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The mobility of photoelectrong:f) was determined by measuring the transient photocurrent induced by electron
photodetachment from rubidium anions (Rbn liquid tetrahydrofuran (THF) in the temperature range of
180—-296 K. Electrons were generated by photoexcitation of Rb/THF solutions by 532 nm laser pulses. The
measured transients consisted of a fast componeht§) followed by a slow decay{10—100us). Negative
photocurrent was observed at high temperatures and large concentrations of the Rb ions. This unusual behavior
is interpreted by taking into account the recombination and dissociation reactions involving the photoelectrons
(e7) and rubidium ions (Rband Rb). The equilibrium constant of electreitation dissociation was found

to increase by an order of magnitude upon cooling the Rb/THF solution from 296 to 198 K. The mobility of
the photoelectrons was found to be associated with an activation energy of 5.9&J mol

I. Introduction K), which is substantially different from that measured in an
early study at room temperature (0.003%cvr! s71).8

The present study is intended to determine directly the
mobility of electrons and ions and to study the reactions in
photoexcited Rb/THF solutions at different temperatures. Our
experimental approach is based on studying the photocurrent
transients attributed to the photodetached electron from Rb
The quantitative analysis of the results is based upon the
following reactions>7-9:16-12

The transport and reactivity of electrons and ions in liquids
are basic problems related to radiation chemistry and photo-
chemistry! Solutions of alkali metals (M) dissolved in ethers
are of particular interest since they are also related to the
growing interest in quantum and spin electrorfiéKinetics of
excess electrons were studied in polar liquids, e.g., water and
ammonial® and in nonpolar liquids, e.g., liquefied rare gases
and liquid hydrocarbon®4 As shown in these studies, the
behavior of excess electrons is determined by the efficiency of
electron localization, which depends on the conduction band
energy of the electron in liquids, short-range electrealvent K
interactions, the shape of solvent molecules, dielectric constants, Rb = RD + e 2
and other inherent properties of the solvent. Excess electrons -2

kl —
(Rb", Rb") — Rb" + Rb (1)

in liquids of intermediate permeativity, such as ethers and . K n _

amines (dielectric constants,~ 10), were also investigated. Rb ‘f Rb™ +e ®3)
However, the kinetic data available (particularly for the mobility) "

are scarce and not fully understood. Specifically, values of the Rb +hv—Rb + & (4)
electron mobility span from 1000 W ~! st in liquid Kr,

500 cn? V-1 s71in CH,, down to 10% cn? V1 s71in CoHs- Rb + Rb ik Rb" + Rb™ (5)
OHS

In addition to the electron properties, the dynamics of spin- Whereki andk_; are the appropriate rate constants apé the
polarized electrons generated in photoexcited alkali-metal/ CrOSS-Section of the electron photodetachment. In this study we
tetrahydrofuran (M/THF) solutions were investigateth a shall copflrm the reaction steps—b anq quantify the k|ngt|c
recent EPR study of Rbdissolved in THF, we have reported mechanism associated with photoexcited Rb/THF solutions.
on a parabolic dependence of the spin-relaxation rates of the
photodetached electrons upon photon enérpalysis of the
results led us to estimate indirectly a relatively high mobility THF (Aldrich Chemicals) was purified over a Na/K alloy
of the photoelectrons in this system (0.1%wr ! s™! at 180 and degassed by freezpump—thaw cycles. THF was distilled
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Figure 1. Schematic diagram of the experimental setup (a). Time
dependence of the applied voltagé,and the detected signal,(b). 500ms

into the photoconductivity cell containing rubidium mirror and i
sealed under vacuum (19 Torr). Metal dissolution, i.e.,
2Rbsoiigy == Rb™ + Rb™ and Rieiiqy = Rb™ + €7, was carried
out in a separate compartment through contact of the solvent
with the mirror. After the solution was disconnected from the
mirror, reactions +5 are the relevant ones in this study. The
absolute concentration of rubidium ions was controlled by the
time of contact between the solvent and the mirror. In all N ———— A\
experiments, before metal dissolution the specific conductivity
of the pure solvent was measured (10Q~! m-1). The
photoconductivity was determined with the setup schematically
shown in Figure 1a. The cell (1) made of Pyrex glass contained
two flat optical windows (2) and three electrodes made of a
platinum foil (3—5). The transient voltage drop, across a load
resistance,R. (0.2-7.5 kQ), was measured by digitizing  Figyre 2. Experimental current traces fos = 4.2 x 106 kmol m3,
(Tektronix, TDS 220 (7)) the signal from the collector electrode E;=1.53x 105V m~%, andW = 7.2 mJ at different conditionsT =
(5). The obtained data were stored on a PC (8). The responsel98 and 223 KR. = 560, i and ii, respectivelyT = 273 and 300
time of the electric circuit was controlled by the known K, Re= 200, iii and iv, respectively (a). Schematic description of
capacitance of the cable connecting the cell and the oscilloscopeh€ transient currents, following the laser pulsé at 0, at different
(~60 pF) and was found to be 20 ns fr = 0.2 kQ. tle;mperatures and/or [Rp low, intermediate, and high, respectively

To escape irreversible changes in the solution and to avoid( )
gradients of ion concentrations under the electric field, the
voltage pulseY (a few ms duration), was applied to the high-
voltage electrode (3). This pulse (Figure 1b) with a rise time of
10—20 us reached its maximum valu¥(= 400-500 V) and
decayed with a characteristic time of 5 mstat t, (t, ~ 0.6
ms). The duration of the voltage pulsg { t1) was chosen to
be much longer than any transient process due to the light
excitation at; and was shown as the spike on trace Figure
1b.

The light pulse (50 mJ/pulse, 12 ns duration, 532 nm
wavelength) of the Nd:YAG laser (11) (Quanta-Ray, DCR-1A

with the amplifier PDL-1) illuminated the interelectrode space . . .
along the larger side of the collector electrode. The time delay the dark current. The Rbconcentration was determined using
: the extinction coefficients of Rbat 800 and 500 nme§oo —

between the onset of the voltage pulse and the laser pulse was =~ 5 "9
varied within a period of 0.6 ms, so that the photogenerated €500 = 5'4.>.< 1% v kmol . ) It should be noted that undgr

X . o dark conditions, no EPR signals due to the electrons or radicals
charge carriers were subjected only to a constant electric field, . ) A
E, = Vo/d. whered is the separation between the electrodes could be detected, even in the saturated solutiox (& ° kmol

0 '  Sep . ~3). This provides an upper limit to the dark electrons in

(0.003 m). The cross-section area of the laser beam was confine I ~ 8 3 7c
by the diaphragm (13) with the apertuBe= 9 x 10°6 m2. Care hermal equilibrium, § Jeq < 10°% kmol m™=."¢ Temperatures
was taken that the diaphragm dimension coincided wigmd ggaﬁiﬁgriéﬂrgrhder?é?%og)v;/r?r: Taeggtg(lanvs:r ?%/2;’1 temperature
that the lens (12) focal length was much longer (1 m) than the 9 )
length of the collector electrode (0.009 m). Thus, the laser beam
homogeneously filled the interelectrode volumde; = Ad ~
1077 m3, whereA = 2.7 x 1075 m? is the geometrical area of Ill.1. Kinetic Data. Typical experimental traces of the
the collector electrode. Passing the laser beam through anvoltage taken at various temperatures are presented in Figure
aqueous solution of CuS@®14) and a glass filter (15) (Schott  2a. The different parameters associated with each trace are
KG3) eliminated IR and UV overtones of irradiation. Using the shown in Figure 2b. For a coherent presentation, trace i in Figure
beam splitters (16 and 17) the light was directed to the phototube2a also shows the initial voltage response (dark current). The

)
¢
33
S

o

=y I
[y

(18) (RCA | P39) to measure the laser pulse energy and to the
triggering photodiode (19). The phototube response was kept
in the linear regime by neutral filters (20) and calibrated by a
power meter (21) (Ophir DGX-PP). All experiments were
carried out in the single-pulse mode to achieve equilibrated
concentrations between the successive light pulses.

Each experiment was carried out using solutions with
concentrations of the Rbions in the range betweenx 108
(colorless) and 8x 1076 kmol m~2 (blue). Concentrations in
the range of 10° kmol m=3 were measured by absorption
spectroscopy, while lower concentrations were estimated from

Ill. Results
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Figure 3. Amplitude of the dark currentg, vsny at T = 296 K and T'(1000K™

Vo =460 V. Figure 4. Plots ofig (1) andAip° (2) vsT % Eg=1.53x 1PV m™

; i ; andny = 4.2 x 10°® kmol m™3. Lines 1 and 2 are the best-fit lines
time for switching the laser on was chosen such that the mducedaccording 1 an Arthenius relation with the sa 71K mol.

photocurrent and its decay_ should occur while the electric fielql, Line 3 is an Arthenius plot ofjars/y vs T4 with Es = 7.5 kJ mot™.
Eo, was kept constant. This ensures that the dark current will
not change before and after the laser pulse, i.e., during a fewduced transient currendi,, expressed by
hundreds of microseconds. Thus, the photocureijt,can be
obtained by subtracting the dark curreit, from the total Aiy= eOEOAZykAnk 9
detected current,, (Figure 2b).

I1I.2. Dark Current. The dark currentiy (U/R.) was o
determined by the dark voltage signay, and the resistance, ~WNereAnk = nk — Neq, Nk @aNdnkeq are the nonequilibrium and
R., and was kept proportional i, Under equilibrium, the dark eqU|I!br|um concentrations, ang is the mobility ofkth chargeo!
current depends on the fields and species surrounding theSPecies, respectively. The experimental results shown in Figure

collector electrode and is expressed by 2 can t_)e_ summarized t_)y several points, which _WiII be _treated
in detail in the next sections: (1) the photocurreXit, consists
i, = xfﬁd‘é = kEA, (6) of a fast component in the range about ts and a slow one in

the range ot > ts, wherets is 1-2 us. The slow component
where the integration is over a surface surrounding the collectorMay last up to 10Qs. (2) The initial amplitude of the fast

electrode, Hs the electric field on this surfacées = Eq%/E component,Aiy°, and the dark currentis, decrease upon
dsis the effective area of the collector electrode, anid the ~ decreasing [Rb], such that the rati\iy*/ia does not depend
specific conductivity of the liquid given by on [Rb7] (not shown). A S|m_|lar behaV|or_ 0A|P°/|d holds for
different temperatures (cf. line 1 and 2 in Figure 4). (3) The
= eozzi:uini (7) photoinduced signal attributed i, occurs only when the
I

electric field is applied and does not depend on the time delay
between the voltage and the laser pulses-@@Dus). (4) Within
whereg is the electron charge;, «i, andn; are the charge  the time scale of 041 us, the decay of the fast component
number, mobility, and concentration of thib charged species,  can be approximated into
respectively3
The experimental results (Figure 3) at room temperature Ai, = (Ai® — Ai)exptiz) + Ai? (10)
(T =296 K) show a linear dependence between the dark current,
ig, and ng = [(RbT,Rb)]eq + [Rb7]eq, Which is the total whereAi,®is the final quasi-steady-state current in the fast stage,
concentration of Rbas free and geminate anions (eq 1). Thus, which can be considered as the initial current for the slow
within the concentration range of used in our experiments, component. The decay time,, was found to increase upon
the dark conductivity of Rb/THF solutions is caused either by decreasing both the temperature and {RlFigure 5a shows
Rb~ and Rb and/or other charge carriers generated from the how 1k, depends on the dark current, which is a measure of
Rb~, e.g., electrons. Fony ~ 1076 kmol m~3 the specific the Rb ions concentration. The temperature dependencg of
conductivity,«, of the Rb/THF solution is calculated to be 1.8 is presented in Figure 5b and Table 1. (5) Unlikg°, the
x 107° Q71 m™1, which is much greater than that of THF, amplitude of the slow componenfiy’, decreases with an
implying that the dark current is a measurengf increase of both the temperature and {Rinspection of Table
In Figure 4, iq is plotted (line 1) against the inverse 1 and Figure 6 shows that by increasing the temperature or
temperature fony = 4.2 x 106 kmol m~2 (blue solution). Line [Rb7], the ratioAip¥Ai,° decreases and passes through zero to
3 in Figure 4 shows the temperature dependence of the inversenegative values (see also Figure 2, iv), where the total detected

viscosity of THR415 current,ip, becomes lower than the dark current level. (6) In all
cases, the total curreng, approaches, at long times, the initial
77_1 = 4680 exp&Ea(”)/RDP_l (8) dark current valuejg. The time dependence of the slow

componentt( > ts) shown in Figure 7 could be fitted by the
whereEJ" = 7.5 kJ mof? is the activation energy. As seen empirical expression
from Figure 4, the temperature behaviorsigfand 1# are
practically the same. This will be discussed below. Ai,=AiTL+ (t— tlty] " (11)
111.3. Photoinduced Current. Laser irradiation of Rb/THF
solution, while the voltage pulse is on, results in the photoin- where the half-decay time;,, was found to increase upon
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TABLE 1: Parameters Associated with the Photocurrent and Dark Conductivity Observed at Different Temperatured

T(K)

296 273 248 223 198
& 7.49 8.23 9.23 10.43 11.93
Te (NS) 290+ 54 3484 87 435+ 75 5804 100 1000+ 290
ug (MA) 0.84 0.73 0.565 0.38 0.23
K (Q1m™) 7.4% 107 6.43x 1075 4.98x 1075 3.35x 107 2.03x 1075
dirde (Q 71 cmrts) 0.32+ 0.06 0.31+ 0.08 0.26+ 0.04 0.21+ 0.06 0.19+ 0.06
INEINIS —0.21+0.04 —0.2140.03 —0.046+ 0.015 0.38+ 0.06 0.75+ 0.15
% 2.8+ 0.6 2.9£05 3.2+ 06 3.5+ 0.6 3.1+ 0.7
y 0.904 0.04 0.90+ 0.04 0.85+ 0.03 0.72+0.03 0.58+ 0.02
Ka/no 0.11 0.11 0.176 0.39 0.72
Ks (M3 kmol) 46x 107 46x 107 7.4% 107 16.4x 1077 30.4x 1077
k_s (M3 kmol-1 %) 7.5 10t 6.2 x 101 4.7 x 104 2.95x 10t 1.4 x 101
te+ s (CTRV-1s7Y) 5.1x 1073 46x 1073 3.9% 1073 2.8x 1073 1.5x 1073
te (CMP V1577 4.3x 1073 3.9x 1073 3.4x 1073 2.5x 1073 1.3x 1073

aFor a solution withny = 4.2 x 107 m~3 kmol. ® Dielectric constant of THF was calculated @s= —1.495+ 2659r-1.15

a
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Figure 5. Inverse decay timere %, of the fast component of the
photocurrent vs dark current, atT = 296 K andE; = 1.53x 10°V

m~! (a) and as a function of inverse temperature wigh= 4.2 x 1076
kmol m~3 (b).

decreasing both the temperature and laser pulse enétdy)
While Ai,°/iq does not depend on temperature or fRbwe
found that it depends linearly oW with the slopey = 30.3+

3.0 J1 (Figure 8). At typical light pulse energies of3.0 mJ,
the ratio between the initial amplitude of the photocurrent and
the dark current level does not exceed 0.1.

IV. Discussion

IV.1. Equilibrium Concentrations of Charge Carriers in
Rb/THF Solutions. We consider first the reactions in Rb/THF
solutions in the absence of light irradiation. From previous
known data, the chemical equilibrium in Rb/THF solutions can
be described by the kinetic scheme given by eg8.1Taking
into account charge conservation [Rk, = [Rb7]eq + [€7]eq
we estimate [e]ef[Rb™]eq = 3 x 1072 for ny ~ 4 x 1076 kmol
m~3, thus obtaining [Rbleq ~ [Rb*]eq Although at room
temperature the electron mobility (8 1072 cnm?2 V-1 s71) is
larger than the mobilities of both ions by a factor of @8
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Figure 6. Ratio of the amplitudes of the slow and initial photocurrents
vs the dark currentT = 296 K andE; = 1.53 x 10° V. m~L. The

dashed curves were calculated according to eq 30 with3, 4, and
5.

100-
804
60 -
4 4
20

0 4 + +
204 10 20 30

.40-'N\4\ 2
-604
Figure 7. The inverse photocurrenfi, ™%, vst — ts during the slow
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they do not contribute to the dark conduction because of their

low concentration. Thus, the specific conductivity of the Rb/
THF solutions is

= &lRb Joty + 1)

whereu, andu— are the mobilities of the free ions, Rtand
Rb~, respectively. In terms of eq 12 and according to the Stokes
law, the temperature dependence of the ion mobility coincides
with that of the inverse viscosity, 7/ As seen from Figure 4,

(12)
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According to Kruust? the values of the ionic radii, which must
be used in liquids, are greater than the crystallographic radius,
i.e., about 0.085 nm greater for positive ions and 0.01 nm greater
for negative ions. With the crystallographic radius 0.149 nm
for Rb*,2° we obtaina; = 1.03 nm for the case of one solvent
molecule between ions in the (RbRb™) pair, in line witha;

> 0.75 nm obtained from the Fuoss expression. This reconfirms
that the (RB, Rb™) pair represents a loose ion pair.

Since the dielectric constant of THF increases with cooling
according to d(Ire)/d(In T) = —1.19}5 then according to the
Fuoss model (eq 14K, increases as the temperature decreases,
as confirmed experimentally for alkali metal salts in THF.

Thus, in the range of 170296 K, 5 ~ 1 and the dark current
is proportional to the sum of ion mobilities. From the relation
of ig vs 1T (Figure 4) and eq 13a, the ion mobilities are given

by

the temperature dependence of the dark current is close to that
of 1/». This implies that the concentrations of Rand Rbr do

not depend on temperature and that equilibrium 1 is shifted ) o
strongly to the right. In other words, most of the Rb ions are WhereE{® = 7.1+ 1.25 kJ mot* is the activation energy of

uy +u_=0.028 expEYRT) e’V ist  (15)

not geminate and are free charge carriers.

the ion mobilities. On the basis of the results obtained above

Such a shift can be confirmed again by estimating the sum and reactions 43, one may obtain that at equilibrium [R&,

of ion mobilities. If all Rb~ ions which contribute to the optical
absorption are free, i.e., [Rlq = no, then the sum of.+ and
u— can be obtained from the ratig/ny. It follows from eqs 6
and 12 that at 296 K

d 1 3 -1.1
+u =— =(1.6+0.1)x 10 3cn?V s
fe it Mo €oEoAert
(13a)
while from the Stokes approximation we ha¥e
(1 1
fu . =—|—+-—-— 13b
sy tu Gﬂn(rw rRtr) (13b)

wherergp+ andrgy- are the corresponding radii. Fgr= 4.72
x 1073 P at 296 K415and using egs 13a and 13b, we calculate
(A/rret + 1/rrp) = (0.9 £ 0.07) x 10'° m~1. Assuming an
equal contribution of cations and anions to the conductivity,
we further calculate thaks = rry- = 0.225+ 0.015 nm. This
value is equal to the Stokes radius of'G4On the other hand,
it is known that the equivalent conductivity of the Rand Cg
cations in water are indeed equal at 298¥kind thus, the Stokes
radii of Rb* and C¢ are practically the same, as confirmed by
our optical absorption and dark conductivity measurements.
Within experimental error{10%), the degree of dissociation
B = [Rb7]eqNo can be approximated 0~ 1 — ny/Ki, where
Ki is the equilibrium constant of reaction 1. Fpr> 0.9, it
follows thatK; > 4 x 105> kmol m3 at T = 296 K.
Within the above findings, it is noteworthy to compare the
estimated value of; with that predicted by the Fuoss moHel

eoz
e ek T

wherea; is the distance of closest approadl, is Avogadro’s
number, e is the dielectric constant, anks is Boltzmann’s
constant. FOK1 > 4 x 107> kmol m™3 ande = 7.495 at 296
K, we obtain thata; > 0.75 nm. This large distance can be
considered as the sum of the Rbnd Rb radii and at least the
diameter of one THF molecule, e.gdryr = 0.64 nmi8

_ 3000
47a,°N,

1 (14)

<6 x 107 kmol m3 andK, < 6 x 10719 kmol m3,

To summarize this part, we have shown that nonirradiated
Rb/THF solutions contain Rband Rbr in equal and detectable
concentrations. The concentrations of Rbd € are negligibly
small.

IV.2. Kinetic Model of Photoexcited SystemsQualitatively,
the fast component of the photocurrent (Figures 2) is attributed
to the photodetached electrons (reaction 4), which recombine
with the cations in the back reaction?®. The “negative
photocurrent” at the end of the fast stage at high temperatures
and/or high concentrations of the Rban be attributed to the
strong shift of reaction 3 to the left. This implies the temporal
reduction of [RB] and [Rb"] below their equilibrium values.
In other words, at the end of the fast stage, the total detected
current decreases below the dark current level. According to
the Fuoss model, the equilibrium constay is expected to
decrease upon temperature increase, thus shifting this equilib-
rium to the left and consequently reducing the ion concentra-
tions. The slow component of the photocurrent can be ascribed
to slow reactions, namely, to back reaction 2 followed by the
annihilation of Rb (reaction 5):2We now quantitatively discuss
the fast and slow processes.

i. Fast RegimeFort < ts = 2te,, Wheretec = (k_3[Rb™])~1
is the characteristic time of recombination, slow reactions 2 and
5 are neglected. Thus, the concentrationsofRb~, and Rb
are obtained by solving the two equations

dle J/dt = d[Rb')/dt = —k_j[e ][Rb"] + kj[Rb] (16)

d[Rb)/dt = k_j[e ][Rb*] — k[Rb] (17)

with the initial conditions [RB] = ng and [e7] = [Rb*] =[e7]o
([e7]o is the initial concentration of photodetached electrons).
From egs 16 and 17, {¢ + [Rb*] = 2[e"]o. In our case, where
light intensities are low, [go < ng and [Rb’] ~ no. Under
such conditions, the temporal behaviors of the different species
are expressed by
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2K -
[e1=[eT { o +3K3 + 0

[Rb]=2[e],—[e]=

K3
o T K, exp(—t/re)} (18)

_ 2n, no — Ks " 19
[e ]O n0+ K3 - n0_|_ K3 eXp(— T(—‘) ( )

[Rb']=n, —[e]o+[e] (20)

[Rb]=n,—[e]o (21)
where 1t. = k_3no + ks. According to eq 9, the photoinduced
current is expressed by

Aiy = eEAlufe ]+ ui([Rb] = ng) + 1 (Rb ] — no)}
(22)

At t =0, eq 22 becomeAiy,® = egEoAle Jo(ue — ), and att
= oo, it approaches the asymptotic forti,® = egEoAle]o [(2ue
+ ur — u)Ks — (u+ + u-)nol/(ng + Ks), which serves as the
initial amplitude for the slow component. The sign Af®
depends upon the relationship betweem.(2 u+ — u-)Kz and
(u+ + u-)no. Thus, the empirical eq 10 is fully consistent with
that derived through eqs 16 and 17.

ii. Slow Regime.To account for the slow decay of the
photocurrent (at > ts5), we consider back reaction 2 and the

Heimlich et al.

s 2le]o

Aiy = noT|<3(lte|<3 ~ HionNo) (29)

IV.4. Reaction Rates and Mobility. On the basis of the
model and experimental results discussed above, we can obtain
the different rate constants, equilibrium constants, mobilities,
and their temperature dependences.

i. Room TemperatureCombining the experimental results
of Figure 5a and the expression forrd(cf. eqs 18 and 19)
with ng/ig = 4.86 x 107% kmol m—3 mA~1 (Figure 3), we obtain
that at 296 Kk_3 = (8.2 & 1.5) x 10'* m® kmol~! s%. The
value of K3 can be determined from the experimental depen-
dence of the ratid\ip¥Aiy° vs the dark current shown in Figure
6. Using the expressions a&fi,° andAip® (derived from eq 22)
the ratio of the initial slow and fast currents is given by

K3

AipS: 20\ [ 1
Aip®  \np+ Ky — 1 z—1

wherey = (ue + u+)/(u+ + u-). From eq 30 and Figure 6 it
follows that at a certain initial ion concentratiam, Aip¥Aip°
= 0 and under such conditiori& can be expressed as

(30)

Ky = ng*/(2y — 1) (31)

The dashed lines in Figure 6 are the simulations based on eq

processes described by reactions 3 and 5. Under such conditions30 with ng* = 1.75 x 1076 kmol m~3, which corresponds tiy
the concentration of electrons, which is the most reactive species,= 0.35 mA, andy = 3, 4, and 5, from whiclj is calculated

is considered to be quasi-stationary. The following coupled
equations should be considered

%[e*] = —K_ [ ][Rb™] + kR + k_,[e ][Rb7] =0
(23)

%[Rb‘] =k e J[Rb'] — k[RbT] — k_,[e ][Rb —
2k[Rb)? (24)

dgt[Rb+] = kR — k_jfe JIRb"] + kRDT*  (25)

%[Rb_] = k_ole ][Rb7] + kiR (26)

with the initial conditions (at = ts) [Rb™]s= no — [e7]o, [Rb]s
= no — [e7Jo(no — Ka)/(no + K3), [e7]s = 2[e7]oKa/(no + Ka),
and [Rb]s = 2[e"Jono/(No + K3), where subscript s stands for
concentrations dt = ts, which corresponds to the asymptotic
limits of eqs 18-21.

Forks > k_,[e7], from eq 23 we obtain that at> t;, [e7] ~
K3[Rb*)/no. The decay of Rbis given by

[Rb] = [RO]J1 + (t — )/t " (27)

with t12 = [4[e7]o(k-2K3 + ksng)/(no + K3)] 1. Adding together
eqs 24-26 we obtain

%([Rtﬁ] +[Rb]+[Rb]) =0 (28)

In terms of eqs 22, 27, and 28 with the approximation that
U+ = u— = pion,*¢the initial amplitude of the photocurrent slow
component is

to be (2.54 1.0) x 1077 kmol m™3. Sinceu+ = u— = (8.0+
1.0) x 107*cn?V~1s71, we obtain also thate = (5.4 4 1.35)
x 108 cmPV-1sL

The electron mobility can be also estimated from the value
of k_3 obtained above assuming that the electron recombination
in THF obeys the Debyelangevin equatiof?

k—3 = 47[80(/,49 + /"+)/E (32)

Using e = 7.49% and the values ofi+ andk_3, we calculate
thatue = 5.3 x 1073 cn? V1 s71, which almost coincides with
the value obtained from Figure 6.

By combining egs 6 and 7 with the expression Adp°, the
cross-sectiondp) of the electron photodetachment fromRib
given by

A EA4S

T, o — DAW (33)
whereE, (2.33 eV) is the photon energy at 532 nW/E,S is

the photon flux density®) during the laser pulse (in photons/
m?), andS= 9 x 1078 m?is the area of the diaphragm (13 in
Figure 1). Here, we also took into account that s, < 1,

an initial concentration of photoelectrons generated by the laser
pulse is [e]o = Pophp. Taking into account eqs 33 and= 4
(Figure 6), we obtain that, ~ 0.8 x 10722 m2. This value is
much smaller than the absorption cross section of RBTHF

at 532 nm, i.e.g,= 1.9 x 10721 m2, found from the extinction
coefficient of Rbb.® The low gquantum vyield of electron
photodetachment, i.eop/o, ~ 0.04, is possibly due to the low
probability for the photodetached electron to escape back
reaction with its geminate RbFor typical laser energies &Y

= 5 mJ, the fraction of Rb converted to electrons during the
laser pulse is small, (f§o/no = ®o, ~ 0.1). This confirms the
assumption of low electron concentrations.
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ii. Temperature Dependencdt was shown thatAi,® is these assumptions the experimental data shown in Figure 9aS
proportional to the producty(ue — u-). The temperature  could be fitted with the expression
dependence ofue can be found only if the temperature
depen_dence obyp is known. _ Unfortunately, a temperature o= Aexp(— 900 + 100 exé_ E) eV st (40)
behavior ofg, for the Rb™ anions has not been investigated T T
yet. It is known that the electron photodetachment from a . ) _ T _
number of molecular anions in polar solvents, like the ferri- With the best-fit parameter& = 0.15 cn? V™ s™ andB =
cyanide ion in water, is a single-photon thermally-activated 3500 K. e . . o
process, i.e, should depend on the temperatét@herefore, A very similar expression, for modeling electron mobility in
to avoid any assumptions on the temperature dependence of/@110us ethers was used by Dodelet and FreehiEmey also
op, We utilize a different approach based on the experimental measuregke m_'[H_Fl at room temperature and obtained a value
decay times of the fast photocurrent and the Detyangevin of 0.003 cnt V1 s71, which is somewhat smaller than our value.

expression (eq 32) for the electron recombination rate. Using Hov(;/evgr, talalng Into account dlff(?rent metEods IOf el?%t(r)olrg
eqs 32 and 7 and the expression fors1ive obtain pro _uctlon,_ the agreebrr_]er_lt is satisfactory. The value of J
mol~1 obtained forE,™ is in line with the optical absorption

y = ny/(ny + Ky) = (4t Je)y (34) spectrum of & in THF, which has been attributed to the bound-
to-continuum transitiods2 The low-energy Gaussian tail of
From the expressions faki,® and Ai,S (cf. eq 22) it follows ~ the absorption band correlates with the valueege.

that Finally, the best fit of the equilibrium constait; in its
Arrhenius formKs = Az expELS/RT) is shown in Figure 9cS,
Aips 1- AipslAip°) whereAz = (6.1 + 2.6) x 1072 kmol m—3 andE® = 10.0+
—1_ _ 2
y=1-3 Ai? % (35) 0.6 kJ mot1.27

We can now estimate the temperature dependence of the
photodetachment cross sectiop, Since fte — 1) and @+ +
u—) are characterized by activation energie) = 5.9+ 1.0

1 d) — 1 i i
can be obtained. The results at different temperatures arekd mor™ and B =71+ 1.25 kJ “_“OT.' respectlvely,d)lt
summarized in Table 1. The dielectric constant of THF was foIIO\?é)s from eq 35 that, has allow activation energy of{
calculated through the relation= —1.495+ 2659/T.15 — Ed®) =125+ 1.25 kJ mot™.

It is noteworthy thakKs values at room temperature obtained |V5 E_Iectron Attach_ment to the Rb At_om and Rb—Rb .
through different approaches are the same within the exloeri_Annlhllatlon. We now discuss the mechanisms of back reaction

mental error. The results fare andk_s in Table 1 obey the 2 and annihilation reaction 5. We assume that both reactions
relations (Figure 9S) ¢ are diffusion-controlled, with rate constant given by

Solving egs 34 and 35 numerically resultskigy and from the
expression for It (cf. eqs 18 and 19) and eq 32,3 andue

4= (5.2 2.7) x 10 2expEIRT) cn?V 1s ! (36) K-, = 478,(De- + Drp) (41)
= 4na;(Dg, + D 42

k 5= (2.4+0.9) x 10®exp~E/RT) kmol * m*s™* ks = 47a5(Dro + D) (42)

(37) wherea, andas are typical reaction radiigg = as = 5 nm) and

© — . 3 — De andDry are the diffusion coefficients of eand Rb species,
whe_rle B =594 1.0 k mof™ andEs™ = 8.4+ 0.4 kJ respectively. In addition, to a first approximatiaa,andas are
mol™* are the activation energies. The valuefof®) is below 555 med to be temperature independentzadcoincides with
the activation energy of-914 kJ mot? observed in other ethers the diffusion coefficient of the cation RbD.). SinceDe =
at low temperatureslt is also below the activation energy of - -

-1 calcularzed from Figure 4, i.eE{" = 7.5 kJ mot? Tr?é uekeT/ey and D, = u-ksTley, they are proportional to the

e 9(]6)_ o : L product of temperature and current. The temperature dependence
relatively low value of£,®)is interpreted by the trapping model, ot the rate constants can be obtained from the temperature

where the mobility is associated with the electron hopping dependencies ofi(. + «_) andiq by the following expressions
between a quasi-free state with a mobility? and lifetimet;

and a localized (trapped) state with mobility") and a lifetime wetu)r T
71.24 Thus, an expression for the apparent mobility is defined k (T)= k,2(296)7ﬁ; (43)
ag (e + 11)206
o) 71
B S cO B S Ke(T) = ke(296)— 2~ (44)
be=7 tole "o r ot (38) 14(296)296

Inserting eqs 43 and 44 into the expressiontigr(eq 27)
results in the lifetime and temperature dependence of the slow
o, % @ component of the photocurrent (Table 2S). Except for low
He= He™ F il (39) temperatures, the calculated valuesgfand those extracted
! directly from the kinetic curves are in good agreement. The

Indeed, experimental data show that a conduction band existsdiSagreement at 198 K (Table 2S) is attributed to the fact that

in ethers:25To simulate the temperature dependence.pfve the diffusion approximation is not valid at low temperatures.
have taken into account that (1) the mobility of the localized
state is ion-like with an activation ener@ = 7.5 kJ mof?

(eq 8); (2) i/t = exp(—ELYRT), where ELP is the thermal To summarize, reactions—b describe the overall kinetics
energy barrier between the electron energy level and the solventspanning a wide time regime. It should be noted that the
conduction band; and (g1 ~ 100 cn? V1 s71,1b.22¢.25jjthin annihilation process (reaction 5) is essential to explain the

Assuming thatr; > 7t one obtains

V. Summary
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observed decay times of the slow component of the photocur-
rent. Actually, whenks = 0, a comparison between the
calculated and the experimental valugigfat room temperature
results in a very high rate constakt, = 2 x 102 m3 kmol™1

s™1, corresponding to an extremely large and unrealistic reaction
radius,a; ~ 3 nm. It is gratifying that the electron mobility of

1 x 103 cm? V1571 (at 180 K) obtained in this work is in a
good agreement with the recalculated valug.f2.5 x 103

cn? V-1 s1) based upon EPR measuremérasd the kinetic
parameters obtained in this work.
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