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Correlating structural changes with the
photophysics of terrylenediimide films during
spontaneous annealing†

Natalia E. Powers-Riggs, Itai Schlesinger and Michael R. Wasielewski *

Interchromophore distance and geometry determine the nature of intermolecular coupling and therefore

the photophysical behavior of the system. Here we demonstrate the close relationship between molecular

orientation and coupling by characterizing the initial and final states of a N,N-bis(tricosan-12-yl)terrylene-

3,4:11,12-bis(dicarboximide) (C23TDI) film undergoing spontaneous annealing at room temperature.

Appending long aliphatic tails to the large TDI p-surface produces an initially liquid crystal-like structure that

reorganizes to the thermodynamically stable structure at room temperature. Monitoring the structural

changes using UV-vis absorption and X-ray diffraction techniques reveals metastable intermediates we can

identify and characterize, and the slow timescale of this change allows for a clear comparison between

interchromophore structures and photophysical behavior at various points along the reaction coordinate,

providing important insights into the relationship between chromophore packing and function. Initially upon

film preparation, C23TDI exhibits no long-range order but shows strong charge-transfer (CT) interactions, as

observed through steady-state and transient absorption measurements. Within 60 hours under ambient

conditions, the TDI units in the film reorganize to an orientation with higher crystallinity and diminished CT

interaction, highlighting the dominance of long alkyl chain interactions over p-stacking interactions.

Introduction

Rylene diimides (RDIs) are a class of organic dyes that demon-
strate robust stability,1 numerous pathways for synthetic
tunability,2 and strong absorption of visible light.3 They have
been studied at length in a variety of applications,4 including
organic photovoltaics,5–7 field-effect transistors,8,9 and fluores-
cent dyes.10 They are also invaluable for providing a funda-
mental understanding of excited-state dynamics of organic
chromophores. The large p-surface of RDIs allows for many
interchromophore geometries, which can disrupt or enhance
absorbance and emission properties of a chromophore
aggregate,11–14 as well as influence charge/exciton delocaliza-
tion and electron mobility. The coupling results from the
spatial overlap between chromophores, with contributions
from both of long-range coulombic (Jcoul) and short-range
charge-transfer (JCT) coupling terms. The dependence of RDI
electronic coupling strengths on interchromophore geometries
has been examined previously through simulations,11,13,15 as

well as through studies of covalent dimers with well-defined
through-bond16 or through-space17–19 interactions, hydrogen-
bonding induced assemblies,20 as well as films with different
p-stacking patterns.12,21,22 Some of these structures, such as the
covalent dimers, are fixed, but other systems rely on self-
assembly mechanisms to direct the nature of aggregation.

Of the systems ordered through self-assembly, thin films are
a particularly valuable tool for gaining fundamental under-
standing of structure and function in organic electronics.21 As
an analogue for an active layer material, thin films reveal the
nature of chromophore stacking,23 allowing us to explore the
relationship between molecular design and crystal packing,24,25

as well as observe annealing affects.26–28 Thin films are also
well-suited to optical experiments to characterize steady-state
and time-resolved photophysical behavior.29–31 These kinds of
systems have been used to study fundamental processes in bulk
heterojunction blends,32,33 and can be used for single layer
materials, from charge generation through symmetry breaking to
minimize Voc loss,34 or maximizing emission of fluorescent dyes.35

In RDI films, structural order can be engineered by adding
steric modifiers at the imide position or to the aromatic core
directly.5,15,36 Common synthetic modifications include alkyl37–41

or glycol tails,39 or aryl rings,26,42 which can direct microscale
order as well as affect chromophore packing behaviors at a
molecular level. Alkyl and aryl additions to the aromatic core
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can cause increased slip-stacking between RDI moieties, while
branched alkyl tails can lead disruption between p–p overlap by
inducing rotation.36,39

To maximize order, films are frequently subjected to annealing
conditions to reach a thermodynamic minimum, either by heating
the film or by exposing it to solvent vapor.36,43 Although
these methods are often effective at producing crystalline
order in films, it can be challenging to observe the onset of
crystallization while simultaneously applying the annealing
conditions43,44 in order to better establish design principles
for optimum film formation. An ideal system for elucidating
the structure–function relationship would be one that can form
two distinct packing arrangements and undergo reorganization
without requiring external stimuli on a timescale that enables
direct probing. Structural changes of liquid-crystalline thin
films have been reported, but limited characterization of the
photophysics has been discussed.

In comparison to perylene-3,4:9,10bis(dicarboximide) (PDI),
terrylene-3,4:11,12-bis(dicarboximide) (TDI) has been studied
to a lesser extent. Like other RDIs, TDI is a highly stable
chromophore with a large extinction coefficient (B93 000 cm M�1

at 650 nm),45 and has been used as a nonfullerene acceptor,46,47

dye,48,49 and fluorophore,10,45,50 but its extended aromatic core
introduces a higher propensity toward p-stacking and increased
number of possible interchromophore geometries. In specific
geometries with optimal electronic coupling,36,51,52 TDI has
been shown to undergo singlet fission with a neighboring
chromophore to produce two triplet excitons.53 In other coupling
geometries, the excitation can delocalize across neighboring TDI
units to produce an excimer,36 and in closely packed configura-
tions an excited TDI moiety will fully undergo symmetry-breaking
charge transfer with a neighboring chromophore.54

Pairing the large aromatic surface of TDI with long aliphatic
tails, as in the case of, N,N-bis(tricosan-12-yl)TDI (C23TDI),
reveals the role of each in the crystallinity. While TDI aggre-
gates have been previously reported,37 increased crystallinity
within the thin-film was achieved through temperature changes
or solvent vapor annealing.36 Previous examinations of C23TDI
addressed aggregation behavior in different solvents and reported

absorption for an annealed thin film.55 Here, we monitor the
structural evolution of a C23TDI film during spontaneous
thermal annealing in real time and correlate the changes in
structure to its photophysics as the film ages. Upon preparation
of C23TDI films on a glass substrate, the long tails induce a
spontaneous reorganization at room temperature. This reorga-
nization occurs independent of external stimuli and can be
observed through both changes in optical absorption and X-ray
diffraction, which provides real-time insight into the relation-
ship between structure and function of this system. Using this
system, we gain a deeper understanding of the nature of film
reorganization, as well as structural and photophysical infor-
mation from two distinct states of the same molecule.

Experimental
Synthesis and film preparation

C23TDI was synthesized following established preparations
(Scheme 1).2 Briefly, Suzuki coupling of perylene- and naphtha-
lene monoimide precursors followed by cyclization produced
C23TDI in good yield (see ESI†).

Films were prepared by spin coating a glass slide with a
concentrated (B1 mg mL�1) solution of C23TDI in THF. Solutions
of chloroform or dichloromethane produced films with the same
structural and photophysical properties as those prepared with
THF. Films from higher concentration (B2 mg mL�1) solutions
were also prepared and similarly characterized, and differences
in behavior are discussed below.

Steady-state spectroscopy

Spectra were obtained at room temperature on a Shimadzu
1800 UV-vis spectrometer. Emission spectra were collected on a
Horiba Nanolog fluorimeter using a front-face arrangement of
the excitation source and detector. All emission spectra were
corrected for monochromator wavelength dependence and
CCD-detector spectral response functions. Integration times
2 s were used to record spectra of both fresh and aged films.

Transient absorption spectroscopy

Femtosecond transient absorption spectroscopy (fsTA) experi-
ments were performed using a regeneratively-amplified Ti:sap-
phire laser system (Tsunami oscillator/Spitfire Pro amplifier,
Spectra-Physics) as previously described.56 The excitation
pulses were generated with a lab-built optical parametric
amplifier.57 The samples were irradiated at lex = 585 nm with
B110 fs, 0.6 mJ pulses and depolarized (DPU-25-A, Thorlabs,
Inc) to suppress polarization-dependent signals. Transient
spectra were acquired with 4 s averaging at each time delay
point. The instrument response was about 300 fs.

X-ray diffraction and scattering

Grazing incidence X-ray scattering measurements were
obtained at Beamline 8-ID-E of the Advanced Photon Source
at Argonne National Laboratory. The X-ray beam (10.92 keV,
1.6868 Å) penetrated the sample at an incident angle of 0.141 toScheme 1 Synthetic scheme for C23TDI.
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maximize film scatter and minimize background scatter from
the glass substrate. A Pilatus 1 M detector positioned 228 mm
from the sample was used to collect the scattered light. Scattering
intensity is reported as a function of the modulus of the scattering
vector q, related to the scattering distance d spacing by q = 2p/d,
and to the angle 2y by the equation q = (4p/l)sin(2y/2), where l is
the X-ray wavelength. GIXSGUI,58 a MATLAB-based program,
was used to apply pixel efficiency, polarization, flat field, and
solid angle corrections to the detector images, as well as to
display images and perform line cuts.

Powder X-ray diffraction (PXRD) data were collected at
room temperature on a STOE-STADI-P powder diffractometer
equipped with an asymmetric curved germanium monochro-
mator (CuKa1 radiation, l = 1.54056 Å) and one-dimensional
silicon strip detector (MYTHEN2 1 K from DECTRIS). The
line focused Cu X-ray tube was operated at 40 kV and 40 mA.
Powder was packed in a 3 mm metallic mask and sandwiched
between two layers of polyimide tape. Intensity data from 2y = 1
to 35 degrees were collected over a period of 8 min in transmis-
sion mode with fixed 2y/o coupling of 2 : 1. The instrument was
calibrated against a NIST Silicon standard (640d) prior the
measurement. GSAS-II59 was used for peak indexing and rigid
body modeling.

Atomic force microscopy

Atomic Force Microscopy (AFM) images were taken using a
home-built AFM system. The AFM was operated in contact
mode using a soft (k = 0.2 N m�1) cantilever (ContE-G, Budget
Sensors) with minimal (B10 nm) deflection. All scans were
taken in air and at room temperature. Before each AFM scan a
UV-Vis spectrum of a C23TDI sample prepared together with the
AFM sample was taken.

Results and discussion
Ground-state dynamics

In comparison to a solution sample of C23TDI, a freshly
prepared film displays broadening and red-shifting in the
steady-state absorption spectrum (Fig. 1). The 0–0 and 0–1
vibronic peaks appear at 680 and 620 nm in the film, rather
than the 650 and 595 nm peaks observed in solution. The
inverted peak ratio indicates H-aggregation according to zero-
order models of coulombic coupling, suggesting close cofacial
packing between TDI aromatic cores.60 The film spectrum
lacks the characteristic hypsochromic shift associated with
H-aggregates suggested by Kasha,61 indicating other coupling
contributions are at play, including those from Frenkel excitons
or charge-transfer (CT) states, due to direct overlap of molecu-
lar wavefunctions and quadrupolar interactions from the large
aromatic cores of TDIs.15,18,62

Within 60 hours of film preparation, the absorption spectrum
undergoes a dramatic shift at room temperature, displaying
a major peak at 540 nm, with the intensity of the 705 nm
0–0 transition greatly reduced (Fig. 1, purple curve). This blue-
shifted peak is better described by the standard Kasha exciton

model of an H-aggregated state, suggesting a side-by-side align-
ment of dipole moments, but weaker short-range CT coupling
between TDI moieties.63 Emission data support the concept of
differences in photophysical behavior resulting from changes in
CT coupling. While both fresh and aged films display broad, red-
shifted emission features, the emission for the fresh film is much
less intense, indicating a largely non-emissive population, common
for CT states (Fig. S1, ESI†). As the CT coupling contribution lessens,
the intensity increases.

The phase transformation is observed under the presence
or absence of light and oxygen and occurs on films prepared
from concentrated solutions of both dichloromethane and
tetrahydrofuran. In addition, we have observed a strong tem-
perature dependence; at 60 1C, the transformation is complete
within 30 min (Fig. S2, ESI†), while at lower temperatures the
process is considerably slower. Films stored at 8 1C trans-
formed completely in seven days, while films maintained in
�22 1C retained their initial absorption spectrum after 21 days
(Fig. S3, ESI†). Once the films reach the final state, further
time and heating do not change the absorption spectrum,
indicating this state is most likely the thermodynamic mini-
mum. Dissolving the films yields a C23TDI solution with the
same absorption spectrum as the initial solutions, affirming
that the absorption change is purely due to molecular reorga-
nization in the solid state.

Steady-state absorption spectra at room temperature were
collected every 30 minutes and show the progressive reorgani-
zation of the film (Fig. 2a). Two clear isosbestic points at
720 nm and 592 nm indicate the transformation of one distinct
state into another. Plotting the absorption (A) at representative
wavelengths of 542, 623, and 680 nm with respect to time yields
the transformation kinetics. The kinetics at t o 5 h are
complex; however, when t 4 5 h the three wavelengths can
be fit with the two-part sigmoidal equation:

A ¼ A0 þ a
p

1þ e
t�t1
t1

� � þ 1� p

1þ e
t�t2
t2

� �
2
64

3
75 (1)

Fig. 1 Steady-state absorption spectra of C23TDI in THF solution, (black),
freshly prepared film (blue), and aged film (purple).
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where A0 and a refer to the initial intensity offset and range,
respectively. This equation describes two decay components
with fractions p and 1 � p that have time offsets t1 and t2 and
lifetimes of t1 and t2, respectively. For a film with an initial
absorption of 0.11 at lmax = 621 nm, globally fitting three
wavelengths provides a self-consistent parameter set, and yields
two components that constitute 36% and 64% of the total
population, with time offsets 12.2 � 0.2 and 19.8 � 0.1 h,
and lifetimes of 2.6 � 0.1 and 1.5 � 0.1 h, respectively. An
additional film was prepared from a higher concentration
solution, resulting in an initial absorption of 0.15 at lmax =
621 nm. Here, the transformation occurs more slowly, but can
be fit to the same equation, indicating some dependence on
film thickness (Fig. S4, ESI†).

These consistent changes indicate that an initial reorganization
upon film preparation produces a metastable state. At very early
times (t o 5 h), peaks at 623 and 680 nm increase in intensity,
indicating the existence of a local minimum. Following an induc-
tion period, this state first begins a slow transition, followed by a
more rapid transition to achieve complete reorganization into the

final, thermodynamically stable state. While the extended
p-surface of the TDI likely directs the initial conformation,
the long aliphatic tails promote the final ordered state.

Structural characterization

The slow structural transformation timescale in the C23TDI film
at room temperature creates an opportunity to observe struc-
tural reorganization to support the changes in absorption. The
long alkyl tails on C23TDI prevent the growth of a single crystal
suitable for diffraction, the common starting point for thin-film
structural analysis,64,65 but X-ray scattering analysis of both
film and powder samples of C23TDI provide valuable insights
into the possible packing geometries of the compound.

A concentrated solution of C23TDI was dried to a film and
immediately scraped off upon solvent evaporation; this powder
was examined through PXRD at 0, 18, 25, and 60 hours after
evaporation (Fig. 3). At early times, the sample is largely
amorphous, but displays a peak at 2y = 2.71, corresponding to
a spacing of 32 Å, and a broad peak around 251, or 3.5 Å,
indicating a high degree of p-stacking between C23TDI moi-
eties. After 60 hours, the powder develops higher crystallinity,
and the lowest 2y value shifts to 2.391, corresponding to an
extension of the longest axis of the unit cell to 37 Å, likely the
result of straightening alkyl tails. This shift indicates a struc-
tural change between two conformations and correlates with
the timescale observed by absorption.

Grazing incidence X-ray Scattering (GIWAXS) scans were
collected on two glass substrate films at two time points each,
one at 5 and 15 h, and another at 18 and 21 h after preparation,
as well as for an aged film (Fig. S6, ESI†). Additionally, a film
prepared on a glass slide with n-butyl tails attached to the
surface prior to spin-coating the chromophore was measured at
22 and 32 hours. The features of the film generated on the
butylated surface agree well with those observed from bare SiO2

substrates in both GIWAXS (Fig. S6, ESI†) and steady-state
absorption measurements (Fig. S5, ESI†), which indicates the
reorganization is not surface dependent. While each film has
a unique rate of reorganization depending on thickness and

Fig. 2 (a) Steady-state absorption spectra of C23TDI film, collected in 30 minutes increments. Isosbestic points are circled. (b) Kinetic traces of
representative wavelengths (open squares), with fits to eqn (1) (solid lines).

Fig. 3 PXRD spectra of bulk C23TDI powder, with time after solvent
evaporation.
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homogeneity, these time points illustrate the general transfor-
mation trend with structural level detail. At early times, peaks
in the qxy direction at q = 1.7 Å�1 indicate packing with 3.8 Å
spacing in the plane of the substrate (Fig. 4a), indicating an
edge-on p-stacked orientation. As the film ages, these peaks
disappear and are replaced by sharper peaks at smaller q
values, pointing to the loss of direct p-stacking between chro-
mophores. In the out-of-plane qz direction, the growth of
several features for the longer-aged films indicates the arrival
at a final conformation with increased crystallinity. At low q
values (q = 0.155 Å�1, d = 40 Å), a high intensity peak suggests
that the long axis of the unit cell lies normal to the surface of
the film, or an edge-on orientation (Fig. 4b, inset). The shift of
this peak to smaller q values over time indicates an initial state
with a smaller unit cell axis, which grows over time, closely
matching the observations from the PXRD data.

In addition to peaks along the qxy and qz axes, the aged C23TDI
film displays several sharp diffraction peaks, indicating a highly

ordered structure. Integrating the GIWAXS pattern across all
angles with respect to q yields a 1-dimensional diffraction pattern
that, when converted from q to 2y, agrees well with the PXRD scan
after 60 hours, thus we surmise that the observed transformation
occurs in both deposited films and bulk powder (Fig. 5a).

A unit cell was then extracted from the integrated GIWAXS
data. The 2D image elucidates the Miller indices corresponding
to specific peaks in the 1D spectrum; most notably, the broad
peak at 2y = 9.41 results from diffraction along an axis normal
to the glass substrate, and the peak at 2y = 13.51 does not lie
along either the qz or qxy axes. GSAS-II software was used to
identify a triclinic P1 unit cell (Table 1) which agrees well with
the experimentally derived diffraction pattern as shown in
Fig. 5b. The calculated unit cell volume of 2025.9 Å3 indicates
the number of C23TDI molecules per unit cell is 1, following the
formula suggested by Girolami.66

Using the parameters provided by this unit cell, we can infer
some details about the nature of stacking in aged C23TDI films.

Fig. 4 GIWAXS scans of C23TDI films: horizontal (a) and vertical (b) linecuts of films at various time points after film preparation. Inset shows magnified
small q region.

Fig. 5 (a) Overlay of diffraction peaks for extracted unit cell on 2D GIWAXS pattern and Miller indices. (b) Overlay of diffraction patterns of bulk powder
(blue) and radially integrated line cut of GIWAXS data from film (red).
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Having one molecule per unit cell indicates all C23TDI moieties
are related by translation to other unit cells, and not by internal
symmetry elements. This precludes TDI moieties experiencing
rotational offsets in their stacking, as seen in N,N-bis(pentan-3-
yl)TDI films,36 which rely on glide plane symmetry elements.
The blue-shifted absorption spectrum is indicative of long-
range dipolar (coulombic) coupling between the aromatic cores
of TDI, but due to the large (43.5 Å) cell axes and near-right-
angle vertices, TDI moieties must be slipped along an axis to
be close enough to experience coupling, thus also ruling out
cofacial stacking.

The abundance of diffraction peaks in both the 2D GIWAXS
plot and the PXRD pattern allows for further modeling, which
supports the premise of a slip stacked TDI core in the absence
of a solved crystal structure. Rigid body simulated annealing
using the known molecular structure of C23TDI provides an
approximation of the molecular orientation within the unit cell.
We searched for patterns that displayed peaks at 2y = 9.41 and
13.51, which correspond to (004) and (014) reflections, respec-
tively, seen in Fig. 5a. While a conclusive orientation was not
able to be determined, the solution with the best fit shows
TDI moieties that lie diagonally across the unit cell (Fig. 6a).
The proposed model indicates that the TDI aromatic cores do
not overlap cofacially, which inhibits strong, short-range
charge transfer coupling JCT. Slippage between TDI chromo-
phores can be seen in Fig. 6b, as well as depicted with higher
clarity in Fig. S6 (ESI†). Other, higher-residual solutions also

yielded structures where the TDI cores were similarly slipped,
indicating that this is likely a generic feature of the minimized
geometry. Further discussion of the proposed structure can be
found in the ESI.†

In contrast to the aged film, the fresh film did not display
sufficient diffraction to derive a unit cell. Nonetheless, the
peaks corresponding to 32 Å and 4 Å in both PXRD and GIWAXS
measurements, in addition to the steady-state absorption indi-
cative of strong coupling, we can predict a roughly cofacial
orientation, as displayed in Fig. S7 (ESI†).

Surface topography

Atomic Force Microscopy (AFM) also provides additional under-
standing of C23TDI reorganization. A film was prepared under
the same conditions as described above and broken in two
segments. One piece was monitored by AFM at several time
intervals, maintaining the same scan domain throughout
the experiment (Fig. 7a). Examination of the film one hour
after deposition shows clear boundaries between material with
20–30 nm thickness as shown in red, and bare glass substrate
in blue (roughness B1 nm). These larger domains indicate
clusters of material upon spin coating of the film. As time
passes and reorganization begins, the boundaries become less
distinct, the domains decrease in thickness and cover increased
portions of the film. Several smaller islands begin to form,
indicating a more even distribution of material across the
surface of the film.

The other segment of the same film was monitored by
steady-state absorption spectroscopy at the same time intervals
(Fig. 7b). Notably, the changes in topography occur much more
rapidly than changes in absorption: the difference between 1
and 15 hours, for instance, is distinct in the AFM image but

Table 1 Unit cell parameters

a (Å) b (Å) c (Å) a (1) b (1) g (1) V (Å3)

5.90 9.22 37.37 89.34 92.26 86.35 2026.9

Fig. 6 (a) Proposed crystal structure unit cell from simulated annealing result. (b) Contents of 4 unit cells (2 � 1 � 2), rotated to highlight crystal packing.
(c) Overlay of experimental GIWAXS spectrum of aged film (gray) and simulated powder patterns for simulated annealing result (red). Blue shading
highlights regions of interest corresponding to (004) and (014) reflections.
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barely noticeable in the absorption spectrum. The rapid
changes in topography are likely due to alkyl tails ‘‘melting’’ –
transitioning from their initial kinetic conformation to a ther-
modynamically stable conformation. This increased structural
disorder creates an environment dominated by the liquid-
crystalline behavior of the tails, allowing the aromatic surfaces
of TDI to reorganize to a more stable conformation. This
indicates two distinct processes in the film reorganization:
first, a disruption of the initial metastable state into a dis-
ordered liquid crystalline state and second, reorganization of
the chromophore cores. The first process changes the film
topography but does not affect either the ordered chromophore
spacing or transition dipole moments, so no changes are
observed in X-ray scatter or absorption spectra. The second
process involves clear changes in spacing and chromophore
coupling, thus affecting the diffraction and absorption spectra,
while showing little difference to the generally disordered sur-
face of the film. Identifying the initial melting process explains
the delayed onset of changes to the absorption spectrum.

Excited-state dynamics

In addition to affecting the ground state absorption, molecular
packing plays an important role in the excited-state dynamics.
Indeed, the excited-state behavior of C23TDI varies dramatically
between the fresh and aged film samples. For example, as
noted above, the fluorescence emission from the fresh film is
much less intense than that of the aged film.

The reason for this difference is apparent from an examina-
tion of their transient absorption spectra. Following excitation
of the fresh sample at 590 nm, we observe the spectrum shown
in Fig. 8. In the near infrared (NIR) region of the spectrum, we
see broad absorptive features at 900, 1010, and 1330 nm; these
features are consistent with reported spectra for TDI anion,51,67

while the 1220 nm TDI singlet excited state absorption is
notably absent. In the visible region, the 650 nm TDI�� anion
and 750 nm TDI�+ cation features are obscured by a broad
ground-state bleach feature. Characteristic TDI�� anion features
imply symmetry-breaking charge separation similar to that pre-
viously observed in tightly stacked H-aggregates in solution.54

This result is in good agreement with our proposition that the
fresh sample has a cofacial stacking orientation and experiences
strong charge-transfer interactions.

As is the case in the ground-state absorption spectrum, the
excited state spectrum of the aged C23TDI film indicates
significantly less CT character than that of the fresh film. The
NIR region displays a broad peak at 1100 nm, but no clear
signatures of either singlet or TDI�� anion absorptions. In the
visible region, a broad ground-state bleach from 500 to 750 nm
overlaps with a strong positive absorptive feature. These resul-
tant spectra are more consistent with that of an excimer,
similar to that observed in slip-stacked TDI films.36 All features
decay within 1 ns, which is consistent with the lack of triplet
state present at long times. Further kinetic analysis is included
in Fig. S7–S10 (ESI†).

Fig. 7 (a) AFM topography at five time delays following film preparation. (b) Visible absorption spectra of film from the same preparation at identical time
intervals.
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The broadened signal and absence of a sharp 1330 nm TDI
anion band indicate that the reorganized structure does not
provide the optimal coupling that leads to SB-CS states in TDI.
Instead, the excited state exhibits significantly more singlet
character, resulting in the formation of an excimer, which is
further supported by the increased emission compared to the
fresh film. The greater singlet character of the excited state is in
line with the conclusions for the ground-state spectrum as well.
The ground-state spectrum of the aged film agrees better with
that of an H-aggregate: the inverted peak ratio and dramatically
blue-shifted spectrum are both characteristics of such a struc-
ture. Given the coupling map of perylene suggested by Hestand
et al.,60 the short- and long-axis slippage from the reorganized
structure clearly has weaker JCT.

These findings also have useful implications to the larger
understanding of structural reorganization and its effect on
light-absorbing processes for practical applications. Blended
films, for instance, as would be found in a bulk heterojunction
OPV device, typically exhibit varying degrees of phase segrega-
tion. In electron acceptor domains of C23TDI, we expect rear-
rangement to proceed in the same manner as observed here.
Indeed, given the ability of C23TDI to reorganize at room
temperature, it is likely phase segregation would occur in a
blend. In the regions of true intercalation between C23TDI and
a donor material, reorganization is still likely to take place as
the aliphatic tails melt, but additional additives may immobi-
lize the aromatic core, making rearrangement unlikely.

Alternatively, in a single-layer OPV device where the dye acts
as both the donor and acceptor, harnessing charges generated
from symmetry-breaking charge transfer may prove fruitful by
minimizing Voc losses. For such applications, the conclusions
from this paper highlight the value of strong coupling due
to cofacial stacking. Conversely, in systems designed to pro-
mote emission, using aliphatic tails to disrupt cofacial inter-
action without requiring additional annealing steps could lead
to more efficient device processing. In this way, the observa-
tions and conclusions of this study have broad implications
for many different types of device applications. This work also
provides a more fundamental understanding of the struc-
tural dynamics operating during annealing processes, as well
as direct future researchers to systems that will not sponta-
neously rearrange.

Conclusions

Despite the large rigid core of TDI and its propensity to p-stack
in more aggregating conditions, the long aliphatic tails allow
the C23TDI film to undergo spontaneous thermal annealing
at room temperature. This transformation can be observed
through changes in UV-vis absorption and crystallinity and
tracking both reveals the close relationship between structure
and function of the compound. The initial state in the freshly
cast films is relatively disordered, but p-stacking peaks seen in
X-ray measurements imply close packing between TDI aromatic
cores, and both vibronic peak ratios in the ground-state and
clear TDI�� signals in the excited-state absorption indicate a
large amount of JCT between TDI moieties. Over time, the film
increases in crystallinity, and the resultant structure comprises
less overlap between TDI cores, observed through diffraction
patterns and excimer features in the transient absorption
spectra, indicating a greater contribution from the singlet state
and reduced JCT. These findings indicate that the dispersion
interactions that drive the aggregation of saturated alkyl chains
can overcome the strong p–p interactions intrinsic to the large
aromatic core of TDI derivatives to elicit new packing motifs
that may prove useful in modifying the opto-electronic proper-
ties of these chromophores.
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1 L. Chen, C. Li and K. Müllen, J. Mater. Chem. C, 2014, 2,
1938–1956.

2 F. Nolde, J. Qu, C. Kohl, N. G. Pschirer, E. Reuther and
K. Mullen, Chemistry, 2005, 11, 3959–3967.

Fig. 8 Transient absorption spectra at selected decay times after excita-
tion at lex = 590 nm for both fresh and aged films.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

4/
20

25
 1

:3
5:

50
 A

M
. 

View Article Online

https://doi.org/10.1039/d0tc02814b


This journal is©The Royal Society of Chemistry 2020 J. Mater. Chem. C, 2020, 8, 15189--15198 | 15197

3 S. K. Lee, Y. Zu, A. Herrmann, Y. Geerts, K. Müllen and
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