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ABSTRACT

A key characteristic of organic photovoltaic cells is the efficient charge separation in the active
layer. Sufficient delocalization of the positive polaron in organic photovoltaic is considered
essential for effective separation of the opposite charges and suppression of recombination. We
use light-induced EPR and ENDOR spectroscopy combined with DFT calculations to determine
the electronic structure of the positive polaron in PTB7-type oligomers. Utilizing the superior
spectral resolution of high-frequency (130 GHz) D-band EPR, the principal components of the g-
tensors were determined. Pulsed ENDOR spectroscopy at X-band allowed the measurement of 'H
hyperfine coupling constants. Comparison of g-tensors and 'H hyperfine coupling constants of the
PTB7-type oligomers with the high performance PTB7 polymer revealed a delocalization of the
positive polaron in the polymer over about four monomeric units, corresponding to about 45 A in
length. Our current study thus not only determines the polaron delocalization length in PTB7, but
also validates the approach combining EPR/ENDOR spectroscopy with DFT calculated magnetic
resonance parameters. This is of importance in those cases where oligomers of defined length are
not easily obtained. In addition, the delocalization of the neutral triplet exciton was also determined
in the oligomers and compared with the polymer PTB7. The analysis revealed that the neutral
triplet exciton is substantially more delocalized than the positive polaron, exceeding 10 monomeric
units.
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INTRODUCTION

Organic photovoltaic (OPV) cells are light-weight, flexible, environment friendly, and can be
made of a large and constantly growing choice of organic electron donor and electron acceptor
materials.! A very popular configuration for the active layer is the Bulk-Heterojunction (BHJ),
which consists of a intercalating network of electron donor and acceptor materials.>®
Semiconducting organic polymers are the most widely used donor material. . Upon light absorption
by the electron donor, an excited state is generated, the exciton then migrates to the donor-acceptor
interface, which is followed by electron transfer from the donor to the acceptor.* -8 The acceptor
molecule was typically a fullerene derivative, but more recently polymers and especially small
molecules have been very successfully developed as electron acceptors to improve organic
photovoltaics.”!” Further successive charge transfer steps finally result in two stable, separated
ions, a positive polaron (radical cation) on the donor polymer and a negative polaron (radical
anion) on the acceptor. An important characteristic of OPV cells is efficient charge separation and
suppression of recombination in the active layer. Sufficient delocalization of the positive polaron
in excitonic PVs is considered essential to achieve this. Many previous studies using a wide variety
of materials and methods have attempted to determine the extent of delocalization but often yielded
only qualitative information. This is frequently due to the weak dependence of the spectroscopic
parameters on the actual delocalization of the positive polaron and the additional influence of the
surroundings, e.g. solvent molecules, on those parameters, and the necessity of certain
assumptions.'®?* In contrast, Electron Paramagnetic Resonance (EPR) spectroscopy, preferably
performed at several frequencies, and its advanced techniques like Electron-Nuclear-Double-
Resonance (ENDOR) or Electron-Spin-Echo Envelope Modulation (ESEEM) are ideally suited to

study the delocalization of the positive polaron on the polymer.>>>* In our previous study, the



delocalization length in the high performance polymer PTB7 (and two other polymers, P3HT and
PCDTBT) was indirectly deduced by comparison of experimental 'H hyperfine coupling constants
with the ones obtained by Density Functional Theory (DFT) calculations.”” From the
chemical/materials point of view, this approach relies only on the preparation of blends of the
donor polymer with acceptors like fullerenes and does not require potential cumbersome synthesis
like the preparation of oligomers of well-defined length or site-specific isotope labeling. This
appealing combination has, despite its growing applicability, certain limitations. Among those are
the inherent shortcomings of DFT as not being an ab initio method, where the choice of functional
(in particular the fraction of exchange) influences the obtained delocalization of the positive
polaron. In addition, there is also the limited accuracy of the calculation of magnetic resonance
parameters even if the delocalization is properly calculated, which also depends on the chosen
functional. Computational requirements restrict the size of systems which can be investigated,
setting a limit to the length of the oligomers which can be calculated, requiring termination of the
often-long side chains with their number of conformational substates, and the extent of
completeness of the basis sets. Furthermore, the polymer backbone also has a potentially large
number of conformations, which have to be calculated. Independent of what computational
method (DFT or higher level wavefunction based methods like MP2 or Coupled Cluster) is used,
a potentially serious issue is that the polymer environment and its distribution (its heterogeneity)
cannot simply be taken into account explicitly. These are, for example, interactions with
solvent/additive molecules, interaction with other polymer chains or distant parts of the same
polymer chain, twists and kinks of polymer chains which all could substantially influence
delocalization. Purely computational approaches, without experimental reference data sensitive to

delocalization, tend to be even more vulnerable to the partial or substantial neglect of the



environment. Hence, an experiment based direct access to the delocalization is very valuable, since
it not only can determine the delocalization length for one specific polymer on a purely
experimental basis but also can be used to validate computational approaches not only for a
specific polymer but for a whole class of polymers. The polymer PTB7 and its derivatives like
PTB7-Th (also called PCE10 and PBDTT-FTTE, for chemical nomenclatures and structural
formulas see SI) are among the highest performing polymers in the OPV field*'"** In addition, the
general design principles of the PTB7 polymer class have also been used for other polymer groups.
Hence, the PTB7 polymer is ideally suited as a model for high performing organic photovoltaic

polymers.

In this work we combine multifrequency EPR and ENDOR spectroscopy with DFT calculations
to investigate the electronic structure of the positive polaron in several short PTB7-type oligomers
(Figure 1). The positive polaron on PTB7-type oligomers was created by illumination of a blend
with the fullerene derivative PCs1BM. This way of generating the photoinduced positive polaron
prevents “artificial localization”, like the one obtained by chemical oxidation, e.g. by treating
polymer films with iodine. In the latter case an extra localization of the positive charge due to
Coulomb interaction with counter ions may occur. 2** In addition, the EPR spectrum of the
negative polaron on PCs1BM at high frequencies does not overlap with the one of the positive
polaron on PTB7-type oligomers.?’ The information obtained is then compared with the PTB7
polymer itself and allows a precise determination of the polaron delocalization under “real-world”
OPV conditions. Furthermore, the delocalization of the neutral triplet exciton was also determined

in these oligomers and compared with the polymer PTB7.
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Figure 1. Structures of the shorter PTB7-type oligomer model compounds investigated (B,
benzodithiophene unit; F, fluorinated thieno[3,4-b]thiophene unit; TIPS, triisopropylsilyl; R, 2-
ethyl hexyl). Figure S1 shows the structures of the TIPS-BFB oligomer with alkyl side chains and

the PTB7 and PTB7-Th polymers.

RESULTS AND DISCUSSION

EPR Spectroscopy on PTB7-type Oligomers in their Radical Cation State (Positive Polaron)

The PTB7-type oligomers are prepared in a blend with the fullerene derivative PCs1BM and
illuminated with visible light at cryogenic temperatures. Light absorption is followed by fast
energy and electron transfer steps which finally yield the positive polaron on the oligomer and the
negative polaron on the fullerene derivative.!* 7 If pairs of these ions are in close proximity, e.g.

next neighbors at the donor-acceptor interface, they recombine quickly even at cryogenic



temperatures. However, if the opposite charges move several tens of A away from each other,
these polarons (radical ions) are essentially stable at cryogenic temperatures and allow the
application of steady state spectroscopy.** Furthermore, at these distances (>30 A) the magnetic
interactions between these species is negligible and EPR spectroscopy essentially detects the
spectral signatures of isolated species.?> At standard frequencies like X-band (9.5 GHz, 340 mT)
the signals of PTB7-type oligomer and polymer partially overlap with fullerene derivative PC¢1BM
and the g-tensor of the positive polaron is not resolved.? It is typical for blends of organic polymers
and fullerene derivatives that high frequency/high field EPR (= 95 GHz, 3.4 T) is necessary to
achieve sufficient spectral resolution.?>2% 28-2%: 35 We thus used high frequency EPR at D-band
(130 GHz, 4.6 T), where the about 14 times higher frequency allowed the spectral separation of
PTB7-type oligomer and PCs1BM polaron signals and also the unambiguous determination of the
PTB7-type oligomer g-tensor. Figure 2 displays pulsed D-band spectra of PTB7-type oligomer
blends. The low field part of the spectra (<4.650 T) is due to the PTB7-type oligomers and the
PTB7 polymer, while the high field part (>4.650 T) is due to the fullerene PCs1BM; g-values and
the lineshape of the negative polaron on PCs1BM are essentially identical in the different blends
and in very good agreement with previous results.?>-26: 28-2%. 3536 Hence the further discussion

focusses exclusively on the positive polaron on the PTB7-type oligomers and the PTB7 polymer.
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Figure 2. a) High-frequency pulsed (130 GHz, D-band) EPR spectra of illuminated blends
consisting of the fullerene PCs1BM with PTB7-type oligomers (see Figure 1) and the PTB7
polymer at cryogenic temperature. The low field part of the spectra (<4.650 T) is due to the
PTB7-type oligomers and the PTB7 polymer (positive polaron), while the high field part
(>4.650 T) is due to the negative polaron on PCg¢BM.?>-26:28-29:35-36 Dyaghed lines are spectral
simulations of the positive polaron. Simulation parameters are summarized in Table 1. b)
Principal g-values of positive polaron on the PTB7-type oligomer model compounds in

comparison with the PTB7 polymer as determined by high-frequency EPR (gx>gy>gz). The gz



axis is perpendicular to the m-system, while the gx and gz axes lie in the plane of the molecule (as

determined by DFT calculations).

The EPR spectra of the two shortest oligomers, the 1 mer and the 1.5 mer, exhibit a smaller
signal-to-noise ratio, since only a small fraction of oligomer-fullerene blends achieves stable
charge separation at cryogenic temperatures. This is consistent with the lower efficiency of OPV
cells based on short PTB7-type oligomers. The lowest principal g-value of the positive polaron,
gx, 1s essentially the same in all oligomers and the polymer PTB7 and very similar to the free
electron g-value (ge ~ 2.0023). From previous?’ and current DFT calculations, it is known that this
component of the g-tensor is perpendicular to the n-system of all PTB7-type oligomers and the
polymer, and should be largely independent from the amount of BF units over which the positive
polaron is delocalized.>’° The other two components of the g-tensor (gx and gy) lie in the
molecular plane of the oligomers, and are expected to be sensitive to the polaron delocalization,
which is indeed experimentally observed. The g-tensor of the 1 mer, the 1.5 mer and the 2.5 mer
exhibits significant deviation from the that of PTB7, while the 6.5 mer is completely in line with
the polymer PTB7. The delocalization length is thus clearly between 2.5 and 6.5 units. The g-
tensor of the 3.5 mer (TIPS-4B3F) only slightly deviates from the polymer. This leads to the
conclusion that the best description for the delocalization length is about 4 BF units, complying
with our previous estimate of 3-4 BF units using EPR/ENDOR spectroscopy on the PTB7 polymer

in combination with DFT calculations.?’



Another set of magnetic resonance parameters sensitive to the delocalization of the positive
polaron are hyperfine coupling constants, in particular those of 'H. In fact, in our previous study
of the PTB7 polymer, the 'H hyperfine coupling constants were better indicators of the
delocalization length than the g-tensor.?’ But the 'H hyperfine couplings are too small to be
resolved in the EPR spectra either at X-band or at D-band. Hence, X-band ENDOR spectroscopy
was used to determine the hyperfine coupling constants. This type of experiment corresponds to
performing a NMR experiment (driving nuclear transitions using an RF pulse) but detecting with
the EPR technique (MW pulses), and is often used to increase the spectral resolution of EPR lines
which are inhomogenously broadened by hyperfine interactions.**** Within a conventional

oligomer extrapolation approach?® 44

the largest hyperfine coupling constants should scale
proportional to 1/n, with n being the number of monomeric units (one unit consisting of one subunit

B and one subunit F) of which the positive polaron is delocalized. Under our experimental
conditions, the ENDOR signals of 'H are located at vgr = v;y + g , with A being the hyperfine

coupling constant of a particular nucleus, and v,y the Larmor frequency of a “free” proton. Other
nuclei with spin (beside hydrogen) are not expected to contribute substantially to the ENDOR
spectra due to the combination of their smaller magnetic moment and lower abundance in the
oligomer. Figure 3a shows pulsed ENDOR spectra of the positive polaron on the PTB7-type
oligomers and polymer. We performed Davies-type ENDOR as it is free of blind-spots distortions
for |A[>0.%*-4? The Larmor frequency of a free proton v, is about 14.8 MHz at our magnetic field
(~340 mT) and can be easily recognized by the relative narrow and intense line in the center of the
spectrum. The wider the ENDOR signal, the larger the hyperfine coupling constant(s). The
ENDOR spectra of the two shortest oligomers are approximately equal in width and quite noisy,

since only a very small fraction of oligomer-fullerene blends achieves stable charge separation,
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even at cryogenic temperatures (similar to the EPR signals at D-band, Figure 2). In general, the
same picture is conveyed for 'H hyperfine interaction as for the g-tensor: 1 mer, 1.5 mer and 2.5
mer are substantially different from the polymer, which is identical to the 6.5 mer, and the 3.5 mer
is very slightly different from the polymer (Figure 3b). Thus, we can conclude that the

delocalization of the positive polaron extends no further than the length of the tetramer.

Davies ENDOR Signal (a.u.)

RF [MHz]

121 ._.\ b —m— Oligomer
\\ PTB7

Width of ENDOR spectrum [MHz]
—

PTB7 Oligomer Length [BF units]
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Figure 3. a) X-band pulse Davies ENDOR spectra of illuminated blends consisting of the
fullerene PC¢1BM with PTB7-type oligomers (see Figure 1) and the PTB7 polymer at cryogenic
temperature. b) Overall width of Davies ENDOR spectra for PTB7-type oligomer model

compounds in comparison with the PTB7 polymer.

EPR Spectroscopy on PTB7-type Oligomers in Photoexcited Triplet State

The neutral photoexcited triplet (S=1) of the PTB7-type oligomers is another paramagnetic state
and hence accessible by EPR spectroscopy. Pulsed Laser irradiation of the oligomers generates an
excited singlet state, which can be converted with a certain yield to the triplet state by intersystem
crossing (ISC) process. The interactions between two spins within a triplet state characterized by
zero-field splitting (ZFS) parameter D, which is determined by the overlap of the wavefunctions
between these two electrons.*=** Thus the magnitude, |DJ|, will be larger when the two unpaired
electrons are closer. A larger |D| will result in a wider spectrum. Increasing delocalization of the
triplet exciton in larger oligomers should decrease |D| and make the spectrum narrower. This is
qualitatively somewhat similar to the ENDOR results for the positive polaron discussed above.
Note that while this highly simplified approach can be an appropriate approximation in these
oligomers, it must be taken with great care when dealing with other geometries.’! Figure 4a shows
the X-band spectra of the triplet state in the PTB7-type oligomers and polymer. While a decrease
of [D| is indeed observed with increasing oligomer length, the spectrum of the 6.5 mer is clearly
not yet identical to the polymer, indicating that the triplet exciton is substantially more delocalized
(Figure 4b). Extrapolation from the data for the 1.5 mer, 2.5 mer, 3.5 mer and 6.5 mer suggests

that it is even delocalized over more than 10 BF units. Hence, we can safely conclude that the
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neutral triplet exciton on PTB7 is substantially more delocalized than the positive polaron
counterpart.

This is an important discovery, considering number of publications which claim the high
localization of triplet excitons on in metalorganic oligomers and polymers.'® 2224 However, the
systematic data on delocalization of triplet exciton in pure organic conjugated systems are not
available, as triplet states are spectroscopically “silent” due to the forbidden character of So -T1
transition, and the low sensitivity of energetic parameters of triplet exciton on the length of
oligomer.'8 24 While multiple data on metalorganic system are facilitated by efficient ISC, induced
by heavy metal ion, these systems cannot be directly compared with pure organic conjugated
oligomers. Thus in * the experimental data on T1-So energies of oligofluorenes clearly demonstrate
that triplet exciton might be delocalized over more than 10 repeating units. Thus, the delocalization

of triplet excitons is not well-understood and requires further investigation.
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Figure 4. a) Transient X-band EPR spectra of PTB7-type oligomers in their neutral photo-
excited triplet state at cryogenic temperature. Integration after Laser flash 1s 250-1250 ns.
Positive signals correspond to absorption (A) and negative to emission (E). b) Magnitude of the

ZFS parameter D (|D|) for PTB7-type oligomer model compounds in comparison with the PTB7

polymer.
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1 mer 1.5 mer 2.5mer 3.5 mer 6.5mer PTB7

g 2.0022 2.0023 2.0024  2.0023  2.0023 2.0023
gy 2.0060 2.0042  2.0037  2.0034  2.0032 2.0031
gx 2.0085 2.0064  2.0053 2.0046  2.0045 2.0045
Width of 'H ENDOR =12 ~12 6.6 6.2 6.0 6.0
Spectrum [MHz]

ZFS Parameters 761, 138 549, 64 497,57 475,56 458,70 417, 56

D}, [E] [10-* em™']

Table 1. Experimental g-values and width of pulsed '"H ENDOR spectrum for positive polarons

and ZFS parameters for triplet exciton on the PTB7-type oligomers and PTB7 polymer.

DFT Calculations
With the experimental g-tensor and hyperfine tensors for a variety of PTB7-type oligomers now
available as reference, Density Functional Theory (DFT) calculations were performed to better
understand the electronic properties of these oligomers. The calculations can provide information
like the energies and thus probability of the various potential conformers, and distribution of the
unpaired spin density in the positive polaron/radical cation (charge +1) over the oligomers. This
information is not available from the experimental data. In return, experimentally obtained
magnetic resonance parameters such as g-values and hyperfine coupling constants can be directly
compared with the calculated ones and thus act as a control if the structural models (like
conformation and terminated side chains) and computational level (functional, basis sets, etc.) are
chosen appropriately. The g-tensor and hyperfine calculations of such molecules are typically quite
successful, yielding good agreement with experimental data. DFT modeling shows that conformers

with similar energies (accessible at ambient temperature) exist in this type of molecule, as was
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shown previously.?’ While the B and F subunits (see Figure 1) themselves are very stable, rotations
are possible around the bonds connecting them with rotational barriers of 11-12 kcal/mol for the
charged species and 3.5 kcal/mol for the neutral species (Figure S3), and the stable conformers
take either the cis or the trans configuration (abbreviated C and T in the following, respectively,
see Figure 5).

Figure 5 shows the optimized structures and spin densities of all conformations of the 1.5 mer
with Table 2 summarizing the calculated principal g-values for all possible conformations. The
spin density plots show significant spin density only on the backbone, but not the fluorine atom or
the alkyl or silicon groups. The termination of the alkyl and isopropyl groups had only very small

effects on the g-values (see Table S2).
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Figure 5. PBEh-3c optimized structures of PTB7-type n=1.5 oligomer cation radical (positive

polaron). In the calculations all ethylhexyl groups were replaced with ethyl groups. Structures are

very similar for other functionals. The conformations are defined by the relative positions of the

sulfur atoms. The blue highlighted bond is labeled cis/C; the green trans/T making both CT

conformations (Insert). Spin density calculations with B3LYP|[EPRII basis and def2-tzvpp basis

for S and Si atoms. The spin density iso-surface is shown at 0.001 e/a¢>. Panel a shows CC, b CuT,

¢ CT,and d TT. For CuT (b) there is a potential F-H bond on the cis side.

Table 2. Effect of conformation on g-values for the n=1.5 oligomer conformers. Optimizations are

from B3LYP||6-31G* and PBEh-3c||def2-mSVP methods and all g-values were calculated using

the B3ALYP||[EPRII basis and def2-tzvpp basis for S and Si atoms.

B3LYP|[6-31G* PBEh-3¢|/def2-mSVP

Expt’l

g TT CT CuT CC (02) TT CT CuT CC
(1.0)  (0.8) (0.0 0.0) (0.4 (21  (0.6)

g: 2.0022 2.0022 2.0022 2.0022 2.0022 2.0022 2.0020  2.0022
gy 2.0039 2.0043 2.0041 2.0040 2.0042 2.0044 2.0037  2.0042

gx 2.0060 2.0050 2.0059 2.0050 2.0058 2.0050 2.0057 2.0052

2.0023
2.0042
2.0064

4 Conformations are defined as cis/trans (C/T) as shown in Figure 5. Bold parentheses —energies,

in kcal/mol

The g, value is essentially invariant with respect to the conformation and complies with the

experimentally determined value. It can thus not be used to distinguish between different
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conformers. The gy value changes up to 5x10* depending on the conformation and the gx value
changes up to 1x1073, which indicates that the latter is a better indicator for the respective
conformer. These results indicate that the CC and CT conformers are most likely not present under

our experimental conditions.

Further calculations were performed for all possible conformers of the PTB7-type oligomer with
n=2.5. The functionals PBEh-3¢||def2-mSVP and ®B97XD3||6-31G* were used (Table S10). A
complete computational study of the PTB7-type oligomers including those larger than n=2.5 is

significantly more challenging and will require significant computation resources.

CONCLUSION

In conclusion, we have carried out a comprehensive EPR and DFT study of the
characteristic EPR parameters of the positive polaron/cation radical of PTB7-type oligomers.
Comparison of the g-tensors and 'H hyperfine couplings of the PTB7 oligomers with the polymer
revealed a delocalization of the positive polaron about four monomeric units, corresponding to
about 45 A on the polymer chain. The delocalization length derived from this study is in excellent
agreement with our previous EPR and ENDOR study of the polymer PTB7, where the
delocalization length was indirectly derived by comparison of experimental and calculated 'H
hyperfine couplings. The experimental results obtained for the shortest oligomers have been
compared with DFT calculations, which show good agreement with selected conformations of the
oligomer. Our current study thus not only determines the polaron delocalization length in PTB7,
but also validates the approach combining EPR/ENDOR with calculated magnetic resonance
parameters. In addition, the delocalization of the neutral triplet exciton in the oligomers was also

determined and compared with the polymer PTB7. The analysis revealed that the neutral triplet
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exciton is substantially more delocalized than the positive polaron, exceeding 10 monomeric units.
This work clearly demonstrates that EPR spectroscopy in combination with DFT is a powerful
approach for investigation of the electronic structure of paramagnetic organic molecules and its

interactions with solid state environment.

EXPERIMENTAL SECTION

Sample preparation. The organic polymer PTB7 and its oligomers were synthesized as described
previously.?!-3% 5253 The soluble fullerene derivative C-PCM (PCs1BM) was obtained from
Sigma-Aldrich (St. Louis, MO). Polymer/Oligomer-fullerene mixtures (1:2 or 1:4 weight ratios)
were prepared under anaerobic conditions in a N dry box, using de-oxygenated toluene or
chlorobenzene as solvents (Sigma-Aldrich). The concentrations of the solutions were in 5-15
mg/mL range. Samples for triplet EPR spectroscopy contained no fullerene. The solutions were
filled into EPR quartz tubes, sealed under N>-atmosphere, and then frozen quickly in liquid
nitrogen. Measurements were performed at cryogenic temperatures to minimize light-induced

degradation (photo damage) of the samples.

EPR spectroscopy. Continuous wave (cw) X—band (9-10 GHz) EPR experiments were carried
out with Bruker ELEXSYS E580 and ELEXSYS E500 II EPR spectrometers (Bruker Biospin,
Rheinstetten, Germany), equipped with an Bruker ER4102ST resonator, or Flexline dielectric ring
resonator (Bruker EN 4118X-MD4-W1). Pulsed EPR and pulsed ENDOR experiments were
performed on the ELEXSYS E580 spectrometer using a BT01000-AlphaSA 1 kW RF amplifier
(TOMCO Technologies, Stepney, Australia). ENDOR spectra®®*? were recorded using (i) the

Davies ENDOR sequence (n—t—m/2—t—n—t—echo) with an inversion & pulse of 148 ns, t = 10 ps,
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and radiofrequency (RF) n-pulse of 6 s, or (ii) the Mims ENDOR sequence (7/2—1—n/2—t —m/2—
1—echo) with ©/2 pulse of 24 ns, t = 10 ps, and RF z-pulse of 6 ps.

Helium gas-flow cryostats (Oxford Instruments and ICE Oxford, UK) and an ITC (Oxford
Instruments, UK) were used for cryogenic temperatures.

Light excitation was done directly in the resonator with 532 nm Laser light (Nd:YAG Laser,
INDI, Newport) or with a white light LED (Thorlabs, Newton).

High frequency (HF) EPR measurements were performed on a home-built D-band (130 GHz)
spectrometer equipped with a single mode TEo1; cylindrical cavity.*> D-band EPR spectra were
recorded in pulse mode in order to remove the microwave phase distortion due to fast-passage
effects at low temperatures. Light excitation was done directly in the cavity of the spectrometer
with 532 nm Laser light through an optical fiber (Nd:YAG Laser, INDI, Newport). Data processing
was done using Xepr (Bruker BioSpin, Rheinstetten) and MatlabTM 7.11.2 (MathWorks, Natick)
environment. Simulations of the EPR spectra were performed using the EasySpin software

package.>¢

Density Functional Theory Calculations. Initial structures were built in PQSMOL. The initial
geometry optimizations were carried out using density functional theory (DFT) and the B3LYP

functional’’¢°

using, successively, the 6-31G and the 6-31G+(d) basis set, as implemented in
PQSMol.*! Frequency calculations in PQSMOL were performed on all n=1.5 optimized structures
to ensure stable minima were obtained. All additional optimized structures using alternate
functionals (PBEh-3c, B97-3¢c, wB97X-D3, etc) were obtained using the program package ORCA

(v. 4.0.0.2)%? using the B3LYP optimized structures as starting points. Orca 4.1.1 was used to

obtain the spectroscopic parameters for each structure via single point DFT calculations, with the

20



B3LYP functional in combination with the EPRII basis set.%*%* for the C, H, and O atoms and the
def2-TZVPP basis was used for S and Si atoms. The principal electronic g-values were calculated
employing the coupled-perturbed Kohn-Sham equations and the spin orbit operator computed

using the RI approximation for the Coulombic term and the one—center approximation for the

exchange term (SOMF(1X)).%

ASSOCIATED CONTENT

Supporting Information. Effects of functional and basis set on the calculated energies, g-

values, and hyperfine coupling.
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