
more than 15 cm-' compared to the gas- 
phase value (1 7). Thus, the observed ma- 
trix band of C,, should be in a frequency 
region between 1780 and 1795 cm-'. 

From the data observed so far, it appears 
for neutral and anionic carbon clusters from 
C,, to C,, that linear and cyclic isomers 
coexist in laser-vaporized graphite, despite 
theoretical predictions that the cyclic rings 
should be considerably more stable [ r 2 0  
kcallmol (7-9)] than the linear chains. At 
the high temperature (approximately 4000 
K) of graphite vaporization, entropy strong- 
ly favors the formation of linear over cyclic 
isomers because of the higher density of 
states that results from the low bending 
frequencies of the linear structures. There- 
fore, it may be that the cyclic structur'es 
must be vastlv more stable than the linear 
structures to be observed under these con- 
ditions. Furthermore. in the molecular 
beam source used for this experiment, the 
graphite vapor is rapidly cooled by super- 
sonic expansion, which may result in the 
"freezing-out" of high-energy structures 
produced in the initial vaporization. Re- 
cently, von Helden and colleagues reported 
an experimental (26) and theoretical (27) 
study of C7+ that illustrates these points. 
Both linear and cyclic isomers of C7+were 
observed in mobility measurements. Ab 
initio calculations revealed that the cvclic 
structure should be approximately 20 kcall 
mol more stable than the linear structure. 
A barrier to isomerization was also calculat- 
ed to be about 50 kcallmol. Thus, despite 
the large energy separation between the two 
isomers, a substantial number of linear 
structures form because of entropy and are 
subsequently frozen out because of the large 
barrier to isomerization. On the basis of 
these considerations, it seems likely that 
large linear carbon clusters play a major role 
in the chemistry of high-temperature, car-
bon-rich environments, despite the greater 
stability of the cyclic isomers. 
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Direct Spectroscopic Detection of a 

Zwitterionic Excited State 


Daniel S. Engebretson, Jeffrey M. Zaleski, George E. Leroi, 

Daniel G. Nocera* 


Two electrons in two weakly coupled orbitals give rise to two states (diradical) with electrons 
residing in separate orbitals and two states (zwitterionic) with both electrons paired in one 
orbital or the other. This two-electron, two-orbital state manifold has eluded experimental 
confirmation because the zwitterionic states have been difficult to locate. Two-photon 
excitation of fluorescence from Mo,CI,(PMe,), (D,d has been measured with linearly and 
circularly polarized light. From the polarization ratio and the energy of the observed 
transition, the 2'A1 (S*S*) excited state has been located and characterized. In conjunction 
with the one-photon allowed 'B, (86") excited state, the zwitterionic state manifold for the 
quadruply bonded metal-metal class of compounds is thus established. 

T w o  electrons in weakly coupled orbitals 
on two centers give rise to four states: two 
low-energy f'diradical" states arising from 
one electron in each orbital with spins 
opposed (singlet) and parallel (triplet), re- 
spectively, and two higher energy "zwitter- 
ionic" singlet states derived from the anti- 
svmmetric and svmmetric linear combina- 
tions, respectively, in which both electrons 
are paired in one orbital of either center. In 
this model, the singlet and triplet diradical 

Department of Chemistry and the LASER Laboratory, 
Michigan State University, East Lansing, MI 48824, 
USA. 

*To whom correspondence should be addressed 

states are energetically far removed-from 
the ionic states, and the energy gaps within 
the diradical and zwitterionic states are 
small and eaual. When the two orbitals are 
uncoupled, the diradical states are degener- 
ate. as are the zwitterionic states. This 
two-electron, two-orbital manifold of states 
holds a central place in bonding descrip- 
tions. After their espial in the valence bond 
theory of Heitler and London (I) ,  these 
states were invoked by Mulliken to describe 
ethylene upon twisting (2) and dihydrogen 
at long internuclear distances (stretched 
hydrogen) (3). They were subsequently rec- 
ognized in Coulson and Fischer's treatment 
of dehydrogen by molecular orbital theory 
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(4). The diradical states have been long 
established and have been at the founda-
tion of the organic chemist's description of 
biradicals over the past two decades (5). 
However, the zwitterionic states are more 
elusive. The presence of zwitterionic states 
has been invoked to explain the isomeriza-
tion and photocyclization of 1,3-dienes (5, 
6). Recently, solvent and substituent effects 
on the lifetimes of transient species result-
ing from the TT* excitation of alkenes 
have been rationalized on the basis of zwit-
terionic character in a twisted singlet excit-
ed state (7). Yet, the direct establishment 
of the zwitterionic states has heretofore not 
been achieved. We report the spectroscopic 
measurement of the zwitterionic excited 
state manifold resulting from the interac-
tion of two electrons residing in adjacent 
and weakly coupled d,, orbitals. 

The overlap of the d,2, (d,,, d,,), and 
dxy orbitals of two d4 metals results in 
a u 2 ~ 4 6 2ground-state electronic configura-
tion, which yields a quadruply bonded met-
al-metal ( M L M )  com~lex(8). The lowest 

A . ,  
energy excited states of these complexes are 
therefore derived from the promotion of an 
electron from the ti to the 6* orbital (9). 
Although a molecular orbital description 
approximates well the a and T interactions, 
it does not provide a quantitative represen-
tation of the 6-bonding in M L M  com~lex--
es. The two electrons residing in the d, 
orbitals are weakly coupled, owing to the 
parallel disposition of the orbitals on each 
center to one another. Like twisted ethyl-
ene or stretched hydrogen, M Q M  com-
plexes with D4h symmetry have been pre-
dicted with theoretical calculations (10) to 
have two diradical states of l1A1 (ti2) and 
3A2u(,titi*) symmetry, energeticafly far re-
moved from two zwitterionic states of 'AZu 
('66*) and 21A1g('ti*2)symmetry (Fig. 1). 
The 'A,, excited state of MQM complexes 
is highly luminescent, and the dipole-al-
lowed lA2,, +- 1lAlgtransition was assigned 
early in the study of the spectroscopy of 
these compounds (8, 9). However, the 
zwitterionic nature of the 'AZu and 2'Alg 
excited states is not established in the 
absence of the latter state. 

The 11Alg-1A2u energy gap is K + 
V'KZ + AW2, and the 'A1g-21A1g energy 
gap is 2dKZ + AW2, where K is the 
exchange integral and AW is the difference 
between the energies of the electron in 
singly occupied 6 and 6* orbitals, respec-
tively (that is, AW = W,, - W,) (1 1). In 
the ionic limit where K 9 AW, the differ-
ence in the energies of the zwitterionic 
states is, as expected, zero. Thus, the ener-
getic disposition of 21Algrelative to 'A2, is 
a direct measure of the ionicity of these 
zwitterionic excited states. With regard to 
this issue, the 2'Alg =+ l lAlgtransition has 
escaped detection because it is inaccessible 

Fig. 1. Qualitative energy-leveldi- 2t 
agram for the 6/S* orbital manifold 
of MQM complexes in accor-
dance with a valence bond mod-
el. The state ordering is given for 2(
MQM complexes in D,, and D,, 
symmetries (with the latter paren-
thetically offset); the d, orbitals ? 
on metal centers A and B are 
designated by (xy,) and (xy,),  0 

respectively. The two-photon ex-
periment designed to detect the 
"zwitterionic" 2IA,, (A,) excited 
state by laser-induced fluores- 5 
cence is also summarized. The 
2IA,, (A,) state is pumpedby two 
near-~nfraredphotons [h(lR), in-
dicated by the dashed lines], fol- 5 
lowed by internal conversion to 
the highly emissive 'A,, (6,)ex: 
cited state. The red fluorescence 
(hv,,) from this state is detected. C 

Fig. 2. Emission (A), absorption (B 
and C), and two-photon excitation 
(TPE) fluorescence (D) spectra 
from lov3  M Mo,CI,(PMe,), in 
3-methylpentaneat room tempera- $ 
ture. Spectra A to C are described 5 
by the right ordinate axis, and 5 
spectrum D is described by the left 'g
ordinate axis. The absorption pro-
file represented by B and C is 3
discontinuous, with the ordinate P 

axis of the latter magnified by a C 

factor of 5: Spectrum C is magni-
fied to highlight the energy differ-
ence of the one-electron I(p4 + 
p36*)transition at 441 nm and the 31 

two-ele~tron~(6~+ la*,) transition 
at 455 nm. he t ~ o - ~ h o t o nfluorescence excitation spectrum is superposed at twice the laser 
excit'ation energy; the spectral region over which the incident dye-laser excitation was scanned is 
shown by the hatched box. 

by conventional linear absorption spectros-
copy, formally corresponding to the promo-
tion of two electrons from the 6 orbital to 
the 6* orbital and therefore not allowed by 
one-photon, electric-dipole selection rules. 
However this two-electron transition is al-
lowed in the two-photon spectrum (12). 
We have determined the energy of the two 
zwitterionic states bv undertaking a com-" 
parative study of the one- and two-photon 
spectroscopy of M O ~ C ~ ~ ( P M ~ , ) ~ .  

Figure 2 shows the conventional excita-
tion and emission spectra of M o , C I ~ ( P M ~ ~ ) ~  
in 3-methylpentane at room temperature. 
The lowest energy absorption feature at 585 
nm is attributable to the 6' + 66" ('B2 +-

l lA, in D2, symmetry) transition, and its 
excitation leads to bright red luminescence 
at a maximum wavelength (A,,,) of 673 nm 
(13, 14). The bulky PMe, ligands lock the 
DZdgeometry of the complex, and the tor-
sional distortion generally available to the 
66* excited state is prevented (15). For this 
reason, the fluorescence of the 'B2(ti6*) 

excited state is prompt, intense, and a mirror 
image of the absorption profile (13). De-
tailed spectroscopic studies show no low-
energy absorption features to the red of the 
ti2 + 66* transition. Nevertheless, sample 
excitation with the output of a Nd:YAG-
pumped dye laser between 800 and 970 nm 
leads to bright red luminescence, which 
when dispersed is revealed to be from the 
86* excited state. The two-photoncexcita-
tion (TPE) of fluorescence spectrum, ob-
tained under linear polarization of the 
incident laser radiation, is superimposed 
in Fig. 2 (16). The fluorescence intensity 
varies with the sauare of the incident laser 
intensity (Figure 3A), as expected for a 
two-photon excitation process (17). A 
single peak at 455 nm is observed, which 
can be assigned with the aid of polariza-
tion information. 

Figure 3B shows a point-by-point plot of 
the polarization ratio (a= Ici,./Ilin) versus 
half the incident laser wavelength (18). The 
polarization ratio is constant and <1.0 
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Fig. 3. (A) Representative plot of the two-
photon fluorescence intensity versus the inci-
dent dye-laser intensity. These data were col-
lected at an excitation wavelength of 860 nm in 
linear polarization; the slope is 2.05. For the 
other 35 measurements collected over the 
range of 800 to 970 nm (10-nm intervals) for 
both polarizations,similar results were obtained 
(slope = 2.00 + 0.05).(B) Polarization ratio, fl 
(lCijl,,),plotted versus half the wavelength of 
the incident dye-laser radiation. 

across the observed band, suggesting that the 
observed excitation envelope represents a 
single electronic state and is not a convolu-
tion of several bands. In the DZd point 
group, the polarization ratio is <1 only for 
excited states of the same svmmetrv as the 
ground state (19), and therefore the two-
photon excited state of MoZCl4(PMe3), 
must be of Al symmetry. Spectroscopicmea-
surements of the lower and upper excited 
states of M o , C ~ ~ ( P M ~ ~ ) ~show that the sec-
ond lowest energy singlet, one-photon excit-
ed state is ' ( r4  + 7r36*), which lies to 
slightly higher energy (hmax= 445 nm) than 
the observed two-photon transition (hmax= 
455 nm) (13, 20). Because two-electron 
transitions lie to higher energy than their 
one-electron counterparts, a two-photon 
transition at lower energy than ' ( r4  + 
d 6 * )  can only arise from the 6/6* manifold. 
The only reasonable assignment of the two-
photon transition in Fig. 2 is 2lAl + l1A1 
(6' + '6*'). If similar Franck-Condon fac-

tors for the 6' + '66* and ti2 + 
transitions are assumed (2l), then a 2'A1-'B, 
energy gap of 4800 cm-' is obtained for the 
zwitterionic excited-state manifold. This 
small energy gap relative to the 'A,, + llA,, 
(62+ 'M*) gap of 17,100 cm- ' establishes a 
very ionic, doubly excited state (22). 

The two-photon spectroscopy result is in 
accord with several experiments involving 
M L M  complexes. The 2'A1-'B2 energy 
gap should be equivalent to the 3B2-1'Al 
energy gap of the diradical states, which has 
been experime~allymeasurgfor a series of 
twisted M2X4(PP),(where PP is a bridging 
phosphine) complexes (23). The bridging 
ligands induce rotation about the metal-
metal bond away from an eclipsed geometry 
[twist angle (x) of 0°], where the 6 bond is 
fully developed, to a nearly staggered geom-
etry at x = 45O, where the d,, orbital 
overlap, and therefore the 6 interaction, is 
annihilated. Although the 3B2excited state 
for M L M  complexes in eclipsed geometries 
is too high in energy to be populated at 
reasonable temperatures, a paramagnetic 
shift of the 31Pnuclear magnetic resonance 
signal arising from the 3B,-l'A1 spin equi-
librium can be measured for twisted 
M ~ x ~ ( ~ ) ~complexes. For twist angles from 
17" to 64", singlet-triplet energy separations 
of 1200 to 3000 cm-' are observed; extrap-
olation to a torsional angle of 0" yields a 
diradical-state energy gap of 4840 cm-' 
(23), in excellent agreement with theory 
(24) and the zwitterionic energy gap report-
ed here. Moreover, because the zwitterionic 
transition phces two electrons on a single 
metal center, the excited state is subject to 
instantaneous polarization due to perturba-
tions by solvent. Picosecond time-resolved 
emission spectroscopy reveals that the tem-
poral evolution of the emission from the 'B, 
state occurs on the time scale of the micro-
scopic solvent relaxation (25). Presumably 
the Franck-Condon transition produces the 
'66* excited state with a solvent confieura-" 
tion appropriate for the apolar ground state. 
The system is stabilized as solvent moves to 
accommodate the instantaneously produced 
dipole; Hence, the emission spectrum 
evolves to its steady-stateprofile on the time 
scale of solvent motion. 

The existence of zwitterionic states is 
well established in solid-state chemistry and 
physics. Indeed, the competition of one-
and two-electron interaction energies has 
been invoked in the Hubbard model (26) to 

\ , 

describe correlated electron motion in sol-
ids. Whv then have these states not been 
directly observed in the system for which 
they were originally proposed, the chemical 
bond? The weak coupling characteristic of 
the zwitterionic states has only transitory 
existence during the stretching of bonds 
preceding dissociation or the twisting of 
bonds in isomerization. However, in the 

case of the M L M  systems, the weak cou-
pling of parallel d, orbitals is maintained 
by the u and IT bond framework of the 
multi~lemetal-metal bond. and orbital ori-
entation is locked by the ancillary ligands. 

Finally, beyond its importance in models 
for chemical bonding, the zwitterionic ex-
cited-state manifold has important ramifi-
cations on chemical reactivity owing to 
the pairing of two electrons on one center 
and two holes on an adjacent one. This 
species is predisposed to multielectron re-
activity and explains the photochemistry 
of M L M  complexes (27). More general-
ly, zwitterionic states may prove to be 
critical intermediates in strategies to effect 
multielectron transformations in biology 
and chemistry. 
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Antibody-Mediated Bacteriorhodopsin Orientation 
for Molecular Device Architectures 
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Koichi Koyama,* Naoto Yamaguchi, Tsutomu Miyasaka 
A rationalmethodfor constructinghighly oriented films of purple membrane (PM) has been 
established by using two kinds of bispecificantibodieswith different antigen-bindingsites, 
one bindingto a specific side of bacteriorhodopsinand the other to a phospholipidhapten. 
A hapten monolayer depositedon a metal electrode was treated with a bispecificantibody 
solution and incubated with a PM suspension to produce a highly oriented PM film, as 
confirmed by electron microscopy in which an immunogold labeling technique was used. 
This antibody-mediatedPM monolayerwas then used inthe constructionof a light-sensing 
photoelectricdevice. A comparison of the two incorporated PM monolayers showed that 
highly efficient photocurrentswere produced by the PM monolayer whose unidirectionally 
oriented cytoplasmic surface faces the electrode. 

Bacteriorhodopsin (bR) is the sole protein 
found in the PM in Halobacterium halobium. 
Uniformlv' oriented bR molecules in PM 
perform unidirectional pumping of protons 
from the cvto~lasmto the extracellular, . 
space during the photocycle, thereby form-
ing an electrochemical gradient across the 
membrane. The three-dimensional struc-
ture and photocyclic reaction of bR have 
been well elucidated by Henderson and 
co-workers ( I )  and Khorana and co-workers 
(2). 

The photocycle of bR and its rapid 
optical change (3) exhibit versatile photo-
physical functions in vitro; these functions 
can provide components that are critically 
important in the design of molecular elec-
tronic devices (4) and optical memories 
(5). We have verified that a PM-immobi-
lized liquid-junction photocell exhibits dif-
ferential electrical responsivity to light in-
tensitv. a function characteristic of verte-,, 
brate photoreceptors (6). One potential 
application for this responsivity is in the 
manufacture of an artificial retina that 
could detect and process optical informa-
tion in a manner closely approximating 
certain visual functions (7). 

In bR-based photoelectric devices, a tru-
ly integrated unidirectional-and thus 
highly efficient--electric response can be 

obtained onlv when the bR molecules have 
a nonrandoi orientation. In this respect, 
efforts thus far to control the orientation of 
PM have included methods such as disper-
sion at the air-water interface. on chareed 
membrane surfaces, in an electric field, and 
so forth (8). However, in most cases PM 
orientation is deduced on the basis of the 
direction and intensity of the photoelectric 
response of the PM monolayer after it has 
been incorporated into a device system. 
This sort of indirect approach frequently 
leads to conclusions that are confusing or 
contradictory (8). 

The reason for this ambiguity is that no 
direct method has been devised that pro-
vides a precise means for controlling and 
determining the orientation of PM frae-- -
ments. We have established an immu-
nogold labeling technique that pro@des a 
highly accurate means of determining the 
ratio of orientation of PM sheets (9). 

We describe a method to establish the 
perfect reorientation of bR through use of 
bispecific (BS) antibodies that simultaneously 
recognize both a phospholipid hapten and a 
specific side of the bR molecule. Our antibody 
technique is used to clarify the effect of bR 
orientation on bR-generated photoelectric 
events and to conclusively demonstrate the 
inherent advantages that the ability to pre-
cisely control PM orientation holds for the 
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