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Phototuning hydrogels’ mechanical prop-
erties with visible light are achieved  
by incorporating all-visible azobenzene 
derivatives within PEGylated networks.
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Gels are especially sensitive to their 
environment and can be designed to 
readily respond to variations in, typically, 
pH or temperature.[5] Light is another 
trigger of choice offering the advantage 
of precise photopatterning[4] and allows 
to alter hydrogels’ mechanical properties  
either permanently by implementing photo­
cleavable groups[6] or reversibly using 
photochromic molecules, such as spiro­
pyrans[7,8] or azobenzenes.[9] Following 
the latter strategy, noncovalent physical 
gels typically lead to materials with light-
induced sol–gel transitions,[10–13] whereas 
covalent chemical gels can exhibit more 
finely tuneable phenomena such as pho­
toinduced motion,[14–18] or softening/
hardening. Photoswitchable hydrogels 
exhibiting modulation of their mechanical 
properties have been described;[16,19] how­

ever, their activation requires UV light, which displays several 
drawbacks related to its damaging character for the materials 
and its surrounding, as well as its limited light penetration.[20]

Here, we present a polyethylene glycol (PEG) hydrogel 
incorporating ortho-fluoroazobenzenes[21] as cross-linkers (see 
F4-azo-PEG; Figure 1) and exhibiting reversible photomodula­
tion of elasticity using blue and green light. Ortho-fluoroazoben­
zenes (abbreviated to F-azos in the following) were selected as 
photochromic moieties due to their full addressability with 
visible light and very high thermal stabilities of the thermo­
dynamically less stable Z-isomers. F-azos were functionalized 
in para-positions with amide linkers, since such electron with­
drawing groups maximize the separation of E and Z isomers’ 
n→π* bands in the visible region[22] (see Figure 2a) and hence 
promote higher photoisomerization yields using blue (Z→E) or 
green (E→Z) light.

2. Results and Discussion

F4-azo-PEG gel samples were prepared via strain-promoted 
click cycloaddition between a tetra-armed PEG macromon­
omer (Mn = 10 kg mol−1) terminated with azide groups 
(tetra-N3-PEG) and the F-azo derivative functionalized with 
aza-dibenzocyclooctynes[23,24] (F4-azo-bis-DBCO). This reac­
tion typically exhibits fast kinetics at room temperature and 
does not necessitate the presence of a Cu-catalyst, which 
might be beneficial for the formation of the gel, since once the 
gelation starts, diffusion of the reactants is reduced. The two 
starting materials were dissolved in stoichiometric amount in 

xxxx

Hydrogels are soft materials that have found multiple applications in bio-
medicine and represent a good platform for the introduction of molecular 
switches and synthetic machines into macromolecular networks. Tuning 
their mechanical properties reversibly with light is appealing for a variety of 
advanced applications and has been demonstrated in the past; however, their 
activation typically requires the use of UV light, which displays several draw-
backs related to its damaging character and limited penetration in tissues 
and materials. This study circumvents this limitation by introducing all-visible 
ortho-fluoroazobenzene switches into a hydrophilic network, which, as a 
result, can be activated with green or blue light. Photoisomerization of the 
photochromic moieties is accompanied by a reversible tuning of the elastic 
modulus. The translation of molecular isomerization within the network into 
macroscopic modulation of its mechanical properties is attributed to different 
aggregation tendencies of the E and Z isomers of the azobenzene derivatives.

1. Introduction

Hydrogels are 3D networks with high water content that have 
found many applications in modern medicine, e.g., biomed­
ical implants, adhesives, contact lenses, or scaffolds for tissue 
engineering.[1] Their mechanical properties, in particular the 
elasticity, are essential and hence a key parameter is the shear 
elastic modulus (G′), with different applications requiring 
moduli across the 102–107 Pa range.[2] For instance, stem cells 
are known to remember past mechanical environments and dif­
ferentiate depending on the elastic modulus of the substrate.[3] 
Hence, creating hydrogels whose elasticity can be tuned on 
demand is promising for inducing environmental mechanical 
variations that mimic the extracellular matrix dynamics and 
dictate cells’ fate.[4]

Macromol. Rapid Commun. 2017, 1700527
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DMF in a disc-shaped mold and stirred at room temperature 
for ≈3 min. When the solution became viscous, the stirring 
bar was removed and the gel was kept at room temperature for 
1 h, followed by 4 h at 45 °C in order to obtain homogenous 
samples. After cooling to room temperature, solvent exchange 
with distilled water for 3 d yielded fully swollen hydrogel 
samples.

The photoisomerization of the F-azo moieties within F4-azo-
PEG hydrogel samples was investigated by UV–vis spectros­
copy (see Figure 2b) and compared with the starting material 
(F4-azo-bis-DBCO) in solution (see Figure 2a). As typically 
observed for F-azo derivatives,[21] the green-light-induced E→Z 
isomerization is characterized by a blueshift of the n→π* band 
from 460 to 420 nm, while subsequent blue-light irradiation 
almost completely recovers the initial E-isomer spectrum. This 
reversible Z/E isomerization can be repeated for several cycles 
without photobleaching (see Figure 3b). Based on very similar 
absorption spectra of the hydrogels and F4-azo-bis-DBCO in 
solution, it can be concluded that photoisomerization within 
the gel is not hindered and similar photostationary states (PSS) 
are obtained, i.e., 87% of Z-isomer and 93% of E-isomer upon 
green-light and blue-light irradiation, respectively (see Figure S1,  
Supporting Information). The kinetics of the thermal Z→E 
relaxation was then measured at 37 °C. After irradiation with 
green light until reaching the Z-rich PSS, spectral changes 
were monitored in the dark (see Figure 2b, bottom). After 60 h, 
the n→π* band experienced a redshift of 15 nm, corresponding 
to a decrease of ≈30% of Z-isomer (from 87% to 57%). Such a 
slow thermal relaxation, corresponding to a thermal half-live of 
≈15 d at 37 °C, is characteristic of F-azos and similar to the free 
derivatives in solution.[22] The absence of significant accelera­
tion of the Z→E thermal isomerization compared to the free 
molecules in solution indicates that no large mechanical strain 
is generated within the polymer chains of the networks upon 
E→Z photoisomerization.

Dynamic time sweep rheological experiments were con­
ducted to monitor the response of F4-azo-PEG gel in situ 
upon exposure to visible light. The shear moduli were 
recorded after 2 h of equilibration in water with the hydrogel 
sample loaded into the rheometer. The moduli were measured 
for frequencies ranging from 0.001 to 100 Hz at a constant 
shear strain of 1% (see Figure S3, Supporting Information). 
Over this frequency range, the storage modulus (G′) was 
larger than the loss modulus (G″), indicating a preponder­
ance of the elastic behavior within the samples and demon­
strating successful cross-linking (in a liquid or melt G′ < G″).  

Q4
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Figure 1.  Design and synthesis of photochromic hydrogels responsive to green and blue (LED) irradiation.Q3

Figure 2.  UV–vis absorbance spectra. a) F4-azo-bis-DBCO in acetonitrile 
at 25 °C (5.5 × 10−5 mol L−1); the inset shows the n⟶π* bands and 
indicates the compositions of the PSS mixtures (as determined by liquid 
chromatography) upon irradiation with visible light. b) F4-azo-PEG gel in 
water at 25 °C (top, λmax are indicated next to the curves; the inset high-
lights the photochromism of the hydrogels) and thermal Z→E relaxation at 
37 °C (bottom, each curve was taken with 4 h interval; total measurement 
time: 60 h). The inset shows the redshift of the n→π* band over time.
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The evolution of the moduli over time was measured at a 
frequency of 10 Hz with three different samples. The initial 
value of G′ was found to be constant for all samples, at 
around 375 Pa (corresponding to a cross-linking density of 
≈150 mmol m−3; see the Supporting Information), indicating 
the reproducibility of the synthesis procedure. Upon irradia­
tion with green light, G′ decreased and stabilized after 2 min, 
while subsequent irradiation with blue light quickly restored 
the initial elasticity (see Figure 3a). Both green and blue-light-
irradiated states could be kept with stable G′ values for a few 
minutes after the light was switched off. However, a slight 
increase of G′ was observed over time for both states, pos­
sibly due to small changes in the swelling of the gel during 
isomerization. Several switching cycles could be performed 
alternating between cross-linking density without exhibiting 
any fatigue. Remarkably, photomodulation of the mechanical 
properties occurred at the same speed as photoisomerization 
within the gel (i.e., the value of G′ stabilized as soon as the 
PSS was reached; see Figure 3b).

In order to understand the mechanism of the photo­
modulation of G′, the gel’s mechanical properties were also 

investigated in an organic solvent. Exchanging the swelling 
agent (water) with DMSO causes tremendous swelling of the 
sample, as the diameter increased from 20 to 27 mm, the 
thickness increased from 0.6 to 0.7 mm (see Figure 3c), and 
the gel became much more elastic (G′ of 170 Pa in DMSO vs 
375 Pa in water; see Figure 3d). In addition, no photomodu­
lation of G′ could be observed in the DMSO sample. In view 
of these last experiments, it is assumed that the photomod­
ulation of G′ occurring in the hydrogel arises from revers­
ible disruption of noncovalent interactions between F-azos 
in water. Since E-azobenzenes are planar and more hydro­
phobic than the Z-isomers (see Figure  4), their tendency to 
assemble (via π-stacking and hydrophobic effects) is higher, 
especially in water.[16] As a result, E-isomers most likely act 
as noncovalent additional cross-linkers, leading to less elastic 
hydrogels, while E→Z isomerization could disrupt these 
physical cross-links hence softening the gel. By contrast, the 
organogel swollen with DMSO does not exhibit any change 
in G′ upon irradiation because the physical cross-links 
induced by the hydrophobicity of the E-azo moiety in water 
readily dissociate in the organic solvent. The disruption of 

Q5
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Figure 3.  Rheology of F4-azo-PEG hydrogel. a) Cyclic changes in G′ and G″ obtained upon alternating irradiation with green (530 nm, 2 min) and 
blue (405 nm, 30 s) LEDs. b) Zoom-in of the G′ curve (top) and corresponding spectral changes recorded within the same time period (bottom, 
absorption maxima have been connected with a line to guide the eyes), highlighting the synchronicity between photomodulation of G′ and kinetics of 
photoisomerization. The origin of the time was set at the beginning of the first irradiation cycle. c) Solvent exchange (water → DMSO) experiment and 
d) subsequent measurement of G′, which was not affected by irradiation with the green or blue LEDs.
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secondary physical cross-links can also explain the large 
expansion of the gel during solvent exchange (Figure 3c) in 
addition to a higher affinity of the network for DMSO than 
for water.

Although the hydrogels described here display significant 
(yet moderate) photomodulation of elasticities, we did not 
observe any concomitant macroscopic contraction–expansion 
motion as reported recently[16] in PEG hydrogels of similar 
architecture incorporating parent (nonfluorinated) azobenzenes 
(see compound 4; Figure 4), which might be due to different 
association tendency of the photochromic moieties. Three 
driving forces can be involved in the association of amido-
azobenzenes in water: hydrogen bonds, hydrophobic effects, 
and π-stacking. Although it is difficult to evaluate differences 
in H-bonding ability between F-azos and parent azobenzenes, it 
is possible to gain insight into π-stacking ability by comparing 
their deviation from planarity, and into hydrophobic interac­
tions by comparing their dipole moments (µ). The minimum 
geometries and dipoles of a series of relevant azobenzenes were 
computed using density functional theory (DFT; see Figure 4). 
According to the calculations, plain E-azobenzene as well as its 
amido derivative (compounds 1 and 4) is nearly planar, whereas 
E-F-azos (compounds 2 and 3) exhibit significant deviation 
from planarity (CCNN twist angle of ≈30° for the minimum 
geometry of the E-isomers; see Figure 4 and Figure S4, Sup­
porting Information).[25] Consequently, the π-stacking ability 

of the E-isomer should be weakened, supporting the moderate 
photomodulation observed in F-azos as well as the absence of 
photoinduced macroscopic motion. As a consequence of the 
less planar geometry, the calculated dipoles for the E-isomers 
of F-azos are higher compared to parent azobenzenes (see 
Figure 4), hence weakening hydrophobic effects in the hydro­
gels. A last reason for the different observed behaviors could 
be a smaller difference of dipole moments between E and  
Z-isomers (Δµ) for F-azos, which would affect the amplitude 
of the swelling/deswelling of the hydrogels. Nevertheless, DFT 
calculations indicate that Δµ are similar for compounds 3 and 4;  
hence, at this stage, we believe that the system could be opti­
mized mainly via planarization of the visible-light responsive 
moiety.

3. Conclusions

Hydrogels whose elasticity can be reversibly phototuned with 
visible light have been presented. The use of UV light could 
be avoided, which is generally beneficial regarding the pho­
tostability of the materials and their surroundings as well 
as their future use for biological applications. The origin of 
the light-induced responses is attributed to the disruption of 
secondary physical cross-links between photochromic moie­
ties upon isomerization, as inferred by solvent exchange in Q6

Macromol. Rapid Commun. 2017, 1700527

Figure 4.  Dipole moments (µ) and CCNN dihedral angles (Φ) of compounds 1–4, computed at the B3LYP/6-311+G(d,p) level of theory. Compounds 
3 and 4 can display alternative stable conformations, where the two amido groups point toward the same direction (referred to as 3′ and 4′; see the 
corresponding values in parentheses). Dipole moments are given in debye (D) and dihedral angles in degrees (°).
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DMSO, which in addition to suppressing any photoreponses 
induces a large expansion of the samples. DFT calculations 
have been performed to gain insight into the association 
tendency of F-azobenzenes, revealing significant deviation 
from planarity for the E-isomers, which is detrimental to the 
formation of noncovalent crosslinks. Optimizing the design 
of F-azobenzenes regarding their planarity, for example, 
employing only one ortho-F per phenyl ring, could increase 
the amplitude of G′ phototuning and possibly induce macro­
scopic motion of the materials for the preparation of syn­
thetic macromolecular machines.[26]
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