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Abstract of the Dissertation
Recombination of Charge Carriers in Low Dielectric Constant Environment

by
Hung Cheng Chen
Doctor of Philosophy
in
Materials Science and Engineering
Stony Brook University
2014

This dissertation consists of three projects:

(1) Escape of Anions from Geminate Recombination due to Charge Delocalization.

(2) Charge Separation of Electron-Hole Pairs (Exciplexes) Enhanced by Charge Delocalization.
(3) Energies of Radical Anions Measured by Bimolecular Electron Transfer Equilibria Method.

The first project studies geminate recombination of 23 radical anions (M") with solvated protons
(RH,") in tetrahydrofuran (THF). The recombination has two steps: (1) Diffusion of M~ and
RH," together to form intimate (contact and solvent separated) ion pairs, driven by Coulomb
attraction; (2) Annihilation of anions due to proton transfer (PT) from RH," to M". The kinetic
analyses find that intimate ion pairs are formed in ~8 ns while the subsequent PT step can range
from much faster (<0.5 ns) to as slow as 50 ns. A free ion yield G = 0.69+£0.06 per 100 eV,
comprising ~29% of the total, was formed. This yield of “Type I” free ions is independent of the
PT rate because it arises entirely by escape from the initial distribution of ion pair distances
without forming intimate ion pairs. For 20 of the 23 molecules studied this is the only
measurable source of free ions: once these anions enter intimate ion pairs the PT process
annihilates all of them within detection limits. The three exceptions were anions of oligo(9,9-
dihexyl)fluorenes, F,” (n=2-4). These three have PT rates similar to the slowest of the other 20
molecules, and have increased free ion yields. For these charge-delocalized anions, intimate ion-
pairs are able to escape to form an additional yield of free ions, which may be termed “Type I1”
free ions. Protons attach to C and O atoms with a wide variety of PT rates providing
opportunities to examine PT models, which discuss PT rate in terms of AG®, PT coupling and the
reorganization energy. While the Coulomb-bound ion pairs seem to offer an excellent vehicle for
study of PT rates, the free energy correlation is scattered because different factors affect the rates
and because knowledge of AG” is inaccurate. An important observation is that no reaction
transferring a proton to a C atom of M™ is diffusion controlled. The most important finding is the
effect of low charge densities in highly charge-delocalized anions on PT rates and free ion yields.

Based on the above findings, the influence of the charge delocalization on charge separation and
potential energy of electron-hole pairs were studied with F,(n=1-6). Because charge
delocalization of ions results in weak Coulomb attraction between opposite ions, potential energy
of electron-hole pair increases with decreasing charge density. This weak Coulomb attraction
also results in preference of solvent separated radical ion pair for electron-hole pairs. The
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recombination of electron-hole pair is an electron transfer (ET) reaction. In a simple two-state
ET model, the rate of ET exponentially decreases with increasing » so the lifetime of electron-
hole pair is increased. Due to the weak Coulomb attraction and long lifetime of electron-hole
pair, the charge separation of electron-hole pair (the free ion yield) is enhanced.

Reduction potentials (E..q) of molecules were measured by combination of the bimolecular ET
equilibria method and pulse radiolysis, which is capable of measuring E..q for high reduction
potential molecules and molecules with unstable anions. Pulse radiolysis is capable of rapidly
reducing molecules in many solvent. The bimolecular ET method provides a window to estimate
the equilibrium constant (K¢q) of ET reactions. With K¢q and Erq of the reference molecule, Ereq
of the subject molecule can be estimated.
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Chapter 1. Introduction

Due to the energy crisis and global warming, needs for renewable energy have increased in the
last decade. One of most promising renewable energy resources, organic solar cells, has attracted
high attention. Generally, there are two types of organic solar cells, dye-sensitized and bulk
heterojunction (BHJ) solar cells. Due to low cost processing techniques capable of fabricating
solar cells with large area, BHJ solar cells remain of interest. A simplified photovoltaic process
of BHJ solar cells is illustrated in Figure 1.1. An exciton is created by absorption of a photon
within the electron donor (D.). The exciton then transfers to an interface with an electron
acceptor (A.). Once the exciton diffuses to the interface, it forms a charge transfer (CT) state,
where an electron resides A. and hole resides D.. If the Coulombic attraction of the CT state can
be overcome, the electron and hole will separate and become free charges. If this binding energy
cannot be overcome, electron recombines with hole. Eventually, these free charges are collected
at their respective electrodes to create available electricity if the electron and hole are separated.
For BHJ solar cells, the energy efficiency is dependent on the yield of the free charges. For a
charge to be “free”, there are two criteria: (1) the two opposite-charge carriers, negative and
positive, are separated from each other at least a critical distance, 7, which is usually referred as
the Onsager' radius where kgT=V (r.), kg is the Boltzmann constant, 7 is temperature and V(r.) is
the mutual Coulomb potential at 7.; (2) recombination of the charged species is bimolecular.

Light

Figure 1.1 Diagram for bulk heterojunction solar cell where an exciton is generated by the
electron donor absorbing light then it diffuse to the interface with the electron acceptor to form
electron-hole pair as charge transfer (CT) state. This electron-hole pair either separates from each
other to be collected by their respective electrodes, or they recombine with each other.

Organic solvents provide an excellent “sandbox” to study charge recombination (CR) of BHJ
solar cells. The most common conjugated polymers for the BHJ solar cells are typically poly(3-
hexylthiophenes) and poly(9,9-dioctylfluorene-alt-benzothiadiazole), illustrated in Figure 1.2,
which are amorphous and have low dielectric constant (¢4=~3-4). In polar organic solvents such



as acetonitrile (g4=37.5), photoinduced charge transfer (PCT) reactions illustrated in Figure 1.3
(a) have been well studied by many groups®'* by flash photolysis. In general, the D, is excited
by light then an electron transfers from De* to A with CT rate constant kct to produce the CT
state, where pairing between A, and D."" is due to the Coulombic attraction. The CT state may
separate into free charges or charge separation (CS) state, if the Coulombic attraction is
overcome, or collapse by CR with a rate kcr. From Figure 1.1 and Figure 1.3 (a), the PCT
reactions are almost identical with photovoltaic effects in the BHJ solar cells. With pulse
radiolysis rapidly creating electrons and holes, a high concentration of solute is capable of
capturing the electrons and holes to become charge carriers. For pulse radiolysis, CR processes
in organic solvent are illustrated in Figure 1.3 (b). The difference of CT state between the flash
photolysis and pulse radiolysis is in formation. The CT state created by flash photolysis is due to
ET from D, to A, and the CT state created by pulse radiolysis is due to two opposite-ions
diffuse together under influence of the mutual Coulombic attraction.

Hex S
(a) (b) H,,Cq CoHi7 N

Pt DA

Figure 1.2 Chemical Structures of (a) Poly(3-hexylthiophenes) and (b) Poly(9,9-dioctylfluorene-
alt-benzothiadiazole).
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Figure 1.3 Schemas of (a) photoinduced electron transfer (PCT) reaction and (b) charge
recombination (CR) processes for pulse radiolysis in organic solvent. The most important
difference between two schemas is in formation of the CT state. In PCT system, formation of the
CT state is due to electron transfer reaction. For pulse radiolysis, formation of the CT state is due
to diffusion under influence of the Coulomb attraction. D, is the electron donor, A. is the electron
acceptor, CT is charge transfer and CS is charge separation states, PRIP is primary radical ion
pair created by pulse radiolysis. kcr is charge transfer rate and kcr is charge recombination rate,
kcs is charge separation rate and k, is rate constant for PRIP diffusion together to become CT
state.

A pioneer, Albert Weller,* "' studying PCT in organic solvents concluded that the yield of the CS
state was dependent on the Coulomb potential, solvation (polarization) energy and interaction
between two charge carriers such as electronic spin configuration of radical ion pair (RIP). Based
on this conclusion, this thesis consists of three projects:

(1) Escape of Anions from Geminate Recombination due to Charge Delocalization (Chapter 4).

(2) Charge Separation of Electron-Hole Pairs (Exciplexes) Enhanced by Charge Delocalization
(Chapter 5).

(3) Energies of Radical Anions Measured by Electron Transfer Equilibria Method (Chapter 6).

The purpose of first two projects is to understand the influence of charge delocalization in
recombination kinetics of charge carriers in low dielectric constant organic solvents such as
tetrahydrofuran (THF, £,=7.48) and 2,3-dihydrobenzofuran (DF, e=4.33)" illustrated in Figure
1.4 (a) and (b), respectively, with pulse radiolysis. The purpose of the last project is to measure



reduction potential of F,(n=1-6) anion for estimating potential energy of F,(n=1-6) ion pair in
THF. In conjugated polymer, ion’s degree of charge delocalization is dependent on the
conjugated length of m-orbital, which is related to the repeat units (n), therefore ions of oligomers
with different » have different degrees of charge delocalization. In this thesis, oligo(9,9-
dihexyl)fluorenes (F,, n=1-6) as illustrated in Figure 1.4 (c) are used to varied degree of charge
delocalization. Influence of charge delocalization in CR reactions, proton transfer in THF and
electron transfer reactions in DF will be systemically studied in this thesis. This information
about CR with different degreed of charge delocalization in these organic solvents can provide
insight useful for the improving energy efficiency of the BHJ solar cells.
(©) Hex  Hex

;s  HOHOA

Figure 1.4 Chemical Structures for (a) Tetrahydrofuran and (b) 2,3-Dihydrobenzofuran (c)
oligo(9,9-dihexyl)fluorenes, (F,,n=1-6).

O



Chapter 2. Background

Recombination of charge carriers are studied in organic solvent with F,(n=1-6) ions with
different charge density by pulse radiolysis. The CR reactions in THF and DF are the ET and PT
reactions. Therefore, this chapter will briefly introduce pulse radiolysis, the time-dependent
Onsager problem, the Marcus theory (ET theory) and PT model. In organic solvent, the
recombination proceeds by the anion and cation diffusing together under influence of the
Coulombic attraction followed by charge annihilation each other. In the following subsections,
the Onsager time-dependent problem describing diffusion under influence of the Coulomb
attraction between anion and cation will be introduced. The ET theory and the PT model will be
introduced subsequently.

2.1 Introduction to Pulse Radiolysis

Pulse radiolysis, the initiation of reactions by energetic particles, such as electrons and protons,
or an ionizing photon pulse, is a powerful technique for studying chemical reactions. The
energetic particles or photons transfer their energy to the medium due to inelastic collisions that
ionize or excite the medium’s molecules. The rate of energy transfer is dependent on the energies
of particles and photons, the type of particles and the density of the medium. Radiolysis reactions
likely occur in the area around the path of the particle pulse, where the number of molecular
fragments is high. Outside the path, the medium molecules are unperturbed. Ionizations of
medium frequently result secondary electrons with enough energy to induce further excitations
or ionizations within their own paths or “spurs”. The cross section of medium’s molecule decides
distribution of ionizations and excited medium molecules, which cross-react to yield solvated
electrons, ions, radicals, excited molecules and molecular products. These primary products can
react with solutes to form transient species of interest.

The common energetic photons are such as X-rays and y-rays, and the common energetic
particles are such as electrons, neutrons, protons and other atomic nuclei. In relative terms,
energy deposition depth is large for X-rays and y-rays, and moderate for electrons. For more
massive and more highly charged particles, the deposition depth is short because the stopping
power is high. The yield of the final products of radiolysis is increased with increasing the
density of interactions for the cross reactions between initial radiolysis products. It is important
to remember that different types of the radiation result in different distributions of products.
Nevertheless, this section will only focus on radiolysis reactions initiated by the electron pulse.

High energy electrons, referred to as primary and secondary electrons, are created by the
Compton effect while the medium molecules are ionized by the electron pulse, and the time scale
is shown in Figure 2.1 (a).'* These electrons interact with the medium molecules to ionize or
excite them. These interactions mainly result in the low energy electrons (<10 eV) which lose
their energy in exciting electronic transitions and vibrational states of the medium molecules.



When the energy of the electrons is below 50 meV, they are referred to localized electrons (ej,.),
which are thermalized but not solvated by the medium yet. Eventually, when the energy of
electrons drops to ~30 meV, they are referred to solvated electrons (eg ). During the
thermalization of the electrons shown in Figure 2.1 (b), the distance between cation (hole) and
electron increases and e),. might leave spurs and possibly also the mutual Coulomb potential.
However, they can eventually recombine with charge annihilation.
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Figure 2.1 After electron pulse, (a) time scale and (b) thermalization processes adapted from
reference 14 for electrons generated by energetic electron pulse. kg is the Boltzmann constant, 7'
is temperature, S is the solvent molecule, '(S™+e") and *(S™"+e") represent singlet and triplet spin



configurations, respectively, e, 1s localized electrons, and ey is solvated electrons.

2.2 Time-dependent Onsager Problem

Onsager' employed the Debye-Smoluchowski (DS) equation'” with the assumption that the ion
recombination was instant upon contact (diffusion-controlled recombination) to estimate the
probability of paired ion escapes from each other as illustrated in Figure 2.2. Debye'” used the
DS equation to calculate ion recombination rates under influence of the Coulomb attraction
between anion and cation with two assumptions, uniform spatial distribution of ions and
annihilation of ions happening upon contact. The DS equation describing Brownian motion of
one particle under the influence of the mutual Coulomb attraction is:

aa—f—v(Dvmpv) =0 (2.2.1a)
and
ve—u—I _; (2.2.1b),
e er

where ¢ is time, p(7,u,t) is the distribution function of the ion pairs, 7 is the separation distance
(center to center) of ion pair, D is the mutual diffusion coefficient, « is the mutual ion mobility, ¢
is charge of the ion and ¢ is dielectric constant, with polar coordinates. For the recombination
occurring upon contact, the boundary condition is

— =—o0 forr=r_—tr, (2.2.2a)

6_p =0 forr>r+tr,
ot

(2.2.2b),

where - and r. are the radius of anion and cation, respectively. The initial, 5-functional
distribution of ion pairs is:

1
p(r, pst |1y, p1;,0) = 7O8(r —r,)8(u— ;) (2.2.3),
27 -1,

1

where y; is the initial mobility of ion. To solve the DS equation with these initial and boundary
conditions. With Green’s function of equation (2.2.2), Onsager solved the DS equation
analytically. The ultimate escape probability (Pe) given by Onsager is:



P, = ex{— r—CJ (2.2.4),
]"i

where 7. is the critical distance usually referred as Onsager radius where kg7=V(r.), and r; is the
initial separation distance of ion pair. V(r,) is the mutual Coulomb potential at .

Figure 2.2 Scheme of the Time-dependent Onsager Problem. r. is the Onsager radius where
ksT=V(r); V(r) is the Coulomb potential, and 7 is temperature.

Many scientists'®® extended the work of Onsager with the assumption that the ion

recombination was not instant upon contact (non-diffusion controlled recombination) to estimate
the probability of paired ions escape from each other. Hong'®'” and Noolandi'®'"-2**! solved the
DS equation with the radiation boundary condition as illustrated in Figure 2.3. This boundary
describes a partly absorbing and partly reflecting sphere with radius » = r,,. The effective radius
(rm) represents the distance where some of the ion pairs approach one another and then separate
again. Therefore, the boundary condition for solving the DS equation is:

J =k, 1, p (2.2.5),

at » = rm, where j; is the current density in the surface of the sphere surfaces and k. is the
recombination rate.
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Figure 2.3 Schematic illustration of the radiation boundary condition.

A brief description for solving the DS equation with the radiation boundary condition will be
given in the following. To simplify equation (2.2.1) for solving it, a new function A(r,u.f) is
introduced. With taking r./2 as unit length and /4D as unit time, the relation between p and %
is:

p(r s tlriy 1) = o exp (=) A, s ) (2.2.6)

4, Jrir

so the initial distribution function and equation (2.2.1) are rewritten as:

h(r, pu,t |1, 1, l(r. 7
p(rypst|r, p;) = .t ﬂ)GXP e B (2.2.7)
2r\r 1 2\r, 1
and
ho 1 1 1 1
%: 0 szl-i-—%—h[ > ‘|‘—4)‘|'—2i (l—ﬂz)% (228),
ot or° ror 4r= r r-ou ou

respectively; the corresponding initial and boundary conditions are written as:

1
W01 pt)) = —-8(r =) (1~ 1) (2.2.9)

1

and



% = (é+%+kr -rmjh(r,,u,t |7,) (2.2.10).
After introducing Ah(ru.t), the equation (2.2.8) is separable and similar to the time-dependent
Schrodinger equation for a particle moving in a dipole-type potential field with an inverse fourth-
power repulsive core, which has been solved by Biihring.”* With this similarity, the solution of
equation (2.2.8) can be written as series solution that is:

Bt | 1o pt) = 3R, (Pt |1,) P () Py (1) (2.2.11),

=0

where Pj(u) and Pj(u;) are the generating Legendre functions that satisfy the equation,

P
< (l_ﬂz)a ~|+4,P, =0 (2.2.12)
ou ou

and A; are the eigenvalues for the angular components of the solution; With the series solution,
the equation (2.2.8) is

4% 2t

2
R _OR LR _p (L AL (2.2.13)
ot Oor r or

and the boundary condition is:

R,(r,0|ri)=l8(r—ri) (2.2.14).
7

1

The Laplace transform of R; is
R,(r,s|r)=L[R (r.t|r)]= [: dt e R,(r,t|r) (2.2.15)

that satisfies

= Lse—r) (2.2.16).

1

The solution of equation (2.2.1) can be represented by two linear independent solutions to the
homogenous equation corresponding to equation (2.2.16), which are in terms of a series of
modified Bessel function products.”? The solutions consisting of appropriate linear combinations
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of these Bessel functions for 7>r; and r<r; are determined by the continuity of the particle density
and the discontinuity in the derivatives of A(ru,f) at ri, and the boundary condition, equation
(2.2.5).

The purpose of this research is to study the free ion yield. For the long-time behavior of the ion
recombination, the Laplace transform of the solution for the DS equation with boundary

condition equation (2.2.5) is:
r D-r r
U(r)= exp[— —°j + [ S - lj exk{— —Cj (2.2.17),
r k, -7, r,

where £ is the recombination rate. The definition of “long-time” given by Hong and Noolandi'®
17 is that Dt >> rz, riz and rcz. P.s that ion escaping from ion recombination is:

_ Ut 22.18).
o) 2.18)

For k;or  ry—or equation (2.2.17) gives Pesc = exp(-r./r;) which is identical with the ultimate

escape probability given by Onsager.'
2.3 Electron Transfer Theory

In molecular systems, the motion of electrons are correlated due to their Coulomb and energy
exchange interactions. However, many reactions produce a change in the equilibrium position of
just a small number of these electrons, so it is useful to formulate physical pictures and rate
theories for the electron transfer (ET). To formulate theories of ET reactions, it is expedient to
separate the dynamics of ET from the nuclear degrees of freedom. With the Born-Oppenheimer
approximation,” electronic and nuclear motions are separated. ET can be visualized as Figure
2.4 showing this separation that where two localized electronic states representing potential
energies of A, and D, that depend on the nuclear coordinates. ET occurs at the crossing point of
the two potential energy surfaces and driven by interactions between A and D.. The weakly
electronic coupling (adiabatic) between A, and D, result in non-adiabatic ET via overlaps of
wave functions for electrons on A. and D.. The insert of Figure 2.4 shows that the strong
interactions (non-adiabatic) between A. and D, result in an avoided crossing point of the two
potential surfaces and splitting into two levels with an energy gap.
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Nuclear Coordinates

Figure 2.4 A Schematic Depiction for the Marcus Theory (adapt from reference 24 and 25). Two
localized electronic states represent the electron acceptor (A.) and donor (D), where —AG” is the
standard free energy change, A is the reorganization energy, E, is the activation energy. The
insert illustrates splitting of the two potential energy surfaces with the energy gap 2V, where Vj
is the electron coupling matrix element, for a strongly electronic coupling system.

For a weakly electronic coupling system, first-order perturbation theory, a standard quantum
mechanical approach, is applied to describe the probability of ET from a reactant state y; to a
product state yy. This probability is:

sin(wi/2)]?

26
"z (2.3.1),

b = il ) |

where (Y;|H ) = Vg; is corresponding electronic coupling matrix element, / is the electronic
Hamiltonian, /oy is the transition energy between electronic states y; and y.. For a continuous
distribution of final electronic states, the density of final states, p(E)), is introduced to calculate
the transition probability. With summation of all probability density and assuming |Vﬁ|2p(Ef)
slowly changed with energy, the ET rates or transition probability per unit time is:

2 2
ki = = Vil " 0 (Bp) (2.3.2),%

which has form of the Fermi’s Golden Rule. The physical meaning of |Vf,]2 is to describe
overlaps of the wave functions for the electron on A. and D, at the contact distance Ry. When
there is a separation distance (r) between A. and D, the overlapping of wave functions for
electrons on A, and D, falls exponentially with distance beyond Ry so the electronic coupling
matrix element term can be replaced by:

12



V() = V(Ro)exp (- =) (2.3.3),

a

where V(R0)=|Vﬁ|2 and a is the attenuated length, 0.5~1.0 A for reactions of radical ions,”” due to interaction
between the electron and surrounding medium such as solvent molecules.

To accounting vibrational motions driving the reaction coordinates from the reactants to
products, Franck-Condon principle®®° is applied to describe p(Ey by Franck-Condon weighted

density (FCWD) of states :
WD= 1 _ (4G+25)?
FC D_w/ém)lskBT exp[ 4,15kBT] (2.3.4),

where is —AG is the standard energy change of the ET reaction and 4 is the reorganization energy

affecting by differences between bond lengths and bond angles in the reactants and products.>

3133 Therefore, a classical expression of ET rates developed by Marcus®' ™ is:

ker = 2 V| “FCWD (2.3.5),

which gives well-known Marcus curves showing pendulum relation between kgr and —AG® as
illustration in Figure 2.5.

A
ket %—)
Normal Region Invert Region

. >
—AG™=), —AG?

Figure 2.5 The well-known Marcus curve shows a bell-shape relation between electron transfer
rate (ket) and the standard free energy change (AG"), where kgt is maximal at -AG” equaling to
the reorganization energy (As). The normal region is where kgt increases with increasing the
magnitude of -AG’, and the inverted region is where kgr decreases with decreasing the
magnitude of -AG’.
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The FCWD is sensitive to differences between bond lengths and bond angles in the reactants and
products.”> ***° ET from D. to A, rearranges vibrational modes of the system such as low
frequency (<100 cm ') polarization modes of solvents and high frequency (~500-3000 cm ")
intramolecular vibrations of the A, and D., which strongly affect the FCWD in As. To account for
these rearrangements of vibrational modes, the method used by Bixon and Jortner’*** treating
rearranged vibrational modes as displaced harmonic oscillators is applied. The low frequency
modes of solvents are treated classically, which is appropriate for #w << kgT. The high frequency
modes can be represented by an average frequency with the assumption that these modes have a
narrow range of frequency. The ET rate is rewritten as:

e =y i - (AGO + A, +nho)
h ‘/4;;1 kTS 42, ), T

(2.3.6),

where As is the reorganization energy of the solvent and s=A,/Aw is the electron-vibration
coupling strength where A, is the reorganization energy of A. and D. motions and w is the
average frequency of the high frequency modes. Therefore, A=As+A, and:

A, =Y Ahw, (2.3.7)

summed over all vibrational modes of solvent molecules,

Ay =Y MNhaw, (2.3.8)

summed over all high frequency modes, where A,=(u,@,/2R)AR,. u, is the displacement in
configuration space, and AR, is the reduce mass for the ny, normal vibration mode.

For a strongly electronic coupling system, the ET rate is dependent on the rearrangement of the
system and independent from the environment.”® By “Strongly”, it means that the molecular
orbitals of A, and D, are well spatial overlap between them in interaction. With increasing
electronic coupling and thus increasing level splitting showing in the insert of Figure 2.4,
reactant and product states can no longer be regarded as two separate states but become a single
potential energy surface. The reactant and product states are treated as two nuclear
configurations of the ET system where the electronic wave function is mainly localized at the A,
and D.. For A:>>\,, the nuclear relaxation time of the solvent molecules limits the upper limit of
the ET rate.’®*” This nuclear relaxation time is usually approximated by the longitudinal
dielectric relaxation of the solvent molecules.

14



2.4 Proton Transfer Model

Proton transfer (PT) models are proposed by many groups.”®* Borgis and Hynes*™ (BH)
developed a dynamical theory for the PT in a partially adiabatic regime characterized by an
electronic coupling that is large compared to kg7 and a vibrational coupling small compared to
ksT. The central assumptions of the BH model are the following: (1) The PT occurs along a
linear D,-H'-A, bond under influence of the D,-A, stretching vibration; Dp is the proton donor
and Ap is the proton acceptor. (2) The overall PT in the solvent is non-adiabatic tunneling, and
the reaction can be described as a transition between two well defined reactant and product states
at any instant. (3) The PT is electronically adiabatic, and the electrons of the system
instantaneously adjust to any proton position change. To describe PT from D, to A,, BH model
uses three coordinates: (1) O, the intermolecular coordinate defined by distance between the A,
and D,. (2) S, solvent coordinates. (3) ¢ is a coordinate defined by distance between Dp and H'.
A simple picture illustrating the PT within a weakly bounded molecular complex comprised of a
proton (H"), the A, and D, is shown in Figure 2.6.

L
v

A
v

Figure 2.6 Schematic representation of the proton transfer model proposed by Borgis and Hynes
(after reference 47). A, is the proton acceptor, D, is the proton donor, Q is the intermolecular
coordinate defined by distance between A, and D,, ¢ is a coordinate defined by distance between
proton (H") and D,, and S is the solvent coordinate. Solvent molecule is an oval with a dipole
and mass M;. Double-head arrows mean fluctuations.

Borgis and Hynes described the PT in terms of a two-state quantum mechanical system
corresponding to the reactant and product states, respectively. The potential energy (PE)
landscapes corresponding to the reactant and product states are illustrated in Figure 2.7 (a) that
shows the PT occurs in a multidimensional potential surface. The cross section of the PE
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surfaces along the O and S coordinates are illustrated in Figure 2.7 (b) and (c), respectively. The
Q coordinate is characterized by reduced mass M of Ap and Dp and vibrational frequency .
The S coordinate is characterized by mass M; of solvent molecule and vibrational frequency s.
The reorganization energy along Q coordinate is Ag=1/2Mwg°’AQ? and that along the S
coordinate is K5=1/2MSmSZAS2; AQ=0p—Qk is displacement from reactant state to product state
along Q coordinate, and AS=Sp—Sr is displacement from reactant state to product state along the
S coordinate. For a weakly protonic coupling system such as intramolecular PT reaction, the
main solvent contribution is to provide an asymmetry interaction with respect to the reactant and
product position of the proton. As illustrated in the upper panel of Figure 2.7 (d), which in a
solvent dielectric continuum model is related to the orientational polarization, a suitable
fluctuation in S coordinates, can restore the symmetry and allow proton tunneling to occur.

16



AGg

QR QT Q.P Q

(d)
q >
DP Dp AP AP
AG?
2Co
: A
Sy, S; Sp S P Dp

Dp D Ap Ap

(©) S~ _—

Figure 2.7 (a) Potential energy (PE) landscapes of Proton Transfer (PT) proposed by Borgis and
Hynes with S and Q coordinates. (b) The PE profile along the coordinate Q defined by the proton
donor-acceptor distance. (c) The PE profile along solvent coordinate S for the weakly protonic
coupling system. The free energy of reaction AG,’ and reorganization energy As are shown. The
insert shows the PE profile in the crossing point for the strongly protonic coupling system. (d)
Two double wells at different S value, where g is the distance between D, and H'. The upper
panel shows that the proton potential is lower than the potential barrier. The proton tunneling
occurs at solvent configuration St in the weakly protonic coupling system. The lower panel is
that proton potential is greater than the potential barriers in the strongly coupling system. (These
four figures are after reference 47)
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As shown in Figure 2.7(a), the PT occurs in a multidimensional PE surface. Borgis and Hynes
used the energy gap variable AH illustrated in Figure 2.8(a) to render the PT model from
multidimensional to one-dimensional®* shown in Figure 2.8 (b), where

AH = AGY +AGS + Ag + Ay | 2M 30?25 S —\[2M 0} 4,50 (2.4.1).

05=5—Sr and 6Q=0-0r are displacements from the oscillator equilibrium position along S and O
coordinates, respectively, in the reactant state. Based on this one-dimensional picture, Borgis and
Hynes® formulated the rate of PT (kpr) for the weakly and strongly protonic coupling systems
with Landau-Zener curve crossing approach.”® The intramolecular PT attributes to the weakly
protonic coupling system, and the intermolecular PT attributes to the strongly protonic coupling
system.*” The proton coupling, C, is calculated for fixed O and S coordinates by focusing on the
corresponding asymmetric proton double wells shown in Figure 2.7(d). Because S coordinates
appears only to have a minor influence on the proton coupling, the coupling term can be
simplified into C(Q). For a weakly protonic coupling system, the C(Q) is

Q) =G, exl-adD) (242),

where Cy is the PT matrix element and « is the decay parameter in the range 25~30 A™".*’ For a
strongly protonic coupling system, the behavior of C(Q) is no longer exponential, and can be
described by a polynomial law such as the Laguerre polynomial with Cy and a.”' The general
formolism of kpt for the intramolecular PT is:

AG + 2.+, )
kPTzz_”<c(Q)2> ! ex —( s +4) (2.4.3)
h =0\ 47k, T( Ay + Ag ) 4, T(As +Ay)

and the kpt for intermolecular PT is:

O+ @}
kp, :i\/ 78 ote exp(— EJ (2.4.4a)

272\ Ag = A = 2A52,C, kT
AG® + A + 2, ) A A, AG" ’ 2
E, =( > Q) -C, =L 248 &G - G (2.4.4b)
42+ 4y) 2 Ag+4y, A+, —C, As + Ay —2C,

where AG"=AGs™+AG," and C,=d"C/dAH,". AH, is the energy gap variable along O coordinates.
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Figure 2.8 (a) Top view of Figure 2.7(a) with the direction of the energy gap coordinate AH
indicated, where R and P are reactant and product states. (b) Potential surface (PE) along AH
(These two figures are after reference 45). The insert shows the proton coupling C, (at the
transition state) producing an adiabatic PE surface.
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Chapter 3. Experiments

3.1 Laser Electron Accelerator Facility (LEAF)52

LEAF located at Brookhaven National Laboratory is a laser pulsed photocathode, radio
frequency (RF) electron accelerator. This type of accelerator has been developed as electron
beam source for experimental physics facilities and free electron laser development since the
mid-1980s. The LEAF is one of prototypes used for pulse radiolysis to examine the dynamics
and reactivity of chemical species on the picosecond time scale. It is capable of generating ~5 ps
pulses of 9 MeV electrons for pulse radiolysis experiments. A simple diagram illustrating the
principle of operation of LEAF is shown in Figure 3.1.

lLaserPuIse.
~3 ps

Lo
/
7/

S=——microwave
1
/1

w

S

Electron Pulse
9 MeV, 5-30 ps

81.6 MHz

Sample Cell

2.856 GHz

Figure 3.1 Operation Schematic of the Laser Electron Accelator Facility (LEAF) located in
Brookhaven national laboratory. The duration of the electron pulse is dependent on the
experimental end station. e is solvated electron S™" is solvent radical cation, and S” is excited
solvent molecule. M is solute molecule, M"" and M™ are , solute cation and anion, respectively.

The accelerator system of the LEAF is a RF photocathode electron linear accelerator. It is a 3.5
cell, 2856 MHz resonant cavity structure composed of oxygen free high thermal conductivity
cooper. Each cell of the gun is equipped copper slug mounted on an actuator for adjusting the
resonant frequency, and a RF pick-up loop to measure the instantaneous microwave power. A 6
mm diameter magnesium plug is pressed into the back plate of the gun to serve as the
photocathode. The 266 nm laser pulse that excites the photocathode is entering through a
Suprasil vacuum window in the horizontal plane of the photocathode and 65° from normal
incidence with respect to the cathode surface.
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Microwave power for the acceleration is provided by an S-band klystron, which generates 15
MW peak power and a pulse width of 2.5 ps. The modulator contains an 8-element pulse
forming network powered by a 6 kVA, 40 kV high voltage power supply (General Atomics) and
triggered by an LS-3229 thyratron (Perkin-Elmer). It is important to provide phase-synchronized
signals to both microwave frequency and laser system to drive the photocathode. At LEAF, the
master reference oscillator operates at 81.6 MHz to supply the Ti:Sapphire oscillator laser with a
reference signal for cavity length stabilization. A phase-locked loop is employed to generate the
35™ harmonic (2856 MHz), which is amplified to 500 W before seeding the klystron. The S-band
waveguide after the klystron incorporates a microwave circulator for isolation, followed by a
microwave window connecting to the vacuum section of waveguide leading to the gun.

To produce photoelectrons, frequency tripling the 800 nm output of a 10 Hz, chirped pulse
amplified Ti:Sapphire laser system is employed. The core of the laser system is the frequency
stabilized Ti:Sapphire oscillator (Spectra Physics Lock-to-Lock Tsunami). The lock-to-lock unit
adjusts the oscillator’s cavity length to match the master reference frequency (81.6 MHz) to
provide synchronized, amplified, and frequency tripled 266 nm, 100 fs laser pulses. These pulses
can consistently excite the photocathode at the correct point in the microwave cycle for proper
acceleration of the photoelectrons. The timing jitter is on the order of a picosecond.

Figure 3.2 shows the schematic of the laser system and optical path. The Tsunami Ti:Sapphire
oscillator is pumped at 523 nm by a 5 W Spectra Physics Millenia-Vi diode pumped Nd:YVO4
laser. The 800 nm oscillator output passes into a Spectra Physics Spitfire Ace amplifier pump at
527 nm by two 10 Hz Nd:YLF lasers (Spectra Physics Empower 45). The 3 ps, 8 nJ oscillator
pulses are regeneratively amplified to 16 mJ. A beam splitter directs half of the beam to Spitfire
Ace internal stretcher to stretch to ~250 ps then goes to an external compressor that compresses
the pulse to 5 ps. The 5 ps pulse directs to homemade frequency tripler that produces the 266 nm
beam used to excite photoelectrons from magnesium photocathode on the accelerator.

Tsunami Ti:Sapphine
Oscillator External Shutter
Compressor 5 ps, 8mJ
8§00 nm
100fs, 8 nJ 266nm, 5 ps
200 250ps. 8mlJ

= e 800 1m —_—
=

=

= lﬁmﬁ/ |
=

BS Tripler D
W . Energy Adjust

Empower Spitfire Ace 10 W Amperlifer
Empower

Figure 3.2 Schematic Illustration of the Laser System and Optical Path in LEAF. (This
illustration is redrawing with the permission from Dr. Andrew Cook from Brookhaven National
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Laboratory.)

The beam transport system consists of a straight section leading to three arms (lines A, B, and
C), selected by three bending magnets for individual beam line. The A line is for the optical fiber
single shot (OFSS)™ experiment, the B line is for the transient digitizer (TD)** experiment, and
the C line is for time-resolved vibration spectroscopy. This thesis only employed the A and B
line. The following paragraphs will introduce the TD briefly because most experimental results is
obtained by TD experiment in this study.

Briefly, the electrons were injected into quartz cells with an optical length of 20 mm, or 5 mm,
containing THF solutions of the molecules under study in purified THF, and prepared under
Argon atmosphere. The monitoring light source is a pulsed Xenon arc lamp. The wavelength is
selected by 10 or 40 nm bandpass interference filters. Transient absorption signals are detected
by either a silicon photodiode (EG&G FND-100, 2 ns response time), an InGaAs Photodiode
(GDP Optoelectronics GAP-500L, 2 ns response time), a Germanium photodiode (GDP
Optoelectronics GEP-600L, 6 ns response time) or a phototube (Hamamatsu Photonic, R1328U-
03, 65 ps response time) and digitized by LeCroy 8620A, HRO 66Zi or 640Zi oscilloscopes.
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Chapter 4. Escape of Anions from Geminate Recombination in THF due to Charge
Delocalization

4.1 Introduction

Ion recombination within amorphous materials, e.g., organic solvents or polymers, is an old but
not well understood problem. In 1938, Onsager' applied the Debye-Smoluchowski (DS) equation
to the case in which positive and negative ions annihilate upon contact (infinite annihilation rate:
ion annihilation is diffusion-controlled) based on his earlier work.”® He discussed ion
recombination under the influence of the Coulomb potential, predicted the fraction of free ions
(Fn) as a function of initial separation distance, and defined a critical radius (7). The F, can be
written in terms of Gg/Gmax, Where Gy i1s the G value of free ions and Gy 1S the maximum
observed G(7) value of ions. ¢ is the time. The 7, is now often called the Onsager radius, at which
the attractive Coulomb potential energy, V(r.), equals the thermal energy, V(r.)=ks7. An ion
thermalized at 7, from its geminate counter ion has a 37% probability of escape to become a free
ion and a 63% probability of recombine. For geminate ion pairs, the probabilities of escape and
recombination change with the initial distance. We will refer to the Fy, arising from escape by
diffusion from their initial separation distances, as envisaged in Onsager’s theory, as the fraction
of the Type I free ions (Fy'=Gg'/Gmax, where Gy' is the G value of the Type I free ions). Many
16, 18-19.55-36 oy tended Onsager’s work to solve the DS equation for the case in which the
rate of annihilation upon contact was not infinite, and suggested that an additional contribution to
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Fy, could arise from ion-pairs that escape after coming together. We will refer to this additional
contribution as the fraction of Type II free ions (FhHZGﬁH/GmaX, where Gg' is the Gy value of the
Type II free ions).

The kinetics of the ion recombination in nonpolar organic solvents where the Fy is almost
entirely Type I have been investigated by several groups.* "% De Waele®” and Martini®® studied
recombination of solvated electrons in THF using pulse radiolysis and multiphoton ionization,
respectively. Van den Ende® employed pulse radiolysis to study ion recombination in CCl,.
They found that the free ion yield was Type I, and that geminate ions decayed with time t as T *°
for T < 32 where r=Dt/rcz, and D was the sum of diffusion coefficients of the anion and the
cation. This is slightly different from the theoretical prediction t *°. In polar solvents like
acetonitrile,”> " octanenitrile,”® water’' and 1,2-dichloroethane, geminate ions can escape from
the recombination and become the Type II free ions. Masuhara,”> Zhou®> and Zhong'? reported
that solvent separated ion pairs (SSIP) had crucial impact on F," in polar solvents such as 1,2-
dichloroethane.

The present work uses pulse radiolysis to study the ion recombination in THF, for which 7. is 7.3
nm at 298 K. Unlike photoexcitation, which initially creates excited states, the pulse radiolysis
ionizes the medium to initially create ions, providing for rapid injection of charge into molecules.
Pulse radiolysis reactions for a molecule M in THF=RH solution are: "
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RH - RH +e, (Ionization) @4.1)

RH"+RH - RH, +R’ (Formation of Solvated Proton) 4.2)
es TtM—>M" (Electron Attachment) (4.3)
M™ +RH," - MH + RH (Proton Transfer) (4.4a)
M~ +RH," - M +RH+H’ (Electron Transfer) (4.4b),

Tonization of THF produces solvated electrons (e, ) and THF radical cations (RH™) which react
with other THF molecules to create the solvated protons (RH;).74 Reactions (4.1) and (4.2)
occur in less 1 ps.®® Because the solute anions (M) are strong bases the recombination of M~
with RH,', reaction (4.4), might be expected to be diffusion-controlled, but this has not been
investigated in detail. Annihilation of anions and cations is usually due to the proton transfer
(PT) reaction (4.4a) in THF. Electron transfer to RH,", reaction (4.4b), is probably
thermodynamically unfavorable and would give rates correlated with redox potentials alone,
which is not observed. It will be neglected in the discussion below.

We observe time evolution of transient absorption of anions to study kinetics of the ion
recombination. Figure 4.1 illustrates that pulse radiolysis creates primary ion pairs with an initial
separation distance distribution, p(7;), where 7; is the initial separation distance. It also depicts the
relation between p(7;) and the kinetic trace of ion recombination. Whether they begin at r; > . or
escape from shorter distance, we will refer to the ions, that escape to become free (or
homogenous ions) as Fj, comprised of F,' and Fy,".
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Figure 4.1 A schematic relation between the ion population, p(#;), of initial separation distance,
ri, and the kinetic trace of ion recombination, where . is Onsager radius, V(r) is Coulomb
potential. Fy, 1s the fraction of free (homogenous) ions, which is Gf/Gmax, and Fy is the fraction of
geminate ions, which i (Gmax—Gg)/Gmax, 50 FntFe=1; Gy is the G value of free ions and Gax 1S
the maximum observed G(¢) value of ions. The kinetic trace in this figure is not actual data.

The results below demonstrate that, in most cases, the free ion yield in THF is Type I, which is
independent of the nature of the solute; any Type II free ion yield is too small to measure. In a
few exceptional cases, substantial Type II free ion yield was observed. The geminate
recombination of small anions such as F; radical anion (F,"), benzophenone radical anions
(BPhO™) and dibenzofuran radical anion (DBF") is extremely fast. Within the limits of the
present observations the recombination rate is controlled only by diffusion, so that all observed
small anions are the Type I free ions. Larger oligofluorene radical anions, F,,~ (n=2-4), for which
the recombination reaction is not diffusion-controlled, form long-lived ion pairs with RH,"
despite the large thermodynamic driving force of the PT reactions, and the presence of long-lived
radical ion pairs also increases the Type II free ion yield. The experimental results reported
below, along with computed chemistry, will examine these reactions and provide information
regarding their energetics, and place them in context with several similar ion-recombination
reactions.
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4.2 Experimental

Observations of the ion recombination were carried out using the Laser Electron Accelerator
Facility (LEAF) with 9 MeV electron pulse at Brookhaven National Laboratory; methods of
measurement are reported elsewhere.’* Briefly, the electrons were injected into quartz cells with
an optical path length of 20 or 5 mm containing THF solutions of the molecules under study in
purified THF under Argon. The monitor light source is a pulsed Xenon arc lamp. The probe
wavelengths were selected by 10 nm bandpass optical interference filters. Transient absorption
signals are detected by a silicon photodiode (EG&G FND-100, 2 ns response time) and digitized
by LeCroy 8620A or 640Zi oscilloscopes.

2,3-dicyano-p-benzoquinone, (CN),BQ, was purchased from BioTechnology Corporation of
America, and other chemicals were purchased from Aldrich or Alfa-Aesar. The preparation of
oligo(9,9-dihexyl)fluorenes, F,(n=1-4), has been described,” 4-nitro-p-terphenyl (NTP), p-
dinitrobenzene (DNB) and tetracyanoethene (TCNE) were sublimed under vacuum; other
chemicals were used as received. Chemical structures are given in Appendix B.

4.3 Results

Attachment of e, to Fy(n=1-4) in THF creates F, (n=1-4) having intense absorptions between
400-750 nm. Transient absorption spectra of F,” (n=1-4) are shown in Figure 4.2. Reported
extinction coefficients (g) of F,~ (n=1-4)"° are given in Table 4.1. The method of determining
extinction coefficients is given in section Bl of Appendix B. Small absorption bands near 560,
640 and 700 nm in the transient spectra of F,” (n=2-4), respectively, are triplet-triplet
absorptions.”” Data at lower concentrations than used in Figure 4.2 gave rate constants for
electron attachment, which are reported in Table 4.1 along with those for other representative
solutes. In the transient spectra F, , the decay of anions is accompanied by an increase of
absorbance at 440 nm. An isosbestic point at 450 nm also suggests that reaction (4.4a) produces
F,H" as the anions decay. Similar growing bands and isosbestic points are seen at 460 and 470
nm for F;~ and F4 ", respectively. Figure B1 of Appendix B, shows that similar transient spectra
of F,H' are created when HCI protonates F,™, supporting the above assignment for FoH'. In
Figure 3, F," absorbance at 530 nm decreased by ~2/3 from 10 to 1000 ns. Over the same
period, absorbance at 440 nm grows. Assuming that each anion decaying produced one F,H', & of
F,H" was estimated from the growth after correction for the decay of F," absorbance at 440 nm.
¢ of FsH' and F4H™ were estimated by the same method. The extinction coefficients are compared
with absorption bands of F,H (n=2-4) computed by time-dependent density functional theory
with B3LYP/6-31G(d) in THF with the polarizable continuum model (PCM) in Table 4.2.
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Figure 4.2 Transient spectra of F,” (n=1-4) with 50, 20, 10 and 5 mM, respectively, created by
pulse radiolysis in THF. The spectra are collected at times, t=10, 50, 100, 500 and 1000 ns.

Table 4.1 Electron Attachment Rate Constants (ku), Extinction Coefficients (¢) of the Radical
Anions and Diffusion Coefficients (D).

Name Rl M's™) Refe M 'em™) of M™ ReTD (cm?/s)

F| 7588 x 10" 28.18 x 10” at 650 nm 99.85 x 10

F, 76.62 x 10" %4.81 x 10" at 530 nm 9%6.50 x 107

F3 76.15 x 10" %4.82 x 10* at 570 nm 9510 x 10

F, 71.09 x 10" %4.97 x 10" at 580 nm 9429 x 107

benzophenone ®6.40 x 10" 29.00 x 10° at 800 nm #1.65 x 107
dibenzofuran ®6.90 x 10'° 73,50 x 10*at 687 nm -
1-methylpyrene ®7.68 x 10'° °2.43 x 10*at 490 nm -
fluoranthene b5 60 x 10'° 801.70 x 10*at 450 nm -

“The method of determining ¢ is given in section Bl of Appendix B, and the uncertainty is ~6%.
"kat is obtained by observing decay of solvated electrons in THF solution directly. “Details of
determining € are available in Figure B2 of Appendix B. “The diffusion coefficients of the
oligofluorenes were estimated as D=1.13x10" (0.751/0.6)"° c¢m?/s, where n is the number of
repeat units. This empirical equation based on the model found in Figure 5 of reference®'
interpolates the measured values from Table 1 of this reference.”
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Table 4.2 Extinction coefficients (¢ of F,H  (n=2-4) and Oscillator Strength (f) for the Strongest
Bands of F,H" (n=1-4).

Name e(M'em™) )

FH 313 nm (0.5951)
FH 1.5%10*at440 nm 431 nm (0.7124)
FsH  1.7x10*at460 nm %472 nm (0.5128)
FH  1.4x10*at460 nm 443 nm (0.5305)

4Computed by time-dependent density functional theory in THF with B3LYP/6-31G(d) and the
polarizable continuum model. Phs; (1) = 465 nm (0.0090), Ay(f>) = 322 nm (0.0797). “As; Ai(f7)
= 522 nm (0.0545), A,(f2) = 467 nm (0.0329). s Ai(f)) = 550 nm (0.1043), A3(f3) = 412 nm
(0.3006). ®As; A1(f7) = 557 nm (0.1263), Ao(f2) = 489 nm (0.2927).

In Figure 4.3, decays of radical anions during the first 200 ns display large variations with solute.
The insert of Figure 4.3 shows that the decay of BPhO™ is the fastest among these anions. The
kinetic traces of anions show two things: (1) The fast decay rates of F,,” (n=2-4) decrease for the
longer oligofluoroenes; (2) For other anions in Figure 4.3, rates of fast decays are different from
each other but their Fy, ,estimated by Gf/Gnax, are close to each other. This procedure might
overestimate Fj, if Gpax is not similar for all of the anions, which might occur if we do not
intercept all electrons. From Figure B3 of Appendix B, we find ~1% difference between peak
absorbances seen in solutions 21.4-50 mM of F,. The concentrations of solutes used in this study
are at least 20 mM so they can capture most e; in less 2 ns for the electron attachment rate
constants (k) of BPhO, DBF, 1-methylpyrene (MePy), fluoranthene (FA) and F,(n=1-4)
reported in Table 4.1.
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Figure 4.3 Normalized kinetic traces of benzophenone (BPhO 50 mM at 800 nm), fluoranthene
(FA 60 mM at 450 nm), 1-methylpyrene (MePy 40 mM at 490 nm), dibenzofuran (DBF 50 mM
at 680 nm), p-terphenyl (pT 50 mM at 950 nm), o-terphenyl (oT 50 mM at 600 nm), F; (50 mM
at 650 nm), F, (30 mM at 530 nm), F3 (30 mM at 570 nm) and F4 (20 mM at 570 nm). The
absorbance traces were multiplied by factors of 14.7, 30.1, 17.4, 27.0, 9.53, 15.6, 16.3, 8.4, 3.3
and 8.2, respectively. Small contributions of triplet absorbance to the kinetic traces of FA and
Fn(n=2-4) have been determined and subtracted (see text). The insert shows kinetic traces of
BPhO™, DBF™ and F;", where geminate decay of BPhO™ is the fastest.

For some solutes, triplet states contribute to the absorption. Pulse radiolysis may directly
generate a triplet excited state of a solute molecule by direct ionization or excitation of the solute
rather than the solvent. In most cases, the triplet excited states of the solute do not absorb at
observation wavelengths of anions. In a few cases, triplet-triplet (T-T) absorption of the solute
will contribute at the observation wavelengths of anions. T-T absorbance of FA and F,(n=2-4)
contributed 3.8%, 3.1%, 3%, and 3.3% of absorbance of the observation wavelengths for FA™
and F," (n=2-4), respectively, at /=2 ns (details of determining the faction of *FA” and °F, (n=2-4)
are in Figure S5-S8 of the SI). This T-T absorbance was subtracted from kinetic traces of FA™
and F,” (n=2-4) so that Figure 4 shows only the absorbance due to radical anions. Normalized
kinetic traces without the corrections are shown in Figure B4(b) of Appendix B.

In Figure 4.4, normalized kinetic traces of BPhO™, 4-cyano-4’-n-pentyl-p-terphenyl radical
anion (CNTP") and 2,3-dichloro-5,6-dicyano-p-benzoquinone radical anion (DDQ") in THF
show that their slowly-decaying fractions (t>100 ns) are almost identical with each other.
Transient spectra of DDQ"™ in Figure S9 show that the absorption peak of DDQ™ shifts with time
so slight differences between slow decays of DDQ™ and BPhO™ may be due to reactions with
impurities. The F;, of the above three anions were 0.36+0.03 determined by the Gf and Gpax
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values of BPhO™ in THF, which are obtained from 50 mM of BPhO in this study. The inset of
Figure 4.4 shows that they have nearly identical decays at short time, which we will refer to as
geminate decays, although their chemical structures and reduction potentials (E.q) are different.
These findings strongly suggest that their geminate decays are diffusion-controlled. The kinetic
analyses indicate that for the geminate decays these solutes have an average decay time to
decrease to 1/e of ~8+1 ns.
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Figure 4.4 Normalized kinetic traces of radical anions of benzophenone (BPhO™ at 800 nm),
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ™ at 600 nm) and 4-cyano-4’-n-pentyl-p-
terphenyl (CNTP™ at 900 nm), which are created by pulse radiolysis with 50 mM of the neutral
solutes in THF. The traces are normalized by factors of BPhO™, DDQ™ and CNTP" are 14.7,
17.5 and 6.89, respectively. The insert shows almost identical geminate decays for t <100 ns after
the electron pulse. The F} is 0.36+0.03 for these three anions (see text). The homogenous decay
of DDQ" is different from other anions because DDQ" reacts with small amount of impurity
(transient spectra of DDQ™ in Figure B9 of Appendix B show the influence of the impurities to
DDQ" in the homogenous stage).

An alternative method to study the free ions is to employ a free-ion indicator to capture the free
ions. Anions of a good free-ion indicator undergo fast geminate decay, annihilating rapidly upon
contact with a RH,". The indicator should have a less negative reduction potential than the target
molecule so that the indicator can capture electrons from free anions. The average geminate
decay of 4-nitro-p-terphenyl radical anions (NTP™) is fast, ~8 ns, as determined by two
exponential function from data shown in Figure B10 of Appendix B, and E,q of NTP given in
Table 4.3 is less negative than for FA and MePy.
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In Figure 4.5, kinetic traces of high concentrations of BPhO, F3;, FA and MePy, each mixed with
1 mM of NTP, were collected at the 720 nm absorption peak of NTP". Most solvated electrons
are initially captured by the highly concentrated solutes, which then transfer electrons to NTP in
~100 ns. Any geminate electrons transferring to NTP disappear rapidly, leaving only free-ions.
Kinetic traces of FA and Fs; with NTP grow with rates 1.38x10” and 1.03x107 s, respectively,
which are reasonable rates for diffusion-controlled electron transfer reactions to 1 mM of NTP.
For BPhO, MePy and Fj, there is substantial initial absorbance are because anions of these
highly concentrated solutes absorb light at 720 nm. No observable growth is seen for BPhO and
MePy indicating that € of BPhO™ and MePy ™ are close to € of NTP™ at 720 nm.

mADbs (720 nm)

BPhO + NTP
FA + NTP

MePy + NTP
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Time, us
Figure 4.5 Kinetic traces of 4-nitro-p-terphenyl (NTP 1 mM) at 720 nm in THF solutions with
with high concentrations of F3 (30 mM), benzophenone (BPhO 50 mM), fluoranthene (FA 60
mM) and 1-methylpyrene (MePy 40 mM). After ~150 ns, NTP™ is the only remaining radical

anion, and the only absorbing species. For F3 + NTP, ~50% more NTP" ions are formed than for
the other three solutes.

After ~150 ns, the electron transfer is complete so that only NTP™ remains. These remaining
anions are clearly free ions, which decay slowly. For t>150 ns, almost identical absorbance of
NTP" indicate that the free ion yields of BPhO™, FA™ and MePy™ are nearly identical, but the
free ion yield of F5™ is 50+5% larger than the other three anions. The above findings agree with
the measurements in Figure 4.4, where the long-lived fraction of F;~ is greater than that of
BPhO™ and MePy". This result supports the conclusion that a substantial number of F5~ escape
from (F3,RH,") ion pairs to become free ions.
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4.4 Estimations of the Standard Free Energy Change (AG") for the PT reaction

Diffusion together of anions and protons is expected to occur with roughly similar rates for all
molecules because the mutual diffusion coefficient is will always have a constant contribution
from the solvated proton, assuming that its diffusion coefficient is similar to the self-diffusion
coefficient of THF, 1.3x10” cm?/s.** Therefore, the wide variation of geminate decay rates seen
in Figure 4.3 implies a range of rates for the PT reaction, reaction (4.4a). To examine whether
the decay rates of anions reflect energetics, estimations of standard free energy change (AG") for
the PT reaction are collected here. While there is no obvious direct measurement of AG® for the
PT reaction, we combine E,4 and computations to estimate AGO; the computations were

performed by Gaussian 09 B.01.** The PT reaction is separated into four half-reactions shown
below:

M (ig) = M (iig) + € (as) (Electron detachment) (4.5)
RH; (i) = RHiig) + H' (@) (Dissociation of the proton) (4.6)

€ (eas) T H () = H'aas) (Charge recombination) 4.7)
M (iiq) + H'(eas) = MH g (H atom attachment) (4.8)

AG" for the PT reaction is the sum of AG;” (i=5-8). AG;’ (i=5-8) are the standard free energy
changes of reactions 4.5-4.8, respectively. Calculated AG” are given in Table 4.3. Figure 4.6
plots the measured PT rate constants (kmpr) Vs. AGO, where kwypr given in Table 4.3 are
determined by the fitting procedure described in the discussion section from data. Plots of kvpr
vs. AGg” and E,q are in Figure B11 (a) and (b) of Appendix B, respectively.
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Table 4.3 Measured Proton Transfer Rate Constants (kmpr=Kecqkpr), Reduction Potentials (Ereq vs.
SCE), Hydrogen Atom Affinities (AGg'), the Calculated Standard Free Energy Change (AG”) for
the Proton Transfer Reaction, and the Number of Atoms (NA) over which charge is distributed in

the anions and the Accepting Atom (AA).

Symbol Name (AA)® “hnier (s Erea (V)®T AGS (eV) AG® (eV) NA
F, F, (C) 1.98(£0.06)x10° 2628 -0.695  -1.607 11.1
F, F, (C) 2.02(£0.08)x10’ 2333 0714 -1.332 21.5
F; F; (C) 1.52(x0.20)x10’ 2218 -0.715  -1216 32.0
F, F, (C) 1.17(x0.06)x 107 2165 -0.714  -1.164 42.4
Cl dibenzofuran (C) 9.55(+0.15)x10"  -2.503%*' 0779  -1.566 6.0
C2 fluoranthene (C) 2.52(£0.04)x 10’ 41785 1150 -1.214 6.9
C3 phenanthrene (C) 9.49(x0.38)x10’ 24781 L0841 -1.595 7.5
C4 1-methylpyrene (C) 1.83(0.08)x 10’ 2,088 1182 -1.546 9.7
C5 biphenyl (C) 1.49(x0.07)x10* 2,608 0583 -1.467 9.6
C6 p-terphenyl (C) 2.72(£0.06)x 10’ 2.37%m 0720 -1.288 11.2
Cc7 terthiophene (C) 4.67(+0.48)x10’ 21158 0536 -0.849 7.6
C8 fluorobenzene (C) 1.68(+0.33)x10° -3.207%°  .0.515 -1.92 3.9
C9 o-terphenyl (C) 5.67(x0.01) x107 -2.55%mt 0570 -1.318 11.6

4-cyano-4’-n-pentyl- -0.788"  -0.824"
CN >5.00x10° -1.838° _ _ 3.9
p-terphenyl (N)° -0.234'  -0.270'
01 p-dinitrobenzene (O) >5.00x10° -0.645%PY 11370 -0.213 53
02 benzophenone (O) >5.00x10° 21,9268t 1.021  -1.231 1.9
03 anthraquinone (O) 1.29(£1.17)x10°  -0.897%P'  _1389  -0.484 3.3
04 tetrachloro-p-benzoquinone (0)  3.12(x0.72)x10’ 0.14°9t 2283  -0.427 8.7
05 acetophenone (O) 3.63(x0.78)x10° -1.96°"™ 0789  -1.033 2.0
06 3DDQ (0) >5.00x10° 0.6087%" 2422 -0.097 5.4
07 4-nitro-p-terphenyl (O) >5.00x10° -1.14%%%0 11322 -0.746 3.7
08  2,3-dicynao-p-benzoquinone (O) 1> 8.05%107 03839 2477  -0.377 5.2
N tetracynaoethene (N) N.R. 0.18”%t  _1.112 0.87 3.9

All footnotes of this table are in the next page.
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Footnotes of Table 4.3:
“2,3-dicynao-5,6-dichloro-p-benzoquinone

"The accepting atom (see text) “kvpr are determined by the fitting procedure from the data with
Fu', k1 and ko held as 0.36, 1.28x10%s™ and 1.27x107 ™.

“The Number of the Atoms (NA) containing 80% of the negative charge of anion (see text).

*Measured by bimolecular electron transfer equilibria method in THF with acetophenone (AO)
as the electron donor; the reduction potential difference AE.q(CNTP—AQO)=122+14 mV, and the
reduction potential (E.q) of AO is given in Table III; CNTP: 4-cyano-4’-n-pentyl-p-terphenyl.

"N.R.” means that no proton transfer reaction occurred.
"For the scenario that proton transfer from RH," to the C atom.
'For the scenario that proton transfer from RH," to the N atom.

JDetermined by fitting to a two exponential function from data of CN,BQH'". Because absorption
bands of CN,BQ" are weak and well overlapped with those of CN,BQH, it is difficult to extract

kmpr from the data of CN,BQ™. Transient spectra of CN,BQ" are in Figure S12 of the SI;
CN,BQH’: semi-2,3-dicyano-p-benzoquinone radicals. I(Reported Ereq vs. Ag/AgCl (-0.045 V vs.
SCE)* in dimethylformamide (DMF).

'Reported Ereq vs. Hg pool (-0.55 V vs. SCE)* in DMF with tetra-n-butylammonium iodide
(TBAD).

MReported Eeq vs. Ag/AgNO; in DMF; the values are converted into vs. SCE with
Erea(biphenyl)=—2.60 V* (vs. SCE.), AE,q(p TP—biphenyl)=0.24 V,*® and
AEa(0TP—biphenyl)=0.01 V;* pTP: p-terphenyl; o TP:o-terphenyl.

"Reported Ereq vs. Ag/AgCl (-0.045 V vs. SCE)* in dimethylamine (DMA) with tetra-n-
butylammonium bromide (TBABr). Because the dielectric constants of DMA and THF are
similar, the E,.q measured in DMA is close to that measured in THF.

°Based on AE(FBz—benzene)=0.173 V in THF” and E,.q(benzene)=—3.38 V (vs. SCE).”

PFrom this publication,®” the E;.q of DNB, AQ and oxidation potential (Eoy) of ferrocene (Fc) are
—0.124, —0.125, and 1.332 V (vs. cobaltocenium/cobaltocene) in THF with tetra-n-
butylammonium hexafluorophosphate (TBAPFs). Therefore, with Ee(Fc)=0.56 V°7 vs. SCE in
THF with TBAPFg, the E;.q of DNB and AQ can be converted into vs. SCE.

9Reported Eeq vs. SCE in DMF with tetra-n-butylammonium tetrafluoroborate.
"Reported Eeq vs. SCE in DMF with TBAI.
*Reported E.eq vs. SCE in DMF with tetra-n-butylammonium perchlorate.

'The E,eq measured in THF may be ~0.11-0.15 V more negative than that measured in DME.%-?7
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Figure 4.6 A Plot of measured proton transfer rate constant (kmpr=Keqkpr) Vs. the estimated
standard free energy change (AG’). The symbol legends are given in Table 3. The up arrows
mean that only lower limits were determined, and down arrows mean that no proton transfer (PT)
reaction was observed.

In the scheme to estimate AG® for the PT reaction, AG50 is E;.q value subtracting the Fermi level
of the reference electrode in the liquid state. AGs® of solutes are given in Table 4.3 with the E,q
reported by Zaikowski.”® AE,eq given in Table 4.3 are versus the saturated calomel electrode
(SCE) for which the Fermi level is —4.71 ¢V.” The standard free energy change of electron-
proton recombination (AG-") in vacuum is —13.61 eV.”'% AG¢" and AGs” were calculated as
described in the following paragraphs.

The single point energy of the solvated proton complex was computed by RMP2/6-31G(d) with
the optimized geometry computed by B3LYP/6-31G(d) in THF with PCM and corrected for
basis set superposition error (BSSE). Because the solvated proton is a weakly bound molecular
complex, its computed geometry may be affected by BSSE leading to an artificial shortening of
intermolecular distance. The solvation energy of the solvated proton complex was calculated by
B3LYP/6-31G(d) in THF with and without the PCM.

The solvated proton complex might contain one, two or more THF molecules. For most PT
reactions, the calculated AGg’ for the complex where two THF molecules stabilize the proton
makes most the reactions endoergic in disagreement with the experimental results that show
occurrence of PT reactions. While this disagreement may be related to errors in the calculated
quantities, we utilize calculated AGs’=2.9 eV for the complex in which one THF molecule
stabilizes the proton. Possible structures of solvated proton complexes where the proton is
stabilized by one and two THF molecules are shown in Figure B13 of Appendix B.
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AGs® was estimated by computation. Benzene was used as reference to select a reliable
computation method to calculate AGgO because an experimental value, AG80=—O.67 eV, for
benzene in gas phase has been reported;'”’ We are not aware of reports of AGs’ for other
molecules. Optimized geometries of benzene and benzene-H radical (BzH') were calculated by
B3LYP/6-31G(d). The optimized geometry of BzH" is shown in Figure S14(a) of Appendix B.
The single point energies were computed by HF/6-31G(d), B3LYP/6-31G(d), and ROMP2/6-
31G(d) in vacuum with the above optimized geometries. The G3 method was also employed to
calculate AGg” of benzene in gas phase. The calculated values of AGg” for benzene in gas phase
are given in Table 4.4. The wide variations signal the possibility of large errors. We chose
ROMP2/6-31G(d) to estimate the AGg” of solutes given in Table 4.3. While this method gave the
best agreement with experiment is does differ by 0.17 eV, signaling that the computed estimates
of AGgO are likely to contain errors.

Table 4.4 Experimental and Computed AGg’ of Benzene in Gas Phase.

method Experimental *ROMP2 *B3LYP ®HF G3
AGg’ (benzene)  -0.67eV'®"  -0499eV  -1.222eV  -1.318eV  -1.009 eV

®Basis sets are 6-31G(d).

The single point energies of neutral molecules were calculate by RMP2/6-31G(d), and that of
MH" were computed by ROMP2/6-31G(d) in vacuum with their optimized geometry computed
by B3LYP/6-31G(d) in THF with the PCM. Examples of optimized geometries for F,H" and
BPhO ketyl radical are available in Figure B14 (b) and (c) of Appendix B. The solvation
energies of neutral molecules and MH’ estimated from differences of single point energies
computed by B3LYP/6-31G(d) in THF with and without the PCM. The calculated AGg’ are
given in Table 4.3.

The uncertainty of AGs’ is roughly estimated to be ~0.3 eV from comparison of calculated
AAG80=O.3O9 eV between BPhO™ and AQ™ in water. This calculated difference can be
compared to AAGs’=0.50 eV in water based on pKa’s'® of BPhO ketyl radicals and semi-
anthraquinone radicals and Ered'? of BPhO and AQ. Details are in the section S2 of the SI. The
above check shows a 0.191 eV of difference between computed and experimental AAGg’. The
uncertainty of is not well tested or understood; again the uncertainty of ~0.3 eV is a rough
estimate.

The lowest computed single point energy of MH™ was employed to predict the accepting atom
(AA) to which the proton may transfer. The computed results and the possible AA are given in
Table 4.3. This criterion assumes that the most stable product is formed, but, this might not be
always correct. In molecules, where C, N or O atoms might accept the proton, PT to an N or O
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atom might be faster than PT to a C atom, which requires greater geometry change, even if the
energetics to the C atom are more favorable. For the case of CNTP™, the Mulliken'® charge
distribution computed by B3LYP/6-31G(d) in vacuum predicts that most charge localizes around
the C=N group. The solvated proton probably prefers to approach the lone electronic pair of the
N atom that makes PT to the N atom easier than that to a C atom. Therefore, the AA of CNTP™
may not be a C of the p-terphenyl group but the N atom of the C=N group. The calculated AGg’
and AG® of CNTP" are reported in two different scenarios, the C accepting and the N accepting,
and given in Table 4.3.

Estimates of AG” for the PT reactions are plausibly uncertain by ~0.4 ¢V based on estimated
uncertainties of AGs’ and smaller uncertainties for E,q. The estimated AG® for the PT reaction is
favorable, AG’=—0.097 ¢V for DDQ" in agreement with the observed fast geminate decay, and
is unfavorable, AG’=0.87 eV for TCNE in agreement with the absence of decay of TCNE™ as
shown in Figure B15 of the SI, which points to formation of stable (TCNE"",RH,") ion-pairs.

4.5 Discussion

The kinetics of the geminate recombination are illustrated in Scheme 4.1. That scheme includes
two well established types of ion pairs,'® "' contact ion pairs (CIP) and solvent separated ion
pairs (SSIP), based on the CIP-SSIP picture.''" SSIP and CIP are also called loose and tight ion
pairs, respectively. The Type II free ions have been proposed in many theoretical works such as
works of Hong and Noolandi,'® and we will apply their works to examine Fy,. PT is assumed to
occur only in CRIP and to be described by PT models such as those of Borgis and Hynes.*™*’

Scheme 4.1 Kinetic of geminate ion recombination in THF, where annihilation of radical anions
(M") is due to the PT reaction (see text). CIP and SSIP are contact and solvent separated ion
pairs, respectively. The effective PT rate constant is the measured PT rate constant
(kvpT=Kegkpr). Fp,' and Fy," are the fractions of Type I and Type II free ions, respectively.

~ . ka. ke . . K. o N kot .
(M™ +RH,)—— M" | RH, (M™.RH;) —— MH" +RH
Primary lon Pairs SSIP CIP Proton Transfer
kESC
M +RH; M* +RI;
Type | Free lons Type Il Free lons kN[PTzKequT
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4.5.1 Kinetics of Geminate Recombination and PT Reaction

Based on Scheme 4.1, a fitting procedure was developed to extract kinetic information from the
data. The Coulomb-driven diffusion recombination to form SSRIPs is described by a two
exponential function. Diffusion-controlled geminate recombination can be described by a three
exponential function,'' but a two exponential function is sufficient to describe the present
observations as seen in Figure 4.7 and this reference.”” SSIPs can become CIPs, or the associated
ions can escape from each other to become Type II free ions. Here, the transformation between
SSIP and CIP is described by an equilibrium constant (K.=[CIP]/[SSIP). This approximation,
which yields a relatively simple solution to the differential equations of Scheme 1, assumes that
transformation between these two types of ion pairs is much faster than the other reactions. The
primary ion pairs may diffuse together as CIP and little or no SSIP if K, is sufficiently large.
Dissociation of SSIP to form the Type II free ions is described by an escape rate constant kegc.
After forming of CIP, the proton will transfer from RH," to M~ with a proton transfer rate
constant kpr. The fitting procedure also uses a single exponential to describe decays of free ions,
which may be due to recombination with RH,", R" and impurities. Scheme 4.1 describes the
geminate decay and does not include this part.

Normalized Absorbance

00 YR 04 06 Y 10
Time, ys
Figure 4.7 Examples of data and fits for benzophenone (BPhO) and F,(n=1-4), where the dashed
lines are fits. The insert shows that a sum of two exponential decays is sufficient to describe

diffusion-controlled geminate recombination of BPhO™ . The fitting procedure extracts kypr and
kesc from data, with Fhl, k. and k» held fixed.
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4.5.2 Capture of Electrons

In this study, our measurements gave the free ion yield, Gg=0.69+0.06 per 100 eV of BPhO™ for
50 mM of BPhO in THF. The above result is near the upper end of a range of reported Gy values,
0.205~0.72 per 100 eV, in THF.®"-¢'*"117 The method of measuring the Gy value of BPhO™ in
THEF is in the section B3 of Appendix B.

To study geminate ion recombination, high concentrations of electron scavengers (solutes), 50
and 200 mM of BPhO, were used to capture the electrons. BPhO captures e, with a rate constant
of 6.4x10' M's™ given in Table 1. It also captures presolvated electrons in a “step capture”
process' " during pulse radiolysis. “Step capture” is a mechanism in which presolvated
electrons are captured rapidly (<<20 ps) by solute molecules during pulse radiolysis.'"*''" The
step capture fraction of the presolvated electrons of BPhO is estimated by 1—exp(—g[s]),"**"*!
where ¢ is a quenching coefficient and [s] is solute’s concentration with ¢g=11.5 M from
measurements on biphenyl (BP),''® which has similar size to BPhO. The estimated step capture
fraction of 50 mM BPhO is ~43.7% and that of 200 mM BPhO is ~89.9%.The step capture
process does not change yields of geminate and homogenous ions.'"” De Waele®” reported that
the deconvolved G(=0) value of e, was 2.89 per 100 eV in THF. In this study, the maximum
observed G(7) values of BPhO™ of 50 mM BPhO is 2.41 per 100 eV at /=280 ps, and that of 200
mM BPhO is 3.16 per 100 eV at 60 ps. These maximum G(¢) values are in reasonable agreement
with the deconvolved G(=0) value of ¢, in THF reported by De Waele.”” Details for estimation
of maximum observed G(¢) values are in the section B3 of the SI. In THF the estimated fractions
of the captured electrons for 50 and 200 mM BPhO are ~94% and ~99%, respectively, based on
the electron attachment with &, of BPhO and “step capture” with ¢ of BP. The above estimations
are available in the section B4 of the SI. Based on the above estimations and measurements, 50
mM of BPhO captures ~90% of the electrons, and other solutes in the current study probably
capture similar fractions of the electrons.

4.5.3 Kinetic Analysis

For each anion, the fitting procedure extracts kypr and k.. from data, over the time period from 2
ns to 1 ps, with Fhl, ka1 and ky, held fixed. Examples of data and fits to obtain kvpr and ke are
given in Figure 4.7. The fitting procedure can only extract a combination of K.q and kpr, called
kmpr, from the data because the measurements have not been able to distinguish between SSIP
and CIP. The relation between kypr, Fi" and ke is

k
Fl=—= (1-F 4.9a
Sy a8 (4-92)

esc

and the fitting procedure obtains ke from data by
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where Fj, = F,'+Fy". Fy" for each anion is estimated by equation (4.9a). Nearly identical decays of
BPhO™, CNTP" and DDQ" shown in Figure 4.5 suggest that their geminate decays are diffusion
controlled, and their F;=0.36+0.03 are entirely Fil. BPhO™ is used to obtain k,=1.28x10% and
ko=1.27x10" s, and the first and second fractions of geminate association are Fg=0.45 and
F4,=0.19, respectively. F,! is calculated by G#/Gmax With G£=0.69+0.06 per 100 eV and Gy 1S
G(=2 ns)=1.92 per 100 eV. Details for estimation of G(=2 ns) value of BPhO™ are available in
section S3 of the SI. By holding Fy', k.1 and ks, fixed, we found that the lower limits of kypr for
BPhO™, CNTP" and DDQ" were 5.0x10° s™. From Figure 4.3, F;, of FA™, MePy™, oTP" and
pTP™ are similar to F,, of BPhO™, but their geminate decays are much slower than BPhO™. The
above four anions with fast PT show that there is little or no F},"". The kypr of anions are given in
Table 4.3, and G and ke for anions in Figure 4.3 are given in Table 4.5, where Gi'=G;-Gyl.

Table 4.5 Gg values, Type II Free Ion Yields (Gg") and Escape Rate Constants (kesc).

Name “’Gi  “Gg" kese (s7)
i3 0.71  <0.02 <3.00x10°
'F,  0.84  0.15 2.04(x0.80)x10°
F3 9093 024 2.56(x0.42)x10°
Py €1.05 036 ©3.28(+0.19)x10°
HMBPhO  0.69  <0.02 <1.00x10’
"DBF  0.69 <0.02 <3.00x10°
MEA  €0.69 °<0.06  °<1.00x10°
"IMePy 0.69  <0.02 <7.85(+3.08)x10°
MpTP 069 <0.02 <1.00x10°
HMoTP  0.69  <0.02 <1.00x10°
fCarbon Accepting Anion *Oxygen Accepting Anion *The unit is number of ions per absorbing
100 eV. °G=G'+Gg", where Gg' is from the Gy values of BPhO™, 0.69+0.06 per 100 eV.

‘Obtained by the fitting procedure from the kinetic trace with correction for T-T absorbance.
Benzophenone *Dibenzofuran Fluoranthene 91-Methylpyrene "p-Terphenyl 'o-Terphenyl
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For most molecules studied, F," is too small to measure so the fitting procedure can only
estimate an upper limit of k.. A check of this estimate compares it to ke calculated by
kese—kaKaiss, where k, is the association rate and Kg;ss is the dissociation equilibrium constant. We
can estimate ke for the (NaﬂMePy'f) ion pair and compare it to the upper limit of ke
determined here for the solvated (RH,",MePy ") ion pair. Calculations of ks of Py™ are based on
Kaiss of the (Na",Py™) ion pairs,'** and k, of the (Na",BPhO™) ion pairs' "> with the assumption
that &, of these two ion-pairs are similar. The estimated ke, for Py™ and MePy™ are given in
Table 4.6. We compare ke of Py to that of MePy™ with the assumption that &, for the (Na",Py"™
) ion pair and for the (RH,",MePy ") ion pair are similar. The comparison finds that ke of the
(Na',Py") ion pair is 25% larger than the upper limit for k., of the (RH,",MePy") ion pair. This
finding that k.. is smaller for the solvated proton seems reasonable. Because k., is observable
for F,, a molecule just slightly larger than MePy, it may be that the actual k.. of the
(RH," ,MePy ") ion pair is just slightly below the observed limit.

Table 4.6 k.. of the (Na",Py™) and (RH,",MePy ") ion pairs.
Ion Pair kese (s Estimation Method

(NaJr’Pyk) 1 01 x1 06 akesc:kaKdiss
(RH,',MePy™) <7.85(+3.08)x10° "From Data

®In THF at 298 K, Kgiss of the (Na",Py™) ion pairs'* is 6.75x10°M, and , of the (Na",BPhO")
ion pairs'"? is 1.5x10" M's™". "Determined by the fitting procedure from data.

Other limits on k., may be well above the actual rates. The fitting procedure may estimate a high
upper limit of ke if the kvpr is large and Fy! is small. For example, BPhO™ has large kvpr and
little or no F,"". The upper limit of kese of BPhO™, 1.0x107 s'l, given in Table 4.5, is greater than
that of MePy™. It seems reasonable to suspect that k.. for BPhO™ is well below that limit
determined from the present measurements.

4.5.4. The CIP-SSIP Picture

The equilibrium in Scheme 4.1 between contact and solvent-separated ion pairs is probably
influenced by the negative charge density of the anion. Here we estimate the anion’s charge
density by the number of the atoms (NA) that contain 80% of the negative charge using
Mulliken'® charges with hydrogens summed into heavy atoms computed by B3LYP/6-31G(d) in
vacuum. The NA of anions is #,,<0.8/C, Where # is total number for atoms that have C of
negative charge. For the example of BPhO™, the computed Mulliken'” charges indicate that
84% of the negative charge resides on the C=0, which give #,=2 and C,—=0.84, so NA of
BPhO™ is 1.9. In F;", 86% of the negative charge is evenly distributed in the two six-membered
rings, which give #,=12 and C,=0.86, so NA of F," is 11.2. The NA’s of other anions are
given in Table 4.3. From Figure 4.8, kypr of the C accepting anions decrease with decreasing
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charge density as reflected in increasing the NA. The above finding supports the role of charge
density in kypr.

24 "—FA]
%CS *#C5

10°] C1-+#C3
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> C2-—+ +—C6
2] *_C4 *—Fz

| | T | | T T | | T |
0 5 10 156 20 25 30 35 40 45 50

Number of the Atoms (NA)

Figure 4.8 A Plot of kypr vs. the Number of Atoms (NA) over which the negative charge is
distributed for the carbon accepting anions. The plot shows that high charge density helps the
recombination of radical anions with solvated protons in THF. The legends of symbols are given
in Table 4.3.

The CIP-SSIP picture''’ proposes that K¢q between CIP and SSIP is affected by the dielectric
constant of environment and the lengths of the ion and solvent molecules. The above picture
treats the ion’s charge as uniformly spread over the whole molecule. Many experimental

104-106, 108
results ’

showed that K., decreased with increasing size of the cation: large cations
disfavor CIP. K4 is a result of the competition between two energies: (1) The Coulomb potential
between anion and cation, U,, which is driving force of forming CIP and; (2) The ion-dipole
interaction energy between ion and solvent molecules, Ujg, which is the driving force for forming
SSIP. The above two energies create two local minima in the ion pair potential surface for CIP
and SSIP, separately. The difference between CIP and SSIP is in that SSIP has at least one
solvent molecule between anion and cation, but CRIP does not, so the separation distance (center
to center), r, of SSIP is longer. Therefore, the Coulombic interaction of SSIP is weaker than that

of CIP. A plot of the ion pair potential, U(#), vs. r is illustrated in Figure 4.9.
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Figure 4.9 Schematic illustration of ion pair potential, U(»), vs. separation distance, », where
spheres are ions and ovals are solvent molecule with a dipole. CIP and SSIP are contact and
solvent separated ion pairs, respectively.

Here we add to the CIP-SSIP picture the assumption that K¢, is dependent on the ion’s charge
density, estimated through NA, as an alternative to the classical CIP-SSIP picture in which the
anion’s charge is uniformly spread over whole molecule. Anions with high charge density are
more likely to couple with cations as CIP than are anions with low charge density.

Scheme 4.1 proposes that Keq, kpr and ke are three major factors affecting F". Zhong'? reported
that the Type II free ions were mainly produced from SSRIP in polar solvents such as 1,2-
dichloroethane. Because the Coulombic attraction of SSRIP is weaker than that of CIP, SSIP
may be expected to dissociate from each other to become free ions. In Table 4.5, the Ful and kege
of F,, " (n=2-4) greater than those of other anions. These findings suggest that F, (n=2-4) prefer
to pair with opposite-ions as SSIP because of their low charge densities as reflected in the NA’s
of anions given in Table 4.3. These findings also support proposal of Scheme 4.1 that kypr and
kes are crucial to Fy.

While F,” (n=2-4) are special in giving large enough escape rates to produce free ions by escape,
their kvpr are not as different from other molecules. For example F,~ and MePy™ both contain
four benzoid rings and both have kypr near 2x107 ¢! (Table 4.3), but ke is at least 2.5 time
larger for F,” in Table 4.5. The enhanced escape for F,” can be understood in terms of the
greater spatial extent of the delocalized electron as illustrated by the comparison to Py in Figure
4.10. Charge in the two outer rings of F; is farther from a proton near the center of the anion.
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Figure 4.10 Comparison of the spatial extent of F, (behind, dark blue) and pyrene (foreground,
light blue).

4.5.5. Theoretical Fraction of Free Ions

Hong and Noolandi'® proposed that F, was controlled by five factors given in Table 4.7. They
estimated a theoretical fraction of free ions (F,"?) based on the DS equation with the partially
reflective boundary condition on a partly absorbing, partly reflecting sphere of radius 7y
(effective radius). As mention before, pulse radiolysis creates a distribution of initial separation
distances of the primary ion pairs, p(#;,/=0), which is a delta function. r; are separation distances
of the primary ion pairs at /=0. Several groups® ® %2126 have studied p(r;,=0) in different
solvents with pulse radiolysis, but p(7;,=0) is still not well understood.

Table 4.7 List of Variables affecting the Fraction of Free lons (Fy) based on the Theoretical

Fraction of Free lons (F,™™).

variable meaning
re Onsager Radius: 7.3 nm.
Fi Separation distance of the Primary Ion Pairs at /=0.(see text)

Fm The Effective Radius
D Sum of Diffusion Coefficients of Anion and RH,"

fempt The Measured Proton Transfer Rate Constant (kvpr=Kegkpr)

ri and r, are not varied in the current study because THF is the only solvent, and p(7,=0) is
dependent on the cross section of the solvent molecule and the energy of the electron pulse.”
The diffusion coefficient of RH, " is greater than those of anions. Therefore, D for the varied (M~
,RH,") ion pairs are likely to be similar within a factor of two, and kypr and 7, are two factors of
F,™%, which are different for each radical ion pair in the current study.
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From Table 4.3 and Table 4.5, F,” (n=2-4) have higher Fi' and much smaller kypr than other
anions. The above findings agree with the prediction of thhe"ry that kypr 1S one of the factors
affecting Fy. kwpr and " of MePy™ and F,™ suggest a critical kypr, between 1.83 and 2.02x10’
s, to form obvious Fy'. In the current study, it is difficult to measure or estimate ry,, which is
different from 7, of partly absorbing and partly reflecting sphere proposed by Hong and
Noolandi,16 so we are unable to tell how ry, affects F,. Hong and Noolandi'® predicted that Fy
would be increased with increasing 7.

4.5.6 Proton Transfer Model

Theories of PT such as those of Brogis and Hynes*** describe PT between the proton donor and
the proton acceptor within a weakly bound complex (WBC) under influence of solvent
molecules. The above model suggests that kpr is determined by three principal factors: (1) AG” of
the PT reaction and (2) the reorganization energy in the reaction coordinate, Er; (3) the proton
coupling term, C(Q,S), where Q is the general vibration coordinate and S is and the solvent
coordinate. Because the RH,' is the only proton donor in the current study, the influences of
RH," on these three factors are constant. Therefore, differences of these three factors between
each WBC are due to the anion in the current study.

From Figure 4.6, we have three findings: (1) kvpr of the O and N accepting anions are generally
greater than that of the C accepting anions. (2) kvpr for the C accepting anions are not diffusion
controlled, and the fastest PT rates to C accepting anions are more than a decade slower that fast
PT to O or N accepting anions. (3) The rates are so scattered that they provoke the question: Is
there any relation between kypr and AG" At the best, the rates to C atoms or to O atoms
considered separately suggest a very rough trend. By contrast observations of both the normal
and inverted regions of rate vs. AG’ were reported by Andrieux'?’ for PT to C atoms of
carbanions and by Heeb'?® for PT to O atoms. Such free energy relations work well to reveal the
effect of AG” when other important factors are approximately constant. Edwards and
coworkers'*’ however, found no theoretical basis for an inverted region for PT and proposed that
observed decreases of rates at high driving force might be due to other factors.

In Figure 4.6, O3 to O5 and O8 seem to show a bell shape relation between kypr and AGO, but
plot of rate vs. AG” shows scatter for other anions. Noting the rough trend seen we suggest that in
addition to AG’ two major factors, Er and charge densities, impact the rates. Charge densities
based on NA given in Table 4.3, clearly affect the rates to C atoms. Effects on rates to O and N
accepting anions are not obvious partly because kypris too fast to determine for most of them.
For the O accepting anions, Figure B16 of Appendix B suggests no correlation between kypr and
charge density. A plausible hypothesis that could explain the scattered nature of Figure 4.6 is
widely varying Er for the present reactants. In particular, Er may be relatively small for PT to O
and N atoms, and large for PT to C atoms. Figure S14 of Appendix B depicts molecular
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geometries of radicals formed by proton addition to a C atom in two molecules and to attachment
to an O atom to form BPhO ketyl radical.

4.6 Summary and Conclusions

For most molecules examined geminate recombination of radical anions with solvated protons
was nearly diffusion controlled. The kinetic analysis indicates two things: (1) It takes an average
of ~8+1 ns in a non-exponential process for geminate ion pairs to diffuse together to become
intimate ion pairs and; (2) The free ion yield for anions, G=0.694+0.06 per 100 eV. That yield,
which may be called the Type I free ion yield (Gg'), is due to escape from the distribution of
initial separation distances of primary ion pairs to become free ions. For those anions with
diffusion controlled recombination, the effective proton transfer rate constants, kvpr are
>5.0x10° s™. The ~8+1 ns required for the ions to diffuse together limits observation of faster
rates.

The 50 mM solutions concentration usually used here captured ~76% of electrons produced by
pulse radiolysis by comparison between the maximum observed G(¢) values of BPhO™ from 50
and 200 mM BPhO solutions. From the Gg value of BPhO™, ~29% of anions escape from
geminate recombination to become the Type I free ions.

For several of the anions, geminate recombination, and therefore kvpr, was slower but there was
no measureable change in the fraction of free ions (Fy) compared to anions for which geminate
recombination is diffusion controlled. Despite the long-lived ion pairs, no detectable fraction of
these anions escaped from the pairs to become free ions. Three anions, F,  (n=2-4), were
exceptions. For these anions, which have low charge densities, geminate decays were much
slower and Fj, increased measurably. The increase of Gy is due to escape from intimate ion pairs
comprised of CIP and SSIP to become the Type II free ions and may be called the Type II free
ion yield (Gg"). Observations in the current study provide examples described by the theoretical
diffusion model of Hong and Noolandi'®"” including long-lived ion pairs and the possibility that
geminate ions may escape from intimate pairs to become free ions, in contrast to the Onsager
model." The low charge density of anions can: (1) reduce the Coulombic attraction of radical ion
pairs and (2) give a preference for SSIP, coupling with cations, (3) increase k. to yield type II
free ions and (4) slow down kpr. Low charge density is thus crucial to the Type II free ions.
While we attribute the escape yields for these fluorene oligomers to low charge densities, we do
not exclude the possibility that the hexyl side chains might have some influence.

In the current study, a wide variety of kpr in the radical ion pairs provides opportunities to
examine theory of PT,*¥*! %% 130132 which discuss kpr in terms of AG®, C(Q,S) and Eg. In this
study, no PT reaction of the C accepting anions is diffusion controlled, but many PT reactions to
the O accepting anions are. These findings may reflect large variations in Er, which is usually
being larger for protonation at C atoms. Whatever the reason, correlation of rate with AG is
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poor. kpt are affected by two factors: (1) degree of charge delocalization in the anion and (2) the
type of atom receiving the proton.

The most important finding of this study is effect of low charge density to the free ion yield. In
anions with highly delocalized charges, kypr decrease and Gyg' increases. While Gy was
measurable only for F,” (n=2-4), it is reasonable to assume that delocalization generally
increases Gyg'. The observed enhancement of escape of radical ion pairs to form free ions could
be important for improvement of the energy efficiency for BHJ organic solar cell."*"**
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Chapter 5. Charge Separation of Electron-Hole Pairs (Exciplexes) Enhanced by Charge
Delocalization.

5.1 Introduction

The energy efficiency of photoinduced electron transfer (PET) systems as a solar cell*> '

depend on yield of charge separation (CS). In PET system, an electron transfers from a
photoexcited charge donor (D) to a charge acceptor (A.) to create a radical ion pair (RIP) of
A.- and D, referred to as charge transfer (CT) states, which either dissociate into CS states to
provide electricity or recombine with each other. By CS, we mean that: (1) A.- and D, are
separated away from each other at least longer than a critical distance (7.), often referred to as the
Onsager radius,' at which the attractive Coulomb potential equals kg7, where kg is the
Boltzmann constant, and 7 is temperature; (2) Recombination of CS state is bimolecular.

In the current study, CT states are contact radical ion pairs (CRIP), and exciplexes are excited

complexes, (A’ /D). Some publications referred CRIP to as exciplexes™ 2%

with pure CT
character'®! and exciplexes as excited molecular complexes.® ' ' The lifetimes of CRIPs
reported by Gould'* 143194 \were varied from 64 ps to 20 ns in acetonitrile with
different charge recombination energy (Acr) of electron transfer (ET) reaction, -0.61 to -2.89 eV.

Acr can be estimated by difference between the reduction potential (E..q) and oxidation potential

and Mataga

(Eox) of D with the Coulomb potential term, which may be negligible in high dielectric constant
(eq) solvent such as acetonitrile.'* Koch'*® reported the lifetime of the CRIP of phthalic
anhydride/9-cyanoanthracene (A¢/D.) as 510 ps in THF with Acg=—2.9 eV. Generally, it is a bell
shape relation between Acr and lifetime of CRIP.

The dielectric constant of the solvent has a substantial influence on CS processes, which results
in yield of CS species (Y). There are two steps to CS processes: (1) Solvation from CRIP to
solvent separated radical ion pairs (SSRIP) and (2) Charges separate from SSRIP to CS states.
The difference between CRIP and SSRIP shown in Figure 5.1 is that the SSRIP has at least one
solvent molecule between the anion and the cation, but the CRIP do not. Many groups® 7> °% %>
146198 reported that CS states are favorable states of RIP in polar organic solvents such as

acetonitrile.

CRIP SSRIP

%ﬁ%@@ @@@@
%
eae %@ @é @%

Figure 5.1 Diagrams of contact radical ion pair (CRIP) and solvent separated radical ion pair
(SSRIP), where ions are sphere, and solvent molecules are oval.
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The purpose of this study is to explore the influence of charge delocalization on the yield of CS
species (Ye) and the energy level of the radical ion pair (RIP). Weller'® proposed that Y. was
affected by three things: the mutual Coulomb potential, solvation energy and interaction between
A.-and D.”. Changing the first two factors can be achieved by the changing charge densities of
jon. Bakulin'* increased the population of CS states by reducing the Coulomb potential of
electron-hole pair in a BHJ solar cell by decreasing the charge density of holes using
multiphoton excitation method. It is known that the electron densities of oligo(9,9-
dihexyl)fluorene anions (F,-, n=1-6) decrease with increasing numbers of repeat units (n)."”
We will observe ion recombination of F, (n=1-6) and other small molecules such as 4,4’-
dimethylbiphenyl (DMBP), to study the influence of charge delocalization with pulse radiolysis

and photoexcitation.

We studied the ion recombination in 2,3-dihydrobenzofuran (DF) with pulse radiolysis, which is
capable of rapidly creating ions, because DF is a good solvent for F,, (n=1-6). The dielectric
constant (g4) of DF is 4.33, which is an estimated value from the &4 of anisole (e4=4.33). Due to
similarity between DF and anisole in chemical structure, the g4 of DF is expected to be close to
the &4 of anisole. The viscosity () of DF is and 1.97 ¢P,"”! and r. of DF is 12.6 nm in 298 K.
Radiation chemistry of DF with solute molecule (M) is given in the below:

DF —» DF" +e, (Ionization) (5.1)
DF"+M —> DF+M"™ (Hole Attachment) (5.2)
es TtM—>M" (Electron Attachment) (5.3)
M +M" 5> M+'M or’M (Electron Transfer) (5.4)
DF" +e, — 'DF or °DF’ (Electron-Hole Annihilation) (5.5)
'DF*+M > 'M" (Singlet Excited Energy Transfer) (5.6a)
DF +M — M’ (Triplet Excited Energy Transfer) (5.6b)

where 'DF” and °DF " are singlet and triplet excited states of DF.

To study the geminate ion recombination in DF, we observed the time evolution of transient
absorption of RIP ~1 us after the electron pulse. Pulse radiolysis creates the primary radical ion
pairs (PRIP) with an initial separation distance distribution, p(r;), where r; is initial separation
distance from center to center and maybe shorter and longer than .. The PRIP with r; < r
usually diffuse together to become intimate radical ion pair (IRIP) in short time, and their
recombination is geminate. This IRIP is comprised of SSRIP and CRIP, which both RIP can be
referred to as CT states. The escape probability of PRIP to CS states can be estimated by
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1—exp(—r./ri) given by Onsager.' Whether they begin at 7; > r. or escape from shorter distance,
we will refer to them as CS states.

5.2 Experiments

Our measurements were carried out at the Laser Electron Accelerator Facility (LEAF) at
Brookhaven National Laboratory with 9 MeV, <15 ps, electron pulse ; methods of measurement
are reported elsewhere.”® Briefly, the electrons were injected into quartz cells with an optical
path length of 5 mm, containing solutions of the molecules under study. The probe light source is
a pulsed Xenon arc lamp. The wavelength of the probing light is selected by optical interference
filters with either 10 or 40 nm bandpass. Transient absorption and fluorescence are detected by a
silicon photodiode (EG&G FND-100, 2 ns response time), an InGaAs photodiode (GPD
Optoelectronics GAP-500L, 2 ns response time) or a phototube (Hamamatsu, R1328U-03, 65 ps
response time); data are digitized by LeCroy 8620A, 640Zi or HRO 66Zi oscilloscopes.

The photoexcitation experiments were used Raman shifted 397 nm, 100 ps, as pumping light and
a Xenon arc lamp to provide probe light. The 397 nm pumping light was generated by the Raman
scattering with 355 nm light passing through a pressurized chamber containing 120 psi of Ds.
Selection of the probe light and digitization of data were described in the previous paragraph.
The samples were in quartz cells, 0.5 mm path length.

All samples were prepared in purified solvents under argon atmosphere. THF was purified by
THF purifier (Vacuum Atmosphere Company, VAC 104427) to remove oxygen and water. 2,3-
dihydrobenzofuran was passed through silica gel to remove water and impurities. Other
chemicals were purchased from Aldrich or Alfa-Aesar and used as received. The synthesis of F,
(n=1-6) has been described.” Chemical structures are given in Appendix A.

5.3 Results

After reduction and oxidization of solute molecules by e; and solvent radical cation,
respectively, the solute radical anions (M™) recombine with solute radical cations (M™) via
electron transfer reactions. Kinetic traces from pulse radiolysis of radical ions for small
molecules are shown in Figure 5.2 and that of F,(n=1-6) ions are shown in Figure 5.3. They were
collected at observed wavelengths of the radical ions of each molecule by LEAF in DF solution.
Extinction coefficients (¢) of ions for F,(n=1-6) and 4,4’-dimethylbiphenyl (DMBP) are given in
Table 5.1. Details of estimations for ¢ of cations are in section C1 of Appendix C. From Figure
5.2 and Figure 5.3, decays of radical ions during the first 200 ns display large variations with
solute. Figure 5.2 (b) shows that the decay of DMBP ions is the fastest among molecules given
in Table 5.3. From Figure 5.3, the fast decay rates of F, (n=1-6) radical ions decrease for the
longer oligofluoroenes.
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Figure 5.2 (a) Kinetic traces from pulse radiolysis of 4,4’-dimethylbiphenyl (DMBP), p-
terphenyl (pT), terthiophene (Ts) and fluoranthene (FA) in 2,3-dihydrobenzforan (DF) solutions,
where concentrations of all solutes are 50 mM. (b) Kinetic traces of these four molecules at early
time.
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Figure 5.3 Kinetic traces from pulse radiolysis of F,(n=1-6) at observation wavelength in 2,3-
dihydrobenzofuran where concentrations of F,(n=1-6) are 50, 50, 40, 30, 20 and 20 mM,
respectively.

Table 5.1 Extinction Coefficients of Anion (g,) and Cation (&)
name ga M 'em™) ge M em™)
F, 8.18x10° (650 nm)*  8.82x10° (680 nm)°
F, 2.64x10* (1100 nm)”®  3.71x10* (1250 nm)*
F3 2.54x10% (1507 nm)’®  3.17x10* (1507 nm)'
F, 2.46x10* (1507 nm)’®  1.36x10* (1507 nm)*
Fs 1.82x10* (1507 nm)’®  8.23x10° (1507 nm)®
Fs 1.58x10* (1507 nm)”®  9.60x10* (1507 nm)*
®DMBP  1.10x10* (680 nm)'"®  1.45x10* (680 nm)'**

TC 1.61x10* (830 nm)*  3.87x10* (830 nm)°

%4 4’-dimethylbiphenyl "tetracene °Estimated in THF, and the details of the estimation are in the
section B of Appendix B. “Estimated in THF with €, of biphenyl™ as reference. The details of
the estimations are in the section C1 of Appendix C. "Estimated in nitrobenzene, and the details
of the estimations for & are in section Cl of Appendix C. Uncertainty of ¢ is 13%. /Personal
communication with Dr. Tomoyasu Mani of Chemistry Department of Brookhaven National Lab.
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The recombination of DMBP radical ion in DF is diffusion controlled. From the section 4.3,
mean lifetime of fast decay is ~8+1 ns in THF for anions with diffusion controlled recombination.
DF is more viscous than THF so diffusion controlled recombination may be slightly slower in
DF compared with THF. Fitting results of a three exponential function to the kinetic traces of
DMBP radical ions in Figure 5.2 show that the mean lifetime of the fast decay is ~9+1 ns. This
finding suggests that fast decay of DMBP radical ions is diffusion controlled.

To estimate the Gy values, a free-ion indicator is introduced to intercept the free ions. For this
indicator, there are two criteria: (1) Low reduction and oxidation potentials (E.q and Eo)
compared with the target molecule, and (2) Well-separated absorption spectra of radical ions for
the indicator. From Table 5.2, redox potentials of tetracene (TC) are well below the redox
potentials of other molecules, and the absorption spectra of TC radical ions are well separated
from these most of molecules given in Table 5.2. Therefore, TC was used as the indicator to
intercept the free ions.

Table 5.2 List of oxidation (E. vs. SCE) and reduction (E.q vs. SCE) potentials, energy of
singlet (Es) and triplet (Et) excited states and lifetimes of singlet excited states (ts).

Name Eox (V) Ered (V)  |Ered-Eox| (V)  Es(eV) 75 (ns) Er(eV)
F| 1.801%09 253176 4.331 4.08" 10" 2.94"

F, 1.438'%¢ 223871 3.676 3.495'% 0.79"* 2.495°
F3 1.328'5%¢  2.1247%f 3.452 3.225" 0.66"* 2311

F, 1.288'%¢ 20741 3.362 3.08"° 0.58" 2.263°
Fs 1.238"¢  2.013¢ 3.251 3.05"™1 0.549" 2254

Fs 1258 .1.9999 3.257 3.01° 0.520'%* 2.20°
p-terphenyl ~ 1.78% -2.25% 4.03 3.957 1.08"8 2531
fluoranthene  1.67'% -1.80'%° 3.47 3.254!°! 53162 2.29'°1
terthiophene ~ 0.91'% -2.15'% 3.06 3.05'% 0.16* 2.70'%
*DMBP 1.56' -3.04'%7 4.60 43308 16'%% 2.78'%°
tetracene 0.72'7° -1.57% 2.29 2.63" 6.4 1.27'7

®4,4°-dimethylbiphenyl PEstimated by Es= 2.80+1.23(1/n) ¢V found in this reference,'** where n
is the number of repeat units. *Estimated by Er = 2.05+0.89(1/n) eV found in this reference,'”*
where n is the number of repeat units. dEred vs. F¢™® in CH;3CN converted into vs. SCE with
Fc"°=0.56 vs. SCE in THF.”’ *Eox vs. AgNO3/Ag in dichloromethane (£4=8.93) with 0.1 M of
TBAPF4 and converted into vs. SCE with F ¢7°=0.56 vs. SCE in THF’ and Fc7°=0.232 V vs.
AgN03/Ag.155 fEred vs. F¢® in THF and converted into vs. SCE with F¢7°=0.56 vs. SCE in
THE.”” 9Measured in THF by bimolecular electron transfer equilibria method with a reference,
trans-stilbene®” (ES”") =231 V vs. SCE in dimethylformamide.®® ES” —Fs""=123+13 meV
and ES” —F¢” =137+11 meV.
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In Figure 5.4, kinetic traces from pulse radiolysis of highly concentrated solutes with 0.5 mM of
TC were collected at 830 nm absorption peak of TC radical ions. Most solvated electrons (e )
and DF" are captured by the highly concentrated solutes, which then completely transfer
electrons and holes to TC in ~2 ps. Any geminate electrons and holes transferring to TC
disappear rapidly, leave only free ions. The average growth rate constant is 2.6(+0.8)x10° M 's ',
which may be a reasonable rate for diffusion-controlled charge transfer reaction for 0.5 mM of
TC based on that n of DF is 1.97 cP, for kinetic traces from pulse radiolysis of Fy(n=1-3),
terthiophene (T3) and DMBP with TC. A typical geminate, diffusion-controlled ET reaction rate
constant in THF (1=0.48 cP) is ~1.2x10'® M"'s™". From kinetic trace of fluoranthene (FA) with
TC shown in Figure 5.4 (b), the growth is slower than others. This slow growth may be due to
slow ET because E,.q of FA and TC are close. Therefore, the electron transfer rate from FA™ to
TC is slow.
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Figure 5.4 Kinetic traces from pulse radiolysis of (a) Fn(n=1-3) and (b) F,;, 4,4’-
dimethylbiphenyl (DMBP), p-terphenyl (pT), terthiophene (T3) and fluoranthene (FA) at 830 nm
in 2,3-dihydrobenzofuran with 0.5 mM of tetracene (TC). The concentrations of F,,(n=3,4) are 40
and 30 mM, respectively, and the concentrations of other molecules are 50 mM. The kinetic trace
of F5+TC is corrected for absorption of 3F;" at 830 nm.
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After ~2 s, the electron and hole transfers are complete so only TC radical ions remain. These
remaining ions are clearly free ions, which decay slowly. For # >4 us, Y of F, and F; are larger
than F; from Figure 5.4(a), and almost identical absorbance of TC radical ions indicate that the
Y. of Fi, DMBP and p-terphenyl (pT) are nearly identical from Figure 5.4(b). In this chapter, Y
is reported as G value of free ion pairs (Gg) per 100 eV of energy absorbed. The Gy values of
Fn(n=1-6) and small molecules are given in Table 5.3. The strong absorption of Fa (n=4-6) at
830 nm make the free-ion indicator method difficult to estimate the Gy values for F,(n=4-6). An
alternative method to estimate the Gy values for F,,(n=4-6) is to directly estimate Y from kinetic
traces of Fn(n=4-6) shown Figure 5.3 with ¢ of F,(n=4-6) ions. In Figure 5.5, a plot of
concentrations of F,(n=3-6) radical ion pairs vs. time, shows almost identical decays that
suggests almost identical Gy values for F,(n=3-6).

Table 5.3 Geminate Recombination Rates (k;), Charge Separation Rates (k), the Free lon Pair
Yield (Gy), the Type II Free Ion Pair Yield (Gg") and the Number of the Atoms (NA).

Name k(s kes (s Gy NGl 'NA
Fi  2.02(£0.41)x10° <1.00x10*  0.17(0.02)  <0.02 11.1
F,  1.08(x0.15)x10" 9.73(£1.36)x10° 0.25(x0.02)  0.10 21.5
F;  8.10(20.58)x10° 8.77(20.66)x10° 0.27(£0.02)  0.12 32.0
F,  9.65(£0.65)x10° 9.66(+0.57)x10° 0.27(+0.02)°  0.12 42.4
Fs  6.34(x0.15)x10° 7.56(+0.43)x10° 0.27(+0.02)°  0.12 53.1
Fs  5.89(£0.17)x10° 7.95(+0.39)x10° 0.27(+0.02)°  0.12 63.5

°DMBP  >5.00x10° <1.00x10°  0.15(x0.01) <0.02 9.6
T 2.31(£0.22)x10°  2.82(x1.31)x107 0.17(+0.02)  <0.02 11.2
°Ty  2.17(20.18)x107  1.33(x0.19)x10" 0.22(+0.02)  0.05 7.6
FA  2.11(x0.20)x10"  1.37(x0.34)x10" 0.22(+0.02)  0.05 6.9

4 4’-dimethylbiphenyl *p-terphenyl “terthiophene “fluoranthene “tetracene/The unit is number of
free ion pairs per 100 eV of energy absorbed, and Gg=Gg+Gyg'. *From Figure 5.5, the Gg values
of F,(n=3-6) are almost identical (see text). "The G5 values is estimated by Gi =Gs-Gg' where
Gs and G4'=0.15 per 100 eV are estimated by the free-ion indicator. '"The Number of the Atoms
is used to represent charge density of ions (see text).
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2.0 In DF Solutions

— F,40 mM
— F,30mM
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Figure 5.5 Based on kinetic traces from pulse radiolysis of F,(n=3-6) shown in Figure 5.3 and
4,4’-dimethylbiphenyl (DMBP) shown in Figure 5.2(b), plots of concentrations of F,(n=3-6) and
DMBP radical ion pairs (RIP) vs. time at (a) longer and (b) early time. The concentrations of
Fn(n=3-6) in 2,3-dihydrobenzofuran solutions are 40, 30, 20 and 20 mM, respectively. The
concentrations of F,,(n=3-6) ion pairs are estimated by the extinction coefficients of F,(n=3-6)
and DMBP radical ions given in Table 5.1 with path length 5 mm. Uncertainty for the
concentration of RIP is ~13%.

Kinetic traces of DMBP radical ions and triplet excited states of DMBP (*DMBP") shown in
Figure 5.6 were collected in DF solution with different concentrations of DMBP. Kinetic traces
of °DMBP” at 390 nm shown in Figure 5.6(b) are corrected because DMBP radical ions also
absorb at 390 nm. To form 3DMBP*, there are two possible mechanisms, ion recombination of
DMBP radical ions (reaction 5.4) and triplet excited energy transfer from DF to DMBP (reaction
5.6b). The rate of the former reaction is independent of the concentration of DMBP and the latter
reaction is concentration dependent. Regardless of the concentration of DMBP, the mean
lifetimes for fast decay of DMBP radical ions and fast growth of “DMBP" are ~9+1 ns. This
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finding suggests that growths of °DMBP absorption are due to DMBP" generated from the ion
recombination.
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Figure 5.6 (a) Kinetic traces from pulse radiolysis of (a) 4,4’-dimethylbiphenyl (DMBP) radical
jons at 680 nm (b) triplet excited states of DMBP (* DMBP") at 390 nm in 2,3-dihydrobenzofuran
(DF) with different concentrations of DMBP. The insert of Figure 5.6(a) shows the kinetic traces
of DMBP radical ions at early time. The kinetic traces of *DMBP" are corrected for absorption of
DMBP radical ions at 390 nm.

From Figure 5.6, the yield is 0.98+0.02 for geminate RIP of DMBP recombining with each other
to generate "DMBP’. Details of estimation for this yield are in section C2 of Appendix C. This
finding suggests that potential energy of RIP for DMBP is below the energy of singlet excited
state of DMBP. The number of geminate RIP of DMBP and *DMBP" generated from geminate
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ion recombination are estimated from data shown in Figure 5.6 by a three exponential function
with & of °DMBP’, 3.42x10* M"'em™ at 390 nm'”* and & of DMBP radical ions given in Table 5.1.

Photoexciation was also applied to study geminate ion recombination. Kinetic traces from 397
nm photolysis of F; radical ions at 1500 nm are shown in Figure 5.7 (a), and that of *F5" at 640
nm are shown in Figure 5.7 (b). In Figure 5.7, F; is excited by a 397 nm, 100 ps laser pulse, in
THF with different concentrations of F3. Due to the small extinction coefficient (¢) of F3 at 397
nm, 1.2x10° M 'em™,”® 'F;" are uniformly created across the cell by using 397 nm light as the
excitation. There is significant absorption of F3 ions in 20 and 40 mM solutions and little
absorption of F3 ions in 5 and 10 mM solutions. The mechanism of forming F; radical ions is that
F; and 1F3* diffuse together, and then an electron transfer from 1F3* to F3 occurs to create a F3
radical ion pair. For F; ion pairs created by photoexcitation, the escape probability is ~0.18 in
THF, as determined by a three exponential function from data. Most geminate F3 ion pairs
created by photoexcitation is CRIP. These fitting results are in Table C1 of Appendix C. For
'F;", the bimolecular quenching rate constant (ky) measured in the current study is
1.60(x£0.53)x10° M's™" in THF with F; as quencher. Lifetime of 'F;" is short, 663 ps,"*
therefore low concentration F3 solutions such as 5 and 10 mM solutions a little or no F; ions may
be form before 'F;* decaying to the ground state. Because 'F5 also absorbs light at 640 nm, the
fast decay of the kinetic traces at 640 nm is due to relaxation of 'Fs . This fast relaxation also
suggests that slow growths are not due to intersystem crossing. Therefore, slow growths of
kinetic traces at 640 nm suggest that °F5" is likely produced from recombination of free F5 ions.
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Figure 5.7 Kinetic traces from 397 nm photolysis of (a) F3 ions (F3 and F3™) at 1500 nm and (b)
3F3" at 640 nm where the path lengths are 0.5 mm with different concentrations of F5 in THF. The
insert of (a) shows the decays of F; ions at early time. Formation of F; ions is due to electron
transfer from 'F5 , excited by 397 nm light, to Fs. At 640 nm, the instant absorption is due to the
intersystem crossing and 'F3, and the slow growth of absorption is due to the recombination of
F; ions.

Figure 5.8 shows kinetic traces from pulse radiolysis of F,(n=1-6) at wavelengths mainly
absorbed by triplet excited states of oligofluorenes (‘F, .,n=1-6). For F,, the growth
corresponding to the decay of F, radical ions shown in Figure 5.3 suggests that a part of °F," is
generated by ion recombination of F; ions. Because absorption bands of F, radical ions and *F,
are well overlapped, it is difficult to tell whether F, ion recombination generates °F," or not. For
Fn(n=3-6), no obvious growth corresponding to the decays of F,(n=3-6) ions seen in Figure 5.3
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that suggests no triplet excited states are produced from the ion recombination in pulse radiolysis
experiments. The fast growth rates of °F, (n=2-6) show concentration dependence suggesting
that kinetic traces are due to energy transfer from *DF’, (reaction 5.6b), with an average rate
constant, 3.72(£0.75)x10° M"'s". The growth rates are given in Table 5.4 and determined by a
two exponential function for accounting growth and decay of triplet excited states from data over
the time period from 2 ns to 1 ps.
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Figure 5.8 Kinetic traces from pulse radiolysis of F,(n=1-6) triplet excited states, 3F, (n=1-6), at
their maximum absorption wavelengths in 2,3-dihydrobenzofuran. The concentrations of F,(n=1-
6) are 50,50,40,30,20 and 20 mM, respectively.

Table 5.4 Growth Rate Constants of Triplet Excited States (k) and Decay Rates of Singlet
Excited States (kq) for Fp(n=1-6)

Name (Conc.) hgM s ®ka (s)/ ¢ (ns)
Fi (50 mM) 2.40x10° 1.31x10% 7.63
F, (50 mM) 2.78x10° 5.70x10% 1.76
F; (40 mM) 3.20x10° 7.32x10% 1.38
F4 (30 mM) 3.43x10° 7.01x10% 1.42
Fs5 (20 mM) 431x10° 7.28x10% 1.37
Fs (20 mM) 4.55x10° 7.64x10% 1.31

®Determined by three exponential function, Ag + A; exp(—kgt) + A, exp(—kat), from kinetic traces
from pulse radiolysis shown in Figure 5.8. A;(i=0-2) are absorbance for exponential decays and ¢
is time. "Determined by a single exponential function from kinetic traces from pulse radiolysis
shown in Figure 5.9.

60



For F,(n=1-6), the absorption spectra of singlet and triplet excited states are well overlapped.
Instead of observing absorption for singlet excited states, observing fluorescence is an alternative
way to study them. Figure 5.9 shows no sign of delayed fluorescence corresponding to the ion
recombination of F,(n=1-6) radical ions shown in Figure 5.3. The fluorescence lifetimes were
determined by single exponential fitting and given in Table 5.4.
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Figure 5.9 Transient emission from pulse radiolysis of F,(n=1-6) at their maximum emission
intensity wavelengths in 2,3-dihydrobenzofuran. The concentrations of F,,(n=1-6) are 50, 50, 40,
30, 20 and 20 mM, respectively. The insert shows the transient emission of F;.

5.4 Discussion

From our observations, there are four major findings: (1) For Fy(n=1-6), Gg increases with
increasing the number of the repeat units (#) in DF from the pulse radiolysis data. (2) k; of
Fn(n=1-6) decrease with increasing » in DF from the pulse radiolysis data. (3) There are triplet
excited states generate by CR in THF from the photoexcitation data. (4) Little or no triplet and
singlet excited states generated by CR in DF from the pulse radiolysis data. The first finding is
related to the CRIP-SSRIP picture with the correction and the electron transfer (ET) theory.*'?
The recombination of RIP generating excited states or not is related to potential energy of RIP.
The following discussion will introduce the kinetics of the CS processes and discuss the
influence of charge density in ET and potential energy of RIP in reference of free ions.

5.4.1 Kinetic Analysis

Based on the reports of Arnold,"*® Koch'*® and Zhong,'? a scheme of CS processes is illustrated
in Scheme 5.1, and a potential energy diagram for the photoinduced electron transfer (PET)
system is illustrated in Figure 5.10 (a). Scheme 5.1 proposes two things: (1) The CRIP acts as a
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trap and (2) CS states are produced from SSRIP. Transformation from CRIP to SSRIP is
described by solvation rate constant (ksy) or equilibrium constant between CRIP and SSRIP
(Ksowv=Fksolv/ksorv). The CS is described by CS rate constant (k) or dissociation rate constant
(kdiss=Kegkes) for IRIP comprising of CRIP and SSRIP. Experimental results have shown that
YCS,2 ksolv,m’ M2 K w20 and kg > 143 1477198 i crease with increasing dielectric constant.

Scheme 5.1 Kinetics of charge separation (CS) processes, where CRIP is contact radical ion pair
and SSRIP is solvent separated radical ion pairs, kgt is electron transfer (ET) rate constant, kgt is
reversed ET rate constants, kyy 1S solvation rate constant, k.., 1S reversed solvation rate
constants, k. is CS rate constant, kgss 1S dissociation rate constant (kgiss=Ksorwkes), Ksolv 18
equilibrium constant between CRIP and SSRIP (Kgowv=kson/k-sorv Or [SSRIP]/[CRIP]), which is
reciprocal to K¢q from Scheme 4.1, k; is the recombination rate constant of ions. kigr is long
range ET rate constant and k. g is reversed long range ET rate constants.
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Figure 5.10 The free energy (E£) diagrams of charge separation processes for ion pairs created by
(a) photoexcitation and (b) pulse radiolysis. CS is charge separation and CT is charge transfer
states. PRIP is the primary radical ion pair created by pulse radiolysis. The CT states comprise of
contact and solvent separated radical ion pairs.
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For pulse radiolysis data, a fitting procedure was developed to extract the geminate
recombination rate constant (k;) and charge separation rate (k.s) based on Scheme 5.2. The
potential energy diagram for pulse radiolysis is illustrated in Figure 5.10(b). Based on Scheme
5.1, kinetics of geminate CR for pulse radiolysis is proposed and shown in Scheme 5.2. The
primary radical ion pair (PRIP) were created by the electron pulse. From the findings of Chapter
4, PRIP usually escape from each other to become the Type I free ions for PRIP with 7>7.. Under
influence of the mutual Coulomb attraction, PRIP diffuses together to become CT state, which
are comprised of SSRIP and CRIP. The association of PRIP can be described by two exponential
function based on the findings in section 4.5.1 of Chapter 4. After CT state forms, the anion
recombines with cation via ET reaction with a rate k., which is k_g1/Kgoy +A.gr from Scheme 5.1.
In the CT state, the anion and cation may escape from each other to become the Type II free ions.
By the definition of CS, the Type I and II free ions are CS state. The decays of Type I and II free
ions are described by homogenous recombination rate (k,), which is not included in Scheme 5.2.

Scheme 5.2 Kinetics of geminate recombination for ions created by pulse radiolysis. PRIP is
primary radical ion pairs, CT state is charge transfer state, which consists of solvent separated
and contact radical ion pairs, and CS state is charge separated state. k,; and k., are association
rate constants, k; is geminate recombination rate constant and k. is the charge separation rate
constant.
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The fitting procedure extracts k; and ks from the data, over the time period from 2 ns to 1 ps,
with F', ka1 and k,, held fixed. The relation between k;, Fy," and ke is

kCS
k. +k

cs r

F = (1-F) (5.7),

where Fy' is fraction of the Type I free ions and F," is fraction of the Type II free ions. The
Fi'=0.19 ku=1.16x10° s™' and ky,=1.61x10" s™' for diffusion controlled recombination were
determined by the fitting procedure from data of DMBP shown in Figure 5.2. The fractions for
ka1 and k,; are 0.64 and 0.17, respectively. By holding Fi!, ka1 and ky, fixed, the lower limits of &;
for DMBP radical ions were found to be 5.0x10° s, The k:, kes and the Gy values of Fy(n=1-6)
and other small molecules are given in Table 5.3, where Gg=Gg'+Gy'". Because there are almost
no Type II free ions forming for ions with diffusion controlled recombination, the Gy values for
the Type I free ions is G'=0.15+0.02 per 100 eV in DF, estimated by using TC as a free-ion
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indicator from data of DMBP. The Gg' values of Fy(n=1-6) and other small molecules
determined by the free-ion indicator are given in Table 5.3.

5.4.2 Influence of the Low Charge Density

Figure 5.11 shows that the free ion yield increases with decreasing charge density. The ion’s
charge density is represented by the number of the atoms (NA) that contain 80% of the negative
charge using Mulliken'® charges with hydrogens summed into heavy atoms computed by
B3LYP/6-31G(d) in vacuum with the assumption that the charge densities of the anion and the
cation are identical. The NA’s of F,(n=1-6) and other small molecules are given in Table 5.3. In
Table 5.3, the Gy values increase with increasing n for Fo(n=1-3) ion pairs, and there is little or
no difference of Gg" values for Fn(n>3) ion pairs. No obvious difference in Gg'" value between
Fn(n=3-6) ion pairs may be due to that the polaron delocalization length in oligofluorenes is 4.3
repeat units’® resulting in little or no difference of Coulomb interaction in between F,(n=3-6) ion
pairs. These findings suggest that the enhancement of the free ion yield by charge delocalization
leads is due to the weak Coulomb interaction that lets more easily ion escape from the opposite
ions to become the free ion.
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Figure 5.11 A plot of the Type II Free Ion Pair Yield (Gg") vs. the Number of the Atoms (NA).
Relation between charge density and NA is reciprocal.

This thesis also finds that the ion escape probability (Fes=[Fi" J/[IRIP]) from photoexcitation of
F; ion pairs in THF is 0.18+0.02. Here [Fi"] is the concentration of the Type II free ions, and
[IRIP] is the concentration of the IRIPs. Because the ET probability exponentially decreases with
increasing distance, formation of the ions by photoexcitation requires that the excited and neutral
molecules are close to each other, possibly in contact. Therefore, the ion pairs created by
photoexcitation are expected to be CRIPs. The only free ions created by photoexcitation are
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Type II. For the ion pairs consisting of 9,10-dicyanoanthracene anions (DCA™) and
hexaethylbenzene cations (HEB™) created by photoexcitation in THF, Zhou? found that the Feq
was 0.06. Charge densities of these ions are higher than those of F3 ions. The NA’s of DCA™ and
HEB™" are 3.7 and 4.8. The difference of the Fe. between this thesis and report of Zhou® strongly
suggests that the weak Coulomb interaction caused by low charge density significantly increase
the escape probability of the ion.

Based on the observation'” that the free ions mainly produced from SSRIP in low dielectric
constant solvent such as THF, the high population of SSRIPs can increase the free ion yield in
low dielectric constant solvent. The SSRIP arises because the ion-dipole interactions between the
ions and the solvent molecules with the permanent dipole moments to solvate the ions separately.
THF and DF have permanent dipole moments so some IRIPs are CRIPs and other IRIPs are
SSRIPs. The equilibrium constant (Ks,=[SSRIP]/[CRIP] in Scheme 5.1) between CRIP and
SSRIP is determined by the competition between the ion-dipole and Coulomb interactions. The
Ksov increases with increasing the dipole moment and decreasing the charge density. The r of
SSRIP is longer than that of CRIP so the Coulomb interaction in SSRIP is weaker compared with
that in CRIP. Therefore, escape probability of ion in SSRIP is higher than that in CRIP. Based on
the ET theory (the Marcus theory),”® the ET rate decreases with increasing r. Therefore, the ET
theory predicts that the lifetime of SSRIP is longer than that of CRIP. The ion escape probability
of SSRIP is also increased by this long lifetime of SSRIP.

5.4.3 Transformation between CRIP and SSRIP

The Fe from pulse radiolysis and photoexcitation of F3 ions are different. [FiH] from pulse
radiolysis is determined from the different of the free ion concentrations between the diffusion
controlled and non-diffusion controlled data shown in Figure 5.5. Because recombination of IRIP
is geminate, [IRIP] from pulse radiolysis is determined from the geminate decay of the diffusion
controlled data. The decay of DMBP ion pairs is diffusion controlled, so [IRIP] from pulse
radiolysis determined by a two exponential function from the data is 0.40+0.18 uM. The decay
of F3 ion pairs is non-diffusion controlled, so [Fi"] from pulse radiolysis determined by a two
exponential function from the data is 0.73+0.09 uM. Despite of lower g4 of DF compared with
THF, the Fe from pulse radiolysis of F3 ion pairs are 0.52+0.07 in DF which is greater than
Fesc=0.18+0.02 from photoexcitation in THF. Based on the F.s. from pulse radiolysis of F3 ion
pairs, the Gg" value of F3 ion pairs is 0.12 per 100 eV, and the G value of F3 IRIPs is 0.23 per
100 eV. The [FiH] and [IRIP] from photoexcitation are the free ions concentration and the total
concentration of the ions determined by a three exponential function from the data. The fitting
results of a three exponential function are given in Table C1 of the Appendix C. For different
concentrations of F3 solutions in THF, the quantum yields of free ions and IRIPs from
photoexcitation are given in Table C2 of Appendix C.
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Regardless of similar charge density, the F.s. from pulse radiolysis and photoexcitation of F3 ion
pairs are different. If the observation'? that no transformation occurs between CRIP and SSRIP
applies to the F3 ion pairs studied here, this finding signals two things: (1) The transformation
from SSRIP to CRIP may be slow. (2) The separation distance distributions of ion pairs from
pulse radiolysis and photoexcitation are different. Zhong'? observed the CRIPs with an average
lifetime 48 ns in 1,2-dichloroethane (£4=10.36) and concluded that no transformation occurred
between CRIP and SSRIP over time period 0-100 ns. This conclusion is based on the assumption
that the SSRIPs created by photoexcitation in low dielectric constant solvent are mainly due to
the long range ET step illustrated in Scheme 5.1. From photoexcitation data in Figure 5.7(a), the
average lifetime of F; IRIPs in THF is 2+1 ns. From pulse radiolysis data in Figure 5.3, the
average lifetime of F5 IRIPs in DF is 12347 ns. If the above assumption and the observation” that
the free ions are mainly produced from the SSRIPs apply to the present experiments on F3 then
the transformation rate from SSRIP to CRIP in low dielectric constant solvents such as THF and
DF is less than 5.0x10°s™". Pulse radiolysis creates the ion pairs with large separation distances
that become SSRIPs. Photoexcitation mainly creates CRIPs. If the transformation from SSRIP to
CRIP is slow then regardless of charge density, free ion yield from pulse radiolysis are greater
than that from photoexcitation.

5.4.4 Influence of Charge Density in Electron Transfer Reaction

From Table 5.3, & decreases with increasing n. The charge density as reflected in NA decreases
with increasing n from Table 5.3. This finding suggests that charge density influences rate of ET
reaction. Based on Scheme 5.1, recombination rates of ions in CRIP and SSRIP are related to 7.
Based on the Marcus theory™’ (classical ET theory), formalism of general ET rate (kggr) is:

27 (AG + 4, )
k... ===V (r)exp| -———=L_ 5.8),
2 () Xp[ 4k, T (5.8)

where V(7) is the electronic coupling term (eq. 2.3.3), Ag is the solvent reorganization energy and
AG is the standard free energy change of ET reaction, which may be referred to as charge
recombination energy (Acr) of ET reaction. The element of electronic coupling matrix V(Ry) is
related to the size of the ions. Large ions, which have more complex molecular orbitals
compared with small ions, result in lower orbital overlap, and hence have smaller values of V,.'*
Gould’ reported that ket decreased with increasing size of D, (1-3 benzene ring structures) for

9,10-dicyanoanthracene as A.. With dielectric continuum model, Ag is:

2
PN RN B 59
dre\d, d, r\n g

where dja is the diameter of A., dp is the diameter of D., n is refractive index and g4 is the
dielectric constant.* Acr 1s estimated by:
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where E,." is the reduction potential of A, E.." is the oxidation potential of D, p, is the charge
density of A., pqis the charge density of D, v, is the volume of A. and v, is the volume of D, y
is the distance illustrated in Figure 5.12 and E, is the energy of product state. The possible
product states of the ET reaction are singlet or triplet excited states and the ground state. For RIP
consisting of high charge density ions such as 1,2,4,5-tetracyanobenzene (TCB) as A and p-
xylene (pXy) as D,, the solvation energies of CRIP and SSRIP also affect Acg.'*® Chemical
structures of TCB and pXy are given in Appendix A. In DF, this solvation energy difference
between CRIP and SSRIP are ~150 meV in DF (g4~4.33) and ~60 meV in THF (g4=7.58). These
energy differences are estimated by solvation energy terms of the empirical equations,
Acrip=0.56 eV (1/e4)+0.003 eV and Assrip=1.52 eV(1/e4)—0.064 eV, which are from eq. (4) and (5)
found in this reference.'* Acrip and Aggsrip are the solvation energies of CRIP and SSRIP,
respectively. Solvation energy decreases with decreasing size of the molecule from the Onsager
model'”* for CRIP and the Born model'” for SSRIP. For ions in which charges are well
delocalized over the whole molecule, the charge density of the ion is reciprocal to the size of
molecule. In this chapter, RIPs usually consists of low charge density ions compared with pXy
and TCB. Therefore, the influence of solvation energy difference between CRIP and SSRIP in
Acr 18 negligible.

Figure 5.12 Schematic diagram for calculating Coulomb potential energy between two irregular
charged objects. p, is charge density of the acceptor and pq4is charge density of the donor. v, is
volume of the acceptor and v4is the volume of the donor.

From Figure 5.13, &; of Fy(n=1-3) ion pairs decrease with increasing NA’s. This finding supports
the prediction of the Marcus theory that ET rate of SSRIP is smaller than that of CRIP. Low
charge density ion prefers to pair with the opposite-ion as SSRIP based on the CRIP-SSRIP
picture with the correction from section 4.5.4 of Chapter 4. For F,,(n=4-6) ion pairs, k; slightly
decreases with increasing NA’s, which supports the statement from the above section (section
5.4.2) that populations of SSRIPs are almost identical for F,(n=3-6) ion pairs.
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Figure 5.13 A plot of geminate recombination rate (k;) vs. the Number of the Atoms (NA).
Relation between charge density and NA is reciprocal. The up arrow means the lower limit.

From Figure 5.13, terthiophene (T3) and fluoranthene (FA) ion pairs are smaller than DMBP ion
pairs in k; even through that charge densities of T3 and FA ions are higher than that of DMBP
ions. This finding may be due to small V(Ry) of eq. 2.3.5 for T3 and FA ion pairs because
molecular orbitals of T3 and FA ions are more complex than that of DMBP ions. Therefore, the
lifetimes of T3 and FA ion pairs are longer than that of DMBP ion pairs. The Type II free ion
pair yield possibly increases due to increase lifetime of RIP therefore Gg' of T and FA ion pairs
are greater than that of DMBP ion pairs.

Kinetic trace from pulse radiolysis of F3 ion pairs shown in Figure 5.3 much slower decays
compared with that from photoexcitation shown in Figure 5.7(a) at early time. Based on Scheme
5.1, geminate RIPs created by photoexcitation are mainly CRIP. IRIPs created by pulse
radiolysis comprise of CRIP and SSRIP. The Marcus theory’” proposes that rate of ET reaction is
faster in CRIP compared with SSRIP. Our findings from Figure 5.3 and 5.7(a) suggest that IRIPs
of Fs created by pulse radiolysis are mainly SSRIP and agree with the above predication of the
Marcus theory.

5.4.5 Potential Energy of RIP

The data from photoexcitation of F3 in Figure 5.7 shown two results: (1) Photoexcitation
successfully created F; radical ions in THF. (2) °F;° were generated from homogenous
recombination of Fs ion pairs. These findings suggest that the potential energy of the CT state is
above the free energy of the triplet excited states (Et) and below the free energy of the singlet
excited states (Es). The above results also agree with the free energy diagram illustrated in
Figure 5.10(a) for photoexcitation. The free energy of RIP can be estimated by eq. (5.10) with
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Ey,=0 eV, =0.3 and 0.7 nm for CRIP and SSRIP, respectively.'® For the free energy of free ions
(Er1), r 1s usually assumed to be infinite'® so Er=|Eea-Eox|. The relation of the free energies
between free ions and RIP is Ex>Essrip>Ecrip because the Coulomb potential energies of RIP
increase with increasing r. Esspip and Ecrip are the free energies of SSRIP and CRIP,
respectively. For F,(n=1-6), the Coulomb potential energies estimated by eq. (5.4) are given in
Table 5.5 with face-to-face F,(n=1-6) ion pairs. An example for face-to-face F, ion pair is in
Figure C1 of Appendix C. From Table 5.2 and 5.5, both Ecgrip and Essgrip are lower than Eg given
in Table 5.2 for F,,(n=1-6) ion pairs in THF.

Table 5.5 The Coulomb potential energies of CRIP and SSRIP relative to that of free ions for
Fn(n=1-6) in 2,3-dihydrobenzofuran (DF) and tetrahydrofuran (THF).

Name — DF (e4=4.33) “THF (£4=7.58)

ACRIP  ®Ecrip YASSRIP  ®Essrip | PACRIP ®Ecrip 9ASSRIP  ®Egsrip
F,; —-0.804 V 3527V —-0.386 'V 3945V -0.459V 3.872V —0.248V 4.083V
F, -0.604 V 3072V —-0.337V 3.339V -0.345V 3331V -0.212V 3464V
F; —-0.492 V 2.960 V -0.297V 3.155V -0.281V 3.171V -0.184 V 3.268 V
F,4 -0419V 2943V -0.265V 3.097V -0.239V 3.123V -0.163 V 3.199 V
Fs -0.367V 2.884 V -0241V 3.010 V -0210V 3.041V -0.147V 3.104 V
Fs 0337V 2920V -0.223V 3.034V —0.193 V 3.064 V -0.136 V 3.121V

“For calculating the Coulomb potential energies of F,(n=1-6) ion pairs, the assumption is that
charges evenly distribute in each carbon atom. The geometries of RIP are face-to-face stacking.
An example of face-to-face stacking RIP is given in Figure C1 of Appendix C. The Ep=|E eq-Eox|
calculated by redox potentials are given in Table 5.2, where Eox of F(n=1-6) are measured by
electrochemistry methods with supporting electrolyte. The actual Eg;, Ecrip and Essgip values are
greater than the values given in this table (see text). ®The Coulomb potential energy of CRIP is
estimated by 7=0.3 nm.'® “ThePotential energy of CRIP estimated by Ep—ACRIP. “The Coulomb
potential energy of SSRIP is estimated by =0.7 nm.'° *The Potential energy of SSRIP estimated
by Er—ASSRIP.

From data of photoexcitation in Figure 5.7(a), F3 ion pairs can be created by photoexcitation that
suggests lower Ecrip of F3 compared with the singlet excited states (Es) of F;. This finding
suggests that the Coulomb attraction of RIP significantly reduces Ep; of F3 to below Eg of Fj,
Therefore, the Ecrip of F3 is below Es of F3. From data of photoexcitation in Figure 5.7(b), there
are growths of *F; corresponding to homogenous decays of F; ion pairs in THF. This finding
suggests that the potential energies of CRIP and SSRIP are higher than that of triplet excited
states (Et) for Fs.

From data of pulse radiolysis in Figure 5.3 and 5.8, there is no growth of °F, (n=3-6)
corresponding to homogenous decays of F,(n=3-6) ion pairs in DF. These observations conflict
the findings from data of photoexcitation in Figure 5.7 that there are growths of °F3°
corresponding to homogenous decays of F3 ion pairs in THF. This confliction may be due to that
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growth of °F;" corresponding to homogenous recombination of Fs ion pairs in Figure 5.8 is
concealed by the triplet-triplet annihilation (TTA) of °F; . Large amount of °F;  are instantly
created by pulse radiolysis via triplet excitation energy transfer (reaction 5.6b) and direct
excitation to F; by the electron pulse. From 2 ns absorbance of °F;" in Figure 5.8, pulse radiolysis
creates ~2.8 uM of 3F3* in DF based on ¢ of 3F3*, 1.0x10° M 'em ! at 640 nm.'”® With ¢ of F;
ions given in Table 5.1, the concentrations of F; free ion pairs from data of pulse radiolysis in
Figure 5.3 is 0.45 uM. Therefore, the TTA of °F; is capable of competing with homogenous
recombination of F3 ion pairs for data of pulse radiolysis in Figure 5.8. Based on the above
reason, growths of ’F, (n=4-6) corresponding to homogenous decays of F,(n=4-6) ion pairs may
also concealed by the TTA for data of pulse radiolysis in Figure 5.8.

The transient emission from pulse radiolysis of Fn(n=2-6) in Figure 5.9 show no delayed
fluorescence corresponding to recombination of F,(n=2-6) ion pairs. Because the lifetime of 'F;"
is 10 ns,"™>
Based on the data from pulse radiolysis of DMBP ion pairs in Figure 5.6, triplet excited states
yield of the ion recombination is 0.98+0.02 in DF. These findings suggest that Ecrip and Essrip
are above Et and below Eg, which is in agreement with the findings from photoexcitation data of
F; in THF; it also agree with potential energy diagram illustrated in Figure 5.10(b) for pulse
radiolysis. Ecrip and Essrip of F; are possibly below the Es of F; based on the estimations given
in Table 5.5.

it is difficult to distinguish between delayed fluorescence and intrinsic fluorescence.

In Table 5.4, the fluorescence lifetimes (1) of F,(n=2-6) determined by single exponential
function from the pulse radiolysis data in Figure 5.9 are longer than the reported lifetimes of
'Fu (n=2-6) given in Table 5.2. This slightly long lifetime may be due to two mechanisms: (1)
Recombination of F,”"(n=2-6) with e, . (2) Singlet excitation energy transfer from DF (reaction
5.6a). Cherenkov radiation created by electron pulse can also create singlet excited molecules.
Because the duration of Cherenkov radiation is dependent on the width of the electron pulse,
which is much shorter than the lifetimes of an* (n=1-6), 1 for 1Fn”‘(n=1—6) created by Cherenkov
radiation are identical with the lifetimes of the singlet excited state of 'F,*(n=1-6) given in Table
5.2.

The actual Ep is higher than the Ep estimated by the redox potentials measured by
electrochemistry methods in polar solvents such as dichloromethane (DCM) with supporting
electrolyte. Connelly and Geiger’’ reported that Eo of ferrocene in THF (4=7.58) was 100 meV
higher than that in DCM (£4=8.93). Bao'”’ reported that E,, of ferrocene varied ~520 meV over
a range from 1 to 100 mM of supporting electrolyte, tetrabutylammonium tetrafluoroborate, in
DCM. From Born model,'” solvation energy of ion increases with increasing &4 and decreasing
the size of ion. Because the sizes of F,(n=2-6) are larger than ferrocene, the actual Eqx of Fy(n=2-
6) in THF may be ~200-300 meV higher than Eyy of F,,(n=2-6) given in Table 5.2. E,x of F,(n=2-
6) were measured by the cyclic voltammetry method in DCM with 100 mM of

tetrabutylammonium hexafluorophosphate. 199
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5.5 Conclusion and Summary

In DF solution, the kinetic analyses for diffusion controlled data suggest two things: (1) The
average time length for geminate radical ion pair to diffuse together to become intimate radical
ion pair (IRIP) is ~9+1 ns. (2) The Gg' value of free ions in DF is 0.15+0.02 per 100 eV
estimated by the free-indicator method and the first time to report that of value in author’s best
knowledge.

The free ion yield increases with decreasing the charge density. This chapter finds that the Type
Il free ion yields (the Gg" values) from pulse radiolysis increase with decreasing the charge
density in DF. These findings suggest that the enhancement of the free ion yield by charge
delocalization is due to the weak Coulomb interaction caused by the low charge density in the
ion pair. This thesis finds that the Fe, from photoexciation of F; ion pairs is 0.184+0.02 in THF.
Scheme 5.1 and Figure 5.10(a) show that photoexcitation only creates IRIPs, and most IRIPs is
contact radical ion pair (CRIP). Therefore, the free ions created by photoexcitation are the Type
I1. For the ion pairs had 9,10-dicyanoanthracene anions and hexaethylbenzene cations created by
photoexcitation, Zhou® found that the Fe was 0.06 in THF. These two ions which are high
charge density compared with F3 ion pairs. The difference between the Fes. from this thesis and
report of Zhou” supports that the weak Coulomb interaction can significantly increase the escape
probability of the ion.

This chapter finds that Fes from pulse radiolysis and photoexcitation of F3 ion pairs are different.
If the observation'” that no transformation from SSRIP to CRIP applied on the F3 ion pairs, the
F5 ion pairs created by pulse radiolysis have higher free ion yield compared with those created by
photoexcitation because the SSRIPs have the weak Coulomb interaction that lets more easily ion
escape probability. Pulse radiolysis creates ion pairs with a separation distance distribution so the
most the ion pairs become SSRIPs. From the general mechanusm for formation of the ion paris
by photoexcitaion, most ion pairs created by photoexcitation are expected to be CRIPs. The ET
theory predicts that the ET rate exponentially decreases with increasing 7, so the lifetime of the
SSRIP is longer than that of CRIP. This long lifetim of SSRIP also increases the escape
probability of the ion.

The Coulomb potential is crucial to the free energy of RIP (Egrp). Data from photoexcitation in
THF strongly suggest that Es>Egrp>Er. Here Es is the free energy of the lowest singlet state and
Er is the free energy of the lowest triplet state. From data of pulse radiolysis, the fact that no
'F, (n=2-6) is generated by F,(n=2-6) ion recombination in DF shows that Es>Egp. It is also
important to notice that the free energy of the free ion pair (Er) may be underestimated if this
energy is estimated by the redox potentials measures in a polar solvent with a supporting
electrolyte. Regardless of the actual Epj, the realistic Coulomb potential energy is capable of
decreasing Ep; to below Es.
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To conclude, in this chapter have four major findings: (1) This chapter is the first report of the
Gy value of free ions in DF, 0.15%0.02 per 100 eV. (2) In low dielectric constant solvent, charge
delocalization enhances the free ion yield. (3) In low dielectric constant solvents such as THF
and DF, transformation rate from SSRIP to CRIP is less than 5.0x10° s™. (4) The Coulomb
potential significantly changes the free energy of RIP. There are two unsolved puzzles: (1) In DF
solution, no growth of ’F, (n=3-6) absorptions corresponding to geminate ion recombination of
Fn(n=1-6) ion pairs was observed in pulse radiolysis data. (2) Geminate F; ion pairs created by
photoexcitation in THF have much fast recombination with each other compared with geminate
F; ions created by pulse radiolysis in DF. The last puzzle may be due to that most geminate F;
ion pairs created by photoexcitation is CRIPs which have greater ET rate compared with the ET
rate of SSRIP. Nevertheless, further investigations for these two puzzles are a possible future
work.
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Chapter 6. Energies of Radical Anions Measured by Electron Transfer Equilibria Method
6.1 Introduction

Pulse radiolysis provides an alternative way to study one-electron redox potentials of molecules
using bimolecular electron transfer equilibria method. This technique is particularly useful to
study molecules that have either a high redox potential or an unstable in their ionic state. Pulse
radiolysis is capable of rapidly reducing or oxidizing the donor molecule without working
electrode. In pulse radiolysis, molecules are reduced by solvated electrons and oxidized by
radical cations of solvent. For combination of pulse radiolysis with the equilibria method, the
advantages are: (1) Measurements can be made in less polar solvents such as tetrahydrofuran
(THF). (2) The available potential range wider than that of electrochemical methods without
supporting electrolyte and working electrode. Marasas®™ combined pulse radiolysis and the
equilibria method to successfully estimate the energy difference between benzene radical anion
and solvated electron (es ) in THF.

The disadvantages of the electrochemistry methods to measure redox potential are mainly due to
working electrode and supporting electrolyte. An ideal working electrode would be an ideal
polariable electrode (IPE) at which no charge transfer across electrode-solution interface
regardless of the applied voltage, which is crucial to electrochemical methods such as cyclic
voltammetry.”* Because there is, unfortunately, no real IPE, supporting electrolytes such as
tetrabutylammonium hexafluorophosphate (TBAPFs) are employed to ensure homogeneous and
near-zero electric field across the interface. Therefore, the available potential range is dependent
on the working electrode and supporting electrolytes. However, under some conditions such as
high concentration of supporting electrolyte and structural change of electrode-solution interface,
absorption and desorption of molecules can occur and require additional applied voltage to
reduce or oxidize the molecule of interest.

This chapter reports reduction potentials (E.q) for unstable radical anions such as oligo(9,9-
dihexyl)fluorenes anions (F,~, n=1-10) found to be unstable by Chi'>> and high E.q molecules
such as 2,4-dimethylpent-3-one (DMP) with the combination of pulse radiolysis and the
bimolecular electron transfer equilibria. The major finding of this chapter, which E,.q decreases
with increasing repeat units (#), is due to an entropic contribution from increasing the possible
configurations of the polaron in oligomers for F,, (n>5).

6.2 Experiments

Solutions were prepared under argon atmosphere with purified THF and placed in quartz
spectrophotometric cells with 2 or 0.5 cm path lengths. Chemicals were used as received without
further purification. Structures for chemicals used in this chapter are given in Appendix A.
Synthesis of F, (n=1-10) were described in detail elsewhere.” For pulse radiolysis, 15 ps, 9 MeV
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electron pulse was provided by Laser Electron Accelerator Facility (LEAF) at Brookhaven
National Laboratory.>* The short pulse of high energy electrons ionized THF molecules to create
es and a corresponding number of solvent cations. In THF, the cations decompose into radicals
and solvated protons. The radical anions are formed due to e; attaching to solute molecules.
These reactions are measured and accounted for in the interpretation of the measurements. The
probe light source is a Xenon arc lamp and probe wavelengths were selected by optical
interference filter with 10 or 40 nm band width. Optical detectors are a silicon (EG&G FND-100,
2 ns response time) or an InGaAs (Germanium Power Devices GAP-500L, 2 ns response time)
photodiodes. The signals were collected with LeCroy 8620A, 640Zi or HRO 66Zi digitizing
oscilloscopes.

6.3 Bimolecular Electron Transfer Equilibria Method

In a given solvent, pulse radiolysis creates e;, a powerful reducing agent. The radiation
chemistry in THF solution is:

electron pulse

H—RH"* + e (6.1)
RH** + RH - RH + R° (6.2)
M+es & M~ (6.3)

where RH is THF, RHJ is the solvated proton and M is the solute molecule. For molecules such
as trimethylphenylsilane (TMPS) and 2.,4-dimethylpentan-3-one (DMP), which are difficult to
reduce by electrochemical methods, their E,.q were estimated from the electron capture (EC)
reaction (reaction 5.3), where the K4 of this reaction is:

M)
“ [Mlle ]

K (6.4).

In THF, e; has a broad absorption band spanning from the visible to near-infrared and its
spectrum and extinction coefficient is known.'”™ Therefore, [e5] and [M"] can be estimated by
observing the kinetic trace of eg at a wavelength where there is no absorption of M™ .

When a sufficient concentration of electron donor (D) is present, e; are mainly captured by D,
to become D, . Sufficient here means that D, captures the majority of e despite the presence of
the electron acceptor (A.). After e is captured by D, the reactions in THF are:

D,"” + RH} - D,H" + RH (6.5)
D," +A, oD, +A,” (6.6)
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A" +RH} - A,H* + RH (6.7).
From K4 for the electron transfer (ET) reaction (reaction 6.6), the E.q of A, can be estimated
with the E.q of D¢ and vice versa. Kq of reaction (6.6) is expressed as:

_[AT][D]

— 6.8),
“ ~[AJD" ] (9

where concentrations of A, and D, can be estimated from kinetic traces of D, at wavelengths
where only D, absorbs based on the relative extinction coefficient of D™ to e .

With K of reactions (6.3) and (6.6), the standard free energy change (AG) for both reactions
are calculated by:

AG’ =—RTIn(K,,) (6.9),

where R is the gas constant and 7 is temperature. To obtain E,.q from AGO, for molecules which
Eq are difficultly determined by electrochemical methods, E.q is estimated by:

Ered(M) = (E(es_) - AGO)/l € (6.10),

where E(ey) is the energy level of egin THF, —3.34 eV, based on K¢q of reaction (6.3) with
benzene being 0.45 M ' reported by Marasas®™ and Erq of benzene, —3.38 V (vs. SCE).”® With
Kq of reaction (6.6) and E,cq of D, E,.q of A is calculated by:

AG®
Ered(A) = Erea(D) — - (6.11).
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6.4 Results

An example of estimating K4 for reaction (6.3) of TMPS is given in Figure 6.1. Comparing the
TMPS™™ absorption spectra shown in Figure 6.1(a) with e, absorption spectrum in THF'’®
suggests that TMPS™ has no obvious absorptions from 1000-1600 nm but a little absorption in
the visible, A < 600 nm. From kinetic traces of TMPS solution in THF shown in Figure 6.1(b)
and similar data, K.=33.2 M !and ker=1.5x10""M s "
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Figure 6.1 (a) Transient spectra of trimethylphenylsilane radical anions (TMPS) in THF with 5
mM of TMPS. (b) Kinetic traces at 1507 nm in THF without and with TMPS.

To estimate Kq between phenanthrene (Phe) and F,, Phe was used as A., and F; was used as D,
with 10 mM of sodium tetraphenylborate (NaBPhs) in THF. The purpose of NaBPhy is to convert
F,” into (Na",F,") ion pairs, which have relatively long lifetimes as shown in Figure 6.2, so that
most electrons can transfer from F;” to Phe. From Figure 6.2 and similar data, K.,=700 and the
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bimolecular electron transfer (ET) rate constant is kET=2.0><109 Mflsfl, for ET from F;” to Phe.
Based on the E.q of Phe®® measured by an electrochemical method, the E..q of F; in THF is
calculated by equation (6.11). The E;q of Fy(n=2-4) in THF were determined by the above
method with less than 5 mM of sodium hexafluorophosphate (NaPFs). For F,, (n=5-10) and p-
terphenyl (pT), their Er.q were estimated by using Ereq of trans-stilbene™ (ES) as a reference
without electrolyte. For tetraphenylmethane (TPM), the E.g4 was estimated by using
fluorobenzene (FBz) as references. From Figure 6.3 showing examples of estimating E,.q for Fg
and TPM by combination of pulse radiolysis and the bimolecular electron transfer equilibria
methos, Keq of ES™+Fg—of Eg™ is 357 and K¢q of FBz" +TPM—FBz+TPM™ is 62 and; ker
from ES™ to F8 is 1.1x10' and kgr from FBz™ to TPM is 5.0x10'° s!. The E.q of these
molecules in THF are given in Table 6.1, where E.4 of Fy(n=1-10) are seen to increase with
increasing the number of the repeat units (n).

10 ) B B L B B L BN BN

50 —F, /NaBPh,

40

30 —F,

——Phe"/ NaBPh,
——F, "/ Phe/ NaBPh,

mAbs. (650 nm)

20

10

Figure 6.2 Kinetic traces at 650 nm of F;” with and without phenanthrene (Phe) in THF, where
the concentrations are 100 mM F;, 100 mM F; + 0.8 mM Phe and 48 mM Phe in THF solutions
containing 10 mM of sodium tetraphenylborate (NaBPhy). F;" without NaBPhy (red, 100 mM of
F1) decays much fast than F;" with NaBPhy (blue).
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Figure 6.3 Kinetic traces of (a) solvated electrons (es ) and trans-stilbene (ES) with and without
Fs at 710 nm, and (b) e; and tetraphenylmethane (TPM) with and without fluorobenzene (FBz)
at 900 nm in THF. ES and FBz were used as the electron donor for capturing e, without
electrolyte. E..q of Fg was estimated by using E;.q of ES as a reference, and E,.q of TPM was
estimated by using E.q of FBz as references; K¢q of the electron transfer reactions were

determined by the bimolecular electron transfer equilibria method.
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Table 6.1 Reduction Potentials (Erq), Equilibrium Constants (K.q), and Bimolecular Electron
Transfer Rate Constants (kgr).

Fy
F,

F;

F4

Fs
Fs
F;
Fg
Fo
F]O
‘TPM
*DMP
"T™MPS

TP

Reactions

®F " +Phe«>F,+Phe™

®Phe” +F,«>Phet+F,"

bF2.7+F3 (—>F2+F3k

PF, +F > FytF,

‘ES"+F,«~ES+F,~
‘ES"+F5s—ES+Fs™
ES"+Fs>ES+F,~
°ES"+F;ES+F;~
‘BES+Fg>ES+F™
°ES ™ +Fy—ES+Fy~

‘ES"+F,;<>ES+F;~

‘FBz +TPM<«<FBz+TPM™
‘e, +DMP—DMP"™

‘e +TMPS«TMPS™

‘TP +ES«<>TP+ES™

Ereq (V vs. SCE)
-2.531 (+0.016)’
-2.238 (+0.004)
-2.124 (+0.020)
-2.073 (+0.008)’
-2.075 (£0.012)¢
-2.013 (£0.012)¢
-1.999 (+0.011)*
-1.999 (£0.012)¢
-1.992 (£0.015)¢
-1.979 (£0.012)¢
-1.977 (+0.012)%
-3.103 (+0.020)'

-3.222 (£0.015)"

-3.271(+0.036)™ 0.0008/0.167-7.55

-2.306(+0.002)!

[Del/[Ac] (mM)  kgr (M's™)

100/0.2-20

10/0.033-1.67

5/0.025-0.13

0.5/0.025-0.13

10/0.95-2.6

50/0.2-1.48

50/0.1-0.74

50/0.1-0.84

50/0.1-0.84

50/0.05-0.366

50/0.05-0.385

20-200/2

0.001/0.41-7.69

0.1-1/49

2.0x10°
7.9x10*
2.1x10°
1.4x10°
3.5x10°
6.1x10°
8.3x10°
8.1x10°
1.1x10"
1.5x10"
9.7x10°
5.0x10"
3.2x10"
1.5%x10"

5.8x10"

K

645(+218)
130(221)

86(+16)
444(=150)

12(26)
141(61)
241(101)
247(%112)
357(+£189)
523(£216)
589(+£274)

62(+20)
100(x44) M™!

33.2(£25.8) M

760(55)

4With 10 mM of Sodium Tetraphenylborate in THF. "With less than 5 mM of Sodium Hexafluoro-
phosphate in THF. “Without Supporting Electrolyte. dTetraphenylmethane ®2,4-dimethylpentan-3-
one fTrim_ethylphenylsilane 91,4-bis(trimethylsilyl)benzene h1,4—bis(triﬂuoromethyl)benzene 'p-
terphenyl 'Used phenanthrene (Phe) as a reference. The E.q of Phe is —2.363 V (vs. SCE) in

dimethylformamide (DMF) based on AE,4 between perylene and phenanthrene found in

reference™ with Erq of perylene found in reference.® “Used frans-Stilbene (ES) as a reference. The
Eieq of ESis —2.136 (vs. SCE) in DMF.* 'Used fluorobenzene (FBz) as reference. The E,q of FBz

is =3.207 V (vs. SCE) in THF based on AE,.q(FBz—benzene)=0.173 V in THF found in this

reference,” where E,q of benzene is —3.38 V (vs. SCE).” ™Used solvated electrons as a reference;
The energy level of e, is —3.34 V (vs. SCE) in THF based on data of Table 3 found in reference™
with the E,.q of FBz from Table 4.3 of Chapter 4.
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6.5 Discussion

Eia were measured for: (1) anions such as F, (n=1-10) that were not stable enough to be
measured by electrochemical methods and (2) anions such as TMPS™ with high E,q4. The
discussion will focus on the E,.4 of the oligofluorenes as they are the major subject of this thesis.

Chi'> reported that the oxidation potential (Ee) of Fy (n=2-7) decreased with increasing n,
similar to studies on oligothienylenevinylenes.'”’ From Figure 6.4, there are two findings: (1) the
Erq of Fy(n=1-10) increase with increasing n, where data was fitted to E,.q= —1.91-0.63(1/n) V
(vs. SCE) as shown in Figure 6.4, and (2) the E,.q of F, (n=1-10) shows a continued moderate
increase for n>5. These findings agree with suggestions of Chi'> that E.q of oligofluorenes
increase with increasing » showing mirror image behavior to E. This behavior of E,q and Eo is
due to symmetric bonding and anti-bonding molecular orbitals of conjugated oligomers predicted
by molecular orbital theory and equal solvation energies (AGY),) of the resulting anion and
cation, which can be roughly estimated by the Born model:

Ze? 1

86 = -2 (1-2) (6.12)

2r

where r is radius of the ion, Z is number of charges and g, is the dielectric constant.

-1.8
-7
+ g
= -16 <
L
Q 2
4 -15 &
z m
b =
B 14 o
w
-1.3
T T T T T
2 4 6 8 10

Repeat Units ()
Figure 6.4 A plot of the redox potential of F, (n=1-10) vs. repeat units (n), where E,.q is
reduction potential and Ey is oxidation potential. The Ex of F,, (n=2-7) are taken from Table 1 of
this reference'” are reported vs. AgNOs/Ag and converted into vs. SCE with E,y of ferrocene,
0.232 V (vs. AgNO3/Ag)"” and 0.53 V (vs. SCE).” Fit results are Eo=1.16+0.53(1/n) and
Ereq=—1.91—-0.63(1/n), which are red and blue lines, respectively.
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For F, (n>5), the reduction potentials, E.q, gradually becoming more positive may be due to an
entropic contribution, discussed below. Regardless of entropic contributions, E;.q measured by

electrochemistry methods can be written as:'*

Ereq = (A +AGY, —¢)/1e (6.13)

where E.A. is the electron affinity in gas phase and ¢ is the Fermi level of the reference
electrode. AG,, of F,”™ (n>5) are almost identical with each other because delocalized length of
polaron for oligofluorenes is 4.3 repeat units as reported by Zaikowski.”® Therefore, differences
of E,q are due to difference of E.A. for F, (n>5). For conjugated oligomer, the E.A. is related to
the energy of the singly occupied molecular orbital (SOMO) as illustrated in Figure 6.5. For F,,”
(n=4-10), absorption energies of the P, band reported by Zaikowski’® and given in Table 6.2
indicate no obvious n dependence of P, absorption energy, which suggests energies of SOMO
for F, (n=5-10) are almost identical.

Neutral Oligomer Charged Oligomer (Anion)
LUMO+1 LUMO+1
*
LUMO
7 \\\\ P,
distor‘tion\‘\_L SOMO I\
| [
VN
P,
[ A | b
HOMO vl vl

Figure 6.5 Molecular orbital diagram for neutral and charged conjugated oligomers. For the
anion of conjugated oligomers, SOMO is due to that additional electron distorts the energy level
of LUMO. SOMO is the singly occupied molecular orbital, LUMO is the lowest unoccupied
molecular orbital, and HOMO is the highest occupied molecular orbital. The P; and P, are
absorption bands of polaron. The VN is the vestigial neutral band in neutral conjugated
oligomers.
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Table 6.2 List of Absorption Energies of P, Bands and Entropic Contributions (—AST) for
F. (n=5-10).
%P, (eV)  P—AST(meV)

Fs 2.076 —24
Fs 2.075 —33
F; 2.065 —40
Fg 2.064 —45
Fo 2.054 —49
Fio 2.054 —53

*The values of absorption energies are taken from Figure 6 of this reference.”® "Entropic
contribution based on the bead model'™' (see text) at 7=298 K with delocalized polaron length,
n,=4.3 repeat units.”®

For Erq of Fy(n=5-10), an expected entropic contribution suggested by Zaikowski’® is
configuration entropy, kgln(Q2), where Q describes the number of independent ways in which one
polaron can be arrange in oligomers. Kaufman'®' suggested that such entropic contributions
affected the E.q of polyacetylene. For estimating the configuration entropy, a simple model'®’
treating the polaron as a spherical bead with diameter n, repeat units, the delocalized length, and
the oligomers as a chain with length » repeat units is applied to estimate the entropy (S):

§ = kg |In (mp - —L55=5) — 1] (6.14),

where p=n/n, with n,=4.3 repeat units.”® Based on the bead model, the entropic contributions
(—AST) of F, (n=5-10) given in Table 6.2 suggest 29 meV difference of E,.q between Fs and F.
This difference is close to our finding, 36 meV difference of E..q between Fs and F, from Table
6.1. Therefore, small E..4 differences among F, (n>5) are due to the entropic contribution.

6.6 Summary

The combination of pulse radiolysis and the bimolecular electron transfer (BET) equilibria
method successfully estimated K¢q of the electron transfer (ET) and electron capture (EC)
reactions. Pulse radiolysis is capable of creating solvated electrons, a highly reactive reducing
agent, in a given solvent. The BET equilibria method is a good technique to estimate the Keq of
the ET and EC reactions for a molecule which ion has short lifetime. The relative E..q of Fy(n=1-
10), TPM and TP were estimated with the K., of ET reactions based on the E,.q of the reference
molecules. The relative E,.q for molecules such as TMPS that is difficult to reduce by the typical
electrochemistry methods were estimated based on the K.q of the EC reaction of the molecules
and the energy level of e, in THF.

The Eeq of F, (n=5-10) gradually become more positive with increasing the number of the repeat
units (n) that is due to entropic contribution from the number of possible configurations for
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stabilizing the polaron in oligofluroenes. The bead model'® that treats the polaron as a sphere

with a radius (n,), which is the delocalized polaron length, and polymer as a string with a finite
length, which is n, was employed to estimate the entropic contribution to the E,q of
oligofluorenes. The poalron delocalization length is 4.3 repeat units in oligofluorenes.”® The
configuration entropies of F, (n=5-10) estimated by the bead model are close to the experimental
configuration entropies. This finding suggests that the bead model is a fairly good and simple
model to estimate the entropic contribution to the E..4 of the polymers.

Knowledge of K4 between the electron donor and acceptor is important to establish the ladder of
reduction potentials. Once the ladder is established, the ladder can be a tool to quickly estimate
the E..q of molecule with pulse radiolysis. By observing the transient absorbance, if there is any,
for anions of molecules, the sign of AE,.q between the target molecule and a molecule given by
the ladder can be determined. Therefore, E.q of the target molecules can be estimated with
known E.4 of molecules. The advantage of the reduction potential ladder is the capability of
measuring E,.q in a given solvent without supporting electrolyte and working electrode.
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Chapter 7 Summary

In media with low dielectric constants (g4) such as tetrahydrofuran (THF, €4=7.58) and 2,3-
dihydrobenzofuran (DF, £5=4.33), the enhancement of the free ion yield by charge delocalization
was systematically studied. This enhancement was demonstrated by using oligo(9,9-
dihexyl)fluorenes (F,, n=1-6) ions in which charge densities decreased with increasing the
number of the repeat units (n). This thesis examines free ions of two types, which are referred to
as the Type I and II free ions. The Type I free ion is an ion that escapes from an ion pair in which
the initial separation distance (r;) is comparable to or longer than the Onsager radius (7). The
Type II free ion is an ion that escapes from an intimate radical ion pair (IRIP) in which
separation distance () is short allowing the ions to come into contact. This thesis finds that the
Type I free ion yields (the Gg' values) were Gg'=0.69+0.06 per 100 eV in THF (Chapter 4) and
Gg'=0.15+0.02 per 100 eV in DF (Chapter 5). This G5 value of free ions in THF is close to the
reported Gy values of free ions, 0.205~0.72 per 100 eV, in THF.®" " "7 1n author’s best
knowledge, this thesis is the first report of the Gg value of free ions in DF.

In contrast to the Type I free ion yield that depends only on properties of the solvent® regardless
of ion’s charge density (Chapter 4), this thesis finds that the Type Il free ion yields increase with
decreasing the charge density. This increase occurs because the weak Coulomb interaction
caused by low charge density lets the ions more easily escape from each other. The electrostatic
calculations in Table 5.5 (p.69) predict that the strength of the Coulomb interaction decreases
with decreasing charge density. From section 5.4.2 (p.64), the ion escape probability
Fese=[Fi"J/[IRIP] is 0.18+0.02 for (F3,Fs™) ion pairs formed by photoexcitation in THF. Here
[Fi"] is the concentration of the Type II free ions, and [IRIP] is the concentration of the IRIPs.
Because the electron transfer (ET) probability exponentially decreases with increasing distance,
formation of the ions by photoexcitation requires that the excited and neutral molecules are close
to each other, possibly in contact. Therefore, most ion pairs created by photoexcitation are
expected to be born as contact radical ion pairs (CRIPs). The only free ions created by
photoexcitation are Type II. For ion pairs consisting of 9,10-dicyanoanthracene anions and
hexaethylbenzene cations which had higher charge densities compared with Fs ions, Zhou®
reported that Fes. from photoexcitation in THF was 0.06. The difference between Fes from this
thesis and the report of Zhou® strongly suggests that the weak Coulomb interaction caused by the
low charge density significantly increases the escape probability of the ion. Beside the
conclusion® 7% 143 147-148. 182 4ot the Fei from photoexcitation depends on the dielectric constant
of solvent, this thesis finds that the ion escape probability also depends on charge density.

Findings in this thesis that delocalized charges enhance the ion escape probability in low
dielectric constant media can help to improve the energy efficiency of a bulk heterojunction
(BHJ) solar cell, which is limited by the free ion yield."*> " The range of &4 is 3-4 for
conjugated polymers such as poly(3-hexyl)thiophenes, a typical material for the BHJ solar cell.

134, 149, 184-186

In the BHJ solar cell, many groups observed rapid (< 20 ps) dissociations of the
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excitons into free ions; they concluded that before localization of the excitons induced by
structural relaxation, these rapid dissociations were due to the weak Coulomb interaction in the
highly delocalized excitons based on theoretical computations. Compared with the exciton
delocalization size in the BHJ solar cell estimated by the electronic structures calculations, the
degrees of charge delocalization for the F,,(n=1-6) ions in organic solvent are well defined. By
increasing the number of the repeat units, this thesis clearly demonstrates that enhancement of
the free ion yield by charge delocalization that leads to the weak Coulomb interaction.

Chapter 5 finds that escape yields, Fe, from pulse radiolysis and photoexcitation of F3 ion pairs
are different. From Section 5.4.3 (p.65), Fec from pulse radiolysis of F; ion pairs in DF is
0.52+0.07. This is much larger than F¢=0.18+0.02 from F; ion pairs produced by
photoexcitation in THF, even though the g4 of THF is larger. While experiments in this thesis did
not resolve the reason for this difference, reports in the literature'> suggest a possible
interpretation. Zhong'* reported that no transformation occurred between CRIP and SSRIP in
1,2-dichloroethane (g4=10.36). Pulse radiolysis creates ion pairs with large separation distances
that become SSRIPs. Photoexcitation creates mainly CRIPs. If the observation'? that no
transformation occurs between CRIP and SSRIP applies to the F; ion pairs studied here, then F;
ion pairs created by pulse radiolysis would escape more easily because the SSRIP has weaker
Coulomb interaction. Based on the the ET theory (the Marcus theory),” the ET rate decreases
with increasing r. Therefore, the theory predicts that the lifetime of SSRIP are longer that of
CRIP. This long lifetime of SSRIP also increases the escape probability of the ion. Because the
proton transfer (PT) requires a short (< 0.2 nm) distance, the diffusion-controlled data from pulse
radiolysis in THF (Chapter 4) imply that the transformation from SSRIP to CRIP occurs and
challenge Zhong’s report.> A possible furture work is to throughly investigate this
transformation in THF.

While SSIPs are almost certainly involved in the experiments in this thesis, the existence of
SSRIP in the BHIJ solar cell is debatable. Because most conjugated polymers are nonpolar, the
BHJ solar cell may have no ion-dipole interaction between the charge carriers and the cojugated
polymers to stabilize the charge transfer (CT) state as the SSRIP. In the BHJ solar cell, the CT
states with long separation distance (3-4 nm) found by Barker'® at 10 K are possibly due to a
properly blend morphology of the order and disorder phases. This morphology leads electrons
and holes to rapidly diffuse apart in the BHJ solar cell."” However, stabilization of the SSRIP-
like CT state in the BHJ solar cell is possible by the solid-state solvation effect.'®® This effect is
that the induced dipole moments of nonpolar polymers caused by the electric field generated by
electrons and holes solvate the electrons and holes as the ions solvated by the solvent molecules

with permanent dipole moments.

The Coulomb potential is a crucial determinant of the free energy of the RIP and the charge
recombination energy (Acr in equation 5.10) in low dielectric constant medium. The
photoexcitation data in Figure 5.7(b) and pulse radiolysis data in Figure 5.9 suggest that
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Es>Erip>Er. Here Es is the free energy of the lowest singlet excited state, Erpp is the free energy
of the RIP and Er is the free energy of the lowest triplet excited state. This finding suggests that
the Coulomb potential significantly changes the free energy of the RIP. From equation 5.10, the
Coulomb potential also changes Acr. Because of the separation distance difference between
CRIP and SSRIP, Acr of CRIP and SSRIP are different.

For the diffusion-controlled recombination in THF and DF, this thesis reports the average time of
the geminate recombination. From the kinetic analyses in section 4.5.1 (p.38), geminate radical
anions and solvated protons take an average of 8+1 ns to diffuse together to become intimate ion
pairs in THF. Based on the above finding and higher viscosity of DF (n=1.974+0.06 cP) compared
with that of THF (n=0.48 cP), the 9+1 ns geminate decays of 4,4’-dimethylbiphenyl ions in
Figure 5.6 (a) are possibly diffusion controlled. For those ions with diffusion controlled
recombination in THF and DF, the effectively geminate recombination rate constants are
>5.0x10° s™'. The 8+1 and 9+1 ns required for the ions to diffuse together in THF and DF limit
observation of faster rates.

In Chapter 4, a wide variety of PT rate constants (kpr) in the radical ion pairs provides
opportunities to examine models,”®*" 44 130132 which discuss pr in terms of AG®, C(Q,S) and
Ex. Here AG® is the standard free energy change for the PT reaction, C(Q,S) is the protonic
coupling term, and Ejy is the reorganization energy of PT. In contrast to the observations'*’"'**
that a bell shape correlation of the PT rate with AG® for the protonation at C and O atoms, the
correlation of the effectively geminate PT rate constant with AG” shown in Figure 4.6 is poor.
However, Edwards'® found no theoretical basis for an inverted region for PT and proposed that
decreases of rates at high driving force might be due to other factors. No PT reaction of the C
accepting anions was found to be diffusion controlled, but many PT reactions to the O accepting
anions are. These findings may reflect large variations in Er, which is usually larger for
protonation at C atoms. In general, this thesis finds that kpr depends on two factors: (1) the
degree of charge delocalization in the anion and (2) type of atom receiving the proton. In
author’s best knowledge, the measurements of the E..q of F,(n=5-10) in this thesis are the first
measurements. Chi'>> suggested that oligofluorene radical anions were too unstable to measure
by the electrochemistry methods. With bimolecular electron transfer equilibria method and pulse
radiolysis, the relative E;.q were measured for molecules such as F, (n=5-10) that molecules
whose radical anions are too unstable for the electrochemistry methods such as
tetraphenylmethane that is difficult to reduce by the electrochemistry methods. Two advantages
of this technique are (1) a wider potential range compared with the electrochemistry methods and
(2) no requirement of the working electrode and supporting electrolyte.

For F, (n=5-10), the reduction potentials, E.q4, gradually become more positive with increasing
the number of the repeat units (7). The polaron delocalization length is 4.3 repeat units in
oligofluorenes’® so the entropy contribution from the number of possible configurations for
stabilizing the polaron in oligofluorenes reflects in the E.4 of F, (n=5-10). The entropic
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contributions to the E,4 of F, (n=5-10) were estimated by a bead model'®" which treats the

polaron as a sphere with a radius of 4.3 repeat units and the polymer as a string with a finite
length. Comparison between estimated and experimental entropic contributions to the E.4 of F,
(n=5-10) suggests that the bead model is a fairly good and simple model to estimate the entropic
contribution.

To conclude, the key findings of this thesis are:

(1) The Gg' value in DF is 0.15+0.02 per 100 eV. This finding is important to future works of
radiation chemistry carriered in DF.

(2) The low charge density significantly increases the free ion yield in low dielectric constant
medium. A new concept to design a material for the BHJ solar cell is that the material can
rapidly delocalize electrons and holes to increase the free ion yield.

(3) Chapter 5 finds that the Fes. from pulse radiolysis and photoexcitation of F3 ion pairs are
different. If the observation'? that no transmforamtion occurs between CRIP and SSRIP applies
to the F3 ion pairs, it implies that the high population of SSRIPs can enhance the free ion yield.

(4) In low dielectric constant solvents, the free energy and Acr of the ion pair are significantly
changed by the Coulomb potential. For estimating the product of the ET reaction (reaction 5.4),
the free energies of the RIPs are crucial.

(5) For the ions with diffusion controlled recombination, the average lifetimes of IRIPs are 8+1
ns in THF and 941 ns in DF. These findings are important to study the kinetics of diffusion
controlled reactions in THF and DF.

(6) The rate of the PT reaction dependes on ion’s charge denisty and the type of atom receiving
proton. These findings help to understand the kinetics of the PT reactions.

(7) This thesis is the first report of the E.q of F, (n=5-10). These findings are important to
application of the organic optoelectronic devices.

(8) For F, (n=5-10), the E,q gradually become more positive with increasing n. This gradual
change of E.4 can be interperted by the entropic contribution from the number of the possible
configurations for stabilizing a polaron in oligofluorenes to the Ecq.
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Appendix A. Chemical Structures

Al. Chemical Structures in Chapter 4.

Name Chemical Structures

oligo(9,9-dihexyl)fluorenes,

(Fy 110 CYT )

O
Tetrahydrofuran (THF) { ]

Solvated Proton CO*— T

(0]
dibenzofuran (DBF)

fluoranthene (FA) C'g

phenanthrene (Phe) QOQ

1-methylpyrene (MePy)

biphenyl (BP)
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Name

Chemical Structures

tetracyanoethylene (TCNE)

NC CN
NC CN

p-terphenyl (pT)

terthiophene (T3)

fluorobenzene (FBz)

o-terphenyl (0T)

4-cyano-4’-n-pentyl-p-
terphenyl (CNTP)

p-dinitrobenzene (DNB)

benzophenone (BPhO)
O
anthraquinone (AQ) “‘
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Name Chemical Structures
o]
Cl Cl
tetrachloro-p-benzoquinone
CLLB
(CLBQ) o ol
0]
(0]
acetophenone (AO) CHj

4-nitro-p-terphenyl (NTP)

2,3-dichloro-4,5-dicyano-p-
benzoquinone (DDQ)

2,3-dicyano-p-benzoquinone
(DCNBQ)

ferrocene (Fc)
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A2. Chemical Structures in Chapter 5.

Name Chemical Structures

4,4’-dimethylbiphenyl HAC
(DMBP) i

tetracene (TC) ”

2,3-dihydrobenzofuran (DF)

p-xylene (pXy) Hs;C
NC
1,2,4,5-tetracyanobenzene
(TCB)
NC

o0
-
X

9,10-dicyanoanthracene

CH;,
CH,
CN
CN
NO,

Nitrobenzene (NBz) Q
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A3. Chemical Structures in Chapter 6.

Name

Chemical Structures

trans-stilbene (ES)

W

2,4-dimethylpentan-3-one
(DMP)

0
H3C\‘)k(CH3
CH; CHy

tetraphenylmethane (TPM)

9/\0

CHj
trimethylphenylsilane (TMPS) Si—CHjs
CH;
F F
1,4-bis(trifluoromethyl)benzene F
(TFMBz)
F F
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Appendix B. Supporting Information for Chapter 4
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Figure B1. (a) Transient absorption spectra of F,H™ in THF with 8.4 mM of F, and 1 mM of HCI,
where F," is converted to FoH™ by proton transfer. (b) Kinetic traces of F,H and F,™ in THF.
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Figure B2. Kinetic traces of benzophenone radical anion (BPhO™) at 800 nm and 1-
methylpyrene radical anions (MePy™) at 490 nm in THF with [BPhO]=50 mM and [MePy]=40
mM, respectively. From Figure 4 and 5, F;, of BPhO™ and MePy™ are almost identical. The
extinction coefficient (€) of MePy™ at 490 nm in THF is estimated based on the € of BPhO™ at
800 nm, which is 9.0x10° M"'cm™ given in the section S2 of this supporting information.
Absorbance of homogenous recombination for BPhO™ at 800 nm is magnified by factor 2.7 to
match that for MePy™™ at 490 nm so & of MePy "™ is 2.43x10* M"'cm™ at 490 nm in THF.
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Figure B3. Kinetic traces of F," in THF with 21.4-50 mM of F, (a) Without normalization and
(b) With normalization to match the absorbances at 400-500 ns to that of 50 mM of F, as
standard, scaling traces for 21.4-37.5 mM by factors of 1.04, 0.97, 0.95 and 0.93, respectively.
Because of non-diffusion controlled recombination of F,™ with solvated protons, F, is a good
reference for observing the number of the captured electrons by different concentrations. From
comparisons of normalized absorbance at 2 ns between 21.4-50 mM of F, different
concentration of F, capture similar numbers of electrons within 1%.
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Figure B4. Normalized kinetic traces for radical anions of benzophenone (BPhO 50 mM at 800
nm), fluoranthene (FA 60 mM at 450 nm), 1-methylpyrene (MePy 40 mM at 490 nm),
dibenzofuran (DBF 50 mM at 680 nm), p-terphenyl (pT 50 mM at 950 nm), o-terphenyl (oT 50
mM at 600 nm), F; (50 mM at 650 nm), F, (30 mM at 530 nm), F3 (30 mM at 570 nm) and F4
(20 mM at 570 nm) without the correction for triplet-triplet absorption for FA and F,(n=2-4).
Normalization factors werre 14.7, 30.1, 17.4, 27.0, 9.53, 15.6, 16.3, 8.4, 3.3 and 8.2, respectively.
The observation wavelengths and extinction coefficients of anions are given in Table 1.
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Figure B5. Kinetic traces of fluoranthene anions (FA™) with and without 10 mM of fumaronitrile
(FN) show that *FA” absorbance is 3.8% of of the peak FA™ absorbance at 450 nm in THF.
Because the reduction potential (Ereq) of FA, -1.78 V (vs. SCE) ¥, is more negative than that of
FN, -1.30 V (vs. SCE),'® FA" will transfer electrons to FN. Therefore, fast decay of kinetic trace
for FA with FN is due to electron transfer, and *FA” is the only species to absorb light after ~50
ns. From the kinetic traces of FA without and with FN, we estimate the ratio of absorbance
between FA™ and *FA" at 450 nm based on absorbance of FA™ at 2 ns, 81 mO.D., and
absorbance of *FA” at 100 ns, 3 mO.D.
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Figure B6. Kinetic traces of F," at 530 nm in THF with and without p-dicyanobenzene (DCNB)
show that 3F2* absorbance is 3.1% of F," absorbance. The insert shows the absorption spectrum
of °F," in p-xylene. Because the reduction potential (Ereq) of Fa, -2.33 V (vs. SCE),” is more
negative that E;q of DCNB, -1.52 V (vs. SCE),190 electrons will transfer from F,™ to DCNB.
Therefore, fast decay of kinetic trace for F, with DCNB is due to electron transfer, and 3F2* is the
only species to absorb light after ~100 ns. Lifetime of °F," is ~3 ms™ so the slow decay of kinetic
trace for F, with DCNB is due to decay of DCNB™. An extrapolated 3F," absorbance, 5.3 mO.D.,
is constant term (Ao) for two exponentials function, A¢tA;exp(-kit)+Azexp(-k»t), determined
from kinetic trace of F» with DCNB. The ratio of absorbance between F,™ and °F," at 530 nm is
estimated by the above °F," absorbance and F,~ absorbance of F,™ kinetic trace without DCNB
at2ns, 0.16 O.D.
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Figure B7. Kinetic traces of F3~ and 3F5" collected at 570 nm and 650 nm, respectively, show
that absorbance of °F 3* is ~3.3% of F3™ absorbance at 570 nm at t=2 ns in THF with [F3]=20 mM.
The inset is absorption spectrum of 3F3* in p-xylene, and it shows that As70/Agso is 0.21, where A,
is absorbance of 3F3* at wavelength A. 3F3* absorbance at 2 ns at 570 nm is estimated by the
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Figure BS8. Kinetic Trances of F,~ and 3F4 collected at 580 nm and 710 nm, respectively, show
that absorbance of °F 4* is ~3.1% of F,~ absorbance at 580 nm at t=2 ns in THF with [F4]=20 mM.
The inset is absorption spectrum of 3F4* in p-xylene, and it shows that Asgo/A710 1s 0.17, where A,
is absorbance of 3F4* at wavelength A. 3F4* absorbance at 2 ns at 580 nm is estimated by the
above Asgo/A71p with F4,~ absorbance at 580 nm at 2 ns.

2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ)
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Figure B9. Transient spectra of 2,3-dichloro-5,6-dicyano-p-benzoquinone radical anion (DDQ"™)
in THF with [DDQ]=50 mM shows that the absorption maximum of DDQ" shifts from 600 nm
at 5 ns to between 590 and 600 nm with increasing time. Based on time scale of occurrence, after
~100 ns, for the above shifts of the spectra, these shifts may be due to reaction of impurities with
DDQ". The small absorption band between 700-800 nm is possibly due to semiquinone radicals
of DDQ produced by proton transfer reaction.
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Figure B10. Normalized kinetic traces of benzophenone anion (BPhO™) and 4-nitro-p-terphenyl
anion (NTP") in THF with 50 mM of BPhO and NTP, respectively, show that geminate decay of
NTP" similar to that of BPhO™, with an ~8+1 ns average decay time, indicating is diffusion
controlled recombination. The normalization factors of kinetic traces for BPhO™ and NTP™ are
14.7 and 24.6, respectively.

101



a
@ w00 R I
1a— + i
3 CN | ? O1-ee-07 o -]
cN 02
10° = O3 4 C accepting anions
T 05 : :
: O O accepting anions
£ C5 é A N accepting anions
& l +F
T cs—+ 1
= 10 = C9. C1—++—C3 08
c7—3* C6 5 )
J $
-
e 04
10" ¥ Fa C4
Fa a—N
I I I I I
-0.5 -1.0 -1.5 -2.0 -2.5
- 0
Hydrogen Affinity (AGg ) / eV
(b) T |
T 1 A S
% I T g
] os ! 01 o7 CN 02
9 1
o~ 10 3 ~
i 1 : 03 §/05 ”
—— T I
F o Jos ! ‘
3 4 04 + c5 #
< 10° - i o C3—# Cl (g
i 4+ C accepting anions C7—% +-C9
I © O accepting anions -
' A N accepting anions g -C6
! Pa a
7 ! ] }' ™ FZ
10 = I c2 C4 k.
AN F3
: | I |
0 -1 -2 -3

Figure B11. Plots of kypr vs. (a) Hydrogen Affinity (AGg”) and (b) Reduction Potential (Exeq).
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The up arrows mean the lower limit of kypr, and symbols are given in Table 4.3.

102



14 ; (CN)ZBQ'- 5ns

Absorbance x10°

Wavelength, nm

Figure B12. Transient spectra of 2,3-dicyano-p-benzoquinone anion, (CN),BQ", in THF with 50
mM of (CN),BQ. Electronic absorption band for radical anions of p-benzoquinone and its
derivatives are broader and slightly red shifted compared with their semiquinone radicals in
aqueous solutions.'”' Time-dependent density functional theory with B3LYP/6-31G(d) in THF
with the polarizable continuum model indicated that computed absorption bands of (CN),BQ™
and semiquinone radical of (CN),BQ are well overlapped, with the absorption band of
(CN),BQ" somewhat broader. The observed spectra are consistent with such broad, partly
overlapped spectra. The decays of absorbance from 680 to 800 nm are due to recombination of
(CN),BQ" with solvated protons, and growths of absorbance from 420 to 650 nm are due to
formation of semiquinone radicals of (CN),BQ.

Figure B13. Chemical structures for solvated proton complexes, where protons are stabilized by
one THF (Left) or two THF (Right) molecules. The above structures are optimized by B3LYP/6-

31G(d) in THF with polarizable continuum model (PCM) and basis set superposition error
(BSSE).
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(a)

(b)

(c)

Figure B14. Images of optimized geometries for (a) benzene-H radical, BzH', (b) FoH™ and (c)
benzophenone ketyl radical, BPhOH'. The red arrows point out the extra hydrogen atom.
Optimizations of geometry were computed by B3LYP/6-31G(d) in THF with polarizable
continuum model. The extra hydrogens of F,H' and BzH' are tetrahedral around the attachment
points.
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Figure B15. Transient spectra of tetracyanoethylene-solvated proton (TCNE™-RH,") ion pairs in
THF with 50 mM of TCNE. Geminate primary ion pairs, TCNE™ + RH,', at a variety of
distances, may combine to form (TCNE,RH,") contact radical ion pairs (CRIP) and TCNE"™
IRH," solvent separated radical ion pairs (SSRIP). There are also TCNE +RH," free ions.
Growth of TCNE" in the first few ns may be due to reaction of solvated electrons with TCNE,
reported to proceed with a rate of 2.12x10'° M's™",'** which is well below diffusion controlled.
There is no decay of TCNE™ and no difference between primary ion pairs, CRIP, SSRIP and free
ions in absorption range 430-540 nm. According to kinetic traces of BPhO™, primary ion pairs

become CRIP, SSRIP and free ions in THF after ~8 ns.
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Figure B16. A plot of kypr vs. the Number of Atoms (NA) for the oxygen accepting anions,
where the up arrows mean the lower limit. The symbols are given in Table 4.3.
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B1. Extinction coefficients of radical anions of benzophenone and oligofluorenes (F,,n=1-4)

With an internal reference, Na-solvated electrons ion pair, (Na',es ), in which e=2.4x 10* M'em™!
at 890 nm in THF,'" the extinction coefficients (¢) of benzophenone radical anions (BPhO™) and
oligofluorenes radical anions (F, ,n=1-4) in THF were estimated. Sodium tetraphenylborate
(NaBPhy) was employed to provide Na" to form (Na",e, ) had lifetime ~2 ps'" so e; could
attach to BPhO and F,(n=1-4) before recombination of e; with solvated protons and THF radical
cation. Na' also extends the lifetimes of BPhO™™ and F, (n=1-4) so [BPhO" ] and [F, (n=1-4)]
are almost identical with concentration of (Na',e, ) after electrons completely transfer from
(Na',e; ) to BPhO and F, (n=1-4) during the observation time period.

In THF solutions, the € of BPhO™ and F,” (n=1-4) were estimated by pulse radiolysis with 10
mM of NaBPhy, and concentrations of BPhO and F,(n=1-4) are 0.5, 0.4, 0.3, 0.2 and 0.2 mM.
Based on the dissociation equilibrium constant of NaBPha, 8.52x107,'% in THF at 298 K , 10
mM of NaBPh, provides ~938 uM of free Na". Bockrath'"” reported that Na™ reacted with ey
with a rate constant 7.90x10""! M s, which was faster than electron attachment rate constants of
BPhO and F,(n=1-4) given in Table 1. Most e, attache first to Na" in the first ~2 ns followed by
electron transfer from (Na',e, ) to solutes. From Figure B17 (a), kinetic traces of (Na’,e ) at 890
nm with and without 0.5 mM of BPhO show that electrons completely transfer from (Na',e; ) to
BPhO after 1 ps. The kinetic trace of BPhO™ at 700 nm with NaBPh4 shows that the lifetime of
BPhO"™ is extended by Na*. Therefore, ¢ of BPhO™ at 700 nm is 9.0x10> M'ecm™ estimated from
ratio of absorbance between 2 ns and 2 ps with the assumption that numbers of (Na',e, ) and
BPhO™ are identical. € of F,” (n=1-4) were estimated by the same method described in the
above.

The presence of Na" may shift the absorption bands of radical anions in THF so transient spectra
of F,~ (n=2-4) given in Figure 4.2 are compared to reported transient spectra of F,~ (n=2-4)"
created by using sodium biphenyl to reduce F,(n=2-4) in THF. The above comparisons show that
no obvious absorption band shift at observation wavelengths of F,” (n=2-4) in the presence of
Na". From Figure B17 (b), F;" absorption at 650 nm is shifted slightly by Na" in THF. Transient
absorption spectra of BPhO™™ with and without NaBPh, shown in Figure B17(c) indicate that Na"
shifts the absorption band of BPhO™ from 800 to 700 nm in THF. From Figure B17(c), oscillator
strengths (f) of BPhO™ with and without NaBPhy from 600 to 1000 nm are 0.4176 and 0.4817,
respectively; f of the former one is ~86.7% of that of the latter one. The above comparison
suggests that these two absorption spectra are contributed by the same absorption band of
BPhO™. Therefore, the € of BPhO™ at 700 and 800 nm are identical.
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Figure B17. (a) The kinetic traces at 890 nm are for 10 mM of sodium tetraphenylborate
(NaBPhy) with and without 0.5 mM of benzophenone (BPhO) and at 700 nm for 10 mM of
NaBPh, with 0.5 mM of BPhO. (b) Transient spectra of F;" and (F;",Na") in THF. The F," is
the 10 ns transient spectrum given in Figure 4.2, and the (F,",Na") is for F; reduced by sodium
biphenyl. (¢) Transient spectra of BPhO™ were collected in THF with and without 10 mM of
NaBPh.
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B2. Estimation for Difference of Hydrogen Atom Affinity (AAGs")
In water, the MH' radicals undergo acid dissociation:
MH' +H,0 » M"™ + H;0" (B1),

where MH' is the product of the proton transfer reaction (reaction 4.4a), M™ is radical anion. The
standard free energy change (AG®) of reaction B1 can be estimated from pKa of MH". In water,
the above reaction can be separated into four parts, which are:

MH gig) liqig) + H'gas) (B2)
Miig) + € (gas) 83S ™ (iig) (B3)
H'(gas) 285" (gas) + H (s (B4)
H20iq) + H' (as) 3830 i) (BS)

where reaction B2 is the hydrogen dissociation reaction. The standard free energy change (AG")
of acid dissociation reaction is sum of AG® from reaction B2 to B5. Because this reaction is the
reverse reaction of the hydrogen atom attachment reaction (reaction 4.8), the hydrogen atom
affinity (AGY) is the —AG" of the reaction B2. Based on the experimental values of AG" for
reactions B3 to B5, an experimental value of AG in water can be estimated. AG® of reaction B3
is estimated by E,.q subtracting liquid Fermi-level of the reference electrode. The liquid Fermi-
level of SCE is —4.71 V.”® AG" of reaction B4 is 13.61 eV”’ and AG® of reaction B5 is 0.65
eV.'"”""* Based on pKa and E,q in water, the hydrogen atom affinity (AGJ from reaction 4.8) is
estimated by equation B6:

AGY = RT In(107PXa) — (Eoq — 4.71) — 13.61 — 0.65 eV (B6),
where R is the gas constant and 7 is temperature.

The uncertainty of AGg’ is roughly estimated to be ~0.3 eV. In water, the calculated AGQ
difference (AAGs’) between benzophenone (BPhO) and anthraquinone (AQ) is 0.308 eV. Based
on calculations of AGY described in the section 4.4, the calculated AG3 of BPhO and AQ are
—1.001 and —1.309 eV in water. The experimental AAG] between BPhO and AQ is 0.5 eV in
water. The experimental AGgO of BPhO and AQ are —8.913 and —9.413 eV in water. These
values are estimated by equation B6 with the reported pKa’s and E..q of BPhO and AQ in water.
In water, the reported pKa’s of BPhO and AQ are 9.25 and 5.3,'%” and the reported Eq (vs. SCE)
of BPhO and AQ are —1.184'1% and —0.45 V."° The difference between the calculated and
experimental AAGs is 0.192 eV in water.
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B3. Measuring the Maximum Observed G(t) and Gy Values of Benzophenone Radical
Anions

The G(¢) value of benzophenone radical anions (BPhO™) in THF is estimated by equation B7
with the G(7) value of solvated electrons (e ) in standard solution, which is 20 vol% of methanol,
80 vol% of water and 0.1 M of NaOH.

Gb — Gstd gstdp THFAb

(B7),
EpPaaAa

where Gy, is the G(7) values of BPhO™ in THF, Ggyq is the G(¢) value of e, in the standard
solution, Ay is absorbance of BPhO™ in THF, Ayq is absorbance of e, in the standard solution
and other constants are given in Table B1.

Table B1. Constants for equation B7: extinction coefficients of solvated electrons (&) in standard
solution, extinction coefficient of benzophenone radical anion (&), density (p) of standard
solution and THF.

g (M'em™) e (M 'em™)° p (g/cm’)
aStd. ®2.30x10" at 760 nm 1.0075
THF 0.8892
Benzophenone 7.90x10” at 760 nm

3Standard Solution "Personal communication with Dr. Andrew Cook from Chemistry
Department of Brookhaven National Laboratory. “Estimated from transient absorption spectra
without NaBPhy in Figure B17(b) with & of benzophenone radical anion, 9.00x10° M'ecm™ at
700 nm in THF.

The maximum observed G(7) values of BPhO™ in THF with 50, 100 and 200 mM of BPhO are
determined by the following procedures from kinetic traces of BPhO™ in Figure B18(a) and (b)
collected by optical fiber single shot™ (OFSS) with 5 ps of response time. For 50 mM of BPhO
in THF, the Gyax value of BPhO™ is 2.41 per 100 eV determined by equation B7 with maximum
absorbance of BPhO™ at 280 ps from kinetic trace for 50 mM of BPhO in Figure B18(a), Ayq at 5
ps from kinetic trace of e; in Figure B18(b) and extrapolated the G(t=0) value of e; in the
standard solution, 3.87 per 100 eV."”” The maximum observed G(7) values of BPhO™ for 100
mM BPhO is 2.79 per 100 eV and that of 200 mM BPhO is 3.16 per 100 eV. These maximum
observed G(¢) values are determined by the same method described in the above. The maximum
absorbance and G(¢) values of 50, 100 and 200 mM are given in Table B2.
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Figure B18. (a) Kinetic traces of neat THF and BPhO™ in THF solution with 50, 100 and 200
mM of BPhO collected by optical fiber-based single shot (OFSS).” (b) Kinetic trace of solvated
electron in the standard solution collected by OFSS.*® The standard solution is water with 0.1 M
of NaOH and 20 vol% of methanol.
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Table B2. List for concentrations of benzophenone, transient absorbance (Ay) of BPhO™ at 760
nm in THF and the maximum G(¢) values of BPhO™ per 100 eV.

Conc. (mM) Ay ‘G(1)
200 0.017 3.16 (60 ps)
100 0.015 2.79 (150 ps)
50 0.013 2.41 (280 ps)

4Unit is per absorbing 100eV.

The Gg value of free ions is GmaxFn, Where Fy is the fraction of homogenous recombination.
From data in Figure B18(a), the absorbance of BPhO™ are almost identical after 1 ns in 50, 100
and 200 mM of BPhO solutions that suggest nearly identical the Gg and G(¢ >1 ns) values of
BPhO™ in different concentration of BPhO solution. Therefore, the Gy value of BPhO™, 0.69 per
100 eV, was determined from data shown in Figure B19, where [BPhO]=50 mM. Kinetic trace in
Figure B19 was collected by photodiode (EG&G FND-100, 2 ns response time). Therefore, the
G(r=2 ns) value is the Guax for estimation of the Gg value of BPhO™. Based on ratio of
absorbance between 280 ps and 2 ns, the G(z=2 ns) value of BPhO™ is 1.92 per 100 eV with
G(=280 ps) value of BPhO™ from kinetic traces for 50 mM of BPhO. From kinetic trace in
Figure B19, F}, is 0.36 determined by three exponentials function from data shown in Figure B19,
time range from 2 ns to 1.8 ps.
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Figure B19. Kinetic trace of benzophenone radical anions (BPhO™) was collected by transient
digitalization with photodiode (EG&G FND-100, 2 ns response time) in THF with 50 mM of
BPhO. The fraction of free ion (Fy) is As/(A;+As+As3) from fitting results of a three exponential
function, A; exp(—k,t) + A, exp(—k,t) + Azexp(—kst), over the time period from 2 ns to
1.8 us, where A; (i=1-3) are absorbances for each exponential decay.
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B4. The Fraction of Captured Electrons for Benzophenone (BPhO)

The electrons created by the pulse radiolysis can be captured by a “step capture™ '*'*! processes

and electron attachment. The “step capture” is a mechanism that presolvated electrons instantly
captured by solute.""™"'"” The step captured fraction of the electrons (Fps) for BPhO can be
estimated by:

Fps =1—exp(—q[s]) (B8),120'121

where [s] is the concentration of BPhO, and ¢ is the quencher coefficient. For BPhO, we use
g=11.5 M from measurement on biphenyl'"® to calculate Fps because sizes of BPhO and
biphenyl are similar. The solvated electrons (e, ) are the electrons solvated by solvent molecules
and surviving from the step capture. In other words, the e, fraction of the electrons is 1-Fp. The
kinetic trace of e, in THF shown in Figure B20, indicates that ~75% of e decay geminately
with rate 4.55x10° s™! (kga) and ~25% of e, decay homogenously with rate 3.15x 10" s (kna). The
capture es fraction of the electrons (Fs) for BPhO can be estimated by:

Fo=|075.—RalS] | go5. Kuls] | _ F.) (BY),
ko [s]1+ kgd ko [s]+ky

where k. 1s the attachment rate constant, 6.4x10" M'ls'l, given in Table 4.1. The fractions of
captured electrons of 50, 100 and 200 mM of BPhO are given in Table B3.
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Figure B20. Kinetic trace of ;" at 760 nm in THF collected by OFSS.> The red line is the fit of
double-exponential function, Ay + A4 exp(—kgdt) + Aexp(—kpqt), where kgd=4.55><108 57!
and kp¢=3.15x10" s
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Table B3. Estimated fractions of the step-captured electrons (Fs), solvated electrons captured by
electron attachment (Fs) and total fraction of electrons (Fi) captured by benzophenone (BPhO)
with different concentrations.
Conc. Fps °F, “Frot
200 mM 0.898 0.099 0.997
100 mM 0.683 0.300 0.983

50 mM 0.437 0.509 0.946

4Calulated by equation B8 and see text ®Calculated by equation B9 and see text th0t=FpS+FS
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Appendix C. Supporting Information for Chapter 5.

Table C1 Fitting Results of a Three-Exponential and a Two-Exponential Functions for 20 and 40
mM F3 Solutions at 640 and 1500 nm.

Conc. 20 mM 40 mM
%a1 (s)/A1(0.D.) 5.18(£0.03)x10%/0.0103  5.01(£0.01)x10*/ 0.0132
21500 nm kg (s ')Az (0.D.) 1.02(x0.07)x107/0.0015 2.26(x0.11)x107/ 0.0025
%3 (s)/A3 (0.D.) 1.32(£0.02)x10°/0.0026  2.49(£0.02)x10°/ 0.0035

kg1 (s ) P_2.85(+0.02)x10’ °-2.99(+0.01)x10’
b.c

640 nm " . " A

kea (s -1.63(+0.01)x10° -2.12(+0.01)x10°

“Fit by a three exponential function, A; exp(-kq1f) + A, exp(-kqot) + Az exp(-kqst), where Ai(i=1-3)
are absorbance for each exponential decay. “Fitting results of a two exponential function to the
data. The growth rates are ky and kg, where minus signs mean growth of kinetic traces.
‘Because the data of 5 and 10 mM F; solutions shown in Figure 5.7(a) are small and noisy, the
fitting results may be not reliable. Therefore, no fitting results is available.

Table C2. Free lon Yield of F5 from Photoexcitation in THF
Conc. 20 mM 40 mM

®Free Ion Yield 0.18+0.02 0.18+0.02
®From the fitting results of a three exponential function in Table C1, the free ion yield is
As/(A1+Ax+A3). Ai(i=1-3) are absorbance for each exponential decay. Based on the uncertainty
of extinction coefficients, the uncertainty of the free ion yield is estimated.

Table C3. F; lon Pairs created by Photoexcitation in THF.

[F3] (mM) 40 20 °10 65
3[IRIP] (LM) 2.3 1.4 0.3 N/A
°D 0.051 0.0031 0.0067 N/A
“kpiqg M's™) 1.48x10° 2.00x10° 8.13x10" N/A
TE" (uM) 0.41 0.25 N/A N/A

Concentration of Intimate Radical Ion Pairs (IRIPs). Scheme 5.1 and Figure 5.10 (a) show that
photoexcitaion only creates IRIPs, and most IRIPs are contact radical ion pair. ®Quantum Yield
of Forming F3 Ion Pairs. Because extinction coefficients (€) of quaterthiophene (T4) and Ty triplet
excited states (°T4 ) and triplet quantum yield (®r) of T4 are well known, Ty is used to estimate
the total number of photons. From this publica‘[ion,24 the € of T4 and 3T4* are 3.00x10* M'em™! at
397 nm and 5.50x10* M'em™ at 600 nm, and ®r of T, is 0.7. *Bimolecular quenching rate
constant for that excited F3 molecules are quenched by neutral F; molecules. YConcentration of
the Type II Free Ions. [Fi"] are calculated by [IRIP] and the free ion yields from Table C1.
*Because the data of 5 and 10 mM F; solutions in Figure 5.7(a) are small and noisy, only [IRIP]
of 10 mM data is estimated.
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Figure C1 An example of face-to-face stacking radical ion pair for F.

C1. Estimation of Extinction Coefficients for Tetracene Radical Anion and Cation,
Oligofluorene Radical Cations, F, " (n=1-6).

With biphenyl radical anion (BP") as an internal reference, tetrabutylammonium
hexafluorophosphate (TBAPFg) as a stabilizer to extend lifetimes of the anions and a proper
concentration gradient [BP]>>[TC], the anion extinction coefficient (&,) of tetracene anion (TC")
is estimated in THF. After solvated electrons created by pulse radiolysis in THF, BP captures
most solvated electrons to become BP™". From the reduction potential (E;.q) of BP given in Table
4.3 and E,q of TC given in Table 5.2, the electrons will transfer from BP™ to TC. Because
TBAPF, extends lifetimes of the anions, the electrons will completely transfer from BP™ to TC
before BP™ recombining with the solvated protons. After the complete electron transfer, TBAPFg
also prevent TC™ from recombining with the solvated protons. Therefore, [BP" ] and [TC" ] are
almost identical over the observation time period. With g, of BP™, 1.25%10* M'em™ at 650

nm,118 the g, of TC™ at 830 nm can be estimated.

€, of TC™ at 830 nm is estimated by pulse radiolysis in THF solution with 1 mM of TC, 50 mM
of BP and 10 mM of TBAPFs. After the ionization (reaction 4.1), high concentration BP captures
most solvated electrons. From kinetic traces of BP at 650 nm shown in Figure C2, 80% of BP™
determined by a two exponential function have lifetimes longer than 1.9 ps. Based on g, of BP™
at 650 nm and 80% of the 2 ns absorbance from kinetic trace of TC mixed with BP at 650 nm
shown in Figure C2, [BP" ] is ca. 1.68 uM. From kinetic trace of TC mixed with BP at 830 nm
shown in Figure C2, the electrons completely transfer from BP™ to TC after 0.5 ps, and lifetime
of TC™ is also longer than 1.9 ps. Based on 1 ps absorbance at 830 nm and the assumption that
[TC]=1.68 uM, the estimated &, of TC™ is 1.61x10* M'em™ at 830 nm.
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Figure C2 Kinetic traces of biphenyl (BP, 50 mM) with and without tetracene (TC, 1 mM) at
650 nm and TC (I mM) with BP (50 mM) at 830 nm in THF solution with 10 mM of
tetrabutylammonium hexafluorophosphate (TBAPFs). The path lengths of the cells are 20 mm.

The cation extinction coefficient (g.) of TC™ is estimated in nitrobenzene (NBz) with BP as an
internal reference and a concentration gradient [BP]>[TC]. In NBz, pulse radiolysis rapidly
creates solvated electrons and NBz™ so solute molecules will be reduced by solvated electrons
and oxidized by NBz™". The E.q of NBz is -0.485 V'**'° (vs. SCE), and it is below the Eq of
TC given in Table 5.2 and the E.q of BP given in Table 4.3. The electrons will transfer from
TC"™ and BP" to NBz quickly so only cations of TC and BP are remaining. With [BP]>[TC], BP
will be oxidized by NBz™ much faster than TC kinetically. The oxidation potential of BP, 1.95 V
(vs. SCE),*™ is higher than that of TC given in Table 5.2 so the holes will transfer from a BP™ to
a TC. With g, of BP"™, 1.45x10* M'em™ at 680 nm,'>? the &. of TC™ can be estimated.

g. of TC™ is estimated in NBz solution with 1 mM of TC and 5 mM of BP. Kinetic traces of TC
(1 mM) at 680 and 830 nm in NBz solution with 5 mM of BP are shown in Figure C3. After
electron pulse, high concentration BP are oxidized by NBz™". Because NBz is polar solvent, most
ions created by pulse radiolysis is free ion. Therefore, most ion recombination in NBz is
homogenous, bimolecular.] mM of TC is capable of capture most homogenous BP". From
kinetic trace of BP at 680 nm, a two exponential function estimate that 90% of BP™ are
homogenous. Based on the 90% of 2 ns absorbance at 680 nm from kinetic trace of BP, the
concentration of BP™ is ~0.30 uM. Kinetic trace of TC with BP at 830 nm suggests that hole
transfer from BP™" to TC is complete after 4 ps. Based on 4 ps absorbance at 830 nm from data
of TC with BP, & of TC™ is 3.87x10* M"'cm™ estimated with the assumption that [TC "]=0.30
UM. g of F,""(n=1-6) are also estimated in NBz with 5 mM of BP by the same method described
in the above.
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Figure C3 Kinetic traces of tetracene (TC, 1 mM) with and without biphenyl (BP, 5 mM) at 680
and 830 nm and BP (5 mM) at 680 nm in nitrobenzene solution. The path lengths of the cells are
20 mm.

To estimate uncertainty for €. estimated in NBz solution with €. of BP"™" as internal reference,
tri(p-tolyl)amine (TTA) is applied. Based on &, of BP™', estimated & of TTA™ is 3.13x10* M~
'em™ at 670 nm where concentrations of TTA and BP are 1 and 5 mM, respectively. Comparison
between this estimated value and reported €. of TTA™, 2.75x10* M'em™ at 670 nm,**' gives
~13% of uncertainty.
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