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ABSTRACT: Structural and functional heterogeneity is a consequence of the weak non-covalent interactions that direct formation
of organic materials from solution precursors. While covalent tethering of solution-phase assemblies provides a compelling strategy
to enhance intermolecular order, the effects of this tethering strategy on the formed solid-state materials remain unestablished. This
work uses pump-probe microscopy to compare excited-state dynamics in thin films fabricated from tethered perylene bisimide as-
semblies to those from non-covalent assemblies. On average, tethered films exhibit faster and more homogeneous excited state life-
times, consistent with stronger and more uniform intermolecular coupling. Optical measurements of excited-state diffusion show that
the tethered film has ~75% faster transport than the control film. Kinetic Monte Carlo modeling suggests that reduction of site ener-
getic disorder is sufficient to quantitatively explain the difference in diffusion coefficients. These results provide strong support that
covalent tethering is a promising strategy to enhance the structural and energetic ordering in molecular materials.

The diverse application portfolio of organic semiconductors
in photovoltaics,! chemosensors,? flexible electronics,® and
light-emitting diodes® is in part enabled by their sensitive struc-
ture-function relationship, which provides a means to tune func-
tionality via synthetic modification. However, this same struc-
ture-function sensitivity can be problematic in molecular mate-
rials, as minor variation in short- and long-range structural order
can cause significant differences in functional properties at
nano to mesoscale dimensions.’ Because solid-state organic
materials typically rely on non-covalent interactions to enforce
intermolecular ordering, minor perturbations to, for example,
solvent dielectric constant®, temperature’, and molecular con-
centration® will inherently change the structure and defect den-
sity of the bulk material. These minor changes to the crystal
structure can cause significant differences in electrical and op-
tical properties,>'* thus making semiconducting materials de-
rived from organic building blocks prone to unpredictable func-
tionality.

Materials derived from the family of perylene-3,4,9,10-tetra-
carboxylic bisimide (perylene bisimide, PBI) are promising or-
ganic semiconductors as they exhibit strong chemical, thermal,

and photo stability,” !* as well as high electron mobility and flu-
orescence quantum yields.!® 7 Self-assembly of the perylene
core can produce structurally well-defined nanoscale objects.'®
2 If robustly translated to the solid state, such bottom up design
strategies could be leveraged to, for example, engineer materi-
als with non-equilibrium structures aimed at specific function-
alities.?"" > Despite the promise, a robust and predictable ap-
proach for translating the well-defined structure of solvated
self-assembled precursors into a solid-state material remains
challenging.??

One strategy to overcome this challenge is to reinforce the
weak non-covalent interactions of solution-phase assemblies so
that their structure is resistant to perturbation. Recently, Olivier
and coworkers have developed a covalent tethering/stapling ap-
proach, whereby self-assembled supramolecular assemblies of
perylene bisimide chromophores are covalently tethered to ri-
gidify the n-stacked structures.?* 2> Compared to conventional
molecular assemblies that are bound only by van der Waals in-
teractions, the structures of the covalently-tethered assemblies
are significantly more resistant to changes in temperature and
dielectric environment in the solution phase. As a result, the



electronic coupling between adjacent units is less sensitive to
the local environment.?*

While this previous work demonstrates the validity of the co-
valent tethering strategy to enhance interchromophoric cou-
pling in solvated assemblies, there is to date, no work that ad-
dresses how the functionality of tethered assemblies, engi-
neered in solution, translates from the solution phase to a solid-
state material. Based on the structural robustness exhibited by
the solution-phase tethered assemblies, we hypothesized that
the electronic structure determined by the solution-phase self-
assembly process would be maintained upon condensation into
the solid-state. We further anticipated that materials formed
from a suspension of the tethered assemblies would be charac-
terized by greater long-range electronic ordering relative to ma-
terials formed from non-covalent assemblies, and, therefore, ex-
hibit 1) more homogeneous excited state behavior, and 2) faster
exciton diffusion.

To test these hypotheses, we used ultrafast pump-probe mi-
croscopy (PPM) to compare excited state dynamics in a film
cast from PBI non-covalent assemblies to a film comprised of
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covalently-tethered PBI assemblies PBI-Stap-2 Because PPM
provides the ability to measure ultrafast spatiotemporal dynam-
ics with spatial resolution better than 1 pm, it is possible to com-
pare excited state decay kinetics from different locations on the
same film. We find that excited state decay lifetimes are faster
and significantly more uniform in the thin films formed from
tethered assemblies, relative to decay kinetics collected on the
untethered film. We also use PPM to directly measure exciton
diffusion in the two films and find that excited state transport in
the tethered-assembly film is significantly faster than in the un-
tethered film. Kinetic Monte Carlo (kMC) modeling of exciton
transport suggests that reduction of energetic disorder is suffi-
cient to explain the approximate two-fold increase in exciton
diffusion observed. Together, these results provide strong sup-
port that covalent tethering enforces the structure and electronic
coupling of solution phase supramolecular assemblies, and
therefore provides a promising approach for achieving opti-
mized solid-state organic materials for future electronic and op-
toelectronic needs.
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Figure 1: Summary of precursors and thin films. A) Schematic of the control precursor PBI-TEG B) Synthetic scheme to generate tethered
superstructures (PBI-Stap-2) by aggregation followed by covalent tethering. C) and D) bright field microscope images of the PBI-TEG and
PBI-Stap-2 films, respectively. E) Comparison of absorption spectra for the precursor solutions (black) and the deposited thin films (yel-
low/blue) for the two systems. F) Comparison of the XRD patterns from films prepared from the PBI-TEG and PBI-Stap-2 precursors.

Figure 1 summarizes the composition of the two PBI systems
compared in this letter. Panels A and B show schematic repre-
sentations of the solution-phase control (PBI-TEG, PBI-trieth-
ylene glycol) and tethered assemblies (PBI-Stap-2) used as pre-
cursors for the two films. PBI-Stap-2 features ethylene oxide
linkers that tether the PBI core with triazole functionality. The
short molecular tether has been shown to create tethered struc-
tures whose excitonic coupling remain virtually unperturbed in
solution as a function of solvent temperature and dielectric con-
stant.?* The control PBI-TEG is functionalized with analogous
ethylene oxide terminal groups. The synthesis and characteriza-
tion of both precursors have been reported previously.?* 2
Briefly, tethered assemblies are synthesized from the reaction

of the parent supramolecular polymer with the linker precursor
N3(CH2CH20):2N; in water. Due to the polymeric character of
these assemblies, gel permeation chromatography is used to re-
move unreacted species and narrow the size distribution of the
PBI-Stap-2 assemblies.

To prepare films of the PBI-TEG (Fig. 1C) and PBI-Stap-2
(Fig. 1D), aqueous solutions were prepared and drop-cast onto
borosilicate slides. It is important to highlight that careful con-
trol of environmental parameters and advanced fabrication
techniques like printing or meniscus-guided coating can pro-
vide a significant handle for controlling the structure of solu-
tion-processed organic thin films.2% 2’ Here, we aim to demon-
strate that despite using a fabrication approach that provides



minimal control over the environmental variables, films with
highly uniform electronic structure can be formed if morphol-
ogy is enforced at an appropriate length scale.

Visible absorption spectra of the control and tethered assem-
bly films were collected with a homebuilt microscopic spec-
trometer. The spectrum of the PBI-TEG film (Fig. 1E-Blue) is
characterized by three overlapping transitions at 495, 545, and
585 nm. Based on comparison to the absorption spectrum of the
assembly precursor solution (solid black), the transitions at 495
and 545 nm are assigned to the 0-1 and 0-0 vibronic transi-
tions.?* The distinct shoulder at 585 nm is unique to solid-state
films of PBI-TEG, and likely derives from low-energy states
formed as a result of structural disorder introduced during film
condensation. While a bathochromic shift could indicate for-
mation of local J-type or HJ-type aggregation?®*°, fluorescence
spectroscopy and microscopy performed on the PBI-TEG film
showed no detectable emission, which would be expected in the
case of J-type coupling. In contrast to the control film, the teth-
ered PBI-Stap-2 film exhibits a ground state absorption spec-
trum (Fig. 1E-gold) nearly identical to that of the solution-phase
assemblies (black), indicating that the electronic structure is
preserved upon formation of the solid-state film.

To characterize the structure of the films, we next turned to
grazing incidence x-ray diffraction (Fig. 1F). The XRD pattern

from the PBI-TEG film reveals two distinct peaks at 20 =25.85°
(3.45 A) and 26 = 29.90° (2.98 A). We assign the 3.45 A peak
to the m-m stacking distance, but the assignment of the peak at
2.98 A is less certain. It is unlikely to arise from a polymorph
with a closer packing as it falls outside the range of 3.4 A t0 3.6
A observed for the - stacking distance in PBI materials.*!**
Instead we assign it to a diffraction plane that is non-coplanar
with the PBI core, reflecting long range symmetry in crystal di-
rections orthogonal to the n-7 stacking direction.* For the PBI-
Stap-2 film, we observe only a single diffraction peak at 26 =
26.30° (3.39 A), which is expected for a film comprised of co-
lumnar r-stacked assemblies. The smaller spacing associated
with this peak indicates that covalent tethering enforces a more
tightly packed n—n stack than the PBI-TEG film. The peak from
the PBI-Stap-2 film is also narrower than the corresponding
peak in the PBI-TEG film, particularly near the base, indicating
that PBI-Stap-2 film is structurally more homogeneous along
the n-stacking direction. Note that in the PBI-TEG film there is
a weak feature near 3.3 A that may indicate a small population
of the closer packing arrangement seen in the Stap-2 film, how-
ever, this feature is broad and poorly resolved.

AE PBI-TEG Stap-2
E04
= 020 R i
0 20 40 60 80 100 0 20 40 60 80 100
At (ps)
1 M (r)gg)S) 180F icta p-2 D
10 10 150
£ ° 9 60 120 PBI-TEG
2 38 8 Z 90
> 40
g 7 7 60
6 6 20 30
5 5 0

4 5 6 7 8 910 4 56 6 7 8 9 10 %

Ax (um)

0 30 60 90 120150
(1) (ps)

Figure 2: Excited state lifetimes of the two thin films. (A) Kinetics of the PBI-TEG and PBI-Stap-2 films measured at different locations
on each film. Excited state average lifetime images of the control PBI-TEG film (B) and the PBI-Stap-2 film (C). (D) Distribution of aver-
age lifetimes from each of the lifetime images in panels B and C. The dashed lines show the mean lifetimes of 68.4 and 23.8 ps for the

control PBI-TEG and PBI-Stap-2 films, respectively.

The closer interchromophore distance observed in XRD sug-
gests that the electronic coupling should be altered in the PBI-
Stap-2 film. To compare the ultrafast dynamics of the two films
and evaluate the impact of covalent tethering, we utilized ultra-
fast pump-probe microscopy (PPM), which provides the ability
to measure ultrafast dynamics with sub-micron spatial resolu-
tion and directly image exciton transport.>* 3638 Both films were
excited at 500 nm, near the peak of the 0-1 vibronic transition
(Fig. 1E) with an excitation fluence limited to 130 pJ/cm? to
eliminate nonlinear recombination processes contributing to the
kinetics.® The probe wavelength of 800 nm monitors a broad
photoinduced absorption, which has previously been assigned
to a mixed Frenkel exciton, charge-transfer state in the solution

phase assemblies.?* Broadband transient absorption spectra of
the thin films (Supporting Information, SI) are consistent with
this spectral assignment and show that the PBI-Stap-2 excited
state exhibits greater charge transfer character than the PBI-
TEG film.

Because pump-probe microscopy has sub-micron spatial res-
olution, it provides the opportunity to characterize the excited
state lifetime in a manner inaccessible to conventional time-re-
solved spectroscopies. By measuring decay kinetics at several
locations on each film, we find that excited state dynamics in
different locations of PBI-TEG are significantly more heteroge-
neous than those of the PBI-Stap-2 (Fig. 2A). We observed sim-
ilar behavior across two additional films of both PBI-TEG and



PBI-Stap-2 prepared on different days, indicating that the dif-
ferences in excited state lifetime behavior are systematic to the
precursor materials and fabrication approach employed. To vis-
ualize this difference in behavior, we collected pump-probe im-
ages over a 6x6 um region of each film for a series of increasing
time delays. We fit the resultant kinetics from each spatial pixel
of the image stack to a biexponential model to extract an aver-
age lifetime for that location on the films. Figures 2B and 2C
show average excited state lifetime () =
(a;t1 + a,15)/(a, + a,)) images for PBI-TEG and PBI-Stap-
2 films, respectively. When the images are compared (scaling
is identical), the PBI-TEG film shows significantly longer-lived
and more widely distributed excited state lifetimes relative to
the film of the locked PBI-Stap-2 assemblies.

Histograms of the 900 locations probed in the lifetime images
are shown in Fig. 2D. From these distributions, two material
differences are apparent. First, the average lifetime of the con-
trol PBI-TEG film is 69 ps, whereas the PBI-Stap-2 film has a
significantly shorter average lifetime of 23 ps. Second, the dis-
tribution of lifetimes shows more variation in the control film
than the PBI-Stap-2 film. (orgc = 29 ps; 0seap—2 = 16 ps).
While it is difficult to assign a specific mechanism with single
wavelength measurements, the rapid excited state relaxation ob-
served in the PBI-Stap-2 film is characteristic of strong inter-
molecular coupling,**** which activates fast excited state relax-
ation pathways through charge transfer state mixing,*** strong
dipole-dipole coupling,*’ and/or internal conversion.*® The nar-
rower lifetime distribution observed for the PBI-Stap-2 tethered
film further suggests that intermolecular coupling is more ho-
mogeneous than in the control PBI-TEG film. Although there
are sites on the control film that exhibit a similar lifetime as the
PBI-Stap-2 film, there are many more sites with longer life-
times, which likely derive from a combination (depending on
the local morphology) of states with weaker intermolecular cou-
pling and from energetically low-lying trap states.

Without high resolution broadband®** or multi-dimensional
time-resolved microscopies®, it is difficult to assign which spe-
cific mechanisms, for example Frenkel-CT exciton mixing®® 3!,
excimer stabilization®?, and/or geometric rearrangement/self-
trapping™, are responsible for the longer lifetimes observed in
the control film. However, since the films are chemically ho-
mogeneous, the variability in lifetime observed from site to site
in the PBI-TEG film must reflect morphological defects and dif-
ferences in intermolecular coupling. Regardless of their nature,
the heterogeneity observed clearly highlights one of the primary
challenges of characterizing and ultimately utilizing organic
materials — the functional properties are highly sensitive to mi-
croscopic morphology changes that are an intrinsic characteris-
tic of film fabrication. Our results indicate that covalent tether-
ing is a promising strategy for mitigating such heterogeneity
and achieving films with significantly improved electronic ho-
mogeneity, even under minimally controlled fabrication condi-
tions.

To determine the effects of covalent tethering on excited state
transport, we next turned to spatially offset pump-probe micros-
copy. For these measurements, the probe beam is positioned at
a fixed location and the pump beam is scanned over the probe
to generate an image of the excited state spatial distribution
(Fig. 3A) as a function of the delay time, At. By collecting a
series of images at increasing At between 0 and 150 ps, excited
state transport can be measured with precision that is limited
only by signal-to-noise levels.>* The averaged 1D images are fit
by numerical convolution of the diffusion kernel with the initial

(At = 0 ps) spatial profile to determine the mean squared devia-
tion (MSD) of the excited state profile.>® Linear fits to the MSD
provide a measure of the diffusion coefficient (Fig. 3B).

Figure 3C, D shows diffusion coefficients measured in 12 lo-
cations on the control PBI-TEG film and 15 locations on the
PBI-Stap-2 tethered film. On average, the diffusion coefficient
of the control film is measured to be 1.12 + 0.38 cm?s!* The
PBI-Stap-2 film exhibits nearly 75% faster transport, with an
average diffusion coefficient of 1.94 + 0.48 cm’s™'. These aver-
age values are similar to diffusion coefficients measured in
comparable, well-ordered organic materials® but slower than
observed in vapor-deposited PBI films on the 0 — 3 ps timescale,
which have been reported to exceed 40 cm?/s.%” For both films,
we observe significant variability in observed transport rates.
Although measurement noise is likely responsible for some of
the observed variation, microscale morphology differences are
also likely contributors to the width of the distribution for both
films. For the control film, the presence of well-resolved peaks
in the X-ray diffraction pattern indicates that well-ordered do-
mains are present but overall that the film is less ordered than
PBI-Stap-2. The lifetime imaging data presented in Fig. 2 is an-
other indicator of microscale morphological heterogeneity. For
the PBI-Stap-2 film, lifetime imaging suggests that, at least
from the perspective of excited state relaxation, the film is more
homogeneous than the control film. These results are consistent
with a narrowed density of states, suggesting that relative to the
control film, the PBI-Stap-2 film is likely to have a reduced den-
sity of localized trap sites that inhibit transport. Instead, we at-
tribute the site-to-site variation in measured diffusion coeffi-
cient to variability in inter-assembly coupling due to differences
in the geometrical alignment of adjacent assemblies.
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Figure 3: Comparison of excited state transport. A) Diffusion spot
measured on the PBI-Stap-2 film at At =0 ps. C) Representative
mean squared deviation data collected for PBI-TEG (Blue, 0.83 +
0.29 cm?s!) and PBI-Stap-2 (Yellow, 2.06 + 0.17 cm?s™!). Distri-
butions of measured diffusion coefficients for PBI-TEG (C) and
PBI-Stap-2 (D) with average values (indicated by dashed lines) of
1.12 £ 0.38 cm?s! and 1.94 + 0.48 cm?s°!, respectively.

Despite the site-to-site variability observed for both films, the
difference in transport rates is significant at the 0.01 confidence



level (P <0.005 using the Mann-Whitney test), suggesting that
covalent tethering improves exciton transport, likely by narrow-
ing the density of states and reducing trapping. To provide fur-
ther insight into this hypothesis, we use a kinetic Monte Carlo
(kMC) approach to model transport in the films, where the prob-
ability of inter-site hopping is parameterized using a Miller-
Abrahams model (further detail available in supporting infor-
mation).’® We generate a 3D cubic grid, with each site assigned
an energy based on a Gaussian distribution of variable energetic
width. Exciton trajectories are propagated and mean square dis-
placements are used to calculate average diffusion constants
(ST).

We first parameterize the model to reproduce the experimen-
tally observed diffusion coefficient for PBI-TEG of ~1.1 cm?s’
!, Then, to model the Stap-2 film, all parameters are kept iden-
tical, except for the width of the energetic distribution. We find
that by reducing the width from ~75 meV for PBI-TEG to ~50
meV for PBI-Stap-2, the model quantitatively reproduces the
experimentally observed diffusion coefficient of ~1.9 cm?s™! in
PBI-Stap-2 (SI). Given the likely importance of both coherent
and incoherent transport mechanisms,””-> as well as the poten-
tial role played by polarons® and charge transfer states®!, the
simple kMC model described above is unlikely to capture the
full mechanistic complexity of transport in these materials.
Nevertheless, because the two films are nearly chemically iden-
tical, using the model as a comparative tool provides insight into
the role played by energetic disorder on transport.

In summary, a direct spectroscopic comparison between
thin film formed from non-covalent assemblies and from cova-
lently tethered molecular assemblies indicates that interchromo-
phore coupling is enhanced in the covalently tethered film. By
using pump-probe microscopy, we provide direct evidence of
functional properties that are strongly impacted by this addi-
tional ordering: a 73% increase in excited state transport com-
pared to the control film, as well as a shorter and more homog-
enous excited state lifetime. KMC modeling suggests that nar-
rowing the distribution of site energies, presumably by enhanc-
ing structural homogeneity, is an important factor responsible
for the observed increase in the transport rate. These results sug-
gest that covalently locking non-covalent assemblies is a prom-
ising strategy for reducing structural and energetic heterogene-
ity in organic functional materials. Combining covalent tether-
ing with well-established solution-based fabrication approaches
may be a compelling strategy for designing hierarchical struc-
tures into solid-state organic materials.
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Supporting Information. Details of synthesis and sample prepa-
ration, experimental details for XRD, description of pump-probe
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