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ABSTRACT: Cooperative interactions play a pivotal role in programmable
supramolecular assembly. Emerging from a complex interplay of multiple
noncovalent interactions, achieving cooperativity has largely relied on
empirical knowledge. Its development as a rational design tool in molecular
self-assembly requires a detailed characterization of the underlying
interactions, which has hitherto been a challenge for assemblies that lack
long-range order. We employ extensive one- and two-dimensional magic-
angle-spinning (MAS) solid-state NMR spectroscopy to elucidate key
structure-directing interactions in cooperatively bound aggregates of a
perylene bisimide (PBI) chromophore. Analysis of 1H−13C cross-polar-
ization heteronuclear correlation (CP-HETCOR) and 1H−1H double-quantum single-quantum (DQ-SQ) correlation spectra allow
the identification of through-space 1H···13C and 1H···1H proximities in the assembled state and reveals the nature of molecular
organization in the solid aggregates. Emergence of cooperativity from the synergistic interaction between a stronger π-stacking and a
weaker interstack hydrogen-bonding is elucidated. Finally, using a combination of optical absorption, circular dichroism, and high-
resolution MAS NMR spectroscopy based titration experiments, we investigate the anomalous solvent-induced disassembly of
aggregates. Our results highlight the disparity between two well-established approaches of characterizing cooperativity, using thermal
and good solvent-induced disassembly. The anomaly is explained by elucidating the difference between two disassembly pathways.

■ INTRODUCTION

Self-assembled one-dimensional organic nanostructures hold
great promise in the area of systems chemistry and material
science, and much of the success is owed to recent advances
made in the area of programmable supramolecular polymer-
ization.1,2 By virtue of reversibility and relaxed geometric
restrictions, noncovalent interactions can drive a molecular
self-assembly through multiple pathways and lead to a variety
of assembled structures.3−6 However, in order to maximize
performance, it is critical to achieve the desired assembly with
high structural order and narrow polydispersity, while also
maintaining a high degree of aggregation. In recent times,
programmable supramolecular polymerization strategies have
fulfilled this objective using a two-pronged approach: by
steering the self-assembly toward a preferred pathway7−12 and
ensuring that the assembled structure grows in a controlled
manner.8−10,13−16 In terms of the underlying mechanism, both
pathway selection and controlled growth are achieved through
cooperative interactions.8−14

In the context of one-dimensional supramolecular polymer-
ization, cooperative growth is characterized by a two-stage
process: an initial, less-favored nucleation step that serves as a
precursor to more spontaneous growth in the elongation stage.
This deferred spontaneity, which results in the appearance of
the well-known lag-phase in growth kinetics,8,14,17 is a

consequence of additional noncovalent interactions that
come into play after a well-defined nucleus is formed in
solution.18−20 From a molecular design point of view, encoding
such precise control over the sequence and chronology of
noncovalent interactions is nontrivial. While empirical
observations suggest a correlation between multiple non-
covalent interactions and cooperativity,8−15,20−25 there are
notable exceptions too.6,23,26 This underscores the need for a
molecular-level characterization of noncovalent interactions
that could elucidate how different interactions influence each
other nonadditively and could lead to the development of a
rational design principle to achieve cooperativity. Crystal
structure can provide valuable information about the nature of
molecular packing and the interactions involved, but its
applicability is severely limited in most supramolecular
assemblies that are inherently inhomogeneous, and/or lack
long-range structural ordering. Small angle X-ray and/or
neutron scattering techniques can look into the morphological
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heterogeneities of a molecular assembly but cannot comment
on the nature of noncovalent interactions.27 Only in a few
instances of hydrogen-bonded self-assemblies, a rationalization
of cooperativity in terms of its molecular origin was done
retrospectively, with the aid of computational methods and
explicit calculation of stabilization energy per monomer.28−30

While investigating the molecular origin of cooperativity is
challenging, its characterization and quantification are
considered relatively straightforward. This typically involves
monitoring the growth of a molecular self-assembly in solution,
expressed in terms of the fraction of aggregated species or
normalized degree of aggregation (αAgg), as a function of either
solution temperature,31,32 monomer concentration,33 or
solvent composition.34 Relevant thermodynamic parameters
are extracted by analyzing these plots using appropriate
mathematical models. All three approaches mentioned above,
namely temperature, concentration, and solvent-composition
dependence of αAgg, are considered equivalent in terms of the
thermodynamic quantities one can obtain about the growth
process. Therefore, preferring one approach over the other
depends on the system under study, primarily governed by
whether a particular variable can be suitably tuned to access
the entire self-assembly equilibrium, from monomer (αAgg = 0)
to the fully aggregated state (αAgg = 1).
The present work addresses both aspects of cooperativity

discussed above. We employ an extensive magic-angle-spinning
(MAS) solid-state NMR spectroscopy approach to investigate
the origin of cooperativity in molecular self-assembly. MAS
NMR does not require long-range structural order, allowing
characterization of the local structure and dynamics of
supramolecular assemblies.35−38 Notably, solid-state NMR
spectroscopy has been previously used to investigate local
ordering in disordered aggregates of molecular dyes.39 Further,
one (1D) and two-dimensional (2D) MAS NMR techniques
have been employed to understand key structure-directing
interactions and phase behaviors in molecular self-assem-
bly.40−45 With regards to the characterization of cooperative
self-assembly, we show that the presumed equivalence of
different experimental approaches is not strictly valid, thus
highlighting the need to exercise caution in the analysis of
solvent-composition dependent degree of aggregation, αAgg.

■ RESULTS AND DISCUSSION
Cooperativity: Quantification and Molecular Origin.

Figure 1a presents PBI-1, an unsymmetrically substituted
perylene bisimide (PBI) with two prominent noncovalent
interaction motifs: the aromatic PBI chromophore with strong
π-stacking46 ability and the phenylalanine (Phe) side-group
capable of hydrogen bonding. In methylcyclohexane (MCH),
PBI-1 spontaneously aggregates with an H-type coupling
between the neighboring chromophores. Figure 1b presents
the evolution of optical absorption spectra as a solution of
PBI-1 in MCH (15 μM) is heated under thermodynamic
control (1 K/min). The room temperature spectrum of H-
aggregated PBI-1 is characterized by an overall lowering of the
absorption cross-section and a reduced 0−0 (515 nm) to 0−1
(479 nm) absorbance ratio (A0−0/A0−1) of 1.06. The broad,
featureless absorption band in the 550−630 nm range is
indicative of a rotationally twisted stacking of PBI
chromophores, a feature commonly observed in PBI based
H-aggregates.47 Disassembly at higher temperatures is evident
from the overall increase in the absorbance and a monomer-
like A0−0/A0−1 ratio of 1.52. A concomitant disappearance of

the low-energy absorption band gives rise to a sharp isosbestic
point at 532 nm. αAgg estimated from the absorbance at 515
nm exhibits a distinct nonsigmoidal profile (Figure 1c) that is
characteristic of a cooperative self-assembly. Simulating the
temperature-dependence of αAgg using the mass-balance model
that takes into account an equilibrium between monomeric
and aggregated PBI-1 in solution (Supporting Information,
section 3)31 afforded a very good agreement with the
experimental data. Thermodynamic parameters that character-
ize the nucleation and elongation stages of growth are
presented in Table S1 (Supporting Information). The most
important takeaway from the analysis of αAgg vs T is σ, the
degree of cooperativity, expressed in terms of the ratio of
nucleation to elongation stage equilibrium constants (σ = Kn/
Kel). A low value of σ = 6.3 × 10−4 (at 293 K) translates to a
1600-fold increase in the elongation stage equilibrium
constant, thus indicating a high degree of cooperativity in
PBI-1 aggregates. Thermal disassembly of PBI-1 aggregates
was also monitored using CD spectroscopy (Supporting
Information, Figure S4a). PBI-1 aggregates in MCH exhibit
a positive bisignated Cotton effect, suggesting a right-handed
helical arrangement of PBI chromophores.48 Analysis of the
temperature dependent αAgg, evaluated from the disappearance
of CD signal upon heating (Figure S4b), agrees remarkably
well with that of absorption spectroscopy: a cooperative
assembly with σ = 6.06 × 10−4.
In order to gain an insight into the molecular origin of

cooperativity and the role of multiple interactions, we carried
out a detailed MAS NMR investigation of solid PBI-1
aggregates grown from MCH solution. Figure 2a presents
the 1H MAS NMR spectrum of PBI-1 aggregates. One can
distinguish proton resonances corresponding to different
functional groups of PBI-1 (assignments are color-coded as
depicted in schematic structure and further validated by
detailed 2D NMR analyses discussed subsequently): a broad
signal from the branched aliphatic side-chain protons at 1.5
ppm, two benzylic protons at 3.2 and 4.2 ppm, two 1H−Cα

next to the imide N at ∼5.6 ppm, and an intense signal at 7.3
ppm ascribed to the overlapped contributions from phenyl and
PBI protons. We focus on the two functional motifs that are
primarily responsible for PBI-1 self-assembly.

Figure 1. Cooperative self-assembly of PBI-1. (a) Molecular structure
of PBI-1, showing the motifs responsible for π-stacking (olive) and
hydrogen-bonding (blue). (b) Temperature-dependent optical
absorption spectra of PBI-1 aggregates in methylcyclohexane (15
μM). (c) Variation of αAgg with temperature, derived from the 0−0
absorbance at 515 nm. The red line shows the simulated curve
generated using mass-balance model for σ = 6.3 × 10−4, at 293 K.
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A comparison with the solution state 1H NMR spectrum of
molecularly dissolved PBI-1 in CDCl3 (Supporting Informa-
tion, Figure S1) reveals that the chemical shift difference (Δδ)
between phenyl and PBI protons is greatly diminished in solid
aggregates. In particular, the large shift toward lower frequency
values (Δδ ∼ 1.2 ppm) experienced by the PBI protons is an
indication of strong π-stacking between PBI chromo-
phores.49−51 Such stacking can expose the protons of one
PBI unit to the ring current of the neighboring PBI, resulting in
a strong shielding. The spectrum also features a broad signal at
10.2 ppm, arising from weak hydrogen bonding interactions
between carboxylic groups. This is corroborated by existing
literature on the correlation between −COOH proton
chemical shift and the strength of hydrogen-bond for a variety
of carboxylic acids.52 It is possible that a weaker hydrogen-
bonding between carboxyl acid side groups synergistically
assists a stronger π-stacking interaction between the PBI units
to give rise to cooperativity in self-assembled PBI-1.50 In the
13C cross-polarization (CP) MAS NMR spectrum of PBI-1
aggregates (Figure 2b), one can reliably assign signals
corresponding to the terminal methyl (14.6 ppm) and
intervening methylene (23.8 ppm) carbons of the alkyl side
chain, perylene and phenyl group carbons (119−140 ppm),
and the carboxylic acid carbon at 172 ppm. The solution-state
13C NMR spectrum (Supporting Information, Figure S2)
agrees well with the 13C signals in the aliphatic and aromatic
spectral regions. These 13C spectral assignments were further

corroborated by DFT calculated chemical shifts (Supporting
Information, Figure S5).
Next, we carried out an investigation into 1H···13C

proximities using 2D 1H−13C CP heteronuclear correlation
(CP-HETCOR) NMR spectroscopy. Analyses of 2D correla-
tion peaks in HETCOR spectroscopy offer a unique way to
identify different packing interactions, as well as reconcile that
information with the emergence of cooperativity in molecular
assembly. An advantage of 2D 1H−13C HETCOR NMR
experiments lies in the resolution enhancement achieved by
spreading 1H and 13C signals into two different frequency
dimensions. This enables one to resolve correlation peaks
associated with molecularly proximate and dipolar-coupled
1H···13C spin pairs with greater confidence. In order to
characterize the intermolecular interactions responsible for PBI-
1 self-assembly, it is important to first identify correlation
signals that originate from the directly bonded C−H pairs and
the ones at close intramolecular proximity. In doing so, we
analyzed and compared the 2D 1H−13C HETCOR spectra
acquired at different CP contact times. A preliminary analysis
of 1D 1H → 13C CP signal intensity build-up as a function of
the CP contact time revealed significant enhancements of 13C
signals for a CP contact time of 4 ms and longer (Supporting
Information, Figure S6). This was further corroborated by
comparing 2D HETCOR spectra acquired with 2, 3, and 4 ms
of CP contact time (Supporting Information, Figure S7 and
Table S2), whereby the signals associated with short-range
(covalently bonded) and long-range (through-space) 1H···13C
proximities are distinguished. A detailed analysis of such 2D
correlations associated with inter- and intramolecular inter-
actions is presented in the Supporting Information (Figure
S7c, Table S2).
In the 1H−13C HETCOR spectrum acquired with 4 ms of

CP contact time (Figure 3a), 2D 1H−13C signals correspond-
ing to the key structure-directing interactions that drive the
assembly of PBI-1 molecules are indicated in solid and dashed
ovals. The most notable of all are the 2D correlation signals
between benzylic group (magenta) and the branched alkyl
chain (orange dots). 1D 1H line-spectrum traced across the
13C dimension for the benzylic carbons at 37.2 ppm shows an
intense peak at 1.8 ppm (Figure 3b), confirming dipolar
coupling between the two groups. Similarly, 1H line-spectra
corresponding to aliphatic C signals at 27.6 and 31.3 ppm also
show sizable intensity at 3.2 ppm (benzylic protons).
Interestingly, a similar correlation between terminal methyl
carbons (14.5 ppm) and benzylic protons (3.2 ppm) is not
apparent. Unlike all dipolar 1H···13C correlations discussed so
far, these 2D correlation signals cannot result from intra-
molecular through-space interactions. Since the participating
nuclei (benzylic and alkyl groups) are at opposite ends of the
PBI-1 molecule and thus far separated, these 2D correlation
signals present the first unambiguous evidence in favor of an
antiparallel stacking. Such antiparallel stacking may bring Phe
and branched alkyl groups on neighboring PBI-1 molecules in
close proximity and also give rise to additional 2D correlation
signals between phenyl ring carbons (blue) and alkyl protons
(orange) at 123.4 (13C) and 1.8 ppm (1H). The 2D peak at
128.6 (13C) and 10.3 ppm (1H) is expected to originate from
intermolecular close proximity between the carboxylic acid
proton and the aromatic ring C of perylene and is consistent
with the analogous 2D peak observed between the carboxylic
13C site (172.8 ppm) and perylene protons (7.8 ppm), as

Figure 2. Solid-state 1D NMR spectra of solid PBI-1 aggregates
acquired at 18.8 T (a) 1H MAS NMR (1H Larmor frequency = 800.1
MHz) recorded at 56 kHz MAS and (b) 13C CP-MAS NMR
spectrum (13C Larmor frequency = 201.2 MHz) acquired at 50 kHz
MAS using 2 ms CP contact time. 1H and 13C signals correspond to
aliphatic and aromatic groups are colored as depicted in the inset to
(a).
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depicted in dashed ovals. Such proximity to the aromatic ring
can shield the hydrogen-bonded carboxylic acid proton
efficiently and be in part responsible for its low chemical
shift of 10.3 ppm. In addition to these, 2D peaks involving the
13C signal of Cα (54.4 ppm, burgundy dot) and alkyl side chain
protons (1.8 ppm) and between perylene carbons and alkyl
protons at 128.6 (13C) and 1.6 ppm (1H) are attributed to
intramolecular as well as intermolecular 1H···13C dipole−
dipole interactions resulting from the antiparallel stacking of
PBI-1 molecules. In addition, any intermolecular contacts
originating from side-on interactions between adjacent π-
stacked columns may interfere with the 2D correlation peaks
but are likely to be of much weaker intensity. Consequently,
disentangling the contribution of 1H−13C dipolar interactions
along the π-stacking axis from those originating from side-on
interactions is not straightforward.

Information on local 1H···1H proximities at subnanometer
(<0.5 nm) distances can be obtained from 1H double-quantum
chemical shifts.40,45 In a 2D 1H double-quantum (DQ) single-
quantum (SQ) correlation spectrum (Figure 4), the DQ

coherences appear at the sum of two dipole-coupled SQ
chemical shifts: the on- and off-diagonal peaks represent
chemically equivalent and chemically distinct 1H···1H prox-
imities, respectively. A detailed analysis of 2D correlation
intensities arising from intramolecular 1H···1H interactions in
PBI-1 aggregates is presented in the Supporting Information
(Figure S8, Table S3). Here we focus on the correlations
arising out of the intermolecular interactions. Notably, the off-
diagonal peak at δDQ of 1.6 + 7.4 = 9.0 ppm suggests through-
space proximity between alkyl and aromatic protons, which is
also consistent with the appearance of δDQ, 1.7 + 6.0 = 7.7 ppm
and δDQ, 1.7 + 5.3 = 7.0 ppm peaks that indicate through-space
1H···1H proximities between alkyl protons and 1H−Cα. The
latter correlation peaks are better resolved in the 1H DQ
spectrum acquired with 71.4 μs DQ excitation time
(Supporting Information, Figure S8b and Table S3). Since
alkyl and aromatic protons in PBI-1 are spatially far from each
other (>5 Å), a dipolar interaction between them is likely to be
intermolecular and is consistent with the antiparallel stacking
suggested earlier. Antiparallel stacking of PBI-1 molecules is
best consolidated by the appearance of a reasonably intense 1H
DQ coherence at δDQ, 5.3 + 6.0 = 11.3 ppm (red arrow), which
indicates close proximity between two 1H−Cα protons. Clearly,
the two 1H−Cα protons of the same PBI-1 molecule that are at
a separation of over 5 Å cannot support such a strong dipolar
coupling. A higher intensity of this DQ peak compared to the
one at δDQ= 9.0 ppm suggests that the separation between the
pair of 1H−Cα protons across the PBI stack is shorter than that
between alkyl and aromatic protons. One expects that to be
true for a rotationally twisted stack of PBI-1 molecules, in

Figure 3. Solid-state (a) 2D 1H−13C HETCOR NMR spectrum of
solid PBI-1 aggregates at 18.8 T, 298 K and 50 kHz MAS using 4 ms
CP contact time, and (b) 1D 1H line-spectra traced across the 13C
dimension for the aliphatic signals at 14.5, 27.6, 31.3, and 37.2 ppm.
Solid and dashed ovals denote the 2D signals originating from purely
intermolecular and from a combination of inter- and intramolecular
C···H proximities, respectively. 1H and 13C signals associated with
aliphatic and aromatic groups are colored as shown in the inset.

Figure 4. Solid-state 2D 1H−1H DQ-SQ correlation NMR spectrum
of solid PBI-1 aggregates acquired at 800.1 MHz and 56 kHz MAS
with 35.6 μs of DQ excitation time. 1H DQ correlation peaks that
correspond to inter- and intramolecular H−H proximities (<5 Å) are
colored as per the schematic of PBI-1 in Figures 2 and 3

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c00604
ACS Cent. Sci. 2021, 7, 1391−1399

1394

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00604/suppl_file/oc1c00604_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00604/suppl_file/oc1c00604_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00604?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00604?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00604?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00604?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00604?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00604?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00604?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00604?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


which the separation between the coupled nuclei increases as
one moves away from groups that are centrally located, such as
1H−Cα, to ones that more peripheral, like alkyl and Phe
groups. The 1H DQ peak at 7.4 + 10.3 = 17.7 ppm presumably
arises from a combination of intra- and intermolecular 1H···1H
dipolar coupling between carboxylic acid and aromatic
protons. Finally, a weak intensity peak at δDQ, 10.3 + 10.3 =
20.6 ppm (red arrow) indicates hydrogen-bonding between
carboxylic acid groups of neighboring PBI-1 molecules. We
bear in mind that an antiparallel stacking of PBI-1 molecules
rules out the possibility of any hydrogen-bonding between
−COOH groups along the stacking axis. Therefore, we
conclude that the observed hydrogen bonding must be
between PBI-1 molecules belonging to the adjacent stacks.
The intensity ratio of DQ peaks at a specific SQ frequency can
be used to quantify interatomic distances for isolated 1H−1H
pairs.53 The intensity ratio of DQ signals at 17.7 and 20.6 ppm
at δSQ = 10.3 ppm is 4:1. From the ratio, we estimate that the
distance between carboxylic acid protons of PBI-1 molecules
hydrogen-bonded to each other is about ∼1.26 times greater
than the intramolecular 1H−1H distance between the
carboxylic acid proton and the nearest aromatic proton. This
once again indicates that the hydrogen bonding interaction in
PBI-1 aggregates is weak. Thus, while π-stacking is largely
responsible for the longitudinal growth of PBI-1 aggregate, a
weaker interstack hydrogen-bonding between −COOH groups
contributes to its lateral growth. It is conceivable that in the
early stages of self-assembly, a stronger π-stacking between
PBI-1 molecules is primarily responsible for molecular
association leading to the formation of a nucleus. In the
subsequent elongation phase, additional interstack hydrogen-
bonding comes into play that complements π-stacking to drive
a more spontaneous growth of PBI-1 aggregates. Overall, the
2D ssNMR experiments provide a rich source of atomic-level
information on the cooperatively bound molecular self-
assembly, enabled by the identification of key structure
directing intermolecular interactions with site-specificity.
Anomalous Solvent-Induced Disassembly. Having

elucidated the role of multiple noncovalent interactions in
the context of cooperative growth in PBI-1 aggregates, we
investigate the effect of solvent composition on the aggregation
process. It is generally accepted that analysis of solvent-
composition dependence of αAgg affords very similar
information about the self-assembly mechanism as temperature
dependence. Analyzing cooperativity from solvent-induced
disassembly is therefore a useful alternative for systems,
where temperature cannot be suitably varied because of poor
solubility and stability issues, or the possibility of a phase-
transition.34 Investigation of solvent-composition dependence
involves varying the ratio of a good-to-bad solvent. In our
experiments, MCH was used as the bad solvent, whereas the
good solvent was chosen by taking into account the specific
nature of solvent−PBI-1 interactions. We carried out two sets
of experiments, each with the aim to address a specific
noncovalent interaction in PBI-1 aggregates. Figure 5a
presents the effect of tert-butanol (tBuOH) on the optical
absorption spectra of PBI-1 aggregates in MCH. Since tBuOH
has strong hydrogen-bonding capabilities, its interaction with
the −COOH group disrupts the intermolecular hydrogen
bonding between adjacent PBI-1 molecules causing aggregate
disassembly. A plot of αAgg versus the volume fraction of
tBuOH ( f), derived from the absorption spectra is presented in
Figure 5b. A cursory examination of the plot quite surprisingly

reveals the gradual nature of solvent induced disassembly.
Absence of a critical volume fraction across which αAgg changes
sharply is not consistent with the notion of a cooperatively
bound system. We analyzed the solvent-composition depend-
ence of αAgg within the framework of Goldstein and Stryer’s
model (Supporting Information, section 8),33,54 which
accounts for monomer association and cooperativity in terms
of the elongation stage equilibrium constant (Kel) and σ (= Kn/
Kel), respectively. A key assumption of this model is that the
interaction between the aggregate and a good solvent is weak,
which allows one to express the free energy change upon
monomer binding (ΔG°′) as a linear function of f:

G G mfΔ °′ = Δ ° +

Here ΔG° is the free energy change in absence of a good
solvent, and m quantifies the denaturing ability of the good
solvent. In stark contrast to the temperature-dependence of
αAgg presented earlier, the analysis of solvent-composition
dependence indicates an isodesmic association in PBI-1
aggregates (σ = 1), where each monomer association step is
equally spontaneous. We reconfirmed this anomalous dis-
assembly behavior by analyzing αAgg vs f tBuOH plots for three
different PBI-1 concentrations (Figure 5b). In each case, the
best-fit to the experimental data afforded identical values for
the parameters (ΔG°, m), thus validating the robustness of our
analyses (see Table S4). In a separate set of experiments,
CHCl3 was used as the good solvent to preferentially disrupt π-
stacking between PBI-1 molecules (Figure 5c). Once again,
analyses of αAgg vs f CHCl3 plots at two different PBI-1
concentrations (Figure 5d and Table S4) unambiguously
suggest isodesmic aggregation. To further support our findings,
we carried out solvent-composition dependent CD spectros-
copy. Analyses of αAgg vs f obtained from CD spectra reaffirms
the agreement with the isodesmic model (Supporting
Information, Figure S9). It is worth noting that ΔG° values
obtained from the study of solvent-composition dependence
are consistently lower (−29 and −36.7 kJ/mol from tBuOH
and CHCl3 induced disassembly, respectively; Table S4) than
that obtained from temperature-dependence (−41 kJ/mol,

Figure 5. Good solvent induced disassembly. Absorption spectra of
PBI-1 in MCH show progressive disassembly upon increasing the
volume fraction of (a) tBuOH and (c) CHCl3. Analyses of
corresponding αAggvs f plots in b and d show isodesmic behavior.
The solid lines are fit to an isodesmic model.
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Table S1) studies. These results clearly stress the need to
reassess the applicability of these two approaches in elucidating
the self-assembly mechanism.
Deducing the self-assembly mechanism from the disassem-

bly process, be it thermal or solvent-induced, relies on one
important assumption: that assembly and disassembly path-
ways are the same, and one process is just the reverse of the
other. We envisage that a departure from this key assumption
is responsible for the observed anomaly. One expects the effect
of temperature to be straightforward: the monomer association
constants (Kel, Kn) decrease with increasing temperature, in
accordance with the van’t Hoff equation. Thus, in the absence
of any competing pathways, thermal disassembly follows a
course that is same as that of molecular assembly, only in
reverse. This reversibility allows one to deduce the self-
assembly mechanism from αAgg vs T behavior. The same,
however, may not be true for disassembly caused by a good
solvent. Since solvent-molecule interactions are very specific in
nature, a good solvent can disproportionately affect different
noncovalent interactions. Consequently, solvent-induced dis-
assembly can follow a very different trajectory than the self-
assembly process. This scenario is especially likely for
aggregates, where interactions of very different natures are
involved. In order to test this hypothesis, we carried out high-
resolution MAS (HR-MAS) NMR titration experiments55 with
variable spinning frequencies using two different good solvents
(Figure 6). Our aim was to monitor the evolution of different
noncovalent interactions in solid PBI-1 aggregates at an early
stage of solvent-induced disassembly. Figure 6a presents a
comparison of 1H HR-MAS NMR spectra of PBI-1 aggregates
in the presence of different weight fractions of ethanol-d.56 A
closer examination in the 6−12 ppm range reveals the changes
brought about by the good solvent. A gradual loss of signal at
10.3 ppm suggests a progressive weakening of the intermo-
lecular hydrogen-bonding between −COOH groups in the
solid aggregate and eventually a complete disruption above 50
wt % of ethanol-d. Quite interestingly, the aromatic region of
the NMR spectrum shows no change during this titration
experiment. Clearly, ethanol causes a selective disruption of
hydrogen-bonding, while retaining the π-stacking interactions
in solid PBI-1 aggregates.57 In contrast, the evolution of 1H
MAS NMR spectra upon the addition of CDCl3 to solid PBI-1
aggregates (Figure 6b) indicates a very different disassembly
pathway. Initially, the changes are less distinct, as the spectrum
becomes progressively narrower (see Supporting Information).
This eventually leads to a significantly well-resolved 1H NMR
spectrum at 78 wt % of CDCl3. While the initial line narrowing
is presumably due to the breakdown of large aggregates into
smaller aggregated domains, a large shift of the aromatic
protons to higher frequencies (Δδ ∼ 0.9 ppm) unambiguously
indicates a widespread disruption of PBI π-stacking. A largely
unchanged signal at 10.3 ppm corroborates the retention of
hydrogen-bonding interaction during titration with CDCl3.
Evidently, the manner in which solvent-induced disassembly

is brought about in optical absorption vis-a-vis MAS NMR
spectroscopy experiments has certain key differences. In the
former, shorter soluble aggregates interact with the good-
solvent and dissociate in a homogeneous solution-phase
process. In contrast, the NMR experiments involved
disassembly of much larger aggregates in an inhomogeneous
solid-solvent phase. While this prohibits any quantitative
comparison of the two disassembly processes, we are able to
conclude that a good-solvent induced disassembly is achieved

by disrupting one-interaction-at-a-time. Such interaction-specific
aggregate dissociation is therefore driven primarily by a
lowering of enthalpic gain (ΔHel) and is quite distinct from
thermal disassembly, which is caused by an increase in the

Figure 6. 1D 1H HR-MAS NMR spectra of solid PBI-1 aggregates
acquired at 800.1 MHz as a function of good solvent. (a) Bottom-up
stack plot of PBI-1:ethanol-d, wt/wt, 100:0 (blue), 74:26 (green),
58:42 (violet), 48:52 (cyan), and 41:59 (gray) acquired at 20, 20, 18,
12, and 8 kHz of MAS, respectively. Expanded region (left) depicts
normalized intensities of aromatic 1H signals. (b) Bottom-up stack
plot of PBI-1:CDCl3, wt/wt 100:0 (blue), 63:37 (green), 35:65
(violet) acquired at 20 kHz MAS, and 22:78 (cyan) acquired at 4 kHz
MAS. The expanded region (left) depicts aromatic regions of 1H
spectra 22:78 (cyan) acquired at different MAS frequencies varying
from 4 to 12 kHz (Supporting Information, section 9). * denotes
solvent peaks associated with (a) ethanol-d (EtOD) and (b)
chloroform-d (CDCl3).
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entropic loss (−TΔSel). This key distinction between the two
disassembly processes can complicate analysis of self-assembly
mechanism from the corresponding αAgg plots. We recall that
our ability to distinguish between isodesmic and cooperative
mechanisms relies on the behavior of αAgg vs f plots in the limit
of very low αAgg.

30,34 In this limit, isodesmic aggregates
dissociate gradually, whereas cooperatively bound aggregates
show a more drastic change in αAgg as the self-assembly process
moves from nucleation to elongation regime. It is conceivable
that a cooperative aggregate that dissociates one-interaction-at-
a-time is initially reduced to a weakly bound aggregate state
that is held together by a single noncovalent interaction. This
change from a multi-interaction to a single-interaction
aggregate, though significant from the standpoint of aggregate
stability, may not affect the optical absorption spectra, as
individual chromophores are still bound together, allowing
excitonic interactions to operate. A subsequent disassembly of
such monovalent aggregates to free monomers brings the most
significant changes in the absorption spectra. Consequently,
absorption spectroscopy does not probe the disassembly of the
initial cooperatively bound aggregate, but that of an
intermediate aggregated state. This intermediate aggregate,
which is held together by a single noncovalent interaction, is
more likely to exhibit the characteristics of an isodesmic
association. Since thermal disassembly is free from such
artifacts, temperature dependence of αAgg offers a more reliable
method for characterizing self-assembly mechanism in small-
molecule aggregates.

■ CONCLUSIONS
In conclusion, our work addresses two important questions
pertaining to cooperative self-assembly of small molecules:
molecular origin of cooperative interactions and its character-
ization. With regards to its origin, a correlation between
multiple noncovalent interactions and cooperativity has been
empirically observed in the past. However, the basis for such a
correlation was not adequately understood in the absence of a
detailed characterization of the local structure and the
noncovalent interactions stabilizing it, particularly in assem-
blies that lack long-range order. To this end, we performed
solid-state 1D and 2D MAS NMR spectroscopy on
cooperatively bound aggregates of PBI-1. Our analyses of
through-space dipole-coupling between nonbonded 1H···13C
and 1H···1H spin pairs establish that PBI-1 molecules stack in a
rotationally displaced, antiparallel fashion. This dominant π-
stacking interaction is complemented by a weaker interstack
hydrogen-bonding between the carboxylic acid side groups,
resulting in a cooperative self-assembly. The ability to
rationalize cooperativity at an atomistic level could offer a
way to design molecular building blocks that can be made to
assemble along a specific pathway to a desired supramolecular
structure. In addition, we compared the conflicting conclusions
about the extent of cooperativity in PBI-1 aggregates, derived
from two well-established characterization methods, namely
temperature and solvent-composition dependence of αAgg. HR-
MAS NMR based titration experiments present a clear
evidence that a good-solvent induced disassembly progresses
in an interaction-specific manner. In aggregates that employ
multiple noncovalent interactions of different kinds, this can
lead to an anomalous characterization of cooperativity. Finally,
our work underscores the importance of bridging the gap
between solution-phase characterization techniques and solid-
state structure elucidation using combined solid-state NMR

and modeling approaches, the applicability of which extends
beyond supramolecular chemistry to other disordered material
systems.
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