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ABSTRACT: Supramolecular systems are intrinsically dynamic and
sensitive to changes in molecular structure and external conditions.
Because of these unique properties, strategies to control polymer length,
composition, comonomer sequence, and morphology have to be
developed for sufficient control over supramolecular copolymerizations.
We designed photoresponsive, mono acyl hydrazone functionalized
benzene-1,3,5-tricarboxamide (m-BTA) monomers that play a dual role
in the coassembly with achiral alkyl BTAs (a-BTA). In the E isomer
form, the chiral m-BTA monomers intercalate into stacks of a-BTA and
dictate the chirality of the helices. Photoisomerization to the Z isomer
transforms the intercalator into a chain capper, allowing dynamic shortening of chain length in the supramolecular aggregates. We
combine optical spectroscopy and light-scattering experiments with theoretical modeling to show the reversible decrease in length
when switching from the E to Z isomer of m-BTA in the copolymer with inert a-BTA. With a mass-balance thermodynamic model,
we gain additional insights into the composition of copolymers and length distributions of the species over a broad range of
concentrations and mixing ratios of a-BTA/m-BTA. Moreover, the model was used to predict the impact of an additive (chain
capper and intercalator) on the chain length over a range of concentrations, showing a remarkable amplification of efficiency at high
concentrations. By employing a stimuli-responsive comonomer in a mostly inert polymer, we can cooperatively amplify the effect of
the switching and obtain photocontrol of polymer length. Moreover, this dynamic decrease in chain length causes a macroscopic gel-
to-sol phase transformation of the copolymer gel, although 99.4% of the organogel is inert to the light stimulus.

■ INTRODUCTION

Although the field of supramolecular polymers has made
exciting progress, many challenges remain in controlling
supramolecular copolymerization, morphologies, composition,
and aggregate length.1−3 When examining copolymerizations
of two monomers, the influence of a second component on the
length of the structures formed is often not considered.
However, these features are of paramount importance for the
resulting properties of the system and hence for their use in
novel applications. A second component in supramolecular
polymerizations can influence the degree of polymerization in
many ways by acting as a comonomer, an intercalator, a
sequestrator, or a chain capper. Controlling the chain length of
isodesmic supramolecular polymers has been achieved by
adding monotopic comonomers (chain cappers), which leads
to an efficient reduction in chain length.4−8 For cooperative
supramolecular polymerization, however, the two reactive sites
of the faces of the monomers are electronically coupled,
leading to either monomeric and small species or long polymer
chains coexisting in solution.9 In recent years many elegant
examples have been reported that achieved kinetic control over
aggregate length by using pre-equilibrated seeds, tailored
initiators, or metastable monomers.10−14 In addition, previous

studies have elegantly demonstrated the ability to control the
polymerization and depolymerization of supramolecular
homopolymers with light or other stimuli through the creation
of defects and depolymerizing through the buildup of steric
strain.16,17

In the field of molecular switches, stimuli-responsive
molecules have been excessively studied to translate molecular
conformational changes into macroscopic events in supra-
molecular polymers and liquid crystals (phase transitions or
changes in aggregation affinity).18−20 Although pH,21 temper-
ature, and magnetic as well as electric fields22 are often
exploited, light is by far the most popular stimulus as it offers
excellent spatiotemporal resolution, it is green, and it can easily
be dosed and controlled.23−28 The types of systems that exhibit
photoresponsive behavior can be broadly separated into three
categories: (1) switching of single molecules in solution, (2)
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switching in supramolecular systems (e.g., fibers, tubes, gels,
and micelles), and (3) switching in mobile bulk phases such as
liquid crystals. For the switching in liquid crystal systems many
examples have been reported where only dopant quantities
(typically <5%) in an inert matrix are sufficient to induce
responsive behavior of the overall materials.29−33 For the
switching in solution and in supramolecular system, however,
usually all of the molecules composing the system contain the
responsive unit undergoing photoisomerization.16,34 To our
knowledge, only few studies reported macroscopic effects from
the isomerization of low molar quantities (5−10 mol %) of
responsive monomers in a supramolecular coassembly.35−40

Benzene-1,3,5-tricarboxamide (BTA)-based supramolecular
polymers are a unique class of monomers as they readily
assemble and reach the thermodynamic equilibrium within a
few seconds. Because of the simplicity of design and fast
equilibration of the BTAs, they are an ideal system to study
and understand the interactions with more complex molecules.
Many groups are using this basic structure to unravel novel
concepts in dynamic systems, while our group recently
reported on the interaction of BTA monomers with supra-
molecular competitors as an alternative approach to regulate
the length of supramolecular polymers.15

Here, we report on a supramolecular system sensitive to
light although only minor quantities of its constituents are
photoactive. The system is based on a two-component
polymerization of chiral, mono acyl hydrazone functionalized
BTAs (m-BTA) with achiral alkyl BTAs (a-BTA, Scheme 1).
Acyl hydrazones are well-known for their use as conforma-
tional switches by metal coordination41,42 and in dynamic
combinatorial chemistry,43−45 and they have also gained
attention and popularity as a new class of modular and potent
photoswitches.30,46−50 They feature a complementary hydro-
gen bond donor/acceptor C(O)−NH unit and a photo-
isomerizable CN double bond.51,52 Compared to other
photochromic groups, they offer excellent stabilities as well as
good efficiency and band separation and are readily accessible
from commercially available starting materials.47,53,54 We show
how the acyl hydrazone monomers, although not able to form
homopolymers, copolymerize with a-BTA into light-responsive
copolymers. Photoisomerization of the m-BTA monomer from
the E to the Z isomer transforms m-BTA from an intercalating
comonomer to a supramolecular chain capper, effectively
decreasing the degree of polymerization of the copolymers
after light irradiation. The cooperativity of the aBTA/m-BTA
copolymers allows the local changes in the chromophore
structure to be amplified, thereby reversibly decreasing the
degree of polymerization upon light irradiation.

■ RESULTS

Molecular Design, Synthesis, and Solid State Ag-
gregation of BTA Monomers. We synthesized and
characterized an acyl hydrazone BTA derivative (m-BTA)
comprising one amide fused with an acyl hydrazone motif and
studied its properties as a photoresponsive, supramolecular
monomer (Scheme 1a). The two central core amides of m-
BTA and the 3,5-position on the phenyl ring of the acyl
hydrazone were functionalized with chiral (S)-3,7-dimethyloc-
tyl alkyl chains to enhance solubility and introduce helical bias
in the supramolecular polymer. The molecular structure of m-
BTA features a similar self-complementary amide array as the
achiral alkyl BTA (a-BTA, Scheme 1b),55 therefore allowing us
to study the homo- and copolymerization of both monomers.
We hypothesize that the chiral m-BTA monomers will act as
supramolecular sergeants,56,57 dictating the helicity of the a-
BTA soldier stacks, even at low molar percentages of additive
(Scheme 1c).
The synthesis of m-BTA is described in the Supporting

Information (Figures S1 and S2) and was conducted in good
overall yield (71%). Commercially available 3,5-dihydroxy-
benzaldehyde was functionalized with (S)-3,7-dimethyloctyl
side chains in a Williamson ether coupling. To get the final
compounds, the mono methylbenzene carboxylate derivative
was transformed into a hydrazide and reacted with the
substituted aldehyde in an acid-catalyzed condensation
reaction.46,58 The synthesis of a-BTA has been reported
previously.55 The compounds were characterized by 1H and
13C NMR, MALDI-TOF, and FT-IR.
Infrared spectroscopy allows for the comparison of the

donor/acceptor properties of the amide groups fused to the
acyl hydrazone versus the regular BTA amide groups. For a-
BTA the NH I stretch is typically found at 3307 cm−1, the C
O stretch at 1644 cm−1, and amide II at 1532 cm−1, indicative
of lateral intermolecular hydrogen bonding in the bulk (Figure
S3).55 The mono acyl hydrazone derivative m-BTA bears two
different types of amides, and also two corresponding NH I
bands were observed at 3291 and 3187 cm−1. The CO band
was found at 1649 cm−1 and amide II at 1545 cm−1, slightly
shifted compared to a-BTA. These results imply that the two
types of amide groups possess different donor/acceptor
properties, which will most likely also affect their ability and
mechanism of polymerization into supramolecular aggregates.

Homoaggregation and Photoisomerization of m-BTA
in Apolar Solvents. While a-BTA readily forms supra-
molecular polymers through 3-fold hydrogen bonding in apolar
solvents such as methylcyclohexane (MCH), m-BTA mono-
mers are molecularly dissolved at the same conditions. Even at
concentrations higher than c = 1 mM in MCH no temperature-

Scheme 1. Molecular Structure of (a) Mono Acyl Hydrazone Functionalized BTA (m-BTA), (b) Achiral Octyl BTA (a-BTA)
Monomers, and (c) Copolymer Formed by Intercalation of Chiral m-BTA into Helical Stacks of a-BTA
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dependent changes in the absorbance or circular dichroism
(CD) signal were observed that would indicate aggregation.
FT-IR experiments of m-BTA and a-BTA at 2.0 mM in MCH
also found significantly different hydrogen-bonding patterns
(Figure S4). While a-BTA exhibited a band at around 3250
and 1650 cm−1 typical for triple hydrogen bonded, helical
arrangement in solution, for m-BTA those bands were not
present or shifted, indicating that they are not assembled as a-

BTA. To investigate the E to Z isomerization of the acyl

hydrazone monomer (Figure 1a), solutions of m-BTA in

MCH were irradiated with UV light (λ = 310 nm) for 1 min

periods during the first 5 min and then for longer periods until

20 min of total irradiation time. Absorbance spectra were

recorded after each irradiation step. In the absorbance spectra,

the band of E-m-BTA at λ = 308 nm decreased, and a new

Figure 1. (a) Light-induced isomerization from the planar E isomer to the Z isomer of m-BTA. (b) Spectral changes with prolonged times of
irradiation with UV light of λ = 310 or 405 nm. The band corresponding to the E isomer at λ = 308 nm decreases, and a new band from the Z
isomer arises around λ = 375−405 nm when irradiated with UV310 (c = 50 μM in MCH). (c) Decrease of the E isomer band upon irradiation for
solutions of c = 10−50 μM in MCH.

Figure 2. Copolymerization of chiral acyl hydrazone functionalized E-m-BTA with a-BTA. (a) CD melting curves of copolymer mixtures (cooling
rate = 1 K min−1). (b) CD maximum determined by averaging the Δε value at 223 nm in (a) between 10 and 15 °C for the different ratios of E-m-
BTA/a-BTA (error bars indicate standard deviation). (c) UV melting curves showing decrease in Te with increasing mol % E-m-BTA of the
copolymer mixtures. (d) Normalized CD and absorbance melting curves (ctot = 25 μM in MCH, signal probed at λ = 223 nm).
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broad band at λ = 375−405 nm corresponding to the Z-m-
BTA appeared (Figure 1b).
To investigate the kinetics of the isomerization, the

wavelength of maximum absorption of E-m-BTA at λ = 308
nm was monitored over time while irradiating with UV light in
situ (Figure 1c). Initially, the band decreases rapidly until a
plateau is reached at around half an hour at a concentration of
c = 50 μM m-BTA. Irradiation with UV light of λ = 405 nm
reverses the process, and the original absorbance spectrum is
recovered.46 To prepare an effective, photoresponsive material,
the reversibility of the photoswitch is crucial. Therefore, the
switching cycle was repeated up to six times without visible
fatigue of the acyl hydrazone monomers (Figure S5). The
thermal half-time of the photoswitch was determined to be t1/2
= 2.3 h by monitoring the recovery of the E-m-BTA band over
time at 25 °C (Figure S6). The switching of m-BTA can thus
be reversed by light or by thermal equilibration.
Spectroscopic Investigation of the Copolymerization

of m-BTA and a-BTA. The molecular structure of m-BTA is
similar to alkyl BTAs such as a-BTA, with two aliphatic side
chains connected on the amide groups of the central core.
Upon mixing 5 mol % of E-m-BTA with a-BTA, we discovered
that a copolymer was formed through cooperative supra-
molecular copolymerization with a strong CD signal at λmax =
223 nm (Figure S9 and Figure 2a). The E-m-BTA monomers
serve as chiral sergeants and dictate the formation of helical
aggregates with a helical bias in the coassembly with a-BTAs.
To understand the mixing of the two components, we prepared
a number of copolymer solutions with increasing mol % E-m-
BTA, keeping the total monomer concentration constant at ctot
= 25 μM. The amplification of chirality in these Sergeants-and-
Soldiers experiments reaches its maximum CD effect of Δε =
−38 M−1 cm−1 at around 5 mol % E-m-BTA in the assembly,

which is comparable to the amplification of chirality with chiral
alkyl BTAs or related BTA based monomers previously
reported by our group.56,59 Interestingly, the maximum CD
value measured for the copolymer mixtures (ctot = 25 μM in
MCH) initially increases with increasing percentages of chiral
comonomer (2−5 mol % m-BTA) but decreases with higher
percentages of comonomer (10−100 mol %, Figure 2b). As the
m-BTA monomers do not homopolymerize but form
copolymers, we concluded that they act as an intercalator in
the a-BTA stacks. An intercalator, unlike a comonomer, can
insert between monomers of a different type but has no affinity
to form homoaggregates. At high mol % of E-m-BTA, the CD
signal therefore decreases as there is less a-BTA monomer
available for aggregate formation. The shape of the CD spectra
observed for the copolymer mixtures resembles the shape
obtained with low quantities of chiral alkyl BTAs with no
additional Cotton effect at the π−π* transition absorbance
band at λ = 308 nm of the hydrazone chromophore (Figure
S9).52 Remarkably, the chiral side chains of m-BTA dictate the
helicity of the copolymer stacks, while the π−π* transition of
the acyl hydrazone is optically inactive.
The temperature of elongation (Te) at which the elongation

of supramolecular polymers becomes favorable can be
determined from variable-temperature UV experiments. For
copolymer mixtures the experimentally found Te decreases
with addition of the intercalator E-m-BTA (Figure 2c and
Figure S8) but less than with pure dilution of a-BTA (Figures
S7 and S8). This result indicates that the two monomers
copolymerize. When comparing the Te obtained from variable-
temperature CD and UV experiments, for 5 mol % E-m-BTA
mixed with a-BTA a difference of around 8 °C can be
observed, suggesting that at 65 °C both P- and M-helices are
formed, and only at lower temperature the helicity is fully

Figure 3. Theoretical modeling of the copolymerization of E-m-BTA/a-BTA. (a) Calculated Ptot − Mtot over a range of temperatures (curves of 0
and 100 mol % m-BTA overlap at zero) and (b) with increasing mol % m-BTA at 25 °C. (c) Mtot + Ptot curves for the copolymer mixtures with
increasing mol % of E-m-BTA. (d) Specimen plot of a 5 mol % mixture of E-m-BTA in a-BTA (calculations based on ctot = 25 μM in MCH,
ΔHMAB = −46.5 kJ mol−1, ΔSAB = −54.2 J mol−1 K−1, and ΔHP

pen = 2 kJ mol−1).
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biased by the sergeants (Figure 2d). This difference in Te
becomes less pronounced with increasing ratio of E-m-BTA
(Figure S10).
Theoretical Modeling of Copolymerization. To under-

stand the underlying mechanism and effects of the comonomer
on the chain length, we employed the copolymerization mass-
balance model previously published.61,62 With this general
model, we describe the two-component assembly of m-BTA
and a-BTA. As a first step, a dilution series of the
homopolymerization of a-BTA (monomer A in the model)
is investigated, assuming that the monomers assemble in equal
number of M- and P-aggregates. From the experimental
melting curves of a-BTA, the thermodynamic parameters
obtained for enthalpy (ΔHAA), entropy (ΔSAA), and nucleation
penalty (ΔHnuc

pen) were identical to the values previously
reported by Das et al.60 Using those values, the model predicts
the degree of polymerization (Φ) of the homopolymers of
pure soldier a-BTA and the polymer length at different
concentrations and temperatures (Figures S11 and S12).
Next, the case of a two-component assembly with E-m-BTA

(monomer B in the model) intercalating into the stacks of a-
BTA was considered. The E-m-BTA monomers are chiral, so
preferential mixing into M-type aggregates is assumed by
setting a penalty for mixing into P-helices. As m-BTA does not
homopolymerize, only A−B or B−A bonds can be formed, but
no B−B bonds, i.e., the property of an intercalator. We express
the Gibbs free energy changes of these hetero bond formations
in an enthalpy (ΔHMAB) and an entropy (ΔSMAB) parameter as
well as an additional mismatch penalty (ΔHP

pen) for mixing into
the nonpreferred helical aggregate type for the copolymer
system (see the Supporting Information for details).
Consecutively, the temperature-dependent melting curves
and distributions of species for the different copolymer
mixtures can be calculated (Figure 3a−d and Figures S14−
S16). The calculated curves are in good agreement with the
experimental curves. Similar to the experimentally observed
difference in Te from UV or CD curves, the model also shows
the difference in helical bias when comparing the total number
of monomers in aggregates (Mtot + Ptot) with the difference in
the number of monomers in aggregates of unpreferred and
preferred helicity (Mtot − Ptot, Figure 3d and Figure S16). The
model also predicts an initial increase in polymer length at low
sergeant concentrations (2−10 mol % E-m-BTA) due to the
preferred formation of M-aggregates followed by a decrease in
length from higher sergeant concentrations (20−75 mol %)
when more intercalator than monomer is present (Figure S15).
Light-Induced Chain Length Modulation of a-BTA

Polymers with m-BTA. After establishing the intercalation of
E-m-BTA into a-BTA stacks, we studied the consequences of
the photoisomerization of E-m-BTA into Z-m-BTA in the
coassembly with a-BTA (inert comonomer) on the length and
structure of the copolymers. Because of the sensitivity of the
supramolecular systems to external triggers, it is hypothesized
that the isomerization of small amounts of photoresponsive
monomers in the copolymer should be sufficient to affect the
overall assembly, through amplification of the stimulus in the
cooperative a-BTA system.
Upon irradiation of a copolymer gel (6 wt % in MCH, ctot =

66 mM) of a-BTA doped with 10 mol % m-BTA, a
macroscopic phase transformation from the gel to a liquid
was induced, although 99.4% of the organogel is inert to light
(Figure 4). The process is fully reversible by heating to 90 °C
or irradiation with UV405 light and allowing for re-equilibration

at room temperature for 2 h. After the isomerization cycle a
stable gel was recovered, which could withstand the tube
inversion test. In a control experiment with a homopolymer gel
of the same effective a-BTA concentration (5.4 wt % in
MCH), no changes were observed before and after irradiation.
The photoisomerization of a small amount (0.6 wt %) of
photoresponsive monomers of the coassembly appears to be
enough to locally break the network of fibers and reach the
threshold of the sol−gel transition, expressed visibly on the
macroscopic scale by the destruction of the gel.27 Similar
experiments performed at ctot = 25 μM showed minor changes
in the CD spectrum before and after irradiation (Figure 4).
The equilibration and chiral amplification when adding either
E- or Z-m-BTA to a solution of a-BTA occurred within
seconds, suggesting a highly dynamic exchange and inter-
actions of both isomers with the a-BTA stacks. This result
together with the gel-to-sol transition suggests that the Z-m-
BTA isomers still coassemble with a-BTA but decrease the
fiber length. We hypothesize that m-BTA transforms from an
intercalator to a chain capper of the a-BTA stacks upon
isomerization from E-m-BTA into the Z-m-BTA isomer,
where the nonplanar Z-m-BTA monomer blocks the chain
ends to further addition of a monomer through steric
hindrance. As a result, the average degree of polymerization
(Φ, average amount of monomers per polymer) will decrease
as evidenced by the sol−gel transformation. The average
degree of aggregation (α, fraction of monomers in an
aggregate), however, should be less affected, as most
monomers are still in an aggregate, though shorter in length.

Static Light Scattering Reveals Changes in Chain
Length. To probe the effects of irradiation on the average
degree of polymerization and to confirm the role of Z-m-BTA
as a chain capper, we conducted a series of static light
scattering (SLS) experiments. To determine the length of the
copolymers, scattering curves of m-BTA/aBTA copolymers
(2−50 mol % m-BTA, ctot = 2.0 mM in MCH) were measured
(Figure 5a). The experimental curves were fitted with a
cylindrical model to obtain the length of the aggregates.63

Scattering profiles were recorded before, after UV310 (E to Z
isomerization) and after UV405 irradiation (Z to E back-
isomerization) for all copolymer ratios (Figure S22) to show
the difference in length for the intercalator and chain capper
cases. Additionally, we measured the Rayleigh ratio (Rθ) at a
fixed angle to monitor the progress of photoisomerization in
real time (Figure 5b, Figures S20 and S21). For 10 mol % of

Figure 4. Effect of light irradiation on m-BTA/a-BTA copolymers.
(a) Decrease in CD intensity of 10 mol % m-BTA in a-BTA after 15
min of UV310 irradiation (ctot = 25 μM in MCH). Inset: gel-to-sol
transformation of a copolymer gel of 10 mol % m-BTA in a-BTA (6
wt % in MCH) upon irradiation.
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m-BTA in a-BTA, the weight-average length decreases from
approximately 269 to 230 nm by UV310 irradiation. When
isomerizing back from Z to E isomers with UV405 irradiation,
Rθ increases until the scattering profile overlaps with the
nonirradiated sample (Figure 5a,c), which suggests that the
length and morphology of the aggregates is the same as for the
nonirradiated samples and that the process is reversible.
To quantify the changes in chain length upon mixing and

photoisomerization, the copolymer mixtures were compared to
pure diluted a-BTA samples of the same effective concen-
tration (ceff), not containing the photoresponsive m-BTA
comonomer. The polymer length for the samples of same ceff
remains constant, only a slight increase is observed as we
measure slightly above the critical entanglement concentration
of the fibers to keep a good signal-to-noise ratio (Figure 5c,
black squares).63 In accordance with the predictions from the
theoretical model, we observe that copolymers of E-m-BTA/a-
BTA show a decrease in length above 10 mol % of E-m-BTA
intercalating to the stacks (Figure 5c, blue triangles) due to the
decrease of a-BTA concentration and the destabilization of the
a-BTA/m-BTA stacks.
When irradiating the solutions, a decrease in length is

observed for all m-BTA/a-BTA mixtures (Figure 5c, red dots).
The decrease in length becomes more pronounced with
increasing mol % of m-BTA. The plot of the percentage of
deviation in chain lengths before and after irradiation clearly
shows the large changes in polymer length, which we attribute
to the transformation of m-BTA comonomers from
intercalators to chain cappers (Figure 5d).
These observations were rationalized by using the

thermodynamic model. To describe the two-component
system after photoisomerization, the model was extended for
Z-m-BTA acting as a chain capper by prohibiting the

formation of B−A bonds as additional assumption. Aggregates
with B monomers at the chain end thus cannot grow further.
For this chain-capping case, the model predicts a decrease in
mean aggregate length with increasing mol % of chain capper,
which is even stronger than the experimentally observed effect
(Figure S18). The model used for understanding the
coassembly of E-m-BTA in the a-BTA stacks assumes that
the system is always at thermodynamic equilibrium and that
100% of E-m-BTA converts to Z-m-BTA. Because of the
thermal reisomerization of the chain capper Z-m-BTA over
time, this assumption does not hold, which makes an exact
prediction of the degree of polymerization difficult.

■ DISCUSSION
With the insights obtained from the spectroscopy and SLS data
combined with the theoretical model, we can control the
influence of the second component m-BTA on the chain
length of the supramolecular copolymer with E-m-BTA acting
as an intercalator and Z-m-BTA as a chain capper. Moreover, it
is demonstrated that polymer length is highly dependent on
the concentration regime and that the composition of the
system changes with concentration. The polymer chain length
was calculated with the model over a range of concentrations
from 25 μM to 40 mM with increasing mol % of additive m-
BTA (Figure S18). The predicted length was then normalized
to the value for the polymer length at 0 mol % m-BTA for all
concentrations to visualize the relative changes over the
concentrations (Figure 6). For the simplest case of dilution of
pure a-BTA, the length decreases and scales with the square
root of the concentration. Therefore, the decrease in
normalized length is identical for the five concentrations
plotted in Figure 6 (black lines) although the non-normalized
lengths differ (Figure S18). When E-m-BTA acts as an

Figure 5. Decrease in copolymer length determined by SLS when switching m-BTA from an intercalating comonomer (E-m-BTA) to a chain
capper (Z-m-BTA) with light. (a) Scattering profiles of 10 mol % m-BTA in a-BTA before, after UV310, and after UV405 irradiation. (b) Decrease in
Rθ for 5 mol % m-BTA in a-BTA at an angle of 30° followed during E to Z isomerization and Z to E back-isomerization. (c) Effect of light stimulus
on the chain length of the copolymers of m-BTA/a-BTA over a range of copolymer compositions. (d) Deviation of chain length in a-BTA/m-BTA
stacks before and after irradiation with increasing mol % m-BTA. Total concentration was c = 2.0 mM in MCH in all cases.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c00858
J. Am. Chem. Soc. 2020, 142, 6295−6303

6300

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00858/suppl_file/ja0c00858_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00858/suppl_file/ja0c00858_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c00858/suppl_file/ja0c00858_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00858?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00858?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00858?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c00858?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c00858?ref=pdf


intercalator (red lines), the chain length varies in two regimes.
At first, the chain length increases when predominantly M-type
helices are formed at the expense of P-type helices by
intercalation of the chiral comonomer. From roughly 20 mol %
of E-m-BTA intercalator, the copolymers are shorter than the
pure a-BTA aggregates of the dilution series at the same
effective concentration because of the decrease of a-BTA
concentration and the destabilization of the m-BTA/a-BTA
copolymers. At low overall concentrations, the decrease in
chain length is not very pronounced. At higher concentrations,
however, the length decreases more dramatically, and up to
75% length decrease is observed at 40 mM by mere
intercalation of E-m-BTA. When Z-m-BTA acts as a chain
capper (blue lines), this trend becomes even more apparent.
While at 25 μM with 50 mol % chain capper added the
normalized length decreases to roughly 45% of the original
length, at 40 mM the chains shorten to around 6% of the
original length for as low as 5 mol % of chain capper.
Contrary to chain capping in covalent polymers where the

ratio of chain capper to monomer controls the chain length, in
supramolecular polymers also the concentration, and not just
the ratio of chain capper to monomer, majorly affects the
aggregate length.8 This strong dependence on concentration
might seem counterintuitive at first, as it makes the
characterization of two-component systems more complex.
The analytical techniques used to characterize chain length in
supramolecular systems require different concentration re-
gimes, ranging from 25 μM for CD spectroscopy, over 2.0 mM
for SLS, to 6 wt % (∼60 mM) for the organogel. This
demonstrates that one has to be careful when interpreting data
from analytical techniques over a range of concentrations as
the results are significantly affected by the concentration
regime.

■ CONCLUSION
In conclusion, we reported on the copolymerization at
thermodynamic equilibrium of achiral alkyl BTAs with a
chiral, photoresponsive acyl hydrazone BTA monomer that
plays a dual role in the assembly. While E-m-BTA does not
form homopolymers, it intercalates into the a-BTA aggregates,
inducing a preferred helical sense in the stacks. Upon
photoirradiation from the E to the Z isomer, m-BTA reversibly

transforms from an intercalator to a chain capper, effectively
reducing the average chain length and leading to a macroscopic
sol-to-gel transition. By theoretical modeling of the system, we
could gain insights into the state of the assembly before and
after light stimulus. The model was also used to demonstrate
the effect of an intercalator and a chain capper in a two-
component copolymerization over a broad range of concen-
trations. The theoretical predictions show that the influence of
an additive becomes more and more dramatic with increasing
average chain length at higher concentrations.
The present work provides a strategy to control the length

and the composition of cooperative supramolecular polymers
by using a small amount of responsive comonomer. In the
quest for functional out-of-equilibrium systems, new insights
are given to translate small molecular changes into macro-
scopic phase transitions. Moreover, these results highlight the
sensitivity of supramolecular systems to concentration and the
necessity to characterize supramolecular polymers using
various techniques in different concentration regimes.
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