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erylene diimides (PDIs) are among the best n-type organic
Psemiconductors in part owning to their large driving force to
form st-stacks." The short intrastack separation of PDI cores
allows a significant coupling of frontier orbitals, so orbital energy
levels split forming bands. A stronger HOMO/LUMO coupling
produces a broader valence/conduction band, which leads to an
increased A, in an electronic absorption spectrum due to the
reduced band gap.” As the HOMO and LUMO levels of in-
dividual core-unsubstituted PDI (CUPDI) molecules have little
dependence on the imide substituent (R)," the A, is an in-
dicator of the overall HOMO/LUMO coupling magnitude in a
CUPDL. A longer A, is generally associated with a stronger
HOMO/LUMO coupling and a better capability to absorb sun-
light.? Thus there is a strong motivation to develop solid CUPDIs
with the longest possible A, for photovoltaic applications.” The
broad valence/conduction bands implied by a very long A,y are
correlated with improved charge transport,s which makes such
PDIs even more appealing for photovoltaics and for organic
(opto)electronic applications in general.

Despite the promising value, CUPDIs with a very long A,
have not been systematically pursued experimentally, to the best
of our knowledge. In contrast, the corresponding computational
research has advanced considerably.z’s’6 In a solid 7z-stacked PDI,
the interaction inside a one-dimensional sr-stack accounts for
most of the intermolecular electronic coupling.> As the perylene
interplanar spacing is always around 3.5 A in a parallel piled stack
as found in most crystalline CUPDIs, the intrastack offset values
along the long (x) and short (y) axes of the PDI ring as illustrated
in Figure la become the key parameters determining the elec-
tronic coupling,” When molecules stack the shift of absorption
spectra is generally mainly determined by exciton interactions
which do not require molecular orbital overlap. However, just as
for orbital overlap the size and even sign of this exciton inter-
action will be a very sensitive function of the x and y displacements.”
Recently the intrastack binding energy and intermolecular cou-
pling of frontier orbitals, as a function of x and y offset values,
have been computed extensively.”® The set of x and y offset
values for a very long A,,,, has been suggested.Sb’6a However, to
design a PDI molecule that can materialize a planned packing
geometry remains a challenge, as to date the desired R-packing
relationship cannot be known before the crystal structure is
solved.** Although a number of CUPDIs with a strong inter-
molecular HOMO/LUMO coupling exhibiting the 4,,,, up to
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678 nm have been reported, most of them were discovered ser-
endipitously.® Slightly modifying the R of an existing long-A .,
CUPDI as an approach to improve the 4, is likely to fail, as it is
known that the ., is highly sensitive to even a slight change of
R,>**** which can be ascribed to the relatively flat binding energy
surface of parallel stacked PDI units.”>** With a fairly flat PDI
binding energy surface, the packing is practically dictated by the R
and its subtle adjustment may lead to a dramatic change in x and/
or y offset values to avoid unfavorable interactions or to maximize
favorable interactions. On the other hand, if only a small and
incremental change of x and/or y offset values occurs upon an
incremental adjustment of the R, very long A,,., values may be
achieved by a tuning approach. To make the tuning productive,
the R should provide additional intermolecular interactions that
are robust enough to suppress dramatic structural changes while
allowing a fine-tuning of x and/or y offset values, in addition to
being able to induce a strong intermolecular electronic coupling
between PDI cores.

Here we report the discovery of 4-n-alkoxy-4-oxobutyl groups
as the first such substituents. By gradually altering the n-alkyl chain,
the A of solid Gn has been systematically tuned up to 695 nm.
The unprecedentedly long 4,,,, implies an exceptionally strong
intermolecular HOMO/LUMO coupling.

The general structure of Gn is shown in Figure 1a. Their dilute
(2.65 x 107> mol/L) chloroform solutions exhibit the same UV
spectrum, just as other CUPDIs." The spectrum (Supporting
Information Figure S1) features a series of absorption peaks at
527, 490, and 458 nm. Upon the addition of methanol, a drama-
tically red-shifted peak (4. = 640 nm) appeared, as shown in
Figure 1b, due to the formation of PDI crystals. The 4,,,,, values
are listed in Table 1 along with those from solution-cast solid Gn
films whose spectra are presented in Supporting Information
Figure S2. The picture of a G8 chloroform solution (2 mg/mL)
and a film cast from it are shown in Figure 1c. All these com-
pounds exhibit dramatically red-shifted (>110 nm) Ay, values in
the solid state with respect to that of the unassociated state in dilute
chloroform solutions, which indicates that (4-n-alkyoxy)-4-ox-
obutyl groups can indeed consistently induce a large intermole-
cular frontier orbital overlap. While such a structure-directing

Received:  February 8, 2011
Revised: ~ April 21, 2011
Published: May 10, 2011

2689 dx.doi.org/10.1021/cm200413x | Chem. Mater. 2011, 23, 2689-2692



Chemistry of Materials

COMMUNICATION

650 700 750
Anm)

800

Figure 1. (a) Diagram of two stacked Gn molecules showing displace-
ments along the long (x) and short (y) axes of the perylene ring; the y
offset value was exaggerated for clarity; n =4, 6, 8, 10, 12, 14, 16. (b) UV
spectra (normalized at the A, values) of Gn in 2/1 (v/v) methanol/
chloroform binary solvent. (c) Picture of a G8 chloroform solution
(2 mg mL ") and a solid film cast from it.

Table 1. A, Values in Figure 1b, 4,,,, Values of Gn Films,
and Vc—c Values of Ester Groups in Solid Gn

N Ama (nm) in Figure 1b Ay, (nm) of solid films ~ ve—o (cm™ ')

647 642 1738.1

6 680 654 1739.0
8 695 692 1742.4
10 687 683 1742.9
12 676 676 1743.8
14 670 670 1745.6
16 667 665 1746.7

effect is robust since all Gn solids are of strong electronic coupling
despite the large variation of , it still permits small-scale changes
in the local PDI packing mode as reflected by the n-dependent
Amax values. It is intriguing that the variation is systematic: The
Amax first increases with n until the longest A, at n = 8. After-
ward, further increase of n results in a slight but continuous
decrease of the A,,,,, value.

The robust structure-directing effect of (4-n-alkyoxy)-4-oxo-
butyl groups is also supported by X-ray diffraction results. The
powder patterns (Supporting Information Figure S3) illustrate
the crystalline order of these compounds. The strongest diffrac-
tion in the small-angle region is attributed to the layered structure
arising from the microphase separation between the PDI core
and R. Its d-spacing represents the periodicity of the layered
structure and is plotted versus n in Figure 2. The nearly linear
relationship suggests that the local packing schemes of PDI cores
are very similar among all homologues, in other words, robust
against the variation of n.

SEM images shown in Supporting Information Figure S4
illustrate the morphology of the Gn aggregates grown from 2/1
(v/v) methanol/chloroform binary solvent. Just like many CUPDIs
with unbranched N—substituents,9 micro/nanobelts are the major
form of aggregation. This is especially true for G8, G10, G12,
G14, and G16, as both flat-on and side-on belts can be observed.
G4, G6, G8, G10, and G12 belts are typically longer than 10 gm.
The exact length of G14 and G16 belts is more difficult to determine
because they bend/twist more frequently than other homolo-
gues. However, the length of G14 and G16 belts is at least several
micrometers and much greater than the corresponding width.
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Figure 2. Periodicity values of the layered structure in solid Gn.

The width of Gn belts is n-dependent. G4, G6, and G8 belts
feature a width about 1—2 ym. In contrast, the average widths of
G10, G12, G14, and G16 are 0.8 um, 0.6 um, 0.25 um, and
0.15 um, respectively. Due to the dramatically red-shifted A,
values with respect to that of the monomeric state in a dilute
solution, these aggregates can be considered as J-aggregates. Al-
though we cannot completely exclude the possibility that the size
of a Gn aggregate may affect its A,,,,, its contribution to the
Amax—n correlation is likely to be small. This is because the elec-
tronic interaction inside a PDI s-stack accounts for the most of
intermolecular electronic interactions>* and the 77-stacking direc-
tion of Gn molecules is expected to be along the belt long axis,
similar to other CUPDI micro/nanobelts’ or wires."> With at
least thousands of PDI units well correlated along the belt long
axis/7t-stacking direction, we do not expect that a size difference
can lead to a significantly different electronic coupling.
Therefore, the observed A,,,.,—# correlation indicates that struc-
tural tuning is operative. We believe that the robust structure
directing effect of (4-n-alkyoxy)-4-oxobutyl groups is one of the
enabling factors. It is well-known that ester groups can engage
in a relatively strong dipole—dipole attractive interaction'" that
exhibits a weaker distance dependence (r ) than attractive disper-
sion forces (r~°),%* which makes it more tolerable to small-scale
structure changes. Therefore it is speculated that the ester
group is making an important contribution in the robustness of
(4-n-alkyoxy)-4-oxobutyl groups’ structure directing effect. The
ester dipole—dipole interaction was probed by FTIR as it manifests
as a red-shifted C=0 stretching frequency (vc—o)."" Support-
ing Information Figure S5 presents a set of spectra showing the
ester Vc—o region of Gn. The peak positions range from 1738.1
to 1746.7 cm ', as given in Table 1. The vc—q value of truly
noninteracting ester groups in Gn is expected to be similar to or
slightly higher than that of butyl acetate in the vapor phase, which
is at about 1765 cm™',"'* as the potentially influencing imide
group is electron withdrawing. The significantly lowered (by
18—27 cm™ ") vc—q values imply that ester groups in solid Gn
are indeed engaged in an attractive dipole—dipole interaction. In-
terestingly, the ester ¥c—q continuously increases when # increases.
As the electronic effect of n-alkyl groups in Gn are essentially the
same, such a Vc—p—n correlation reveals that ester groups in
solid Gn are experiencing a weaker dipole—dipole interaction
with a larger n."! A (4-n-alkyoxy)-4-oxobutyl group consists of
two subunits: the n-alkyl group as the adjustable component and
the remaining part containing the ester group. Each subunit has
its own most preferred local packing mode. Ester groups favor a
strong dipole—dipole attractive force,'> while n-alkyl groups
prefer to pack tightly in the all-anti conformation as found in a
n-alkane crystal.” The all-anti conformation of n-alkyl chains in
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Figure 3. UV spectra of solid Gn in the high temperature phase (spectra
were taken at 160 °C for G8—G16, 170 °C for G6 and 180 °C for G4).

Gn is supported by FTIR results as shown in Supporting In-
formation. We propose that the optimum packing of each su-
bunit requires its own set of x and y offset values from 7-stacked
PDI cores when forming a Gn crystal and two sets of offset values
do not coincide, so two subunits have to compete for their energetic
optimization. When a compromise is made, the final set of x and y
offset values reflects the relative strengths of the two competing
parties. Since a larger n enhances the n-alkyl group in the com-
petition, the packing of PDI cores in G4 features the strongest
ester dipole interaction as it faces the weakest competition from
n-alkyl chains. From there every stepwise increase of n changes
the x and y offset values of PDI cores slightly in the direction that
n-alkyl chains favor. The packing of PDI cores in G16 is under the
strongest influence from the n-alkyl chains so that it features the
weakest ester dipole interaction, as evidenced by the highest
Vc=o. From G4 to G16, the ester dipole—dipole attractive
interaction is always maintained thanks to its strength and weaker
distance dependence, though its magnitude is slightly reduced
with every stepwise increase of n due to the increased competi-
tion from the n-alkyl group. It plays a critical role of suppressing a
dramatic change but allowing a fine adjustment on the PDI core
local packing scheme upon a stepwise increase of n. Judged by the
frequency shift, the strength of ester dipole interaction in Gn is
modest when compared with the strong ones in lactones with a
bathochromic shift greater than 60 cm™".''™® Such a modest
interaction is advantageous for the tuning to be productive. If it is
too weak, abrupt packing changes may occur. If it is too strong,
n-alkyl chains will have difficulty to compete and generate a sizable
Amayx variation. This may explain why in a series of long-A,.,
CUPDIs induced by hydrogen bonding the significant variation
of alkyl chains did not produce a considerable A, change.8d
One prediction that can be made on the basis of the proposed
competition-based tuning is that the observed tuning effect will
diminish or even vanish if the n-alkyl chains become disordered,
because in this case the intermolecular sz-orbital overlap will be
mainly governed by the PDI s-stacking and the ester dipole—
dipole. This is exactly what was observed in the high temperature
phase of Gns. All Gns exhibit this phase between the room tem-
perature crystalline phase and the isotropic melt. FTIR and X-ray
diffraction results indicated that in this phase the PDI cores are
st-stacked and the n-alkyl chains are in the liquid-like disordered
conformation, as given in Supporting Information. The UV spectra
shown in Figure 3 demonstrated that all Gns share the essentially

the same A, value in this phase. Moreover, as shown in Sup-
porting Information Figure S8, the ester Vc—q of Gns are all at
about 1740 and 1722 cm ™/, despite the large variation of n. The
appearance of two ester ¥c—c bands implies that ester groups are
in two different local environments, which has been reproduced
by our molecular simulation as presented in Supporting Informa-
tion. Without the competition from ordered n-alkyl chains, on
average the ester groups are enjoying appreciably stronger dipole—
dipole interaction, as indicated by the significantly lower average
V=0 value. This provides further support to our proposed com-
petition-based tuning mechanism.

As the result of this tuning process, G6, G8, and G10 exhibit
a Amax greater than the previously reported longest A G8
shows a A, of 695 nm that matches nearly perfectly with the
solar flux peak wavelength (~700 nm). This, in combination
with the expected high charge carrier mobility associated with the
exceptionally strong electronic coupling, makes G8 an extremely
appealing photovoltaic material.

In conclusion, we have discovered the first Rs that can
robustly lead to solid CUPDIs with a strong and tunable electronic
coupling. The tuning effect was attributed to the competition be-
tween two subunits in a R. By varying the length of n-alkyl chains,
solid CUPDIs with an extraordinarily long A, were suc-
cessfully generated. This tuning approach enables us to control
the electronic coupling in solid CUPDIs at a new level. This new
crystal engineering approach may also be applied to other 7-
stacked organic semiconductors and produce an exciting array of
materials with engineered (opto)electronic properties.
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