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Photoermssion of holes from a plaunum eclectrode mto hquid sulfur dioxade was investigated by deterrmmung the
photocurrent produced by bolh Ar 1on and rhodamine 6G dye laser 1lluminauion (611 3 1o 457 9 nm) A plo1 ol photocurrent
rersus potenual obeyed the five-halves law and ywelded threshold potenunals that linearly correlated with excitation energy
Holes are 1njected [rom a photoexcited Pi electrode into an SO, /tetra-a-bulyl ammomum PF,  elecirolyle solution with a
threshold potenual of 3 74 V versus AgREF thal corresponds to an energy level of —9 1401 eV versus vacuum This level 1s

04 eV beyond the esumaled level for reversible electrochemical oxsdauon of solvent

1. Introduction

We report here studies of photohole mnjection into
liquid SO,/tetra-n-butyl ammonuum hexafluorophos-
phate (TBAPF) solution from a Pt surface under vis-
ible llumination The study examunes the wavelength
dependency of this process and correlates the thresh-
old potentials for photohole 1njection to electronic
energy levels 1n SO, The photoemission of electrons
from metallic electrodes into aqueous and non-aque-
ous solutions has been the subject of many investiga-
tions [1—4]. These have been useful 1n elucidating the
electronic energy levels of solvents There have been
fewer studies of hole photoemission (resulting in an-
odic photocurrents) Genscher and co-workers [5—10]
have studied the anodic photocurrents that result upon
illumination (at wavelengths of 340—730 nm) of a
gold electrode in contact with aqueous solutions. Clear
evidence of photchole emission and a pH-independent
threshold energy level at —9.1 eV, ascribed to the va-
lence band edge of iqu:d H, O, was found [7]. These
measurements in aqueous solutions at positive poten-
tials are hampered by the formation of oxide layers
on metal surfaces (e.g., Au,03 on Au), that can be-
have as n-type semiconductors and produce anodic
photocurrents that are large compared to those for di-
rect photohole emission from the metal
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Liquid SO,, which has been used as a solvent for
electrochemical studies [11—14], has several advan-
tages in photohole emission expennments The very
positive anodic oxidation Iimit of a Pt electrode 1n
S0, /TBAPF¢ (equivalent to =4V versus aqueous
SCE) [13] provides a large positive potential range for
1nvestigation Moreover, there 1s no evidence for oxide
formation on Pt 1n this solvent system

2 Experimental

The general experimental procedures along with
solvent punfication and handling techniques have been
reported previously [11] Anhydrous grade sulfur di-
oxide (99.99%) was obtamed from Matheson Gas
Products, Inc , Houston, TX The supporting electro-
lyte, tetra-n-butyl ammonwm hexafluorophosphate
(TBAPF), prepared as previously described [13], was
recrystallized three times from ethyl acetate/ether and
vacuum-dried at 110°C for 48 h The electrochemical
cell and transparent quartz dewar have been reported
previously [15]. The platinum disk working electrode
(projected area 0.032 cm?2) was polished prior to use
with a 0.3 um alumina slurry All potentials were ref-
erenced to a Ag quasi-reference electrode (AgREF),
of a type previously described [13], which was 1n con-
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tact with the solution through an asbestos fiber sealed
in glass The counter electrode, Pt gauze (1 cm?), was
wmserted directly into the solution The resistance of a
0 1 M SO,/TBABFg solution (measured between the
working and counter electrodes) with a conductivity
bridge (Industrial Instruments, Inc.) was 6 1 k2. Since
the measured photocurrents were, at most, of the or-
der of 100 nA, the uncompensated IR drops were less
than 1 mV

Electrochemical measurements were carried out
with a Princeton Applied Research (PAR) model 173
potentiostat and a PAR 175 universal programmer.
Current—potential curves were recorded on a Houston
Instruments model 2000 X—Y recorder (Houston
Instruments, Austin, TX) The light sources were an
Ar-10n laser (Spectra Physics, model 171-01) and dye
laser (Spectra Physics, model 375) with rhodamme 6G-
The dye was 1irradiated with the Ar line at 541 5 nm
The light beamns from these were chopped at 47 Hz
with a PAR model 192 variable frequency chopper and
the resulting currents synchronously detected with a
PAR 5204 lock-in amplifier

3 Results and discussion

A cyclic voltammogram of a Pt electrode 1n SO,/0 1
M TBAPF¢ at —40°C 1s given 1n fig 1a No appreciable
anodzc faradaic current (1 e ,< 30 pA/cm?2) flows until
=2 8V versus AgREF, where solvent oxidation begins
[13] No reduction wave 1s seen upon scan reversal,
indicating that the product of solvent oxidation (or
the “‘solvated hole™) 1s not stable Typical photocur-
rent (1) versus potential (V) curves for irradiation
with chopped laser light of several wavelengths are
given n figs 1c—1le These ip— V curves were repro-
ducible on repeated scans over this potential region.
Note that the photocurrent onset shifts to less positive
potentials as the photocurrent excitation energy in-
creases from 2 03 to 2 70 eV. The ip—Vbehawor for
excitations of 2 27, 2.41, 2 50 and 2 54 eV, not shown
mn fig 2, were similar to those given. Note that it was
not necessary to add a hole scavenger, since the rate
of reaction of the “free hole” with solvent and the
subsequent decomposition reaction are probably suf-
ficiently rapid to prevent return of all holes to the
electrode Similar scavenging of holes by solvent is
found 1n aqueous solutions [5—7]
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Fig. 1. Current—potential curves for Pt electrode in hiquid SO,
0 1 M TBAPFg. (a) Cyclic voltammogram, § = 10 uA (b) Po-
tental scan with lock-in amplification m the absence of ilumi-
nation Photocurrent under ight modulation, 47 Hz, with lock-
m detection, for photon energy Av (eV) and photon flux ¢
(photonss™! ecm™2) (c)hv=203,6,=15x10'7,§=12'5
nA (d)hv=261,0,=69x10!1® S=5nA (e)hv=271,0,
=72x10'5,8§=10nA

To obtain the threshold potential, plots of # 04 yer
sus V, according to the equation of Brodsky and
Gurevich [1,3] have been used
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Fig 2 Photocurrent (1% %) verSus potennal, for SO, 0.1 M
TBAPFg Threshold potentials (E'y;,) are shown for different
photoexcitation enesgies (@) £y, = 1.03 V,hv=2 7] eV, (b)
Ep=113V,hv=261¢eV;()E =171V, hv=203eV



Volume 120, number 4,5

Tahla
photoeu:ltahon energes and threshold potenhals for photo-
hole 1njection process in hiqguid SO,

Laser Excitation Photon flux Threshold
energy (eV) (photons s™! potential
cm™2) X 1016 (V versus
AgRLIN)
dye 203 15 172
dye 227 11 147
argon 241 78 130
argon 250 75 121
arpon 254 74 120
argon 261 69 113
argon 271 72 103
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where v 1s the frequency of the excitation source, vg
is the threshold frequency at ¥ = 0 versus the refer-
ence electrode, and C 1s a proportionality constant
The Fowler relation (2 5 versus ¥) [16] has aiso been
used; this yields similar values of threshold potential

with our data

The threshold potentials, obtamned by a least-squares

treatment of the data, are given 1n table 1. The slopes
of the lines 1n fig 2 are shightly different because of
differences 1n the photon flux at the dufferent wave-
lengths (6 9 X 10!6 to 1.5 X 107 photons s—*! cm—2)
A plot of threshold potential versus excitation ener-
gy (fig 3) hasa slope of 1 00 0 02 1n line with theo

retical expectations and often found for photoelectron
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Fig 3 Threshold potental (V) versus photoexcitation encrgy
(eV), for TBAPFg 1n liquid SO, Intercept, a, 1s taken as the
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INg. 4 Photohole injection process at Pt clectrode liquid SO,,
01 M TBAPFg soluthon E 1s the elecirode I'erma level, E s
the enerpy of the valence band edge E_1s the energy of the
conduction band edge, and hv 1s the energy of the excitation

source The enerpy level for hole miection 1s shown on a po-
............. ISy :8vel Ior noie mjection 1s sicwn cna po-

tential scale (4 versus AgREI’) and on an absolute scale (ver-
sus vacuum) B 1s the calculated enesgy of the solvated hole

emicgion
£mission stu ine mntercept witn n

studies The inter rcept with the

extrapolating to zero excitation energy 1s
V versus AgREF.

A diagram of the photchole injection process at a
Pt electrode SO, /0 1 M TBAPF solution interface 1s
shown in fig 4 The energy for hoie injection, corre-
sponding to a threshold potential of 3 74 £ 0.03 V
versus AgREF can be related to a vacuum electronic
energy level by referencing the AgREF to the 9-10-di-
phenyl anthracene®/* (DPA) couple with the usual as-
sumption that the potential of this couple 1s indepen-
dent of solvent [11 17] The redox potentlal of this

___________ n7T e ne -— o e
LUUPH‘: Wdis u 71 V veIsus ﬂsl\l:l" 1 l.!l.l) >|.uuy lUf U i

M TBAPF, in hiquid SO, and 1s 1.35 V versus aqueous
SCE [18]. If we assume the same value 1n water and
take the energy level of the NHE to be —4.40 eV ver-
sus vacuum [19], the energy calculated for the hole-
accepting level (or valence band edge of SO,) is —9.1

+0 1 eV versus vacuum. This value 1s smaller than the

inmizatian ot 147 \-t‘l:'n Ly Ay
10§iiZation pot ential Ay o Uy 1l the BdS piiasc,
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12 32 +0 01 eV [20], because some interaction of the
emitted hole with solvent and supporting electrolyte
1ons will lower the energy needed for formation of the
unrelaxed SO species An estimate of the extent of
this interaction can be obtained by plotting IP versus
the redox potential of the same species 1n the solvent
of interest Plots of this sort have been reported previ-
ously [21—24] and have been shown to follow a relation

Viedox =A(P) + B, )

where 4 1s near umity A plot of IP versus V4, Was
prepared for several couples 1n SO, (species, IP,
Viedox versus AgREF) phenothiazine, 7 26 eV, 0 32,
thuanthrene, 7.92 eV, 0.82, DPA, 7.10 eV, 0 71, fer-
rocene, 6.86 eV, 0 08 Because of the limited available
IP data for those couples that have been previously
studied mn SO,, and because these couples are close in
Viedox values, a line of slope (4) 1 0 was assumed
However, even on this basis, the gas-phase IP would
predict a potential corresponding to the production of
thermalized SO},5.5V versus AgREF, ie. at ~18V
more positive than the observed threshold This sug-
gests that hiquid SO, nvolves sigmificant interactions
between the SO, molecules to produce a valence band
1n the solvent at least 1 8 eV above the solvated 1s0-
lated molecule level

We can also compare this level with that for the
background oxidation of solvent. Irreversible oxidation
occurs at 3.0 V versus AgREF. Since the SO3 that
1s formed reacts rapidly, probably by extracting an F~
from the PFg, the actual reversible potential for sol-
vent oxidation occurs at more positive values If the
reaction of SO3 with PFg occurs near the diffusion-
controlled limit, the reversible potential would be
=0 3 V more positive than the background oxidation,
1€ at =3 3 V versus AgREF or —8 7 eV versus vacu-
um This would 1mply that the ““dry hole’ injected at
—9 1 eV solvates to the extent of =0 4 eV.
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