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ABSTRACT

We explain a recent experimental observation that the time-resolved electron paramagnetic resonance spectra of an organic molecule for
optical excitation within a highly absorbing region of the molecule has similar intensities to the spectra for optical excitation in a nonabsorbing
region [D. L. Meyer et al, J. Phys. Chem. Lett. 8, 1677 (2017)]. We demonstrate that this phenomenon is due to an initial-state preparation
effect of photoexcitation that leads to similar initial populations of triplet states for both optical excitation regions. Due to the low intersystem
crossing rates, the initial triplet populations are not perturbed on the time scale of the experiment, so they determine the relative intensities
of the paramagnetic resonance spectra. The effect is surprising given the weak spin-orbit interactions of organic molecules. Such initial-
state preparation effects are likely to occur in systems where the intersystem crossing time scales are long compared to the time scale of the

experiment.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127806

I. INTRODUCTION

Time Resolved Electron Paramagnetic Resonance (TR-EPR)
Spectroscopy is an important experimental probe of spin dynamics
in molecular photoinduced processes.” In the fields of molecular
and biomolecular photoexcited charge and exciton transport,” TR-
EPR spectroscopy is a sensitive probe of the dynamics of excited
triplet states that are often involved in photophysical and pho-
tochemical pathways such as catalysis, singlet fission coupled to
Dexter (triplet) exciton transport, and sensing.” '’ Using TR-EPR
spectroscopy to study the excited state dynamics of molecular sys-
tems containing metals with large spin-orbit coupling (SOC) inter-
actions is particularly interesting. The excited electronic states of
these systems are mixtures of singlets and triplets,'’ and the for-
mation of triplet states can take place both initially at the optical
photoexcitation step and at a later time through intersystem cross-
ing (ISC) events. In such a situation, the interpretation of TR-EPR
spectra in terms of models for excited-state dynamics requires the
inclusion of initial-state preparation (non-ISC) effects on the spin
dynamics. In this work, we demonstrate the potential importance
of such effects, even in systems with low SOC such as an organic
molecule.

Recently, Meyer et al.'” performed TR-EPR measurements
on the Cbz-TBT molecule (Scheme 1), the repeat unit of
the PCDTBT polymer {poly[N-9'-heptadecanyl-2,7-carbazole-alt-
5,5(4',7'-di-2-thienyl-z',1',3'-benzothiadiazole)]}.HH The promi-
nent optical absorption band of Cbz-TBT, the charge transfer (CT)
band, is centered at 492 nm with a width [full width at half maximum
(FWHM)] of about 100 nm. Beyond 600 nm, there is no observable
absorption (see Fig. 1). The TR-EPR experiment in Ref. 12 probes
two types of pathways to the formation of excited triplet states, each
type characterized by different optical excitation energies: inside and
below the CT band (see Fig. 2 in Ref. 12). For the two excitation
regions, the experiment observes TR-EPR spectra having intensities
of similar magnitudes. The similarity in the intensities of the TR-
EPR spectra for the two types of optical excitations is surprising,
given the negligible absorbance of Cbz-TBT beyond 600 nm (below
the CT band), as compared to its significant absorbance around
492 nm (inside the CT band), and the weak SOC interactions that
are typical of organic molecules.”” Why is there a triplet popula-
tion (required for a TR-EPR signal) for optical excitation energies
in the nonabsorbing region, far below the CT band? How can the
TR-EPR signal in this region be of similar magnitude to the signal
observed when excited in the highly absorbing region? The main
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SCHEME 1. Chemical structure of the Cbz-TBT molecule. It consists of a car-
bazole (Cbz) moiety, which is colored in blue, and a dithiophene-benzothiadiazole
(TBT) unit, which is colored in red. TBT moiety is comprised of the 1,2,3-
benzothiadiazole (BT) unit surrounded by two thiophene rings.

goal of this work is to answer these questions using theoretical mod-
els and quantum chemical computations. The experiment in Ref. 12
also shows that excitation inside the CT band leads to absorption
and emission TR-EPR spectra whose shapes (height and width) do
not change for different excitation wavelengths within the band. In
contrast, excitation below the CT band leads to TR-EPR spectra
whose shapes differ for each excitation wavelength. A summary of
the experimentally derived TR-EPR parameters as a function of opti-
cal excitation wavelength is shown in Table I. In this work, we also
propose possible explanations for these observations.

Il. THEORETICAL METHODS
The total molecular Hamiltonian relevant to a TR-EPR experi-
ment can be written in the molecular frame as

£rSOC | £ZFS
H
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where K is the nuclear kinetic energy operator of the molecule
describing the molecular vibrations, H*° is the Born-Oppenheimer
Hamiltonian,'® F%°C is the SOC Hamiltonian'’ (see Sec. II A of the
supplementary material), fi is the electric dipole moment operator,
E(t) is the electric field that optically excites the molecule,'® and
HZeman — B BY5S describes the interaction of the molecule with
the static magnetic field By, where f. is the Bohr magneton, g is

the anisotropic g-factor (3 x 3) matrix of the electron, and S is the
total spin operator.”” T indicates the transposition of the respective
column vector. 87 D§ is the Zero Field Splitting (ZFS) Hamiltonian
(describing the magnetic dipole-dipole interactions), and D is the
ZFS tensor matrix."’ *' The term f.B] g8 describes the interaction
of the molecule with the time dependent magnetic field B;."* To
describe the optical photoexcitation from the ground state to the sin-
glet and triplet excited states taking into account spin-orbit mixing,
we consider the part of the Hamiltonian K + F*© + A5°¢ — i E(t).
For ISC following photoexcitation, the relevant interactions are K
+ H%0 + H%C, For the magnetic resonance spectra, we need to
consider H%°¢ + A7 + {77 + BBl gS.

For the eigenstates of H??, the n-th singlet electronic state of
the molecule is denoted as |S,) and the k-th manifold of the triplet
sublevels (in the representation of eigenstates of S) is denoted as
{|Tm,)} (ms = 0, £1). In the presence of the SOC interactions
(H59C), the concept of a pure singlet (triplet) state is not exact and
states are “mixed,” i.e., the mixed states are eigenstates of 50+ f50¢
that are linear combinations of triplets and singlets.]1 However, for
organic molecules, the SOC-induced singlet-triplet mixing is very
small compared to pure singlet-triplet energy gaps. Thus, the mixed
states are either predominantly singlet or triplet. To describe these
weakly mixed states, we may apply perturbation theory with respect
to H%°¢ (taking the zeroth-order unperturbed Hamiltonian to be

A% and the zeroth-order states to be [Sy), [Tk, ). " In this

FIG. 1. Experimental (black dotted line)
and calculated (red line) absorption
spectrum of the Cbz-TBT molecule.
Computations were performed for the
most probable geometry (anti_2) at the
TDA/BHandHLYP/TZ2P level of theory,
and solvent effects were included via
the COSMO model using the dielectric
constant (e = 9.8) for dichlorobenzene.
The spectrum is based on a 100 nm
FWHM Gaussian broadening of the ver-
tical transition energies and associated
oscillator strengths. The CT band is cen-
tered at 473 nm (2.62 eV), and it is
attributed to the transition SS°¢ — $%0¢
(or S — S4), which is predominantly
(93%) assigned to HOMO-LUMO transi-
tion. The shaded areas show the exper-
imental excitation wavelength ranges
inside and outside (below) the CT band.
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TABLE |. Experimentally derived ZFS parameters and the relative populations of the zero-field triplet sublevels

exp

(7, p3?, p5) together with the Lorentzian line shapes obtained for the different excitation wavelengths (1) inside (492
nm) and below (630-680 nm) the CT band. g is the factor of the electron taken to be isotropic (gjs, = 2.002). Below the CT
band, the ZFS parameters are different for different excitation wavelengths; thus, the TR-EPR spectral shapes are different.
Inside the CT band, the ZFS parameters are the same for different excitation wavelengths; thus, the TR-EPR spectral shape is
the same. For this reason, in this table, only the parameters for the excitation at the maximum of the CT band are mentioned.

Results were taken from Ref. 12.

exp

exp

exp

A (nm) D“? (MHz) E®P (MHz) Pl 5 5 I'*? (mT) Ziso

492 1361.6 + 3.0 759+1.4 0 0.138 0.862 3.42 2.002
630 13447 £ 1.5 77.7 £0.7 0 0.098 0.902 2.08 2.002
650 13172+ 14 75.0 £ 0.7 0 0.068 0.932 1.83 2.002
680 12885+ 1.3 73.7 £ 0.6 0 0.043 0.957 1.54 2.002

work, we compute the mixed states from exact diagonalization of
A9 + 59, but we use perturbation theory arguments to provide
intuitive interpretations of our computational results.

We denote the eigenstates of H*® + H%°C obtained from exact
diagonalization, Sﬁoc) and |T,i?c), where k denotes a k-th manifold
of three closely spaced sublevels, £ = A, B, I'. The notation implies
that these eigenstates are either predominantly singlet or predom-
inantly triplet. In particular, we find that each of the |T,f?f ) of
the k-th manifold is a linear combination of the |Tk,ms>) ms =0, +1
(of the zeroth-order k-th manifold), where all C(k’f) = (T ms| T,f,?c)

22,24

amplitudes have similar magnitudes of order of unity,’

(SalF5O€| Ty 1,
1) T iy 3 (BTl
710+1 n mg=—1,0,+1 ETk,mS - Es,
(k9 (T |1 )
+ C T’,m’ . (2)
;m‘:—zleH ( ETk,m; _ETkr,mg )’ ¢ S>

There is also weak mixing with zeroth-order singlets |S,) and
other zeroth-order triplet manifolds k', m; [second line in Eq. (2)].

Similarly, Sﬁoc) is of predominantly singlet character and can be
approximated as
)
[$2°) = 18) + 3 e T Q)
k me==1,0,+1 Su ETk,m

Equations (2) and (3) are good approximate descriptions of the
mixed states that are obtamed bg exact dlagonahzatlon of the molec-
ular Hamiltonian including F5°¢ (Fig. 2)

PURE
Energy
A

|S" > e—
<S11]H5 s rm, > diagonalization

< S |HSOC| Ty pm, >
e {|T1r+1,ms >}

{[Tk.ms >}

— |550C >

e {|T50% >}

Equations (2) and (3) imply that in a mixed predominantly
singlet state |Sfloc), there is a small pure triplet-state population,

ey 55 |(Tom | SO » 3 5| ot
’ k mg M |1 k m,

" that is much smaller
0 ~ETy
than unity. Similarly, in a mixed predominantly triplet state |T,fgc>,

. . . . 2

there is a small pure singlet-state population, i.e., 3 |(Sn| T,f,?c)|
n

OBk (80 1] T |

—Eg

Sn

S

A. Direct triplet formation mechanism for excitation
energies below the CT band

Erp

The experiments measure TR-EPR spectra for excitation ener-
gies below the CT band, where there is no significant optical absorp-
tion. For these lowest energies, we expect that mixed predominantly
triplet states of the molecule are accessible. The dipole moment oper-
ator fi can directly couple the ground state |S(S)OC) to |TSOC> via the

(Tir,m, 0)
Es(, —Eg, . '

4

matrix element (i.e., first order in the A%°¢),*

(T3 ils3°) = zz{cﬁnﬁ’f)}wsmsw(

nomy

+ ZZ{C(k E)} (T [ T )

k' my

(Sul 7| Tien,)
Er,. —Es,

Equation (4) implies that the magnitude of ‘( SOC| |SSOC>‘ is

nonzero, although small due to the very weak SOC matrix elements

SPIN-MIXED

FIG. 2. Left: Pure singlet (|S,)) states
(black lines) and pure triplet state man-

ifolds ({|Txm)}) (ight gray lines)
coupled by the spin-orbit interactions.
Right: Spin-mixed states (|S5°C) and
{|T,§?C>}, dark gray lines) as linear
combinations of pure singlet |S,) and

k+1£ triplet | Ty, ) states [Egs. (2) and (3)].

_{|7‘;<S,?C >}
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DIRECT MECHANISM @ t = 0 sec

excitation below
the CT band

[SRO0C > em—

{|7‘,\§f& >} e—

(T3¢ >) —,7>|

|S50€ > e—

| < Tk,mS |Tk§gc >| :

1T >)

(Tig¢ >}

excitation inside
the CT band

K_l—' |< s 1.m5|S{1gOC >|2

Al
2
|< Tk+1‘mS|Tksff,§ >|

IS;SI'OC >

I55°¢ >

FIG. 3. Direct mechanism for the formation of triplets. Left: Optical excitation at t = 0 s induces transitions from the “mixed” ground state |S§OC) to “mixed” triplet excited

states |T,i‘gc> for excitation wavelengths below the CT band. Right: Optical excitation at t = 0 s induces transitions from the “mixed” ground state |S§OC) to “mixed” singlet

|Sf,oc) and triplet |TSOC ) excited states for excitation wavelengths inside the CT band. Gaussian line shapes represent the excitation wavelength region below and inside

k+1,¢€

the CT band. Both types of excited states (|S5°C) and |T,fgc)) have triplet contributions [Egs. (2) and (3) and Fig. 2]. Thus, photoexcitation creates initial (at t = 0 s) triplet

populations |{ T, sﬁoc>|2 and ’(Tk,mx| Tlf,?c)r'

(Fig. 3). Therefore, at low excitation energies, a small number of
molecules can be excited to each of the k-th manifold sublevels
|T,f§c). This number of molecules may not be observable as absorp-
tion, but it could give a measurable TR-EPR signal since it is a triplet

population, i.e., > |<Tk,,,,s TZ?CHZ ~ 1. We will test the hypothesis

that optical excitation from the ground state gives directly an initial
triplet population that could be observable as a TR-EPR signal. Our
computations will show that the hypothesis is consistent with the
experiment in Ref. 12.

B. Direct triplet formation mechanism for excitation
energies within the CT band

The experiments also measure TR-EPR spectra for excitation
energies within the CT band. The CT absorbance is dominated by
|Sio ) excited states coupled to the ground state via the transi-

SOC

tion dipole moment (Sf,oc|ﬁ|80 ) ~ (Sn|f4|So). For each populated

|Sﬁoc>, there is a probability of measuring a TR-EPR signal since

250C1e 1 [2
|(Tk,m£ Sf,oc>|2 > %E:cls”) is nonzero [Eq. (3)], albeit small.
0 = E T
Therefore, photoexcitation in the CT band may lead to an initial
small population of triplet states that are not formed by ISC from
an excited singlet. It is also possible that due to disorder, there exist
high energy |T,§§C) states within the energy range of the CT band.
These states could be directly populated by photoexcitation in the
CT band by the mechanism discussed in Sec. II A [Eq. (4), Fig. 3].
We will approximate the magnitude of both populations using quan-
tum chemical computations. The three types of mechanisms for the
creation of initial (t = 0) triplet populations upon photoexcitation

.

are summarized in Fig. 3.

C. Indirect triplet formation mechanism for excitation
within the CT band

Photoexcitation within the CT band gives rise to a large ini-
tial population of |Sf,oc> states, which are the main absorbing states
in the band and are predominantly of singlet (|S,)) character, i.e.,
|(Sn‘ Sf,oc)‘z ~ 1 [Eq. (3)]. These singlets will produce at a later time
after excitation, an additional population of triplets via ISC (Fig. 4).
The central question is whether an EPR-observable total triplet
population is formed via ISC within the time scale of the TR-EPR

INDIRECT (ISC) MECHANISM

@ t=0sec @ t>0sec
< SplSRO¢ >|12~ 1
5> > —
1Sy > w——
L _kSu-'Tku

excitation \ \~
inside the AN {Tics1,mg >}
CT band \

" ks,

¥ (T, >)
SOC

1S« > mele—

FIG. 4. Indirect mechanism for the formation of triplets. Optical photoexcitation
inside the CT band at t = 0 s creates an initial population of the “mixed” [S5°¢)
state, which is approximately pure singlet state |S, ). At a later time after photoexci-
tation, the iniial |S,) population can transform to triplet {| T, ) } and {| Ti1,m, ) }
population via ISC (rates ks, .1, and ks, .1,,,).

J. Chem. Phys. 152, 044304 (2020); doi: 10.1063/1.5127806
Published under license by AIP Publishing

152, 044304-4


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

experiment. To address this question, we will compute the ISC rate
and the total population of triplets it gives rise to.

I1l. COMPUTATIONAL METHODOLOGY

For the quantum-chemical computations, we replaced the long
alkyl chains attached to the nitrogen atom of the Cbz moiety by
a hydrogen atom in order to reduce computational cost. We per-
formed test calculations on the full molecule to show that this
replacement does not affect the electronic structure of the rele-
vant singlet and triplet excited states of the Cbz moiety. We used
the Amsterdam density functional (ADF) program package™ for
the computations of ground state” and excited state” geometries
and energies, of absorption spectra” ' and SOC integrals,” and
of reorganization energies”’ for ISC transition rates. All electronic
structure computations did not employ frozen cores nor symmetry
constraints.

We computed the optimized geometries of the singlet ground
state (So) in the gas phase using density functional theory (DFT) at
the B3LYP” level of theory with the TZ2P basis set.”” Subsequently,
these optimized geometries were used in single-point energy calcula-
tions using the BHandHLYP’® method in conjugation with the TZ2P
basis set. Our computations showed that Cbz-TBT in its ground state
has several minimum energy conformations that are nearly isoen-
ergetic. These conformations are characterized by different values
of the twist angles 01, 0, and 03, as shown in Scheme 2. Figure 5
shows the ground state energies of each conformation in electronvolt
together with their optimized structures. The different conforma-
tions in Fig. 5 can be viewed as static disorder of the ground state
ensemble.

For these ground-state geometries, we obtained vertical singlet-
singlet and singlet-triplet transition energies, oscillator strengths,
and molar absorption coefficients for the optical absorption

anti 2
58%

-64173.400 eV

anti-syn 1
12%

£xe £k

-64173.359 eV

anti_1
15% 13%

L ¢ s
&%; < . % e .
'w(;); ! ik U‘E}{{I
¢
-64173.365 eV
anti-syn_2

-64173.305 eV
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SCHEME 2. Schematic representation of the torsional angles determined along
the conjugated backbone. 64, 6,, and 63 are the dihedral angles of the bonds
denoted by bold lines.

spectra. The latter computations employed DFT in its time-
dependent (TD-DFT) approach with the BHandHLYP functional
and the TZ2P basis set and applied the Tamm-Dancoff approxi-
mation (TDA)” with no symmetry constraints and without frozen
cores. SOC was included in the TD-DFT/TDA calculation of the
excitation energies. In the first step, the spin-pure singlet and triplet
(|S») and {|Tkm,)}) excited states were determined by means of
the zeroth-order regular approximated (ZORA) Hamiltonian in its
scalar approximation.”® "’ In the second step, the SOC Hamiltonian
was applied as a perturbation (pSOC) and the SOC matrix elements
between the excited states |S,,) and {| Ty, ) } were computed. On the
diagonal, the singlet and triplet energies are added. The mixed spin-
orbit coupled excited states |Sﬁoc) and |T,ffgc) are calculated as linear
combinations of the pure states by exact diagonalization of the SOC
matrix.”’

The quality of the above-mentioned computations of the
excited states can always be tested against the experimental absorp-
tion spectrum for the case of singlet excitations (e.g., see Fig. 1).
However, the experimental spectrum cannot be used to gauge
the quality of the computed triplet excitation energies since these
excitations have negligible absorption compared to the singlets.

syn-anti_2

-64173.362 eV

syn_2

1% 1%

%' ' < . c

-64173.282 eV

FIG. 5. Minimum ground-state energy conformations and shorthand notation. anti and syn refer to the orientation of thiophene rings relative to BT (anti if the sulfur atom of
the thiophene ring points upward relative to BT [0 = 0° or 6, = 0°], and syn if the sulfur atom of the thiophene ring points downward relative to BT [61 = 180° or 8, = 180°]).
The numbers 1 and 2 refer to the orientation of the nitrogen atom of the Cbz moiety with respect to the nearest thiophene unit: 1 if the nitrogen atom points downward relative
to the sulfur atom of the nearest thiophene [03 = 180] and 2 if the nitrogen atom points upward relative to the sulfur atom of the nearest thiophene [63 = 0]. Percentages refer
to the ground state population of relative geometries at room temperature computed according to Boltzmann statistics, and energies refer to the total ground state energies

computed at the BHandHLYP/TZ2P level of theory.
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Therefore, we need further tests of our computational results,
and to this end, we also performed additional relativistic pSOC-
TD-DFT/TDA computations using another hybrid functional
(M062X***’) and five long-range corrected (LRC) hybrid function-
als” (LCY-BLYP,"*" wB97,” wB97X," wB97X-D,"" "’ and CAMY-
B3LYP'"’") with the TZ2P basis set. The choice of these functionals
required examining the CT characteristics of the lowest-lying exited
states of the Cbz-TBT molecule by computing a metric of the elec-
tronic excited states. This includes the calculation of the following:
(i) the A-index developed by Tozer,”” which is based on the degree
of spatial overlap between the occupied and virtual orbitals involved
in an excitation and (ii) the Ar-index developed by Adamo,”” which
is based on the measure of the average hole-electron distance upon
excitation. The combination of these two diagnostic quantities deter-
mines the type of the transition (e.g., local or CT), and their val-
ues are associated with the choice of an appropriate functional
(see Sec. I B, Fig. S2, and Table S3 of the supplementary material
for all the details). In addition to the use of pSOC-TD-DFT/TDA,
we also performed configuration interaction singles (CIS) compu-
tations using the ORCA-4.0.1 program package™* (with the def2-
TZVP™ basis set). The absolute excitation energies of the triplets and
the energy gaps between them are very similar to those computed
with pSOC-TD-DFT/TDA methods. Although CIS methods tend to
overestimate the absolute singlet excitation energies, they are known
to perform well for triplet excitations.”

We used the most probable ground-state geometries in Fig. 5 as
starting points for geometry optimizations in the lowest singlet and
triplet excited state manifolds (S1, T1, and T3) using TD-DFT/TDA
with the BHandHLYP functional and the TZ2P basis set (see Sec.
IV A of the supplementary material). We also computed parts of
the potential energy surfaces (PESs) of T; for different values of
inter-ring torsional coordinates (via geometry optimizations at con-
strained values of 6; and 0, in the range 0° < 8, < 180° with
n=1,2).

For the computations of the reorganization energies for ISC
transitions, we first diagonalized the mass-weighted Hessian matrix
Hby L"HL = & on the optimized excited electronic structures to
obtain the frequencies (where L denotes the eigenvectors and w the
eigenvalues).»’i"’N Then, we used the FCF (Franck-Condon factors)
auxiliary program as implemented in the ADF to compute nor-
mal modes and reorganization energies for each normal mode.””"’
All computations employed the BHandHLYP functional and TZ2P
basis set with the TDA.

The EPR computations for the g-tensor in H%“™" = f,Bj &8
in Eq. (1) were performed at the optimized geometry of the first
triplet excited state (T1) using the “eprnmr” module of ORCA-
4.0.1 in combination with the B3LYP functional’' and the def2-
TZVP basis set. Finally, the D-tensor in A = §"D§ of Eq. (1)
and the corresponding ZFS parameters (D and E values) of the
T, manifold were computed using the spin-unrestricted natural
orbital (UNO) approach™ of the ORCA 4.0.1 program package
(with the B3LYP functional and def2-TZVP basis set). We calculated
TR-EPR ZFS parameters where only the spin-spin contribution to
the ZFS parameter D was considered.”” The parameters were also
computed using improved densities according to the Distributed
Point-Dipole (DPD) model as described in Ref. 63. The molecular
orbital contributions to the triplet excited states (T) were writ-
ten in the basis of the atomic orbitals and the coefficients of the
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linear combinations were used to predict the spin-density matrix
and the “gross” spin populations. The orbitals were extracted by
ab initio using the ADF with the BHandHLYP/TZ2P method at the
optimized geometries of the triplet excited states.

IV. RESULTS AND DISCUSSION

Our computations showed that Cbz-TBT in its ground state
has several minimum energy conformations that are nearly isoen-
ergetic (Fig. 5). These conformations are characterized by different
values of the twist angles 61, 0,, and 03. We estimated the fraction
of molecules in the ground state ensemble for each conformation
i, given by % - k”T/ Z]]-\fl e~5/%7T where P is the total number
of molecules, M is the total number of minimum energy conforma-
tions, kg is the Boltzmann constant, T is the temperature, and ¢; is
the energy gap between the lowest energy ground state conformation
and conformation i. Figure 5 shows the ground state energies of each
conformation together with their optimized structures and their
Boltzmann population fractions. According to our computations,
the anti_2 conformation is the energetically most favorable struc-
ture, which is found in 58% of molecules in the sample. This result is
in accordance with the literature.”**” The vertical excitation energy
computations described below are for the most stable ground-state
geometry (anti_2). Computations for the other geometries in Fig. 5
are described in the supplementary material.

The experimental optical spectrum of the molecule in the
o-dichlorobenzene solvent consists of two main peaks centered
at 492 nm (CT band) and 350 nm, respectively (i.e., see Meyer
et al'” and Fig. S5 of their supplementary material). We sim-
ulated the UV/VIS absorption spectrum of the molecule in the
o-dichlorobenzene solvent using the COSMO (Conductor Screen-
ing Model)” at the TDA/BHandHLYP/TZ2P level of theory with a
dielectric constant € = 9.8 (for dichlorobenzene). Our simulations
agree very well with the experimental observations of the lowest
energy excitations, which are relevant to this experiment. We also
find two main peaks for the absorption spectrum, the lowest energy
peak centered at 473 nm (CT band attributed to the transition Sy
— 81).”” The maximum absorption coefficient of the CT band given
by the TD-DFT computations is similar to the experimental value,
which is of the order of 10° L mol™" ¢cm™""” but slightly blue-shifted
(~19 nm difference, 0.1 V) (see Fig. 1).

The lowest absorption (CT) band peak is attributed to the tran-
sition $30¢ — §30C (approximately So — S1). This transition is pre-
dominantly (93%) HOMO — LUMO. The electron density of the
LUMO orbital is largely localized on the central BT unit, and the
electron density of the HOMO orbital is mostly localized on the
backbone (excluding the thiadiazole ring). Thus, the Sy — S, transi-
tion involves a CT excitation with a redistribution of electron density
from the conjugated backbone of the molecule toward the central BT
unit (CT band).

The energy level diagram with the singlet and triplet states
of the molecule is shown in Fig. 6 together with the experimen-
tal excitation wavelengths for optical excitations outside and inside
the CT band. The results indicate that the first ({|TIS?C)}) and

second ({|T§?C) }) manifolds (excitation energies of 1.65 eV and
2.65 eV, respectively) lie below the first |S§OC> excited state (2.76 eV).
{|Tlsgc)} has very low energy compared to the other excited states,
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FIG. 6. Energy level diagram of the Cbz-TBT molecule in its anti_2 geometry
calculated at the TDA/BHandHLYP/TZ2P level of theory. Thick dark gray lines rep-
resent the computed spin-orbit coupled excited state energies with respect to the
ground state energy. Thin black lines represent the experimental optical excitation
energy regions for the TR-EPR experiment (2.14 eV-2.88 eV for photoexcita-
tion inside the CT band and 1.82 eV-1.97 eV for photoexcitation below the CT
band).

and it is the only manifold whose vibrational energy spectrum lies
in the energy region of the experimental excitation wavelengths
outside the CT band (e.g., 1.82 eV-1.97 eV). In addition, for the
lowest excitation energies within the CT band, only {|TSOC>} is
accessible, while |SSOC) and {| SOC)} lie in the energy region of

higher-energy experimental excitation wavelengths within the CT
band.

A. Direct excitation to triplet excited states
from the ground state

1. Direct excitation below the CT band
The absorption coefficient (absorbance) A(E) at a given photon
excitation energy E is given by*’

A(E) = e(E)l, (5)

where c is the concentration of molecules, [ is the optical path length,
and ¢ is the molar extinction coefficient,”’

E E C ”7(%)2. (6)
e(E) = Zfl() Z]: FWHM

In Eq. (6), the sum is over transitions to final states J: §° — J.
Inside the sum, the band shape for each transition is approximated
by a Gaussian function whose full width at half maximum (FWHM)
accounts for vibrational and/or solvent induced broadening.

C = ZlnI(IIO) I:In"if 21/ lnff), where N4 is Avogadro’s constant, e is
the electron charge, m. is the electron mass, and & is the vacuum
permittivity (see Sec. III B of the supplementary material). AE; is
the excitation energy (in electronvolt) for the transition to the Jth
excited state from the ground state Sy°. f; is the corresponding

oscillator strength,””
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8ﬂ2(mec2)

— I AE N 7
hoie (el i) )

fr =

where ¥; and ¥; are the initial (Sy°) and final states J of the Jth
transition, respectively.

To compute the approximate number of molecules that pop-
ulate the first triplet excited state |ngc> upon photoexcitation at

. . 70
energy Esgoc%Tls?c = AEngC»ngc, we will use the following formula:

\sacATwc (EssocﬂTsoc ) 1
PT;aEc (Essoc_,Tsoc) =Ipx41-— 10 A L6 X
. 0 1€

e
(8)

where I is the incident energy and A is the excitation wavelength.
The quantity Age (Esgoc_,T]stgc) is the absorption coefficient for

direct excitation to the triplet excited state |T}%), i.e.,
ASB“‘—>T§?§ (Es(s)oc%Tls)cE)c ) = SSSOCHTIS,?C (ESSOCHTIS)?C )Cl, 9)

853““*@2“ (ESEOCHT“?Y[;“') = Cmfsgﬂfﬁﬁ’v{c is the contribution of the
¢ - TIS?C transition to the total molar extinction coefficient
s(Essoc_,Twc) at the excitation energy Esgﬂt-»r;ﬂ; = AEsf]oc_,T;og of the

first triplet excited state |TSOC) The total number of molecules that
populate the first triplet excited state manifold is

PTim- <ESSOC4,TT‘,(£)C) = 25: PTquL <ESSOC4,TT‘,(£)C ) . (10)

Using the program ADF, the extinction coefficient at the maximum
of the CT band, s(Esm sso:), was computed to be in the range of
5.90 x 10*-2.94 x 10° —— [using broadening parameters FWHM
= 0.1 eV-0.5 eV for the most probable geometry (anti_2)]. This
result is in accordance with the experimental one where the extinc-
tion coefficient was measured to be of the order of 10° with a

mol cm
fitted band broadening of 0.4 eV-0.5 eV.'” The approximate agree-
ment between experiment and theory indicates that we can use the

ADF to approximate sSg"“»TS‘gC(ESSO“'HTS?C) in Eq ( ) We com-
1, 1,

puted E5300 7890 (EsgncﬁTis‘(;(:) for each populated geometry (Fig. 5)
and used the ’computed value in Egs. (9), (8), and (10) to calcu-
late PT;oc. For each conformation, we used the experimental val-
ues for ¢, I, and Ip'" (see Sec. V B of the supplementary material).
Adding the Py (Esw N ) of all populated geometries (each mul-
tiplied by the geometry probab1hty) we found that the ensemble-
average total number of molecules placed in the first triplet excited
state via direct excitation at EsgocHchgc equals PT{DE(EsgocHTf?c)
= (1.3-6.5) x 10",

In contrast to conventional cw-EPR spectroscopy with
Boltzmann-populated triplet sublevels, in TR-EPR spectroscopy, the
signal depends on nonequilibrium (polarized) sublevel populations
that enhance the signal-to-noise characteristics as compared to con-
ventional EPR. The predicted total initial triplet population, which
only involves the 1st triplet manifold, is in the range 10'°~10"! that
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is detectable by cw-EPR and is likely detectable by TR-EPR""' (see
Sec. [V D).

2. Direct excitation inside the CT band

Our computations show that the second triplet excited state lies
inside the CT band and it is energetically close to the first singlet
excited state (see Fig. 6). Hence, upon photoexcitation at the maxi-
mum of the CT band, there will be an initial population in the second
triplet excited state |T§2C). A lower bound for this population can
be estimated using Eq. (8) and the relative absorbance to the second
triplet excited state, given by

AS§OC—>TZS?C (Esgoc_,sfoc) = esgocﬁTzsgc <Es(s]oc_,3§oc ) cl, (11)

Egsoc_, Tzstgc (Es[s)oc_,sfoc )

2

E - —AE, o

ssocsgoc~AEggoc_rsoc
FWHM

_ 1
= Cm SBDCHT;’{ECXP[ - 277(

is the contribution of the S;°¢ — Tzsgc transition to the total molar

extinction coefficient e(Eséor_,ssloc) at the excitation energy of the
maximum of the CT band, Egsoc_gsoc.

To compute the total number of molecules that populate the
second triplet excited state manifold at the excitation wavelength of
the first singlet excited state, we used Eq. (8) (but now for the T SOC
state) where we also added the contributions from the most probable
conformations [e.g., see Eq. (10)] (see Sec. V C of the supplementary
material). Using broadening parameters FWHM = 0.1 eV-0.5 eV,

the estimated ensemble-average number equals PTzsoc (Esgoc_,sfoc)

(2.1-3.2) x 10", Hence, excitation at the center of the CT
band will create an initial population of molecules in the 2nd
triplet states that can give a measurable TR-EPR signal"’' (see
Sec. [V D).

In the experiment, the TR-EPR signals are detected at differ-
ent optical excitation wavelengths throughout the CT band (i.e.,
430 nm-580 nm) that include wavelengths below the CT maximum.
The computed energy of $3°¢ — SOC lies within this optical excita-
tion range, so we also estimated the 1n1t1al triplet population for this
energy. The absorption coefficient is

ASg"‘ﬂTz’g (Esgoc_,ngc ) = Ssgoc_,Tzsgc (Esgoc_,T;tf)c ) L‘l, (12)

where SsSOC‘)TSOC (EsgocHTs?c) = C
2,
tion of the SSOC - TZS?C

tion coefficient S(Esgoc_,Ts?c) at the excitation energy of the second
2,

1 . .
Wfsgoc_q;{c is the contribu-

transition to the total molar extinc-

triplet excited state, Egsoc_, 139¢- By using exactly the same proce-

dure as before [Egs. (12), 8) and (10) for |T | SOC) we estimated
the ensemble-average total number of molecules that directly pop-
ulate the second triplet excited state at the excitation wavelength

of Ess()(;,TSO( to be PTso( (ESSO(HTS?‘) =24 x 1011—1.2 X 1012 (see

Sec. VC of the \Llpp]elhtllldl\ material). In summary, photoexci-
tation within the CT band creates an initial (t = 0 s) population
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of molecules in the 2nd triplet excited state. This population is
10'-10'2, and it is sufficient for a detectable TR-EPR signal (see
Sec. IV D).

Within the CT band, the most absorbing state is |SfOC) which is
predominantly singlet with a small triplet component [Eq. (3)]. The
small triplet component could give a TR-EPR signal, and for com-
pleteness, we will also estimate the corresponding triplet population.
The maximum number of molecules that populate ‘SSOC> is”

—Agsoc_goe  Egsoc_, 1
Psslof(Esgoc—»sfoc) =1y x {1 —10 s ( s50C sfoc)} X M

(13)

For each molecule in state |SfOc

), the probability of a measure-

ment that collapses the system to a triplet state is ’(Tk,mx| Sfoc)|2
. 2

= |(Tk)ms SOC|Sl) /(Es, - Er,,. )‘ . Thus, the number of molecules

|S§oc> that would give a TR-EPR signal right after
photoexcitation is

Pgslch = Pssvf (ESW( Ssoc) X Z Z |(Tk mg
k. ms

SO (4

This number was estimated to be 2.4 x 10°® using exact diagonaliza-

tion of HPC + F1%°C to obtain the |<Tk,ms| Sfoc)|2 values. The number
is lower than the population arising by the other direct mechanism
described above.

We conclude that upon photoexcitation inside the CT band,
the second triplet manifold is directly populated and its initial pop-
ulation is in the range of 10"'~10"2, In contrast, for photoexcitation
below the CT band, the first triplet manifold is directly populated
because the T, manifold is energetically inaccessible. Its initial pop-
ulation is in the range of 10'°~10"'. We will show that populations
are measurable by TR-EPR in Sec. [V D."”'

B. Indirect (ISC) triplet formation mechanism
for excitation within the CT band

Excitation within the CT band leads to a high initial population
of |SfOC>, which is predominantly singlet (|S1)). As time proceeds
after photoexcitation, the initial singlet state population may trans-
form to a triplet population via ISC. To gauge this mechanism, we
need to compute ISC rates. For this computation, the relevant com-
ponent of the Hamiltonian in Eq. (1) is K + B + H%°¢. We may use
Fermi’s golden rule because the singlet-triplet SOCs are very weak.
The ISC rate from |S,) to |Ty,,) for a model with one vibrational
mode of frequency w (see Fig. 7) is’”

rlg/ kBT 5
ks, Ty, = |Vs T | S5 S (ns| 1)
ng nr
x O(E§™ + Epg — (E’T'Z:S +En)). (15)

In Eq. (15), Vs, (Su|H*OC| T, ) is the SOC matrix ele-
ment between the |S,) and |Tj,, ) states and Z is the partition
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FIG. 7. Schematic view of the PES of the singlet |S,) and triplet | Ty, ) excited
states in the harmonic approximation model, shown for a single vibrational mode
of frequency w. The vibrational energy levels are shown in light gray, and their
energies differ from each other by Aw. The energy difference between the min-
imum of |S,) surface and the minimum of |Tk,mj surface is AEs, T, . A is the
mode reorganization energy.

function. E{" and E'f’;:‘n _are the energies of the [S,) and |Tj,,) states
at their minimum-energy molecular geometries (minima of the S, )
and |T,,) diabatic Born-Oppenheimer surfaces). E,; and E,, are
the energies of the vibrational levels of the |S,) and |Ty,,) diabatic
Born-Oppenheimer surfaces, i.e., By () = hw(ns(T) + %)

Equation (15) for the ISC rate can be generalized to a mul-
timode form, which may be written as a Fourier transform of a
correlation function corpp}lted at the frequency of the energy gap
AEs, 13,,

min min 73
=Es,” —Er,»

|Vs Tkmx|2

AEs, 1,
k n>d kmg — n Lk,
(F5=)-

In Eq. (16), y is a homogeneous broadening width and

e AE,
e_G(O)/dt ¢ Sm:kymx PO} (16)

ol -

){(Znu +1) cos(wat) — isin(wat)}, 17)

where the summation is over the normal modes a of the system
of frequencies wg, A4 is the reorganization energy of mode 4, and

-1
na) = (/BT —1)
tion number 7, at temperature T.

To implement Egs. (16) and (17), we computed the normal
mode parameters at the TD-DFT level using geometry optimiza-
tion for |S1) and | T}, ) for the most probable conformation anti_2
(as described in Secs. III and VI A of the supplementary material).
Subsequently, using the FCF module of ADF, we extracted the

electron-phonon coupling parameters A, = (zh) *Ka» here k, is
the vector of equilibrium-position displacements of all atoms for
the transition S; — Ty, and for the normal mode a.”* 1, is

the thermal average of the phonon occupa-
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directly related to the mode reorganization energy via A, = fiwaA2.”
We wrote a MATLAB program that uses these computed parameters
to calculate the ISC rates via Egs. (16) and (17). In our calculations y
=10" 57!, which corresponds to a typical vibrational relaxation rate
of a picosecond.

To understand how the ISC mechanism affects the TR-EPR
signal, we need to compute the population transfer via ISC (as a
function of time) from the first singlet state to the two lowest-energy
triplet excited states. To this end, we solve the following approximate
kinetic equations for total populations:

dPs
5 = (ksiots +Ksios, + ks, )Ps, + kryos Pry + Kryos, P
dPr
dtz = ksl_’TZPSl - (kTZ_’Sl + kT2—>T1 + kT2—>50 )PTz + le—’szTl’
(18)
dPr,
a ks,—1,Ps, + kr,—1, Pr, = (kr,~1, + k1,25, + k1525, ) Py -

Apart from the ISC rates, these equations include fluorescence
and phosphorescence rates as well as transition rates between
the triplet manifolds, e.g., kr,r, and kr,_r,. These triplet-to-
triplet rates are induced by the SOC interaction and are com-
puted using the methodology of Egs. (16) and (17) and pSOC-TD-
DFT/TDA computations. In Eqgs. (16) and (17), Pr, = X PTMS
and Pr, Yom, Pr,, . The total rates are defined as follows:
kSl—>Tk = st kgl_,Tkva fork = 1,2 and sz—>T1 = stl ij sz,m;_’TLmsr .
The total S; - Ty and S, — T, ISC rates are ks,_.y, = 1.77
x 10" 57" with AEs 1, =123 eV and ks, .1, = 4.00 x 10° s with
AEs,1,, = 0.16 eV (for the SOC value at the minimum-
energy geometry of Si). The total T, — T, rate is kr,r,
= 7.63 x 10° s7', with AEr,, 7, = 1.07 eV (SOC value at the
minimum-energy geometry of T,). The backward rates are given by
ke = kiqfe*AEif/kET.

The fluorescence rate ks,—.s, and the total phosphorescence
rates kr,—.s, and kr,_.s, were estimated from the fluorescence and
phosphorescence lifetimes (7;) as computed by ADF, usmg the
respective oscillator strengths f; of the vertical transitions S;°
at the minimum energy conformation of ], where J is SSOC Tls?c,

and T
the respectlve oscillator strengths via the following equation:”’

C. For each excitation, the radiative lifetimes are related to

1 240Ef
7 3

(19)

where c is the speed of light and AE; is the excitation energy for the
transition to the Jth excited state from the ground state S3°°. All
the quantities in Eq. (19) are in atomic units (a.u.). The estimated
fluorescence rate is ks, .5, = 2.78 x 10% 571, in accordance with pre-
vious experimental measurements (e.g., see Refs. 78-80), and the
estimated phosphorescence rates are kr,_s, = Z kTM s, =247 87

and kr,g, = anm L, = 641 x 1072 571, Wthh are typical for

organic molecules (e.g., see Ref. 81).

In solving Eq. (18), we set Pr,(t=0) = 0, Pr,(t=0) = (6.3
x 10°=5.3 x 10'%), the total population that comes from the direct
photoexcitation inside the CT band (computed as described in
Sec. IV A 2 and Sec. V C of the supplementary material) and
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P, (t=0) = 1.3 x 10'°, the population transfer to the first singlet
excited state upon photoexcitation to the CT band (Sec. V D of
the supplementary material), both of the them only for the most
probable geometry, anti_2.

Figure 8 shows a representative plot of the populations as a
function of time for the total T1, T populations using the initial
conditions for ¢ = 0 s mentioned above. The experimental time
that passes between photoexcitation and triplet signal observation is
approximately 0.5 us.'” We checked the population transfer within
the experimental time scale as well as for larger time scales. The
initial total T, populations (~1010 molecules, which is measurable
by EPR) slightly increase within a microsecond and retain mea-
surable values for approximately 0.2-0.3 ms. The total T; popula-
tion increases to measurable values (~10'" molecules) after approx-
imately 10-30 ps. The ranges in time scales are due to the range of
initial T, populations (see Sec. IV A 2).

The above results show that although ISC from the lowest sin-
glet excited state generates triplet state population after photoex-
citation within the CT band, this population is not much greater
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than the initial triplet state population that is formed directly by
absorption from the ground state (as described in Secs. IV A 1 and IV
A 2). This trend is also observed from our computations using start-
ing geometries other than anti_2 (see Sec. VI B of the supplementary
material).

The results of Secs. IV A and IV B suggest a plausible expla-
nation of the observation in Ref. 12 that photoexcitation in the
highly absorbing CT band region gives a TR-EPR signal of approx-
imately the same intensity as the TR-EPR signal for photoexcita-
tion in the nonabsorbing region, below the CT band. Both types
of photoexcitations lead to similar initial populations of triplet
states. Due to the very low ISC rates on the time scale of the
TR-EPR experiment, there is no substantial increase in the total
triplet state population arising from the lowest singlet state follow-
ing the excitation in the CT band.”” Therefore, the initial triplet
populations largely determine the TR-EPR signal strength for both
excitation regions. In Sec. IV D, we demonstrated that these ini-
tial populations are sufficient for the observation of a TR-EPR
signal.

(b)
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FIG. 8. Population transfer to the first and second triplet excited states as a function of time. (a) Population of Sy from 0 to 0.5 us. (b) Population transfer to T, from 0 to 0.5
us. (c) Population transfer to T from 0 to 0.5 us. (d) Population transfer to T, and T for larger time scales than 0.5 us, namely, from 0 to 0.3 ms. Initial condition for T»:

Pr,(t=0) = 5.3 x 10'°.
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C. Triplet state formation mechanism
in the ground state

The above SOC induced mechanism suggests that the triplet
EPR signal could also be observed in the ground state, which is pre-
dominantly singlet with a small triplet contribution [e.g., Eq. (3)].
For each molecule in the ground state |SSOC) the probability of a
measurement that collapses the system to a triplet state |T},,) is

|(Tk e SSOC)| |(Tk,m5 2 SOC|SO)/(E50 - Er,, )‘Z Thus, the num-

ber of molecules in ’SSOC) that would give a conventional cw-EPR
signal is given by

Sm = PSsoc X Z Z ‘(Tk g

k. mg

soc> i (20)

where Pgsoc is the total number of molecules in the ground state
for each minimum-energy conformation (see Sec. V A of the sup-
arv materi : ot /7BO , 1ySOC
plementary material). We used full diagonalization of H™ + H
to estimate the coefficients (Tk,mxy Sgoc). The ensemble-average total
triplet population from the mixed ’SSOC) ground state is computed
to be 8.7 x 10°. This number is in the limits of the sensitivity of EPR
spectroscopy without field modulation’ ! (see Sec. IV D).

D. Sensitivity analysis

The basic formula for sensitivity analysis of ground-state
CW-EPR without field modulation (since the TR-EPR experiment
does not involve field modulation) is based on the ratio of the
power absorbed by magnetic resonance in the sample (denoted
as dW'®)/dt, where “gs” denotes the ground state) to the power
dissipated in the resonant cavity (denoted as Pc),““\) !

AWE | dt k,qj(ha))l\fgS Hgs I
ratio(N%, ) = P/ = t‘;( ! ) (21)
C w=>Vc

Qu 240

(&)
In the numerator above, dv‘;—t =

i-»j(hw)th;t(I'IgS I:I“?’S) where
kinj = ”Bl |uiil’f(w) is the rate of transition between levels |i)
and [f) 1nduced by the oscillatory magnetic field of amplitude B,
and frequency w. Ni is the total number of paramagnetic centers
in the sample, and HZ(J = Ngs) /N¥ are the ground-state frac-
tional populations of the levels (giving rise to spin polarization).
f(w) = Aw/m((w- wo) + sz) is a Lorentzian line shape func-
tion (with resonance frequency wy and width Aw), and w;; = (j|ai)
= gBer/S(S+1) (S for spin) is the magnetic dipole matrix element.

In the denominator of the ratio, Pc = Q—w

sipated by the cavity, where Qp is the quality factor of the unloaded
cavity and V¢ is its volume. yo is the magnetic permeability constant.
In the analysis that leads to the equation for sensitivity, an equivalent
circuit represents the generic spectrometer response.‘\)3 The change
in the power level of the cavity due to absorption is related to the
corresponding voltage response V4 in the detector circuit of resis-
tance Rqer and to the incident power on the resonator Py, via the
equation % = ratio(N‘f(ft). Using the equation of the transition
rate k;j in Eq. (21) for the ratio relates §V 4 to the absorption rate
and thus to the total number of spins Ngst and the spin polarization.

The minimum detectable signal V" is defined as being equal to

L Ve is the power dis-

ARTICLE scitation.org/journalljcp

the detector rms noise voltage, i.e., SViy" = Vies® = \/FRaeks Tdf,
where df is the bandwidth of the detecting amplifying system and
F its noise factor. The minimum detectable signal, thus, determines
the minimum detectable number of paramagnetic centers N:gti?gs) via

noise

the equation —=== = ratzo(Nm(gs)) Assuming resonance, i.e., f(w

V/PincRet
= w,) = (mAw)~! in Eq. (21), one gets for the minimum detectable
number of paramagnetic centers,
min I'v, F KB Td
Ntat(gs) ~ - f) (22)

wa&sw+1Xﬁ$—ﬁf) Pinc

where gf.I' = i(Aw). For the case of thermal equilibrium (ground
state CW-EPR) ITf" — Hfs ~ hwo/(2kgT), writing hwo = gBeBo
givesi‘),\\’S 87

min kB Ter FKB Tdf
Nior(gs) * 202 P, .
Ho& ﬁe S(S + 1)BOQO inc

This is the approximate equation often quoted as a starting point
for CW-EPR sensitivity without field modulation. In the experiment
of Meyer et al." at each value of the scanning magnetic field, the
signal is recorded 1000 times and averaged, and all background sig-
nal is subtracted. Therefore, the noise level is effectively reduced

with respect to Eq. (23) by a factor of 1/1/1000, and {;‘f‘(‘gs) should

(this issue is further quali-

(23)

1 min

/1000 01 (gs)
fied below). The approximate EPR parameters of the experiment of

Ref. 12 are V¢ = 2 x 1077 m® (cylindrical cavity of 5 mm diam-
eter and 10 mm height), T = 80 K, Pinc = 2 mW, Qy ~ 4000,

df = @ = 2.4 MHz (ves = 9.7 GHz is the resonance frequency),

F = 10 100, T ~ 2 mT, and By ~ 370 mT (the latter two are
taken from the experimental spectra at the excitation wavelength of
A =630 nm'’). If the experiment in Ref. 12 were ground state CW-
EPR without field modulation, ,’;‘t‘?gs) 10"°-10"" (given the range
F = 10-100).

To adopt this approximate formula to TR-EPR, we need to
go back to Eq. (22), replace N&, by Ny, the number of molecules
that are directly excited to the triplet states upon photoexcita-
tion (if there were ISC, we would need to include that population
too) and replace I1¢ - 111]3S by typical nonequilibrium initial val-
ues I1*(t = 0) — IT7* (¢ = 0) (created by photoexcitation), which we
can compute from our ab initio results. Following the same line of
argument as above, we arrive at the TR-EPR adapted formula

[FKsTdf
0)-Ti(t=0)) V. Pic

(24)

be replaced by EZ‘,(gs) =

min r'v.
tot(ex) ~ -
QuptogBeS(S + 1) (T15*(t =

where now Nmt( o) Tefers to the total population of excited triplets,
obtained by photoexcitation and observed on the time scale of
the TR-EPR experiment, and IT{*(t =0) — II{*(¢=0) are typi-
cal nonequilibrium (initial) fractional populations of the triplet
sublevels prior to equilibration in the triplet manifold. For the

min Nymin

experiment of Ref. 12, Ny, should be replaced by Ny(..)

L min 25 mentioned before. Below, we compute the frac-

= /1000 tot(ex)?
tional populations 1'[,(]) (t = 0) using the oscillator strengths for the
singlet-to-triplet transitions computed in Sec. I'V A.
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The component of the total molecular Hamiltonian [Eq. (1)]
that describes the spin components of the electronic states and
the interactions with the magnetic fields is given by H%°¢ + A%
+ FrZeeman | BT (1)28, where FIZ4 — B.B1g8 and £ — §7 DS,
Our computations of the g tensor show it to be highly isotropic
with a value of g = 2.003, in agreement with the experiment (e.g.,
see Table I and Ref. 12). Therefore, we can write 2" = /5235 gs
= gB.Bl S and B.BI 38 = gB.BI S, where g ~ 2. Furthermore, the com-
puted energy differences between the predommantly three sublevels
within each {‘ SOC)} manifold (the ‘ ) are the eigenstates of
A9 + H%9C) are three orders of magmtude smaller than the energy
differenced predicted by diagonalizing A% = §" DS using the exper-
imentally derived D and E values shown in Table I (107" eV for
SOC vs 107 eV for ZFS). Thus, within each triplet manifold, the
spin states at zero magnetic field are determined by the Hamiltonian
H?PS = §TDS, which is dominant compared to FI5°C. We denote the
eigenstates of H*™ + H*“™" for the k-th triplet manifold {|T;)},
i = I,c,u (lower, center, and upper). These are the absorptive and
emissive states of the EPR component of the TR-EPR experiment
for the particular manifold. To estimate the population transfer
upon photoexcitation to these triplet sublevels ({|Ty;)},i = L ¢, u),
we should first calculate the oscillator strengths for the transitions
S3°¢ - Ty, following the procedure described in Sec. IV A. To
this end, we write the eigenstates |T;) in the basis of the {|T,f?c>}
states,

ITi) = 2 |TRE W TR ). (25)
3

Since the oscillator strength for the transition S;°¢ — Ty, is
related to the squared transition dipole moment |(S(S)OC|;§|T;<,,‘)|2
* TS

given usm§ the calculated oscillator strengths of the transitions
S(S,OC - Tk : (fssog%Tscgc) as follows:

,sc”g>|2 via Eq. (7), its value can be

fgoo o, ® ;|(T£?C|Tk,,- ) figoers0e- (26)

The initial population transfer to the {|T} )} manifold following
photoexcitation is calculated according to Eq. (8).

We used the EasySpin software package™ available for
MATLAB to compute the TR-EPR resonance field positions for
absorption and emission with the field vector aligned with the D-
tensor axes (the principal axis system X, Y, Z). We used the rou-
tine “eigfields.” Parameters included were the isotropic g value
and the experimental ZFS parameters for the excitation wavelength
A = 630 nm (below the CT band) (D = 1345 MHz, E = 78 MHz).
For each value of the computed resonance fields (Bo|X, Bo|Y,
and BOHZ ), we calculated the matrix elements of the Hamilto-
nian A% + [#S using the routine “sham.” The diagonaliza-
tion of this Hamiltonian matrix gives the eigenstates |Ty,;), | Tk,c)»
and |T%,.). From these computations, we obtain the relative frac-

tional populations that should be inserted in Eq. (24), i.e., [I%(¢ = 0)
Pgoc_, . .

= & The computed values of IT*(¢=0) — II”*(t = 0)

ki

are typlcally 0.3-0.7 (see Sec. V E of the supplementary material
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for the reproduction of the experimental TR-EPR spectra). Using
these polarizations together with the above-mentioned experimen-
tal parameters of Ref. 12 in Eq. (24), we obtain N Z:ti?ex) ~ 10°-10"
(the range arising from F = 10-100). This minimum number of spins
is below our estimated number of excited triplet states (10'°~10'2).

The second approach to computing the sensitivity better
approximates the experimental procedure. In the experiment, for a
given static magnetic field and in the presence of a weak perpen-
dicular time-dependent magnetic field (magnitude denoted as B;),
the ensemble is photoexcited (t = 0) and the time evolution of the
EPR absorption or emission is recorded. This procedure is repeated
1000 times, and an average time-dependent signal is derived (and
the background signal is subtracted). The resulting time-dependent
signal rises and decays within 1-2 microsecond (us) after the laser
flash reaching maximum in approximately half a microsecond. It
is then time averaged over 200 ns centered around 500 ns (which
corresponds to the maximum-signal time). The procedure is then
repeated for another value of the time-independent magnetic field
value."”

Since the reported intensities at a given static magnetic field are
time averages of the time-dependent absorption (emission) inten-
sity, it follows that IT{*(t = 0) — IT;*(¢ = 0) in Eq. (24) should be
replaced by a time average (IT*(t) — I:Ifx(t)>. To approximate this
time average for the case of a resonant field (e.g., maximum absorp-
tion or emission), we use the Bloch equation in the rotating wave
approximation (RWA).'® As we have shown from the rate compu-
tations, after initial excitation, there is no exchange in populations
between the different excited triplet manifolds and no ISC or phos-
phorescence on the time scale of the experiment. Therefore, the
Bloch equation should describe only spin relaxation within a triplet
manifold that leads to intramanifold thermal equilibration following
the nonequilibrium initial polarization (a discussion of this regime
is given in Ref. 82). Thus, we solve for the time evolution of a three-
sublevel density matrix o7 j(#) in the basis of the ™ + H*“™*" eigen-
states computed using EasySpin (i.e., {|Tk;)}, i = L, ¢, u). We solve
the Liouville equation %B(t) = LR"45(t), where o(t) is the den-
sity matrix vector (9 x 1) and LRWA s the Bloch equation Liouvillian
(9%x9),”

le(t) __IZ{(Hrk/h)o'kt(t) (Hkr/h)azk(t)}

k+i

+ - Tixop (1) = Tiioii(t),

k#i

Tii= > Tig
] k+i (27)
@%‘(t) = —iijoij(t) — i(Hij/h){0j;(t) — 0ii(t) }
i (Hip/h)o(£) +i Z (Hij/1)o(1)

k+j
1 deph
{2(1‘1,+I‘“+I‘6p )}Ug(t);
Ai,j= (Ei—E,-)/h—w.

In Egs. (27), w corresponds to the resonance frequency (9.7 GHz),
Ei(j) are the eigenenergies of H*“™" + H*" and H;; = (z|‘%ﬂel§{S[])
are half of the off-diagonal matrix elements of the perturbing
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Hamiltonian gf.B{S. These matrix elements are computed using
the EasySpin derived eigenstates in conjunction with experimental
parameters. For example, for the case of By || Z, where By || X,
the matrix elements are equal to H;; = %Bl(iﬁx[j). We used
the routine “resfreqs_matrix” that computes the line intensities
Ai_j associated with the resonance line positions according to
Ay = B|(ilgBeSxlj)| (T - %), Using B, = @L%
= 0.10 mT and the polarizations lzlfé), we deduced the elements
H;;.

The incoherent part of the Liouvillian in Eq. (27) involves
the relaxation rates of populations [T for k — i and of coher-

ences I{7" = %(F,;,- + T+ Ffjph
that the time-dependent polarization signals 0;:(t) — 0j,;(t), which
gives rise to the time-dependent absorption and emission signals
that are of approximately 1-2 us, as observed to be the gross sig-

nal lifetimes in the experirnent” (e.g., the values of T';; » 0.1 MHz,

)]. These values are chosen such

Ffjh ~ 0.4 MHz give the gross signal lifetimes discussed in the
supplementary material of Ref. 12). The population relaxation rates
also satisfy the detailed balance at temperature 80 K, i.e., I';i/T};
= exp[—(E; — Ej)/ksT]. The initial density matrix o(¢ = 0) is derived
from the computed initial populations of |T,f,?c), > |(T,i?c| Tk,i>|2
(we try different initial coherent density matrices consistent with
the computed initial polarizations of 0.3-0.7 since we do not know
the exact initial state, i.e., the linear superposition of u, ¢, and I).

To solve for a(), we compute the eigenstates V; and eigenval-
ues A of IRWA which, in the Dirac notation, gives the follow-
ing time evolutions: 0ij(t) = Y. (7] Vi)(Vi|o(t = 0)) exp(Axt).
As expected, one of the eigenvalues is zero (denoted as Ax—o)
and the rest have negative real components such that exp(Ax=ot)
decays to zero for sufficiently long times. The eigenvector with the
zero eigenvalue gives the steady-state (thermal-equilibrium) den-
sity matrix, O'i,j(t = 00) = (i,j|Vk:0>(Vk:0|0'(t = 0)> We find that
0,i(t = 00) — 0jj(t = o0) ~ 0 as expected since hw/KpT <« 1.
The signal, thus, arises from the nonequilibrium populations Ag; ()
= 0,i(t) — 0ii(t = 0). To relate the experiment, we compute
the time average of the populations and divide by a microsec-
ond, ie, (IIF(t)) = (us)™ [, dtAcii(t), where [ dtAa;(t)
= =0 (B Vi){(Vi|o(t =0))/A. This method allows us to
approximate (IT{*(¢) — IT}* (t)) in terms of the ab initio derived ini-
tial polarizations and the eigenvector/eigenvalues of the Bloch Liou-
villian, which contain the effect of the spin relaxation time scales,
the latter being consistent with the lifetimes of the observed signals.
Using these types of computations in conjunction with EasySpin (for
the computations of the triplet Hamiltonians for different applied
resonant magnetic fields directions, with respect to the D-tensor
axis), we find that N t‘;‘;?ex) ~ 10°-10" as before. We emphasize that
the above sensitivity analysis is intended to give order of magnitude
estimates rather than “exact” numbers.

E. Excitation-wavelength dependence
of the TR-EPR spectrum

Our calculations show that optical excitation within and out-
side (below) the CT band gives measurable TR-EPR signals of sim-
ilar magnitudes, as observed in the experiment of Ref. 12. We now
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discuss the experimental observation that excitation in the CT band
leads to TR-EPR spectra whose shapes do not change for differ-
ent excitation wavelengths, while excitation below the CT band
leads to TR-EPR spectra whose shapes differ for each excitation
wavelength.

Our computations for optical excitation (Sec. IV A) reveal
that photoexcitation below the CT band populates the T; manifold
because the other triplet manifolds have vertical energies higher than
the experimental excitation range (wavelengths 630 nm-680 nm or
energies 1.82 eV-1.97 eV in Fig. 1). Even inside the CT band, opti-
cal excitation for excitation wavelengths below the CT band max-
imum (wavelengths 530 nm-580 nm or energies 2.14 eV-2.34 eV
in Fig. 1) populates again the T) manifold since the S3°¢ — ngc
vertical excitation energy lies at higher energy values (minimum
vertical excitation energy of the T, manifold at 2.65 eV). For exci-
tation wavelengths above the CT band maximum (wavelengths
430 nm-480 nm or energies 2.58 eV-2.89 eV in Fig. 1), the T,
manifold is energetically accessible and can be populated. These
observations suggest that for the optical excitation energy range of
1.82 eV-2.34 eV, the T, is excited with successively higher kinetic
energies. We propose that the successively higher kinetic ener-
gies imparted on the molecule within the T; potential energy
surface (PES) increase the conformational disorder on the time
scale of the EPR experiment because the imparted kinetic energy
is large enough to overcome potential energy barriers of the
T1 PES (as shown schematically in Fig. 9). The increase in
disorder causes a wavelength dependence of the TR-EPR spec-
tra that is reflected in the widening of the experimentally fit-
ted Lorentzian widths with decreasing wavelength® (as shown in
Table I).

To check the kinetic energy hypothesis, we computed cross sec-
tions of the PES of the T1 manifold along the torsional angles 6;
and 0, (see Scheme 2) in order to examine the energy barrier for the
conformational transitions between minimum energy PES geome-
tries (see Fig. 10). Our computations show that the energy barrier in
the T manifold for the conformational transition from the anti_2
geometry to the anti-syn_2 geometry is 1.71 eV above the ground-
state energy of the anti_2 conformation. Similarly, the energy barrier
in the T1 manifold for the conformational transition from the anti_2
to the syn-anti_2 conformation is about 1.83 eV above the ground-
state energy of the anti_2 conformation. Both values are smaller than
the experimental optical excitation energy (1.82 eV-2.34 eV). These
results suggest that optical excitation below the CT band, which
populates the T1 manifold PES with very high vibrational kinetic
energy, may enable transitions between different minimum-energy
conformations of the PES. Similar computations were performed for
the other geometric conformations, and the conclusions are simi-
lar (further information included in Sec. IV B of the supplementary
material).

We computed the ZFS parameters for the T; manifold for each
of the above-mentioned minimum energy conformations (Table S14
and Sec. VII of the supplementary material). The purpose was to
test the quality of the computed T wavefunction for the different
minimum energy conformations and to gauge whether the pro-
posed kinetic-energy-induced disorder gives the same scatter in
ZFS parameters as a function of wavelength as observed in the
experiment. We used the UNO-B3LYP,” as well as the distributed
DPD model as proposed by Guigliarelli et al.”’ In the DPD model,
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FIG. 9. Schematic energy diagram for the conformational transitions between two
different geometries (A and B) in the T4 PES. For all the experimental excitation
energies (Eg’;gmsoc ) the T4 manifold is populated with high vibrational kinetic
energy. This excess kinetic energy (KE®*****) may be large enough compared to
the energy barrier (EP) for the conformational transition between minimum energy
geometries of A and B so that each excited molecule may change its conformation
through motion on the T4 PES.

the matrix elements (K, L = x, y, z) of the D matrix are given
by(x}

g a—b a-b ( Sk1R4s — 3RapxRas,L
Dk = )

s 4 gete) e
where « is the fine structure constant (~1/137 in atomic units) and S
is the spin. Rap is the distance between the Ath and Bth atoms, and
Rag,k(1) is the K(L)th coordinate distance between A and B atoms.
PZEZ) = #EAZ(:B) Pl —Pﬁ,, is the “gross” spin population on atom A(B).
The D values computed with UNO-B3LYP are underestimated com-
pared to the experimental ones (~40% deviation). However, this is
expected since DFT-computed EPR parameters (and especially the
ratio E/D) are known to deviate from the experiment in extended
n-conjugated systems.”””>*> On the other hand, the D values com-
puted using the semiempirical DPD model are surprisingly much
closer to the respective experimental values (~2%-8% deviation).
This is may be due to the fact that we used spin densities with Slater-
type basis sets for the atomic orbitals (rather than Gaussian-type of
UNO-B3LYP). For example, the ratio between the experimental D
values derived for the different excitation wavelengths below the CT
band (630 nm-680 nm) is about 0.96-0.98. The ratio between the
calculated D values for the different geometric conformations is of
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FIG. 10. PES of the T1 manifold along the torsional angles 61 (above) and 6,
(below) computed at the TDA/BHandHLYP/TZ2P level of theory for anti_2 geo-
metric conformation. The two gray-dashed lines refer to the lowest and maximum
experimental wavelengths used for excitation below the CT band (1.82 eV-1.97
eV). Above: The barrier refers to a thiophene unit rotation that brings the Cbz-TBT
molecule from anti_2 to anti-syn_2 (see Fig. 5). At 84 = 0°, the energy refers to
the minimum energy conformation of the T manifold of anti_2. Below: The barrier
refers to the energy required for a BT-thiophene unit rotation that brings the Cbz-
TBT molecule from anti_2 to syn-anti_2 (see Fig. 5). At 81 = 0°, the energy refers
to the minimum energy conformation of the T4 manifold of anti_2. In the picture of
the molecule, the Cbz unit is excluded for simplicity.

the same order as the experimental ones. Both computational meth-
ods give approximately the same scatter in D values as a function of
conformation as that observed in the experiment (AD = 25-50 MHz)
but overestimate the E scatter.

In Ref. 12, the TR-EPR spectra were fitted without D and E
strains. The fitted Lorentzian line shape (of absorption and emis-
sion) was shown to grow with increasing wavelength (Table I).
We claim that this increase in width could be reinterpreted as an
increase in conformational disorder. We can refit the experimental
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spectra given all of the parameters derived in Table I, but with a fixed
Lorentzian width (value 1.54 mT at the lowest excitation energy of
Table I, X = 680 nm), and wavelength dependent D and E strains
(dD and dE), which reflect static disorder. Our result show that
the D and E strains increase with decreasing wavelength (e.g., set-
ting at A = 680 nm, dD = 0, dE =0; X = 650 nm, dD = 40 MHz,
dE = 15 MHz; A = 630 nm, dD = 50 MHz, dE = 20 MHz; see
Sec. VII of the supplementary material). This result is consistent
with a rise in static disorder with increasing kinetic energy imparted
on the T manifold. We cannot interpret, however, the indepen-
dence of the TR-EPR spectra on the wavelength for excitation at
the highest energies within the CT band. The T, excited state PES
is very difficult to predict because as a function of conformation,
the excited state cannot be always described by a single determinant
wavefunction.

V. CONCLUSIONS

The TR-EPR experiment in Ref. 12 showed that the TR-EPR
spectra of Cbz-TBT obtained from optical excitation within the
CT band of the molecule are of similar intensity to the TR-EPR
spectra obtained from optical excitation below the CT band. This
result is quite surprising and counterintuitive given that (1) the
optical absorbance of the molecule below the CT band is prac-
tically zero as compared to the absorbance within the CT band
and (2) the molecule is organic with very weak SOC interactions.
Using detailed computations and modeling, we have explained that
the observation is due to an initial-state preparation effect and to
very low ISC rates. Because of the weak spin-orbit mixing of sin-
glet and triplet states, upon photoexcitation within and below the
CT band, a small number of molecules in the ensemble are excited
directly from the ground state to states that are predominantly
of triplet character. It turns out that these initial triplet popula-
tions created for the two optical-excitation regions are similar and
detectable by EPR. Furthermore, as a function of time after opti-
cal excitation, these initial triplet populations are not substantially
perturbed on the time scale of the TR-EPR experiment because the
singlet to triplet ISC rates are very slow. Thus, the TR-EPR spectra
from the different optical excitation regions are of similar magni-
tudes to those observed in the experiment. This mechanism can
be tested by measuring the cw-EPR spectra of the ground state
ensemble.

Another observation in Ref. 12 is that the shapes of the TR-
EPR spectra obtained for excitation within the CT band are inde-
pendent of the optical excitation wavelength, whereas the shapes of
the TR-EPR spectra obtained for excitation below the CT band are
wavelength-dependent. Excitation below the CT band accesses only
the lowest triplet state but at a very high vibrational energy. Thus,
increasing the excitation energy below the CT region increases the
vibrational kinetic energy of the lowest triplet and may lead to con-
formational disorder and additional inhomogeneous broadening of
the spectra. This is a plausibility argument, and we cannot offer an
explanation for the wavelength-independence of the shapes for exci-
tation within the CT band. At these energies, the second triplet state
becomes accessible.

Initial-state preparation effects analogous to the ones described
in this work may also occur in molecular electron transfer, where
the observed long-time transfer dynamics is determined by a fast

ARTICLE scitation.org/journalljcp

channel with a small initial population that outcompetes a slower
transfer channel with large initial population.””* For the case of
TR-EPR spectroscopy, such effects are likely to occur in systems
where the spin-orbit interactions are sufficiently large to initiate a
TR-EPR-measurable triplet population upon photoexcitation, but
not large enough to induce fast intersystem crossing rates that
would perturb the initial triplet populations on the time scale of the
experiment.

SUPPLEMENTARY MATERIAL

The supplementary material contains details of the following:
(1) the computation of the metric of CT-characteristics of the sin-
glet and triplet excited states, (2) the computations of the low-
est singlet and triplet excited states, (3) the SOC Hamiltonian and
the computations of SOC integrals between singlets and triplets as
well as between triplets and triplets for the most probable molec-
ular conformations, (4) the molar extinction coefficient equation
and analysis, (5) the computed absorption spectra for the different
molecular conformations, (6) the energy-level structure of the sin-
glet and triplet excited states for different molecular conformations,
(7) the optimized molecular structures of the ground (Sp) and the
excited states (S1, T1, and T) for the different geometric confor-
mations, (8) the energy barriers for the conformational transitions
between minimum-energy geometries, (9) the population of Cbz-
TBT molecules in the sample in the ground state, (10) the population
transfer to T upon direct photoexcitation below the CT band, (11)
the population transfer to T, upon direct photoexcitation inside the
CT band, (12) the initial spin polarizations of the T manifold, (13)
the number of photoexcited molecules in the first singlet excited
state, (14) the computational methodology for the calculation of
the transition rate constants between singlet-triplet and triplet-
triplet excited states using MATLAB and ORCA _asa, (15) the tran-
sition rates between singlet-triplet and triplet-triplet excited states
for different molecular conformations, and (16) the ZFS parame-
ters and the optimized atomic coordinates of the first triplet exited
states.
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