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ABSTRACT: A series of narrow-band gap conjugated
molecules with specific fluorine substitution patterns has
been synthesized in order to study the effect of
fluorination on bulk thermal stability. As the number of
fluorine substituents on the backbone increase, one finds
more thermally robust bulk structures both under inert
and ambient conditions as well as an increase in phase
transition temperatures in the solid state. When integrated
into field-effect transistor devices, the molecule with the
highest degree of fluorination shows a hole mobility of
0.15 cm?/V-s and a device thermal stability of >300 °C.
Generally, the enhancement in thermal robustness of bulk
organization and device performance correlates with the
level of C—H for C—F substitution. These findings are
relevant for the design of molecular semiconductors that
can be introduced into optoelectronic devices to be
operated under a wide range of conditions.

luorine for hydrogen exchange within the framework of
organic molecules has an extensive historical precedent and
has made an impact in various applications, ranging from
pharmaceutical chemistry to materials science.' This structural
modification is also of interest within the design of molecular and
polymeric organic semiconductors for integration into devices
such as field-effect transistors (FETs) or organic solar cells
(OSCs).”> The small size of fluorine atom is generally suitable for
altering the energetics of molecular orbitals without introducing
extraordinary steric demands.> Hydrogen for fluorine substitu-
tion can also positively impact bulk heterojunction (BHJ)
morphological features as they relate for use in OSCs.”
Attention to the thermal stability of the semiconductor
component in devices, a relevant consideration for long-term
stability, has not received the attention dedicated to the
optimization of device performance merits, such as charge
carrier mobilities and solar power conversion efficiencies.®
Thermal stability predominantly refers to the temperature at
which materials show evidence of degradation (i.e., weight loss).
For application in thin-film devices, however, one needs to also
consider the stability of useful morphological characteristics.®
Previous efforts have been put toward looking at bulk structure
stability as a function of thermal treatment.” Of relevance is the
study of fluorinated anthradithiophenes, where fluorination is
believed to enhance material crystallization and thermal
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stability.® Although one would argue that most applications
rarely need to meet with overtemperature conditions, it is
worthwhile considering that roll-to-roll printing and sintering
may require materials, especially organic counterparts, to sustain
functional bulk structures against temperature variation; factors
that could promote long-term durability of thin-film devices.”
An established “intermediate-sized” donor—acceptor (D—A)
conjugated molecule has shown OSC performance in the range
of 6—7% without the use of solvent additives and postdeposition
treatments (e.g., thermal annealing).'® Herein, we describe our
study based on these analogous molecular frameworks except for
replacing “N” by C—F (highlighted in red), because (1) it
behaves electronically similar to “N” within the molecular
backbone, and (2) it is generally more tolerant than “N” to
interfacial perturbation, e.g., protonation by acidic interlayers. In
particular, we compare four molecules in two groups
(distinguished by two different molecular lengths) with various
degrees of fluorination, ie., FS, F6, F7, and F8 (Chart 1).
Variations between C—F and C—H allow us to examine
exclusively the influence of molecular fluorination on material
bulk properties. It is of interest to note that these molecular
frameworks are also representative of a high-mobility D—A
conjugated polymer.*® Therefore, lessons learned by examina-

Chart 1. Chemical Structures of Fluorinated Molecules
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Table 1. Optical, Electrochemical, and Thermal Transition Parameters of Molecules FS—F8

soln A, soln A Im Ay e EoP

a a 0 b
molecule (nm) (nm) (nm) (e\g/')
EFS 620 710 830 1.49
Fé6 618 700 805 1.54
F7 637 730 850 1.46
F8 627 718 800 1.585

Enonmo
(eV)*

=52
-5.3
=S.1
-S5.3
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) S S s S o) 775 L o) G (77
—3.7 1.5 247 26.6 218 21.2
-3.7 1.6 279 29.2 253 27.0
-3.7 14 302 17.1 276 16.6
-3.7 1.6 322 6.9 287 6.5

“Measured in 0.02 mg/mL chloroform solutions. *Thin films were prepared by spin-coating chloroform solutions (10 mg/mL) atop glass slides.
“Energy levels were determined from the onsets of the respective oxidation and reduction processes with respect to Fc/Fc* (—4.88 eV vs vacuum),
and measured from drop-cast films on glassy carbon electrodes. ?DSC measurements were carried out under N, atmosphere with a heating/cooling
ramp of 10 °C/min. Enthalpies (melting: AH,, crystallization: AH,) were obtained by integrating each thermal transition peak.

tion of FS—F8 are relevant within the context of materials classes
implemented in optoelectronic technologies.

Molecules FS—F8 were prepared from a series of microwave-
assisted Stille coupling reactions.'' Synthesis and character-
ization data can be found in the Supporting Information (SI).
Chemical compositions were confirmed by using field desorption
mass spectrometry and 'H, 'F, and "*C nuclear magnetic
resonance (NMR) spectroscopy in 1,1,2,2-tetrachloroethane-d,
at 120 °C. It is worth noting from a practical perspective that
fluorine substitution leads to a general decrease in solubility.
Compounds F$ and F7, with two fluorine atoms per molecule,
can be dissolved in chloroform in excess of 25 mg/mL. For
comparison, the tetrafluorinated F6 and hexafluorinated F8 are
marginally soluble in chloroform (<5 mg/mL) at room
temperature, while solutions with concentrations of 15—20
mg/mL can be obtained at temperatures >50 °C. The noticeable
decrease in solubility (F8 vs F7, F6 vs F5) hints to an enhanced
interchromophore association upon molecular fluorination.

Solution UV-—vis absorption spectra reveal extinction
coefficients (&) at the absorption maxima (4,,,,, Table 1) of 9.6
X 10% 1.04 X 10°, 1.26 X 10°, and 1.35 X 10° M~ '-cm™" for F5—
F8, respectively. Table 1 summarizes relevant molecular
properties. The additional fluorination on F$ or F7 (i.e., F6 or
F8, respectively) leads to slightly higher ¢ values, together with
emergence of vibronic-like features (Figure S1). Figure la shows
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Figure 1. (a) UV—vis absorption profiles of FS—F8 thin films. (b) DSC
traces of the corresponding molecules (baseline correction was
performed). Percentile changes of solid-state absorption coefficients
of the lowest energy bands for each molecule as a function of annealing
temperature under air (c) or N, atmosphere (d).

16145

the absorption of FS—F8 thin films casted onto precleaned glass
slides from chloroform solutions (10 mg/mL). The 10 mg/mL
solutions of F6 and F8 were achieved by heating at 50 °C and
cooling to room temperature before thin-film preparation.
Unlike molecules F5—F7, which exhibit stronger low-energy
bands, only a weak shoulder peak at 705 nm is observed for F8.
This feature may relate to a less precise molecular ordering.'”
Optical band gaps were estimated from the absorption onsets of
thin films as (in eV) 1.49 (FS), 1.54 (F6), 1.46 (F7), and 1.55
(F8). The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels
(Egomo and Ejypo) were estimated from cyclic voltammetry
measurements (Figure S2). Interestingly, E;ypo (—3.7 eV)
appears insensitive to either molecular length or fluorine
substitution within this series of molecules, at least within the
precision afforded by these electrochemical measurements. In
contrast, Eyoyo appears to be more strongly perturbed by the
degree of fluorine substitution, i.e., —5.3 eV (F6) vs —5.2 eV (FS)
and —5.3 eV (F8) vs —5.1 eV (F7). The correlations between the
number of fluorine atoms and the deepening in Ey;y;0 imply that
a material with a higher degree of fluorination may be more
resistant against oxidation. While molecular fluorination provides
relatively minor modification of molecular-level properties, as
discussed in more detail below, it has a significantly higher impact
on the solid-state behavior, especially melting transitions.

Figure 1b provides the differential scanning calorimetry
(DSC) traces of molecules FS—F8 under equilibrated con-
ditions. Melting (T,,) and crystallization (T.) temperatures,
together with the corresponding enthalpies (AH,, and AH,) are
listed in Table 1. Double C—H for C—F substitution on FS (i.e.,
F6) results in 32 and 38 °C increases in T}, and T, respectively,
corroborating stronger intermolecular contacts in the bulk. A
similar behavior is observed for F8 vs F7 (increases of 20 °C in
T,,and 11 °C in T,). The consistent trends suggest that a higher
degree of fluorination achieves stronger intermolecular inter-
actions, thus a higher thermal energy input is required to
overcome such force and drive the material into a more isotropic
state. A relative degree of crystallinity may be mapped out by
comparing AH, and AH_between structurally related molecular
analogues. Using the values from Table 1, for F6 vs FS, one
observes increases in AH, and AH_ of 2.6 and 5.8 J/g,
respectively. Instead, F8 shows decreases in AH,, and AH, of
more than 10 J/g as compared with F7.

For conjugated polymers and molecules, the lowest energy
peak in the absorption spectrum is often indicative of structural
ordering in the material bulk.'? Changes in such features as a
function of thermal treatment can be quantified by comparing
the film absorption coefficient (a) after heating with the value
obtained from as-cast films (). Figure 1c,d shows plots of (a —
ay)/ g vs annealing temperature (T,) under air or nitrogen,
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respectively. Molecules F5—F7 show <10% increase in o with T,
<200 °C both under air and N, pointing to thermally resistant
optical features and bulk morphology. Decreases in (o — &)/
for FS—F7 between 200 and 250 °C at T, rank in the order of F§
< F6 < F7. This result is in agreement with the T, values
observed in the DSC experiments. In contrast, the low-energy
absorption peak at 720 nm increases for F8 when T, < 260 °C
under air, with an increase in a over @, of over 40%. Presumably,
the larger size of F8 makes it difficult for molecules to organize
directly from solution, and subsequent heating promotes order
within the thin film. When T, > 260 °C, an obvious drop in the &
of F8 is observed. However, under an O,-free environment, the
F8 film is able to sustain at T, = 310 °C an « value that is ~40%
over o. This set of data suggests the initial drop in a for F8 in air
is most reasonably due to oxidation.

FET devices were employed to evaluate the T, dependence of
charge transport. Devices were fabricated with a bottom-gate
top-contact geometry (SI). Thin films were casted from
chloroform solutions of FS—F8 (4 mg/mL) onto heavily
doped silicon substrates with 300 nm of passivated silicon
dioxide. Devices were postannealed under N, successively at
various temperatures for 2 min for the T,-dependent hole
mobility (u) studies. Figure 2a summarizes the data obtained for
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Figure 2. (a) Field-effect hole mobility as a function of annealing
temperature for molecules FS—F8. (b) Transfer and output character-
istics for F8 device after thermal annealed at 310 °C for 2 min.

u vs T, Initial thermal annealing (T, < 110 °C) provides an
increase of y for all molecules. The T, where the highest u
obtained is 110 °C for FS, 160 °C for F6 and F7, and 260 °C for
F8. Figure 2b shows transfer and output characteristics of F8
deviceat T, =310 °C, —I4, vs Vi, (ds = drain source, and gs = gate
source), (—I4)"*vs Vs at Vgo=—60V, and —I vs Vy, at Vi, from
0 to —60 V. Most remarkably, the F8 device is able to retain its
FET function upon thermal treatment to 310 °C, showing a y =
0.09 cm?/V's, a threshold voltage of =10V, and an on/oft ratio of
>10°.

The positive effect of molecular elongation (F7, F8 vs FS, F6)
on FET thermal stability is consistent with previous reports.'®*
Moreover, the highest temperature sustainable before losing
transistor function correlates positively with the degree of
fluorination. Although the F6 device shows a generally lower p
than that of FS, for the temperature windows studied herein, the
F6 device can survive at T, = 260 °C, while the FS device fails
beyond T, = 210 °C. The same trend was observed for F8 vs F7,
for which devices function at T, = 310 and 260 °C, respectively.
These observations agree with the results from T,-dependent
optical properties (Figure 1d), in which molecules with longer
dimension and higher degree of fluorination can maintain bulk
textures at higher T,

The internal molecular order within the films upon thermal
treatment was studied by using grazing incidence X-ray

diffraction (GIXRD)."® Incidence angles were chosen using X-
ray reflectivity measurements to maximize diffraction signals
(Figure SS). For T,-dependent experiments, the same thin film
was treated successively at different temperatures for 2 min,
followed by quenching to room temperature. Out-of-plane and
in-plane scans at different T, can be found in Figure S6.
Examination of the GIXRD traces reveals that FS—F8 films
exhibit strong (100) peaks preferentially along the out-of-plane
direction and (010) peaks along the in-plane direction. These
observations suggest that the direction of interchromophore 7—n
stacking of FS—F8 molecules is predominantly perpendicular to
the silicon surface normal, also known as “edge-on” orientation.
Both d-spacing and crystallite coherence length (L.) were
extracted from fitting the “lamellar” and z-stacking diffraction
peaks (SI). As shown in Figure 3a, the lamellar d-spacing for as-
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Figure 3. d-Spacing (a) and coherence length (b) from both out-of-
plane (100) and in-plane (010) diffractions as a function of annealing
temperature for films of FS—F8 atop (100) silicon substrates.

cast films varies in the range from 1.3 to 1.6 nm in the order: FS <
F6 < F7 < F8. Under the same as-cast conditions, 7-stacking d-
spacings for F6 (3.56 A) and F8 (3.53 A) were observed to be
smaller than for FS (3.59 A) and F7 (3.57 A), respectively,
consistent with previous observations that fluorinated molecules,
e.g., pentacene derivatives, show a closer #—x interplanar
distance than for nonfluorinated ones.'* Figure 3b shows L_ as
a function of T,. L, values along the (100) direction, denoted as
L. (100 reach 15—25 nm for F5—F8 as T, approaches T,. F5 and
F6 show a maximum L (9;0y of ~15 nm near T, = 200 °C, while
L (010) of F7 and F8 increases even with T, close to T,,. It is
worth noting that F8 film shows L (;09) = 22 nm and L (9;0) = 14
nm at T, = 310 °C, implying a robust crystalline bulk toward
extreme conditions. The current set of experiments corroborates
that molecular fluorination of these D—A oligomers can
effectively preserve crystallite thermal stability, leading to notable
charge carrier mobilities toward higher T,, which is likely due to
additional intermolecular F---S, F---H, and F---7 interactions.’

The T, of 322 °C of F8 is among the highest values reported
for solution-processable conjugated small molecules (e.g., 6,13-
bis(triisopropylsilylethynyl)pentacene), oligomers and even
polymers (molecular weight >20 kDa)."* It is worth pointing
out here that the T,, of F8 also approaches the values of those
processable only from their solid states, e.g., tetracene,
pentacene, and rubrene.'® With the current molecular design
protocol, it is possible for one to synthesize molecular materials
with a combination of high T, solution processability, and
thermally stable bulk morphology, which may open a door to
versatile processing conditions with reliable device perform-
ances.

In conclusion, four donor—acceptor molecules with different
lengths and different numbers of fluorine substitutions were
synthesized with the aim to study the effect of molecular
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fluorination on bulk thermal properties relevant to organic
semiconducting device applications. We have shown that
remarkably robust bulk textures may be achieved by virtue of
molecules with intermediate dimensions and a higher degree of
fluorination. When fabricated in thin-film FET devices, longer
molecular length and higher degrees of fluorination promote a
more thermally resistant bulk organization for charge transport
function. These findings are particularly important when
considering high-temperature processing, organic—inorganic
hybrid materials, and long-term device durability under extreme
environmental conditions.
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