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Abstract

Supercritical fluids, exhibiting a combination of liquid-like solvation power and gas-like
diffusivity, are a relatively unexplored medium for processing and crystallization of oligomer
and polymeric semiconductors whose opto-electronic properties critically depend on the
microstructure. Here we report oligomer crystallization from the polymer organic semiconductor,
poly[2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]Jthiophene] (PBTTT) in supercritical hexane,
yielding needle-like single crystals up to several microns in length. We characterize the crystals
photo-physical properties by time- and polarization-resolved photoluminescence (TPRPL)
spectroscopy. These techniques reveal two-dimensional inter-chromophore coupling facilitated
by the high degree of n-stacking order within the crystal. Furthermore, the crystals obtained from
supercritical fluid were found to be similar photophysically as the crystallites found in solution-
cast thin films, and distinct from solution-grown crystals which exhibited spectroscopic
signatures indicative of different packing geometries.
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The promise of low-cost, solution-processable organic optoelectronics has driven an enormous
research effort in areas of organic photovoltaics, field-effect transistors, sensors, and a host of
other practical devices.(1-13) While organic semiconductors can be inexpensively processed
from solution, their solid-state morphology, and therefore device performance, is largely
dependent on processing conditions.(14-19) For example, it is well known that defects in
assemblies — even in very low concentrations — can seriously impede exciton and/or charge
transport. (20, 21) Single crystal nanowires represent a desirable platform for characterizing
optoelectronic interactions in these promising materials due to their high purity and exceptionally
low conformational entropy.(22-26) Single crystals of organic semiconductors are well-known to
have emergent properties that are distinct from their single-molecule or amorphous film
counterparts.(2, 27-32) Band-like transport and the Hall effect, for example, have been revealed
in single-crystals of p-type rubrene(31, 33) and n-type perylene diimide (PDIF-CN,).(34)
Additionally, the photo-physics of rubrene single crystals have been explored, revealing the roles
of traps and electron-phonon interactions on charge carrier dynamics,(35, 36) as well as
anisotropic exciton diffusion.(37) In particular, directional inter-chromophore -electronic
coupling — which mediate exciton transport and intrinsic charge separation - are not only
experimentally accessible solely in crystals, but also are highly sensitive to packing
geometry.(38-40)

Single crystals are accessible through a several techniques (e.g. physical vapor transport (PVT),
solution evaporation, and solvent/anti-solvent crystallization) however the material limitations
often preclude certain crystallization strategies. In general, techniques for creating semiconductor
single crystals have been largely limited to a small class of organic materials that undergo self-
assembly in marginal solvents. Additionally, polymorphism has been reported in materials
undergoing different crystallization conditions.(41) This motivates development and exploration
of new crystallization strategies for organic semiconductors in order to provide opportunities for
crystallization of previously non-processable materials and to provide a handle to access new
crystalline polymorphs.

In this Letter, we demonstrate an approach to crystallize organic semiconductors based on
supercritical fluids and show that poly[2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene]
(PBTTT) oligomers in supercritical hexane form needle-like single-crystals up to several
hundred microns in length. Supercritical fluids (SCFs), having both gas-like and liquid-like
properties, represent an interesting and largely unexplored solvent medium for the crystallization
of a variety of material solutes.(42) The properties of SCFs are readily modulated by temperature
and pressure of the solvent, which allows for a well-controlled and tunable crystallization
environment. The work reported herein represents the first time that SCFs have been used to
crystallize organic semiconductors. Additionally, polarized optical interrogation of isolated
PBTTT crystals showed spectroscopic hallmarks of strong Frenkel exciton coupling and inter-
chain charge-transfer that manifest in highly anisotropic exciton dynamics. Most notably, these
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SCF crystals show different photo-physical behavior as compared to their counterparts made by
slow evaporation of solvent. Notably, the crystals formed via the SCF process exhibit
photophysical properties analogous to those observed for the crystallites of the thin film, while
solution-grown crystals display a spectroscopic signature which is distinct from that observed of
the thin-film crystallites. Thus, crystallization in SCFs alleviates the kinetic limitations of
solution crystallization, resulting in the crystal polymorph which is most thermodynamically
favorable.

To explore this technique and demonstrate its application to organic semiconductors, we
examined a sample of poly[2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT)
(purchased from Luminescence Technology Corp.) in supercritical hexane (scHex). 5 mg of
PBTTT with a high polydispersity index (PDI=3.60, as characterized by gel permeation
chromatography (GPC) vs. polystyrene standards) was placed in an aluminum foil boat in a ~10
mL stainless steel high-pressure vessel which was charged with ~9 mL hexane. The area around
the sample was heated to 290 °C and concurrently pressurized to 900 PSI (T¢ hexane = 234.5 °C,
P hexane = 438 PSI), resulting in a solvent density of 0.27 g/mL (see Supporting Information for
temperature profile of the vessel).

Figure 1 shows (a) a

schematic of the reactor, o

(b) the structure of .I: 290 °C
PBTTT, and (c) a ' 900 PSI

representative image of
PBTTT crystals grown (:@]
from scHex. Crystals
~200 nm wide and ~50
um long were observed.
These crystals were
formed by the
dissolution and diffusion
of the molecules

)

millimeters from the

source material, where
they nucleated on the

rough aluminum surface
and continued to grow
into one-dimensional
needle-like crystals. The
average crystal width

Figure 1. (A) Stainless steel supercritical reactor with rope heater. The cross
configuration, clockwise from the 12 o’clock position, consists of a pressure release
valve, a pressure gauge, the lower end of which is wrapped with a rope heater, and a
safety rupture disc assembly. Total internal volume is approximately 10 mL. (B)
Molecular structure of PBTTT and BTTT1.5 (n=1). (C) Optical micrograph of the as-
grown crystals.

was determined to be 196 + 72 nm (see Supporting Information). This growth was insensitive to
the reactor geometry; the hot zone containing the aluminum boat could be located at the top or
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bottom of the steel cylinder. Due to the relatively aggressive solvent properties of scHex, syringe
pumps could not be used to precisely modulate the pressure of the system; the amount of hexane
loaded into the reactor prior to sealing and heating dictated the resulting pressure. The
crystallization was found to be more dependent on the density of the supercritical fluid than the
temperature, with crystals being formed with hot zones ranging from 250 — 320 °C, provided that
the density was greater than ~0.3 g/ml (obtained at pressures greater than 600 — 1200 PSI,
respectively).

Figure 2 also shows the optical (OM, A),
atomic force (AFM, B, C), and
transmission electron microscopy (TEM, E)
and selected area electron diffraction
(SAED, F) images of scHex crystals. The
optical images reveal a network of large [0}
crystals, 20-50 um in length, grown on the
aluminum foil boat (Figure 1) and
transferred to a polydimethylsiloxane
(PDMS) stamp (Figure 2a). The images of

. . .o ; Figure 2. (A) Darkfield optical micrograph of crystals
these crystals are diffraction limited in the transferred to a PDMS stamp. (B) AFM phase image of a

direction transverse to the crystal axis, and crystal stamped onto SiO2 (100° dynamic range). (C)
therefore their widths appear substantially Corresponding AFM height image and profile (inset). (D)
1 der OM than their t di . MALDI-ToF of crystals and source material. (E) TEM
arger under an their true dimensions micrograph of a single crystal. (F) Corresponding selected
as observed by AFM, SEM, and TEM. The area electron diffraction pattern.

crystals are hexagonal in cross-section, as

shown in Figures 2B-D. From the SAED, the unit cell parameters B, C, and o were determined to

be 8.78 A, 20.1 A, and 90°, respectively.

Crystals
—— Source Polymer

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) was employed to
elucidate the molecular weight of the crystalized species (Figure 2D). Analysis of the mass
spectra revealed that the crystals consisted of only one species with m/z = 1137 which
represented the BTTT monomer with an additional bithiophene group (referred to herein as
BTTT1.5). PBTTT is synthesized from a condensation polymerization of functionalized
thienothiophene and bithiophene co-monomers which produces BTTT 1.5 oligomers in low
conversion. The high PDI and low Mn of this source affords a significant population of BTTT1.5
for SCF crystallization. To help verify this material, we separately synthesized BTTTIL.5,
detailed synthesis is available in SI. Fractionation of aliphatic polymers in supercritical fluid has
previously been reported,(43, 44) but this result is the first to show the fractionation and
concurrent crystallization of conjugated materials.

4
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1
2
2 Figure 3 shows photoluminescence z . =
5 (PL) spectra of BTTTI1.5 crystals g W P!
6 formed in scHex compared with pure g ! 1 LY
7 . . . r b ¥ k!
8 BTTT1.5 (synthesized via Stille 8 J % 3 "
9 coupling) in solution and crystallized % + "x,% E
ig from slow evaporation of hexanes at 2 t "*’%
4+ ] f:« 3 Lﬁ_

12 room temperature. The BTTTI1.5 é i 5 FAN %
13 crystals formed via slow evaporations 5| & \
ig of hexanes were strongly red-shifted (= Y e 3 o & 2
16 0.4 eV) compared to the PL origin Trsition Enengy (o)

. Figure 3. Wavelength resolved photoluminescence (following
17
18 Obseirved 'for the solution  and laser excitation at 488 nm) from pure BTTT1.5 in solution (blue
19 semicrystalline film and thus are not a diamonds), scHex-formed crystals (green pentagons), and
20 good medium for determining the crystalized from hexane solution (red squares). For
21 physics of charge transport in BTTT1.5 comparison, the spin-cast PBTTT film spectrum is shown (grey

. ) ) pentagons).

gg crystallites. Interestingly, the PBTTT
24 crystals grown from supercritical fluid exhibited a spectral response that was very similar to the
gg semicrystalline BTTT1.5 film, indicating that the crystal packing is representative of the
27 polymorph most commonly observed in semicrystalline films used for thin film devices.
28 Therefore, crystals obtained via crystallization in supercritical hexane are superior models for
ég determining the intrinsic charge
31 transport ~ photophysics  of % 1.0(:
32 BTTT1.5. The PL spectrum of %08 :
22 the semicrystalline film was &
35 ostensibly equivalent to the 206
g? crystals grown in supercritical go. 4
38 hexane with a small additional %
39 contribution of  high-energy TEO'Q
40 emission that can be ascribed to 24 A
41 0 50 100 150 200 250
42 the presence of some Input Polarization Angle (degrees)
43 amorphous material in the film
44 d inallv 1 1i idth Figure 4. Excitation polarization analysis of PBTTT isolated crystals. (A)
45 an ] margina .y arger inewidtns Representative photoluminescence intensity (open circles) and fit (solid
46 which are likely a result of biue line, I = Acos?(b0 + ¢)) vs. excitation polarization orientation
47 intrinsic disorder in the film. (dashed red line) referenced to crystal long-axis. (B) Representative
48 PBTTT nanowire photoluminescence image and schematic indicating
49 Excitation polarization the optically relevant orientations of the crystal growth axis (Ca),
50 . . transverse crystal axis (TCa), the chromophores (Ch), oriented at an
51 anisotropy ~ experiments were angle ¢ = 25° + 3 with respect to the axis transverse to the crystal
52 performed on single scHex  growth axis.
53 BTTT1.5 crystals by measuring
54 . . . . . .. . . .
55 the PL intensity as a function of linear excitation polarization orientation with respect to the
56 crystal long axis (Ca). Figure 4 (A) shows the PL intensity response to the rotating linear
g; polarization (blue circles), and the fit (solid blue line, I = A cos®*(b@ + ¢)), with the reference
59
60
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curve indicating the input polarization angle (dashed red line). The phase shift between
maximum fluorescence response and crystal long axis gives the approximate orientation of the
transition dipole moment within the crystal structure. Figure 4 (B) shows a representative PL
image and crystal schematic with crystal axis (Ca) and transverse crystal axis (TCa) indicated in
yellow. The phase shift (¢ = 25°) indicated the orientation of the conjugated BTTT1.5 backbones
with respect to the TCa obtained from the fit to excitation polarization anisotropy measurements;
this orientation was designated the chromophore axis (Ch) and is indicated on the schematic in
light blue. This chromophore angle determined from the polarization phase shift (¢) extracted
from polarization measurements constitutes a complementary monoclinic angle of 62-68°, which
is consistent with similar oligomeric crystals.(45) The uncertainty (+ 3°) in the phase angle
represents a one standard deviation from a distribution of values obtained from surveying over
80 single crystals from different batches, indicating that the crystallization method presented
here reliably yields crystals with virtually identical internal structure.

The large modulation depth associated with the excitation polarization, (M = Imax=Tmin

Imax+Imin”’
indicates a high degree of chromophore alignment within the structure, as 80% of the total
oscillator strength appears along the chromophore axis (Ch). While it might be anticipated that
an ideal single crystal should show a polarization contrast approaching unity (M=1) (indicating
that all chromophores are aligned along the same axis), there is a growing body of evidence that
suggests that charge-transfer interactions that act primarily along the n-stacking axis give rise to
an optical transition moment essentially perpendicular to the chromophore axis.(38, 46, 47) In
the HJ-aggregate model of chromophore interactions in crystalline assemblies of organic
semiconductors, the usual Holstein Hamiltonian (describing long-range Coulombic dipole-dipole
interactions) is augmented with a charge-transfer (CT) component as well as a coupling between
diabatic Coulombic and CT interactions whose sign and magnitude are sensitive to sub-A
molecular displacements in packing.(47, 48) We propose that it is this mixing of diabatic Frenkel
exciton (Coulombic) and CT states that gives rise to a two-dimensional transition moment and
associated polarization mixing in photoluminescence that has been observed in P3HT
nanofibers(26) and tetraazaterrylene (TAT) nanowire crystals.(38) In these systems, time- and
polarization-resolved photoluminescence (TPRPL) revealed emission polarized parallel to the
fiber growth axis (perpendicular to the polymer chain axis) corresponding to recombination of
inter-chain excitons. The influence of CT interactions on work-function modification in P3HT
assemblies with varying inter-chain coupling strength has recently been observed.(49) More
recently, similar observations have been made in crystalline assemblies of tetraazaterrylene
(TAT), where we have reported similar 2-dimensional polarization dynamics and directional
charge-separation which is a manifestation of a strong (= 150 meV) inter-chromophore CT
interaction. The presence of a reasonably strong inter-chain transition dipole moment (as
evidenced by the polarization anisotropy) puts BTTT1.5 single crystals in a small class of two-
dimensionally absorbing polymeric materials and has important consequences regarding its
charge separation and transport processes.

ACS Paragon PPus Environment

Page 6 of 15



Page 7 of 15

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Letters

We used time- and polarization-resolved photoluminescence (TPRPL) to probe the time-
dependent mixing of polarization and the dependence on excitation polarization orientation with
respect to the crystal axis. In this experiment, an isolated nanowire is selected and oriented in
the x-y laboratory plane such that the crystal long axis is aligned along a single polarization
channel in the detection setup. A pair of avalanche photodiodes arranged in a Hanbury Brown-
Twiss configuration detect the arrival time and polarization (parallel or perpendicular with
respect to the crystal long axis) of the PL photons. The signals in each polarization channel were
then binned to construct a time-trajectory of the polarization contrast, M(t), defined as [Npar(t +
At) - Nperp(t + A)]/[ Npara(t + At) + Nperp(t + At)]. We chose a non-linear time-binning so that
approximately equal

total numbers of 1
photons were % T
collected in each bin, S 05 B
giving a uniform = AN ]
uncertainty in M(t). 2 L SRR S
8 g w0
. 3 & )
Figure 5 (B-E) £ 3
. IS R ¢ @
shows the typical 2 e N
results of TPRPL e =
experiments - (F) . .
conducted on 7 3 45 é}ééll 7 3 450
isolated scHex Photon Arrival Time (ns) Photon Arrival Time (ns)

BTTT1.5 single-

crystals with 4 Figure 5. Time and polarization resolved photoluminescence from single PBTTT
different excitation oligomer crystals. Representative PL image (A) with 4-axis excitation polarization
orientations indicated by colored arrows corresponding to the crystal axis (Ca, blue),
transverse crystal axis (TCa, green), chromophore axis (Ch, purple) and transverse
orientations. In this  chromophore axis (TCh, red). Photoluminescence decay curves (B-E) resolved into
measurement components polarized along Ca (in color) and TCa (in grey) from the same crystal,
excited along each of the 4 axes, showing power law fits to the Ca emission and
exponential fits to the TCA emission. (F): The time resolved polarization contrast
time and polarization  parameter for excitation along each of the 4 axes.

state of detected

photoluminescence photons are measured for linearly polarized excitation pulses with four
different fixed orientations with respect to the crystal long-axis: The crystal axis (Ca, blue), the
transverse crystal axis (TCa, green), the chromophore axis (Ch, purple) and the transverse
chromophore axis (TCh, red) corresponding to the arrows superimposed on the crystal schematic
in (F). After excitation, photoluminescence decay (B-E) is resolved into orthogonal polarization
components corresponding to the crystal (Ca, colour) and transverse crystal (TCa, grey) axes.
The photoluminescence decay is direction-specific in all cases, showing exponential decay

polarization

scheme, both arrival

(I(t) =¥, A,e t/™) dynamics characteristic of bound-exciton recombination for TCa-
polarized emission, and power law decays (I(t) = At™P) characteristic of polaron pair
recombination for Ca-polarized emission.
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The presence of power law decay dynamics, and their association with emission events along the
n-stack, suggests a strong contribution from a charge transfer mechanism mediated by the tightly
packed, cofacial alignment of chromophores inside the crystal.(38, 50, 51) We also observed
significantly smaller power law exponents (p~2.8) when exciting along the crystal (5D) and
transverse chromophore (5C) axes, compared to the other two excitation directions (where
p~3.7), potentially indicative of /arger electron-hole separation distances achieved by directly
activating the charge transfer mechanism.

The TPRPL measurements (5F) probe the (directional) fate of excitons within the crystal as a
function of excited state lifetime, as a response to excitation polarization, which influences
branching ratios for excitonic or charge-separated species along different crystallographic axes.
Ica(@=Irca(®)
Ica(@+ITca(T)
/negative values of M(t) correspond to emission polarized predominantly parallel and transverse
to the crystal axis, respectively. When excited transverse to the crystal axis, there is a moderate
initial emission anisotropy (M(t=0)=0.3), which decays quickly to a very large, negative final
value (M(t ~50 ns)= -0.9). Excitation along the chromophore axis yields an essentially
unpolarized initial state (M(t =0)=0) which decays to the same strongly polarized final state.
Excitations along the crystal and the transverse chromophore axes have nearly identical
evolutions, having initial emission polarized relatively strongly along the crystal axis (M(t
=0)=0.6), and decaying to a moderate final value of ~ -0.45.

We define the time-dependent polarization contrast, M(7) = , thus positive

There are several remarkable qualities of BTTT1.5 crystals that are revealed by the time-resolved
polarization anisotropy measurements. The first is that the excitation polarization strongly
influences the fate of photo-generated excitations, illustrating the two-dimensional chromophore
coupling within the crystal. Most noteworthy are the positive M values near t = 0, which indicate
that excitation along the pi-stacking axis will preferentially populate inter-chromophore states.
This phenomenon has never been seen in crystalline polymer assemblies, and we believe it to be
a unique feature of H-aggregates. Secondly, the small, slightly positive values of the
polarization contrast occurring in response to transverse or chromophore axis excitation suggest
that the charge transfer mechanism is fast relative to the excitonic radiative lifetime. The
observation of remarkably long-lived excitons polarized transverse to the crystal axis (as
signaled by exponential decay constants between 16 and 19 ns) and preferentially generated
upon chromophore and transverse crystal axis excitation is interesting, and serves as a likely
explanation for the largely negative final values of M. The longevity of these excitations creates
a possibility of very long diffusion lengths, which may obviate problematic design constraints for
donor-acceptor interface engineering in active layers. Hole traps located at the boundaries
between crystal facets may be responsible for the long-lived excitons polarized transverse to the
crystal axis, and may function as charge-injection sites which ultimately enhance charge
separation mechanics by reducing radiative recombination rates significantly.
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1

2

2 In summary, we report the fractionation and crystallization of a polydisperse PBTTT source
5 using supercritical hexane to yield virtually perfect, microscale single crystals of oligomeric
6 BTTT1.5 with promising photophysical properties. This novel crystallization method leverages
g the solubilizing and transport properties of supercritical fluids to create a system that combines
9 the advantages of crystallizations from vapor and solution and could be broadly applied to the
10 crystallization of other organic semiconducting systems. The internal structure of the hexagonal
E PBTTT oligomer crystals produced in this study were probed via TEM and polarized
13 photoluminescence measurements, revealing strongly coupled chromophores that are oriented
E’ 25° relative to the transverse crystal axis. The close packing and cofacial chromophore alignment
16 within the crystal structure result in fast charge transfer and exciton separation along the n-stack,
17 as well as long-lived excitons that may have very long diffusion lengths and are confined to the
ig transverse crystal axis. The single crystal platform afforded a unique opportunity to investigate
20 the potential presence of two-dimensional electronic coupling and polarization-anisotropic
21 photophysical response to excitation, using 4-angle TPRPL experiments. Further studies into the
;:2», H-aggregate nature of these crystals, as well as their potential for single crystal optoelectronic
24 devices, are currently underway.
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