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A series of six perylene bisimides (PBIs) with hydrophilic and hydrophobic side chains at the imide
nitrogens were applied for a comparative study of the solvent and structural effects on the aggregation
behaviour of this class of dyes. A comparison of the binding constants in tetrachloromethane at room
temperature revealed the highest binding constant of about 10° M~ for a PBI bearing 3,4,5-
tridodecyloxyphenyl substituents at the imide nitrogens, followed by 3,4,5-tridodecylphenyl and alkyl-
substituted PBIs, whereas no aggregation could be observed in the accessible concentration range for
PBIs equipped with bulky 2,6-diisopropylphenyl substituents at the imide nitrogens. The aggregation
behaviour of three properly soluble compounds was investigated in 17 different solvents covering a broad
polarity range from nonpolar n-hexane to highly polar DMSO and water. Linear free energy relationships
(LFER) revealed a biphasic behaviour between Gibbs free energies of aggregation and common empirical
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solvent polarity scales indicating particularly strong m—n stacking interactions in nonpolar aliphatic and
polar alcoholic solvents whilst the weakest binding is observed in dichloromethane and chloroform.
Accordingly, PBI aggregation is dominated by electrostatic interactions in nonpolar solvents and by
solvophobic interactions in protic solvents. In water, the aggregation constant is increased far beyond

LFER expectations pointing at a pronounced hydrophobic effect.

Introduction

Being one of the most important noncovalent interactions for
self-assembly, m—mn stacking of aromatic molecules has attracted
considerable attention in the past decades.' In nature, this inter-
action is ubiquitous and provides important contribution for the
structural stabilization of biomacromolecules such as DNA and
proteins.” Furthermore, m-7 interactions play a key role in the
formation of rod-like or cyclic aggregates of chlorophyll chromo-
phores which act as the central units in the light harvesting com-
plexes of plants and bacteria.® In artificial systems, the stacking
of m-conjugated molecules leads to the formation of J- or H-type
aggregates,” organogels® or columnar liquid crystals,® which
have been applied as advanced functional materials in the fields
of organic electronics,’ solar energy conversion® or biosensors.’”
Owing to its complexity, the nature of the m—r interaction has
been debated for a long time.'™!'" Previous studies have also
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revealed that the n—n stacking of aromatic molecules is strongly
influenced by the solvent." !> In 1990, Smithrud and Dieder-
ich have investigated in their seminal study the encapsulation of
a pyrene guest in a macrocyclic cyclophane host in 17 different
organic solvents and water.'> The important outcome of this
study was a linear free energy relationship (LFER)'? between the
Gibbs free binding energy and the empirical solvent parameter
E+(30). The regression analysis showed that the most stable com-
plexes between these apolar molecules formed in polar solvents.
Accordingly, the largest Gibbs free binding energy was measured
in water, but quite remarkably, without a significant deviation
from the regression line as might have been expected owing to
the hydrophobic effect. It is noteworthy, however, that aliphatic
solvents were not included in this study, presumably owing to
the lack of solubility of the macrocyclic host in such solvents. In
the following years solvent-dependent aggregation has been
applied by many groups to direct the self-assembly or the
folding of m-conjugated molecules'® or to achieve nano- and
microcrystalline materials, in particular by the reprecipitation
approach.”® A detailed examination of the different contributions
to the Gibbs free energy of m—r stacking, such as electrostatic
and dispersion interactions as well as charge-transfer and hydro-
phobic interactions has, however, been rarely pursued in these
studies. An exception is the investigation of Cubberley and
Iverson who studied the solvent effects on the donor—donor,
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acceptor—acceptor, and donor—acceptor aromatic stacking for a
1,5-dialkoxynaphthalene donor and a naphthalene tetracar-
boxylic bisimide acceptor in nine solvents ranging from chloro-
form as lowest polarity solvent to water as the most polar
solvent.'® The results showed that the solvophobic effect as well
as the electrostatic interaction of the donor and acceptor mol-
ecules played important roles in the aromatic stacking of these
molecules. Remarkably, again a quite reasonable correlation for
the Gibbs free binding energy for the 1:1 donor—acceptor
complex was observed with the empirical solvent polarity par-
ameter £1(30). In addition, like for the Diederichs cyclophane—
pyrene complex the strongest binding was observed in the most
polar solvents which is against the common intuition with regard
to charge transfer or electrostatic interactions. In another study
our group elucidated the solvent effect on the dimerization of
dipolar merocyanine dyes for eight solvents situated more on the
lower polarity side, i.e. from tetrachloromethane to dichloro-
ethane.'” Here, the results showed that the binding strength was
reduced upon increasing polarity pointing at a dominant electro-
static contribution to the thermodynamic stabilization of those
aggregates formed from highly dipolar dyes.

Another factor that plays an important role in the n—x stacking
is the effect of peripheral substituents attached at the aromatic
core of the molecules. Moore and coworkers reported that the
aggregation behaviour is significantly different for the hexakis
(phenylene ethynylene) macrocycles with various side chains
and linking groups.'® In another example,'” Miillen and co-
workers reported the influence of different kinds of alkyl substi-
tuents on the m—n stacking of hexabenzocoronenes in solution as
well as on surfaces. In our studies, substituent effects on the
dimerization of merocyanine dyes were also observed.'””

Within the class of functional m-conjugated molecules, pery-
lene bisimide (PBI) dyes were investigated most extensively due
to their strong photoluminescence and excellent n-type semicon-
ductor properties.**?° Owing to the strong intermolecular inter-
actions between these quadrupolar dyes,'e well ordered
columnar m-stacks in solution and in liquid-crystalline meso-
phases have been observed for a variety of PBI derivatives that
are only distinguished by the respective solubilizing chains at the
imide positions.' The pronounced similarity in the optical and
charge transport properties of these PBI dye aggregates corrobo-
rate a preferential stacking arrangement between the dyes with
rotational offsets of about 30°, a value that has been deduced as
the energy minimum configuration by quantum chemical calcu-
lations.*? A comprehensive study on the effect of different imide
substituents and the solvent on the thermodynamics of PBI dye
aggregation is, however, still absent despite its importance for
the control of interaction strength and aggregate size, e.g. for sol-
ution processing techniques such as spin-coating in device fabri-
cation for organic electronics. {

Accordingly, in this paper we will elucidate the influence of
the solvent and different solubilizing side chains at imide substi-
tuents on the m—r stacking forces between PBI molecules. The
investigated PBI derivatives are shown in Fig. 1 and were
obtained according to literature procedures®'**** by imidization
reactions between the respective amines and perylene—tetracar-
boxylic acid bisanhydride. The choice of substituents with differ-
ent hydrophilicity—hydrophobicity afforded PBI dyes whose
sufficient solubility for aggregation studies covers a broad
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Fig. 1 Chemical structures of the PBI dyes 1a—f used in this study and
sketch for the assumed arrangement of la—e in a columnar aggregate
according to experimental and quantum chemical investigations.?'>

1e:R = --
Ci1H23

Table 1 Peak positions of UV/Vis absorption maxima A,,s and
fluorescence maxima A, absorption coefficients &, and fluorescence
quantum yields @, for PBIs in dichloromethane (1a—c) or chloroform
(1d-f) at 25 °C

PBI Aaps/NM Emax/M ™! cm™! Aem/NM Dy
1a“ 527 (529)¢ 89 600 — 0
1’ 527 96300 532 0.63
1¢€ 527 96 400 532 0.68
1d 523 85 600 530 0.99
1le 523 86 100 530 0.99
1f 524 85 000° 530 1.00¢

“Data from ref. 21a. ® Data from ref. 21d. ¢ Data from ref. 21f. ¢ Value
determined in CHCl;. ¢ Data from ref. 23.

polarity range from n-hexane to water. Accordingly, this study
will shed more light on the nature of n— interactions of this type
of functional dyes and for extended quadrupolar aromatic
m-systems in general.

Results and discussion
UV/Vis absorption and fluorescence spectra of monomeric PBIs

The UV/Vis and fluorescence data of compounds la—f have
been reported before and the results are collected for comparison
in Table 1. Despite different substituents at the imide nitrogen,
the shape and position of the absorption and emission bands of
these dyes are almost identical in their non-aggregated state.
Each of these compounds display an absorption band between
400 nm and 550 nm (Fig. 2) which can be assigned as the Syp—S;
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Fig. 2 UV/Vis absorption and fluorescence spectra of PBI 1c¢ in
dichloromethane. The excitation wavelength for the fluorescence spec-
trum was 480 nm.

electronic transition of the PBI chromophore. The transition
dipole moment is polarized along the long axis of the PBI chro-
mophore and strongly coupled with breathing vibration of the
perylene skeleton.>* Thus, well-resolved vibronic structures
(0-0, 01, 0-2, and 0-3 transitions) can be observed in the So—
S, band with an energy progression of about 1400 cm™'. The
compounds 1b—f are strongly fluorescent and the fluorescence
spectra are mirror images of the corresponding absorption bands
accompanied by well-resolved fine structures. The fluorescence
quantum yields of PBIs 1b,c in CH,Cl, are 0.63 and 0.68,
respectively, whereas no fluorescence can be detected for la
which has been attributed to photoinduced electron transfer from
the electron-rich trialkylphenoxy substituents to the electron-
poor PBI core.>'“?> Notably, the values for dyes 1b,c are lower
than those of N-diisopropyl and N-alkyl-substituted PBIs 1d—f
(DPen > 0.95), indicating that the trialkylphenyl groups (1b)
already cause a certain degree of fluorescence quenching. In
general, the maxima and vibronic progressions of the absorption
(Table 1) and the fluorescence spectra are only weakly
influenced by the solvent for the monomeric dyes. Accordingly,
the solvatochromism is weak in agreement with the lack of a
dipole moment in these molecules.*®

Aggregation in tetrachloromethane

For a comparison of the aggregation behaviour of the various
PBI dyes tetrachloromethane (CCl;) proved to be the ideal
solvent. In this solvent all dyes exhibit reasonable to very high
solubility (Table 2) which allowed to study the equilibrium
between monomeric and aggregated species over a sufficient
concentration range by UV/Vis spectroscopy. However, with the
exception of dye 1a rather high concentrations were required to
accomplish a substantial degree of aggregation. Owing to the
high concentrations and concomitantly strong absorbance, data
analysis was not always possible at the absorption maxima due
to the limitation of instrumental resolution and the aggregation
process had to be analysed at the rims of the absorption band at
A > 540 nm. In Table 2 we have collected the roughly estimated
solubility data and the aggregation constants determined

Table 2 Solubilities, aggregation constants K, and corresponding
Gibbs free energy changes AG° of PBI dyes 1a—f in tetrachloromethane
at 25 °C

PBI Solubility/g L™ KM™! —AG®°/k] mol™!
1a >150¢ 1.8 x 10° 30.0

1b >50° 650 16.0

1c >100¢ 1400 17.9

1d 13 220 13.4

1le b 23 7.8

1f 0.25 <¢ <1.7¢

“Rough estimation. ® A very large amount of this dye could be dissolved
in only tiny volume of solvent, thus reliable estimation is not possible.
“No evidence for aggregation up to the solubility limit.
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Fig. 3 Molar fraction of aggregated molecules a,q, as a function of
concentration of the PBI dyes la—e in tetrachloromethane. The lines

were obtained by fitting the concentration-dependent UV/Vis data with
the isodesmic model.

according to the isodesmic model. Notably, this model assumes
equal binding strengths for both PBI n-faces which was unequi-
vocally proven for PBI 1b in our earlier study.>'® For the present
series of dyes the K values were obtained by fitting of the UV/
Vis spectral data according to the isodesmic (equal K) model'“?’
with nonlinear least-square regression analysis for at least three
different wavelengths. For PBIs 1a—d we were able to acquire
data over a large concentration range that covered the transition
from monomeric (degree of aggregation o, close to zero) to
aggregated species (degree of aggregation o, close to one).

Fig. 3 shows the concentration-dependent transitions from
monomeric to aggregated PBI dyes (symbols) and the calculated
regression lines according to the isodesmic model. According to
this graphical representation as well as from the aggregation con-
stants and Gibbs free energy changes in Table 2 we can draw the
conclusion that the “intrinsic” binding constant between PBI
dyes is in the range of 10°-10°> M™" in CCl, as observed for
derivatives 1b—d that bear either aromatic or aliphatic imide sub-
stituents without significant steric demand. A substantial increase
is observed for PBI 1a which might be attributed to charge trans-
fer interactions between the electron poor PBI imide units and
the electron rich 3,4,5-trialkoxyphenyl units of neighbouring
dyes in the m-stack (compare structural model in Fig. 1). On the
other hand, no aggregation at all could be observed for PBI 1f
which remains dissolved as a monomeric dye up to rather high

This journal is © The Royal Society of Chemistry 2012
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concentrations owing to the very effective sterical shielding
by four isopropyl substituents that are located above and below
the PBI m-plane. Interestingly, to some extent this effect is
also observed for swallow-tail substituted PBI le. As shown
by Langhals and coworkers®* and by Wescott and Mattern,?®
secondary alkyl substituents exhibit restricted rotations around
the C—N bond leading to asymmetrical conformation with
quite complex NMR signal patterns. For this reason as well
as the reduced aggregation constants swallow-tail substituents
are less suitable for columnar self-assembly in solution than
trialkoxyphenyl and trialkylphenyl substituents.

Solvent-dependent aggregation

To investigate the aggregation behaviour of these compounds,
concentration-dependent UV/Vis  absorption  spectroscopic
studies were performed in 17 different solvents including the
nonpolar solvent n-hexane and the most polar solvent water.
Fig. 4 shows representative concentration-dependent UV/Vis
spectra recorded in different organic solvents and water for the
compounds 1a—c. In all organic solvents applied here, absorption
spectra of molecularly dissolved PBIs were observed at low con-
centrations. Upon increasing the concentration of the PBI dyes,
pronounced spectral changes were observed, providing clear evi-
dence for the aggregation of these PBIs and indicating strong
electronic interactions between the aggregated chromophores. In
all solvents, upon aggregation a broadening of the absorption
band with concomitant decrease of the absorption coefficients is
observed. In accordance with exciton coupling theory for a dye
stack with rotational displacements of ~30° between the neigh-
bouring dyes,”> we can assign the major hypsochromically
shifted band as H-band and the bathochromically shifted band as
J-band.

Fig. 4a and b display the concentration-dependent spectra for
the dyes 1a and 1b in toluene, respectively. The spectral changes
of these two compounds are quite similar but a slight difference
can be observed around 470 nm, where the aggregate band of 1a
has a higher & value. Furthermore, the wavelengths of the
absorption maxima of the monomer (4,,,,) and aggregate bands
(Aagg) of dyes la—c in different solvents are summarized in
Table 3. For the dyes 1a—c, in the same solvent basically identi-
cal values of A, as well as 4,4, are observed. With increasing
the polarity of the solvents, the absorption maxima A, are
bathochromically shifted from 515 nm (1b in n-hexane) to
533 nm (1c in DMSO) while only slight changes of .,
(491-495 nm) could be observed nearly for all solvents except
the most polar DMSO and water. Accordingly, the apparent
solvent-dependent spectral changes observed in Fig. 4 result pri-
marily from the solvatochromic shift of the monomer spectra.
The spectral properties of the aggregates are little influenced by
the environment as long as the media does not change the
arrangement of the dyes on top of each other. Thus, for aliphatic
solvents (Fig. 4c) a new broad band can be observed at longer
wavelength around 540 nm and become stronger upon aggrega-
tion while in the more polar solvents like MeOH this band is
less obvious because its maximum is close to the one for the
monomer.

In water, the aggregation behaviour is significantly different
from that in organic solvents. The dye lec is water-soluble
although the dissolution process is quite slow. When it was
mixed with water, the substance started to swell gradually, but
no immediate dissolution can be observed like in organic sol-
vents. For the preparation of an aqueous solution of a concen-
tration of 10~ M, at least two days were needed to dissolve all
the dye. After this time, however, the aqueous solution remained
stable over several months. The UV/Vis spectrum of 1¢ in water
(Fig. 4f) displays even at low concentrations of <10™> M a
broad, structureless absorption band between 400 and 520 nm
with an absorption maximum at 485 nm and a second absorption
band at longer wavelength with a peak at 550 nm,?" which is
10 nm bathochromically shifted compared to the value in
methylcyclohexane (MCH). This spectrum indicates that the dye
molecules in water are highly aggregated. Upon increasing the
temperature, dye 1c agglomerates and precipitates which is con-
trary to the monomerization of the PBIs in organic solvents.
Similarly, in water an enhanced aggregation at higher tempera-
ture has been reported for PBI-DNA conjugates by Wang
et al®® These results indicate that in water the hydrophobic
effect plays a key role for the aggregation of PBIs.

From our concentration-dependent UV/Vis data sets for com-
pounds la—c in various solvents at 25 °C we determined the
aggregation constants K and the corresponding Gibbs energy
changes AG® (Table 4). It should be noted that 1a and 1b are not
soluble in polar solvents such as alcohols, and 1¢ is not soluble
in non-polar solvents such as MCH. Nevertheless, the individual
data sets are clearly connected because for a sufficient number of
solvents of intermediate polarity accurate K values could be
determined for two or even three of these compounds. All the K
values are obtained by fitting of the UV/Vis spectral data accord-
ing to the isodesmic (equal K) model'“*’” with nonlinear least-
square regression analysis. In all organic solvents applied here,
the UV/Vis spectroscopic data could be fitted excellently with
the isodesmic model, as illustrated in Fig. 5 for dyes 1b and 1e¢.
In aqueous solution, even at very low concentrations (2 x 107
M) the UV/Vis spectrum only shows a slight change of shape
from that at high concentration (10_4 M), indicating that the dye
is still strongly aggregated at the most diluted conditions. Thus,
one can only estimate a K > 10° M~ in water, but the value can
not be precisely determined.

According to Table 4, the magnitude of the aggregation con-
stants K and corresponding Gibbs free energy changes AG® =
—RTInK of the aggregation process of PBIs is highly solvent-
dependent, indicating that the solvent polarity plays an important
role for the thermodynamic stability of the aggregates. The
difference between the smallest and largest K values can be six
orders of magnitude. For the least polar solvents such as n-
hexane or MCH the aggregation constants are large. In solvents
of intermediate polarity and in particular those with high polariz-
ability (CH,Cl,, CHCI3) the K values become relatively small.
For instance, for 1a K drops down from 1.5 x 10’ M~ in MCH
to 260 M~" in CHCls. However, when the polarity of the solvent
is further increased, the aggregation constants become larger
again, as observed for lc in alcohols or water. Of particular
importance for this study is the observation that the solvent-
dependency of K is not influenced significantly by the solubil-
izing long alkyl or oligoethylene glycol side chains, i.e. almost
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Fig. 4 Concentration-dependent UV/Vis spectra of (a) 1a in toluene (1.0 x 107" Mto 1.0 x 1073 M), (b) 1b in toluene (1.0 x 107° M to 2.2 x 1072
M), (c) 1b in n-hexane (2.2 x 107" M to 2.2 x 107 M), (d) 1b in CCl, (5.1 x 107" M to 1.0 x 107> M), (e) 1¢ in MeCN (2.2 x 107* M t0 2.2 x 107>
M), and (f) spectrum of 1c in aqueous solution (9.1 x 10~° M) at 25 °C. The arrows indicate the spectral changes upon increasing concentrations.

identical binding constants are obtained for 1b and 1c in all
those solvents where values for both dyes could be determined
(diethyl ether, CCly, toluene and THF). As a consequence of this
range of data overlap the two data sets merge into one allowing
coverage of the complete polarity range from n-hexane to water
for this class of dyes. Also the solvent effect on the aggregation
constant observed for 1a complies well with those for 1b and 1¢
although the binding constants of la are always about two
orders of magnitude larger (see discussion on substituent effects
above).

Linear free energy relationships (LFER)

The solvent effects on the Gibbs free energy AG® for the n—n
stacking of the PBI dyes were evaluated by means of linear free
energy relationships (LFER) with common solvent polarity par-
ameters.”® First, the Gibbs free energies for PBI aggregation
were correlated with the relative permittivity &, and the

Kirkwood—Onsager function (g, — 1)/(2e, + 1) which have dis-
tinct physical meaning and only consider the contribution of
electrostatic interactions.'’*® For compound 1a, a rather good
linear correlation with the simple parameter £, can be observed
(Fig. 6a, correlation coefficient » = 0.97) if the three solvents
with the highest refractive index, i.e. CCly, toluene and CHCl;
are not included in the fitting procedure. With increasing &,, the
values of —AG®° decrease nearly linearly in the five solvents
whose polarity is dominated by dipolarity and not by polarizabil-
ity, indicating that electrostatic interactions between PBI dyes 1a
play a crucial role for the n—r stacking strength. Similar trends
can be observed by using the Kirkwood-Onsager function
instead of &, however, the correlation coefficient decreases to
0.86 (Fig. 7). In contrast, the aggregation of 1¢ in polar solvents
can not be described in a reasonable way by these electrostatic
parameters although the applied solvents have relatively low
polarizability except DMSO (Fig. 6b). For the four alcoholic sol-
vents, a steady increase of the values of —AG® can be observed

This journal is © The Royal Society of Chemistry 2012
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upon increasing &, This trend also points towards the extremely
high —AG® value of >45 kJ mol™" in water (g, = 78). The data
points for other solvents, however, deviate largely from those of
the alcoholic solvents.

These results indicate that electrostatic forces are not sufficient
to explain the n—= stacking of PBI dyes. Because both electro-
static and dispersion interactions are important for a reasonable
description of the n—n stacking of PBI dyes, empirical solvent
polarity scales including E1(30),%° 7**° as well as yz>' were
applied in the next step of our study. The less common latter
scale was established by Brooker et al. based on the solvatochro-
mism of a polymethine dye.*' These scales have been shown to
exhibit different sensitivities towards dipolarity and polarizability

Table 3 Wavelengths of the absorption maxima of the monomer and
aggregate bands of PBIs 1a—c in various solvents at 25 °C

Solvent 1a la 1b 1b 1c 1c
Amon/NM Ageo/MM Apon/NM - Aage/NM - Apon/Nm - Aygo/m

n-Hexane ¢ 515 492 ¢ ¢
MCH 517 491 517 492 ¢ ¢
Di-n-butyl ether 520 494 522 494 “ “
Diethyl ether 518 492 518 489 518 490
CCly 524 491 523 492 523 491
Toluene 528 492 528 493 527 b
THF 523 493 522 b 521 b
CH,Cl, 527 492 527 b 526 b
CHCly 529 494 528 b 527 b
Acetone ¢ ¢ 519 490
CH3;CN “ “ 526 495
DMSO ¢ ¢ 533 500
n-Butanol ¢ ¢ 526 493
n-Propanol “ “ 526 493
EtOH ¢ ¢ 524 492
MeOH ¢ ¢ 525 493
H,0 ¢ “ ¢ 485

“Not sufficiently soluble at room temperature. ”No accurate data could be
determined. “ The monomer band of 1¢ can not be observed in water.

contributions as well as towards additional specific interactions
like hydrogen bonding of the solute with the solvent.

Our analyses revealed reasonably good linear correlations
between the solvent-dependent —AG® values for PBI aggregation
and empirical solvent polarity parameters yr and z* if one
excludes the solvents with the highest refractive index values
and accordingly high polarizability contributions, such as CCly
and DMSO. In these solvents, the n— aggregation constants sig-
nificantly drop down and deviate from the linear correlation.
Fig. 8a shows the correlation of the Gibbs aggregation energies
of 1a in eight solvents with yr scale. An excellent linear free
energy relationship was observed for the solvents if CCly was
excluded (correlation coefficient » = 0.98). The correlation is
obviously improved in comparison with that obtained for ..

For 1b, the correlation line is nearly parallel with the line for
1a (circles in Fig. 8b, r = 0.92), indicating that the solvent
polarity has almost identical effects on the Gibbs aggregation
free energy for both dyes and the difference of the magnitude of
K value mainly originates from the structural differences of the
two compounds (see above). For ¢ (triangles in Fig. 8b, r =
0.89), notably, if solvents of high polarizability and Et,O are
excluded, an increase of —AG® was observed upon increasing
the solvent polarity, which is clearly the opposite trend to that
observed for 1a and 1b.

Good linear correlation of the Gibbs aggregation energies can
also be observed with the 7* scale. As shown in Fig. 9a, linear
correlation can be obtained for the —AG® values of PBI dyes 1a
and 1b with this polarity scale. The dye 1a shows the best fitting
with a correlation coefficient » = 0.98. Again, the lines for 1a,b
obtained from linear regression are nearly parallel. On the other
hand, this scale does not correlate with the Gibbs aggregation
energies of 1c¢ in the more polar solvents, as shown in Fig. 9b.
This behaviour is similar with that observed in Fig. 6b, which is
obtained for &, scale.

For the E1(30) good linear correlation can be obtained for PBI
la (r = 0.98, Fig. 10a) in the low polarity solvents if the three

Table 4 Aggregation constants K and corresponding Gibbs free energy changes AG° of PBIs 1a—c in various solvents at 25 °C

1a 1a 1b 1b 1c 1c

Solvent KM™! —AG°/kJ mol™! KM™! —AG°/kJ mol™! KM™! —AG°/kJ mol ™!
n-Hexane a 1.2 x 10° 34.7 a

MCH 1.5 % 107 40.9 9.7 x 10* 28.4 a

Di-n-butyl ether 3.0 x 10° 36.9 2.9 x 10* 254 “

Diethyl ether 3.6 x 10° 37.3 3.3 x10* 25.7 3.1 x10* 25.3
CCl, 1.8 x 10° 30.0 6.5 x 10° 16.0 1.4 x 10° 17.9
Toluene 45x10* 26.5 5.9 x 10° 15.8 5.7 x 10° 15.8
THF 5.4 x 10 27.0 2.7 x 10? 13.9 2.5 % 10% 13.7
CH,Cl, 1.6 x 10° 18.3 b b

CHCl4 2.6 x 10? 13.8 b b

DMSO a a 9.9 x 10? 17.1
Acetone a a 3.2 x10° 20.0
CH;CN a a 5.5x10° 21.3
n-Butanol a a 1.5 x 10* 23.8
n-Propanol a a 2.9 x 10* 25.4
EtOH a a 4.0 x 10* 26.2
MeOH a a 5.3 x 10 26.9
H,0 a a >10% >45

“Not sufficiently soluble. ”No accurate data could be determined because the small binding constant (K < 20 M~") demands highly concentrated

solutions with too high optical densities.
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Fig. 5 Molar fraction of aggregated molecules a,,, as a function of
concentration of the PBI dyes in different solvents: (a) for dye 1b and
(b) for dye 1c. The curves were obtained by fitting the concentration-
dependent UV/Vis data with the isodesmic model.

solvents CCly, toluene, and CHCl; (low dipolarity but high
polarizability) are excluded. In comparison with the yr and 7*
scales (Fig. 8a and 9a) more solvents had to be excluded for
achieving a reasonable linear correlation to E1(30) scale, indicat-
ing that the latter is more sensitive to the polarizability of the sol-
vents. If diethyl ether, CCl, and DMSO are excluded, also an
excellent linear correlation is observed between the —AG® values
for 1c and the E1(30) values of the polar solvents (Fig. 10b).
Notably, the solvents used for 1c are almost identical to those
applied by Smithrud and Diederich'?> and Cubberley and
Iverson,'® respectively, in their investigations of the solvent
effect on molecular complexes of aromatic compounds. Like for
their cyclophane—pyrene and dialkoxynaphthalene—naphthalene
diimide systems also for PBI aggregates an increase of —AG®° is
observed with increasing E1(30) solvent polarity. In contrast to
the previously studied aggregate systems, however, PBI aggrega-
tion in water is governed by an unusually strong hydrophobic
effect (Fig. 9b and 10b) which motivates further studies that are
currently performed in our laboratory.

As discussed by Hunter and Sanders,'” the forces contributing
to m—r interactions include electrostatic interactions between the
static charge distributions of the m-conjugated molecules,
London dispersion forces, solvophobic effects and charge trans-
fer (CT) interactions. The observed solvent effects on the n—n
aggregation of PBIs, i.e. the decrease of the aggregation con-
stants with increasing polarity of the solvents for 1a and 1b, and
the opposite trends in the more polar solvents for 1lc clearly
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Fig. 6 (a) Plot of —AG®° of dye 1a vs. relative permittivity &, of differ-
ent solvents. The data points for CHCI;, CCl; and toluene are not
included for the linear fitting. (b) Plot of —AG® of 1c¢ vs. relative permit-
tivity &,
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Fig. 7 Plot of —AG° of dye 1a vs. Kirkwood-Onsager function
(&: — 1)/(2¢, + 1) of different solvents. The data points for CHCl;, CCly
and toluene are not included for the linear fitting.

suggest that the n—m stacking forces between PBIs are dominated
by different interactions in different solvents.

The solvent dependency of the aggregation constants of la
and 1b indicate that electrostatic forces provide an important
contribution to the n—n stacking strength in particular in nonpolar
media. Accordingly, to rationalize the LFER relationships
between the —AG® values of these dyes and yr and z* scales,
beyond general electrostatic interactions between polycyclic aro-
matic hydrocarbons also quadrupole—quadrupole interactions

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 5845-5855 | 5851


http://dx.doi.org/10.1039/c2ob07131b

Downloaded by University of California- San Diego on 01 September 2012
Published on 05 March 2012 on http://pubs.rsc.org | doi:10.1039/C20B07131B

View Online

.
(&)

D
-
)
Z
)
I

Toluene

—1

-AG® | kJ mol
— —_ N N w w B
P2 2 T2 2

CH,CI,

CHCl,

1 42 43 44 45 46 47 48 49 50 51 52
2’/R

n-Hexane

A
THF R Toluerie

5] -"A._,@"(:H;mz
0 DCHCI,

41 42 43 44 45 46 47 48 49 50 51 52
FA

Fig. 8 Plots of —AG®° vs. the yr solvent polarity scale for (a) la
(square, correlation coefficient » = 0.98), (b) 1b (circles, » = 0.92) and 1¢
(triangles, r = 0.89). The data points for 1b and 1c¢ in CCl, and for 1¢ in
DMSO and Et,0 are not included in the linear regression analyses (solid
lines). For 1b,c in the solvents of high polarizability two additional
linear regression analyses (for 1b in CCly, CH,Cl, and CHCI; and for
1c in DMSO, CH,Cl, and CHCIl3) were performed (dotted lines). The
values in CH,Cl, and CHCI; (empty circles and triangles) are estimated
by LFER from the values obtained for 1a in these solvents.

between PBI dyes or local electrostatic attractive forces between
dipolar elements within PBI dyes (e.g. carbonyl groups) might
be effective. These specific electrostatic interactions may also
explain why PBI dyes are among the most strongly aggregating
n-systems ' and why electron-rich groups at the phenyl substitu-
ent in imide position (1a) afford a substantial increase of the
aggregation constants.

However, the fact that the aggregation constants drop down
drastically in the most polarizable solvents and that no good cor-
relations between the Gibbs aggregation energy AG° and the
Kirkwood—Onsager function could be observed is in contrast to
the results obtained for dipolar merocyanine dyes.'” For these
dyes the aggregation appears to be dominated by electrostatic
interactions over a much wider range of solvents owing to the
large dipole moment of these dyes. Quadrupolar interactions®?
are weaker and the m-system of PBI is larger. Accordingly dis-
persion forces gain weight and highly polarizable solvents like
CCly effect a more significant drop of the aggregation constant
owing to its capability to replace the solute—solute by similarly
strong solute—solvent interactions.

Whilst so far data for aliphatic, aromatic, chloroaliphatic and
the less dipolar solvents could be rationalized, the data in highly
dipolar solvents and structured solvents, i.e. alcohols and water,

5
£
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T
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¥
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454 b) HO A
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£ 351
-
Of 30_ EtoH A MeOH
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Fig. 9 Plot of —AG® vs. the 7* solvent polarity scale for (a) la
(squares, correlation coefficient » = 0.98) and 1b (circles, » = 0.96), and
(b) 1¢ (triangles). In (a), the values for 1b in CH,Cl, and CHCl; (empty
circles) are estimated by LFER from the values obtained for 1a in these
solvents and are not included in regression analysis. The data points for
CCly and CHCI; are not included in the linear regression analysis in (a),
and the data point for H,O in (b) is only a lower limit.

are more difficult to explain. The increase of the aggregation
constants upon increasing the solvent polarity for alcohols and
the extremely large aggregation constant in aqueous solution for
1c indicate that another contribution is operative in these sol-
vents. The two LFERs for 1b and 1c¢ depicted in Fig. 8b appear
to be most suitable for further elucidation of the solvent effects
upon PBI aggregation. For four solvents (Et,O, CCly, toluene,
THF) almost equal aggregation constants could be determined
for 1b and 1c¢ which suggests that the side chains (alkyl vs. oli-
goethylene glycol) do not contribute significantly to the
observed solvent dependencies of the aggregation constants.
Accordingly, both regression lines in Fig. 8b may be merged
together to get the full picture on the thermodynamics of PBI
aggregation over the complete solvent polarity range. As a con-
sequence we can conclude that the m—m stacking interactions
between PBIs are at a minimum for solvents of intermediate
polarity, i.e. THF and toluene. As already noted before, solvents
of similar dipolarity but higher polarizability weaken the attrac-
tive interactions between the PBI dyes. For this reason the aggre-
gation constants in CH,Cl, and CHCIl; are not accessible
anymore from UV/Vis experiments for dyes 1b,c but can be esti-
mated to be around 14 M~ and 2 M, respectively, by LFER
from the values obtained for 1a in these solvents (these values
are used for the plot in Fig. 8 and are also embedded in
Fig. 9a). If the solvent polarity is reduced (data on the right side
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of the minimum in Fig. 8b) a steady increase of —AG® is
observed pointing at the prevalence of electrostatic attractions
between quadrupolar PBI dyes in the nonpolar solvents. In con-
trast, the increase of —AG® for the polar solvents (data on the left
side from the minimum in Fig. 8b) can obviously not be
explained by electrostatic interactions that are already too weak
to trigger self-assembly of PBIs in environments of intermediate
polarity like THF. In these polar solvents aggregation appears to
be governed by solvophobic contributions. If the solvent like in
the case of the highly polarizable DMSO is able to solvate the
PBI solute by strong dispersion interactions, —AG®° values
remain low. If this is not the case as demonstrated in particular
for the protic alcoholic solvents and water, stacking of PBI dyes
becomes driven by dispersion interactions between the extended
n-conjugated scaffolds leading to an increase of —AG°.

In compliance with the strong dispersion interactions arising
between extended m-scaffolds, the reduced binding strength
between PBI dyes in all highly polarizable solvents DMSO,
CH,Cl,, CHCI; and CCly can be attributed to improved dis-
persion interactions between solute and solvent molecules. This
solvent effect which is related to its refractive index can be
accounted for by an (empirical) offset of both regression lines as
illustrated by the dotted lines in Fig. 8b.

Conclusions

The solvents and the substituents attached at the imide groups
are two important factors that influence the m—n aggregation of
PBIs. In the case of phenyl substituents at the imide positions
sterical (1f) as well as electronic factors (1a) were demonstrated
to have a significant impact on the aggregation constants and the
corresponding Gibbs free aggregation energies. Equally impor-
tant, however, is the impact of the solvent. By collecting data in
17 solvents with different dipolarity, polarizability and hydrogen
bond donor and acceptor capabilities for the three structurally
related PBI dyes 1a—c we could show that the magnitude of the
n—7 interactions between PBI dyes is modulated significantly by
the solvent. LFER analyses with common empirical solvent
polarity scales revealed a biphasic behaviour, i.e. a decrease of
the aggregation constant for PBIs with increasing solvent
polarity for aliphatic and dipolar aprotic solvents up to solvents
of intermediate polarity (THF, toluene) and a subsequent
increase of the aggregation constant with increasing solvent
polarity for strongly dipolar and protic solvents and in particular
for water. The smallest propensity for PBI aggregation is found
for highly polarizable chlorinated solvents of intermediate
polarity, i.e. CH,Cl, and CHCl;.

These results could be rationalized by different solvation
effects that compete with the intermolecular forces involved in
the m—r stacking of PBIs to a different extent in the respective
solvents. Thus, the impact of electrostatic, dispersion and solvo-
phobic forces on the aggregation of PBIs appears to alter con-
siderably over the whole solvent polarity scale, depending on the
nature of the respective solvent. For protic solvents, solvophobic
effects provide a reasonable explanation but additional specific
effects arising from hydrogen bonding between the solvent mol-
ecules and the carbonyl oxygens of the PBIs might also play a
role. In particular the enormous increase of the aggregation con-
stant in water that we related in this study in a rather superficial
manner to the “hydrophobic effect” warrants further experimen-
tal work.

Experimental section
General methods

All solvents and reagents were purchased from commercial
sources and used as received. Compounds 1a, 1b and le were
prepared according to the literature.?!“?* Perylene bisimide 1f
was obtained from BASF SE. Perylene-3.,4 : 9,10-tetracarboxylic
acid bisanhydride was obtained from Aldrich. NMR spectra were
recorded at 298 K on Bruker 400 MHz spectrometer and all the
spectra were calibrated with TMS. The solvents for spectroscopic
studies were of spectroscopic grade and used as received. UV/
Vis spectra were measured in cells with pathlengths between
0.01 mm and 1 cm on a Perkin Elmer Lambda 40P spectrometer
equipped with a Peltier system as the temperature controller. The
steady state fluorescence spectra were measured on a PTT QM4/
2003 spectrofluorometer. The fluorescence quantum yields were
determined by the optically dilute method by using fluorescein
(P, = 0.92 in 1 N aqueous NaOH) and N,N'-bis(2,6-diisopro-
pylphenyl)perylene-3,4:9,10-tetracarboxylic acid bisimide 1f
(@ery = 1.00 in CHCIs), as standards. The reported quantum
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yields are averaged values obtained at three different excitation
wavelengths for each PBIL.

Aggregation studies by UV/Vis spectroscopy

The UV/Vis spectra of compounds 1a—f were recorded at differ-
ent concentrations at 25 °C. The apparent molar absorption
coefficients at suitable wavelengths were fitted by nonlinear
least-square regression analysis to the isodesmic (equal K)
model.'“*” The aggregation constants K and corresponding
Gibbs free energy changes are averaged values (error < + 1.0 kJ
mol™') obtained at three different wavelengths (difference
between selected wavelengths >25 nm). The degree (or fraction)
of aggregated molecules a4, can be written as o5, = 1 — /ey,
where ¢, is the concentration of the monomer and cr is the total
concentration of the compound. The degree of aggregated mol-
ecules can be obtained according to the following equation: '

2KCT +1 - \/4KCT +1
2K2c2

Aagg = 1 —

N,N'-Bis[3,4,5-tri(3-{2-[2-(ethoxy)ethoxy]ethoxy}propyl)phenyl]
perylene-3,4:9,10-tetracarboxylic acid bisimide (1c)

Perylene-3,4:9,10-tetracarboxylic acid bisanhydride (0.13 g,
0.33 mmol), 3.4,5-tri(3-{2-[2-(ethoxy)ethoxy]ethoxy}propyl)
aniline (0.40 g, 0.67 mmol) and zinc acetate (0.073 g,
0.33 mmol) were mixed with 5.0 g of imidazole. The reaction
mixture was stirred at 150 °C for 6 h. After cooling to room
temperature, 30 mL of 2 N hydrochloride acid was added to the
mixture. The solution was extracted with 50 mL dichloro-
methane three times. The combined dichloromethane solution
was dried with anhydrous MgSO, and then the solvent was
evaporated. The crude product was further purified by silica gel
column chromatography (CH,Cl,—ethyl acetate-MeOH, 90 : 8 : 2
as eluent) to give 280 mg (56%) of pure product. '"H NMR
(400 MHz, CDCl5): 6 8.75 (d, 4H, J = 8.0 Hz, H,y), 8.70 (d,
4H, J = 8.2 Hz, H,y), 7.01 (s, 4H, Ar-H), 3.7-3.4 (m, 72H,
OCH,), 2.9-2.6 (m, 12H, ArCH,), 2.0-1.8 (m, 12H, CH,),
1.1-1.3 (m, 18H, CHj3). MS (FAB, matrix: p-octyloxynitroben-
zene) calculated for CooH 26N2055, 1586.9 m/z, found 1588.2
[M + H]"; MS (MALDI-TOF, matrix: DTCB) calculated for
CooH126N204,, 1586.9 m/z, found 1586.8 [M]"; elemental analy-
sis (%) calculated for CooH126N,04,: C 68.07, H 8.00, N 1.76;
found: C 67.43, H 8.10, N 1.67; UV/Vis (CH,Cly): Amax(€) =
527 (96 400), 490 (58 100), 459 (21 200), 434 (6200), 369 nm
(5000 M~ em™).

N,N'-Di(2-n-hexyldecyl)perylene-3,4:9,10-tetracarboxylic acid
bisimide (1d)

In a 25 mL flask were placed perylene-3,4:9,10-tetracarboxylic
acid bisanhydride (0.102 g, 0.26 mmol), 2-n-hexyldecan-1-
amine (0.13 g, 0.54 mmol) and 1.59 g of imidazole under an
argon atmosphere. The mixture was heated to 180 °C and stirred
for 4 h. After cooling to RT the reaction mixture was diluted
with dichloromethane and washed with 2 N hydrochloride acid,
water, saturated sodium bicarbonate solution and once more with

water. The organic phase was then dried with anhydrous MgSO,4
and concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography (dichloromethane)
to yield 187 mg (86%) of a red solid. '"H NMR (400 MHz,
CD,Cl,): 6 8.28-8.26 (d, J = 7.9 Hz, 4H, H,y), 8.11-8.08 (d, J
= 8.2 Hz, 4H, Hyry), 4.04-4.02 (d, J = 7.2 Hz, 4H, NCH,), 1.95
(m, 2H, CH), 1.42-1.24 (m, 48H, CH,), 0.86 (t, J = 6.5 Hz, 6H,
CH3), 0.84 (t, J = 7.0 Hz, 6H, CH;); *C-NMR (100.6 MHz,
CD,Cly): 6 163.54, 134.03, 131.03, 129.17, 125.97, 123.41,
123.02, 44.93, 37.11, 32.36, 32.35, 32.18, 32.14, 30.54, 30.23,
30.07, 29.79, 26.92, 26.89, 23.12, 23.11, 14.30, 14.29; HRMS
(ESI) calculated for Cs¢H;5N,Oy4, 839.573 m/z, found 839.572
[M + H]"; elemental analysis (%) calculated for Cs¢H74N,O4: C
80.15, H 8.89, N 3.34; found: C 79.95, H 9.32, N 3.24; UV/Vis
(CHCLy): Amax(e) = 523 (85600), 487 (51300), 456 (18400),
431 (5100), 368 nm (3700 M~ cm™).
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