(TCNE) system. The modulation region was +0.25 to -0.25 V. 
The solution thickness was 17 fim. 
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Figure 2. Differential spectrum of benzophenone with s- and p-polarized 
light. 
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Figure 3. (a) Transmission spectrum of anthracene, (b) Differential FT 
IR spectrum of anthracene between -1.5 and -2.5 V. 

Discussion 

Care must be taken when interpreting difference spectra. In 
Figures 3 and 4, where the extinction coefficients of the products 
(the anion radicals of anthracene and tetracyanoethylene) are 
apparently much greater than the reactants,11 the results are quite 
straightforward. The resulting difference spectra closely resemble 
pure absorption spectra of the species formed at the more negative 
potential. In spectra where the extinction coefficient of reactant 
and product are about the same (Figure 1), the spectra may be 
more complex. A discussion of these effects has been presented 
elsewhere.12 

There are several considerations that need to be made when 
interpreting the results of experiments that use polarized light for 
reflection studies at metal interfaces. First, s-polarized light has 
an almost zero electric field intensity at the surface of the metal 
especially at IR wavelength and therefore cannot interact with 
dipole oscillators of any orientation that might exist at that surface, 
i.e., s-polarized radiation is "blind" to adsorbed species. Second, 
p-polarized light will interact with dipole oscillators encountered 
in solution, and also dipole oscillators at the metal surface oriented 
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Figure 4. (a) Transmission spectrum of TCNE. (b) Differential FT IR 
spectrum of TCNE between +0.25 and -0.25 V. 

such that the derivative of the dipole moment with respect to the 
normal coordinate (6y/dQ) has a nonzero component perpendi­
cular to the electrode surface, i.e., p-polarized radiation can interact 
with adsorbed species but such interaction will depend upon the 
orientation of the molecule.6 Third, for s-polarized light, the 
spectra observed may possess features from (a) absorption by 
species present in the bulk solution as the IR beam is transmitted 
through it, reflected off the electrode, and transmitted back 
through the solution again and (b) internal reflectance absorption 
at the interface between the inner face of the window and the bulk 
solution. This latter affect is rather complex and can lead to severe 
distortion of the normal spectra, especially at reflection angles 
near the Brewster angle of the window. Many examples of this 
phenomenon have been reported,14 and it is apparent that for the 
purposes herein, it is very difficult to obtain quantitative data from 
spectra obtained with s-polarized light. 

Thus there are two simple ways in which to distinguish between 
the spectra of intermediates that are adsorbed at the electrode 
surface and species dissolved in the thin layer of solution. First, 
in this cell, adsorbed species will absorb only p-polarized radiation, 
whereas species in solution will not preferentially absorb either 
polarization state. Second, at short electrolysis times, the spectrum 
can have contributions from both adsorbed and nonadsorbed 
species, while at longer electrolysis times, there will be a larger 
contribution by the nonadsorbed species with no increase in the 
intensity of bands arising from any adsorbed species. It is also 
important to note that, in general, only vibrational modes of the 
adsorbate unperturbed by adsorption will be expected to absorb 
at the same frequency as those of the corresponding dissolved 
species; other bands may be shifted due to changes in vibrational 
modes accompanying interaction with the atoms in the metallic 
surface. In the case of benzophenone both of these possibilities 
are observed, and it is clear that the anion radical is present in 
both the adsorbed and the nonadsorbed state. Two new bands, 
a strong absorption at 1464 cm"1 and a weaker absorption at 1340 
cm"1, are observed for the adsorbed anion radical. The former 
is almost certainly the carbonyl stretch of the adsorbed species 
(shifted from 1555 cm"1), and the latter is at the position expected 
for the combination band from the carbonyl stretch and the 
symmetrical stretch of the aromatic ring.16 It is to be concluded, 
therefore, that the anion radical on the electrode surface is ad­
sorbed via the carbonyl group, as would be expected. Voltam-

(14) See, for example N. J. Harrick, "Internal Reflection Spectroscopy", 
Interscience, New York, 1967. 

(15) C. Manard and A. Meillier, Spectrochim. Acta, 29, 1273 (1973). 
(16) I. Juchnovski, I. Raschkov, and I. Panayotov, Monatsh. Chem., 101 

1712 (1970). 
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metric measurements using a Pt electrode also support the con­
clusion that adsorbed anion radical is present: simulations of the 
voltammogram are best fitted to the experimental curves when 
adsorption of the product of electron transfer is considered. 

The differential reflectance spectrum recorded during the re­
duction of tetracyanoethylene (TCNE) in acetonitrile at a plat­
inum electrode is shown in Figure 4. The positive bands due to 
disappearance of the TCNE substrate at the more negative po­
tential are not visible. This is because the sensitivity of the 
transmission scale has been decreased to accomodate the full 
amplitude of the bands at 2187 and 2148 cm"1. The band at 2148 
cm"1 is almost 104 times larger than is predicted from a simple 
Beer's law calculation for the total amount of TCNE anion that 
has been found during the potential step. The weaker band at 
2187 cm"1 corresponds closely to an assignment made by Devlin 
et al. to the C = N stretch, which has been charge transfer en­
hanced by formation of a complex between the anion radical and 

Introduction 

The coenzyme nicotinamide adenine dinucleotide (NADH) is 
oxidized directly at different electrode materials only with high 
overvoltages.1 The overvoltage at pH 7 is about 1.1 V at a carbon2 

and 1.3 V at a platinum electrode.3 Attempts have been made 
to link the electrochemical oxidation of the coenzyme to the 
analysis of substrates for clinical purposes.4,5 About 300 de­
hydrogenases are known which are dependent on NADH or 
NADPH as redox transfer agents. Electrodes modified to oxidize 
NADH more easily should therefore open up new applications 
both in analysis and in biotechnology. 

Surface modifications have been proposed as a means of re­
ducing the overvoltage of the electrochemical oxidation of NADH. 
Blaedel and Jenkins6 reduced the overvoltage with 0.2 to 0.45 V 

* Permanent address: Analytical Chemistry, University of Lund, P.O. Box 
740, S-220 07 Lund, Sweden. 

*The Ohio State University. 
'University of Lund. 

a surface platinum atom. The stronger band increases markedly 
with an increase in the cell thin-layer gap and is therefore due 
to solution free C = N fundamental stretch, enhanced most likely 
by the formation of an electron donor-acceptor complex between 
the anion radical and neutral TCNE. The point is under inves­
tigation. 

Conclusions 
The technique described is a very powerful new method for the 

rapid recording of the spectra of radical ion intermediates produced 
during electrochemical reactions. The method is capable of de­
tecting spectra from short-lived species that could not otherwise 
be obtained. 

Acknowledgment. Part of this work was supported by the Office 
of Naval Research. 

Registry No. Platinum, 7440-06-4. 

vs. SCE with an electrochemical pretreatment of the electrode. 
They assumed that hydroxyl, carbonyl, and quinone groups 
produced by the oxidative pretreatment of the electrode caused 
this decrease of overvoltage. It has been shown in this laboratory 
that a catalytic electrode could be produced by the separate 
covalent attachment of 1,2-hydroquinones to the surface of py-
rolytic graphite.7 That work demonstrated the possibility of 
producing catalytic electrodes by the covalent incorporation of 
electron-transfer mediating groups onto the surface of the elec­
trode. Recently, Degrand and Miller8 modified a vitreous carbon 

(1) Elving, P. J.; Schmakel, C. O.; Santhanam, K. S. V. Crit. Rev. Anal. 
Chem. 1976, 6, 1-67. 

(2) Moiroux, J.; Elving, P. J. Anal. Chem. 1978, 50, 1056-62. 
(3) Jaegfeldt, H. J. Electroanal. Chem. 1980, 110, 295-302. 
(4) Blaedel, W. J.; Jenkins, R. A. Anal. Chem. 1976, 48, 1240-47. 
(5) Thomas, L.C.; Christian, D. Anal. Chim. Acta 1978, 78, 271-76. 
(6) Blaedel, W. J.; Jenkins, R. A. Anal. Chem. 1975, 47, 1337-43. 
(7) Tse, D.C.S.; Kuwana, T. Anal. Chem. 1978, 50, 1315-18. 
(8) Degrand, C; Miller, L. L. / . Am. Chem. Soc. 1980, 102, 5728-32. 
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Abstract: The electrochemical stability and reactivity of 4-[2-(l-pyrenyl)vinyl]catechol (PSCH2) and 4-[2-(l-pyrenyl)-
ethano]catechol (PECH2) strongly adsorbed on graphite electrodes were investigated as a function of the applied potential 
at pH 7.0. The surface coverage of these compounds ranged from 0.1 X 10"9 to 2.7 X 10"9 mol/cm2. The "modified" electrodes 
exhibited deactivation which could be explained by second-order reactions between the catechols and the electrochemically 
produced quinones coupled with a second-order reaction between the quinones. The ethano compound showed a much larger 
decay rate, probably because of free rotation around the saturated bond connecting the pyrene part and the catechol group. 
The deactivation was apparently not associated with desorption of the compounds. The catechols in the oxidized form could 
catalytically oxidize NADH. The overpotential for NADH oxidation was thus decreased from 410 to 150 mV vs. SCE at 
pH 7.0. However, the catalytic current was found to decrease exponentially with increasing number of scans. The rate of 
this deactivation of the catalytic electrode was found to be inversely proportional to the coverage of immobilized mediator. 
The deactivation could be explained by a chemical coupling reaction between the mediator and NADH, forming a complex 
which gradually blocked off the surface of the electrode. The probable nature of the complex makes it unlikely that "capping" 
of active sites, e.g., the 2, 5, and 6 positions, on the catechol ring would effectively prevent the blocking and, hence, deactivation 
of the catalytic electrodes. 
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