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ABSTRACT

The dynamics of the ion pairs produced upon fluorescence quenching of the electron donor 9,10-dimethylanthracene (DMeA)
by phthalonitrile have been investigated in acetonitrile and tetrahydrofuran using transient absorption spectroscopy. Charge
recombination to both the neutral ground state and the triplet excited state of DMeA is observed in both solvents. The rela-
tive efficiency of the triplet recombination pathway decreases substantially in the presence of an external magnetic field. These
results were analyzed theoretically within the differential encounter theory, with the spin conversion of the geminate ion pairs
described as a coherent process driven by the hyperfine interaction. The early temporal evolution of ion pair and triplet state
populations with and without magnetic field could be well reproduced in acetonitrile, but not in tetrahydrofuran where fluores-
cence quenching involves the formation of an exciplex. A description of the spin conversion in terms of rates, i.e., incoherent spin
transitions, leads to an overestimation of the magnetic field effect.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5064802

I. INTRODUCTION

Intermolecular photoinduced electron transfer (PET)
between a donor D and an acceptor A is typically observed
as a quenching of the excited precursor (D* or A*) and leads
to the formation of a radical-ion pair (RIP), 2D*+2A'~.1-% PET
from precursors in the singlet excited state produces singlet
RIPs due to the conservation of the total spin in elemen-
tary chemical reactions. However, RIPs initially produced in
the singlet state can also undergo geminate charge recom-
bination (CR) to the triplet neutral reactants, namely, 3D*+A
or D+3A*.5-14 This phenomenon was explained in terms of

and dimethylaniline, the spin conversion was shown to orig-
inate from the hyperfine interaction (HFI) between the elec-
tronic and nuclear spins of the radical ions.!" This mechanism
was subsequently invoked to describe the viscosity depen-
dence of the quantum yield of the neutral triplet recom-
bination product in the intermolecular PET between pery-
lene and dimethylaniline.’>'¢ The spin conversion in RIPs is
often described in terms of incoherent transitions because of
the simplicity of this approach,’”-'? although it was pointed
out that the rate model is only adequate in zero magnetic
field.7.18

a singlet-triplet spin conversion in the RIPs prior to their
geminate charge recombination,>®'" as illustrated in Fig. 1.
In the case of the RIP produced upon PET between pyrene

In fact, singlet-triplet spin conversion in RIPs could take
place via several mechanisms. Beside the HFI mechanism,
paramagnetic relaxation of the electronic spins, intersystem
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FIG. 1. Overall scheme of a bimolecular
photoinduced electron transfer reaction.
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crossing in contact ion pairs and exciplexes, and the Ag-
mechanism with an external magnetic field can also be oper-
ative.>'10.11.20 For organic radical ions, the HFI mechanism is
usually more efficient than paramagnetic relaxation since the
typical time scales of singlet-triplet transitions in RIPs due
to HFI are 10-7-10~° s, compared to 10~>-10~% s for param-
agnetic relaxation.?? Moreover, the formation of exciplexes is
only expected in low to medium polar solvents and in donor-
acceptor pairs with small driving force for charge separation
(CS).

Triplet products in PET can also be formed via non-
geminate recombination upon encounters of the radical ions
in the bulk. In such encounters, the spins of the radi-
cals are not correlated, and thus, the probabilities of triplet
and singlet RIP formation are 0.75 and 0.25, respectively. In
many experiments, however, the concentration of radical ions
remains small, so bulk recombination occurs on the microsec-
ond time scale. Therefore, this non-geminate recombination
can be ignored when only considering the faster geminate
processes that take place on the tens of nanosecond time
scale.

We report here on our investigation of the ion
pair dynamics and of the effect of an external magnetic
field following the electron transfer quenching of 9,10-
dimethylanthracene (DMeA, Fig. 2) in the singlet excited state
by the electron acceptor phthalonitrile (PN) in the highly
polar acetonitrile (ACN) and medium polar tetrahydrofuran
(THF). The photoinduced charge separation (CS) dynamics of
the DMeA /PN pair in solvents of varying polarity were stud-
ied in detail previously using IR transient absorption (TA)
spectroscopy in a 0-2 ns time window.?! Here, we concen-
trate on the dynamics of the ensuing RIPs using electronic
transient absorption spectroscopy in a 0-200 ns time win-
dow with a sub-nanosecond time resolution. Investigations
of the magnetic field effect (MFE) on the dynamics of ion
pair recombination are still very scarce. This is due to the
time window, typically 0-50 ns, within which these processes
occur in solvents like ACN. Until recently, this time window
was difficult to access by transient absorption spectroscopy
with sufficient temporal resolution. Most of these previous

studies were performed by Weller and co-workers.>7.1122
These authors studied mainly the PET between pyrene and
anilines in several polar solvents using flash photolysis with
8 ns excitation pulses. In all cases, the efficiency of the triplet
charge recombination was found to decrease in the presence
of the magnetic field. This effect was explained by the split-
ting of the triplet sublevels in the presence of the magnetic
field. As the field increases, the transitions between the T,
and T_ sublevels and the singlet state slow down and are no
longer operative above a certain field, in the so-called satu-
ration regime. In the later case, triplet to singlet conversion
occurs via the Ty sublevel only. The field above which satura-
tion occurs depends on the HFI coupling constant of the ions
and is typically of the order of 20 mT.>

In these previous investigations, the time evolutions of
the ion and triplet state populations were significantly dis-
torted by the >8-10 ns instrument response function and
could thus not be used to extract quantitative dynamic infor-
mation. Here, we present a detailed analysis of the tempo-
ral evolution of the ion (*)DMeA™) and triplet state (*DMeA*)
populations measured with and without magnetic field in
terms of the reaction scheme shown in Fig. 1 using differential
encounter theory. We will show that the data in ACN can only
be well reproduced when describing the singlet-triplet spin

Donor | Acceptor Solvents
@ o | o
- e D
Q CN ACN THF
€ 36 7.4
n: 036 0.46
T 7.9 8.1
DMeA PN AGes: -0.50 027

FIG. 2. Electron donor (chromophore), acceptor, and solvents (&, relative permit-
tivity; 7, viscosity in cP; 7, fluorescence lifetime of DMeA in ns; —AGgg, driving
force for charge separation in eV)?' .
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conversion of the RIP as a coherent process. The experimen-
tal results are the first to be presented. This is followed by a
description of the theoretical model and finally by the analysis
of the experimental data.

Il. EXPERIMENTAL DETAILS

9,10-Dimethylanthracene (DMeA, Alfa Aesar, 99%) was
used as received, and 1,3-dicyanobenzene (phthalonitrile, PN,
Fluka, ~98%) was purified by sublimation before use. Acetoni-
trile (ACN, Fisher Scientific) and tetrahydrofuran (THF, Acros)
were of the highest spectroscopic purity and used as received.
For the transient absorption measurements, the concentra-
tion of DMeA was adjusted to have an absorbance of about 0.3
on 1 mm at the excitation wavelength (355 nm) and amounted
to about 5-10*M. The concentration of PN was 0.4M. The
sample solutions were placed in a 1 mm quartz cuvette and
bubbled with argon before and during the measurements
to remove oxygen and to refresh the sample volume in the
excitation spot.

The setup used to record transient absorption (TA) spec-
tra from O to 200 ns with an instrument response function of
350 ps (fwhm) was described in detail in Ref. 23. Excitation was
performed with 200 ps pulses at 355 nm at a repetition rate
of 500 Hz generated by a passively Q-switched, frequency-
doubled Nd:YAG laser (Teem Photonics, Powerchip NanoUV).
Probing was achieved with white light pulses generated by
focusing 100 fs pulses at 800 nm, themselves produced by a 1
kHz Ti:sapphire amplifier, in a CaF, plate. The pump and probe
pulses were set to magic angle. All TA spectra were corrected
for signals (e.g., spontaneous emission) appearing before time
zero. To investigate the MFE, two permanent magnets were
placed on both sides of the cuvette. This resulted in a magnetic
field of approximately 150 mT at the centre of the cuvette,
corresponding to the saturation regime.

Ill. EXPERIMENTAL RESULTS

Figure 3 shows TA spectra recorded at various time delays
after 355 nm excitation of DMeA alone (a) and with 0.4M PN (b)
in ACN. The early spectra measured without PN are dominated
by positive bands at 585 and 370 nm that can be attributed
to the S, « S; transition of DMeA. The decay of these fea-
tures on the 10 ns time scale is accompanied by the rise of a
band at 426 nm. This band can be assigned to the triplet state
3DMeA*, as its decay time shortens from >500 ns to 210 ns by
going from a N, purged to an aerated solution. According to
the amplitude of the bleach of the S; « Sy transition, respon-
sible for the negative band below 400 nm, a triplet quantum
yield of about 0.02 can be estimated, in agreement with the
literature.?#

In the presence of 0.4M PN, the early TA spectra are dom-
inated by a narrow band at 419 nm and a broader one with a
vibronic structure between 530 and 710 nm, which can both
be attributed to the radical cation, 2DMeA™*.25 The radical
anion, 2PN'~, has only significant absorption below 380 nm and
cannot be seen here.?> During the first 50 ns, the amplitude
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FIG. 3. Transient absorption spectra recorded at various time delays after 355
nm excitation of DMeA alone (a) and with 0.4M PN (b) in ACN. (c) Difference
transient absorption spectra obtained by subtracting the intensity-scaled DMeA
cation spectrum [0.1 ns spectrum in (b)] from the TA spectra recorded at later time
delays.

of the broad cation band decreases by about 40%, whereas
the 420 nm band broadens on both sides, rises, and shifts to
426 nm. Figure 3(c) shows difference TA spectra obtained by
subtracting an early TA spectrum, due only to >DMeA™, from
the TA spectra measured at later times. Before this, the cation
spectrum was scaled so that the amplitude of the 2DMeA™
band between 530 and 710 nm matches that in the spectra
measured at the other time delays. These difference TA spec-
tra exhibit a single band at 426 nm due to the triplet state of
DMeA. As a consequence, the changes observed during the
first 50 ns correspond to a partial decay of 2DMeA™* and a
concurrent rise of SDMeA*.

The TA measurements were also performed in ACN and
0.4M PN in the presence of an external saturating magnetic
field. The resulting TA spectra are qualitatively the same. No
significant magnetic field effect can be detected for the cation
band [lig. 4(a) and Fig. S1A]. However, a substantial differ-
ence can be observed in the amplitude of the 3DMeA* band,
as shown in Fig. 4(b) and Fig. S1B. Figure 4 illustrates the time
evolution of the amplitude of the 2DMeA™* and *DMeA* bands
obtained in three series of measurements. The small differ-
ences that are visible in the time profiles of the triplet state
are mostly due to varying concentrations of oxygen resulting
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FIG. 4. Time dependence of the DMeA* (a) and °DMeA* (b) TA signals in ACN
recorded in three series of measurements with and without an external magnetic
field.

from different N, purging efficiencies. The same series of TA
measurements were carried out in THF with DMeA alone and
with 0.4M PN, with and without an external magnetic field.
The resulting TA spectra are very similar to those in ACN (see
Fig. S2). The time dependence of the cation and triplet bands is
shown in Fig. S3 and Fig. 8. Like in ACN, a significant magnetic
field effect can only be observed on the triplet state. In this
case as well, the amplitude of the 3DMeA* signal is substan-
tially reduced in the presence of an external magnetic field
(Fig. S4).

IV. THEORY

Differential encounter theory has been shown to be
well suited for properly describing the dynamics of bimolec-
ular photoinduced electron transfer processes in solu-
tion.*12.141517.26-30 According to this theory, the survival
probability N(t) of the excited electron donor obeys the equa-
tion'”

N(t) = —ckes(tN(t) - N(t)/7p,

kl(t) = /Wcs(T)n(T, t) d31",

with the initial condition N(0) = 1. Here kcs(t) is the time-
dependent CS rate, 7 is the fluorescence lifetime of D* in the
absence of a quencher, and c is the quencher concentration,
which is much larger than that of D* and, hence, time inde-
pendent. n(r, t) is the reactant (fluorophore-quencher) pair
distribution function and is the solution of the equation

)
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on(r, t)

S = ~Wes(n(r,n+ Ln(r, 1),

n(r,0) =1, 2)

where L is the diffusion operator
Do .o

L= ﬁarr or’

with the diffusion coefficient D.

As mentioned earlier, the RIPs are initially produced in
the singlet state due to spin conservation. It is convenient to
describe the subsequent spin evolution of the RIPs as a coher-
ent process with the r-dependent spin density matrix m(r, t).
The spin Hamiltonian has the form

H = He; + Hpg, 3

where the first term
Hel = wDSDz + U)ASAZ + J(T)(% + ZSDSA) (4)

accounts for the interaction of the RIP with the magnetic field
and the singlet-triplet splitting. The second term introduces
HFI between the electronic spin of the donor Sp = 1/2 and the
effective spin of the nucleus I =1/2,

Hpg = AISp, )

where A is the HFI coupling constant, Sy = 1/2 is the spin of
the acceptor, wp = gpueB and wp = gaueB are the Larmor fre-
quencies of 2DMeA™ and 2PN~ in the magnetic field B, g, and
gp are the electronic g factors, y. is the Bohr’s magneton, and
2](r) is the singlet-triplet splitting of the RIP.

The possibility to model the interactions between the
electronic spin and a number of nuclear spins by the inter-
action with a single nuclear spin with an effective HFI con-
stant was discussed earlier in Ref. 31. In the case of the
DMeA /PN pair, all the HFI constants of the radical ions have
been measured.>233 Here, we only consider the interaction
with the donor electronic spin since the effective HFI con-
stant of 2DMeA™ is more than three times larger than those of
2PN,

The effective HFI constant is estimated as follows. For the
short-lived radical pairs, the HFI-induced singlet-triplet tran-
sitions are shown to be controlled by a single parameter—the
effective constant aeg, irrespective of the number of magnetic
nuclei.®' This parameter is calculated as

e =3 O Ealli+), ©)

where a;, are the HFI constants of the radical ions and I are
their nuclear spins. This allows modeling the singlet-triplet
evolution with a single effective nuclear spin I = 1/2 and with
the effective HFI constant A = 2d.g.3" For the 2DMeA™ /2PN~
pair, the value of this constant is estimated to be A = 0.4 ns™.
It should be noted that the effective hyperfine coupling con-
stant, d.g, defined by Eq. (6), includes the HFIs of both DMeA

and PN radical ions, as prescribed in Ref. 31.
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In general, a system of three S = 1/2 spins has 8 basis
states so that the evolution of the RIP density matrix is
described by 64 coupled equations. This number however can
be strongly reduced if we take into account symmetry proper-
ties of the spin Hamiltonian A.3% Indeed, the spin interactions
in Eq. (3) guarantee the conservation of the z-projection of the
total spin

iz = SDz + gAz + iz-

As a result, the spin ensemble splits into four subensembles
with a given projection of the total spin on the z axis, X; = +3 /2
and %, = +1/2. The ¥, = +3 /2 and -3 /2 subensembles are never
populated and thus can be neglected. On the other hand, the
%, = +1/2 and -1/2 subensembles are fully equivalent since
both involve one singlet and two triplet states and have the
same H matrix. The population dynamics of these subensem-
bles are the same, and one can therefore consider only one of
them, say, £, = +1/2. This implies the following spin states to
be taken into account:

1
IS, @) = —(aeBe —ﬁeae)a'N,
2 o
[To,a) = ﬁ(a’eﬁe +Bee)an, |T+,B) = deefN.

In this truncated basis, the RIP spin density operator

m(r,t) is a 3 x 3 matrix, and its evolution obeys the equa-
tion!7.35-37

om(r, t)
ot

= Lii(r, t) — i[FL, (r, )] - %{WR(Y),m(r, t)) +f(r,t), (8)

where O is the spin Hamiltonian of the RIP, Wk is the reac-
tion operator accounting for charge recombination both to
the ground singlet state and to the locally excited triplet
state, and the square brackets [...] and the braces {.. .} stand
for the commutator and anticommutator, respectively. The
Smoluchowski operator

D a P2 e-ViksT 9 0
2o or’

t—‘u

V/kBT (9)

takes into account the Coulomb interaction between the ions
2

V0=~

with spatial dispersion of the dielectric constant®®

&(r) =

£
1+ (222 )y exp(- r/A)

Here y = 2(A%/a?)(ch(o/A) - 1), A is the correlation length
of solvent polarization fluctuations,*® &, and &( are the sol-
vent optical and static dielectric constants, and o is the
contact radius and is supposed to be the same for neutral
molecules and radical ions. Here we use the value A = 1.6 A,
which corresponds to the effective radius of an acetoni-
trile molecule. It should be noted, however, that spatial dis-
persion effects, which are only operative at short distances
between radical-ions, are expected to be weak in systems with

(10)
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relatively slow chemical kinetics. In the DMeA/PN system
considered here, the majority of geminate RIPs spend most
of their lifetime far from contact distances, where &(r) effects
are not significant. This is the reason why other short-range
effects on the diffusion coefficient and solvent reorganization
energy are neglected.

The source term f(r, t) in Eq. (8), which represents the
production of RIPs from neutral reactants, is given by'”

F(r,t) = Wes(rn(r, N(t)Ps. (11)

One can see that the positions in space where the RIPs are
created coincide with those where the neutral reactant pairs
are consumed. The projection operator P = |SXS| ensures
that the RIPs appear only in the singlet state. As far as CS and
CR proceed essentially as non-contact reactions between dis-
tant reactants, both n(r, t) and m(r, t) obey reflective boundary
conditions atr = o,

A on
JnnL: = 4712D ol

-0,
= 4nr2De’V/k5Tﬁev/kBTm =0.
or

r=o

Twin(r, )| _

Here J, and Jn, are the diffusive flux operators for neutral reac-
tants and RIPs. Additionally, Eq. (8) is solved with the zero
initial conditions, m(r, 0) = 0.

The operator Wg(r) quantifies the recombination of the
RIPs to both the ground singlet and the triplet excited states
of DMeA with the rates Wgg(r) and Wrr(r), respectively, and is
expressed as

Wr(r) = Wgs(r)Pg + Wrr(r)Pr, (13)

where Pg and Pr are the projection operators onto the sin-
glet and triplet states. The build-up kinetics of the singlet and
triplet CR products are calculated as'”

Ps(t /WRS r)Tr Ps,m(?‘ t) 1" l//Rlptps(t)
(14)
Pr(t) = 5 /WRT(Y)TT{PTJ?I(T, 1)} d*r = yriper(t),

where

YRrip = C / d3r / Trf(r, t) dt (15)

is the quantum vyield of the primary RIP formation, which is
related to the fluorescence quantum yield yq as 1 — ygrip = yq;
¢s(t) and ¢r(t) are the probabilities of the singlet and triplet
charge recombination of the RIP. The probability of diffusive
separation of the RIP into free ions is @sep(t) = 1 - ¢s(t) — @1 (t),
and the yield of free ions to the bulk is ¢ = Y rip@sep-

The rate constants of charge separation, Wcs(r), as well
as of the singlet and triplet recombination, Wgs(r) and Wgr(r),
can be calculated with the Marcus expression [Eq. (17)] with
the distance-dependent reorganization energy
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FIG. 5. Energy level scheme (not to scale) pertaining to photoinduced ET with a
D*/A pair.

Ar) = 4 + /1,,1(2 - %) (16)

which includes the contributions from low-frequency intra-
molecular modes 4; and from the medium, the latter having a
value of A,, at contact.

In the DMeA /PN pair, charge recombination to the sin-
glet ground state proceeds in the Marcus inverted region so
that intramolecular quantum vibrational modes have to be
included. Assuming a single effective high-frequency mode,
the rate constant is given by>°

T & SheS [AG; + a(r) + Qn]?
Wj(T):‘G'Z(T)\/ /l(r)kBT,;) n! eXp{_ J‘M(r)kBT }

(17)

Here j = CS, RS, and RT correspond to CS, singlet, and triplet
CR, respectively, Vj(r) = Vj(o) exp(=(r — o) /1) are the distance-
dependent electronic coupling energies, AG; are the free ener-
gies of the corresponding electron transfer reactions (Fig. 5),
S = 14/Q is the electron-vibronic coupling parameter (the
Huang-Rhys factor),*® and A4 is the reorganization energy of
the effective high-frequency intramolecular mode with the
frequency Q (the Planck constant 7 = 1, and the frequency is
measured in energy units).

V. ANALYSIS OF THE TEMPORAL EVOLUTION
OF THE RADICAL CATION AND TRIPLET
STATE POPULATIONS

The above model was used to analyze the experimental
results obtained with the DMeA /PN pair. The set of model
equations was solved numerically using the FLUT code.“' This
code is implemented as a hierarchy of C++ classes represent-
ing the key entities of the model-the concepts of the diffu-
sion space,*? the distance-dependent electronic transitions,
the spin subsystem with the coherent/incoherent spin evo-
lution, etc. The numerical method employs the Chebyshev
time propagation scheme with the spatial finite-differencing

ARTICLE scitation.org/journalljcp

operator obeying the detailed balance condition.”*> Valida-
tion of the code was performed using several benchmark
tests, and agreement with exact analytic solutions in impor-
tant limiting cases was obtained. Conservation of the total
population of all electronic states was checked before the
simulations and was controlled during the numerical experi-
ments as well. The total population differed from unity by less
than 1077,

Simulation results were fitted to the experimental data
obtained with and without external magnetic field. The anal-
ysis was carried out with the following quantities: (1) the
time-dependent population Pgp(t) of radical-ion pairs, taking
into account both spin states ![?D*...2A"] and °[*D*...2A"]
and (2) the time-dependent population Prp(t) of the prod-
uct of triplet geminate charge recombination [3D...!A]. The
temporal evolution of the RIP population was calculated
as

Prin(t) = ¢ / Trir, 6 dr, (18)
whereas Pr(t) was obtained from Eq. (14).

A significant part of the model parameters introduced
above is known from independent experiments, some of them
being listed in Fig. 2. The energies of the first excited sin-
glet and the triplet states of DMeA are Eg = 3.08 eV and
Er =1.67 eV.21.44

The typical value of the solvent reorganization energy in
ACN is A, = 0.75 eV.? This value is related to the dielectric
properties of the solvent according to the Marcus equation

Am = (i - i)/lmo, 19)

Eo &0

where A0 is independent of dielectric permittivities. In THF,
A amounts to 0.53 eV. The Larmor frequencies of 2DMeA™
and PN~ are wp = wy = 0 and 26.5 ns™! in zero and in a
saturated magnetic field, B = 150 mT. The frequency of the
quantum intramolecular mode was set as Q = 0.15 eV. The
decay length of all electronic couplings was taken as | = 1
A and o = 6 A. The diffusion coefficients in ACN and THF,
D = 370 and 270 A2 /ns, were estimated using the well-known

equation

keT (1 1

D= —+ — 20

67”7(R1 Rz)’ 20)
where 7 is the solvent viscosity and R; =~ Ry are the effec-
tive donor and acceptor radii. The electronic couplings,
Vs, Vrs, Vrr, and the Huang-Rhys factor, S, were variable
parameters.

Figure 6 shows comparisons of the simulated ion and
triplet state populations with the experimental time profiles
of the 2DMeA™ and *DMeA* TA band intensity up to 50 ns. In
this time window, the effect of bulk processes is still insignif-
icant so that only geminate processes were included in the
theoretical analysis. The electronic coupling energies and the
Huang-Rhys factors were kept the same for both CS and CR
to the singlet and triplet products. The best-fit values are
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FIG. 6. Comparison between the simulated (solid lines) and measured (sym-
bols) time profiles of DMeA™* (a) and 3DMeA* (b) in ACN. The simulations were
performed within the Hamiltonian (coherent) model of spin conversion.

Ves = Vps = Vrr = 0.021 eV and S = 2.28. The equality of all
the electronic coupling energies, Vcs = Vgs = Vg, was postu-
lated as a first step in the fitting procedure in order to reduce
a number of variable parameters. It turned out, however, that
these energies do not need to be varied independently.

The initial growth of the RIP population at short times
(up to 0.5 ns) is due to the fast charge separation process
upon photoexcitation of DMeA convolved with the instru-
ment response function of the TA setup. The subsequent sharp
decrease of Pgip(t) with the following evolution to a quasi-
plateau arises from the competition between the recombi-
nation of the singlet born RIPs to the singlet ground state
and their diffusive separation. Since the diffusion coefficient
is assumed to be known and both CS and CR rates, W¢s and
Wrs, are determined by two independent parameters S and
Vs = Vgs, their values can be found from a fit of Pgjp(t) to the
experimental data in zero magnetic field. The kinetics of Pgp(t)
in saturated magnetic field as well as those of Pr(t) in zero and
saturated fields were then simulated without any adjustable
parameters.

Figure 6(a) points to good agreement between the simu-
lated and measured ion kinetics both at short times [see the
inset in Fig. 6(a)] and on a longer time scale. The effect of the
external magnetic field on Pgpp(t) is small, within the limit of
error of the experimental data. On the other hand, the time
profile of the triplet DMeA population [Fig. 6(b)] is only well
reproduced at short time, up to 10-15 ns. This discrepancy
most probably results from the “effective spin” approximation
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used here for modeling the spin transitions. This approxima-
tion is known to be only applicable at short times, deg t < 1.37
In general, the interaction between the electronic spin and a
single nuclear spin leads to coherent quantum transitions at
the frequency A in zero field and A/2 in saturated magnetic
field.#> The resulting oscillations of the populations are visi-
ble in the simulated time profiles in Fig. 6(b). Their difference
in frequency in the zero-field and high-field limits is also visi-
ble. These oscillations, however, are blurred by the dispersion
of the time at which the RIPs are generated so that they are
barely seen, especially at longer times. Moreover, the elec-
tronic spin of 2DMeA™ actually interacts with many nuclear
spins with different HFI constants, resulting in a more complex
spin dynamics and a smearing of the oscillations. This is prob-
ably the reason why they do not appear in the experimental
data.

Another important difference between the predictions of
the “single effective spin” model and the general multi-spin
model is the influence of the number of nuclear spins on the
average singlet and triplet populations.*> Obviously, on a time
scale larger than an oscillation period, the dynamics of triplet
recombination is determined by the average triplet RIP popu-
lation. Since the average triplet RIP population increases with
the number of interacting nuclear spins,*> an underestima-
tion of the MFE on the triplet DMeA yield is expected with the
single effective spin approximation. This effect is clearly visi-
ble in Fig. 6. On longer time scales, beyond the time window
considered here, paramagnetic relaxation becomes operative
and equalizes the populations of all four RIP spin states.“® In
the case of the DMeA /PN pair, paramagnetic relaxation does
not play any noticeable role up to 50 ns. This conclusion is
based on the analysis of the predictions of the incoherent
spin transition model illustrated in Fig. 7. Indeed, this model
is applicable when the spin evolution is controlled by spin
relaxation. If spin relaxation had a significant effect on spin
transitions at 50 ns, then the magnitude of the MFE would be
much larger than that measured experimentally, as shown by
the incoherent model.

Figure 7 shows the results of numerical simulations with
the same parameters as used in Fig. 6 but within a rate model
of the spin transitions. Details on the description of inco-
herent spin conversion in RIPs can be found in the supple-
mentary material. There, the quantum yields of the neutral
singlet and triplet products are calculated with the addi-
tional assumption of contact charge separation and recom-
bination. The calculated MFE for the triplet DMeA popula-
tion is considerably larger than that observed experimentally.
A variation of the rate constant kgy of singlet-triplet tran-
sitions in the RIPs results in a significant variation of the
triplet yield but has a minor effect on the magnitude of the
MFE. As shown in the supplementary material, the contact
rate model generally predicts a stronger MFE than that found
experimentally.

Another important difference between the two models
is expected for the time dependence of 3DMeA*. At early
time, the Hamiltonian (coherent) model predicts the buildup
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FIG. 7. The same as in Fig. 6 but with the simulations performed using a rate
(incoherent) model of spin conversion.

of triplet DMeA to be proportional to t?, whereas the rate
(incoherent) model predicts a linear dependence on time. This
results in a significant difference in the initial rise of Pr(t),
which is visible in Figs. 6 and 7. The coherent model predicts
a considerably slower initial buildup of the triplet popula-
tion than the rate model. The fact that the coherent model
describes much better the initial triplet state dynamics is a
strong evidence of the occurrence of coherent spin transitions
in the 2DMeA™ /2PN~ pairs.

Simulations of Pgip(t) and Prp(t) were also performed in
THF using the same parameters as in ACN, except for the sol-
vent dielectric constants and reorganization energy and the
CS/CR free energy gaps. The comparison between these sim-
ulations and the experimental data is presented in Fig. 8. The
simulated ion population at long times is strongly overesti-
mated compared to the experimental data both in zero and
saturated magnetic fields. The main reason for this discrep-
ancy is the singlet recombination Wgg that is predicted to be
much slower in THF than in ACN. This difference is due to the
much larger free energy gap AGgs and smaller solvent reor-
ganization energy A,, in THF, which shift CR further into the
Marcus inverted region compared to ACN and almost suppress
singlet charge recombination. As a result, the buildup of the
triplet DMeA population in THF is predicted to be considerably
slower than that in ACN.

It should be noted that the yield of the triplet recombina-
tion product in THF cannot be increased further by increas-
ing the coupling parameter Vgr. To confirm this, the effect of
Vgr on Pp(t) was simulated as illustrated in Fig. 9. The results
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FIG. 8. Comparison between the simulated (coherent model, solid lines) and
measured (symbols) time profiles of ions (a) and triplet excited states (b) in THF.

point to an opposite dependence on Vgr in the two solvents.
In ACN, the triplet DMeA yield increases with the electronic
coupling, whereas it decreased in THF. This rather unexpected
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FIG. 9. Simulated kinetics of 3DMeA* in ACN (a) and THF (b), calculated in the
zero-field limit for a few values of V.
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result can be explained as follows. Obviously, the CR rate is
determined by both the rate constant and frequency of ion
encounters. Given the lower dielectric constant of THF, the
frequency of ion encounters is higher than that in ACN due
to a larger Coulomb attraction. At first sight, the triplet yield
should be expected to be larger in THF. However, we observe
here the well-known suppression of the evolution of a quan-
tum system (here the singlet-triplet transitions) as a result of
the interaction with other systems.'® The spin state of the RIP
evolves coherently from singlet to triplet and back, whereas
the triplet RIP state decays via triplet CR. Mathematically, this
recombination results in the decay of both the diagonal and off
diagonal elements of the spin density matrix my(r, t). The decay
of the diagonal elements reflects CR itself, whereas that of the
non-diagonal elements decreases the probability of singlet-
triplet conversion. Therefore, if the triplet recombination rate
and the Onsager radius are large enough, as in a solvent with
a small dielectric constant like THF, the singlet-triplet transi-
tions are strongly suppressed. As a result, an increase of Wgr
leads to a decrease of the spin transition probability and, thus,
in the decrease of the triplet quantum yield that is shown in
Fig. 9. In the more polar ACN, this effect is not operative due
to a weaker Coulomb interaction that results in less frequent
ion encounters.

The influence of the singlet-triplet splitting 2J(r) on the
ion and triplet state dynamics has also been simulated. A large
splitting is known to prevent singlet-triplet transitions in the
RIPs. Since the magnitude of J(r) decays rapidly with inter-
ionic distance r, the spin conversion is assumed to be oper-
ative only when r exceeds a certain R value that has to be
larger than the contact radius o-. In the simulations, this dis-
tance was set to Rgyosr = 8 A. Variation of Ry however was
found to have no significant effect on Pgjp(t) and Pr(t). It should
also be noted that the exchange interaction does not only halt
the singlet-triplet conversion but also dephases singlet-triplet
coherence.*” For the relatively slow RIP kinetics investigated
here, the minor effect of halting the singlet-triplet conver-
sion was directly confirmed by simulations, which showed
that a variation of Reyor has a negligible effect on RIP kinet-
ics. The effect of the S/T dephasing on the RIPs kinetics was
not investigated directly here, but the agreement between the
experimental and simulated build-up kinetics of the triplet
neutral products without adjustable parameters points to a
minor role of this interaction in the molecular system studied
here.

Apparently, the main reason for the discrepancy between
the simulations and the experimental data in THF is that the
model does not include the formation of an exciplex. Pre-
vious investigations of the ET quenching of DMeA by PN in
solvents of varying polarity evidenced the formation of an
exciplex in low- and medium polarity solvents like THF but
not in highly polar solvents like ACN.?! Spectroscopically, this
exciplex is characterised by a spectrum very similar to that
of the RIP in the visible but not in the IR. In THF, the exci-
plex can be formed upon quenching of the excited precursor
as well as from the RIPs.#8-50 These latter pathways compete
efficiently with the singlet and triplet recombination of the
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RIPs. As a consequence, recombination to the neutral ground
state and to the triplet DMeA occurs almost entirely from the
exciplex. Therefore, the data shown in Fig. 8 should mostly
reflect the decay of the exciplex and not of the RIP. A quanti-
tative description of the exciplex dynamics and the associated
MEFE requires more elaborate models than that used here.*? It
should include the reversible stage of the exciplex formation
that cannot be described within the unified encounter theory
used here.’®

Coming back to ACN, Figs. 4 and 6 show that the decay of
the ion population in the 0-50 ns time window is bimodal. The
fast component is due to geminate singlet charge recombina-
tion and has been observed with many other ion pairs using
fs-ps pump probe spectroscopy.>'-5* The slower component,
which accounts here for about 10% of the total decay, is also
due to geminate recombination to both singlet and triplet
products, as testified by the presence of the MFE. This decay
reveals that the ions are still correlated with a few tens of ns
after their generation and have a significant probability to re-
encounter and to recombine. This is substantially longer than
the few ns that have often been assumed for the formation of
free ions in ACN.555¢ This slow decay component is missed
in conventional fs-ps pump-probe experiments that are gen-
erally performed within a time window going up to a few ns.
In these experiments, the time profile of the TA signal inten-
sity after the initial decay appears as a plateau, which is often
ascribed to free ions. Such interpretation leads to an overes-
timation of the free ion yield and to an oversimplification of
the ion pair dynamics. Comprehensive understanding of these
dynamics requires access to a sufficiently broad time window
with an adequate temporal resolution combined with an anal-
ysis, like the differential encounter theory used here, which
accounts properly for diffusion and its interplay with electron
transfer.

VI. CONCLUSIONS

The effect of an external magnetic field on the recom-
bination dynamics of geminate ion pairs produced upon
bimolecular photoinduced electron transfer between DMeA
and PN has been investigated both experimentally and theo-
retically. A significant MFE was observed on the triplet yield
of DMeA populated upon geminate recombination of the ion
pairs. The measured time profiles of the triplet state popu-
lation in a highly polar solvent without and with an external
magnetic field could be quantitatively reproduced at short
time within the differential encounter theory provided that
the spin-conversion in the geminate ion pairs induced by the
hyperfine-coupling interaction is described as a coherent pro-
cess. A description of this spin conversion as an incoherent
process in terms of rate constants predicts a significantly
larger MFE than observed.

Better agreement between theory and the population
dynamics measured at longer times would require going
beyond the single effective nuclear spin approximation used
here to describe the hyperfine interaction. This would add a
very significant level of complexity and increase the number
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of adjustable parameters to the model without bringing much
more insight into the ion-pair dynamics than that obtained
here.

This study also reveals that the ion pairs remain corre-
lated for several tens of nanoseconds even in a highly polar
and non-viscous solvent like acetonitrile. This is significantly
longer than the few nanoseconds that are often assumed.

The relatively simple model used here cannot be applied
in medium-polarity solvents where exciplexes play an impor-
tant role. Our results point to a substantial MFE in such sol-
vents as well. However, in order to understand its origin, addi-
tional experimental work and theoretical developments are
needed.

SUPPLEMENTARY MATERIAL

In the supplementary material, some details of the con-
tact model of incoherent spin conversion in RIPs are pre-
sented. It is shown that the contact rate model generally pre-
dicts a stronger MFE than that observed in the experiments.
Transient absorption spectra recorded at various time delays
after 355 nm excitation of DMeA alone and with 0.4M PN in
THF also are pictured.
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