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ABSTRACT

The Lewis pairing between existing dopant molecules offers great potential for developing new organic dopants with exceptional
doping strength and stability. However, the high reactivity of Lewis-paired dopants complicates doping-level control, while
the use of non-orthogonal solvents can damage organic semiconductor (OSC) films, hindering device applications. Here, the
dopant reactivity is controlled by regulating the association-dissociation kinetics among pairing dopants and solvent molecules,
which are strongly influenced by solvent polarity. In highly polar solvents, Lewis acid-solvent adducts predominantly form,
suppressing the generation of Lewis-paired dopants. As solvent polarity decreases, the dissociation rate of the Lewis acid—solvent
adduct increases, establishing a dynamic equilibrium between the Lewis acid and the solvent and thereby optimizing reactivity.
Consequently, the optimally processed Lewis-paired dopant enables efficient doping of various OSCs with finely tunable doping
levels, simultaneously achieving a high thermoelectric power factor (170 uyW m~' K=2) and Seebeck coefficient (227 uV K1).
These performances surpass those of the conventional salt-type FeCl; dopant and exhibit markedly improved doping stability
under ambient and elevated-temperature conditions. This study provides a practical strategy for utilizing Lewis-paired dopants by

elucidating their doping mechanisms, paving the way to overcome long-standing limitations in OSC doping.

1 | Introduction

Molecular doping is a key technique for modulating the optical
and electrical properties of organic semiconductors (OSCs),
which require finely tunable doping levels for applications in a
wide range of devices [1-4]. In optoelectronic and photovoltaic
devices, OSCs employed in transport layers should possess opti-
mized energy levels to ensure Ohmic contact with adjacent layers
and achieve high current densities [5-7]. In thermoelectric (TE)
devices, maximizing the figure of merit requires precise control

of the charge carrier concentration, typically within the range
of 10-10*' cm™ [8-10]. Therefore, the systematic fine-tuning
of the doping level, rather than simply maximizing electrical
conductivity, is of greater importance. However, only a few
organic dopants are widely used, owing to the challenges faced in
simultaneously achieving high doping strength, doping stability,
and synthetic accessibility in a single design [11-17]. Effective
doping of OSCs (e.g., p-type doping) requires dopant molecules
with strong oxidizing ability to extract electrons from the host
materials. Accordingly, the lowest unoccupied molecular orbital
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(LUMO) level of the p-dopant should lie below the highest
occupied molecular orbital (HOMO) level of the OSC, which
typically ranges from —4.80 to —5.92 eV [1, 3, 18, 19].

We recently introduced Lewis-paired CN groups as a new class
of building blocks for exceptionally strong and stable organic
p-dopants [18]. Lewis pairing between various Lewis acids
(LAs) and CN-functionalized conjugated molecules strengthens
the electron-withdrawing properties of CN groups by nearly
twofold, deepening their LUMO levels by 0.60-0.91 eV (down
to —5.93 eV). Furthermore, the increased molecular size of
the dopants effectively suppresses the migration of the dopant
counterions, thereby resulting in remarkable doping stability
[18, 20]. Despite these advantages, the use of Lewis-paired
dopants remains challenging [21]. For instance, they are incom-
patible with solution-sequential processing (SqP)—a representa-
tive doping method that relies on dopant diffusion into precoated
OSC films [22-28]. These dopants are more favorably formed
in nonpolar solvents such as chlorobenzene (CB) or o-1,2-
dichlorobenzene, which do not react with individual pairing
components or the resulting paired dopant [18, 20]. Consequently,
in such nonpolar media, the formation of Lewis-paired dopants
is maximized. However, the OSC film can be either partially
dissolved by the solvent at low dopant concentrations or over-
doped at high dopant concentrations, thereby hindering precise
control over the doping level [18, 29]. To address this issue,
a thermal dedoping step (~200°C) was implemented to adjust
the doping levels to an optimal range. However, the electrical
conductivity (o) remained low (<13 S cm™!) even after dedoping,
as over-doping and partial dissolution by the nonpolar CB solvent
irreversibly disrupted the structural ordering of the OSC films.

For effective doping without damaging the OSC layers via SqP,
the dopant solvent must simultaneously satisfy three criteria:
(1) sufficient solubility for the dopant, (2) orthogonality to prevent
dissolution of OSC films, and (3) adequate wettability on the OSC
surface to facilitate dopant infiltration [11, 23, 30, 31]. Accordingly,
polar organic solvents such as acetonitrile (ACN) and acetone
(Ace) have been widely employed for SqP [22, 24, 30]. However,
these polar solvents strongly coordinate with LAs to form LA-
solvent adducts [32, 33], which compete with the formation
of Lewis-paired dopants and reduce overall doping efficiency.
Interestingly, Zapata-Arteaga et al. recently reported o values of
up to 300 S cm™! for OSC films doped with Lewis-paired dopants
using polar solvents [34]. In that study, post-SqP heating (120°C)
and subsequent ACN washing were required to activate Lewis-
paired dopant formation and remove residual dopants. However,
the complex role of solvent polarity in Lewis-paired dopant
systems remains poorly understood because polar solvents not
only form LA-solvent adducts but also tend to stabilize the
produced Lewis-paired dopants [35, 36]. This raises unresolved
questions about how solvent polarity governs the competition
between the formation of LA-solvent adducts and Lewis-paired
dopants. Therefore, to fully leverage the great potential of Lewis-
paired dopants, it is crucial to understand how solvent polarity
affects dopant reactivity during SqP, providing a foundation for
processing strategies that allow precise control of doping levels
without damaging OSC films.

Herein, we demonstrate that the reactivity of the Lewis-paired
dopant 2,3-dichloro-5,6-dicyano-p-benzoquinone:tris (pentafluo-

rophenyl)borane (DDQ:BCF) can be effectively controlled during
SqP by regulating its association—dissociation kinetics, which are
governed by solvent polarity. Six organic solvents with varying
dielectric constants (4.42 < ¢, < 35.9) were employed as dopant
solvents; these solvents dissolve both DDQ and BCF while
exhibiting orthogonality to OSC films, except for CB. We observed
that the doping efficiency of DDQ:BCF was strongly influenced
by the dissociation rate of the BCF-solvent adducts. In the
dopant solution, the equilibrium (BCF + solvent = BCF-solvent)
initially shifted toward BCF-solvent adducts because of the large
excess of the solvent. During solvent evaporation in SqP, these
Lewis adducts dissociated more readily in less polar solvents,
releasing free BCF to form DDQ:BCF pairs that induce p-
doping in OSC films. BCF-ethyl acetate (EtOAc) dissociated more
readily than BCF-ACN, resulting in higher doping efficiency
and enabling optimal TE power factors (PFs) at lower dopant
concentrations. Accordingly, processing with EtOAc effectively
minimized the presence of unpaired dopants (DDQ and BCF),
which disrupted molecular ordering and localized charge carri-
ers. The DDQ:BCF doping with EtOAc could be applied to diverse
0SCs, achieving a maximum PF of 170 yW m~! K=2 with an
exceptionally high Seebeck coefficient (S) of 227 uV K™ at an
optimal doping level.

2 | Results and Discussion

Among the series of Lewis-paired dopants reported in our
previous study, DDQ:BCF was selected because it exhibited the
deepest LUMO level (—5.93 eV) (Figure 1a) [18]. A total of seven
conjugated polymers were employed as host OSCs (Figure S1);
among them, poly[2,2’-[(2,5-bis(2-hexyldecyl)-3,6-diox0-2,3,5,6-
tetrahydro-pyrrolo[3,4-c]pyrrole-1,4-diyl)dithio-phene]-5,5'-diyl-
alt-thiophen-2,5-diyl] (PDPP3T) was selected as the model OSC
because of its highly planar backbone conformation and superior
charge transport properties [37]. Furthermore, PDPP3T could
not be doped with individual DDQ and BCF during SqP because
of its deep HOMO level (—5.24 eV), while effective doping was
achieved with their DDQ:BCF Lewis pair (Figure la; Figure
S2). Figure 1b illustrates the competitive reaction among the
DDQ, BCF, and solvent molecules in the dopant solution. To
systematically evaluate the effects of solvent polarity on this
competitive reaction, we selected six organic solvents covering
a wide range of ¢, from 4.42 to 35.9: CB, diethyl ether (DEE),
tetrahydrofuran (THF), EtOAc, Ace, and ACN. The DDQ:BCF
solutions in these solvents were deposited onto spinning OSC
films to induce SqP doping, as illustrated in Figure 1c. To
understand this solvent-dependent competitive reaction, the
underlying reaction framework of the DDQ:BCF doping system
is described below in terms of a series of equilibria, where S
denotes the solvent and P denotes the polymer.

BCF+S = BCF-S — (k,/k_, =K,) )
DDQ + BCF = DDQ - BCF — (k,/k_, = K,) )

DDQ — BCF + P = P*: DDQ — BCF~ — (ks /k_s =K;) (3)

This series of equilibria provides the theoretical basis for the sub-
sequent discussion of the solvent-dependent doping mechanism.
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FIGURE 1 |

Dopant concentration (mM)

a) Chemical structures and energy levels of PDPP3T, DDQ, BCF, and DDQ:BCF (DDQ-BCF,) illustrating the electron-transfer processes

from PDPP3T to dopants. b) Schematic illustrating competitive reaction among DDQ, BCF, and solvent molecule with the chemical structures and ¢,
values of tested dopant solvents. ¢) Schematic illustrating SqP doping of PDPP3T film with DDQ:BCF. d) UV-vis-NIR absorption spectra of neat PDPP3T
film and DPP_solvent films (10 mM DDQ:BCF). e) Plots of polaron-to-neutral absorption ratio versus DDQ:BCF concentration for DPP_solvent films.
Ajsoo and Agg represent the absorbances at 2500 (polaron) and 818 nm (neutral), respectively, in each UV-vis-NIR absorption spectrum.

On doping, charge carriers generated in OSCs (i.e., polarons)
create new electronic states within the bandgap. These in-
gap states can be directly probed by UV-visible-near infrared
(UV-vis-NIR) spectroscopy because polaron formation enhances
NIR absorption while diminishing the visible absorption of
neutral OSCs [38, 39]. Accordingly, we measured the UV-vis—
NIR spectra of the neat PDPP3T film and PDPP3T films doped
with DDQ:BCF using the six solvents for SqP (DPP_solvent
films) (Figure 1d). These DPP_solvent films were prepared with
a uniform neat-film thickness (40 + 3 nm) and the same
dopant concentration (10 mM) to enable a direct comparison
of doping efficiency. Notably, no additional thermal annealing
step was applied after dopant deposition during the SqP process
in this study. The spectrum of the DPP_CB film displayed an
almost completely bleached neutral peak around 818 nm and
the strongest (bi)polaron peak across 1000-2500 nm, indicating
vigorous p-doping of PDPP3T, consistent with our previous work
[18]. The extent of neutral peak bleaching and (bi)polaron peak
absorption followed the order CB > DEE > THF > EtOAc > Ace
> ACN, which showed a rough inverse correlation with the trend
insolvente,: DEE (4.42) < CB (5.74) < EtOAc (6.03) < THF (7.47) <
Ace(21.4) < ACN (35.9) [40]. These results suggest that more polar
solvents hinder the formation of DDQ:BCF more strongly, likely
because of the coordination of unpaired electrons to the vacant
p-orbital of BCF, thereby reducing doping efficiency.

Next, we varied the dopant concentrations and measured the
spectra of the resulting films to examine whether the doping
level could be systematically controlled (Figure S3). To this end,
we plotted the polaron-to-neutral absorption ratios of the films
(Azs00/Agig) as a function of dopant concentration (Figure le),
where a consistent, sizable slope indicates doping tunability in
the tested range [41, 42]. The polaron ratios of DPP_CB films
steeply increased and saturated first (~4.5 at around 4 mM).
Based on a recent study by Murrey et al., the polaron density
of the DPP_CB film (2 mM) was estimated to exceed 4 x 10%°
cm~3, reaching a heavily doped state even at a low dopant
concentration [43]. However, controlling the polaron density at
lower doping levels was difficult because this film lost approxi-
mately 60%-75% of its initial thickness (Figures S3a and S4) and
the loss became more severe at lower dopant concentrations.
The DPP_DEE films showed a similar trend in the plot with a
slightly larger saturation concentration and lower polaron ratio
(~3 at around 5 mM). In contrast, the DPP_ACN films exhibited
extremely low polaron ratios even at considerably higher dopant
concentrations with sufficient soaking (90 s) in SqP. Furthermore,
the increased absorption in the 350-500 nm range at higher
dopant concentrations indicates the presence of residual DDQ
and BCF, which may act as impurities (Figure S3g) [44]. The
polaron ratios of the DPP_THF, DPP_EtOAc, and DPP_Ace films
increased moderately to values between 1.7 and 2.5 across dopant
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FIGURE 2 | a)"°FNMR spectra of BCF solutions in CDCl; before and after the addition of various solvents (10 eq. to BCF). b) Optimized structures
of BCF-ACN in the gas phase (left) and solvated condition with a solvation cavity (right). The structure on the left displays the ortho-F atom position
studied in (a), direction of CT, and B-solvent bond. ¢) Calculated B-solvent bond lengths of BCF-solvent adducts for five different solvents and extent

of CT from solvent to BCF in the gas-phase (dashed line) and solvated (solid line) conditions. d) G, of BCF-solvent adducts for five different solvents.

A more negative G, indicates the greater stability of the BCF-solvent adduct in the solution. e) Optimized structures of BCF-solvent adducts for five
different solvents and Gibbs free energy changes of the corresponding adducts with increasing B-solvent bond length, together with E, values.

concentration ranges of 1-2 to 10-15 mM, exhibiting linear trends
with slopes of 0.21, 0.18, and 0.15, respectively. These results
confirm that the doping level can be finely tuned within a
polaron density range of 10°~10* cm™ by adjusting DDQ:BCF
concentrations when using THF, EtOAc, or Ace as the dopant
solvents (Figures S5 and S6).

YF nuclear magnetic resonance (NMR) spectroscopy was used
to investigate the effect of solvent polarity on the molecular
interactions between the BCF and the solvent molecules [45].
Figure 2a shows the ’F NMR spectra of BCF solutions in CDCI,
before and after the addition of each solvent at 10 equivalents

(eq.) relative to BCF. All spectra exhibited a single BCF ortho-
F peak rather than two distinct peaks corresponding to free
BCF and BCF-solvent adducts. This observation is attributed to
a rapid exchange between the two species (BCF + solvent =
BCF-solvent), which resulted in a time-averaged signal or full
association of solvents to BCF [46]. For the CB-added solution,
a single peak appeared at nearly the same position (—127.9 ppm)
as that of the neat BCF solution (—128.0 ppm). The peak shifted
progressively upfield to —134.7 ppm (EtOAc) with an increase
in the solvent ¢, indicating increased electron donation from
the solvent to the BCF and a reduced fraction of free BCF. This
upfield shift trend inversely correlates with the doping efficiency

40f14

Advanced Materials, 2026



trend of the polymer films (CB > DEE > THF > EtOAc), as
shown in Figure 1d. However, further increases in ¢, beyond
EtOAc did not result in additional upfield shifts (Ace: —134.3 ppm;
ACN: —134.4 ppm) even though the doping efficiency with ACN
was markedly different from that with Ace and EtOAc. These
results imply that the formation of BCF-solvent adducts becomes
saturated in all the three cases (EtOAc, Ace, and ACN), and the
extents of electron donation are similar. Therefore, other factors
must be considered to account for the large discrepancy in the
doping efficiency between DPP_ACN and the other films.

Most BCF molecules can exist as BCF-solvent adducts in polar
solvent-rich environments, and therefore, the stability of these
Lewis adducts play a crucial role in doping efficiency. To
investigate the correlation between solvent polarity and BCF-
solvent stability, density functional theory (DFT) calculations
were conducted to estimate the bonding characteristics and
thermodynamic parameters of the Lewis adducts (Figure 2b-
d) [35]. The optimized structure revealed that CB did not form
any chemical bonds with the boron atom of BCF (Table S1).
For the other solvents, the binding free energy (AG) became
more negative from BCF-DEE (—3.89 kcal mol™) to BCF-ACN
(=9.22 kcal mol™) as the solvent polarity increased, with a
slightly deviating value for BCF-Ace (—5.75 kcal mol™). This
trend indicates that free BCF is thermodynamically favored in
less-polar solvents.

Bonding characteristics between the BCF and the solvents
provide further insight into the stability of the Lewis adducts
(Figure 2b,c) [35]. In both gas-phase and solvated conditions, the
B-solvent bond length decreased in the order of DEE > THF >
EtOAc ~ Ace =~ ACN, whereas the corresponding charge transfer
(CT) values showed opposite but similar trends, which increased
with polarity. These results indicate that the BCF-solvent adducts
become more stable with an increase in solvent polarity, with
shorter bond lengths and greater CT values, consistent with
the F NMR results shown in Figure 2a. Furthermore, we
evaluated the solvation energy (G,,,) for the Lewis adducts to
assess the effect of stabilization by a solvent-induced electric field
(Figure 2b,d) [47]. The G, values became more negative nearly
linearly in the order of DEE > THF > EtOAc > Ace > ACN, which
closely matched the observed doping efficiency trend. Because
the formation of free BCF in SqP can be controlled kinetically,
we investigated the dissociation rates of the BCF-solvent adducts
by calculating the activation energy (E,) required to dissociate the
Lewis adducts. Figure 2e shows changes in the Gibbs free energy
of each BCF-solvent as a function of increasing B-solvent bond
length along with the corresponding E, values and optimized
structure schemes. The E, values increased in the order of DEE
< THF < EtOAc ~ Ace < ACN, showing an inverse correlation
with the observed doping efficiency trend. Despite the similar
bond lengths and CT values (Figure 2c), the E, of BCF-ACN
was nearly twice as high as those of BCF-EtOAc and BCF-Ace.
Because a higher activation energy directly translates into slower
dissociation kinetics, BCF-ACN is expected to have a significantly
slower dissociation rate than those of the other Lewis adducts.

To study the coordination kinetics of BCF with the solvents, we
performed C and F NMR spectroscopy on the BCF solutions
in CDCl; with varying amounts of EtOAc or ACN (0.1-10 eq. to
BCF). We focused on these two representative solvents, which

led to a large discrepancy in the doping efficiency for the
remaining analyses and measurements. Figure 3a shows the “F
NMR spectra of BCF solutions with the solvent additives, along
with equilibrium schemes between the BCF and solvents. The
BCF ortho-F peak gradually shifted from —127.9 to —134.7 ppm
with an increase in the amount of EtOAc. Notably, all ortho-F
peaks appeared as a single peak positioned between those of free
BCF and BCF-EtOAc, indicating a dynamic equilibrium state.
In contrast, upon the addition of ACN, the F NMR signals
appeared only at two distinct peak positions, which corresponded
to the free BCF and BCF-ACN. Furthermore, at 0.1 and 0.5
eg. conditions, the two peaks were observed simultaneously,
indicating the coexistence of separately stabilized free BCF and
BCF-ACN. The BC NMR spectra exhibited peak shift trends
similar to those of the '*F NMR spectra (Figure S7). These results
confirmed that the lifetimes of the BCF-EtOAc and BCF-ACN
complexes are shorter and longer, respectively, than the NMR
timescale, and that BCF-EtOAc exhibits a faster dissociation
rate than BCF-ACN, which is consistent with their E, values
(Figure 2e).

We then investigated how the dissociation rate of the BCF-
solvent affects the formation kinetics of DDQ:BCF Lewis pairs by
measuring the *C NMR spectra of DDQ and DDQ:BCF solutions
with varying amounts of EtOAc or ACN (1-10 eq. relative to
DDQ). In the absence of EtOAc and ACN, DDQ exhibited
sharp ®C NMR peaks at 140.728 (C1), 169.028 (C2), 124.213 (C3),
and 109.564 ppm (C4), which shifted by +0.468 (downfield),
—1.772 (upfield), —1.825 (upfield), and —2.925 ppm (upfield),
respectively, upon the formation of DDQ:BCF (Figure 3b; Figure
S8). The extents of these peak shifts (C1-C4) caused by DDQ:BCF
formation progressively decreased with an increase in the amount
of solvent additive (Figure 3b,c; Figure S9-S12). These results
indicate that even small amounts of solvent additives (10 eq. ~
3 vol%) can hinder the formation of DDQ:BCF. However, the
C1 peak of DDQ still exhibited a downfield shift of 0.023 ppm
(~14 Hz) upon DDQ:BCF formation in the presence of 10
eq. EtOAc, which is nearly three times larger than the shift
observed with 10 eq. ACN (0.008 ppm =~ 5 Hz) (Figure 3b,c).
Comparable trends were observed for C2, C3, and C4, indicating
that DDQ:BCF forms more readily in the presence of EtOAc than
that of ACN (Figures S9-S12). Collectively, the F and *C NMR
results clearly demonstrate that the rapid dissociation of the BCF-
solvent adduct is key to facilitating the formation of DDQ:BCF, as
illustrated in Figure 3d.

To examine the feasibility of doping-level control using the
solvent-mediated Lewis-paired dopants, we evaluated the TE
performance of DDQ:BCF-doped PDPP3T films, given that o and
S are highly sensitive to the doping level of semiconductors [48].
Figure 4a presents the plots of o versus dopant concentration
for DPP_EtOAc and DPP_ACN films with a gray dashed line
marking the maximum o of DPP_CB films (Figure S13). The o
of the DPP_EtOAc films initially increased and then decreased
with dopant concentration, reaching a maximum o of 38.5 S
cm™! at 6 mM, which exceeded that of DPP_CB films (9.3 S
cm™). In contrast, DPP_ACN films exhibited a significantly lower
maximum o of 2.2 S cm™ and required a tenfold higher dopant
concentration (60 mM) to reach their optimal value. The lower
optimal dopant concentration of the DPP_EtOAc films strongly
supports that the formation of DDQ:BCF occurs more readily in
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solvent addition (EtOAc or ACN, 10 eq. to DDQ). Solution preparation details are provided in the Experimental Section. The left molecular structures
highlight the C1 position of DDQ. ¢) Chemical shift (C1) differences in the *C NMR spectra between DDQ and DDQ:BCF as a function of the amount
of added solvent. d) Schematic diagram of the mechanism of DDQ:BCF formation in polar solvents highlighting the importance of the dissociation rate

of BCF-solvent adducts.

EtOAc than in ACN. Similar behaviors were consistently observed
for the DPP_DEE, DPP_THF, and DPP_Ace films (Figure S14).
Meanwhile, the S of OSCs can be expressed as [49, 50].

Er — Ep

§=- el

“4)

where Er, E, and e represent the transport level, Fermi level, and
elementary charge, respectively. As the doping level increases, Ey
approaches the HOMO level, and S decreases correspondingly
[51]. As shown in Figure 4b, both DPP_EtOAc and DPP_ACN
films exhibited decreasing S values with increasing dopant
concentration. At comparable S values (x227 uV K7), the
DPP_EtOAc films (4 mM) exhibited a 15.3-fold higher o of 33.0
S cm™! than that of the DPP_ACN films (60 mM). Consequently,
the DPP_EtOAc films yielded a maximum PF of 170 yW m~! K2,
which is more than an order of magnitude higher than that of the
DPP_ACN films (10.9 yW m™ K~?) (Figure 4c).

As noted above, even a small amount of polar solvent (3 vol%) was
sufficient to hinder the formation of DDQ:BCF, which suggested
that DDQ and BCF may be largely dissociated in the dopant
solutions in polar solvents. However, PDPP3T could only be
doped with DDQ:BCF and not with the individual components
during SqP (Figure S2). Then, the key question is how the doping
of PDPP3T proceeds with DDQ:BCF in EtOAc and ACN. We
inferred that free BCF can still coordinate with DDQ in polar

solvent media because the BCF-solvent adducts exist in dynamic
equilibrium at room temperature for solvents with moderate
polarity (Figure 3a). This inference is supported by the decreased
neutral peak absorption of PDPP3T films immersed in DDQ:BCF
solutions in EtOAc or ACN over time, with a decrease occurring
more rapidly in EtOAc, especially in the early stage (Figure S15).
In addition, suppressed doping was observed even with a small
amount of ACN in a mixed solvent system of methyl acetate and
ACN (Figure S16). Based on these considerations, we proposed
a doping mechanism for the PDPP3T films with DDQ:BCF
during SqP (Figure 4d). This interpretation, grounded in the
series of equilibria described above (Equations (1)-(3)), is further
supported by the quantification of the kinetics of BCF-solvent
exchange derived from additional F NMR and time-dependent
absorbance analyses, as detailed in the Supporting Information
(Figures S17-S20). Upon the deposition of the DDQ:BCF solution
onto a spinning PDPP3T film, the solvent evaporated, and BCF-
EtOAc dissociated to release free BCF, which subsequently
coordinated with DDQ to induce the p-doping of the PDPP3T
film. Therefore, the faster the BCF-solvent dissociation rate, the
more readily DDQ:BCF can be formed, leading to a higher doping
efficiency. In contrast, for the dopant solution in ACN, a higher
dopant concentration and longer doping time were required to
generate free BCF because of the slower BCF-ACN dissociation
rate. However, this resulted in significantly more inactive dopants
(free DDQ and BCF), which may act as impurities, hindering
charge transport in the doped PDPP3T films.

6 of 14

Advanced Materials, 2026



a b c
— ~— 800 __10°
102} EtOAc: 38.5 S cm [ 1 § EtOAc: 170 pW m-1K-2
= 2 X 0
i = 600} v_ 10%¢
E Lo 2 e - N
o 10 £ 400 2 0} &
Q - = 1
."? E S 34.5 yW m-1K-2
2 10°} 3 g 10
o S 200t 8
3 DDQ:BCF / FeCls S - DDQ:BCF / FeCls
S [ EtOAc -e-/ A 2 2 10"} EtOAc —o-/
8 107F ACN  —A- A © o [ ACN —A— |
@ Sc o
N N ! »n " " 10-2 " N
1 10 100 1 10 100 1 10 100
Dopant concentration (mM) Dopant concentration (mM) Dopant concentration (mM)
d DDQ:BCF doping mechanism in SqP e 10°
Air /80 °C, N2
| 4 mM in EtOAc | | 60 mM in ACN \ 10°} / DDQ:BCF
—=— /| —e—FeCls
1. BCF-EtOAc 2. DDQ:BCF 3. p-Doping 1.Low BCF-ACN 2. Longerdoping 3. BCF: washed 10tk
dissociation formation by DDQ:BCF dissociationrate  time: infiltration away before
N of inactive dopant  forming DDQ:BCF 10°
(=} F
“go? m R B - p¥ % 5 %o % g
e

DPP_EtOAc

- &=

Dynamic (< 1s)

? \. —) a 2 %.’ 10-1 1 L 1 L 1 1
_ E\: 0 10 20 30 40 50

soaking 90 s

10%}

10"}

DPP_ACN 100

DDQ, BCF impurities Time (h)

f g

- = 10’ g r r :

I! - DDQ:BCF-doped OSCs I! s ® Molecularly doped OSCs
2 [ FeCl3-doped OSCs S . | % This work

1 . 0y

£ 100 2 ° R

00 rarely

z £ o e X

2 S | e Ak

= £ 10%] ® %%

° 8 “‘Q A H n‘ ° :

s 10} .

t .: . ® .\. b’. o * o
[ 8 N &
; o £, \". o Y
(<} o 4_ \0\ . ’0“
o ° Yol 7 o %

1 N 2y Ay, Ay @0 10" 10° 10" 10 10°
Orpf b:& e.) /77’

Conductivity (S cm™)

FIGURE 4 | TE performancesof DPP_EtOAc, DPP_ACN, and FeCl;-doped PDPP3T films as functions of dopant concentration: a) o, b) S, and c) PF,
with standard error obtained from three to six independently measured devices. Gray dashed lines represent the maximum values of DDQ:BCF-doped
PDPP3T films processed with CB. d) Schematic diagram of the DDQ:BCF doping mechanisms during SqP with EtOAc (left) or ACN (right). e) Resistance
changes over time for PDPP3T films doped with DDQ:BCF or FeCl; under different conditions (in air or at 80°C in N,). f) PF values of various OSC
films doped with DDQ:BCF or FeCl; at optimal conditions, with standard error obtained from three to six independently measured devices. g) S versus
o plots for various OSC films doped with organic dopants reported in the literature, including this study [24, 52-60]. Each dashed line indicates the same

PF value.

FeCl, is one of the most widely used p-dopants because of its
high oxidation strength [61]; therefore, the TE performances
of FeCl;-doped PDPP3T films (EtOAc and ACN as the dopant
solvent) were evaluated for comparison (Figure 4a-c; Figure
S21). As shown in Figure 4a, the maximum o of the FeCl,-
doped PDPP3T films (89.4 S cm™) was higher than that of the
DPP_EtOAc films. Importantly, however, the DPP_EtOAc films

exhibited more than two times higher maximum PF than that
of the FeCl;-doped PDPP3T films (82.7 uW m~! K=2) (Figure 4c),
reflecting a more favorable balance between o and S (Figure 4b).
To further analyze the transport characteristics, we also plotted
the o and S values of the DDQ:BCF- and FeCl;-doped films and
fitted the data using the Kang-Snyder model (Figure S22) [62].
From the fitting, the highest transport coefficient (og,) of 50 S
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cm™! was extracted for the DPP_EtOAc films, compared with 30
and 10 S cm™! for the FeCl;-doped films processed with ACN and
EtOAc, respectively. These results indicate more efficient charge
transport in the DDQ:BCF-doped system. We think that larger
DDQ:BCF anions may exert weaker Coulombic interactions with
the generated polarons than the smaller FeCl, anions, enhancing
the contribution of the polarons to electrical conduction [28, 63].

We compared the stability of the DPP_EtOAc (4 mM) and FeCl;-
doped PDPP3T (10 mM) films because the larger size of DDQ:BCF
can contribute to a higher doping stability than FeCl, doping. The
dopant concentrations were selected to roughly match their dop-
ing levels because doping stability can vary based on the degree of
doping [64]. Figure 4e shows the sheet resistance changes (R/R,)
of these samples over time in air at room temperature or in an
N, atmosphere at 80°C. Under both conditions, the DPP_EtOAc
films exhibited superior stability compared to the FeCl;-doped
PDPP3T films. Similar trends were observed in their UV-vis-NIR
spectra (Figure S23). Although the stability of the DPP_EtOAc
films was relatively lower than that of the PDPP3T films doped
with a bulkier Lewis-paired dopant in our previous study [18],
DDQ:BCF doping clearly outperformed FeCl; doping in terms of
both TE performance and doping stability.

We also tested six different OSCs with SqP using DDQ:BCF
solutions in EtOAc to demonstrate the broad applicability of this
Lewis pairing doping strategy. All DDQ:BCF-doped OSCs showed
finely controlled doping levels as observed by UV-vis-NIR spec-
troscopy (Figures S24-S29), which enabled the optimization of
their TE performances, as summarized in Figure 4f and Table
S2. Remarkably, the optimized PF values of the DDQ:BCF-doped
OSC films exceeded those of their FeCl;-doped counterparts in
most cases, highlighting the effectiveness of the Lewis-paired
doping system (Figure 4f; Figures S30-S35). Furthermore, supe-
rior PF and S values were simultaneously achieved for the other
OSCs, similar to the case of PDPP3T (Figure 4f,g). Interestingly,
DDQ:BCF doping was also effective for PCDTPT, which contains
Lewis basic pyridine moieties, yielding high o and PF of 64.6 S
cm~' and 51.9 pW m~! K2, respectively (Figure S24). Such Lewis
basic polymers are known to form Lewis complexes with BCF,
and therefore, doping with BCF alone resulted in poor electrical
properties (¢ < 1 S cm™) [52, 53]. These results indicate that
the coordination between BCF and DDQ is more favorable than
that between BCF and the pyridine moiety, suggesting that the
Lewis-paired dopants can also be applied to Lewis-basic OSCs,
which largely include high-performance donor-acceptor type
conjugated polymers with deep HOMO levels.

2D grazing incident X-ray diffraction (2D-GIXD) measurements
were performed to examine the effect of DDQ:BCF doping on
the molecular ordering of the DPP_EtOAc and DPP_ACN films
(Figure 5). OSC films undergo structural rearrangement upon
solvent exposure, depending on solvent polarity [65]. Therefore,
we confirmed that the edge-on molecular orientation of the
neat PDPP3T film was well preserved after exposure to the
tested dopant solvents, except for CB, which almost completely
destroyed the molecular ordering (Figure S36). Furthermore,
PDPP3T films exposed to EtOAc and ACN exhibited nearly
identical crystallographic parameters (Table S3), indicating that
the difference in TE performance between the DPP_EtOAc and
DPP_ACN films may not be attributable to solvent exposure

effects. Instead, we attributed this difference to their distinct
doping mechanisms, as shown in Figure 4d. Figure 5a shows the
2D-GIXD patterns of the neat PDPP3T, DPP_EtOAc (4 mM), and
DPP_ACN (60 mM) films (additional patterns at other dopant
concentrations are shown in Figures S37 and S38). All 2D-GIXD
patterns show a clear edge-on molecular orientation of PDPP3T,
which indicates the preservation of molecular ordering after
doping, unlike in the case of the DPP_CB films (Figure S39).

Figure 5b presents the corresponding out-of-plane and in-plane
line-cut profiles of 2D-GIXD patterns from which lamellar d-
spacing and 7-7 stacking distance values were extracted (Tables
S4 and S5). The molecular ordering of doped polymers can
be altered either by the infiltration of dopants into ordered
structures or by chain rearrangement to stabilize the generated
polarons [66, 67]. Therefore, to compare the crystallographic
parameters at similar doping levels, the lamellar d-spacing and
-7 stacking distances of the DPP_EtOAc and DPP_ACN films
were plotted as a function of the polaron ratio (A,sy,/Ags)
(Figure 5c), which was defined in Figure le based on the UV-
vis-NIR spectra (Figure S3). The lamellar d-spacing of both the
DPP_EtOAc and DPP_ACN films progressively increased with
the polaron ratio, from 17.8 A (Neat) to 19.9 A (EtOAc, 6 mM
dopant) and 18.53 A (ACN, 80 mM dopant). The DPP_EtOAc
films exhibited larger lamellar d-spacing values than those of
the DPP_ACN films at similar doping levels despite considerably
lower dopant concentrations (Figure 5c). These results indicated
that more dopant molecules infiltrated into the lamellar region
of DPP_EtOAc, whereas they were mainly positioned in the
amorphous region of DPP_ACN [23, 68]. In contrast, the 7-7
stacking distances of the DPP_EtOAc films decreased from 3.99
A (Neat) to 3.89 A (6 mM), suggesting the enhanced backbone
planarity of PDPP3T upon doping [26]. Meanwhile, those of
the DPP_ACN films decreased only marginally from 3.99 A
(Neat) to 3.97 A (80 mM). The more pronounced reduction
in the 7—r stacking distance in the DPP_EtOAc films likely
contributed to their higher TE performance by facilitating charge
transport compared to the DPP_ACN films. Additional 2D-GIXD
analyses were performed on DPP_DEE, DPP_THF, and DPP_Ace
films (Figure S40). While the DPP_THF film exhibited slightly
disrupted molecular ordering accompanied by relatively lower
TE performance (Figure S14), the overall molecular ordering was
largely preserved across the different solvent systems.

To better understand the origin of the superior TE performance
of the DPP_EtOAc films, we performed Raman and Fourier
transform infrared (FTIR) measurements. Raman spectroscopy
provides information on the chain conformation and backbone
planarity of OSCs, which are directly related to their charge
transport abilities [69, 70]. Considering the neutral PDPP3T
absorption (Figure 1d), an incident laser wavelength of 785 nm
was used. As shown in Figure 6a, the neat PDPP3T film exhib-
ited three strong Raman bands at 1368, 1422, and 1508 cm™,
consistent with a previous report [69]. Thereafter, we measured
the Raman spectra of the DPP_EtOAc and DPP_ACN films
at various dopant concentrations (Figure S41). The two films
showed different trends with increasing dopant concentration,
particularly in the 1422 cm™ band, which corresponded to the
symmetric stretching of C-C bonds in the conjugated backbone
(Figure 6a inset). The DPP_EtOAc films showed a gradual red-
shift to 1417 cm™' (6 mM), whereas the DPP_ACN films exhibited

8of14

Advanced Materials, 2026



2-

1.5
= A A (400) A L (400)
<
;1'0' £ > (300) “ A (300)

< > (200)

| < > (200

0.5- .
A A\ (100) 2 (100)
0 J AR | WA . /R
0 0.6 1.2 1.8 0 .6 1.2 1.8 (] 0.6 1.2 1.8
q,, (A) (A1) Gy, (A1)
b (oo (010) C L.
| DDQ:BCF in EtOAC (mM) ' —_ (100)
—(0) — (1) — (2) — (3] 4 <
35 :4; :5; }s; @ 157 A > - ®- EtOAc (6 rFNI)
] _ \ ACN
=M 3 5 200} %es
g M A . g é
Q \/‘ ) 2z ol g K
\ N ——] e 1 L
g [ g [l vy 5 190 4
i ~— ] ¢ &
< [ € e ™ ; = .
g | = | g
= | ! % 18.0f
i 1.62 A1 - e
i DDQ:BCF in ACN (mM) =
0 0 - o) < (010)
s U (50— (60)  (80) g 4.00F
d J\/\/\ : : ”
- 1 -] 8 [ ]
= /?: /\__\__ s @ 5
“ﬁ g i gt é- '; 3.95} .
g i :CJ/\ \,ﬂ/,{/f\e Prig S £ .
€ [ - 8 S [ X
= i c ] A _ ]
g’ i = 5 g
3| k3.0 o
P ) , ) , ) E , , ,
0.5 1.0 15 2.0 0.5 1.0 1.5 2.0 0.01 0.1 1
q, (A7) q,, (A7) Polaron ratio (A, /A,,;)

FIGURE 5 |

a) 2D-GIXD patterns of neat PDPP3T, DPP_EtOAc (4 mM), and DPP_ACN (60 mM) films. b) Line-cut profiles from the 2D-GIXD

patterns of DPP_EtOAc (top) and DPP_ACN (bottom) films at various dopant concentrations along the out-of-plane (left) and in-plane (right) directions.
¢) Lamellar d-spacing (top) and 7-7 stacking distances (bottom) as functions of polaron ratio.

negligible shifts (Figure 6a; Figure S41). These results indicate
that the PDPP3T in DPP_EtOAc films has more planar chain
conformation, as deduced from the tighter 7— stacking distances
(Figure 5c).

Figure 6b shows the FTIR spectra of the DPP_EtOAc (4 mM)
and DPP_ACN (60 mM) films (additional spectra at other dopant
concentrations are shown in Figure S42). The DPP_EtOAc films
displayed a mid-IR polaron absorption band centered at ~2500
cm™!, which was significantly lower than that of the DPP_ACN
films (~3000 cm™), indicating longer polaron delocalization
lengths in PDPP3T for the DPP_EtOAc films [28]. This trend
was evident even for the DPP_EtOAc film at very low dopant
concentrations (1 mM) compared to the DPP_ACN films at
60 and 80 mM, which had similar or higher doping levels.
In general, the polaron delocalization length in doped OSC
films is influenced by energetic and structural disorder [71,
72]. Therefore, we performed additional experiments, including
DFT calculations, to examine changes in the CN bands of the
FTIR spectra (2150-2275 cm™) upon DDQ:BCF doping (Figures
S43-S45). These studies revealed that the DPP_ACN films con-
tained neutral DDQ:BCF, which can act as impurities, and a
charge-transfer complex (CTC) between DDQ and the PDPP3T
backbone [73-75], which can hinder the 7-7 stacking of PDPP3T
and localize the polarons (see the Supporting Information for
details).

Then, we performed X-ray photoelectron spectroscopy (XPS)
depth profiling to compare the relative compositions of DDQ
and BCF in the DPP_EtOAc and DDP_ACN films (Figure S46).
Given the unique atoms of Cl (DDQ), F (BCF), and S (thiophene
moiety of PDPP3T), the relative contents of DDQ and BCF were
estimated by calculating the Cl/S and F/S ratios, respectively.
The DPP_ACN film was prepared under modified SqP conditions
with a higher dopant concentration (100 mM) but a lower
spinning speed (1000 rpm) to minimize the dopant residue caused
by centrifugal force (see the Experimental Section for details).
This resulted in a similar doping level to that of the normally
prepared DPP_ACN film at 70 mM (Figure S47). Despite the
considerably higher dopant concentration and longer soaking
time, the DPP_ACN film (100 mM) exhibited markedly lower
relative contents of DDQ and BCF than those of the DPP_EtOAc
film (4 mM) (Figure 6¢c). Notably, the DPP_EtOAc film (4 mM)
exhibited a relative BCF ratio to DDQ (Npcr/Nppg) of 1.85,
closely matching the stoichiometry of DDQ-BCF,. In contrast,
the DPP_ACN film (100 mM) showed a smaller Npcr/Nppq ratio
of 0.77, implying that DDQ-BCF, was the dominant dopant
species. Furthermore, we inferred that the BCF-ACN adducts
were swept out during SqP, whereas free DDQ remained in
the film because of the slow dissociation rate of BCF-ACN.
This residual DDQ could penetrate into the 77—z stacks of PDPP3T
and form a CTC with the DPP unit, which disrupted molecular
packing and localizing polarons (Figure 6d) [73-75], ultimately
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in DPP_EtOAc and DPP_ACN films.

degrading TE performance. On the other hand, higher doping
levels and more efficient polaron generation could be achieved
for the DPP_EtOAc films at lower dopant concentrations because
DDQ-BCF, is the dominant form, which is expected to possess
a stronger oxidizing ability than that of DDQ-BCF,. This high
oxidizing strength can even induce mild p-doping in an n-type
OSC (N2200) (Figure S45), whose HOMO level was estimated to
be —5.92 €V in our previous study [18]. Consequently, DPP_EtOAc
films exhibited superior TE performance, which can be attributed
to their more planar backbone conformation, longer polaron
delocalization lengths, and tighter 7—7 stacking distances.

3 | Conclusion

We demonstrated a versatile doping strategy via the solvent-
mediated reactivity control of the Lewis-paired dopant DDQ:BCF,
which enabled the tunable, efficient, and stable doping of diverse
OSCs. Spectroscopic analyses supported by DFT calculations
revealed that the dissociation rate of BCF—solvent adducts, which
strongly depends on solvent polarity, is a key factor for regulating
the formation of DDQ:BCF. The DDQ:BCF formed in nonpolar

solvents resulted in limited doping-level control and disrupted
the ordered structures of the OSC films. Coordination between
the BCF and solvent molecules dominated in highly polar
solvents, suppressing DDQ:BCF formation and lowering doping
efficiency. However, in solvents with optimal polarity, BCF and
solvent molecules exist in dynamic equilibrium, enabling DDQ
to pair with free BCF upon solvent evaporation during SqP.
Consequently, processing with EtOAc enabled the precise doping-
level control of various OSCs with high doping efficiency, from
simple polythiophene to liquid-crystalline and donor-acceptor
type polymers with deep HOMO levels. Consequently, the TE
properties of the tested OSCs could be optimized at low dopant
concentrations, simultaneous achieving a high S (227 uV K1) and
PF (170 yW m~' K~2). Raman, FTIR, and 2D-GIXD studies showed
that OSCs doped with DDQ:BCF using EtOAc exhibited more
planar backbones, tighter m-7 stacking distances, and longer
polaron delocalization lengths. In addition, DDQ:BCF doping
outperformed FeCl; doping in TE performance, as well as in
stability under ambient and thermal stress conditions. Overall,
our results highlighted the effectiveness of Lewis-paired dopants
by establishing a solvent-mediated doping mechanism. We
believe that this strategy provides a practical route to overcome
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the persistent challenges in OSC doping and will be broadly
applicable to various (opto)electronic and energy-conversion
devices.

4 | Experimental Section

4.1 | Materials

PDPP3T (M,, = 66,759 g mol~!, PDI = 2.12) was purchased from
Ossila. PCDTPT (M,, = 65,000 g mol~!, PDI = 2.0), P3HT (M,,
= 78,000 g mol™}, PDI < 2.2), PTB7 (M,, = 80,000-120,000 g
mol ™, PDI = 2.0-3.0), and N2200 (M,, = 50,000-100,000 g mol™*;
PDI = 2.0-3.0) were purchased from 1-Material. PQT-12 (M,, =
16,000 g mol™!, PDI = 2.0) was purchased from American Dye
Source. PDVT-8 (M,, > 20,000 g mol™) was purchased from
Lumtec. PBTTT-C14 (M,, = 52,700 g mol™', PDI = 2.14) was
synthesized and purified as described previously [76]. PM6 (M,, =
80,000-200,000 g mol~; PDI = 2.0-4.0), DDQ (98%), chloroform
(anhydrous, 99%), FeCl; (97%), CB (anhydrous, 99.8%), DEE
(anhydrous, 99%), THF (anhydrous, 99.9%), EtOAc (anhydrous,
99.8%), Ace (HPLC grade, > 99.9%), ACN (anhydrous, 99.8%), o-
1,2-dichlorobenzene (DCB; anhydrous, 99%), CDCl; (anhydrous,
> 99.8 atom% D), and toluene-ds (99.6 atom% D) were purchased
from Sigma-Aldrich. BCF (97%) was purchased from Tokyo
Chemical Industry. All solvents were dehydrated with molecular
sieves (Sigma-Aldrich, 3 A pore size) before use, while the other
chemicals were used as received without further purification,
except PBTTT-C14.

4.2 | Sample Preparation

Soda-lime glass substrates (2 cm X 2 cm) were cleaned by
bath sonication in deionized water with a detergent, followed
by successive sonication in Ace and ethanol for 20 min. The
cleaned substrates were UV-ozone treated for 20 min prior to
OSC coating. The OSCs were dissolved in DCB (10 mg mL™)
on a 100°C hot plate, and then slowly cooled to 25°C. The OSC
solutions were spin-coated at 1000 rpm for 60 s, followed by
thermal annealing on a 250°C hot plate for 20 min. For PMS,
the polymer was dissolved in CB (5 mg mL™) and spin-coated
at 2000 rpm for 60 s, while the annealing condition remained
identical (250°C). DDQ:BCF dopant solutions in six different
solvents at varying concentrations were prepared by separately
dissolving DDQ and BCF in each solvent, mixing them at a
1:2 molar ratio, and diluting with the same solvent to yield the
specified concentrations. For SqP doping, the prepared DDQ:BCF
solutions were poured onto the OSC films while spinning at
4000 rpm for 20 s. The volume of the dopant solutions for the
SqP was 200 pL, whereas those for CB and ACN were 15 uL
and 400 pL, respectively. A 90 s soaking process was necessary
prior to spinning the dopant solutions in ACN. The DPP_ACN
films for XPS depth profiling were fabricated using different SqP
conditions to minimize dopant residues on the films (dopant
concentration: 100 mM, soaking time: 6 min, and spinning
speed: 1000 rpm). The thermal dedoping of DPP_CB films was
performed on a 200°C hot plate for 2-40 s. FeCl; solutions at
specific concentrations were prepared in EtOAc or ACN and
subsequently poured (200 uL) onto the OSC films during spinning
at 4000 rpm for 20 s to fabricate FeCl;-doped PDPP3T films. All

fabrications were performed in an N,-filled glove box, except for
substrate preparation.

4.3 | TE Measurements

Sheet resistances were measured using a four-point probe
(each tip was 1 mm apart) connected to a Keithley 2400
source meter. Film thicknesses were measured using a sur-
face profiler (Alpha Step IQ, KLA Tencor). Subsequently, the
o of each OSC film was calculated from the measured sheet
resistance and thickness values. The S values of the OSC
films were measured using a home-built setup, which was
also used in previous studies [25, 41, 42, 52, 53]. Two Peltier
devices induced temperature differences, each of which was
operated using a Keithley 2400 source meter. The thermo-
voltages and temperatures were measured using a Keithley
2182A nanovoltmeter and Keithley 2700 multimeter, respec-
tively. The thermovoltages were measured across five differ-
ent temperature differences (<2 K; median value of 300 K),
and S was extracted from a linear plot of the thermovolt-
age versus temperature difference (Figure S48). All measure-
ments were performed in an N,-filled glove box, except the
thickness measurement and air stability test, which were per-
formed in air (relative humidity: 65.1% + 10.0%, temperature:
24.0°C +3.3°C).

4.4 | Material Characterization

BC and YF NMR spectra were acquired using a 600 MHz NMR
spectrometer (VNMRS, Varian). For the NMR sampling of the
BCF solutions in EtOAc or ACN, BCF was dissolved in CDCl,
(30 mg mL™), and each solvent was added to the BCF solution
(0.1-10 eq. to BCF). For the DDQ solutions, DDQ was dissolved in
toluene-dg (10 mg mL™), and each solvent (1-10 eq. to DDQ) was
added to the DDQ solution. For the DDQ:BCF solutions, DDQ
(10 mg mL™!) and BCF (100 mg mL™") were dissolved separately
in toluene-dg. Subsequently, each solvent (1-10 eq. to DDQ) was
added to the BCF solution and then mixed with the DDQ solution.
BC NMR spectra of the DDQ and DDQ:BCF solutions were
recorded at an identical solvent composition because the aromatic
ring solvent (toluene-dg) can also induce a *C chemical shift
[77, 78]; e.g., for 10 eq. EtOAc, DDQ:BCF in toluene-dg:EtOAc
(97:3, v/v) was compared with DDQ in toluene-dg:EtOAc (97:3,
v/v). UV-vis-NIR absorption and Raman spectra were acquired
using a spectrophotometer (V670, JASCO) and Raman spec-
trometer (DXR3xi, Thermo Fisher Scientific), respectively. FTIR
spectra were recorded using an FTIR spectrometer (FT/IR-
8X, JASCO) in the transmittance mode and KBr plates as
substrates. XPS depth profiling was performed using an X-
ray photoelectron spectrometer (K-Alpha plus, Thermo Fisher
Scientific) with an Al K, (1486.6 eV) X-ray source (operating
voltage and current: 12 keV and 6 mA, respectively) and Ar*
sputter-etching (1 keV). 2D-GIXD measurements were conducted
using a high-resolution synchrotron X-ray beam source (beam
energy = 10.35 keV) with a fixed grazing incidence angle (~0.16°)
at the 3C beamline of the Pohang Accelerator Laboratory,
Pohang, Korea. Heavily doped Si wafers covered with SiO,
(100 nm) were used as substrates for the XPS and 2D-GIXD
experiments.
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4.5 | Computational Method

DFT calculations were performed using the PBEO-D3 functional
and 6-311G(d,p) basis set implemented in the Gaussian 16 W
software package. The conditions of the following solvents were
set using the conductor-like polarizable continuum model: DEE
(e = 4.24), THF (¢ = 7.43), EtOAc (¢ = 5.99), Ace (¢ = 20.5),
and ACN (e = 35.7). EtOAc was typed as ethylethanoate in the
program, and ¢ represents the dielectric constant used for the
calculations [55]. AG was obtained as AG = Gycp_g — Gger — G,
where Gpcp_g, Gpep, and Gg represent the Gibbs free energies of
the optimized structures for the BCF-solvent adduct, BCF, and
solvent molecule, respectively. G, was obtained as Gy, = Gy, —
Gas» Where G, represents the Gibbs free energy of the optimized
BCF-solvent under solvated conditions and G, represents the
Gibbs free energy calculated for the same geometry in the gas
phase.
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