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Nucleobase-grafted polycaprolactone has been prepared which exhibits
amorphous nature, rapid photoresponse and controlled surface prop-
erties in the solid state owing to the formation of uracil—diamidopyridine
(U-DAP) pairs by induced physical cross-linking. In addition, they can
self-organize to alter material behavior with light, switching both optical
and thermal properties. Remarkable changes in the surface morphology
and the contact angle with water were also observed.

Photochromic materials recently have attracted renewed interest
because of their potential technological applications for optical
data storage and optical switching.' Among photochromic
molecules, azobenzene moieties as switching units have been
extensively studied for their unique photoisomerization.> The
azobenzene molecule isomerizes from a stable trans state to a
metastable cis state upon UV irradiation, and the cis isomer can
be switched back to the ¢trans isomer by visible light or heat. The
cis-trans isomerization of azobenzene is usually accompanied by
molecular changes in physical properties such as polarity,
viscosity and absorbance. In recent years, several light-induced
effects have been reported.® For example, Alemani et al. observed
field-induced trans—cis isomerization of 3,3',5,5'-tetra-tert-buty-
lazobenzene, at a height of 5-6 A from the surface.* However,
unsubstituted azobenzene has been observed to undergo trans-
cis isomerization at negative sample bias, with the reverse
process occurring at positive bias.> When azobenzene is
incorporated in a polymer matrix, photoisomerization can
generate motions ranging from reorientation of the chromo-
phore to massive motion of the polymer materials.
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Supramolecular interactions offer several novel strategies for
material design, because noncovalent interactions are
inherently reversible, highly tunable, and provide unlimited
processablility.® These materials utilize noncovalent interac-
tions similar to those found in bio-molecules such as proteins,
DNA, and RNA to direct and modulate their 3-D topology.”
Inspired by natural systems, chemists have explored the use of
noncovalent interactions for the construction of supramolec-
ular polymers resulting in responsive materials with properties
that can be changed by varying the environmental parameters,
such as temperature, pH, redox state or concentration.® Several
supramolecular structures have been incorporated into
polymers to form novel materials with features of conventional
polymers while featuring reversibility in the bonding between
monomer units.” In a previous study, we demonstrated that it is
possible to form a RNA-like randomly copolymer by choosing
biocomplementary hydrogen bonding recognitions (uracil-
adenine; U---A)."* More recently, we further report the synthesis
and assembly behavior of heteronucleobase-functionalized
biopolymers.** Attachment of multiple hydrogen-bonding units
to side chains of polymers results in phase separation and
substantial changes in morphology and biocompatibility in
vitro. Therefore, we expect introduction of a potential route to
the combination of noncovalent interactions and photo-
isomerization in supramolecular polymers. In this study, we
prepared a wuracil-grafted polycaprolactone (U-PCL) and
transformed it into noncovalent network systems through
biocomplementary hydrogen bonding recognition in the pres-
ence of a diamidopyridine-based azo chromophore (Azo-bisdap,
Scheme 1).

Nucleobase-functional polycaprolactone was synthesized in
three steps as shown in Scheme S1 (see the ESIT for full details).
In this case, introducing azobenzene-nucleobase cross-linkers
into the side-chain polymer could lead to new ways to control
large-scale changes in optical and photo-physical properties.
The synthesis of the Azo-bisdap involved four steps
(Scheme S271): acryl chloride-terminated azidoundecane was
synthesized using an excess of thionyl chloride in the reaction,
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Scheme 1 Graphical representation of a crosslinked U-PCL/Azo-
bisdap complex.

the terminal acryl chloride was end-capped with N-(6-amino-
pyridin-2-yl)acetamide to produce a DAP-terminated azi-
doundecane, and then the Azo-bisdap was obtained after click
chemistry. The copolymer composition was confirmed by the
relative "H NMR spectroscopic absorption peak areas of signals
at o-Cl-e-CL and &-CL (Table S17}). The properties of the nucle-
obase-grafted polycaprolactone containing 30% uracil units are
the focus of this communication.

Before photochemical studies, we first investigated (Fig. 1)
the binding affinity of the intermolecular complex using a 'H
NMR titration experiment. The association constants (K,) for
hydrogen-bonded complexes characterized by 'H NMR at 25 °C
in chloroform-d and the Azo-bisdap concentration systematically
increased from 40 to 420 mM. The position of the uracil imide
peak in the spectra of the copolymer shifts with increasing
concentration of the diamidopyridine host. In addition, the
resonances of the amido NHs are relatively broader, indicating a
fast exchange rate between the associated and the dissociated
uracil-diamidopyridine complex on the NMR time scale."* The

Bensi-Hildebrand model, a mathematical method of
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Fig.1 H NMR titration of U~PCL with Azo-bisdap. The chemical shift
of the NH group of uracil was monitored.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Polymer Chemistry

determining the association constant (K,) from the NMR titra-
tion experiment, was employed to fit nonlinear chemical shift
data as expected for heteromeric hydrogen bond association
with the assumption that the complex was formed in 1 : 1 stoi-
chiometry.*” A double reciprocal plot based on the association of
the Azo-bisdap complex showed a linear relationship as shown
in Fig. S4.1 The K, value obtained for copolymer and monomer
systems was 23.2 M ', providing evidence for cooperative
binding events on polymer scaffolds.

After conducting these preliminary biocomplementary
hydrogen bonding recognition studies, we test the photo-
isomerization of the U-PCL/Azo-bisdap complex. Upon irradi-
ation with UV light at 365 nm, the absorption band at around
345 nm decreases significantly, while the band at around
435 nm increases slightly as shown in Fig. 2. The absorption
bands at 340 and 435 nm are ascribed to w-m* and n-7* tran-
sitions, respectively. Spectra overlay suggested the isosbestic
point existing around 400 nm. When irradiated with visible
light (or in the dark), the 7-m* absorption increases with a
slight decrease in the n-m* absorption, indicating that the
photoisomerization of azobenzene undergoes a change from
the cis to the trans state. The change of the absorption bands
induced by UV irradiation is indicative of the photo-
isomerization of azobenzene from the trans to the cis state.
Similar results were verified in "H NMR spectroscopy under
irradiation with UV light (Fig. S51): the peak at 6 = 5.50
decreases and the peak intensity of the signal at 6 = 5.46
increases substantially. The former peak corresponds to the
trans-isomer and the latter corresponds to the cis-isomer. When
irradiated with visible light (or in the dark), the results exhibited
areverse trend. This observation indicates that the formation of
the supramolecular cross-linked structure is due to photo-
chemical reversibility.

Fig. 3 (a) displays DSC thermograms of both U-PCL and Azo-
bisdap, and their blends at various compositions. A single value
of the glass transition temperature (T) strongly suggests that
the U30-PCL/Azo-bisdap blend system is fully miscible with the
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Fig. 2 UV-vis spectra of the U-PCL/Azo-benzene complex under UV
365 nm exposure before, and after dark treatment at room
temperature.
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Fig. 3 (a) DSC curves of U-PCL samples containing various amounts
of Azo-bisdap. (b) DSC curves of U-PCL/Azo-bisdap = 3/1 under UV
365 nm exposure before, after different times, and dark treatment.

homogenous phase. The T, values of pure U-PCL and Azo-bis-
dap were 2.7 and 65.4 °C, respectively. As expected, all the
blends show only one single T, value, indicating that the uracil
group of U-PCL is highly complementary to the diamidopyr-
idine group of Azo-bisdap. Considering that the photo-
isomerization of azobenzene is reversible and the trans and
cis-isomers can be switched with UV and visible light, UV-
induced isomerization and its reversibility were monitored in
the film by DSC (Fig 3 (b)). Surprisingly, when the U-PCL/Azo-
bisdap complex was irradiated with UV light, the U30-PCL/Azo-
bisdap blend exhibits two Tgs at 9.9 and 56 °C, both lower than
that of visible-light treatment, indicating the presence of micro-
phase separation. The T, at 55 °C comes from the amorphous
phase of Azo-bisdap, implying that the hydrogen bonded
dominant phase is excluded resulting in two T,s. Based on the
above discussion, the results suggest that the cis-trans isomer-
ization can change the motion ability of the PCL matrix.
However, the value of T, returns to its original value after visible
light exposure (or in the dark), suggesting that the supramo-
lecular complexes are photo-reversible in the bulk state. FTIR
spectroscopy was also employed to investigate the phase
transitions of the U-PCL/Azo-bisdap complex during the UV
exposure period (Fig. S77). After 3 h of UV exposure, the peaks at
3143 and 3210 cm ™' corresponding to N-H stretching of the
bound shifted to higher wavenumber and the free amide N-H
stretching vibration at 3300-3450 cm ™" appears gradually for a
3/1 U-PCL/Azo-bisdap blend in Fig. S7,f implying that a
significant reduction in the fraction of association occurs in the
hydrogen bonds between uracil and diamidopyridine. As
mentioned in our discussion above of the DSC data, the FTIR
results also revealed that the formation and disassociation of
cross-linking points during the exposure process was probably
the most important factor resulting in stable phase transitions.

Supramolecular binding motifs show giant vesicular
aggregates due to the biocomplementary hydrogen bonding
recognition (such as thymine and diacryldiamidopyridine
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functionalities).*** Similar structures are expected to be present
in the polymer networks; the morphology of supramolecular
networks was investigated with atomic force microscopy (AFM)
in the tapping mode regime. The thin film of the U-PCL/Azo-
bisdap blend prepared by the solution-casting method on the
glass substrate exhibits irregular island domains with lateral
dimensions ranging from ca 300 to 800 nm (Fig. 4). Notably, the
morphology of the film was significantly altered upon irradia-
tion with UV light at 365 nm, as can be seen in Fig. 4 (b). A great
number of hills on the surfaces provide evidence for the
formation of the cis state as a consequence of irradiation with
UV light. The root mean square (rms) roughness changed from
4.4 nm before irradiation to 20.9 nm after irradiation in this
system. Similar morphological changes were reported for
asymmetrical poly(vinyl alcohol)-co-ethylene membranes
blended with azobenzene polymers.** Then this sample was
stored in the dark for 3 h; the morphology of the surface was
restored (Fig. 4 (c)) and the value of rms roughness returned to
4.2 nm. This result further demonstrated that the topological
properties of the hydrogen bond network serving as a direct
pathway for light irradiation led to a marked transformation in
the surface roughness. Based on DSC and AFM results, the cis-
formed U-PCL/Azo-bisdap complex exhibits an obvious change
of rms (from 4.4 to 20.9 nm™ ') corresponding to its phase
separation regime as shown in Fig. 4b, indicative of unspecified
structural features at a relatively large size. On the other hand,
the formation of the cis isomer results in the increase of the
intermolecular steric effect between azo-dye molecules and the
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Fig. 4 AFM images of the U-PCL/Azo-bisdap complex and photo-
graphs of the water droplet shape on the U-PCL/Azo-bisdap complex
before irradiation (a and d), after irradiation with UV light (b and e), and
after UV irradiation followed by 3 h of exposure to visible light (c and f).
(9) Reversible wettability transitions of the U-PCL/Azo-bisdap
complex after several cycles of irradiation: 3 h at A = 354 nm followed
by 3 hat A>420 nm.
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formation of a physical network of these domains. Similar
results were verified in contact angle (CA) measurements of
U-PCL/Azo-bisdap. The samples showed the most significant
static CA change; the CA of U-PCL/Azo-bisdap decreased from
89.8° to 63.5° upon UV irradiation. Wettability can be switched
back to its initial hydrophobic state after exposure to visible-
light for 3 h. These phenomena were repeated four times with
the same results (Fig. 4 (g)). This behavior arose presumably
because the trans-to-cis isomerization of azobenzene induced by
UV light irradiation leads to a large increase in the dipole
moment of this molecule.> More interestingly, significant size
changes of the aggregates were observed in the UV-exposed
U-PCL/Azo-bisdap complex over 60 min at ambient tempera-
ture, and cis-to-trans isomerization proceeded over a one-day
period (Fig. S6t). This morphological change can be explained
in terms of an increase in the torsional strain upon isomeriza-
tion of trans-azobenzene into the less planar (sterically bulky)
cis-isomer.”®"* According to all the above, these results provide
strong direct evidence of higher hydrophilicity from the
UV-exposed sample than the visible light-exposed sample. Thus,
we confirm that the major fraction of intermolecular trans-
isomers existed after irradiation with UV light. In addition, this
study demonstrates a simple yet effective approach to tune the
properties of surfaces using noncovalent interactions, thus
providing a potential route toward design and manipulation of
hydrophilic/hydrophobic patterns.

Conclusions

In summary, dye-doped polymer materials are obtained by
simply mixing nucleobase-functionalized polymers with DAP-
modified chromophores. The photoresponsivity of the supra-
molecular complexes was confirmed by the occurrence of the
UV and visible light-induced reversible trans—cis photo-
isomerization. The isomerization produces large structural
changes in the azobenzene conformation and significantly
affects its thermal properties, which is the key to the unique
photocontrollable  behaviors in azobenzene-containing
supramolecular systems. Thus, the wettability of the surface can
be successfully controlled by alternating illumination with UV
and visible light. This U-PCL/Azo-bisdap supramolecular
system by an external stimulus may open the way to many
potential applications, including self-healing paint, chemical
lithography, and nonlinear optical systems.
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