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Relationship between Side-Chain Polarity and the Self-
Assembly Characteristics of Perylene Diimide Derivatives
in Aqueous Solution
Jurgen Schill,[a] Lech-Gustav Milroy,[a] Jody A. M. Lugger,[b] Albertus P. H. J. Schenning,*[c] and
Luc Brunsveld*[a]

1. Introduction

Nanostructures fabricated by the molecular self-assembly of p-
conjugated polymers and oligomers have been widely ex-

plored for diverse applications.[1–3] Whereas polymers have the
advantage of solution processing, the self-assembly of oligo-

mers has gained much interest owing to their defined oligo-
meric structures as well as their tunability and dynamics in the

aggregated states.[4–6] In particular, the self-assembly of chro-

mophoric oligomers holds great promise for applications in
optoelectronics,[7–9] polyelectrolytes,[10–12] and sensing[13–15] be-

cause of their relevant optical properties. In these fields, an at-

tractive class of chromophores, perylene-3,4,9,10-tetracarboxyl-
ic acid diimides (PDIs), has been widely used owing to their

ease of synthesis, strong intermolecular p–p interactions,
which facilitate the self-assembly process, and their excellent

electronic and optical properties.[16–18] Research into PDIs has
mainly focused on their use in bulk. For example, the liquid

crystalline behavior of this dye resulted in semiconducting[19–21]

and temperature-responsive materials.[22, 23] Moreover, solvent-
free techniques were exploited to shape these dyes into well-

defined fibers[24] and to prepare oriented nanoporous silica
films.[25] In contrast to advances in bulk processing, the

number of studies on PDIs in aqueous solution has been limit-
ed by their poor solubility. Recent efforts have been made to
improve the aqueous solubility of PDIs by introducing hydro-

philic substituents at different positions on the perylene
core.[26, 27] Intrinsic aggregation of these dyes in water was sub-
sequently suppressed by introducing polar dendron substitu-
ents at the imide positions and by controlling dendron genera-

tion.[28] Hence, side-chain polarity can influence the physical
characteristics of conjugated polymers and oligomers in aque-

ous solution.[29, 30] Stable polymer dots were formed through

the introduction of hydrophobic side chains,[31, 32] whereas the
introduction of polar side chains led to dynamic polymers[33]

and vesicle formation by combining both hydrophobic and hy-
drophilic side chains into amphiphilic polymers.[34, 35] Similar re-

sults were obtained for p-conjugated oligomers bearing hydro-
phobic side chains that could self-assemble into nanoparti-

cles,[36, 37] of either spherical[38–40] or vesicular[41–43] morphologies,

whereas the majority of bola-amphiphilic p-conjugated oligo-
mers were molecularly dissolved.[44, 45] Moreover, the per-

formance of electronic devices based on PDIs was shown to
depend on side-chain polarity.[46–49] Concomitantly, the impor-

tance of PDI side-chain polarity in aqueous environments has
been touched upon for the design of functional surfactants for

Perylene-3,4,9,10-tetracarboxylic acid diimides (PDIs) have re-
cently gained considerable interest for water-based biosensing
applications. PDIs have been studied intensively in the bulk

state, but their physical properties in aqueous solution in inter-
play with side-chain polarity are, however, poorly understood.
Therefore, three perylene diimide based derivatives were syn-
thesized to study the relationship between side-chain polarity

and their self-assembly characteristics in water. The polarity of
the side chains was found to dictate the size and morphology

of the formed aggregates. Side-chain polarity rendered the

self-assembly and photophysical properties of the PDIs—both
important for imminent water-based applications—and these

were revealed to be especially responsive to changes in sol-
vent composition.
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carbon nanotubes.[50] All of these studies concluded that the
stability and dynamics of the PDIs were dependent on side-

chain polarity, which is therefore also a key parameter for con-
trolling PDI-based supramolecular systems. Although core-

twisted PDIs have been studied to obtain kinetic control over
co-self-assembly,[51] the influence of the side-chain polarity of
PDI derivatives on their physical properties in aqueous solution
has not been investigated. Therefore, in this work we studied
three PDI derivatives with systematically altered side chains to

shed light on how differences in side-chain polarity correlate
to changes in the self-assembly properties of these oligomers.

A detailed understanding of the physical properties of PDIs is
fundamental to the rational design of PDI derivatives for immi-
nent water-based applications.

2. Results and Discussion

2.1. Molecular Design

Three known PDI derivatives with varying side-chain polarity

were chosen for this study to allow for a comparison of our so-
lution data with the reported bulk properties and, thereby, the

influence of side-chain polarity on the thermotropic properties

of these oligomers.[52] As the introduction of swallow tail sub-
stituents at the imide position is typically sufficient to impart

solubility and as PDI derivatives bearing these substituents
have been studied in bulk, hydrophobic and hydrophilic swal-
low tails were selected as side chains (Scheme 1). Whereas con-
densation of perylene-3,4,9,10-tetracarboxylic dianhydride with
excess amounts of primary amines generally allows access to

symmetrical bisimides in high yields, unsymmetrical derivatives
are usually prepared by partial saponification in a strong acidic

or basic environment followed by a second condensation reac-
tion.[48, 52] The preparation of a statistical mixture of symmetri-

cally and unsymmetrically substituted perylene derivatives by
treating the dianhydride with a mixture of primary amines re-

portedly leads to difficulties with purification.[53] For ease of
synthesis, however, here the dianhydride starting material was
substituted by SI-3 and heptyloctylamine in a one-pot fashion

to yield a mixture of PDIs 1–3. Fortunately, the three deriva-
tives bearing systematically altered side-chain polarity could be

conveniently isolated by silica gel column chromatography in
yields of 11, 24, and 22, respectively, with an overall yield of
57 %. This straightforward synthetic route thus allowed for sat-
isfactory yields of these different PDI derivatives for further

studies into their respective self-assembly properties.

2.2. Thermotropic Behavior

To confirm the bulk properties of the three derivatives, their

thermotropic behavior was studied by a combination of differ-
ential scanning calorimetry (DSC) and polarized optical micros-

copy (POM). Moreover, X-ray diffraction (XRD) was measured to
study the molecular order in their mesophases. To exclude in-

fluences of sample thermal history, the first heating cycle in
the DSC measurements was neglected. The phase-transition

temperatures observed in the first cooling and second heating

cycle are listed in Table 1. The thermograms of PDIs 1–3 all
show a mesophase upon cooling from the isotropic melt (Fig-

ure S1, Supporting Information). XRD measurements revealed
that the mesophases exhibit a monotropic hexagonal colum-

nar (Colh) texture, which was confirmed by polarization micros-
copy (Figures S2 and S3). Despite the controversy in the litera-

ture about the liquid-crystalline behavior of 3,[54, 55] our results

are consistent with earlier findings.[47, 52] In summary, the liquid-
crystalline temperature window of the perylene derivatives

could be controlled by means of the side-chain substitution
pattern. In addition, the melting point of the liquid-crystalline

phase and the clearing temperature revealed to be side-chain
dependent, which indicated the impact of the structure–prop-

erty relationship.

2.3. Optical Properties and Self-Assembled Structures

The optical properties of the three derivatives were first deter-

mined in the molecularly dissolved state by measuring the op-
tical properties in tetrahydrofuran (THF, Figure 1 a). In this or-

Scheme 1. Synthetic route towards perylene-3,4,9,10-tetracarboxylic acid di-
imide (PDI) derivatives 1–3. Reagents and conditions: i) imidazole, 180 8C,
16 h, overall yield 57 %.[48]

Table 1. Thermotropic behavior of PDIs 1–3 as measured by DSC.

PDI Phase transition[a]

2nd heating cycle 1st cooling cycle

1 Cr (52 8C)!Colh (120 8C)!I I (104 8C)!Colh

2 Cr (59 8C)!Colh (140 8C)!I I (133 8C)!Colh

3 Cr (122 8C)!I I (115 8C)!Colh (89 8C)!Cr

[a] Cr = crystalline; Colh = columnar hexagonal mesophase; I = isotropic.
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ganic solvent, the absorption maxima of all three derivatives

appear at l= 522 nm, along with two higher vibronic transi-

tions located at l= 486 and 455 nm, which are characteristic
for dissolved PDI chromophores.[18] Additionally, the fluores-

cence spectra represent a mirror image of the absorption spec-
tra and maintain the vibronic pattern accompanied by well-re-

solved fine structures. Accordingly, despite the varying imide
substituents, the shapes and positions of the absorption and

emission spectra are almost identical in their nonaggregated

states. The fluorescence quantum yields in organic solution are
concomitantly quantitative.

Given the focus of this work on the interplay between self-
assembly and side-chain polarity in an aqueous environment,

nanosized unimolecular architectures were prepared from PDIs
1–3 by means of reprecipitation.[32, 56] Rapid injection of a stock
solution of each PDI in organic solvent into filter-sterilized

demineralized water followed by manual stirring yielded nano-
sized architectures. These structures were characterized by
a range of techniques to study the influence of side-chain hy-
drophobicity on their physical properties.

In aqueous solution (Figure 1 b), a blueshift in the absorption
maxima to l= 499 nm is observed. The intensity reversal of

the vibronic transitions indicates that the Frank–Condon factor

now favors the higher excited vibronic state, which suggests
the formation of H-type p–p stacks.[57] Moreover, the distinct

drop in overall absorption intensity and clear scattering effects
pinpoint the formation of self-assemblies, with PDIs 2 and 3 in

similar molecular environments. Owing to a pronounced exci-
tonic coupling between closely stacked oligomers, the fluores-

cence spectra of PDI 2 and 3 display typical excimer-type

broad emission bands with large Stokes shifts that are accom-
panied by significant drops in the fluorescence quantum yields

in aqueous solution (Table S1). This fluorescence quenching
process is a well-known feature of H-type perylene diimide

stacks in water and has been attributed to aggregation driven
by intermolecular p–p interactions.[58] In contrast, PDI 1 still

shows a retained vibronic pattern, a moderate Stokes shift,
and a relatively high quantum yield. These results suggest that
PDI 1 forms weaker p–p interactions than PDIs 2 and 3 and,
hence, that smaller aggregates or maybe even partially dis-

solved molecules in aqueous solution are present, which re-
sults in a less pronounced effect on its optical properties (see

below).
The hydrodynamic diameters of the formed nanostructures

were determined by dynamic light scattering (DLS). Figure 1 c

shows the intensity distribution fitted to a spherical model,
whereas the directly measured correlograms can be found in

Figure S4. These measurements show a strong scattering corre-
lation for PDIs 2 and 3, though no correlation for PDI 1, which

in the latter case suggests the absence of large aggregates
and is in line with the optical properties in water. In contrast,

PDIs 2 and 3 measured hydrodynamic diameters of 178 and

123 nm, respectively. Transmission electron microscopy (TEM)
analysis of PDIs 2 and 3 drop casted from an aqueous solution

indeed reveals regular spherical particles with a monodisperse
distribution and an amorphous internal morphology at a low

concentration of 1.5 V 10@5 m (Figure 1 d). In addition, the ob-
served particle size in the TEM image is in agreement with the

aforementioned DLS data. These results reveal that the side-

chain polarity of PDIs 1–3 determines their solubility, self-as-
sembly, and, hence, their morphology and optical properties in

aqueous solution.

2.4. Self-Assembly Characteristics

Given that nanostructures were formed upon rapid injection of

the molecularly dissolved oligomers into water, it is reasonable
to assume that these aggregate structures exist in a kinetically

trapped state. This assumption was further supported by
changing the self-assembly process from reprecipitation to

simple dissolution in water, for which fast (PDI 1, minutes),

very slow (PDI 2, multiple days), or no (PDI 3) dissolution was
observed. The intrinsic binding strength of the PDIs, which is

driven by the hydrophobic interactions, was compared by per-
forming absorption measurements in THF-enriched aqueous

solutions (Figure S5). The transition from monomers to aggre-
gates occurred at different solvent mixtures depending on the

solubility of the oligomers. Intuitively, most hydrophilic PDI
1 showed a transition from monomer to aggregate only in
samples with very little THF, whereas most hydrophobic PDI 3
aggregated in highly THF-enriched aqueous solution. More-
over, PDIs 2 and 3 exhibited a sharp transition between the

monomeric and aggregate states upon decreasing the THF
content, whereas PDI 1 featured a more gradual transition,
again highlighting the interplay between side-chain polarity
and self-assembly.

With the need for a better understanding of the PDI assem-

bly characteristics towards biomedical applications, the charac-
teristics of PDI 1 were studied in more detail. Temperature-de-
pendent optical measurements of PDI 1 clearly show an in-
crease in both the absorption and fluorescence intensities (Fig-
ure 2 a, c). The spectra feature the characteristic signatures of
molecularly dissolved oligomers at elevated temperatures.

Figure 1. UV/Vis absorption spectra (dashed lines) and corresponding fluo-
rescence spectra (solid lines) of PDI 1–3 in a) THF and b) water
(c = 1.5 V 10@5 m, lexc = 455 nm). c) DLS data of PDI 2 and 3. d) TEM images of
PDI 2 (left) and 3 (right) in water (c = 1.5 V 10@5 m, scale bar: 200 nm); insets
show magnified TEM images of the same samples, scale bar: 50 nm.
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Hence, a thermodynamic equilibrium for the assembly of PDI

1 can be presumed. Additionally, aggregates of this derivative
could not be observed by DLS or TEM, and the monomer-like

vibronic pattern observed in the optical measurements of Fig-
ure 1 b suggest both small aggregates and molecular dissolved

species of PDI 1 in aqueous solution. To elucidate the aggrega-

tion mechanism, the absorbance of a typical aggregation band
(l= 533 nm) was probed as a function of temperature. The re-

sulting cooling curve is characterized by a sigmoidal shape
and shows the absence of a critical aggregation temperature

(Figure 2 d).[59, 60] However, the intrinsic binding constants in
aqueous solution are too high to switch the system completely
to monomerically dissolved oligomers purely by elevating the

temperature, and thus, the melting temperature and concomi-
tant binding constants could not be determined from these
measurements.

In contrast to PDI 1, no significant change in absorption or

fluorescence was observed in the temperature-dependent op-
tical measurements of PDIs 2 and 3, which suggests an ex-

tremely high intrinsic binding constant between these pery-

lene derivatives as a result of hydrophobic interactions (Fig-
ures 2 b and S6).

To understand the formation of the aggregates of PDI 1 in
more detail, concentration-dependent UV/Vis absorption meas-

urements were performed in water. A gradual decrease in the
absorption maxima accompanied by a small bathochromic

shift was observed, showing a transition from monomeric olig-

omers to aggregated species upon increasing the concentra-
tion (Figure 3 a). A similar transition from monomer to aggre-

gates was also observed by increasing the hydrophobic effect
in THF/H2O mixtures (Figure S5 a). The corresponding plot of

the extinction coefficient (e) versus the concentration of PDI
1 could subsequently be fitted to the dimer model (Fig-

ure 3 b).[61] Although the strong aggregation properties of PDI
1 necessitates measuring at low concentrations with resulting

low absorption intensity, the intrinsic binding constant of PDI
1 was determined to be 2.2 V 105 m@1 in water. The resulting

degree of aggregation (aagg) was calculated, and it revealed
that the transition from monomeric (aagg&0) to aggregated

species (aagg&1) covers a large concentration range (Fig-

ure S7). These findings suggest that ethylene glycol functional-
ized PDI 1 shows only a weak excitonic coupling in its aggre-

gated state owing to enhanced solubility in polar solvents. In
addition, a prohibited longitudinal growth was observed, pos-

sibly by steric hindrance or back folding of the side chains and,
hence, the formation of only small aggregates.

To further corroborate the confined aggregate size of PDI

1 in aqueous solution, diffusion ordered spectroscopy (DOSY)
NMR spectroscopy experiments were conducted (Figure S8).

Analysis of the DOSY spectra revealed translational diffusion
coefficients of 1.006 V 10@9 and 1.096 V 10@10 m2 s@1 in chloro-

form and water at room temperature, respectively. Considering
the Stokes–Einstein equation, the hydrodynamic radius could
be determined (see the Experimental Section). Despite the

elongated nature of the aggregates over the assumed spheri-
cal morphology in this equation, hydrodynamic radii of 4.0 and
22.4 a were derived, respectively, which suggests that PDI
1 forms smaller aggregates than PDIs 2 and 3. To show the

dynamic nature of the aggregates of PDI 1 in water, DOSY
measurements at elevated temperatures were performed (Fig-

ure S8). The diffusion coefficients and, hence, the derived

hydrodynamic radii of the aggregates show a linear inverse
relationship with temperature and a gradual disassembly pro-

cess upon increasing the temperature. These results are also
consistent with the aforementioned absorption measurements

(Figure S9).

3. Conclusions

We have reported the synthesis of three perylene diimide de-

rivatives, each prepared in a one-pot fashion and with each de-
rivative bearing imide substituents with systematically altered

side-chain polarity, which is the main factor controlling assem-
bly and dynamics. Subsequent to the analysis and comparison

Figure 2. a, b) UV/Vis absorption spectra and c) corresponding fluorescence
spectra of PDI derivative 1 (a, c), and 3 (b) in water at different temperatur-
es (c = 1.5 V 10@5 m, lexc = 455 nm). Arrows indicate spectral changes upon in-
creasing the temperature in 10 8C intervals. d) Cooling curve for PDI 1, in
which q is the normalized relative absorbance at
l= 533 nm (c = 1.5 V 10@5 m).

Figure 3. a) Concentration-dependent UV/Vis absorption spectra of PDI 1 in
water at 20 8C (c = 3 V 10@3–5 V 10@7 m). The arrow indicates spectral changes
upon decreasing the concentration. b) Plot of the extinction coefficient of
the monomeric absorbance maximum (l= 522 nm) as a function of the con-
centration of PDI 1 (dots) and fitting curve (line) according to the dimer
model.
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of their thermotropic behavior in bulk, the influence of side-
chain polarity on their aggregation kinetics in aqueous solu-

tion was studied. Whereas decreased side-chain polarity result-
ed in kinetically trapped structures bearing high intrinsic bind-

ing constants owing to hydrophobic interactions favorable
over aqueous solubility, the introduction of polar side chains

resulted in assemblies with a thermodynamic, responsive
nature. Concomitantly, small aggregates were observed in ab-

sorption and diffusion ordered spectroscopy measurements,

and they are likely to be caused by steric hindrance upon lon-
gitudinal growth as well as by the increased solubility of the

perylene diimide (PDI) derivative. These findings thus clearly
demonstrate that side-chain polarity not only plays a key role

in bulk but is similarly important for the self-assembly behavior
of perylene derivatives in aqueous solution. The polarity of the
substituents on the p-conjugated perylene core was found to

dictate the size, morphology, and optical properties of the self-
assembled nanosized architectures. We foresee this principle

to be of value regarding the molecular design of perylene-
based systems for imminent water-based applications.

Experimental Section

General Remarks

All solvents employed were obtained from Biosolve BV and were
used without purification unless stated otherwise. The reagents
were obtained from Sigma–Aldrich and were used without purifi-
cation. Analytical thin-layer chromatography (TLC) was performed
by using Merck precoated silica gel with the use of ultraviolet light
irradiation at l= 254 and 365 nm. Manual column chromatography
was performed by using Merck 60 a pore-size silica gel (particle
size: 63–200 mm). All the NMR spectroscopy data were recorded
with a Bruker Advance-III 400 MHz equipped with a BBFO probe
from Bruker (400 MHz for 1H and 100 MHz for 13C). Chemical shifts
are reported in parts per million (ppm) referenced to an internal
standard of residual proteosolvent [D]chloroform (d= 7.26 ppm for
1H and d= 77 ppm for 13C, relative to tetramethylsilane as an inter-
nal standard). 1H NMR and 13C NMR signals were assigned with the
aid of two-dimensional 1H,13C HSQC and 1H,13C HMBC spectra.
Matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) was performed with a PerSeptive Biosys-
tems Voyager-DE Pro spectrometer with a Biospectrometry work-
station using 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylide-
ne]malononitrile (DCTB) and a-cyano-4-hydroxycinnamic acid
(CHCA) as matrix materials and methylene chloride as the solvent.
For LC–MS, a C18, Jupiter SuC4300A, 150 V 2.00 mm column was
used by using H2O with 0.1 % formic acid (FA) and acetonitrile with
0.1 % FA with a gradient of 5 to 100 % acetonitrile over 10 min at
a a flow rate of 0.2 mL min@1. POM was performed with a Jeneval
microscope equipped with crossed polarizers, a Linkam THMS 600
heating stage, and a Polaroid DMC le CCD camera. DSC measure-
ments were performed in hermetic T-zero aluminum sample pans
using a TA Instruments Q2000-1037 DSC instrument equipped with
a RCS90 cooling accessory. Transition temperatures and enthalpies
were typically determined from the first cooling and second heat-
ing run by using Universal Analysis 2000 software (TA Instruments,
USA) with heating and cooling rates of 10 K min@1. XRD profiles
were recorded with a Ganesha lab instrument equipped with
a Genix-Cu ultralow divergence source producing X-ray photons
with a wavelength of 1.54 a and a flux of 1 V 108 photons s@1. Dif-

fraction patterns were collected by using a Pilatus 300 K silicon
pixel detector with 487 V 619 pixels of 172 mm2 placed at a sample
to detector distance of 91 mm. Temperature was controlled with
a Linkam HFSX350 heating stage and cooling unit. Azimuthal inte-
gration of the diffraction patterns was performed by utilizing the
SAXSGUI software. The beam center and the q-range were calibrat-
ed by using silver behenate (d(100) = 0.1076 a@1; 58.39 a) ; d(300) was
used for calibration. Measurements were performed on bulk sam-
ples sealed in 1.0 mm diameter glass capillaries, 0.01 mm wall
thickness (Hilgenberg). Dynamic light scattering (DLS) experiments
were performed with a Malvern Instruments Limited Zetasizer mV
(model: ZMV2000). The incident beam was produced by a HeNe
laser operating at l= 632 nm. Visualization by TEM was performed
by a Technai G2 Sphera by FEI operating at an acceleration voltage
of 80 kV. Samples were prepared by drop casting a 1.5 V 10@5 m
aqueous PDI solution on a carbon film on a 400 square mesh
copper grid and were dried for 1 min.

Synthesis

General procedure for the synthesis of imide-substituted perylene
derivatives 1, 2, and 3 :[48] Perylene-3,4,9,10-tetracarboxylic dianhy-
dride (100 mg, 255 mmol), heptyloctylamine (58 mg, 255 mmol), and
SI-3 (98 mg, 255 mmol) were added to imidazole (500 mg), and the
mixture was stirred at 170 8C for 16 h under an argon atmosphere.
Subsequently, the mixture was slowly cooled to room temperature
and diluted with EtOH/2 m HCl (1:1). The mixture was stirred for
3 h, filtered, and washed several times with a mixture of EtOH/2 m
HCl (1:1) and then with warm water. The residue was dried
(vacuum stove) to yield a dark-red material that was purified by
column chromatography (silica gel, CH2Cl2 + 5 % MeOH stepwise
gradient) to obtain 1, 2, and 3 in an overall yield of 57 %. The re-
ported 1H NMR and 13C NMR spectroscopy data are in good agree-
ment with ref. [52].

1: Yield: 31.5 mg, 28.1 mmol (11 %). 1H NMR (400 MHz, CDCl3): d=
8.75–8.40 (m, 8 H, 8 Ar), 5.75–5.65 (m, 2 H, N-CH-OEG), 4.19 (dd, J =
10.6, 7.7 Hz, 4 H, 2 aOCH2-OEG), 3.99 (dd, J = 10.6, 5.8 Hz, 4 H,
2 aOCH2-OEG), 3.75–3.43 (m, 48 H, 24 OCH2-OEG), 3.28 ppm (s, 12 H,
4 OCH3). 13C NMR (100 MHz, CDCl3): d= 164.00 (4 C, CONR), 134.68,
131.60, 129.69, 126.51, 123.23, 123.02 (20 C, CAr), 72.02, 70.68, 70.61,
70.60, 70.49, 69.47 (28 C, OCH2-OEG), 59.13 (4 C, OCH3), 52.30 ppm
(2 C, N-CH). MS (MALDI-TOF): m/z : calcd for C58H78N2O20 : 1123.24
[M] ; found: 1122.55 [M]@ .

2 : Yield: 59.2 mg, 61.2 mmol (24 %). 1H NMR (400 MHz, CDCl3): d=
8.69–8.45 (m, 8 H, 8 ArH), 5.75–5.66 (m, 1 H, N-CH-OEG), 5.24–5.13
(m, 1 H, N-CH), 4.19 (dd, J = 10.5, 7.8 Hz, 2 H, aOCH2-OEG), 3.96 (dd,
J = 10.6, 5.8 Hz, 2 H, aOCH2-OEG), 3.76–3.50 (m, 20 H, 10 OCH2-OEG),
3.48–3.44 (m, 4 H, 2 OCH2-OEG), 3.31 (s, 6 H, 2 OCH3), 2.36–2.15 (m,
2 H, aCH2), 1.96–1.81 (m, 2 H, aCH2), 1.42–1.12 (m, 20 H, 10 CH2),
0.80 ppm (t, J = 6.6 Hz, 6 H, 2 CH3).13C NMR (100 MHz, CDCl3): d=
163.95 (4 C, CONR), 134.65, 134.44, 131.99, 131.56, 131.26, 129.86,
129.63, 126.46, 126.41, 124.07, 123.48, 123.19, 123.03 (20 C, CAr),
72.00, 70.66, 70.61, 70.58, 70.48, 69.44 (14 C, OCH2-OEG), 59.11 (2 C,
OCH3), 54.92 (1 C, N-CH), 52.26 (1 C, N-CH-OEG), 32.51, 31.93, 29.65,
29.36, 27.13, 22.74 (12 C, CH2), 14.20 ppm (2 C, CH3). MS (MALDI-
TOF): m/z : calcd for C54H74N2O12 : 967.19 [M] ; found: 966.50 [M]@ .

3 : Yield: 45.5 mg, 56.1 mmol (22 %). 1H NMR (400 MHz, CDCl3): d=
8.67–8.47 (m, 8 H, 8 ArH), 5.23–5.12 (m, 2 H, N-CH), 2.31–2.18 (m,
4 H, 2 aCH2), 1.93–1.81 (m, 4 H, 2 aCH2), 1.39–1.15 (m, 40 H, 20 CH2),
0.81 ppm (t, J = 6.6 Hz, 12 H, 4 CH3). 13C NMR (100 MHz, CDCl3): d=
164.60, 163.53 (4 C, CONR), 134.38, 131.80, 131.07, 129.56, 126.35,
124.00, 123.28, 122.95 (20 C, CAr), 54.89 (2 C, N-CH), 32.50, 31.93,

ChemistryOpen 2017, 6, 266 – 272 www.chemistryopen.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim270

http://www.chemistryopen.org


29.65, 29.36, 27.14, 22.73 (24 C, CH2), 14.18 ppm (4 C, CH3). MS
(MALDI-TOF): m/z : calcd for C54H70N2O4 : 811.15[M] ; found: 810.56
[M]@ .

Particle Formation

Nanosized architectures were prepared from unimolecular building
blocks by means of reprecipitation. This included rapid injection of
15 mL of a 1 V 10@3 m perylene derivative stock solution dissolved in
anhydrous tetrahydrofuran (+99.9 %, inhibitor free) into 1 mL
filter-sterilized demineralized water followed by manual stirring to
yield a 1.5 V 10@5 m nanoparticle solution.

Optical Measurements

UV/Vis spectra were measured with a Jasco V-650 spectrophotome-
ter equipped with a PerkinElmer PTP-1 Peltier temperature control
system. The spectra were measured in quartz cuvettes, and extinc-
tion coefficients were calculated from Lambert–Beer’s law. Fluores-
cence spectra were recorded with a Varian Cary Eclipse fluores-
cence spectrophotometer. Fluorescence quantum yields (F) were
calculated from the integrated intensity under the emission band
(I) using Equation (1), for which OD is the optical density of the so-
lution at the excitation wavelength and n is the refractive index.
N,N’-bis(pentylhexyl)perylene-3,4:9,10-teteracarboxylic acid bis-
imide (F= 0.99) in methylene dichloride was used as a reference.

F ¼ Fr

I
Ir

ODr

OD
n2

n2
r

ð1Þ

DOSY Measurements

DOSY measurements were performed by using a bipolar gradient
pulse paired stimulated echo and LED (ledbpgp2s) pulse sequence.
The self-diffusion of monodeuterated water (HDO) was used to cal-
ibrate the machine to its known diffusion constant of 2.299 V
10@9 m2 s@1 in D2O at 298 K.[62] The Stokes–Einstein equation for the
diffusion of spherical particles [Eq. (2)] was used to calculate the
hydrodynamic diameter of the aggregates:

D ¼ KbT
6phr

ð2Þ

in which D is the diffusion coefficient, Kb is Boltzmann’s constant, T
is the absolute temperature, h is the dynamic viscosity, and r is the
radius of the spherical particle.
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