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The π-π stacked associations of threeN,N′-di(n-butyl) quinacridone derivatives, widely used dopants in
organic light-emitting diodes, with different sizes of substituents were investigated in solution at various
temperatures by1H NMR spectroscopy. Theπ-π stacked geometries were estimated by both the magnitudes
of peak shifts with concentration and the directions of peak shifts induced by polar solvents. Two patterns of
geometries with differentπ-π interaction strengths were found to coexist in solution for all the three samples.
In both of the patterns, the preferential orientation of the stacking is the approach of the carbonyl groups on
one molecule to the nitrogen atoms on the stacked partner, which makes theπ-deficient aromatic atoms
interact with bothπ-rich andπ-deficient aromatic atoms of the stacked partner to maximize the electrostatic
complementarity. Differently, whereas the molecules in one pattern are face-to-face stacked in a parallel
fashion and slip two rings relative to one another along with the long axis of the conjugated ring systems, the
molecules in the other are either face-to-face stacked in an antiparallel fashion with slight slipping between
layers or stacked in a turning fashion. Both association constants obtained by fitting the dilution curves and
thermodynamic parameters obtained from van’t Hoff analyses revealed unexpectedly three thermodynamic
processes of aggregations for all the three samples in the temperature region of 298-213 K. The size of
substituents on the outer aromatic rings significantly influences theπ-π stacked structures and association
thermodynamics.

Introduction

Aggregation effects may change the properties of materials,
for example, color of a pigment and the performance of
electroluminescent device. Thus, it is no longer sufficient for
the organic chemists to synthesize new compounds. They must
consider how these materials organize themselves in solution
or in the solid state and how to control that organization. The
manner of the organization is also important for the structures
and functions of biomolecules. Theπ-π stacked aromatic
interactions have been found to govern diverse supramolecular
organizations and aggregates in both the solution and the solid
state.1 They not only control the vertical base-base stacking
in DNA2,3 and the tertiary structures of proteins4-6 but also play
a major role in the assembly and crystallization based on many
synthetic molecules.7-12 Theoretical calculations for a limited
number of systems13-17 and NMR experiments for many
polyaromatic molecules6-10,18-22 have been carried out to get
insight into the origin and geometrical preference of theπ-π
stacked interaction. However, in comparison to more conven-
tional interactions such as hydrogen bonds, ion pairs (salt
bridges), and hydrophobic interaction, theπ-π stacked interac-
tion is not so clear, and to date, no commonly used model has
been built to interpret the experimental observations well. This
should be attributed to the complication of theπ-π stacked
interaction, e.g., multiple points of intermolecular contact, strong
dependency on substituent groups, variable geometries, and the
cooperative effect of various noncovalent interactions.1 There-
fore, the study on the variety of systems involved in theπ-π
stacked interaction is an important step toward a full under-
standing of this type of noncovalent interaction.

N,N′-dialkylated quinacridone derivatives have been used as
dopants in electroluminescent devices for their high photolu-
minescent efficiency in dilute solution and good electrochemical
stability in the solid state.23-26 It was found that the EL device
based on the Alq3 thin film doped with N,N′-di(n-butyl)
quinacridone displayed high efficiency (>10 cd/A) within only
a narrow concentration range from 0.5% to 1.0%, while the EL
device based on the Alq3 thin film doped withN,N′-di(n-butyl)-
1,3,8,10-tetramethyl quinacridone exhibited high efficiency (>10
cd/A) for a wider concentration range from 0.5% to 5.0%.
Moreover, the Alq3 thin films doped withN,N′-di(n-butyl)
quinacridone andN,N′-di(n-butyl)-1,3,8,10-tetramethyl quina-
cridone displayed PL quenching when the concentrations of the
two dopants reached 4.2% and 6.7%, respectively. The different
PL and EL concentration-dependent properties of the doped Alq3

solid thin films were attributed to the different molecular packing
characteristics of the two dopants in the solid state. The study
by X-ray crystallography showed that both theN,N′-di(n-butyl)
quinacridone andN,N′-di(n-butyl)-1,3,8,10-tetramethyl quina-
cridone formed the intermolecularπ-π stacking in the solid
state and the latter had a smaller stacking density than the
former. The smaller stacking density ofN,N′-di(n-butyl)-1,3,8,-
10-tetramethyl quinacridone decreases the PL and EL quenching
arising from theπ-π interaction and thus maintains the PL
and EL efficiency of the doped Alq3 thin film at a high level in
a wider range of dopant concentration.26 Therefore, the control
of molecular packing in the solid state by design of molecular
structure is meaningful for improving the performance of the
EL device. Because theπ-π interaction plays an important role
in the packing of dopants, the investigation of theπ-π stacked
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interaction is helpful for the design of luminescent molecules
with desired assembly properties.

Here, we use1H NMR spectroscopy to study theπ-π stacked
aggregations and aggregation thermodynamics of threeN,N′-
di(n-butyl) quinacridone derivatives with different sizes of
substituents on the outer aromatic rings, namely,N,N′-di(n-butyl)
quinacridone (DBQA),N,N′-di(n-butyl)-1,3,8,10-tetramethyl
quinacridone (TM-DBQA), and N,N′-di(n-butyl)-2,9-di(tert-
butyl) quinacridone (DtBu-DBQA), in solution at various
temperatures. Theirπ-π stacked geometries in solution were
first estimated by both the magnitudes of the peak shifts of
protons at different positions of the molecules with concentration
and the directions of these peak shifts induced by polar solvents.

Materials and Methods

Quinacridone was purchased from Tokyo Kasei Kogyo
Company. 3,5-Dimethylaniline and 1-bromobutane were ob-
tained from Acros Organics. Diethyl-2,5-dihydroxy-1,4-dicar-
boxylate was purchased from Aldrich. The chemicals were used
directly without further purification.

N,N′-di(n-butyl) quinacridone (DBQA),N,N′-di(n-butyl)-
1,3,8,10-tetramethyl quinacridone (TM-DBQA), andN,N′-di-
(n-butyl)-2,9-di(tert-butyl) quinacridone (DtBu-DBQA) were
synthesized according to the procedures reported previously.26

The samples for NMR were prepared by dissolving theN,N′-
di(n-butyl) quinacridone derivatives in CDCl3 to obtain the
concentrations of 60 mM for DBQA and 30 mM for both TM-
DBQA and DtBu-DBQA. The stock solutions were diluted with
CDCl3 to obtain the samples with concentrations in the ranges
of 0.05-60 mM for DBQA and 0.25-30 mM for both TM-
DBQA and DtBu-DBQA. The samples with different volume
percentages of polar solvents DMSO-d6, CD3OD, and CD3CN
in CDCl3 were prepared by adding an aliquot of the stock to
each tube and adding various volumes of polar solvents and
CDCl3 to give a sample concentration of 7.3 mM (total sample
volume of 0.6 mL) and appropriate volume percentages of polar
solvents.

The 1D and 2D NMR spectra were recorded on a Bruker
Avance 500 spectrometer with TMS as the internal standard.
The ROESY spectra were acquired with mixing times of 500
ms to 1 s.

Results and Discussion

The threeN,N′-di(n-butyl) quinacridone derivatives used in
this study are shown in Scheme 1. Considering the molecular
symmetry which gives rise to the same chemical shifts for H1

and H8, H2 and H9, H3 and H10, H4 and H11, and H6 and
H13, we relabeled the molecules according to their symmetries
(Scheme 1). The original labels27 of the atoms 1-6 remain
unchanged, but the original atoms 8-13 (the numbers in
parentheses in Scheme 1) are relabeled 1-6, respectively, in
this study.

Aggregation with π-π Stacked Interaction. It was ob-
served during examination of the1H NMR spectra of the three
quinacridone derivatives at various temperatures that the signals
of all protons except for thetert-butyl groups of DtBu-DBQA
shifted upfield with increasing concentrations of samples. Figure
1 demonstrates the concentration dependences of the1H peak
shifts, ∆δH, relative to the corresponding resonances at the
concentration of 0.25 mM for the three quinacridone derivatives
in CDCl3 at 298 K. When the temperature was decreased, all
of the 1H signals broadened gradually and split to two groups
with different intensities at the temperatures of 228 and 213 K
except for Hb, Hc, and Hd (Figure 2). The weight-averaged
∆δH of the two groups of split signals for the three quinacridone
derivatives as a function of concentration at 213 K are shown
in Figure 3. The upfield shift of the1H signals with increasing
concentration of sample indicates that the quinacridone deriva-
tives aggregate withπ-π stacked interaction in solution.8,9 The
aggregation numberN, i.e., the monomeric number included in
an aggregate, was estimated by eq 1, assuming that the
quinacridone derivatives are in equilibrium between the mono-

SCHEME 1: Structures of Three N,N′-di(n-Butyl)
Quinacridone Derivatives

Figure 1. Concentration dependences of∆δH for DBQA (A), TM-
DBQA (B), and DtBu-DBQA (C) at 298 K.
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mer and the aggregate:28

whereδobs is the observed proton chemical shift andδm and
δagg are the chemical shifts of the monomeric and aggregated
molecules, respectively.C represents the total concentration,
andK is the association constant. The plots of ln[C(δm - δobs)]
versus ln[C(δobs - δagg)] may in principle give the aggregation
number from the slope of the straight line and association
constantK from the intercept of the line ifδm and δagg are
known. In practice,δm can be estimated from the chemical shifts
of the samples diluted to very low concentrations, at which the
quinacridone derivatives are considered as monomers. In
contrast, theδagg is difficult to obtain in such a monomer-
aggregate equilibrium process. However, it is naturally inferred

that the candidate values ofδaggmust be those smaller than the
chemical shifts of the samples at the highest concentrations.
After testing a series of the values asδagg to plot ln[C(δm -
δobs)] versus ln[C(δobs- δagg)], we found that there was a limit
value. Any chemical shifts larger than the limit value asδagg

lead to the dependence of ln[C(δm - δobs)] versus ln[C(δobs -
δagg)] departing from straight lines, while using the chemical
shifts smaller than the limit value asδagg, one can obtain straight
lines with the slopes of ca. 2. This indicates that the values of
δagg should not be larger than the limit and the values smaller
than the limit have little effect on the dependence of ln[C(δm

- δobs)] versus ln[C(δobs- δagg)] for the samples in the studied
conditions. According to this method, we plotted the ln[C(δm

- δobs)] versus ln[C(δobs - δagg)] for the samples of DBQA,
TM-DBQA, and DtBu-DBQA at various temperatures using
the chemical shifts of H4. For all the samples in the studied
conditions (the concentrations and temperatures), the aggregation
numbers of 2 were obtained. We also used the chemical shifts
of H6 to plot the ln[C(δm - δobs)] versus ln[C(δobs - δagg)] for
the three quinacridone derivatives at various temperatures and
obtained similar results.

Association Thermodynamics.The concentration depend-
ences of the1H chemical shifts at various temperatures for the
three quinacridone derivatives in CDCl3 were used to estimate
the association constants (K) based on eq 2 if we assume that
monomer-dimer equilibrium is the predominant process of the

Figure 2. Aromatic regions of the1H spectra for DBQA (A), TM-
DBQA (B), and DtBu-DBQA (C) at a concentration of 30.0 mM in
CDCl3 at various temperatures.

ln[C(δm - δobs)] ) N ln[C(δobs- δagg)] +
ln K + ln N - (N - 1)ln(δm - δagg) (1)

Figure 3. Concentration dependences of the weight-averaged∆δH for
DBQA (A), TM-DBQA (B), and DtBu-DBQA (C) at 213 K.
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self-association.29

whereδobs is the observed chemical shift,δm and δd are the
chemical shifts of monomer and dimer, respectively, andC is
the total concentration. The association constants calculated by
eq 2 are summarized in Table 1. The van’t Hoff plots obtained
from the data in Table 1 are displayed in Figure 4. Unexpectedly,
the van’t Hoff plots exhibit three different temperature depend-
ences of ln(K) at the temperature ranges of 298-273, 273-
243, and 243-213 K for DBQA and TM-DBQA, and 298-
258, 258-243, and 243-213 K for DtBu-DBQA, respectively.
The thermodynamic parameters for the dimerization of the three
samples in the three temperature regions were calculated based
on the van’t Hoff plots (Table 2).

The temperature appears to have an evident effect on the
association processes of these quinacridone derivatives. At the
temperature regions studied, there are three different thermo-
dynamic processes. In higher temperature regions (298-273 K
for both DBQA and TM-DBQA, 298-258 K for DtBu-
DBQA), the association processes are driven by enthalpy, so
as in lower temperature regions (243-213 K for all the three
samples). In the intermediate temperature region, the case is

somewhat different. Although the association processes are also
driven by the enthalpy for DBQA and TM-DBQA in this
temperature region (273-243 K), the increases in ln(K) versus
1/T are slightly slower and the entropy values are less negative
(Table 2). This indicates that the structures of the aggregates at
this temperature region are less compact and thus more easily
disassociated. This equilibrium transition is more obvious for
DtBu-DBQA, in which the disassociation process occurs from
258 to 243 K, as indicated by both the positive entropy and
enthalpy values (Table 2). This is attributed to the steric
hindrance of the larger size oftert-butyl groups. As consequence,
it is suggested that there exists a process of the conformational
transition from higher temperature to lower temperature. Beyond
the temperature region of the conformational transition, the self-
associations are driven by enthalpy. However, within the
transition region, the contribution of entropy to the self-
association increases with increasing size of substituents on the
aromatic rings. The transition processes are driven from by
enthalpy for DBQA to by entropy for DtBu-DBQA, i.e., from
unfavored entropy for DBQA to favored entropy for DtBu-
DBQA. Therefore, we believe that the geometries of theπ-π
stacking of the three quinacridone derivatives are modulated
more or less from higher temperature to lower temperature; the
larger the substituent, the larger the modulation of the geom-
etries.

As mentioned above, with decreasing temperature, the1H
signals broadened and split into two groups with different
intensities at the temperatures lower than 243 K for the three
quinacridone derivatives (Figure 2). Both the two groups of split
signals at lower temperatures shifted upfield with increasing
sample concentrations, in which the upfield parts of the doublets
(assigned as group II) displayed a more rapid upfield shift with
concentration than the downfield parts (assigned as group I).
The intensities of the two groups of signals were also changed
with sample concentration; the relative intensities of the group
I decreased and those of the group II increased with increasing
concentration. The ROESY spectra at 213 K displayed the cross-
peaks between the two groups of signals, and they were in-
phase with the diagonal peaks for all of the three quinacridone
derivatives. This reveals the existence of two self-association
processes for the three quinacridone derivatives in CDCl3

solution; the one corresponding to the upfield parts of the split
signals has a larger association constant, and the other corre-
sponding to the downfield parts has a smaller association
constant. The assignment of monomer and dimer for the two
separated groups of signals can be excluded because either the
decrease in the intensities of the downfield parts of the doublets
or the increase in the intensities of the upfield parts of the
doublets with concentration are much slower than they should
be in the monomer-dimer equilibrium. Therefore, two types
of the geometries of theπ-π stacking are suggested for the
three quinacridone derivatives, and they are exchanged between
each other (as supported by the ROESY spectra). The exchange
rate between the two types of dimers is much slower than the
association rates between their own monomer and dimer.
Because of the coexistence of two association processes with
different association constants, as shown in Scheme 2, the
apparent association constantK obtained by eq 2 is the sum of
the association constants of the two processes.

TABLE 1: Association Constants for the Three
Quinacridone Derivatives in CDCl3 at Various Temperatures

K (M-1)a

T (K) DBQA TM-DBQA DtBu-DBQA

298 3.2( 0.3 2.3( 1.2 1.9( 1.9
288 3.9( 0.4 3.1( 1.1 2.3( 1.5
273 6.5( 1.0 4.3( 1.4 6.4( 3.1
258 8.4( 0.7 5.3( 1.3 7.7( 4.9
243 10.0( 0.4 6.4( 0.3 3.8( 1.3
228 14.9( 0.7 12.6( 1.8 7.3( 1.9
213 20.6( 2.0 17.9( 2.9 11.4( 1.7

a The K values were obtained fromδH4.

Figure 4. van’t Hoff plots for DBQA (9), TM-DBQA (b), and Dt-
Bu-DBQA (4).

TABLE 2: Thermodynamic Parameters for the Self-
Associations of the Three Quinacridone Derivatives in CDCl3
at Various Temperatures

sample T (K)
∆H

(kJ‚mol-1)
∆S

(J‚mol-1‚K-1)
∆G

(kJ‚mol-1)

DBQA 213-243 -10.3( 1.0 -22.9( 4.4 -5.4( 0.1 (213 K)
243-273 -7.9( 1.1 -13.2( 4.2 -4.5( 0.0 (258 K)
273-298 -19.3( 2.2 -55.3( 7.8 -2.8( 0.1 (298 K)

TM-DBQA 213-243 -14.7( 3.3 -44.5( 14.5 -5.2( 0.2 (213 K)
243-273 -7.4( 0.4 -15.1( 1.5 -3.5( 0.0 (258 K)
273-298 -16.3( 2.2 -47.3( 7.7 -2.2( 0.1 (298 K)

DtBu-DBQA 213-243 -15.7( 2.2 -53.2( 9.8 -4.4( 0.1 (213 K)
243-258 24.5( 0.0 111.7( 0.0 -4.4( 0.0 (258 K)
258-298 -23.0( 4.9 -70.7( 17.5 -1.9( 0.4 (298 K)

δobs) δd + (δd - δm){[1 - (8KC + 1)1/2]/(4KC)} (2)

SCHEME 2: Monomer/Dimer Equilibria
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Effect of Solvent Polarity. When the polar solvents DMSO-
d6, CD3CN, and CD3OD, respectively, were added into CDCl3

solutions of samples, the1H chemical shifts were changed.
Depending on the positions of the protons in molecules, the
chemical shifts were either increased or decreased or little
changed with increasing fraction of the polar components. In
general, the addition of the polar components in CDCl3 resulted
in evident upfield shifts of H1 and H6 and obvious downfield
shifts of H4 for all the three samples. Moreover, the larger
upfield shift of Me1 for TM-DBQA was also observed. The
chemical shifts of the other protons were little affected by the
polar solvents. Figure 5 illustrates the changes in the1H chemical
shifts with the volume percentages of CD3CN in the CDCl3/
CD3CN mixtures for the three samples. The effect of the polar
solvents on the chemical shifts is proportional to the dielectric
constants of the polar solvents.

Geometries of π-π Stacking. The patterns of theπ-π
stacking for the three quinacridone derivatives in CDCl3 can
be estimated by the effects of polar solvents on the proton
chemical shifts. With addition of DMSO-d6, CD3CN, and CD3-
OD in CDCl3, obvious upfield shifts of H6 and H1 resonances
and downfield shifts of H4 resonances were observed for all
the samples. This implies that the quinacridone derivatives may
interact through the stacked fashions in which the carbonyl

groups of one molecule are close to the nitrogen atoms of the
partner molecules. The polar solvents induce the solvophobic
interaction of the quinacridone derivatives and as a result
increase the association constants and enhance theπ-π
interaction, as indicated by previous investigations.10,19,30The
enhancement of theπ-π interaction may make theπ-electrons
of the carbonyl groups and the lone-pair electrons of the nitrogen
atoms of the partner molecules contact more closely. As a
consequence, both the abilities of the electron-drawing of the
carbonyl groups and the electron-giving of the nitrogen atoms
may be decreased, which gives rise to the upfield shifts of H6
and H1 and the downfield shifts of H4 relative to the chemical
shifts of the corresponding protons in pure chloroform.

The π-π stacked geometries also can be estimated by the
magnitudes of the peak shifts of protons,|∆δH|. Because the
observed chemical shifts are the weighted average of the proton
resonances between the monomer and the dimer, as expressed
in the eq 2, the|∆δH| is proportional to|δd - δm|. This means
that the peak shift∆δH should reflect the locations of protons
relative to the aromatic rings of the stacked partner if the ring
current effect from the stacked partner is dominant for the peak
shifts of all positions of protons. The peak shifts of aromatic
protons and Ha arising from two different associations at 213
K are summarized in Tables 3 and 4. It is shown that the|∆δH-I|
and |∆δH-II| possess similar order for different positions of
protons in one molecule, i.e., the largest peak shift for H6,
followed by the aromatic protons from the outer aromatic rings
which are slightly different from each other, and finally Ha for
both DBQA and TM-DBQA and the largest peak shift of H4,
second-ranked Ha, followed by H6 and H3, and the smallest
H1 for DtBu-DBQA. This means that the relative location of
these protons in one association geometry is similar to that in
the other association geometry. In addition, the stacked geom-
etries of DBQA and TM-DBQA may be similar and somewhat
different from those of DtBu-DBQA.

On the basis of the∆δH of two groups of split signals at 213
K as given in Tables 3 and 4, as well as the results of the polar
solvents, we proposed a profile about the preferential geometries
of the π-π stacking for the three quinacridone derivatives in
CDCl3 at 213 K (Figure 6). In the profile, each of the three
samples forms two preferential stacked patterns, I and II. In
pattern I, the monomers are face-to-face stacked in a parallel
fashion and alternately slipped two rings relative to one another
along with the long axes of the conjugated ring systems. In
pattern II, the monomers are also face-to-face stacked but in an
antiparallel or a turning fashion with slight slipping between
layers. The common characteristics of these stacked geometries
is that the nitrogen atoms in one molecule as electron donors
approach the carbonyl groups in the stacked partner as electron

Figure 5. Peak shifts vs the volume percentage of CD3CN in CDCl3/
CD3CN mixture for DBQA (A), TM-DBQA (B), and DtBu-DBQA
(C) at 298 K.

TABLE 3: Peak Shifts of the Group I for the Three
Quinacridone Derivatives from 0.25 to 25 mM at 213 K

∆δH-I (ppm)

sample H1 H2 H3 H4 H6 Ha

DBQA -0.11 -0.12 -0.09 -0.09 -0.12 -0.07
TM-DBQA -0.08 -0.07 -0.10 -0.06
DtBu-DBQA -0.01 -0.05 -0.07 -0.05 -0.06

TABLE 4: Peak Shifts of the Group II for the Three
Quinacridone Derivatives from 0.25 to 25 mM at 213 K

∆δH-II (ppm)

sample H1 H2 H3 H4 H6 Ha

DBQA -0.22 -0.24 -0.24 -0.24 -0.30 -0.13
TM-DBQA -0.21 -0.21 -0.29 -0.14
DtBu-DBQA -0.06 -0.19 -0.31 -0.22 -0.29
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acceptors and the electron-deficient atoms prefer to stack with
both the electron-rich and electron-deficient atoms of the partner
molecule, maximizing electrostatic complementary.13 The n-
butyl groups on the N atoms extend out of the stacked columns.
The size of substitutes on the outer aromatic rings affects the
geometry of theπ-π stacking significantly. The methyl groups
of TM-DBQA make the interacted molecules more distant

compared with DBQA, but the stacked geometries maintain less
changed. However, thetert-butyl groups of DtBu-DBQA not
only result in further increase in the distance between stacked
molecules but give rise to relatively larger slipping (pattern I)
or turning (pattern II) of the stacked molecules relative to one
another as well to avoid steric hindrance of the bulky groups.
This regulation in aggregate conformation at 213 K puts H4
and Ha in more shielded positions of the stacked partner (i.e.,
H4 and Ha are more close to the upper position of the aromatic
rings of the stacked partner) and thus lead to the unusually large
peak shifts of H4 and Ha.

The solution structures of DBQA and TM-DBQA given
above are different from their crystal structures except for the
pattern I of DBQA that is consistent with its crystal structure.26

As pattern I, DBQA in the crystal structure also adopts a stepped
face-to-face stacking in a parallel fashion to form a column and
the molecules in the column are alternately slipped two rings
relative to one another along with the direction parallel to the
long axis of the conjugated ring system. The molecular columns
in the crystal are held together through weak intermolecular
hydrogen bonding interactions between oxygen atoms on Cd
O groups and hydrogen atoms on outer phenyl rings. In the
crystal structure of TM-DBQA, the molecules form a column
by face-to-face stacking in a parallel fashion with little slipping
between layers. The weak intermolecular hydrogen bonds
between the oxygen atoms on CdO groups and the hydrogen
atoms on CH3 groups fix the column array. As we have known,
the molecules in a crystal will attempt to achieve the arrange-
ments which will result in the greatest intermolecular interactions
and, consequently, the maximum lattice energy. Therefore, the
specific arrangements or orientations adopted by a crystal
structure depend on the summation of the lattice energies from
various interactions. Although the molecular orientations in the
stacked columns may be unfavorable to the electrostatic energy
for the crystal structure of TM-DBQA, the disadvantage may
be compensated by the favorable hydrogen-bonding interactions
between the stacked columns. This means that an energy
unfavorable stacking may be formed in the crystal structure if
the arrangement of the stacked column can lead to more
favorable intermolecular interactions between columns and
finally maximize the total lattice energy. Different from the
crystal structures, however, the interactions between the stacked
columns have little contributions to the stacked geometries in
solution. Theπ-π stacked patterns of the aggregates for these
samples in solution may be controlled mainly by the electrostatic
complementarity of the packing partners.

Comparing the weight-averaged values of the1H chemical
shifts at 298 K to those at 213 K, one can find that the order of
|∆δH| for different positions of protons in each sample is slightly

Figure 6. Proposedπ-π stacking models for DBQA (A), TM-DBQA
(B), and DtBu-DBQA (C) in solution at 213 K.

TABLE 5: Peak Shifts for the Three Quinacridone
Derivatives from 0.25 to 25 mM at 298 K

∆δH (ppm)

sample H1 H2 H3 H4 H6 Ha

DBQA -0.06 -0.06 -0.06 -0.06 -0.08 -0.04
TM-DBQA -0.05 -0.05 -0.08 -0.04
DtBu-DBQA -0.01 -0.03 -0.05 -0.06 -0.04

TABLE 6: Peak Shifts for the Three Quinacridone
Derivatives from 0.25 to 25 mM at 213 K

∆δH (ppm)

sample H1 H2 H3 H4 H6 Ha

DBQA -0.18 -0.19 -0.19 -0.18 -0.24 -0.12
TM-DBQA -0.15 -0.15 -0.21 -0.10
DtBu-DBQA -0.04 -0.15 -0.22 -0.16 -0.17
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changed from 298 to 213 K despite the decrease in the
magnitudes of all peak shifts at 298 K (Tables 5 and 6),
indicating no intrinsic difference in theπ-π stacked geometries
between the two temperatures. Therefore, it is suggested that
the quinacridone derivatives also aggregate at 298 K with two
types of geometries similar to those at 213 K. However, it is
worth noticing that, whereas the upfield shifts of H4 and Ha of
DtBu-DBQA are smaller than or equal to those of DBQA at
298 K, the upfield shifts of H4 and Ha of DtBu-DBQA are
larger than those of DBQA at 213 K, indicating that the slipping
or turning between the stacked partners at 298 K may be smaller
than that at 213 K for DtBu-DBQA.

Conclusions

The three quinacridone derivatives studied aggregate in
chloroform to dimers through theπ-π stacked interaction. The
association thermodynamics was unusually changed at different
temperature regions possibly owing to the regulations of the
stacked structures. Although the structural regulations are very
small from higher temperature to lower temperature, they are
not directly achieved by the mutual shift or turning without the
variation in the contact distance. The intermediate conformations
may be necessary for the structural regulation. In the intermedi-
ates, theπ-π interactions are weaker and the structures are
less compact, which gives rise to even a partial disassociation
of the aggregates. The geometries of theπ-π stacking in
aggregates can be estimated by both the magnitudes of peak
shifts with concentration and the directions of peak shifts
induced by polar solvents. For the three quinacridone derivatives
studied here, the solution structures of theπ-π stacking adopt
face-to-face fashions in which the electrostatic complementarity
is maximized. The substituent size has an evident effect on the
stacked geometries and the association thermodynamics. The
larger size of the substituents can reduce the strength of the
π-π stacked interaction and change the geometry of the
stacking and meanwhile largely change the thermodynamics of
the self-association processes.
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