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gas-phase examples except for studies of the thermodynamic
properties of gaseous EuPO,? and of gaseous NaPQ,.2 Nitrogen
dioxide, with its very large electron affinity of 2.4 eV,% readily
accepts an electron from H,P~ at about the collision rate, giving
solely NO,™ and H,P (EA(H,P) = 1,25 eV) 225
Approximately one third of the reaction between phosphide and
sulfur dioxide also proceeds by electron transfer. However the
remainder of the reaction occurs by pathways similar to those
described for OCS and CS,. The PSO™ ion is formed by initial
nucleophilic attack at sulfur, proton transfer from phosphorus to
oxygen, loss of HO™, and finally proton abstraction (eq 16); al-
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ternatively, collisional stabilization of the intermediate VIII gives
the adduct H,PSO,”. The PSO-~ ion has been observed in the
negative ion mass spectra of the organophosphorus pesticides
Dursban and Azinphos Methyl, but we have found no examples
of the adduct H,PSO,".

We cannot speculate confidently at this time as to whether the
ion at m/z 63 is PO, or PS™ (eq 7c), though we favor the former
since loss of HS~ from some reactive complex should be more
favorable, on a gas-phase acidity basis, than loss of HO,~. Either
of the possibilities can, however, be tested. The two candidates
for this product ion have been generated independently in other
reactions, PS™ from phosphide and carbon disulfide and PO,™ from
phosphide and oxygen. Therefore a study of their subsequent
ion—molecule reactions, for example, PS™ + CS, — PS,” + CS,

may allow qualitative identification of the unknown species in the
reaction of HyP~ and SO,. We will report on developments in
this area in forthcoming publications.

D. Reactions of H,P~ with CH;X and (CHj;),SiCl. Phosphide
reacts with trimethylsilyl chloride at the collision rate presumably
because of the ease with which silicon can accommodate a pen-
tacoordinate intermediate. However, the reaction efficiency di-
minishes rapidly through the series CH,;I > CH,Br > CH,Cl
(Table II). Since amide reacts rapidly with all the methyl halides
and with trimethylsilyl chloride,?” it is clear that phosphide is
considerably less nucleophilic than amide. This supports the
observation that phosphide reacts much less efficiently than amide
with the molecules listed in Table II, whenever a nucleophilic
mechanism is involved.

Conclusion

With this study we have accomplished several objectives. We
have shown that phosphide reacts readily with a variety of
molecules via familiar reaction mechanisms, including proton
transfer, electron transfer, nucleophilic addition, and nucleophilic
substitution. Many similarities exist between the reactions of
phosphide and those of amide. However, we have elucidated some
distinct differences in both the reactivity and mechanism and have
attributed these differences to properties such as basicity, nu-
cleophilicity, bond strengths, and electron affinities. The reactions
allow the gas-phase synthesis of many previously unknown
phosphorus-containing anions. We plan to explore further the
ion—molecule chemistry of these species including their reactivity,
basicity, and nucleophilicity.
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Abstract: A strong association of methyl viologen with negatively charged DHP vesicles is demonstrated. This .adsm.'pt.ion
is probed with ESR spectroscopy which monitors the formation of the methyl viologen cation radical produced by UV 1rrad1gt10n.
This interaction is shown to be electrostatic in nature since no association was observed with the positively charqu diocta-
decyldimethylammonium bromide vesicles. The interaction is of sufficient strength with DHP that the methy} vno}oge.n is
not removed when the dispersion undergoes gel filtration on a Sephadex column. These results have important implications
to vesicular studies which utilize methyl viologen as an electron acceptor.

Methyl viologen, MV2*, is an electron acceptor frequently used
in both homogeneous' and heterogeneous? solar-energy-converting

0002-7863/83/1505-4248%01.50/0

systems. The radical cation of methyl viologen, MV*., usually
formed via a photosensitized electron-transfer process can generate
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Dihexadecyl Phosphate Vesicles

Figure 1, ESR spectrum obtained upon UV photolysis of a 2.5 X 10™*
M MV?* aqueous solution which had been thoroughly purged with argon.
Instrument settings: microwave power, 7 MW; modulation amplitude,
2.5 G scan time, 4 min; time constant, 0.128 s.

hydrogen from water provided a proper catalyst is present. Such
a process is strongly dependent on the properties of the system
employed. One such heterogeneous system uses surfactant vesicles
which differ from other surfactant aggregates (micelles, micro-
emulsions) by having a closed bilayer structure.> These structures
are considered promising due to their potential to separate the
oxidizing and reducing products of photosensitized redox reac-
tions, 244

The effects of hydrophobic and hydrophilic character of the
electron donor and acceptor as well as the surface properties of
vesicles on the efficiency of the electron-transfer process leading
to the formation of MV™*. have been recognized.**> However,
the nature of the interaction of MV2* (and its reduced form,
MV*.) with the charged vesicle interface and the influence of this
interaction on MV*. formation have not yet been reported. In
the present paper, we address these issues by determining the effect
of both positively and negatively charged surfactant vesicles on
the direct photochemical formation of MV*- in the presence and
absence of the sacrificial electron donor, ethylenediaminetetraacetic
acid (EDTA).

Experimental Section

Dihexadecyl phosphate (DHP) and dioctadecyldimethylammonium
bromide (DODAB) were purchased from Fisher and ICN Pharmaceu-
tical, respectively. Both surfactants were recrystallized from acetone and
methanol, respectively. Dioctadecyldimethylammonium chloride (DO-
DAC) was prepared by passing a methanol/water solution of DODAB
twice through a freshly prepared chloride ion exchange resin, followed
by recrystallization from methanol. EDTA (Aldrich) and MV?* (BDH)
were used without further purification.

Vesicle dispersions containing 5 mg of surfactant per mL of water
were prepared by sonification at elevated temperatures. Following 10
min of centrifugation, the vesicles were passed through a Sephadex
column (18 ¢cm X 1.5 cm). The final concentration of the surfactants
in a typical sample containing 25 X 10* M MV and/or 2.5 X 103 M
EDTA was about 3 X 10 M and 3.5 X 107> M of DODAB and DHP,
respectively.

ESR spectra were obtained on a Varian E109E spectrometer with the
TM, g cavity. The solutions were purged for 15 min with argon prior to
each run.

Results and Discussion

Viologens readily undergo photochemical reduction to their
radical cations in both aqueous and alcoholic deaerated solution.5’
When a solution of MV?* is irradiated with UV light of about
260 nm (abs max),? the formation of MV*. is manifested by the
appearance of a blue color (g = 1.4 X 10* M™' cm™).% In
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Figure 2. ESR spectrum obtained upon UV photolysis of a 2.5 X 107
M MV aqueous solution containing 2.5 X 10 M EDTA and DHP
vesicles (0.2 wt %). Instrument settings are as in Figure 1.

addition to the optical detection of MV*., a more sensitive
monitoring of MV*. is provided by the ESR technique. Therefore,
in the present study, we chose to generate MV™*- by UV excitation
of MV?* while monitoring the reduced species “in situ” with ESR
spectroscopy. Although the exact mechanism for MV*. formation
is unknown, the process can be represented by eq 1, where D
represents an electron donor. In the absence of an added donor,
D most likely is the chloride counterion which is complexed with
MVt S

MV + D 7= MV*. + D* (1

Hence, addition of an electron donor such as EDTA should
enhance the formation of MV*.. Figure 1 presents the expected
ESR signal of MV*.¢7 produced upon illumination of 2,5 x 107
M MV in water. When EDTA was added (2.5 X 1073 M), the
ESR signal intensity was increased approximately four times.
These intensities were determined at the maximum in a plot of
MV*. production vs. time of illumination. For a longer time of
illumination, a reduction in intensity was observed, presumably
the result of the photochemical destruction of MV™. itself. These
ESR signal intensities of the MV™ in water (control) were used
as reference values for the experiments in vesicular systems.

It is interesting to note that in the control experiments as well
as in the experiments with vesicles described below, residual O,
can significantly alter the results. When O, was not completely
removed (due to insufficient purging), we observed an induction
period before the MV*. could be detected. This is accounted for
by eq 2, where superoxide, O, is generated.?® O, can dispro-

MV* + 0, = MV?* + O, )

portionate or react with other species present to eventually rid
the solution of O,. In order to circumvent this induction period,
we rigorously purged the solution with argon directly in the ESR
cell. These results point out the critical dependence of experi-
mental results on residual O, in systems where MV*. is produced.

In the DHP vesicle system!? the photochemical formation of
MV*. was significantly reduced over that of the control. In
addition, the ESR spectrum (Figure 2) is broadened as evidence
by the more pronounced derivative shape. This broadening
prevents a direct comparison of intensities; nevertheless, it is
estimated that formation of MV*. is reduced by approximately
one order of magnitude over the control. The presence of DHP
vesicles has therefore altered both the production efficiency and
the environment of MV*.,

The ESR broadening suggests that the MV*. is adsorbed on
the surface of the DHP vesicles. Since the vesicles are negatively
charged,'! it is expected that both MV?* and MV*. should be
electrostatically attracted to the vesicle surface. An immobilization
(on the ESR time scale) of MV™. as a result of this electrostatic
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interaction would result in the observed broadening. Alternatively,
an electron transfer between MV*. and adsorbed MV?* could also
account for the broadening or even electron exchange between
adsorbed MV*. radicals.!? 1In either case, a strong interaction
with the surface is suggested.

The reduced production of MV*. most likely results from the
repulsion of the Cl™ by the negatively charged DHP vesicles. In
other words, the MV?*, upon adsorption at the vesicular surface,
has exchanged the CI™ for a phosphate group. This loss of the
CI” greatly reduces the quantum yield of MV™*. production.
However, a contribution from surface immobilization of MV?*
to a reduced photoproduction of MV*. cannot be completely
disregarded. In such a case, the rate of the back reaction of eq
1 may be increased and/or the efficiency of generation reduced
due to the different environment the MV?* experiences on the
vesicle interface.

Addition of EDTA to the DHP dispersion results in a less than
2-fold increase in intensity as compared to the control samples
in which a 4-fold increase was observed. This result suggests that
MV in its adsorbed state is partially shielded by the negative
charge of the vesicle’s interface which tends to repel the negatively
charged EDTA (at pH 7; EDTA exists as dianion) thereby re-
ducing the interaction of EDTA with MV?*.

The appearance of such a small ESR signal for MV*: in these
DPH vesicle systems, coupled with the observed line broadening,
suggests that cssentially all of the MV?* is strongly adsorbed to
the vesicle surface. This is feasible since a calculation assuming
an “average” vesicle diameter!? of 1000 A and a loading of 0.2%
wt% DHP results in a surface area that is more than sufficient
to accommodate all of the 2.5 X 10 M MV?*. Lysing of the
DHP vesicles (containing adsorbed MV?*) by freezing and sub-
sequent centrifugation resulted in an ESR spectrum as shown in
Figure 1. This also demonstrates the direct involvement of the
vesicles in producing the observed changes.

If the interaction between MV?* and DHP is strong, it becomes
of practical interest to determine whether or not the MV?* can
be removed from the surface of vesicles by passage through a
Sephadex column. This is a conventional method for the prep-
aration of asymmetric vesicles free from solutes which are external
to the vesicles. When such an experiment was performed, it was
determined that at least 50%'4 of the MV?* was retained by the
surface of the vesicles. This evidence demonstrates the strong
interaction of MV?* with the DHP vesicle surface.
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The addition of DODAB vesicles into MV?* solution also
significantly reduced the MV*: signal (by about factor 10) upon
irradiation. Nevertheless, the signal remained well resolved (as
in Figure 1). Interestingly, when EDTA was added, a rise of the
signal to a level comparable with that of the control was observed.
Such behavior was paralleled in an independent experiment which
showed that KBr in homogeneous solution significantly reduces
MV*. formation and that addition to EDTA brings back the
normal level of production. This can be explained by eq 1 where
Br~ replaces CI” as the donor and the back reaction of Br. and
MV™. becomes very fast. Addition of EDTA provides a more
suitable donor and gives rise to the normal production rate. Hence
in the DODAB experiments, Br~ is partially exchanged with the
CI” (counterion of MV?*) and the production is significantly
reduced. This explanation of the effect of DODAB vesicles was
confirmed in an experiment with DODAC (chlorine derivate of
DODAB) vesicles where no significant decrease in MV*. pro-
duction was observed. Hence, these experimental results support
the contention that CI™ acts as a donor in the system not containing
EDTA.

The results with DODAB demonstrate that the MV?* is not
affected by the positively charged DODAB vesicle surfaces and
reacts as if in solution. This is corroborated by an experiment
in which passage of a DODAB/MV?* system through the
Sephadex column resulted in a vesicle system free of MVZ*,

Our experimental results reveal the complexities associated with
the utilization of MV?* as an electron acceptor in heterogeneous
systems. The induction period can be essentially reduced to zero
provided sufficient purging of oxygen is achieved. In the presence
of negatively charged DHP vesicles, very strong association with
MV?* occurs which results in the complete adsorption of MV2*
onto the DHP vesicles. (This of course will depend on the ratio
of MV?* to vesicle surface area.) This phenomenon is consistent
with the fact that a significant percentage of the MV?* is retained
by the DHP vesicles during passage through the Sephadex column.
The photogenerated MV*. is also strongly adsorbed to the vesicle
surface as evidenced by the broadening in the ESR spectrum.

Such a strong interaction of both MV?* and MV*. with DHP
vesicles is of considerable significance and it should be taken into
account in all studies where negatively charged vesicles (or other
surfaces) are employed in conjunction with MV2* 415 Pgsitively
charged DODAB (or DODAC) vesicles, on the other hand, do
not affect the distribution or photochemical efficiency of MV*?
production. This “in situ” monitoring of the MV*. formation by
ESR spectroscopy provides a very sensitive means of probing the
associative nature of MV*. with vesicular surfaces.
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