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Solvent-Separated Radical lon Pairs and Free lon Yields. 1. Effect of Temperature on Free
lon Formation in Solution

Introduction
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Free ion yields from geminate ion pairs formed after photoinduced electron transfer are measured by the
transient photocurrent method in three moderately polar solvents. Photoexcited 9,10-dicyanoanthracene (DCA)
is used as the electron acceptor and alkyl-substituted benzenes as donors. It was found that, generally, there
is no significant change in free ion yield as the temperature is increased. On the basis of a theoretical model
developed under CollinrsKimball boundary conditions, several factors are analyzed, including dielectric
constants and viscosities of solvents, initial separation distance distribution of geminate ion pairs, and
temperature-induced changes in recombination rates. By comparing escape probabilities of geminate ion pairs
calculated at different initial formation and recombination/separation distances with measured free ion yields,
we show that free ions are mainly produced from the solvent-separated ion pairs that are initially formed
after electron transfer quenching of photoexcited DCA. Calculations also imply that recombination via electron
tunneling at separation distances of about 7.5 A can be considered as the main decay process for solvent-
separated ion pairs. There is a direct competition between tunneling recombination and further separation of
ion pairs at each distance. Experimental photocurrent rise times indicate that the change in temperature has
very limited influence on the recombination rates. On the other hand, an increase in temperature will decrease
the viscosities of the solvents and thus increase the mobility of cations and anions significantly, which will,

in turn, increase the escape rate and free ion yields. Quantitative analysis indicates that the observed weak
dependence of free ion yields on temperature can be attributed to an unfavorable contribution from the decreased
dielectric constant at higher temperature.

to establish the fundamental mechanism of photoinduced
electron transfer in solutions and to test the validity of Marcus

In homogeneous solutions, when the ions are highly ChargGdtheory in these processeé$Although a general understanding

or very small, or in a weakly polar solvent with a dielectric
constant of 20 or less, replacement of solvent molecules or
oppositely charged ions that are in contact with the ions
concerned could be fairly slolWinstein et al. demonstrated

in their solvolysis study that two kinetically distinguishable ion
pairs, intimate (i.e., contact ion pairs) and solvent-separated ion
pairs, exis€ Bimolecular photoinduced electron-transfer from

of electron transfer in solution is in hand, many specific

problems remain. For example, it is still unclear where (radii)

the initial geminate ion pairs are formed after electron transfer
guenching of excited electron acceptor (or donor) molecules
by electron donors (or acceptors). In other words, we do not
know the ratio of CRIPs and SSRIPs when they are initially
formed. That, in turn, limits our ability to analyze the mechanism

a donor to an acceptor molecule is an efficient way to produce of the decays of both CRIPs and SSRIPs and the formation of

geminate radical ion pairs or exciplexes. It was found that both
emission quantum yields and exciplex lifetime decrease as the
solvent polarity increases. However, the polarity-induced de-
crease of the yields is more significant than the lifetime change.
Thus, in the pioneering work of Weller et al., the concepts of

free radical ions. It is believed that, in polar solvents such as
acetonitrile, SSRIPs are important intermediates with high
formation efficiencies after photoinduced electron-transfer
quenching®® In nonpolar solvents such as hexane, CRIPs are
the dominant intermediatés.

contact radical ion pairs (CRIPs) and solvent-separated radical

ion pairs (SSRIPs) are introducéd.

Intermolecular electron-transfer reactions between donor an
acceptor molecules in homogeneous liquid solutions are com-
plicated. The population and the fate of CRIPs and SSRIPs after
photoinduced electron-transfer quenching are determined by the
properties of the donor and acceptor molecules such as redo
potentials and molecular structures, and by the structure and
properties of solvents. Our knowledge about the dynamics of ¢

Free radical ions are key species for many important processes
gin solution? liquid crystaf and solid? Generally speaking, the
free radical ion yields for geminate radical ion pairs formed
after electron transfer quenching are determined by recombina-
tion rates and escape rates. The escape rate of an ion pair is
)gletermined by many factors including separation distance, the
diffusion coefficients of both radical cation and anion, dielectric
onstant of the solvent and the separation distance at which

CRIPs, SSRIPs, and free radical ion (FRI) formation is limited. recombination takes place. Unlike the photoexcitation in the

Over the past few decades, many studies have been conducte

gharge transfer (CT) band of EDA complexes, which is believed
to form only CRIPs}19 photoinduced bimolecular electron-
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qguenching is significantly higher than that by photoexcitation
in the CT band? This implies that no fast equilibrium occurs
between CRIPs and SSRIPs before free radical ion formation.
In other words, free radical ion formation takes place before
CRIPs and SSRIPs formed by forward electron-transfer relax
to a common equilibrium state. However, in the recent work of
Muller et al.11 it was observed that deuterium isotope-induced
increases in the fluorescence lifetimes of CRIPs and free ion CRIP%q

SSRIP

SSRIP

D+A* k

yields formed after electron-transfer quenching are of the same

magnitude. They concluded that free ion formation and charge i, | »
recombination are in direct competition at contact separation Thv

and SSRIPs do not play a significant role in charge separation. D+A

This conclusion is in agreement with a model proposed by 5 ' 10 15 20
Mataga et al? that photoinduced electron transfer can happen
only at contact separation and forms CRIPs exclusively. It means
that free ion formation and decay of the contact CRIPs (or
exciplex) can be understood as arising from a single species
following two different pathways after photoinduced electron-
transfer quenching.

Separation Distance/Angstrom

Figure 1. Schematic illustration of ion pair potential energy versus
separation.

A detailed description of the method used for transient
X K q | diff . photoinduced current measurement can be found in our previous
In our previous work, we reported unusual differences in 4 17.18 A homemade insulated box was used as a heated

lifetimes of gemingte ion pair_s as measurgd _by the transient o, 105y re for the photocurrent cell. The temperatures measured
photocurrent technique and single-photon-timing fluorescence ;oo from 293 to 333 K at 10 K intervals withe1 K

after electron-trgnsfer quenchif:* We concluded that there uncertainties. Absorbance of the solutions used in the photo-
are energy barriers between CRIPs and SSRIPs that appear tQ ,rent experiments was about 0.6 at 355 mnail cmcell.
be high enough to prevent fast equilibrium between them. We ¢, contrations of donors were 0.1 to 0.2 M. The concentration

have suggested that the two types of ion pairs have different ;¢ b A was 2% 104 to 4 x 104 M. A 355 nm pulse from
recombination mechanisms. To acquire further information about ,, 5rion SB-R laser was used for excitation of the acceptor

the relative energies of CRIPs and SSRIPs and free radical ion ) in solution, which was continuously recycled during the
formation, transient photocurrent experiments were conducted 1, o-crements. The pulse width was 0.8 ns at a repetition rate

at different temperatures. In this work, temperature effects on ;¢ 4 - For the systems measured, a better than 0.5 ns time

solvent properties and their implications in radical ion pair yoqqytion can be achieved. Pulses had average energies of about
recombination and free ion formation are analyzed in the 5, 1J. Steady-state fluorescence spectra of DCA in three
framework of model developed by Hong and Nooldhdind solvents were measured with a Shimadzu RF-1501 spectrometer

Sano and Tachiy¥ This allows determination of the critical efore and after the quenching donors were added to normalize
recombination/separation distance between donor cations and;, gR| yields to 100% quenching. Single-photon-timing

acceptor anions. fluorescence experiments were carried out at the same temper-
. atures as photocurrent measurements, which were controlled
Experiments using a heated cell-holder with a RM6 water-cycling system.

All reagents were purchased and used as received excepth detailed description of the single photon system can be found
hexaethylbenzene, which was recrystallized in toluene before in our previous work? The pulse width and the effective time
use. 9,10-Dicyanoanthracene (DCA) from Aldrich was used as resolution of the system are 0.8 and 0.1 ns, respectively. The
the acceptor. Donors used were durene (DUR; Aldrich, 98%), software used to collect fluorescence decay data was EG&G
1,2,4,5-tetraisopropylbenzene (TIPB; Aldrich 96%), hexameth- Maestro32.
ylbenzene (HMB; Aldrich 99%), and hexaethylbenzene (HEB;

Aldrich). Solvents used were 1,2-dichloroethane (DCE; Fischer Results and Discussion

99%), 3-pentanone (PT; Aldrich:-99%), and 4-methyl-2- In our recent work, free ion formation was monitored by a
pentanone (MPT; Aldrichz99%). transient photocurrent experiment. Decay of CRIPs was mea-
sured by single-photon timing of exciplex emission detay.
SCHEME 1: Structures of Donors and the Acceptor Generally we found that the two methods gave different
Molecule lifetimes. Such a difference in lifetimes was also observed by
CN Me Me Mataga et al® However, as was discussed above, it could not
Me Me be understood from their model. We concluded that free radical
Oee ji;[ Me Me ions are formed from SSRIPs rather than CRIPs, which give
Me Me Me Me exciplex emission. The rise time of the photocurrent is connected
N Me Me to thg decay of SSRIPs, whereas the dece}y time of fluorescence
DCA DUR TIPB monitors the decay of CRIPs. The clear difference between the
Ve two important time scales shows that there is a local minimum
Me Me in the potential surface at the position of SSRIPs (Figure 1). A
Me Me significant barrier exists between CRIPs and SSRIPs that
Me prevents fast equilibrium between them. On the basis of the
Me analysis of the driving force dependence of recombination rate
We Me constants of SSRIPs, we suggestatiat the dominant mech-
Me Me Me anism for the recombination of SSRIPs involves a direct return

HMB HEB electron transfer from SSRIPs by tunneling, thus by-passing the
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Figure 2. Photocurrent following electron-transfer quenching of excited 2000
DCA by TIPB at different temperatures in DCE. The pulse energies
that produce geminate ion pairs are normalized tq:d@Gt 355 nm. 2 1600-
£
CRIPs. We expect that the results from temperature dependence é 12001 23K
experiments can provide more information on the detailed 3 800 303K
mechanism of the decay of SSRIPs. £ o 313K
. . (%3 b
In principle, the decay of SSRIPs can proceed by one of the g 400 323K
following three pathways: (a) Direct recombination to ground S . 333K
state with a rate constaktg;', which can be estimated by =0
Marcus theory? Given the fact that the recombination process 0 20 40 60 8 100

is in the Marcus inverted region, a stronger donor will have a Time /ns

higher recombination rate. (b) Collapse to CRIPs, followed by Figyre 3. (a) Emission spectra of 2.0 10-5 M DCA in the absence
decay to the ground state by radiative or nonradiative chargeand presence of 0.1 M DUR after excitation at 355 nm. The exciplex
transfer. The collapse is a diffusive process in the Coulomb emission spectrum is obtained by subtracting the DCA emission without
field of the two ions. The height of the potential barrier between DUR from the DUR-DCA emission spectrum. (b) Temperature
SSRIPs and CRIPs is determined by the desolvation energy.dependent formation and decays of CRIPs of DUFCA in DCE

(c) Further separation into free ions via diffusion. Similar to monitored at 580 nm by single-photon counting after excitation at 355
(b), the separation rate constakyef) should exhibit very weak

dependence on donors in a given solvent if the donors haveTABLE 1: Photocurrent Risetimes for TIPB —DCA and

similar structures and molecular sizes. As will be discussed later, DUR—DCA and Fluorescence Decay Times of CRIPs of

the rate constants of pathways a and b are expected to exhibiPYR—DCA in DCE at Different Temperatures

different temperature dependences. A careful analysis of the photocurrent rise time (ns)  exciplex fluorescence
transient photocurrent and exciplex decay results at different temp, K TIPB-DCA DUR-DCA lifetime (ns) DUR-DCA
temperatures will allow us to evaluate the relative contributions ™ 594 8.9 24 48
of pathways a and b. 303 10.5 25 46

The electron-transfer quenching of the photoexcited acceptor 313 11.1 24 45
(DCA) by substituted benzene donors was studied in the present g%g ié% %i ig

work. Free radical ion yieldsYgr) are measured in three
solvents: 3-pentanone (PT), 4-methyl-2-pentanone (MPT), and
1,2-dichloroethane (DCE). The donors used in the experimentselectron-transfer quenching appears (Figure 3a). The formation
were chosen so that, for each of the bulky donors, there is aand the radiative decay processes of CRIPs can be detected by
corresponding less sterically hindered (flat) molecule with nearly the single-photon-timing technique (Figure 3b). Similarly, decay
identical electron redox potenti# The only difference between  of SSRIPs andYgr for DUR—DCA can be determined by
each pair of the sterically bulky and flat donors is that the flat transient photocurrent experiments at different temperatures.
donors can get closer to the acceptor than can the bulky onesPhotocurrent rise times and radiative CRIPs decay times for
DCA is a weak electron acceptoESred —0.91 V vs SCE in DCA/DUR are collected in Table 1. For comparison, HMB, a
dichloromethane¥? For a solution of DCA with the various  stronger electron donor than DUR, and HEB, a bulky donor
donors used, excitation at 355 nm results in the almost exclusivewith redox potential similar to that of HMB, are used as the
formation of excited DCA, which is then quenched by the donor DCA quenchers. The free ion yields of DCA with four donors
molecule via electron transfer. When bulky donors such as TIPB above (DUR, TIPB, HMB, HEB) in DCE at different temper-
and HEB are used for the quenching, the radical ion pairs formed atures are collected together in Table 2a. It should be mentioned
do not show any detectable emission. The radical ion pairs thusthat the flat donors, DUR and HMB, are more efficient
formed can produce free radical ions effectively. Figure 2 quenchers than are the corresponding bulky donors, HMB and
exhibits the photocurrent curves after electron transfer quenchingHEB. At the donor concentration of about 0.1 M used in the
of excited DCA by TIPB at different temperatures in DCE. The photocurrent experiments, about 95% of fluorescence emission
rise times were extracted from the apparent exponential increasefrom locally excited DCA is quenched by the flat donors, DUR
of the photocurrent signals following excitation. As we have and HMB, whereas only about 80% of the fluorescence emission
discussed, the rise times can be roughly understood as thewas quenched by the bulky donors, TIPB and HEB. In Table
lifetimes of SSRIP$# Ygr can be calculated from the maximum  2a, all yields shown are normalized to per quenching event rather
photocurrent signal as it reaches constancy. than per photon. Note that measurég, of all systems show
When the flat donor DUR, which has similar electronic similar very weak temperature dependence as temperature is
properties to TIPB, is used, exciplex emission from CRIPs after increased from 293 to 333 K (Figure 4a). Interestingly, the
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TABLE 2: Yggr of Four D/A Systems at Different
Temperatures in 1,2-Dichloroethane, 4-Methyl-2-pentanone,
and 3-Pentanone

0.15{(a) DCE

DUR TIPB

.DCE
0.088
0.098
0.093
0.090
0.086

b. MPT
0.204

temp, K HMB HEB

0.10-
293 [
303
313
323
333

YFR

0.05-

B——B m A—
290 300 310 320 330
Temperature /K

%%’; =<

0.00

340

(o) MPT

' 0.226 0.254

0.204
0.230
0.225
0.196

0.128
0.140
0.142
0.137
0.135

0.052
0.058
0.065
0.064
0.066

0.200
0.214
0.182
0.174
0.164

0.20+4

323

333 —u—DUR

—e—TIPB
—A—HMB
—v—HEB

0.154
lifetimes of CRIPs between flat donor DUR or HMB and DCA z |

exhibit also only weak temperature dependence. For a temper- y.* g.10
ature increase from 293 to 333 K, the lifetime of CRIPs of
DUR—DCA decreases from 48 to 40 ns.

The temperature dependenceYek, of all four D/A systems
is also studied in solvents such as MPT and 3-PT that are of
higher polarity than DCE (Table 2b,c). An important feature of
these results is that, as the temperature increases, no significant
change inYgg can be observed (Figure 4b,c). Another feature
of the results is tha¥rg, values with bulky donors are much
larger than those with flat donors in all systems. More
specifically, in a less polar solvent like DCE, the yields using

|
A

0.054

0.00 T T T
300 310 320

Temperature /K

0.25 (c) 3-PT

HMB and DUR are about 10 times smaller than those using
HEB and TIPB, whereas in relatively more polar solvents such
as MPT and 3-PT, the difference is only aboutftimes.

0.20+

s

-9

x.

The primary evidence we presented in our previous work & 0-154
shows that, in moderately polar solvents such as those used in
the present work, free radical ions are mainly formed from long
distance radical ion pairs that are initially formed by either
electron-transfer quenchifigt* or direct excitation in the CT
band of the EDA complexes.We hoped that the temperature
dependence experiments would provide further evidence in this
regard. The temperature dependence of free ion formation can
result from effects on the initial separation distance distribution Temperature /K
when RIPs gre formed, or from eﬁeqts on the recomblnatlpn Figure 4. Free radical ion yieldsYgr)) of geminate ion pairs formed
and separation rates. The recombination rate can be determinegy electron-transfer quenching of excited acceptor DCA by four donors
experimentally from the rise time of the photocurrent. Thikg at different temperatures in three solvents. The quantum yields are
values at different temperatures become direct measures of thenormalized to per quenching event rather than per photon. K@y: (
temperature dependence of the separation rate (or escape ratePUR; (®) TIPB; (®) HVB; (®) HEB.
The interaction between cations and anions among RIPs formed
is mainly Coulombic in naturé Therefore, the temperature-  solution. Viscosity and dielectric constant are two key factors
induced change in dielectric constant has a more significant that affect the electron transfer and free ion formation processes.
impact on the escape process of RIPs at short separation distanck Table 3 literature values of the viscosities of 1,2-dichloro-
than at long separation distance. On the basis of this consider-ethane and 3-pentanone over the experimental temperature range
ation, we expect thatrg, values and their temperature depen- are given. In most cases, the dependencies of viscosities on
dence can be used to probe the initial separation distance oftemperature are described as polynomial functions.
RIPs that contribute to the formation of free radical ions. a. Viscosity. The radical ion pairs separate via diffusion

To determine the contribution of temperature-induced changesthrough the solvent molecules while overcoming the Coulomb
in the physical properties of the solvents, the effects of force between them to form free ions. The diffusion velocity is
temperature on viscosities and static dielectric constants of all determined by the solution viscosity, which is required for
three solvents are analyzed. The effect of temperature on freecalculation of ion formation rates and final yields. As we will
ion formation is complicated. Many physical properties of discuss later, considering the two possible recombination
solvents that affect the forward electron transfer, recombination channels, solution viscosity does not affect the through-tunneling
and escape processes are influenced by the temperature of theecombination process.

0.104

0.05- A—A—A A A

0.00

200 300 310 320 330 340
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TABLE 3: Refractive Indices and Viscosities of the Solvents for escape probability has been developedlhe escape

at Different Temperatures probability, ®, defined as the total flux out of the sphererd
293K 303K 313K 323K 333K asr — o andt — o, can be understood as the theoretical free
viscositiestmPa s PT 0592 0444 0345 0276 0221 ionyields. Inthese calculations, the fact that is usually ignored

DCE 1.125 0.779 0576 0.447 0.352 Iis that, for ion pairs formed after electron-transfer quenching,
static dielectric constaritsPT ~ 17.1  16.4 157 149 141 those that form free ions and those that are neutralized by
DCE 104 99 94 89 85 electron recombination have different histories with different
aThe viscosity data fror€RC Handbook of Chemistry and Physics ~ separation distributions. Equilibrium is not established during
83rd ed.; CRC Press: Boca Raton, FL, 26@P03.° The static recombination or separatidiA Coulomb field in a structureless
dielectric constants are calcu!ated from poly_nomial functions given by djelectric continuum is too simple to describe the interaction
g‘eCRC Handbook of Chemistry and PhysiBdth ed.; CRC Press:  amgng the ion pairs, especially at short separation distances
oca Raton, FL, 20032004. (from contact separation to a separation with one layer of solvent
between donor and acceptor ions). Another disadvantage of
using this kind of calculation in the analysis of the present results
is that it is hard to establish a simple model for free ion

Using a space-filling spherical model, the diffusion constant
is calculated by

kT formation based on the experimental data. The Onsager theory
= (1) predicts the escape probabilities of geminate ion pairs of a given
Sy initial separation radius. It is widely used for the analysis of

photo- and radiation-induced ionization in liquid solutions and
whereD is the diffusion constant; is the viscosity of the solvent  solids. In the Onsager theory, the motion of the isolated ion
at temperaturd, andrq is the radius of the diffusing molecule,  pair is described by a Smoluchowski equation with a Coulomb
which is calculated by the method of Edw#iand Bondiz>P term. The Onsager equatiof® (= e ") thus obtained can be
Calculated 4 values are in good agreement with values obtained used to estimate the escape probability of ion pairs of initial
from ion mobility measurement8.The diffusion constant is  radiusr,. The assumption of a continuum solvent model together
proportional to temperature and inversely proportional to with the boundary condition stating that there is a perfect sink
viscosity, whereas the viscosity also depends on temperatureat zero separation cannot fit the real situation. An extension to
On the basis of the temperature dependence of viscosities (Tablehe Onsager treatment was developed by Hong and Noolandi
3), it can be estimated that the diffusion constant increases abou{HN)!5 and Sano and Tachiya (ST)In these treatments, they
30% over the temperature range of our experiments, which used a physical model similar to Onsager's except for a more
means that the radical ions move 30% faster at 333 K than atrealistic boundary condition assuming that the cation and the
293 K. This increase in diffusion constant favors ion separation anion recombine with a finite rate at critical separation distance
as the electron recombination through tunneling is unaffected r,. This boundary condition is normally called a partially
by change in viscosity. reflective or Collins-Kimball boundary conditiod? The escape

b. Dielectric Constants.The dependence of solvent dielectric  probability, ®, from this treatment is given by

constants on temperature follows a polynomial function. As the

temperature increases from 293 to 333 K, the dielectric constant &0+ (z— 1) "™
of DCE decreases from 10.37 to 8.45. The Onsager radjus ( = - (2)
= /4mepesksT), defined as the distance at which the Coulomb 1+(@z—-1e

energy equalkgT, increases from 55.6 A at 293 K to 60.0 A at
333 K. This makes it difficult for radical ion pairs to escape. In eq 2,10 is the initial separation of the geminate ion pairs
Vauthey et af’ studied free ion formation at different temper-  after electron-transfer quenching,is the Onsager radius and
atures by using time-resolved Raman spectra. The effect ofz = Drdkrm? wherex is the surface rate constant at critical
temperature-induced change in viscosity of the solvent was separatiorm, with units of cms™*. The surface rate constant
analyzed. The fact that the polarity of a solvent at high is calculated by« = rn/z, wherez is the lifetime of the ion
temperatures is low was largely ignored. As far as the temper- pairs concerned. When it is assumed thais the separation at
ature-induced change in dielectric constant on free ion formation which recombination is in direct competition with free ion
is concerned, it is important to mention that the impact is formation and that the potential energy beyomds Coulombic,
sensitive to the critical separation distancg) @t which decay eq 2 offers a simple approach to understand the impact of
and free ion formation happen. We intend to use values of free separation distance on escape probability. The other great
ion yields and their temperature dependence to probe the criticaladvantage of using eq 2 to estimate the escape probability is
separation distances. that it is related to a clear, simple physical picture and allows
c. Influence of Temperature on Electron Recombination separate analysis of the effects of temperature-induced changes
Rates. Electron recombination rate constants depend on tem- in solvent properties and rate constants of charge recombination.
perature in a complicated manner. For radical ion pairs with a In real solutions, charge recombination occurs over a range of
given separation distance, temperature-induced changes in stati€ation—anion distances rather than at some critical separation
and optical dielectric constants cause a change in both drivingrm. However, as the separation distance becomes larger, the
force (-AG°®) and solvent reorganization energi)( which, recombination rates decay exponentially and make a smaller
in turn, affect the electron recombination rates. In principle, the and smaller contribution to the overall recombination process.
effect of temperature on electron recombination rate can beIn this case, it is reasonable to consider as the average
understood from Marcus theotyIn the present work, recom- ~ separation distance at which recombination takes place.
bination rates measured by transient photocurrent methods at Consider a typical system in our experiments: TIPB and DCA
each temperature will be used directly in the analysis. in the solvent DCE. The escape probabilities at different
For RIPs formed in a dielectric continuum, whose charge temperatures were calculated using eq 2 and then compared with
recombination occurs over a range of separation distances thathe measuretrr,. Onsager radii of 55.6, 56.3, 57.3, 58.5, and
can be predicted by the Marcus equation, a calculation methodand 60.0 A are used in the calculation of escape probabilities
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0.14 ion pairs is much less able to compete with recombination to
give the measured:g,. It also shows that, at a critical separation
0.12 of 4.8 A, escape probability is so sensitive to the temperature-
Y induced decrease in dielectric constant that the calculded
£ does not fit the experimental results. Such results suggest that
§ 0.08 the critical separation must be larger than 4.8 A.rdfis
6.9 increased to 7.0 A, we find better agreement between the
g 0.06 calculated escape probabilities and the experiméfialat all
S temperatures. But, the calculated escape probabilities are still
w 0.04 less than those measured. Only whenrarof 7.5 A is used,
0.02 which is near to the average face-to-face distance of SSRIPs of
TIPB and DCA with a single layer of solvent molecules between
0 - - them, can the calculated escape probabilities and the measured
280 300 320 340 360 Yeri €xhibit good agreement in both values and temperature
Temperature /K dependence. For geminate ion pairs such as SSRIPs, it is
Figure 5. Comparison of calculated escape probabilib) 6f TIPB— reasopab le to equct the C?oulomblc potentllal to give an accurate
DCA at different assumed, distances with the experimentatz,. A description of the interaction between cation and affofhe
rm value of 7.5 A gives escape probabilities that fit with experimental above agreement suggests that the decay processes that are in
measurements with good agreement. direct competition with free ion formation are happening at

single-layer solvent molecule separation distance. This also

) o . means that the potential barrier between CRIPs and SSRIPs is
at 293, 303, 313, 323, and 333 K, respectively. Static dielectric pigh enough to make them kinetically distinguishable species.
constants €5) are listed in Table 3. From 293 to 333 K, the

viscosity of the solvent decreases from 0.83 to 0.52 w\Pa
which corresponds with a 40% increase in the diffusion
constants of the radical ions. This makes a favorable contribution
to the escape probability. On the other hand, the recombination
rate obtained from the photocurrent rise time increases with
temperature by about 10%, an unfavorable contribution to the

escape probabilities of radical ion pairs. However, such a - .

contribution is not large enough to account for the significant tunnellng_. It also CQUId proceed via collapse to CRIPs by

decrease in calculated escape probability at high temperatures.overcor.nlng the barrier between SSRIP.S and CRIPs. In other
As temperature increases, the dielectric constant of the solventwords' if CRIPs are unable to separate into SSRIPs because_of
decreases and makes ion pair separation more difficult than atthe'r lower potential energy, as far as the decay of SSRIPs is

low temperatures. The diffusion constant in eq 2 is the sum of concerned, collapse to CRIPs can be understood as the terminat-

those for the TIPB cation and DCA anion that are calculated "9 Step for SSRIPs, even if the CRIPs thus formed could live
from eq 1. Based on a spherical model, the molecular radii are much longer than the SSRIPs.

3.6 and 4.1 A for DCA and TIPB, respectively. These calcula-  The lifetimes ¢) of SSRIPs obtained from the photocurrent
tions give overall diffusion constants of 1.36 1079, 1.61 x rise times are used to calculate surface rate constengsfiz

1079, 1.88x 1079 2.17 x 10% and 2.48x 109 m? s ! at parameters of eq 2. The lifetimes thus obtained reflect the total
293, 303, 313, 323, and 333 K, respectively. The photocurrent decay rate of SSRIPs. Theoretically, there are three components
rise time ¢) for TIPB—DCA can be determined to be 8.9 ns at that may contribute to the decay processes of SSRIPs, i.e.,
293 K and show very weak temperature dependence. Thesecollapse to CRIPs ki), recombination through tunneling
values are used in the calculation of surface rate constants ( (K5, and separation into free radical iofkgef) (Scheme 1).

It is important to point out that the above analysis by itself
does not provide further information on the mechanism of
SSRIPs decay. Any process that prevents SSRIPs from forming
free radical ions should be considered a decay channel. Such
decay does not necessarily result in the direct formation of
charge-neutralized donor and acceptor molecules. For example,
the decay could proceed via back electron transfer through

= ry/t) andz values ¢ = Drd/kry?) atry, in eq 2. Assuming that collapse to CRIPs by overcoming the potential
To calculate the escape probability by ST/HN equation, the barrier between SSRIPs and CRIPs is the dominant pathway

only adjustable parameters are initial separation distapnaead for the decay of SSRIPs, the virtual absence of any temperature

the critical separation/recombination distange For a mod- dependence of free ion yields in the solvents used implies that

erately polar solvent such as DCE, the effectrgfon the the height of the potential barrier between SSRIPs and CRIPs
calculated escape probability is relatively small. We arbitrarily is about the same as that between SSRIPs and free radical ions.
takero to equalr in the calculation. The escape probability is  Both the collapse of SSRIPs to CRIPs and the separation of
sensitive to changes im,. Figure 5 shows the calculated escape SSRIPs into free radical ions are diffusive processes; apparent
probability of TIPB-DCA at different temperatures at preset activation energies of both processes can be separated into an
rm values of 4.8, 7.0, 7.5, and 8.0 A. For comparison purposes, intrinsic term AE) and an additional term related to the
the experimenta¥er, at different temperatures are also shown. temperature dependence of solvent viscodiy).¢” Arrhenius

It is clear that ifry is set at 4.8 A, which represents the expressions for the temperature dependence of the collegge (
separation distance of CRIPs for TIPBCA, the calculated and the separatiorkdy processes of SSRIPs can be written
escape probabilities are about 20 times less than experimentallyas”’

determinedYgg. On the other hand, an, of 8.0 A leads to

escape probabilities that are much higher than that of experi- AEC*ol E,+ AE:m

mental FRI yields. k.oi = AF(17) exg — 7= A exg — T 3)
The temperature dependence of the escape probability itself kg kg

can also indicate the quality of choicesrgf The®—T plot at AE: E + AE:

rm of 4.8 A shows thatb decreases significantly as temperature Keep= BF(17) eXF(— ep) =B exr{— B E—" ) 4)

increases. This indicates that,ratof 4.8 A, the separation of P kg T kg T
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whereF(n) =50 exp(~E,/ksT), A’ (or B') = A (or B)yo 1, transient photocurrent methods in three polar solvents. It was
and AE}, and AE}, are the intrinsic activation energies for ~found that, generally, there is only a weak dependencé-qf
collapse and separation of SSRIPs, respectively. In D& on temperature. An increase in temperature decreases the
estimated to be 0.25 eV by fitting the viscosities of DCE at Viscosity of the solvent and increases the mobility of cations
different temperatures using() = 70! exp(~E,/kgT). The and anions, making favorable contributions to the escape rates

intrinsic activation barrier for the separation of SSRIPs into free andYeri. Quantitative analysis indicates that the observed weak
radical ions is the electrostatic interaction within SSRIPs and dependence of free ion yields on temperature can be attributed

can be estimated by to a decreased dielectric constant at higher temperature.
On the basis of the theoretical diffusion model developed by
+ e Hong and Noolandi and Sano and Tachiya under Collins-
ABep= €d ssrip ®) Kimball boundary conditions, parameters influencing free ion

yields are analyzed, including dielectric constants, viscosities,

For DCE, the calculated potential barrier between SSRIPs angd!Nnitial separation distances of geminate ion pairs and changes
free radical ions is about 0.17 eV, assuming a charge separatiorfl "écombination rates. Escape probabilities of geminate ion
distance of 7.5 A for SSRIPs. The total apparent activation Pas calculated at different initial formation and recombination
energy for both collapseE(, + AE:OD and separationg, + separation distances are compared with experim&ggal This

AE:F) processes would be about 0.42 eV. As temperature allows us to esta.bllls'h that free ions are mainly produced from
. se . SSRIPs that are initially formed after electron-transfer quench-
increases from 293 to 333 K, calculations based on egs 3 and.

. . - ing. The calculation also implies that recombination through
4 give a more than 6-fold increase in the rate constants for - . . ; .
. : tunneling at separation distances of about 7.5 A is the main
collapse ko) and separationkgey. Our observation of no

oo h decay process for SSRIPs. At that distance there is a direct
significant change in decay rate of SSRIPs as measured from - . . -
C Y ) competition between the tunneling recombination and separation
the photocurrent rise time implies that neither of the approaches

above is the dominant process for the decay of SSRIPs. AgPrOCesses of ion pairs.
discussed in the previous section, another approach that might
make a significant contribution to the decay of SSRIPs is a direct from the Division of Chemical Science, Office of Basic Energy
through-tunneling charge recombination without collapse to Sciences, U.S. Department of Energy; under grant DE-FGO2-
CRIPs. For decay of SSRIPs through tunneling, detailed analysi586ER135’92_ '

of the temperature dependence of rate constants can be
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