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ynamics of supramolecular
polymers by in situ quantitative catalyst-free
hydroamination†

Minghan Tan, ab Masayuki Takeuchi *ab and Atsuro Takai *a

Implementing chemical reactivity into synthetic supramolecular polymers based on p-conjugated

molecules has been of great interest to create functional materials with spatiotemporal dynamic

properties. However, the development of an in situ chemical reaction within supramolecular polymers is

still in its infancy, because one needs to design optimal p-conjugated monomers having excellent

reactivity under mild conditions possibly without byproducts or a catalyst. Herein we report the synthesis

of a supramolecular polymer based on ethynyl core-substituted naphthalenediimide (S-NDI2) molecules

that react with various amines quantitatively in a nonpolar solvent, without a catalyst, at 298 K. Most

interestingly, the in situ reaction of the S-NDI2 supramolecular polymer with a linear aliphatic diamine

proceeded much faster than the homogeneous reaction of a monomeric naphthalenediimide with the

same diamine, affording diamine-linked S-NDI2 oligomers and polymers. The acceleration of in situ

hydroamination was presumably due to rapid intra-supramolecular cross-linking between ethynyl and

amino groups fixed in close proximity within the supramolecular polymer. Such intra-supramolecular

cross-linking did not occur efficiently with an incompatible diamine. The systematic kinetic studies of in

situ catalyst-free hydroamination within supramolecular polymers provide us with a useful, facile and

versatile tool kit for designing dynamic supramolecular polymeric materials based on electron-deficient

p-conjugated monomers.
Introduction

Supramolecular polymers composed of p-conjugated molecules
have been attracting increasing attention as so materials that
could play pivotal roles in organic electronics, energy conver-
sion and life-like systems in a sustainable society.1–5 Toward
these goals, in addition to conventional static or thermody-
namically controlled supramolecular polymers, the develop-
ment of dynamic supramolecular materials that are responsive
to external stimuli such as chemical reactions has been exten-
sively studied.6–18 To design supramolecular polymers based on
p-conjugated monomers that can implement chemical reac-
tivity, one needs to introduce a reaction site where the chemical
reaction proceeds under mild conditions without byproducts or
a catalyst that could have unintended effects on the supramo-
lecular polymers. These stringent requirements for the design
of p-conjugated molecules hinder the further development of
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dynamic supramolecular polymers, although elaborate
dynamic supramolecular assemblies that incorporate efficient
chemical reactions have been reported.9,19–38 Besides, there are
only a handful of in situ chemical reactions within the supra-
molecular polymers, such as the topochemical photoreaction
and redox reaction, that can lead to signicant changes in the
optical and electronic properties of the p-systems.33–38

Meanwhile, we recently reported quantitative, catalyst-free
reactions between an ethynyl group directly attached to
electron-accepting p-conjugated molecules and amines in
various media.39–41 An ethynyl core-substituted naph-
thalenediimide (NDI) is a representative electron-accepting p-
conjugated molecule that reacts with an amine rapidly under
mild conditions without byproducts or a catalyst (Scheme 1).
This atom-economical hydroamination of NDIs possesses
unique characteristics that are distinctively different from other
existing chemical reactions for p-systems: (1) various amines,
many of which are commercially available, are applicable to
functionalize the p-systems, and thus (2) the p-conjugated
structure is changed by the reaction to exhibit remarkable
changes in the optical and electronic properties. In this context,
considering that NDIs have been widely known as building
blocks of supramolecular polymers,42–45 we conceived that our
catalyst-free hydroamination of NDIs could be used as a new
family of in situ reactions to trigger macroscopic changes of
Chem. Sci., 2022, 13, 4413–4423 | 4413
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Scheme 1 Quantitative catalyst-free hydroamination of an ethynyl
core-substituted NDI without a catalyst.
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View Article Online
supramolecular polymers based on NDI molecules using
various amines. The in situ reaction of p-conjugated molecules
within supramolecular polymers is also expected to exhibit
characteristic reactivity different from that in homogeneous
monodisperse solutions, because the molecules are pre-
organized and locally condensed. Such a proximity effect on
chemical reactivity has been studied in intramolecular and
enzymatic reactions,46–50 but little is known in supramolecular
polymers.

We report herein the formation of a supramolecular polymer
based on ethynyl core-substituted NDI monomers in nonpolar
solvents, its unique reactivity with amines, and the spatiotem-
poral dynamics through in situ catalyst-free hydroamination. As
shown in Fig. 1, we designed S-NDI2 having two ethynyl groups
at the NDI p-core as reaction sites. The imide side chains of S-
NDI2 and a reference compound (ref-S-NDI) include the amide
Fig. 1 Structures of S-NDI2, ref-S-NDI and NDI2.

4414 | Chem. Sci., 2022, 13, 4413–4423
and trialkoxyphenyl groups, which reinforce the p-stacking of
the NDIs to enhance the formation of supramolecular poly-
mers.51–57 The butano –(CH2)4– spacer58 of the imide side chain
was introduced because it could facilitate supramolecular
structural changes upon external stimuli.53 The reactivity and
the reaction kinetics of the supramolecular polymers of S-NDI2
with various monoamines and diamines were investigated by
UV-vis absorption spectroscopy, mass spectrometry and chro-
matography techniques. The morphological and structural
changes of the supramolecular polymers of S-NDI2 during the
course of hydroamination were studied by atomic force
microscopy (AFM), Fourier-transform infrared (FT-IR) spec-
troscopy and the X-ray diffraction (XRD) method. Hydro-
amination of a reference compound (NDI2) that does not form
any supramolecular polymers was also studied for comparison.
The present study shows for the rst time that in situ reactions
within supramolecular polymers based on p-conjugated
monomers gave completely different reaction kinetics and
products from the homogeneous reactions in monodisperse
solutions of p-conjugated molecules.
Results and discussion
Supramolecular polymerization of NDIs

The syntheses of S-NDI2 and ref-S-NDI and their full character-
ization data are given in the ESI (S2. Synthesis and character-
ization†). The synthesis of NDI2 was reported previously.39
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Temperature-dependent UV-vis absorption spectral changes of S-NDI2 (25 mM) in MCH/toluene (4 : 1 v/v) upon cooling from 363 K
(red line) to 278 K (blue line) at a rate of 1 Kmin�1. (b) Plot of the degree of polymerization (aagg) calculated from the absorbance at 446 nm against
temperature (blue circle). Blue solid line denotes a theoretical curve fitted by using a cooperative model with an R2 value of 0.996. (c) AFM image
of a spin-coated sample from the MCH/toluene (4 : 1 v/v) solution used for the UV-vis absorption measurement. Scale bar: 200 nm. (d) The
height profile of the cross-section (cyan dashed line) in (c). (e) Optimized structure of S-NDI2 calculated at the B3LYP/6-31G* level. The alkoxy
groups (–OC12H25) were substituted by methoxy groups for simplicity. Atom colour code: grey, C; red, O; blue, N; white, H.
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Supramolecular polymerization of S-NDI2 was examined in
several solvents such as methylcyclohexane (MCH) and toluene.
Among them, we chose a MCH/toluene (4 : 1 v/v) mixed solvent,
owing to the optimal supramolecular polymerization behavior of
S-NDI2 and its stability; no precipitation was formed during the
analyses. When S-NDI2 (25 mM) in MCH/toluene (4 : 1 v/v) was
cooled from 363 K to 278 K at a rate of 1 K min�1, the UV-vis
absorption spectrum of S-NDI2 changed with a typical Davydov
splitting; a new red-shied absorption band at 446 nm and
a blue-shied absorption band at 418 nm appeared, suggesting
the formation of supramolecular J-aggregates (Fig. 2a).59,60 The
degree of polymerization (aagg) was calculated by using eqn (1);

aagg z (A � AMonomer)/(APolymer � AMonomer) (1)

where A is the absorbance at 446 nm, AMonomer is the absorbance
of the S-NDI2 monomer obtained from the absorbance at
446 nm at 363 K (¼0.025) and APolymer is the absorbance of the S-
NDI2 supramolecular polymer obtained from the absorbance at
446 nm at 278 K (¼0.80). The plot of aagg versus temperature
exhibited an abrupt change at 332 K (Fig. 2b, blue circle). The
observed non-sigmoidal curvature clearly indicates a coopera-
tive polymerization process of S-NDI2.61 The elongation process
of the S-NDI2 supramolecular polymer can be tted well by
using eqn (2);

aagg ¼ aSAT[1 � exp(�DHe(T � Te)/RTe
2)] (2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where DHe is an elongation enthalpy, R is the ideal gas constant,
Te is the critical elongation temperature, T is the absolute
temperature and aSAT is the constant used to ensure that aagg/
aSAT does not exceed unity. The curve tting yielded DHe

(�66.8 kJ mol�1) and Te (332 K) at a total concentration (CT) of
25 mM. The concentration dependence of S-NDI2 ranging 5 mM
to 25 mM on the aggregation behavior showed the shi of the Te
values to a lower temperature with a decrease in the concen-
tration. The DHe value at CT of 25 mM was close to the standard
enthalpy value calculated from a van't Hoff plot of supramo-
lecular polymerization of S-NDI2 at different concentrations
(�67.8 kJ mol�1; Fig. S1†). The S-NDI2 supramolecular polymer
existed in a stable manner in MCH/toluene (4 : 1 v/v) without
the formation of precipitate up to 2 hours.

Similarly, when a MCH/toluene (4 : 1 v/v) solution of ref-S-
NDI (25 mM) was cooled from 363 K to 298 K,62 the UV-vis
absorption spectrum of ref-S-NDI changed with an abrupt
point at 323 K, indicating the cooperative formation of
a supramolecular assembly, as shown in Fig. S2.† Note that the
degree of polymerization of ref-S-NDI at 298 K (76%) was
smaller than that of S-NDI2 (96%). The DHe and the Te values of
ref-S-NDI at CT of 25 mM are �47.3 kJ mol�1 and 323 K,
respectively.

AFM images for the spin-coated samples of the S-NDI2
supramolecular assembly exhibited well-developed nanobers
with over micrometers in length (Fig. 2c). The average height of
Chem. Sci., 2022, 13, 4413–4423 | 4415
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Table 1 Second-order reaction rate constant (k) for hydroamination
of the S-NDI2 supramolecular polymer and NDI2 in MCH/toluene
(4 : 1 v/v) at 298 K

Amine NDI k (M�1 s�1)

Diethylamine (DEA) S-NDI2 6.3(�0.3) � 10�2

NDI2 2.9(�0.2) � 10�1

Diisopropylamine S-NDI2 1.2(�0.06) � 10�4

NDI2 3.1(�0.2) � 10�3

1,4-Diaminobutane S-NDI2 3.1(�0.2) � 10�1

NDI2 6.5(�0.3) � 10�2

cis-1,4-Cyclohexanediamine S-NDI2 8.7(�0.4) � 10�2

NDI2 1.7(�0.09) � 10�2

trans-1,4-Cyclohexanediamine S-NDI2 4.1(�0.2) � 10�2

NDI2 2.8(�0.1) � 10�2
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View Article Online
the nanobers (Fig. 2d) was comparable with the distance
between the two ethynyl protons of S-NDI2 (1.2 nm) obtained
from the DFT calculations (Fig. 2e), indicating the formation of
nanobers with a unimolecular height. On the other hand, the
AFM image of the ref-S-NDI supramolecular assemblies showed
the formation of nanoparticles (Fig. S2d†). NDI2 did not form
any supramolecular assembly. These results indicate that the
ethynyl-extended p-core of S-NDI2 facilitates the formation of
the supramolecular nanobers with the help of the imide side
chains.

In situ hydroamination of the S-NDI2 supramolecular polymer
with monoamines

We then decided to study the reactivity of the S-NDI2 supra-
molecular polymer with an amine and its reaction kinetics. As
Fig. 3 (a) UV-vis absorption spectral changes of the S-NDI2 supramolec
MCH/toluene (4 : 1 v/v) at 298 K. (b) Time profiles of absorbance change
fitted by pseudo-first-order kinetic curves with R2 values of 0.995. The
during the reaction. The samples were prepared by spin-coating from t
1200 min after the addition of DEA. Scale bar: 1 mm.

4416 | Chem. Sci., 2022, 13, 4413–4423
a rst step, we conrmed that hydroamination occurred
between NDI2 and diethylamine (DEA), as a typical case, in
a nonpolar solvent. Upon addition of DEA (1.24 mM) to a MCH/
toluene (4 : 1 v/v) solution of NDI2 (25 mM) at 298 K, hydro-
amination started to occur and the UV-vis absorption spectrum
of NDI2 remarkably changed with isosbestic points (Fig. S3†).
The appearance and saturation of a characteristic charge-
transfer band at 607 nm indicates the quantitative formation
of an amine monoadduct NDI2–DEA.39–41,63,64 The rate of
formation of NDI2–DEA in the presence of excess DEA obeyed
pseudo-rst order kinetics (eqn S1–S3†). The time prole of the
change in the absorbance at 607 nm was tted well by using eqn
S3† with an R2 value of 0.999 to give a second-order rate
constant (k) as 2.9 � 10�1 M�1 s�1 (Fig. S3b† and Table 1).

When DEA (1.24 mM) was added to a MCH/toluene (4 : 1 v/v)
solution of S-NDI2 supramolecular polymers (CT ¼ 25 mM) at
298 K, the UV-vis absorption spectrum was signicantly
changed as shown in Fig. 3a. The decrease in the absorption
band at 446 nm and the increase in the new absorption band at
615 nm indicated that the reaction between the ethynyl group of
S-NDI2 and DEA proceeded. Judging from the UV-vis absorption
spectrum (see the latter discussion) and the MALDI TOF-MS
chart (Fig. S4†) aer the reaction completed, the resultant
product is a supramolecular assembly of the corresponding
amine monoadduct (S-NDI2–DEA). The formation of an amine
bisadduct, S-NDI2–(DEA)2 was much less than that of S-NDI2–
DEA under the measurement conditions (Fig. S5†).65 It must be
noted that, in the initial stage of the reaction, we observed
distinct peak shis of the charge-transfer band at 615 nm to
a longer wavelength (ca. 645 nm) and that of thep–p* transition
ular polymer (CT ¼ 25 mM) observed upon addition of DEA (1.24 mM) in
s at 446 nm (black circle) and 615 nm (blue circle) during the reaction,
inset shows the structure of S-NDI2–DEA. (c) AFM images observed
he MCH/toluene (4 : 1 v/v) solution at 13 min, 180 min, 414 min and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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band at 446 nm toa shorter wavelength (ca. 440 nm) as shown in
Fig. 3a. This result strongly indicates the existence of an inter-
mediate during the transition from the supramolecular
assembly of S-NDI2 to that of S-NDI2–DEA. Despite the exis-
tence of such an intermediate (Fig. 3b), the time proles of the
absorbance changes at 446 nm and 615 nm obeyed pseudo-rst
order kinetics with a high R2 value of 0.995, and the second-
order rate constant (k) could be obtained as 6.3 � 10�2 M�1

s�1. The rate constant for the S-NDI2 supramolecular polymer
was 4.7-fold smaller than that for NDI2 (Table 1), probably
because the steric hindrance around the ethynyl groups within
the S-NDI2 supramolecular polymer was larger than that in the
monodisperse state. The slower reaction rate for the S-NDI2
supramolecular polymer than that for NDI2 eliminates the
possibility that hydroamination took place at the terminal of
the S-NDI2 supramolecular polymer or at the free S-NDI2
monomer, considering that the S-NDI2 monomer has slightly
higher reactivity than the NDI2monomer in pure toluene at 298
K (see Fig. S6† for details). On the other hand, the reaction of
the S-NDI2 supramolecular polymer with diisopropylamine was
525-fold slower than the case of DEA (Fig. S7†), although the
basicity of diisopropylamine (pKa ¼ 11.05) and DEA (pKa ¼
10.98) are almost the same.66 This result indicates that the steric
hindrance of the nucleophile (amine) also critically affects the
reaction rate.

In conjunction with the UV-vis absorption spectral changes,
the morphologies of the S-NDI2 supramolecular polymer were
also changed as shown in Fig. 3c. The pristine nanobers
became gradually shorter until the unreacted S-NDI2 units were
consumed. The short nanobers at 414 min when 89% of the
reaction completed were then bundled to change into larger
assemblies at 1200 min, although there was no signicant UV-
vis absorption spectral change between 414 min and
Fig. 4 Schematic illustration of self-assembled behaviors of S-NDI2 and
polymer with DEA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
1200 min. This result merely indicates that the number of
polymerized monomers remains the same.27

In order to clarify the reaction product and the kinetics of the
in situ reaction of the S-NDI2 supramolecular polymer withDEA,
we rst conrmed supramolecular polymerization behavior of
S-NDI2–DEA by means of UV-vis absorption spectroscopy and
AFM (Fig. S8†). The amine monoadduct (S-NDI2–DEA) was
prepared by the reaction of S-NDI2 with DEA in CHCl3 at room
temperature in 93% isolated yield (see the ESI† for details).
When a MCH/toluene (4 : 1 v/v) solution of S-NDI2–DEA (25 mM)
was cooled from 363 K to 298 K,67 the supramolecular polymer
of S-NDI2–DEA was formed, showing a sigmoidal absorbance
change at its charge-transfer band. The plot of aagg versus
temperature (Fig. S8b†) was tted by using an isodesmic model
expressed in eqn S6,†61 giving an aggregation enthalpy (DH ¼
�61.0 kJ mol�1) and a melting temperature (Tm ¼ 312 K) where
aagg is 0.5 at CT of 25 mM. The degree of polymerization of S-
NDI2–DEA at 298 K was calculated to be 74%. A thin lm spin-
coated from a MCH/toluene (4 : 1 v/v) solution aer cooling to
298 K exhibited a morphology of short nanobers with an
average height of 4 nm (Fig. S8e and f†). The height is compa-
rable with twice the distance between the ethynyl proton and
the amine moiety of S-NDI2–DEA, which could be because S-
NDI2–DEA tends to form a slipped-stack dimer to cancel out the
large dipole moment in the p-plane (7.96 Debye; Fig. S8g†).68,69

The UV-vis absorption spectrum and the morphology of the
supramolecular polymer of S-NDI2–DEA were fairly similar to
the one obtained from the in situ reaction between the S-NDI2
supramolecular polymer and DEA (Fig. 3c). Based on these
results, it is reasonable to conclude that the nal product of in
situ hydroamination was the supramolecular assembly of S-
NDI2–DEA.
S-NDI2–DEA and in situ hydroamination of the S-NDI2 supramolecular

Chem. Sci., 2022, 13, 4413–4423 | 4417
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We next conducted two control experiments: (i) mixing two
different supramolecular polymers of S-NDI2 and S-NDI2–DEA
in a 1 : 1 ratio at 298 K and (ii) mixing two different monomers
of S-NDI2 and S-NDI2–DEA in a 1 : 1 ratio at 363 K and cooling
to 298 K. In both cases, the UV-vis absorption spectra were
consistent with the sum of those of each supramolecular
assembly (Fig. S9 and S10†), indicating the formation of self-
sorted assemblies. This self-sorting behavior is reasonable,
given that the elongation mechanisms of S-NDI2 and S-NDI2–
DEA are different between cooperative and isodesmic, respec-
tively. An AFM image of a spin-coated lm from the MCH/
toluene (4 : 1 v/v) solution used for the UV-vis absorption
measurements also indicated the existence of two different
supramolecular assemblies (Fig. S10c†). In contrast, the UV-vis
absorption spectrum of the intermediate during in situ hydro-
amination was different from that of the sum of the self-sorted
supramolecular assemblies as shown in Fig. S9.† The UV-vis
absorption spectrum of the intermediate did not match with
that of the sum of monomeric S-NDI2 and S-NDI2–DEA, either.
Thus, hydroamination should take place within the supramo-
lecular polymer, not at the terminal of the S-NDI2 supramo-
lecular polymer or the S-NDI2 monomer, and the intermediate
supramolecular assembly was only observed during in situ
hydroamination of the S-NDI2 supramolecular polymer, as
shown in Fig. 4.70

S-NDI2 followed a cooperative mechanism of self-assembly,
whereas S-NDI2–DEA followed an isodesmic mechanism. To
understand this difference in the supramolecular polymeriza-
tion processes, we measured the FT-IR spectra of the supra-
molecular assemblies of S-NDI2, ref-S-NDI and S-NDI2–DEA and
compared the strength of the intermolecular hydrogen-bonding
between the amide moieties. FT-IR samples were prepared by
drying MCH/toluene (4 : 1 v/v) solutions of S-NDI2, ref-S-NDI
Fig. 5 FT-IR spectra (ATRmode) of the supramolecular polymers of (a)
S-NDI2, (b) ref-S-NDI and (c) S-NDI2–DEA. The peaks at 2100 cm�1

and 3233 cm�1 of S-NDI2 and S-NDI2–DEA are assigned to the
stretching vibrations of C^C and C–H of the terminal ethynyl group,
respectively.39 The FT-IR spectrum of the S-NDI2–DEA supramolec-
ular assembly in the range of 1500 cm�1 and 1750 cm�1 exhibited
more peaks than the others owing to its asymmetric structure.

4418 | Chem. Sci., 2022, 13, 4413–4423
and S-NDI2–DEA that were cooled from 363 K to 298 K at a rate
of 1 K min�1. We conrmed that the UV-vis absorption spec-
trum of each sample was consistent with that in MCH/toluene
(4 : 1 v/v) at 298 K, indicating that the dried sample retained
its supramolecular structure (Fig. S11†). As shown in Fig. 5, no
peaks at energies higher than 3400 cm�1 were observed, sug-
gesting the absence of non-hydrogen-bonded amide moie-
ties.53,54 The N–H stretching vibration of the supramolecular
polymer of S-NDI2 was found at 3210 cm�1, which was
a signicantly lower frequency compared to those of ref-S-NDI
and S-NDI2–DEA. The peak shi of the N–H stretching vibration
to lower energy is indicative of stronger hydrogen-bonding
interactions among the amide moieties. Such a strong inter-
molecular hydrogen-bonding interaction allows S-NDI2 to form
its supramolecular polymers through a cooperative mechanism,
unlike S-NDI2–DEA, which forms its supramolecular polymers
through an isodesmic mechanism.

XRD analyses also support the different packing structures
between the supramolecular polymers of S-NDI2 and S-NDI2–
DEA. The XRD pattern of the S-NDI2 supramolecular polymer
exhibited peaks attributed to the lamellar and p-stacking
structure of S-NDI2 molecules, whereas that of the S-NDI2–DEA
supramolecular polymer exhibited a peak matching with the
length of S-NDI2–DEA along the short axis (ca. 1.5 nm) and
a broad peak attributed to the alkyl chain halo and p-stacking
distances, as shown in Fig. S12.†We infer that the difference in
the packing structures of the supramolecular polymers of S-
NDI2 and S-NDI2–DEA may result from the steric effects of the
DEAmoiety and the large dipole moment of S-NDI2–DEA in the
p-plane (7.96 Debye), which diminishes long-range interactions
in the growth direction of the supramolecular polymer.39,71,72

Indeed, the supramolecular assemblies of other amine adducts
such as S-NDI2–(DEA)2 showed different AFM morphologies
(Fig. S5c†), suggesting different packing structures. Note that
the inuence of excess DEA on the stability and the packing
structure of supramolecular assemblies during in situ hydro-
amination was considered negligible; upon addition of DEA
(1.24 mM) to a MCH/toluene (4 : 1 v/v) solution of the ref-S-NDI
supramolecular polymer (CT¼ 25 mM), there were no changes in
both the UV-vis absorption spectra and AFM images before and
aer the addition of DEA (Fig. S13†).
In situ hydroamination of the S-NDI2 supramolecular polymer
with diamines

The S-NDI2 supramolecular nanobers also exhibited unique
reactivity toward a diamine for cross-linkage. When 1,4-dia-
minobutane (0.62 mM)73 was added to the supramolecular
nanobers of S-NDI2 (CT ¼ 25 mM) in MCH/toluene (4 : 1 v/v) at
298 K, the UV-vis absorption spectrum was changed (Fig. 6a and
b), as was observed for the reaction with DEA. The increase in
the new absorption band at around 615 nm indicated that the
reaction of the ethynyl groups of S-NDI2 with an amino group in
1,4-diaminobutane proceeded to show a charge-transfer band.
The resulting charge-transfer band was broader than that
observed in the reaction with DEA, reaching the near-IR (NIR)
region above 1000 nm. From the time course of the absorbance
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc00035k


Fig. 6 (a) UV-vis-NIR absorption spectral changes of the S-NDI2 supramolecular polymer (CT ¼ 25 mM) observed upon addition of 1,4-dia-
minobutane (0.62 mM) in MCH/toluene (4 : 1 v/v) at 298 K. (b) Time profile of the absorbance change at 615 nm (blue circle) during the reaction,
fitted by pseudo-first-order kinetic curves with an R2 value of 0.992. (c) MALDI TOF-MS (positive ion, linear mode) chart obtained 470 min after
the reaction. Some oligomers' peaks were split into several peaks, which were assigned to the oligomers with different terminal groups, i.e.
ethynyl and amino groups. (d) GPC charts obtained before (black line) and after (red line) the reaction of S-NDI2 (1.2 mM) with 1,4-diaminobutane
(1.2 mM) in MCH/toluene (4 : 1 v/v) for 18.5 h at 298 K. The chromatograms were normalized to the highest peaks. (e) AFM images observed
before and after the reaction of S-NDI2 (1.2 mM) with 1,4-diaminobutane (1.2 mM). The samples were prepared by spin-coating on silicon wafers
from a MCH/toluene (4 : 1 v/v) solution. Scale bar: 2 mm.
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at 615 nm, the second-order rate constant was determined to be
3.1 � 10�1 M�1 s�1.

The MALDI TOF-MS chart aer the reaction showed the
formation of oligomers and polymers up to 12-mer (Fig. 6c).
This result strongly indicates that the cross-linking reaction
took place even in a diluted solution of S-NDI2 (CT ¼ 25 mM).
The formation of the covalently linked oligomers and polymers
were also conrmed by gel permeation chromatography (GPC)
aer the reaction of S-NDI2 (1.2 mM) with 1,4-diaminobutane
(1.2 mM), as shown in Fig. 6d.74 There were two peaks with
average molecular weights of 2.8 kDa and 8.1 kDa; the shorter
one may be assigned to the S-NDI2 dimer linked by 1,4-dia-
minobutane, while the longer one is assigned to the S-NDI2
oligomers and polymers. The maximum molecular weight
reached around 23 kDa, which corresponds to 12-mer.
© 2022 The Author(s). Published by the Royal Society of Chemistry
AFM studies before and aer the cross-linking reaction
between S-NDI2 (1.2 mM) and 1,4-diaminobutane (1.2 mM)
indicated that nano-brous structures of the S-NDI2 assemblies
changed two-dimensionally extended structures made up of
short bers upon addition of 1,4-diaminobutane (Fig. 6e). The
inter-supramolecular cross-linking reaction should also occur
at high concentrations as well as intra-supramolecular cross-
linking. Such two-dimensionally extended morphologies were
not observed for the thin lms prepared from isolated S-NDI2
oligomers and polymers (Fig. S14†), indicating that the net-like
assemblies are only formed through the in situ reaction between
the S-NDI2 supramolecular polymer and 1,4-diaminobutane.

In contrast, the reaction of NDI2 (25 mM) with 1,4-dia-
minobutane (0.62 mM) under the same experimental condi-
tions mainly afforded its amine monoadduct as shown in
Chem. Sci., 2022, 13, 4413–4423 | 4419
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Fig. 7 Schematic illustration of the in situ cross-linking reaction of the S-NDI2 supramolecular assembly with diamines.
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Fig. S15.† The UV-vis absorption spectrum aer the reaction
showed a charge-transfer band at 582 nm that was blue-shied
and much narrower than the case of the S-NDI2 supramolecular
polymer (Fig. 6a). MALDI TOF-MS and GPC results also indi-
cated the formation of the corresponding amine monoadduct
as a main product and a trace amount of the NDI2 dimer. These
results indicated that the intermolecular cross-linking reaction
scarcely occurred under the conditions where NDI2 was mon-
odispersed in solution. In other words, it is indicated that the
cross-linking reaction of the S-NDI2 supramolecular polymer at
CT of 25 mM was mainly the intra-supramolecular reaction
between the pre-organized NDI units and diamines.

The second-order rate constants of the series of hydro-
amination are summarized in Table 1. Interestingly, the second-
order rate constant of the S-NDI2 supramolecular polymer with
1,4-diaminobutane (3.1 � 10�1 M�1 s�1) was 4.8-fold larger
than the case of NDI2 (6.5 � 10�2 M�1 s�1). This tendency is
totally opposite to the reaction with monoamines such as DEA
and diisopropylamine. The acceleration of the reaction of the S-
NDI2 supramolecular polymer with a diamine can be explained
by the proximity effect in a cross-linking reaction; once an
amine moiety of 1,4-diaminobutane reacted with an ethynyl
group of S-NDI2, the other amine moiety simultaneously reac-
ted with another ethynyl group of an adjacent S-NDI2 within the
supramolecular polymer, as shown in Fig. 7. Accordingly,
despite the crowded circumstances of the ethynyl groups in the
supramolecular polymer, the in situ reaction of the S-NDI2
supramolecular polymer with 1,4-diaminobutane was acceler-
ated compared to the reaction of NDI2 with 1,4-diaminobutane
in monodisperse solution.

The reactivity of the S-NDI2 supramolecular polymer for
cross-linking may depend on the shape of the diamines. To
verify this point, we compared the in situ reaction of the S-NDI2
4420 | Chem. Sci., 2022, 13, 4413–4423
supramolecular polymer with different diamines; we chose cis-
and trans-1,4-cyclohexanediamine. As in the case of 1,4-dia-
minobutane, the reaction between the S-NDI2 supramolecular
polymer and cis-1,4-cyclohexanediamine afforded the corre-
sponding oligomers and polymers through intra-
supramolecular cross-linking (Fig. S16†). The reaction rate
constant for the S-NDI2 supramolecular polymer was 5.1-fold
faster than that for NDI2, as shown in Table 1 and Fig. S17.†

In stark contrast, the reaction between the S-NDI2 supra-
molecular polymer and trans-1,4-cyclohexanediamine only
afforded an amine monoadduct and a dimer linked by the
diamine (Fig. S18†). The reaction rate for the S-NDI2 supra-
molecular polymer was comparable with that for NDI2, as
shown in Table 1 and Fig. S19.† These results indicated that the
reaction of the S-NDI2 supramolecular polymer with trans-1,4-
cyclohexanediamine did not form cross-linked structures effi-
ciently, but rather the reaction occurred similar to that of
a monodisperse solution. The reluctance of the cross-linking
reaction by trans-1,4-cyclohexanediamine was also supported
by the DFT optimized structure of the amine monoadduct
where the residual amine moiety faced away from the NDI units
(Fig. S20†). On the basis of these results, the intra-
supramolecular polymer cross-linking reaction of S-NDI2 pro-
ceeded efficiently only when the orientation of the amine
moieties wasmatched with the conguration of the NDI units in
the supramolecular polymers (Fig. 7).

Conclusions

In summary, we have demonstrated dynamic structural changes
of a supramolecular polymer based on ethynyl core-substituted
naphthalenediimide (S-NDI2) molecules by quantitative
hydroamination at 298 K without a catalyst. The in situ reaction
© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the S-NDI2 supramolecular polymer with a monoamine
afforded another supramolecular assembly of the correspond-
ing amine-adduct through transient intermediate supramolec-
ular assemblies. The quantitative reaction of the S-NDI2
supramolecular polymer with a remarkable change in its optical
properties allowed us to determine the second-order reaction
rate constant using UV-vis absorption spectroscopy. The rate of
the reaction within the S-NDI2 supramolecular polymer was
slower than that in a monodisperse solution of a reference
monomer (NDI2), probably because of the large steric
hindrance around the ethynyl groups within the supramolec-
ular polymer. On the other hand, the reaction of the S-NDI2
supramolecular polymer with a exible diamine such as 1,4-
diaminobutane occurred faster than the homogeneous reaction
of NDI2 in a monodisperse solution, affording unique diamine
cross-linked oligomers and polymers of S-NDI2. The accelera-
tion of this reaction should be due to intra-supramolecular
cross-linking between preorganized S-NDI2 units and exible
diamines in close proximity. Intra-supramolecular cross-linking
did not occur efficiently when an incompatible diamine was
used. The present study provides an excellent opportunity to
systematically compare the reaction kinetics of an in situ reac-
tion within supramolecular polymers and a homogeneous
reaction in monodisperse solutions. The molecular design that
can implement chemical reactivity in supramolecular polymers
and the proximity effect of in situ reactions shown here will be
useful for further development of supramolecular polymers
based on p-conjugated molecules with unique dynamic prop-
erties and reactivity.
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Chemistry, Croydon, UK, 2017, ch. 1, p. 1.

44 S. V. Bhosale, M. Al Kobaisi, R. W. Jadhav, P. P. Morajkar,
L. A. Jones and S. George, Chem. Soc. Rev., 2021, 50, 9845.

45 A. Mukherjee and S. Ghosh, Org. Mater., 2021, 3, 281.
46 H. D. Martin and B. Mayer, Angew. Chem., Int. Ed., 1983, 22,

283.
47 A. H. Hoveyda, D. A. Evans and G. C. Fu, Chem. Rev., 1993, 93,

1307.
48 M. C. Whisler, S. MacNeil, V. Snieckus and P. Beak, Angew.

Chem., Int. Ed., 2004, 43, 2206.
4422 | Chem. Sci., 2022, 13, 4413–4423
49 S. Santra and P. R. Andreana, Angew. Chem., Int. Ed., 2011,
50, 9418.

50 J. F. Shi, Y. Z. Wu, S. H. Zhang, Y. Tian, D. Yang and
Z. Y. Jiang, Chem. Soc. Rev., 2018, 47, 4295.

51 P. Mukhopadhyay, Y. Iwashita, M. Shirakawa, S. Kawano,
N. Fujita and S. Shinkai, Angew. Chem., Int. Ed., 2006, 45,
1592.

52 X.-Q. Li, V. Stepanenko, Z. J. Chen, P. Prins, L. D. A. Siebbeles
and F. Würthner, Chem. Commun., 2006, 3871.

53 M. R. Molla and S. Ghosh, Chem. Mater., 2011, 23, 95.
54 S. Ogi, V. Stepanenko, J. Theirs and F. Würthner, J. Am.

Chem. Soc., 2016, 138, 670.
55 F. Würthner, C. R. Saha-Möller, B. Fimmel, S. Ogi,
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