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Aspects of Artificial Photosynthesis. Photoionization
and Electron Transfer in Dihexadecylphosphate Vesicles
Sir:

Initial steps of solar energy conversion have been modeled
by photoionizing aromatic hydrocarbons in aqueous mi-
celles,!~7 Experiments have been prompted by the recognized
abilities of micelles to solubilize apolar molecules and to affect
rates of reactions.! Micelles had two important functions.

“Firstly, solubilization in their hydrophobic environment was
expected to decrease the ionization potential. Secondly, sub-
sequent to photoejection, electron-cation radical recombina-
tion was considered to be prevented by Coulombic repulsions
at the charged micellar surface. Photoionization of pyrene?3
has been investigated in aqueous micellar sodium dodecyl
sulfate in detail. There was a relatively high yield of ionization
and the anionic surface of the micelle decreased charge re-
combinations. Photoionization was, however, biphotonic and
did not, consequently, result in a lowering of the ionization
potential. One would also expect efficient photoionization in
liposomes.? Experimental results did not, however, fulfill this
expectation. Photoionization yields in liposomes were relatively
low and the process for pyrene was biphotonic,10-12

This communication reports the efficient monophotonic
ionization of pyrene, localized in the hydrophobic bilayers of
completely synthetic dihexadecylphosphate, DHP, vesicles.!3
In this environment the ionization potential of pyrene is sub-
stantially lowered. Equally significantly, photoejected electrons
are shown to exit the vesicle interior and to be transferred to
an acceptor. DHP vesicles may well represent one of the sim-
plest functional models!'# for mimicking photosynthesis.!>

Figure 1 shows transient absorption spectra of argon-satu-
rated DHP-solubilized pyrene!® following excitation by a 8-ns
nitrogen laser at 337.1 nm.!” In the 400-500 nm region of the
spectra, there are three bands whose maxima are centered at
410, 450, and 480 nm. These absorptions are attributable! to
the triplet-triplet transition-of pyrene (410 and 480 nm) and
to pyrene cation radical (450 nm). Assignments were con-
firmed by the addition of base (pH 10). Only the decay rate
of the 450 absorbing species increased.!® The broad absorption
band in the red is due to the hydrated electron, e=,q.!° This
absorption is removed by the addition of oxygen. The insert in
Figure 1 shows the linear dependence of the e~,4 on the laser
beam intensity.?° Evidently, absorption of only one 337.1-nm
photon of 3.68-eV energy is required to ionize DHP-entrapped
pyrene in the intensity range investigated. The ionization
threshold of a solute, I, is given by22

I,=1I+ Py + Vo (1
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Figure 1, Absorption spectra of the transient formed on excitation of py-
rene, localized in DHP vesicles. The peak laser output was 2.3 mJ per pulse.
The insert shows the electron yield at 670 nm as a function of laser pulse
intensity.

where I, is the gas phase ionization potential of the solute (7
(pyrene) = 7.55¢€V),2 P4 is the polarization energy of the so-
lute cation (P+ (pyrene) = —1.6 eV),? and V is the energy
state of the electron in solution (Vg (decane) = 0.22 eV).23
Substituting these values to eq 1 results in /g = 6.17 eV. Thus,
the energy lowering of the ionization potential is 2.49 eV. The
lowering of the ionization potential is a composite effect of
alteration of the values of Vg and P.. Since the hydrated
electron is in fact monitored in water, the value of V; in the
vesicle can approach that in water (—1.5 eV).24 Pyrene mol-
ecules are dynamically distributed in the vesicles; at a given
time some of them may well be in close proximity to the
charged polar head groups. A similar effect has been observed
by Thomas and Piciulo.” Additional energy may be gained
from the electrostatic stabilization of the pyrene cation radical
by the negatively charged phosphate head group on the ves-
icles.

The photoexcited electron decays by two consecutive first-
order processes at or near the ambient temperature (Figure
2). Half-life times for these decays are 0.72 and 2.48 us at 21
°Cand 0.95 and 2.19 us at 26 °C. Increasing the temperature
increased the contribution of the slow electron decay until the
process became monoexponential (Figure 2). These results can
be rationalized in terms of altered reaction sites of the electron
as a function of temperature-induced morphological changes
of the DHP vesicle. Above the phase temperature (46 °C, for
example) the bilayers of the vesicle become fluid. All the
electrons can, therefore, readily exit and decay in the bulk
aqueous phase monoexponentially, by reacting with impurities
(unremoved oxygen and titanium from sonication) and with
each other. This monoexponential decay corresponds to the
long-lived component (Figure 2). At lower temperatures, the
surfactant vesicle is more rigid and their head groups are closer
together, Under these circumstances, some of the electrons are
scavenged by protons, concentrated at the surface of the neg-
atively charged DHP vesicles. Using the observed half-life time
for the fast electron decay (1,2 = 0.95 X 10-6sat 26 °C) and
the rate constant (ke-,,+n+ = 2.0 X 1019 M~ s~1)23 leads to
an apparent proton coricentration of 3.6 X 107> M. Such a
degree of proton concentration has been demonstrated for
aqueous anionic micellar sodium dodecyl sulfate?6 and is en-
tirely expected for the much larger?” DHP vesicles.

In separate experiments transfer of the photoejected electron
to benzophenone has been demonstrated. External addition
of benzophenone?® to pyrene-containing DHP vesicles resulted
in the exponential decrease of the half-life time of the hydrated
electron (to a value of 0.4 us) with the concurrent appearance
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Figure 2. Decay of photoejected hydrated electron at different tempera-
tures. The insert shows a typical digitalized electron decay at 26 °C.
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Figure 3. Schematic representation of laser-induced photoionization of
DHP entrapped pyrene and subsequent electron transfer. Pyrene molecules
are shown to be localized in the center of the bilayer. In reality, this probe
is free to distribute itself dynamically and some probe may be localized
somewhat close to the head group of the vesicle.

of a long-lived (¢1,5 = 220 us) species having an absorption
maximum at 610 nm. The new transient corresponds to the
benzophenone anion radical,??

Figure 3 shows the schematics of the proposed pyrene pho-
tolonization and subsequent electron transfers. Beneficial ef-
fects of this exceedingly simple surfactant vesicles are mani-
fold. The predominant localization of pyrene in the hydro-
phobic interior results in monophotonic electron ejection and
a substantial lowering of the ionization potential.3® The po-
larity gradient provides driving force for the exit of the electron
and the net negative charge on the DHP vesicles prevents
charge recombination. There are at least two alternatives for
subsequent conversions of the electron. Reactions with protons
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give rise to hydrogen atoms and ultimately to molecular hy-
drogen. Feasibility of electron transfer has been demonstrated
using benzophenone. Other acceptors may provide a self-
regenerating cycle. In addition, components of oxidation and
reduction cycles can be separated on either side of the DHP
vesicle. These and other aspects of artificial photosynthesis are
being actively pursued in our laboratories.
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Is Formamide Planar or Nonplanar?
Sir:

The structure of formamide (NH,CHO, 1) is of funda-
mental importance in organic chemistry, particularly as a
prototype for polypeptides; surprisingly, it has remained un-
resolved over many years. Indeed, three microwave spectral
investigations over the past 20 years have led to alternating

H, 0
\N—-—C/
H/ \H
t 1 a
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views on the planarity or nonplanarity of this molecule.!~* In
the first of these studies in 1957, a planar structure was as-
sumed,! but a subsequent study? in 1960 favored a nonplanar
structure. This latter was (and continues to be) widely ac-
cepted.> It was not seriously challenged untit 1974 when a
redetermination® of the microwave spectrum returned to an
interpretation in terms of a planar structure. In this commu-
nication, we use ab initio molecular orbital calculations to show
that formamide lies in a very flat potential well in the vicinity
of a planar structure,

There have been numerous previous ab initio studies of
formamide. Most of these have used a fixed (experimental or
model) geometry®~7 or have carried out optimizations on a
structure assumed to be planar.® As far as we are aware, the
only calculation® which included extensive geometry optimi-
zation and allowed for nonplanarity utilized a minimal basis
set which, as we shall see, is not really adequate for situations
of this type. On the other hand, it is encouraging to note that
the structure and inversion barrier in ammonia itself have been
shown to be well described within the Hartree-Fock approx-
imation.!®1! As NH,CHO is a formyl-substituted ammionia
molecule, it seems reasonable to expect that the inversion
process in formamide might be similarly well described. Our
strategy here has been to carry out self-consistent-field cal-
culations!2~1* on formamide with full-geometry optimization
at increasing levels of sophistication in the basis set. We use,
as a measure of the significance of the individual formamide
calculations, the performance of the same basis set for am-
monia where the experimental situation is more clearly de-
fined.!>16 Optimized structural and energy data are presented
in Tables I (NH3) and IT (NH,CHO).

We note the following points. (1) Our initial optimizations
with the minimal STO-3G basis set!” yielded a nonplanar
structure (Table II) for formamide. The STO-3G basis is,
however, known to underestimate valence angles at heteroat-
oms and, in particular, for ammonia!8 this leads (Table I) to
an underestimation of the HNH angles and an inversion bar-
rier that is too high. For this reason, STO-3G would be ex-
pected to exaggerate the degree of nonplanarity in a molecule

Table I. Optimized Structural and Energy Data for Pyramidal (C3,) and Planar (D3) Forms of Ammonia?

STO-3G? 4-31Ge¢ 4-31G/BF DZ +d DZP HF4 exptl®
HIN—H) (C3) 1.033 0.991 1.002 1.003 1.000 0.999 1.012
£HNH (Cy,) 104.2 115.8 109.8 107.3 108.1 107.7 106.7
F(N—H) (D3p) 1.006 0.986 0.988 0.991 0.987 0.984
E (Cip) —55.45542 —56.10669 —56.12892 —56.19972 —56.20991 —56.22333
E (D) —55.43767 —=56.10600 —56.12398 —56.18958 —-56.20200 —56.21504
barrier 11.1 0.4 3.1 6.4 5.0 5.2 5.8

2 Bond lengths are given in Angstroms, bond angles in degrees, total energies in hartrees, relative energies (barriers) in keal mol~!. ¢ From
ref 18. ¢ From ref 19. 4 Near Hartree-Fock results from ref 10c. ¢ From ref 15 and 16.

Table II. Optimized Structural and Energy Data for Formamide®

STO-3G 4-31G 4-31G/BF DZ +d? DZ +ded exptle
r(N—C) 1.436 1.346 1.346 1.355 1.358 1.352 + 0.012
r(C=0) 1.216 1.216 1.191 1.197 (1.197) 1.219 + 0.012
r{(N—H.) 1.027 0.993 0.995 0.996 (0.996) 1.002 + 0.003
r(N—Hy) 1.026 0.990 0.991 0.994 (0.994) 1.002 + 0.003
r(C—Ha) 1.104 1.081 1:091 1.089 (1.089) 1.098 + 0.010
ZHNC 111.6 119.5 119.4 119.3 118.3 1185+ 0.5
LHNC 112.1 121.9 121.7 121.5 120.4 120.0 £0.5
ZNCO 123.9 124.7 125.0 124.8 (124.8) 124.7 £ 0.3
ZNCH, 111.9 113.7 113.7 112.8 112.8 112.7 £2.0
£HNCO 21.5 0 0 0 9.1 0
ZHNCO 145.1 180 180 180 168.8 180
£H,CNO 176.6 180 180 180 178.7 180
energy —166.69184 —168.68159 —168.75398 —168.96554 —168.96558

a Bond lengths in Angstroms, bond angles in degrees, total energies in hartrees. & Planar structure. ¢ Nonplanar structure. ¢ Values in pa-

rentheses not reoptimized for nonplanar structure. ¢ From ref 3.
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