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Atom 

Nd, 
Nd1, 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C(Il) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 

X 

0.5194 
0.8282 
0.3581 
0.3697 
0.4030 
0.4342 
0.4509 
0.4456 
0.4136 
0.3778 
0.6056 
0.6177 
0.6498 
0.6777 
0.6815 
0.6628 
0.6421 
0.6167 

Y 

0.2426 
0.3143 
0.1893 
0.1549 
0.1948 
0.2912 
0.3892 
0.4167 
0.3932 
0.2850 
0.1086 
0.0659 
0.1061 
0.2038 
0.3077 
0.3570 
0.3144 
0.2111 

Z 

0.1085 
0.1498 
0.0151 
0.1084 
0.1939 
0.2350 
0.1933 
0.1059 
0.0104 

-0.0262 
0.0227 
0.1160 
0.2101 
0.2525 
0.2158 
0.1189 
0.0269 

-0.0141 

tion sphere about Ndn consists of ring 3, average Nd-C dis
tance of 2.673 (16) A, together with the two THF oxygen 
atoms, average Nd-O distance of 2.577 (11) A, and part of 
ring 2. In particular C(14) is definitely in the coordination 
sphere of Ndn and C(13) and C(15) may well be. The 
Ndn-C( l 4) distance is 2.700 (18) A while those of NdM -
C(13) and Nd n -C(15) are 2.896 (20) and 3.059 (19) A, re
spectively. 

The geometry of the Nd(COT)2_ anion is unique for all 
known lanthanide and actinide COT compounds.3-6 The 0.1 
A difference in the average Nd-C distances for rings 1 and 
2 and the 8.25° angle of intersection between the planes of 
rings 1 and 2 make the anion the first example of a lanthan
ide or actinide asymmetric M(COT)2 unit. Also the posi
tion of ring 2 relative to Ndn is the first example of a lan
thanide or actinide asymmetrically bonded to a C O T 2 -

ring. This additional coordination is, however, known for 
lanthanide cyclopentadienide compounds. For example, the 
crystal structure of neodymium tris(methylcyclopentadien-
ide) shows both JJI Nd-C and 775 Nd-C interactions.7 The 
rn Nd-C bond lengths, 2.990 and 2.978 A, are about 0.2 A 
greater than the average of the 7/5 bonds. Both Sc(CsHs)S8 

and Sm(CsH5)39 also show 7)5 and r}\ metal cyclopentadien
ide coordination. 

Other interesting features are noted in comparing the 
three C O T 2 - rings. Values of the standard deviation of 
bond lengths and angles, thermal parameters, and root-
mean-square amplitudes of vibration are much less for ring 
2 than for rings 1 and 3. Average standard deviations of the 
bond lengths and angles in ring 2 are 0.014 A and 0.69° 
while in rings 1 and 3 they are 0.057 A and 2.29° and 0.025 
A and 1.49°, respectively. Thermal parameters for ring 2 
are only about one-half as large as the corresponding pa
rameters for rings 1 and 3. The root-mean-square ampli
tudes of vibration for ring 2 are 0.137, 0.206, and 0.280 A, 
while in rings 1 and 3 they are 0.139, 0.236, and 0.540 A, 
and 0.138, 0.273, and 0.446 A, respectively. These data 
clearly show that ring 2 is much more rigidly fixed in space 
than are rings 1 and 3. This does not seem surprising when 
one considers that ring 2 is asymmetrically bonded to Ndn 
while rings 1 and 3 are both symmetrically bonded to the 
neodymiums. 
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Atom 

C(17) 
C(18) 
C(19) 
C(20) 
C(21) 
C(Il) 
C(23) 
C(24) 
0(1) 
C(25) 
C(26) 
C(27) 
C(28) 
0(2) 
C(29) 
C(30) 
C(31) 
C(32) 

X 

0.9403 
0.8743 
0.8343 
0.8408 
0.8988 
0.9628 
0.9939 
0.9906 
0.8467 
0.7827 
0.8308 
0.9021 
0.9271 
0.8143 
0.8779 
0.8471 
0.7969 
0.7707 

Y 

0.2922 
0.2168 
0.1381 
0.1080 
0.1415 
0.2255 
0.2984 
0.3262 
0.4666 
0.5492 
0.6396 
0.5794 
0.4916 
0.4845 
0.5699 
0.6503 
0.5915 
0.4884 

Z 

0.0505 
0.0152 
0.0490 
0.1456 
0.2478 
0.2778 
0.2294 
0.1407 
0.2735 
0.2671 
0.3324 
0.4096 
0.3532 
0.0511 
0.0773 

-0.0013 
-0.0899 
-0.0549 

their assistance. We are grateful for the use of the remote 
terminal facility located in the Environmental Protection 
Agency, Corvallis, Oregon, and also to Dr. Allan Zalkin for 
permission to use his Library of Crystallographic Programs 
at the Lawrence Berkeley Laboratory. 

References and Notes 

(1) See, for example, the review by P. L. Timms, Adv. Inorg. Chem. Radi-
ochem., 14, 121 (1972). 

(2) (a) K. O. Hodgson, F. Mares, P. F. Starks, and A. Streitwieser, J. Am. 
Chem. Soc, 95, 8650 (1973); (b) A. Streitwieser, U. Muller-Westerhoff, 
G. Sonnichsen, F. Mares, D. G. Morrell, K. O. Hodgson, and C. A. Har
mon, ibid., 95, 8644 (1973). 

(3) K. O. Hodgson and K. N. Raymond, Inorg. Chem., 11, 171 (1972). 
(4) A. Avdeef, K. N. Raymond, K. O. Hodgson, and A. Zalkin, Inorg. Chem., 

11, 1083(1972). 
(5) K. O. Hodgson and K. N. Raymond, Inorg. Chem., 11, 3030 (1972). 
(6) K. O. Hodgson and K. N. Raymond, Inorg. Chem., 12, 458 (1973). 
(7) J. H. Burns, W. H. Baldwin, and F. H. Fink, Inorg. Chem., 13, 1916 

(1974). 
(8) J. L. Atwood and K. D. Smith, J. Am. Chem. Soc, 95, 1488 (1973). 
(9) C. H. Wong, T. Lee and Y. Lee, Acta Crystallogr., Sect. B, 25, 2580 

(1969). 

Stephen R. Ely, Ted E. Hopkins, Carroll W. DeKock* 
Department of Chemistry, Oregon State University 

Corvallis, Oregon 97331 
Received November 24, 1975 

Effect of Irradiation with Ultraviolet Light on Spectral 
Sensitization of the Photoelectrochemical Process 
of a Zinc Oxide Single-Crystal Electrode 

Sir: 

A number of reports have dealt with the spectral sensiti
zation of photoelectrochemical reactions with dye molecules 
using semiconductor electrodes.1-12 For n-type semiconduc
tor electrodes, when a sensitizing dye is added to the elec
trolyte solution, an increase in the anodic photocurrent oc
curs upon irradiation in the longer wavelength regions. 
These photocurrents show a spectral dependence which fol
lows the absorption spectrum of the sensitizer. Two differ
ent mechanisms, one involving electron transfer and anoth
er involving energy transfer, have been proposed for the 
electrochemical spectral sensitization1'4'9 as well as for sil
ver halide photography.13-15 The sensitized anodic photo-
current at a ZnO single-crystal electrode has been attrib
uted predominantly to electron transfer from the excited 
dye molecule to the conduction band of ZnO. 2 , 5 - 7 , 1 0 - ' 2 
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Figure 1. Schematic structure of the semiconductor electrode surface 
polarized anodically: D, dye molecule; S, surface electron donor level. 
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Figure 2. Measurement assembly: (1) ZnO electrode, (2) quartz plate, 
(3) platinum wire counter electrode, (4) saturated calomel electrode, 
(5) rotating electrode system, (6) 500-W xenon lamp, (7) interference 
filter or colored glass filter, (8) light chopper (8 Hz), (9) prism, (10) 
270-W Hg lamp, (11) potentiostat, (12) lock-in amplifier, (13) record-

On the other hand, when shorter wavelength light (of en
ergy greater than the band gap of an n-type semiconductor) 
irradiates the surface of a positively biased electrode, a dis
solution reaction of the semiconductor occurs by the corn-
sumption of holes in the valence band created by the pho-
toabsorption (for example, under ultraviolet irradiation, 
ZnO + 2p+ ->• Zn 2 + + V2O2).16-19 In some cases, redox re
actions occur between these holes and chemical species in 
the electrolyte.20~23 When these two reactions (i.e., the dye-
sensitized and the dissolution reactions) proceed on the 
semiconductor surface at the same time, they may influence 
one another. For example, when the holes created in the va
lence band by the band-gap (ultraviolet) excitation can 
react with the dye adsorbed on the semiconductor surface, 
resulting in the oxidation of the dye molecule, the dye-sensi
tized current may decrease. On the other hand, if donor lev
els which can donate electrons to the excited or oxidized 
dyes are formed on the semiconductor surface in the course 
of the dissolution reaction initiated by irradiation with the 
ultraviolet light, the spectrally sensitized reaction rate may 
increase. 
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Figure 3. Increase of the spectrally sensitized current by superimposing 
continuous irradiation with ZnO-exciting light: rhodamine B: 10~3 M 
(0.1 M KCl); tin, chopped dye-exciting light; hi/', continuous ZnO-ex
citing light; intensity of hv, (a) = (b) = (c); intensity of hv', (a) < (b) 
= (c); (a, b), absence of hydroquinone; (c), hydroquinone (10~2 M). 

In the present study, the dye-sensitized current was mea
sured separately from the dissolution current by irradiating 
a ZnO electrode simultaneously with continuous light of 
short wavelength {hv') (corresponding to the band gap) and 
chopped light of a longer wavelength (hv) (corresponding to 
the dye absorption spectrum). A schematic illustration of 
this method at the ZnO electrode is shown in Figure 1. The 
zinc oxide single crystal, generously donated by the 3M 
Company (surface area, 0.3 cm2; thickness, 1.5 mm; carrier 
density, 7.5 X 1016 cm - 3 ) was used as the semiconductor 
electrode, and rhodamine B the sensitizing dye. The actual 
measurement assembly is shown in Figure 2. The ZnO disk 
electrode was rotated at a speed of about 800 rpm. Excita
tion of the dye adsorbed on the ZnO was carried out by ir
radiation with light chopped at 8 Hz passed down the steel 
tube of the rotating disk electrode and through the ZnO 
crystal itself. The light source was a 500-W xenon lamp. 
The ZnO itself was irradiated with uv light via a quartz 
window and through the dye-containing electrolyte solution 
(0.1 M KCl) using a high-pressure 270-W mercury lamp. 
The wavelength of the illuminating light was selected with 
interference or colored glass filters. The potential of the 
ZnO electrode was controlled with a potentiostat, and a 
lock-in amplifier, Model LA-126, (Nihon Bunko Co.), was 
employed for measurement of the modulated current. 

Under irradiation with light of wavelengths shorter than 
385 nm, the dissolution reaction of the ZnO electrode oc
curs with a high quantum efficiency.16"19 When sensitizing 
dyes were added to the electrolyte solution, the current cor
responding to the wavelength of the chopped light measured 
by the lock-in amplifier increased in accordance with the 
absorption spectrum of the dye solution. The wavelength 
corresponding to the maximum modulated current was 560 
nm, which is nearly identical with the absorption maximum 
of the rhodamine B solution. 

The effect of continuous irradiation with short wave
length light on the spectrally sensitized current is shown in 
Figure 3. As can be seen from curves (a) and (b) in Figure 
3, the sensitized current is increased by the additional con
tinuous irradiation. When the short wavelength light inten
sity was increased, the dissolution current became larger, 
and so did the modulated sensitized current. However, at a 
certain level of the short wavelength light intensity the spec
trally sensitized current attained a constant saturated value. 
When the energy of the continuous light was not sufficient 
to excite the electrons in the valence band of ZnO, the mod
ulated sensitized current did not increase, even for high in
tensities of the continuous light. 

It has often been observed that the spectrally sensitized 
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current is increased by addition of reducing agents such as 
hydroquinone.1"12 This behavior, termed supersensitization, 
is based on the donation of electrons by the reducing agents 
to the excited or oxidized dyes. The reducing agents are, 
therefore, oxidized in the supersensitization process, as has 
been demonstrated experimentally by the rotating ring-disk 
electrode technique.24 The effect of excitation with short 
wavelength light on the spectrally sensitized currents in the 
presence of a reducing agent was also investigated. When 
hydroquinone was added to the dye-containing solution, the 
spectrally sensitized current increased as expected. How
ever, additional irradiation with the continuous ultraviolet 
light in the presence of hydroquinone showed no detectable 
effect (Figure 3c). This suggests that the irradiation with 
ultraviolet light and the supersensitization by the reducing 
agent are competitive with respect to increasing the modu
lated sensitized current at the ZnO electrode. During the 
dissolution reaction of ZnO, electron donor levels may be 
formed on the surface (such as surface levels of O - , O2 - , or 
O22 -)1 6"1 8 which may be able to play the same role as the 
reducing agent, i.e., to supply electrons continuously to the 
excited or oxidized dye molecule. Note that although the 
current resulting from this donation of electrons from the 
electrode to the dye is a cathodic one, it does not contribute 
to the modulated anodic spectrally sensitized photocurrent. 
The hydroquinone, which can act as a strong supersensitiz-
er, may compete with the electron transfer to the dye by the 
surface electron donor levels. Another possible reason for 
the lack of an effect of the continuous ultraviolet light in 
the presence of hydroquinone is that the formation of the 
surface electron donor levels ( O - , O2 - , or 02 2 _ ) is prevent
ed by the suppression of the anodic dissolution reaction be
cause of a reaction between the holes in the valence band 
and the hydroquinone.'8 

These experiments suggest that surface states on a ZnO 
semiconductor electrode are involved in dye spectral sensiti
zation. It is known that the spectral sensitization plays an 
important role in the silver halide photographic system. By 
analogy with the photographic process, photoelectrochemi-
cal studies can be expected to contribute to the elucidation 
of spectral sensitization in photography. Similar investiga
tions using'silver halide electrodes are now in progress. 
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Oxidative Deamination of Primary Amines by Copper 
Halide Nitrosyls. The Formation of Geminal Dihalides1 

Sir: 

The properties and reactions of copper halide nitrosyls 
provide a distinct contrast to those of the better known 
coordinated metal nitrosyls.2 Passing nitric oxide into a 
mixture of anhydrous copper(II) bromide or chloride in ac-
etonitrile converts the relatively insoluble copper(II) halide 
into a deep violet-black soluble nitrosyl complex.3,4 The ni-
trosyl stretching frequencies of these nitrosyl complexes (X 
= Br, //NO 1865, 1846 cm"1; X = Cl, j-No 1854, 1837 
c m - 1 ) 6 are characteristically those of linearly coordinated 
nitrosyls.8 When these copper nitrosyl solutions are purged 
with nitrogen or are opened to an inert atmosphere, how
ever, nitric oxide is evolved and the copper(II) halide is 
quantitatively recovered. Nitric oxide is, therefore, weakly 
and reversibly9 associated with anhydrous copper(II) bro
mide and chloride in acetonitrile (eq 1). 

(CuX2)„ + «NO ^ « / 2 ( C u X 2 - N O ) 2 ( I ) 1 0 

The weak association of nitric oxide with copper(II) bro
mide or chloride and the relatively low nitrosyl stretching 
frequencies of the copper halide nitrosyls do not reflect the 
electrophilic behavior of the coordinated nitrosyl group." 
Reactions of copper halide nitrosyls have been reported to 
resemble those of the more common nitrosating agents: al
cohols form alkyl nitrites,123 secondary amines yield nitro-
samines, l2b and anilines are converted in a one-step proce
dure to aryl chlorides and bromides by copper halide nitro
syls in acetonitrile.12c Copper halide nitrosyls also react 
with sodium azide to form nitrogen, nitrous oxide, and cop-
per(I) halide,13 and with ammonia to give nitrogen and cop-
per(I) halide. With aliphatic amines, however, reaction 
products have been observed to be complex and believed to 
result from reactions typical of the nitrosonium ion.12c 

We have found that primary amines coordinated with 
copper(II) halides are rapidly oxidized by copper halide ni
trosyls primarily to geminal dihalides. Nitrogen and nitrous 
oxide are the gaseous products from these reactions; cop-
per(I) halide is the principal reduction product. Oxidative 
deamination of amines by copper(II) halides is not observed 
in the absence of copper halide nitrosyl. In a typical proce
dure, a solution of 40 mmol of copper chloride nitrosyl in 50 
ml of anhydrous acetonitrile is added dropwise by syphon 
addition under a slow flow of nitrogen to a well-stirred solu
tion of 10 mmol of the amine complexed with 12 mmol of 
anhydrous copper(II) chloride in 50 ml of acetonitrile. 
After stirring the reaction solution for 16 h at room temper
ature, a 4 M excess of ethylenediamine is added,14 the re
sulting solution is poured into aqueous sodium hydroxide-
ether, and the reaction products are isolated in the usual 
manner. Table I gives the yields of geminal dihalides pre
pared from representative aliphatic amines by this selective 
method. When the copper bromide system is employed, 
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