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Electron-transporting foldable alternating
copolymers of perylenediimide and flexible
macromolecular chains†
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Tuning the electrical conductivity of conjugated macromolecules by nanostructure ordering plays a key

role in developing carrier transporting materials applicable to flexible organic electronic devices. Alternating

copolymers of perylene-3,4,9,10-tetracarboxylic acid diimide (PDI) and flexible macromonomers, poly-

(dimethylsiloxane) (PDMS), poly(ethylene glycol) (PEG), or poly(propylene glycol) (PPG), were synthesized via

simple polycondensation reactions between 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) and

bis-amine-terminated corresponding macromonomers. Dynamic traces of absorption and fluorescence

spectra of the series of alternating copolymers, with the indication of PDI chromophores, suggested the

more foldable nature in tetrahydrofuran of the PDMS-based polymer than of the PEG- and PPG-based

polymers. The folding capability of these polymers in solution was confirmed by fluorescence spectra and

the absolute fluorescence quantum efficiency values. In the solid films, the condensed state of the

polymers showed X-ray diffraction patterns of periodic structures, which depend on the type of

macromolecular chains: PEG showed a highly crystallized state in contrast to the slightly crystalline PDI

molecules in the PDMS and PPG-based polymers. Photoconductivity upon ultraviolet excitation has been

screened by noncontact microwave measurements, and the mobility of electrons has also been

characterized based on the kinetic traces of radical anions on the PDI chromophores. The negligible optical

absorption observed from the PDMS-based polymers revealed the lowest photocarrier generation yield

among the prepared polymers. The observed low conductivity for the PDMS-based, most foldable

polymers possibly results from a lower photo-charge generation yield and thermal fluctuations of the

flexible PDMS chains. The PEG-based polymer marked the largest electron mobility of 0.2 cm2 V�1 s�1,

reflecting the highly crystalline nature of the PEG chains.

Introduction

Materials available for flexible electronics have attracted increasing
attention in recent years, and polymer-based materials have played
a key role in the devices.1–4 Flexible and solution-processable
polymers for electronics are often composed of p-conjugated
segments and flexible insulated chains, where the former relies
on electrical conductivity and the latter secures flexibility and

solubility. Among the explored polymer electronics, block co-
polymers containing p-conjugated molecules are interesting
motifs because they are known to form micrometer–nanometer
domains via self-assembly to afford directional charge transport
properties.5,6 There, the flexible segments not only work as
solubilizing parts but also allow nanostructure-directing functions.
On the other hand, alternating polymers (oligomers) of p-conjugated
molecules and insulated flexible chains (a kind of multi-block
copolymer) have not been fully explored toward organic electronics,
though they have the potential to construct one- or two-dimensional
arrays of p-electronic systems via intrapolymer folding7 and/or
interpolymer p–p interactions. Flexible, and even elastic characters
would be added to those alternating copolymers if the entropic
spring of macromolecular chains was utilized.

Liquid crystal polymers8 are a representative class of such
rigid–flexible alternating copolymers that has been studied before.
In its early stage, mesogenic behaviors and the nanostructure of
mesogens and linkers were studied, where the mesogenic parts
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were mostly composed of phenylene- or oligophenylene- based
molecular units while alkyl or oligo(ethylene glycol) (OEG) chains
were used as flexible linkers.9–13 Then, molecular arrangements
or supramolecular structures of rigid–flexible alternating copolymers
attracted attention for tuning of their photophysical properties.14 For
example, photoluminescence and electroluminescence were realized
for rod–coil copolymers from oligo(p-phenylene vinylene)s and alkyl
chains.15–18 Although the structural information in their solid states
is still difficult to clarify, material application as a solid-state emitter
was clearly demonstrated.

From the viewpoint of solution-state assembly, rigid–flexible
polymers (oligomers) have been studied within the concept of a
‘‘foldamer’’. A foldamer is initially defined as ‘‘any polymer with
a strong tendency to adopt a specific, compact conformation’’,19,20

which features hydrogen bonding-assisted helical or sheet-like
folding behaviors that mimic biomacromolecules like proteins.
Afterwards, another definition was proposed: ‘‘Any oligomer that
folds into a conformationally ordered state in solution, the
structures of which are stabilized by a collection of noncovalent
interactions between nonadjacent monomer units’’,21,22 high-
lighting that the cooperative interactions include various inter-
actions such as p–p and hydrophobic ones. Recently, other types
of folding polymers have been broadly interpreted as foldamers.
Multi-block copolymers of p-conjugated rods and hydrophilic
chains were utilized for biomimetic applications in their folded
forms.23,24 Another interesting feature in recent reports is the
integration into two-dimensional nanosheets from the pre-
organized folded crystallization assembly of rigid–flexible alternating
polymers/oligomers in solution.25–27 Namely, the macroscopic
assembly of foldable polymers25–28 provides the potential for
soft materials to be used in their solid-state.

Based on the above background, we have started to evaluate
the intrinsic charge carrier transport property of foldamer
systems. Foldable polyurethanes carrying naphthalene diimides
as side groups29 and thiophene nanosheets from alternating
co-oligomers of bithiophene and oligo(ethyleneglycol) units30

were previously studied by the flash-photolysis time-resolved
microwave conductivity (FP-TRMC) technique, a contactless
microwave-based evaluation method of photo-generated charge
carriers.31–33 In the present work, our attention is given to the
characterization of charge transport properties of simple rod–
coil foldamer systems. Perylene-3,4,9,10-tetracarboxylic acid
diimide (PDI) was chosen as a rod-shaped p-system because
PDI is known to show strong p–p interactions.34 Most of the
reported foldamers employ hydrogen bonds or crystallization of
aromatic segments without strong p–p interactions. Main-chain
liquid crystals also usually involve mesogens that cannot stack
on each other in a solution state. We consider that strong p–p
interactions of PDIs would result in the folded assembly in solution
when PDIs are linked with flexible macromolecular chains. The cast
films from these assemblies will eventually provide electron
transport pathways. So far, alternating copolymers35–38 and
co-oligomers39–42 of a PDI derivative and flexible chain were
reported by several groups. No obvious folding behavior was
confirmed in solution for those of PDI and macromonomers,35–38

while folding behaviors of the above discrete oligomers were

investigated in detail.39–42 However, none of them focused on their
semiconducting and photoconductive properties. Here, we chose
amine-terminated poly(dimethylsiloxane) (PDMS), poly(ethylene
glycol) (PEG) and poly(propylene glycol) (PPG) as flexible macro-
monomer chains, and conjugated them with 3,4,9,10-perylene-
tetracarboxylic dianhydride via polycondensation reactions
(Scheme 1). The resulting PDI–flexible chain multi-block copolymers
were studied in solution and film states. We revealed that folding
behaviors in solution were drastically changed depending on the
type of linker chain. In solid films, the intrinsic electron mobility
along stacked PDI units, estimated by the FP-TRMC technique, was
found to reach up to 0.2 cm2 V�1 s�1.

Experimental
Materials

3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA) and quinoline
were purchased from Tokyo Chemical Industry Co. Tetrahydrofuran
(THF), chloroform (CHCl3), and Zn(OAc)2 were purchased from
Wako Pure Chemical Industries. Poly(dimethylsiloxane), bis(3-
aminopropyl) terminated (average Mn B 2 500), poly(propylene
glycol)bis(2-aminopropyl ether) (average Mn B 2000 and 4000),
poly(ethylene glycol)diamine (average Mn B 2000 and 6000),
and methoxy poly(ethylene glycol)amine (average Mn B 2000,
extent of labelling: 40.4 mmol g�1 NH2 loading) were purchased
from Sigma-Aldrich. Aminopropyl terminated polydimethylsiloxane
(average Mn B 1000 and 5000) and monoaminopropyl terminated
poly(dimethylsiloxane) (average Mn B 2000) were purchased from
Gelest.

Measurements and methods

Molecular weights of polymers were determined by size exclusion
chromatography (SEC) with polystyrene standards. SEC analysis
was performed on HITACHI model L-2130, L-2455, L-2530
chromatography instruments with Shodex KF-804L/KF-805L
columns using THF as an eluent at a flow rate of 1 mL min�1

at 40 1C. A refractive index detector and multi-wavelength
photodiode array detector were used for detecting the elution
peaks. Polymerization progress was confirmed by the analytical
SEC at 520 nm absorption after 24 h of reaction. The crude
polymers were purified by recycling preparative HPLC on a
Japan Analytical Industry Co. model LC-9210NEXT equipped with
JAIGEL-2.5HH/-3HH columns. Electronic absorption spectra were
recorded on a JASCO model V-570 UV/VIS/NIR spectrophotometer.
The variable-temperature measurements were carried out using
a screw-cap quartz cuvette. Photoluminescence spectra were
recorded on a HITACHI model F-2700 spectrofluorometer.
Absolute photoluminescence quantum yield was evaluated on
a Hamamatsu model Quantaurus-QY absolute PL quantum
yield measurement system. Dynamic light scattering was mea-
sured on a Malvern model Zetasizer system. Powder X-ray
diffraction measurements were carried out using a synchrotron
radiation X-ray beam with a wavelength of 0.108 nm on
BL44B243 at the Super Photon Ring (SPring-8, Hyogo, Japan).
A large Debye–Scherrer camera was used in conjunction with an
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imaging plate as a detector, and all diffraction patterns were
recorded with a 0.011 step in 2y. During the measurements,
samples were put into a 0.5 mm thick glass capillary and rotated
to obtain a homogeneous diffraction pattern. The exposure time to
the X-ray beam was 1.5 min. Grazing-incidence X-ray scattering
(GIXS) measurements for the cast films were performed using a
Rigaku FR-E X-ray diffractometer with a Rigaku model R-AXIS IV 2D
detector.44 Cu Ka radiation (l = 0.1542 nm) with a beam size of
approximately 300 mm � 300 mm was used for the X-ray beams,
while the camera length was set at 300 mm. The sample stage was
composed of a goniometer and vertical stage (CHUO Precision
Industria ATS-C316-EM/ALV-300-HM). Flash-photolysis time-
resolved microwave conductivity (FP-TRMC) measurements
were carried out at 25 1C in air with a resonant cavity. The
resonant frequency and power of the microwave probes were
9.1 GHz and 3 mW, respectively. Charge carriers were photo-
injected into the sample upon exposure to a third harmonic
generation (l = 355 nm) of a Spectra Physics model INDI-HG
Nd:YAG laser with a pulse duration of 5–8 ns. The photon
density of the 355 nm laser pulse was 9.1 � 1015 photons
cm�2. The TRMC signal picked up by a diode (rise time
o 1 ns) was monitored by a Tektronics model TDS3052B digital
oscilloscope. The observed conductivities, given by the photo-
carrier generation yield (f) multiplied by the sum of charge

carrier mobilities (
P

m), were normalized according to the
equation;

f
X

m ¼ 1

eAI0F

DPr

Pr
: (1)

where, e, A, I0, F, Pr, and DPr represent unit charge of a single
electron, sensitivity factor (S�1 cm), incident photon density of
the excitation laser (photon cm�2), filling factor (cm�1), and
reflected microwave power and its change, respectively. The
value of F was calculated based on the optical density depth
profiles and geometry of the samples overlapped to the electric
field strength E in the cavity as,

F ¼ a ln 10
ð
10�aE2dxdydx=

ð
E2dxdydx (2)

where a is the absorptivity of the sample, giving the value of F as
1.0–1.2 � 103 cm�1 for all the prepared dropcast film samples.
Transient absorption spectroscopy (TAS) measurements were
carried out at 25 1C in air. The photon density of a l = 355 nm
pulse was 9.1 � 1015 photons cm�2. A white-light continuum
from a Xe lamp was used as a probe-light source for TAS. The
monochromated probe light was guided into a wide-dynamic-
range streak camera system (Hamamatsu C7700), which collected

Scheme 1 (left) Synthetic schemes of PDI–flexible chain alternating copolymers and reference compounds. (a) Imidazole, 200 1C, 24 h; (b) imidazole,
Zn(OAc)2, quinoline, 200 1C, 24 h. (right) Schematic illustration of possible patterns of intra/inter-polymer/molecular p–p interactions among PDI units
for PDI–flexible chain polymers and reference compounds.
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a two-dimensional image of the spectral and temporal profiles of
light intensity.

Synthesis of alternating copolymers and reference polymers

Condition A. PTCDA (40 mg, 100 mmol, 5 eq.) and macro-
monomer (20 mmol, 1 eq.) were added to imidazole (100 mg,
1.47 mmol), and the resulting mixture was stirred at 200 1C for
24 h under a N2 atmosphere. After cooling down to room
temperature, the reaction mixture was extracted with toluene,
washed with water (�3), dried over Na2SO4, and evaporated to
dryness. The residue was dissolved in CHCl3 and purified by
preparative SEC on JAIGEL-2.5HH/3HH columns using CHCl3

as an eluent.
Condition B. PTCDA (29 mg, 72 mmol, 1 eq.), macromonomer

(72 mmol, 1 eq.), imidazole (100 mg, 1.47 mmol), and Zn(OAc)2�
2H2O (12 mg, 55 mmol) were added to quinoline (4.0 mL), and
the resulting mixture was stirred at 200 1C for 24 h under a N2

atmosphere. After cooling down to room temperature, MeOH
was added and the precipitate was collected. The residue was
dissolved in CHCl3 and purified by preparative SEC on JAIGEL-
2.5HH/3HH columns using CHCl3 as an eluent.

Condition C. PTCDA (9.48 mg, 12.0 mmol, 1 eq.), macro-
monomer (24.0 mmol, 2 eq.), imidazole (50.0 mg) and Zn(OAc)2�
2H2O (3.0 mg, 14 mmol) were added to quinolone (1.3 mL), and
the resulting mixture was stirred at 200 1C for 24 h under a N2

atmosphere. After cooling down to room temperature, MeOH
was added and the precipitate was collected. The residue was
dissolved in CHCl3 and purified by preparative SEC on JAIGEL-
2.5HH/3HH columns using CHCl3 as an eluent.

Synthesis of (PDI–PDMS1000)n. By using condition A, amino-
propyl terminated polydimethylsiloxane (average Mn B 1000) and
PTCDA were polymerized and purified. Mn = 44 � 103 g mol�1,
Mw = 82 � 103 g mol�1, polydispersity index: Ð = 1.9.

Synthesis of (PDI–PDMS2500)n. By using condition A, poly-
(dimethylsiloxane), bis(3-aminopropyl) terminated (average
Mn B 2500) and PTCDA were polymerized and purified.
Mn = 54 � 103 g mol�1, Mw = 88 � 103 g mol�1, polydispersity
index: Ð = 1.6.

Synthesis of (PDI–PDMS5000)n. By using condition A, amino-
propyl terminated polydimethylsiloxane (average Mn B 5000) and
PTCDA were polymerized and purified. Mn = 25 � 103 g mol�1,
Mw = 74 � 103 g mol�1, polydispersity index: Ð = 3.0.

Synthesis of (PDI–PEG2000)n. By using condition B,
poly(ethylene glycol)diamine (average Mn B 2000) and PTCDA
were polymerized and purified. Mn = 7 � 103 g mol�1, Mw = 8 �
103 g mol�1, polydispersity index: Ð = 1.1.

Synthesis of (PDI–PEG6000)n. By using condition B with a
modification (using 5 eq. PDCTA instead of 1 eq.), poly(ethylene
glycol)diamine (average Mn B 6000) and PTCDA were polymerized
and purified. Mn = 8 � 103 g mol�1, Mw = 12 � 103 g mol�1,
polydispersity index: Ð = 1.6.

Synthesis of (PDI–PPG2000)n. By using condition A with a
modification (using 8 eq. PTCDA instead of 5 eq.), poly-
(propylene glycol)bis(2-aminopropyl ether) (average Mn B 2000)
and PTCDA were polymerized and purified. Mn = 32 � 103 g mol�1,
Mw = 56 � 103 g mol�1, polydispersity index: Ð = 1.7.

Synthesis of (PDI–PPG4000)n. By using condition A, poly-
(propylene glycol)bis(2-aminopropyl ether) (average Mn B 4 000)
and PTCDA were polymerized and purified. Mn = 12 � 103 g mol�1,
Mw = 23 � 103 g mol�1, polydispersity index: Ð = 1.8.

Synthesis of (PDMS2000–PDI–PDMS2000)n. By using condition
C, monoaminopropyl terminated poly(dimethylsiloxane) (average
Mn B 2000) and PTCDA were reacted and purified. Mn = 1.0 �
103 g mol�1, Mw = 1.4 � 103 g mol�1, polydispersity index: Ð = 1.4.

Synthesis of (PEG2000–PDI–PEG2000)n. By using condition C,
methoxy poly(ethylene glycol)amine (average Mn B 2000, extent
of labelling: 40.4 mmol g�1 NH2 loading) and PTCDA were reacted
and purified. Mn = 4.8 � 103 g mol�1, Mw = 5.4 � 103 g mol�1,
polydispersity index: Ð = 1.1.

Results and discussion
Design of rod–coil foldable alternating copolymers

The driving force of the folding event for a polymer has been
well discussed and rationalized in terms of the loss of the
conformational entropy in the folded state with its much larger
conformational ensemble and the enthalpic gains.22 In other
words, folding requires less reduction in entropy than the
process of intermolecular self-assembly, and thus folding is
favoured in solution interpreted by the second law of thermo-
dynamics. The enthalpic gain is mainly given by the p–p
interactions for p-conjugated units, which motivated us to
use PDI molecules capable of strong association capability.
The enthalpic gains on folding and interpolymer interaction
between two PDI units should be almost identical (DHfold B
DHself-assembly o 0) because the stacking geometry of two PDI
units should be the same. However, the entropic changes on
folding and interpolymer self-assembly are quite different.
According to a simple model,41 we can conclude that the
entropic loss is larger for interpolymer self-assembly (DSfold o
DSself-assembly o 0). Therefore, a folding process is much favored
compared with interpolymer self-assembly. If the enthalpic gain
exceeds entropic loss at that temperature, folding must take
place. As introduced above, PDI units were previously incorporated
in rod (PDI)–coil (flexible macromolecular chains) alternating poly-
mers but distinguished folding behaviors in solution were not
observed for these polymers.35–38 It is assumed that the used
polymeric linkers such as poly(tetrahydrofuran) do not have high
enough flexibility for the small entropic losses. On the other hand,
Li et al. found that PDI–oligo(ethylene glycol) (OEG) oligomers fold
in solution,39–42 which indicates that the short and flexible linker of
OEG helps the folded structure to be stable at the temperature and
concentration. Again, none of these examples addressed the charge
transport property given by stacked PDI arrays.

Aiming for compatibility of simple synthesis and facile
film fabrication capability, a condensation reaction between
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) and an
amine-terminated flexible macromonomer was employed to
form an imide bond, which constructs the main chains for
these polymers (Scheme 1). In order to suppress the entropy
loss, we chose highly flexible poly(dimethylsiloxane) (PDMS)
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chain as macromonomers.45–47 This flexibility relies on the
long Si–O bond, as well as a small rotational barrier along
Si–O–Si (B3.3 kJ mol�1 around a Me2Si–O bond) and variability
of its bond angle.48 In addition, poly(ethylene glycol) (PEG) and
poly(propylene glycol) (PPG) were also studied, taking into
account their more flexible nature than long alkyl and poly-
(tetrahydrofuran) chains due to the high content of C–O–C
bonds with similar character49 to the Si–O–Si bond.

Synthesis of foldable alternating copolymers

According to the Experimental section, PTCDA and amine-
terminated macromonomers (7 types: Scheme 1) were polymerized
at 200 1C in molten imidazole or a quinoline solution of imidazole
and Zn(OAc)2, both of which are typically used for the conversion
from PTCDA to a PDI derivative.34 Since amine-terminated PDMSs
and PPGs are liquid or fluidic even at room temperature, the
polymerization was carried out in molten imidazole. In the case
with amine-terminated PEGs, the macromonomers are solid and
thus the reactions were carried out in quinoline solution. After
polymerization for 24 h, imidazole and Zn(OAc)2 were removed
from the mixtures, which were eventually purified by preparative
size-exclusion chromatography (SEC) using crosslinked polystyr-
ene beads, where the high-molecular weight fraction was collected
as CHCl3 solutions. The molecular weight was estimated by
analytical SEC using THF as an eluent with polystyrene standards.
As discussed later, some of the obtained alternating copolymers
are considered to be folded in THF. In that sense, the absolute
values of number-average molecular weight (Mn) and weight-
average molecular weight (Mw) with respect to polystyrene
standards cannot be simply used for determining the degree
of polymerization (n). However, the analytical SEC results
summarized in Table 1 suggested that PEG-based foldamers
have small molecular weights while those with PDMS or PPG
were much more elongated. This fact can be understood because
the initial PEG macromonomers are not fluidic but solid and
their solubility is not good, resulting in the faster precipitation
during polymerization reactions even though quinoline solvent
was added. Moreover, the theoretically preferred molar ratios of
PTCDA and macromonomers are 1 : 1 for copolymers and 1 : 2 for
reference macromonomers. However, we found that a larger
amount of PTCDA (e.g. 5 eq. to the macromonomer) resulted in
the observation of higher molecular-weight polymers in analytical
SEC. Thus, we chose the reaction conditions as described in
Table 1. In fact, PTCDA cannot be completely soluble in quino-
line or molten imidazole, which may be the reason for the
unbalanced molar ratios affording relatively high molecular
weight polymers.

Folding behaviors in solution

The folding behaviors of the prepared polymers were primarily
monitored by absorption spectra of PDI chromophores as a
probe in solution.41,42 It is known that PDI-based cyclo-
phanes50,51 and folded39–42/self-assembled52,53 PDI chromo-
phores with H-aggregation mode54 have an inverse intensity
distribution among their vibronic states, A0-0/A0-1 o 1,
whereas dissociated PDI molecules have usual Franck–Condon

progressions with A0-0/A0-1 B 1.6.55 Therefore, the absorption
ratio of the 0 - 0 (ca. 530 nm) to 0 - 1 (ca. 490 nm) transitions can
be used, as long as no concentration dependence is observed, to
briefly quantify the degree of folding in the PDI-containing
polymers. This remarkable intensity reversal originates from
the strong electron–phonon coupling in PDI dimers as the
absorption maximum blue shifts by ca. 0.17 eV from the 0 - 0
transition to the 0 - 1 transition. As discussed previously,41,42 the
relative intensities of the vibronic bands for PDI molecules are
dominated by the Franck–Condon factors. The intensity reversal
indicates that the optimum overlap has shifted from (0 - 0,
hwv=0

0|wv=0i) in free monomers to (0 - 1, hwv=1
0|wv=0i) in the

p-staked structures, where w and w0 are the ground- and excited-
state vibronic wave functions, respectively. The strong electron–
phonon coupling indicates that the PDI molecules adopt a largely
eclipsed H-stacking structure with p–p distances less than the van
der Waals contact to establish quantum interactions of p-orbital
overlaps.

As shown in Fig. 1, (PDI–PDMS1000)n and (PDI–PDMS2500)n

in THF exhibited inverse intensity distributions of A0-0/A0-1

(a) = 0.62 and 0.59, respectively. These values are quite small,
which is indicative of strong p–p interactions among the PDI
chromophores. In contrast, CHCl3 and toluene solutions of these
polymers showed different spectral patterns. (PDI–PDMS1000)n in
CHCl3 and toluene yielded the a values of 0.97 and 0.95,
respectively, which were obviously larger than that in THF. For
(PDI–PDMS2500)n, the a values are still lower than 1; 0.78 in CHCl3

and 0.74 in toluene. (PDI–PDMS5000)n has higher solubility than
the above two polymers most likely because it has relatively large
PDMS segments, leading to the fact that it was soluble even in
hexane (a = 0.89). However, still, THF was found to be the most
effective solvent to induce p–p interactions among PDI chromo-
phores in solution (Fig. 1c), where the a value was calculated to be
0.62. Then, other polymers were investigated in the same manner.
(PDI–PEG2000)n showed an inverse intensity distribution with
A0-0/A0-1(a) = 0.90 in THF, while the spectral shape indicated
the presence of completely dissociated PDI chromophores in
CHCl3 (Fig. 1d). By changing the average Mn of PEG chains from
2000 to 6000, the spectral patterns in THF and toluene represent
normal intensity distributions (Fig. 1e). Namely, chain length is

Table 1 Summary of reaction conditions, average molecular weights Mn

and Mw, and polydispersity index Ð for PDI-based alternating copolymers
and reference compounds

Entry
Reaction
conditiona

Monomer
ratiob

Mn/g
mol�1

Mw/g
mol�1 Ð

(PDI–PDMS1000)n A 5 44 � 103 82 � 103 1.9
(PDI–PDMS2500)n A 5 54 � 103 88 � 103 1.6
(PDI–PDMS5000)n A 5 25 � 103 74 � 103 3.0
(PDI–PEG2000)n B 1 7.0 � 103 8.0 � 103 1.1
(PDI–PEG6000)n B 8 8.0 � 103 12 � 103 1.6
(PDI–PPG2000)n A 8 32 � 103 56 � 103 1.7
(PDI–PPG4000)n A 8 12 � 103 23 � 103 1.8
PDMS2000–PDI–PDMS2000 C 0.5 1 � 103 1.4 � 103 1.4
PEG2000–PDI–PEG2000 C 0.5 4.8 � 103 5.4 � 103 1.1

a See synthesis in Experimental section. b Molar ratio of the PTCDA/
macromonomer.
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an important parameter for the folding event, as initially expected
due to entropic factors. For the PPG-based copolymers, both
(PDI–PPG2000)n and (PDI–PPG4000)n in all three solvents displayed
absorption spectra with a normal intensity distribution (Fig. 1f
and g). This might be due to hampering by the branched methyl
groups of propylene glycol chains next to the nitrogen atoms of
imide groups (Scheme 1),56,57 leading to the suppression of the
folding behaviour. To address the quantitative contribution from
entropy loss in the folding behaviour, temperature-dependent
absorption spectra were measured for representative foldable
polymers, (PDI–PDMS5000)n and (PDI–PEG2000)n, as shown in
Fig. 2a–c.58 Partial dissociation of PDI stacks in the folded state
was clearly observed both in THF (Fig. 2a) and toluene (Fig. 2b),
whereas there is only a little change in good solvent at the same
concentration (Fig. S1, ESI†). It should be noted that the dis-
sociation was observed in the identical temperature range despite
the different solvation enthalpies between THF and toluene,
suggesting the dissociation behavior originates primarily from

the entropy gain in PDMS chains. A similar tendency was con-
firmed for (PDI–PEG2000)n in toluene (Fig. 2c). Based on the
absorption intensity plots at different wavelengths (Fig. S2, ESI†),
it can be concluded that the observed temperature dependence
was different from a simple association/dissociation model often
used for PDI compounds52,53 and reflected more complicated
processes. However, the fact that the a values became larger upon
heating suggests the progression of the dissociation. Importantly,
the absorption spectra were independent of the concentration of
polymers in these solvents at 10�6–10�4 M (Fig. 2d–f). According
to the association constants of PDIs in solutions usually falling in
the range around 102–103 M�1,57 concentration-dependent stacking
behaviours should appear at these concentration ranges. However,
in the present case, the spectral patterns in THF explicitly indicate
PDI–PDI interactions even in the highly-diluted solutions
(monomer-unit concentration: 10�6 M), and thus all the spectral

Fig. 1 Absorption spectra of (a) (PDI–PDMS1000)n, (b) (PDI–PDMS2500)n,
(c) (PDI–PDMS5000)n, (d) (PDI–PEG2000)n, (e) (PDI–PEG6000)n, (f) (PDI–
PPG2000)n, and (g) (PDI–PPG4000)n at 10�4 M in CHCl3 (black), THF (red),
toluene (blue), and n-hexane (green). (h) Absorption spectra of spincoated
film of (PDI–PPG4000)n.

Fig. 2 Variable-temperature absorption spectra of (a) (PDI–PDMS5000)n in
THF at 10�5 M from 20 1C (blue) to 60 1C (red) at every 10 1C, (b) (PDI–
PDMS5000)n in toluene at 10�5 M from 20 1C (blue) to 100 1C (red) at every
10 1C, and (c) (PDI–PEG2000)n in toluene at 10�5 M from 20 1C (blue) to 100 1C
(red) at every 20 1C. Absorption spectra of (d) (PDI–PDMS5000)n, (e) (PDI–
PEG2000)n, (f) (PDI–PPG2000)n, (g) PDMS2000–PDI–PDMS2000, and (h) PEG2000–
PDI–PEG200 in THF at 10�6 M (red), 10�5 M (green), and 10�4 M (blue).
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changes in Fig. 1 primarily relate to folding/unfolding events of
isolated macromolecular chains containing interactions among
multi-PDI chromophores.

The folding capability of the (PDI–PDMSm)n series and (PDI–
PEG2000)n is also supported indirectly by the spectral changes
observed in the reference macromonomer compounds of PDMS2000–
PDI–PDMS2000 and PEG2000–PDI–PEG2000, as seen in Fig. 2g and h.
Up to the concentration of 10�4 M, no characteristic spectral change
was observed, indicating no concentration dependence of inter-PDI
interactions. Moreover, the values of a for these compounds in THF
were estimated to be 1.22 and 1.59, which correspond to normal
intensity distributions between A0-0 and A0-1. Interconversion of
the normal/inverse intensity distributions, depending on solvents,
was specifically observed for the polymers. This suggests that the PDI
aggregations take place only in the folded state of the polymers. It
should be noted that dynamic light scattering measurements of
polymers in solutions also suggested the dispersed, non-aggregated
state of the polymers (Fig. S3, ESI†).

Relationship between folding and emission property

The stacking nature of PDIs in the folded states could also be
investigated by fluorescence spectroscopy for all the prepared

Fig. 3 Emission spectra of (a) (PDI–PDMS1000)n (black), (PDI–PDMS2500)n

(gray), and (PDI–PDMS5000)n (light gray), (b) (PDI–PEG2000)n (blue), (PDI–
PEG6000)n (light blue), (PDI–PPG2000)n (red), and (PDI–PPG4000)n (orange),
and (c) PDMS2000–PDI–PDMS2000 (black) and PEG2000–PDI–PEG2000

(gray) in THF at 10�5 M. Emission spectra of (d) (PDI–PDMS1000)n (black),
(PDI–PDMS2500)n (gray), and (PDI–PDMS5000)n (light gray), (e) (PDI–
PEG2000)n (blue), (PDI–PEG6000)n (light blue), (PDI–PPG2000)n (red), and
(PDI–PPG4000)n (orange), and (f) PDMS2000–PDI–PDMS2000 (black) and
PEG2000–PDI–PEG2000 (gray) in solid films.

Table 2 Summary of absolute emission quantum efficiency in THF at 10�5

M. lex = 450 nm

Entry F A0-0/A0-1

(PDI–POMS2500)n 0.23 0.59
(PDI–PDMS5000)n 0.30 0.65
(PDI–PEG2000)n 0.32 0.89
(PDI–PEG6000)n 0.59 1.30
(PDI–PPG2000)n 0.38 1.22
(PDI–PPG4000)n 0.52 1.36
PDMS2000–PDI–PDMS2000 0.48 1.22
PEG2000–PDI–PEG2000 0.76 1.59

Fig. 4 Plots of absolute quantum efficiency F and the ratio of absorption
intensity A0-0/A0-1 (=a) of PDI chromophores in THF. F and a values are
extracted from Table 2.

Fig. 5 Powder X-ray diffraction patterns of (a) (PDI–PDMS1000)n (black),
(PDI–PDMS2500)n (red), and (PDI–PDMS5000)n (blue), (b) (PDI–PEG2000)n

(red) and (PDI–PEG6000)n (blue), and (c) (PDI–PPG2000)n (red) and (PDI–
PPG4000)n (blue).
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polymers. Most of the polymers exhibited fluorescence originating
from a singlet excited state of isolated PDIs in the corresponding
macromolecular chains (Fig. 3b). The two macromonomer
compounds also followed this tendency (Fig. 3c). The only
exceptional case was observed for the (PDI–PDMSm)n series,
giving a clear structureless emission band at around 630 nm
(Fig. 3a); a characteristic peak of excimer emission.34,59 The relative
intensity of the emission bands depended on the flexible PDMS
length; the shorter chains allowed effective formation of PDI
aggregates in the excited state.

In the condensed phases, all of the polymers showed almost
complete suppression of emission from isolated PDI molecules,
and the emission was converted into that of excimers (Fig. 3d–f).
This implies that the flexible chains of PDMS, PEG, and PPG are
not able to completely hamper aggregations among PDIs, and
the excited energy relaxation occurs via intermolecular energy
transfer among PDIs in the solid state.

Aggregation-induced quenching of excited energies on PDI
molecules can be discussed quantitatively by the emission
quantum efficiency, as summarized in Table 2. The quantum
efficiency of a reference macromonomer, PEG2000–PDI–PEG2000,
reached F = 0.76 in THF, which almost corresponds to the
efficiency from free PDI molecules in nonpolar solvents.34,57,60

However, the value considerably drops down to F = 0.48 for
the other reference macromonomer, PDMS2000–PDI–PDMS2000.

This is most likely due to the vibrational coupling between PDI
cores and PDMS chains with much higher flexibility at room
temperature, providing non-radiative pathways of excited
energy dissipation. In contrast to the high quantum efficiencies
of the above reference compounds, the values were obviously
lower in the polymers, particularly in the ones with the shorter
flexible chains. PDMS-based copolymers were revealed to show
especially low quantum yields, which is consistent not only
with their excimer formation capability (Fig. 3a) but also with
their effective aggregation tendency in THF (Fig. 1a–c). The
interesting relationship is the positive correlation between the
values of F and a (Fig. 4). Both absorption and fluorescence
spectral studies disclosed the validity of the alternating
copolymer design with large p-conjugated cores and flexible
macromolecular chains. Based on the reported glass transition
temperature Tg of PDMS (B�120 1C),61 PEG (B�60 1C),62 PPG
(B�70 1C)63 chains with sufficient molecular weights, the most
flexible nature of the PDMS chains is reasonable and it
accounts for the relatively-favored folding structures from the
viewpoint of entropy. Although the Tg of PPG is the second-
lowest, the stacking of PDI units may be restricted by the
branched methyl groups of propylene units,56,57 resulting in the
unfolded behaviour. PEG-based copolymers serve as a foldamer
depending on the PEG linker length that plays an important role
in the entropy term.

Fig. 6 Two-dimensional images of X-ray scattering measurements for cast films of (a) (PDI–PDMS1000)n, (b) (PDI–PDMS2500)n, (c) (PDI–PDMS5000)n,
(d) (PDI–PEG2000)n, (i) (PDI–PEG6000)n, (j) (PDI–PPG2000)n, (k) (PDI–PPG4000)n, and (l) PEG2000–PDI–PEG2000. ((e–h) and (m–p)) Out-of-plane scattering
profiles of the corresponding GIXS images ((a–d) and (i–l)). Insets in (n) and (p) show in-plane scattering profiles.
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Self-organized behaviors in solid states

After the confirmation of the folding behaviours in solution,
self-assembly of these polymers in solid states was investigated.
Differential scanning calorimetry traces, exemplified for (PDI–
PDMS5000)n (Fig. S4, ESI†), indicated no remarkable phase
transition from �50 to 300 1C. Then, X-ray diffraction (XRD)
analysis at room temperature was attempted. Powder XRD
measurements for non-oriented samples were carried out and
one-dimensional diffraction patterns were obtained, as shown
in Fig. 5. The polymers of the (PDI–PDMSm)n series provided
broad peaks at around q = 9 and 18 nm�1 (Fig. 5a). The former
is derived from loose packings of PDMS chains while the latter
may be PDI–PDI spacings. The spacing values of the latter
peaks were calculated as d = 3.35 Å, corresponding to the inter-
plane distance of stacking PDI systems.64 (PDI–PEGm)n polymers
showed one broad diffraction at ca. q = 15 nm�1 (Fig. 5b), which
likely results from an amorphous halo of PEG chains. However, a set
of sharp crystalline peaks (q B 13–18 nm�1) was also observed for
the PEG-based polymers, in particular for (PDI–PEG6000)n. Crystal-
lization was more facilitated for longer PEG chains, whereas the
peak at d = 3.42 Å was also observed for (PDI–PEG2000)n. For PPG-
based polymers, only (PDI–PPG2000)n implied the presence of crystal-
line peaks (Fig. 5c). Considering the amorphous feature for the
pattern of (PDI–PPG4000)n, the slight crystalline character may be
related to the packing of PDI units. The pattern of (PDI–PPG2000)n

contains a broad peak at d = 3.38 Å.

Then, as can be seen in Fig. 6, grazing-incidence X-ray
scattering (GIXS) two-dimensional images were obtained for
the dropcast films of these polymers from THF solutions on a
quartz substrate. Apparently, crystallization of PEG chains in
the (PDI–PEG2000)n and (PDI–PEG6000)n films was characterized with
particularly strong peaks at d = 0.38 and 0.46 nm (Fig. 6h and m).
Meanwhile, the amorphous character of (PDI–PPG4000)n was again
confirmed (Fig. 6o). For (PDI–PPG2000)n, anisotropic structural
ordering was observed (Fig. 6n). While crystalline peaks appeared
in the in-plane direction similar to its powder XRD pattern, two
scattering peaks at d = 3.5 and 1.2 nm were observed in the out-of-
plane direction. Although we cannot assign these peaks, it was
found that similar peaks appeared for all the three (PDI–PDMSm)n

films (Fig. 6e–g). Based on this fact, a certain long-range order was
present for these films, where the periodicity was independent of
chain length. We speculate that the packing of PDI molecules is the
origin of these scattering peaks. However, the driving force of
crystallization may be stronger when long PEG chains were
utilized. Thus, crystalline PEG peaks were the dominant feature
for the PEG-based polymers.

Intrinsic electron transport property in solid films:
microwave-based conductivity evaluation and transient
absorption spectroscopy

Strong steady state interaction between PDI chromophores was
revealed in (PDI–PDMSm)n, while the long-range clear periodic

Fig. 7 (a) Kinetic profiles of FP-TRMC observed for dropcast films of (PDI–PDMS1000)n (red), (PDI–PDMS2500)n (blue), and (PDI–PDMS5000)n (black). Kinetic profiles
of FP-TRMC (red) and transient absorption spectra at 730 nm (blue) observed for dropcast films of (b) (PDI–PEG2000)n, (c) (PDI–PEG6000)n, (d) (PDI–PPG4000)n, (e)
PDMS2000–PDI–PDMS2000, and (f) PEG2000–PDI–PEG2000. The samples were photoexcited at 355 nm with a photon density of 9.1 � 1015 cm�2 pulse�1.
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structure was confirmed in (PDI–PEGm)n with almost identical
inter-planer distances of 0.34 nm for electron delocalization
over the columnar stacking axes.34,65 Local charge carrier
motion has been assessed by combination of time-resolved
microwave conductivity (TRMC) measurement and transient
absorption spectroscopy (TAS)31,66,67 to address the question of
which is more advantageous for charge carrier transport: stable
inter-planer interaction in the steady state or long-range periodicity
of p–p stacking with high crystallinity. Except for the (PDI–PDMSm)n

copolymers, clear conductivity transients in TRMC were observed in
the series of copolymers upon photo-irradiation at 355 nm (Fig. 7),
where an isolated PDI chromophore exhibits only a slight optical
transition dipole and then the light absorption depth profile is
almost constant, suppressing the second order recombination
kinetics due to the highly concentrated electron–hole pairs around
the top surfaces (absorptivity: aB 0.5 mm�1). This is also supported
by the small mismatches of kinetic traces of transient conductivity
and radical anions of PDI monitored by TAS at 730 nm68,69 in the
time range of a few ms (Fig. 7b and c) observed in the PDI–PEG
systems. Overall, the kinetic traces of both the transient absorption
and TRMC measurements are well overlapped in the entire time
course to 100 ms, suggesting the conductivity signal clearly originates
from the free electrons generated on the PDI chromophores
(PDI��). The molar extinction coefficient of PDI�� had been
reported as e(PDI��) = 74 000 M�1 cm�1 (anions)�1, allowing the
fully-experimental determination of photoionization yield (f) in
the copolymer systems upon 355 nm excitation. Since the
photoconductivity kinetic traces are normalized by the value
of f and given as f

P
m, dividing the value of (f

P
m)max by fmax

at the end of the kinetics leads to the local mobility of electrons
(
P

m) in the present system, which is summarized in Table 3.
Herein, (PDI–PEG2000)n marked the highest electron mobility of
0.2 cm2 V�1 s�1, while the values of both f and f

P
m were

negligible in (PDI–PDMSm)n copolymers. This implies that the
steady state p–p inter-molecular interactions cannot overcome
the thermal fluctuation of PDMS chains with the higher entropy
terms, while the high crystallinity of PEG chains in the copolymer
systems assists an effective hopping transport of electrons along

the PDI aggregates. For the future design of ‘elastic’ electronic
copolymers with folding–unfolding behaviours, it is presumed to
be important to design semi-flexible inter-linking chains with
entropy terms between those of the PEG and PDMS chains.

Conclusions

Alternating copolymers of a perylenediimide (PDI) p-system
and flexible macromolecular chains such as poly(dimethyl-
siloxane) (PDMS), poly(ethyleneglycol) (PEG), and poly(propylene
glycol) (PPG) were newly synthesized in order to focus on their
folding behaviour to construct electron-transporting PDI arrays via
self-assembly. Due to the highly flexible nature of PDMS chains,
PDI–PDMS alternating copolymers showed a distinct folding
behaviour in THF solution, which was confirmed by the inter-
PDI interactions observed by means of absorption spectroscopy
and fluorescence spectroscopy. Inverse distribution of A0-0/A0-1

at around 0.6 as well as excimer formation of PDI–PDMS
polymers strongly supported this folding event, whereas
PDI–PEG polymers exhibited a weaker tendency of folding and
PPG-based ones appeared to be almost dispersed in solution.
The effectiveness of alternating copolymer structures was clearly
demonstrated by comparing the reference macromonomer
compounds of a PDI molecule carrying two PDMS or PEG chains
at its termini, where these reference macromolecular compounds
showed less inter-PDI interactions in solution. Therefore, it was
revealed that the entropic effect of PDMS linkers strongly helps the
PDI–PDI interactions in PDI–PDMS polymers. In the solid state,
PDI–PDMS polymers afforded broad X-ray diffraction peaks corres-
ponding to inter-plane distances among PDI units, while crystal-
line peaks of PEG chains appeared for the PDI–PEG polymers.
Combination of flash-photolysis microwave conductivity and
transient absorption spectroscopy for the solid films dropcast
from THF solution disclosed the electron-transporting property
for these PDI-based polymers in a fully-experimental and non-
contact manner. In contrast to the much smaller conductivity
and absorption signals for PDI–PDMS polymers, which indicate
the low yields of photoinduced charge generation, PDI–PEG
polymers recorded an intrinsic electron mobility of 0.2 cm2 V�1 s�1.
Although the PDI–PDMS polymers are capable of folding even in
diluted solution, long-range crystalline order of PEG chains may be
effective in the solid state to align PDI chromophores and eventually
provide the higher electron mobility. Selection of chains with
appropriate entropy terms between PEG and PDMS chains
would also be promising for the progress of foldamer-based
soft organic electronics.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

This work was partially supported by the Grant-in-Aid for
Scientific Research (No. 26102011, 15K21721, 26249145, and

Table 3 Summary of maximum values of f
P

m in FP-TRMC, fmax values
from TAS, and calculated

P
m values for PDI-based alternating copolymers

and reference compounds

Entry
(f
P

m)max
a/

cm2 V�1 s�1 fmax
b

P
mc/

cm2 V�1 s�1

(PDI–PDMS1000)n 0.5 � 10�5 —a —a

(PDI–PDMS2500)n 0.8 � 10�5 —a —a

(PDI–PDMS5000)n 0.7 � 10�5 —a —a

(PDI–PEG2000)n 1.1 � 10�4 4.6 � 10�4 0.2
(PDI–PEG6000)n 6.0 � 10�5 9.2 � 10�4 0.07
(PDI–PPG2000)n 2.0 � 10�5 2.2 � 10�4 0.1
(PDI–PPG4000)n 3.5 � 10�5 6.3 � 10�5 0.06
PDMS2000–PDI–PDMS2000 4.0 � 10�5 9.0 � 10�5 0.04
PEG2000–PDI–PEG2000 8.0 � 10�5 6.2 � 10�4 0.1

a (f
P

m)max is a maximum value of the FP-TRMC trace. b fmax was
calculated from the maximum value of DO.D. at 730 nm and absorption
coefficient of PDI radical anions. c Pm was calculated by dividing of the
value of f

P
m by f value picked up at the time where both kinetics are

overlapped.

Research Article Materials Chemistry Frontiers

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
on

 8
/1

4/
20

25
 1

1:
22

:5
4 

A
M

. 
View Article Online

https://doi.org/10.1039/c7qm00616k


728 | Mater. Chem. Front., 2018, 2, 718--729 This journal is©The Royal Society of Chemistry and the Chinese Chemical Society 2018

17H04880) from Japan Society for the Promotion of Science
(JSPS) and research grants from the Ogasawara Foundation for
the Promotion of Science & Engineering, Tateisi Science and
Technology Foundation, the Eno Science Foundation, and
Iketani Science and Technology Foundation. The synchrotron
radiation experiments were performed at BL44B2 in SPring-8
with the approval of RIKEN (Proposal No. 20160014). GI-XS
experiments were conducted in Nagoya University, supported
by Nanotechnology Platform Program of MEXT, Japan (Proposal
No. S-16-NU-0017). We also acknowledge Prof. Akihiro Ito for
the evaluation of absolute photoluminescence quantum yield
and DLS measurements for Prof. Kenji Matsuda and Prof.
Takashi Hirose in Kyoto University.

Notes and references

1 M. U. Ocheje, B. P. Charron, A. Nyayachavadi and S. Rondeau-
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