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An Adaptable Tough Elastomer with Moisture-Triggered
Switchable Mechanical and Fluorescent Properties
Xing Zhou, Libing Wang, Zichao Wei, Gengsheng Weng,* and Jie He*

Smart materials with coupled optical and mechanical responsiveness to materials _have befen .deveIOped with similar
adaptable properties in response to external

extgrnal stimuli, as inspireq by nature, are .of interest for the biomimgtic stimuli. In such a system, synthetic materials
design of the next generation of soft machines and wearable electronics. A consist of dynamic interactions, e.g., hydrogen
tough polymer that shows adaptable and switchable mechanical and bonding®  coordination¥  hydrophobic
fluorescent properties is designed using a fluorescent lanthanide, interaction’?) and dynamic covalent borfd,
europium (Eu). The dynamic Eu-iminodiacetate (IDA) coordination is that allow the reshape of the structure and the
. ted to build up the physical linki twork in th | change of composition of materials under
mcorpora} e_ o bui gp e physical cross-linking ne wgr |n. e pg ymer . temal stmulls The disruption and
film consisting of two interpenetrated networks. Reversible disruption and  reformation of dynamic interactions enable the
reformation of Eu-IDA complexation endow high stiffness, toughness, and  switchability in different mechanical states,
stretchability to the polymer elastomer through energy dissipation of usually weak and strong, respectively. One
dynamic coordination. Water that binds to Eu3* ions shows an interesting ~ €xample is the use of the catecket"
impact simultaneously on the mechanical strength and fluorescent Coord',nat'or? in a pHresponsive hVF‘mQ@'-

. . . The disruption of catechdte’* coordination
emission of the Eu-containing polymer elastomer. The mechanical states of

. . . . under acid condition weakens the physical
the polymer, along with the visually optical response through the emission crosslinking network, thus softening the

color change of the polymer film, are reversibly switchable with moisture hydrogel. Integrating optical and mechanical
as a stimulus. The coupled response in the mechanical strength and response in the same material, however, is
emissive color in one single material is potentially applicable for smart technically challenging yet would

. .. . . . . [8]
materials requiring an optical readout of their mechanical properties. be highly desirable. In particular, the coupling

1. Introduction of optical and mechanical response
in one material potentially adds in visualizable readout on its
. . . . . . rgechanical strength by color change under external stimuli.
In nature, biological materials present interesting optical an . : . o
: . : Lanthanides like Eu and Th show intense fluorescence in visible
mechanical responsiveness upon the change in the stress level or . . ) o )
. ) fange, particularly when coordinated with sensitizing ligands as
local environment, e.g., the color/mechanical strength change 0 L . 9 . )
X . . fantennao in their Fdanthanideinretls i o n
octopus skins when being aggresBivand the open of pineces o N . .
12 T usually have large coordination numbersl(®) with preferentlly
when drying? Numerous biomimetic smart o ) 10
binding to more electronegative elements, e.d!%®or example,
Eu complexes can pick up trace amount of water from organic
solvents, which has been widely studied for water detection on the
X. Zhou, L. Wang, Prof. G. Weng basis of the fluorescence quenchitd.By incorporatigy red
School of Materials Science and Chemical Engineering emissive E8& ions in the polymer matrix, others and our group have
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fluorescent emission of Buionsb9212l|n the current contribution,
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chemically crosdinked poly(acrylic acidco-n-butyl acrylate) 2. Results and Discussion
(P(AA-co-n-BA)) as the other covalent network (Figure 1a).
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Figure 1. Preparation of the tough elastomer containing two networks. a) lllustration of the preparation method of the IPN elastcimg
photopolymerization. P(ME®IA-coIDHPMA) coordinates with Euions to form physical crodsking network. Monomers oAA andn-BA are
polymerized in the presence of EGDMA as a chemical-tinkss to form the covalently crodg;ked network. The scheme of IPN show the respons
EuIDA coordination to moisture, pH and¥éens that in turn controls the optical and meatical properties of the polymer film. b) Storage modules
and loss modulus33 plotted against reaction time during the photopolymerization. The organogel was subjected to a small oscillation sjratra(t
oscillation frequency of 1 rad s c) Optical images to show the transparency of the dried elastomer film with a sample thickness of 0.4 mm (lefi
luminescence under UV light (365 nm). All samples shown in the figure have-torHDAatio of 7/1 (mol/mol).
The coexistence of sacrificial metal coordination bonds along witthe copolymer of poly(di(ethylene glycol) methyl ether
chemical crosginks results in a tough elastomer. With a lowmethacrylateco-glycidyl methacrylate) (denoted as P(MEMA -
content of E& ions (the mole ratio of IDAo-Eu 7/1), the coGMA) (Mn= 127.8 kg mol}, n = 3.62 and the mole ratio of
el ast omer becomes tough. Mg a NMEBEMMAH®GMA tish51l) Was prepp@d througheeu dadical  (
can reah 24.3 MPa, much stiffer than traditional rubbers witlEan polymerization. A postpolymerization modification was carried out
of around 1 MP&3 The dynamic nature of the HDA via the ring opening reaction of epoxides with excess sodium
coordination also enables to reversibly tune the coordination by timinodiacetate in mixed solvent of
change of pH, ions and moisture (Figure 1a). We demonstrate thgthanolN,N&limethylformamide (10/1, viv) at 65C to yield
the disociation of E& ions even upon hydration by moisture camoly(di(etnylene gfcol) methyl ether methacrylats-3-
result in the switch off toughness and changing fluorescent colaminodiacetate2-hydroxypropylmethacrylate) (denoted as
subsequently, the removal of coordinated water can completd§MEQMA-co-IDHPMA)).11 The synthetic details and the
recover its original mechanical strength and fluorescent emissiaharacterization results of the two polymers are given in the
Our results, as a proaff-concept, illustrate the bioinspired designSupporting Information (Figure S1). When atigfiEu(NQ)s to the
of smart polymer elastomeric materials with coupled optical ar(MEOG:MA-co-IDHPMA) aqueous solution (10 wt%) with an
mechanical responsiveness that will be of interest for biose8ors|DA-to-Eu ratio of 7/1 (mol), a clear dajel transition was seen
wearable optoelectroni¢$] and anticounterfeitingnaterialg6! (Figure S2a, Supporting Information), suggesting that Ems can
effectively induce the intermolecular crdsxking via the
coordination with IDA as reported previousi§?
To prepare the elastomer containing dual networks, acrylic acid
(AA), n-butyl acrylate-BA), ethylene glycol dimethacrylate
(EGDMA, crosslinker), and  2hydroxy-2-  methytl-
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phenylproparl-one (photoinitiator) were added into thefirst investgated using uniaxial tensile tests. In the absence¥f Eu
P(MEOQ:MA-co-IDHPMA) solution (10 wt% in methanol/dioxane, jons, the mechanical properties of the film of P(ME®-co-
10/1, v/v). The weight ratio of (P(ME®IA-cODHPMA): AA: n-  |IDHPMA) mixed with the P(AAco-n-BA) is weak with a tensile
BAIEGDMA is 10: 27: 6: 0.75 in the final agion. To this solution,  strength of 0.5 MPa, a of 2.2 MPa and an elongation at rupture
a predetermined amount of Eu(j)&X(the mole ratio of IDAto-Eu  of 320%. Atan IDA-to-Eu ratio of 7/1, the strekstrain curve
7/1 was used as an example and the same ratio was used througéiesiivs a pronounced increase in stiffness wheré tfelculated
unless otherwise stated) was further added where the gelatipfiy |ow-strain region €3%)) of Eucontaining elastomers reaches
occurred |mmed|ately due to the fornuatiof E4IDA coordination. o4 3 pMpa Eigure 2a), which indicates the high binding strength of
After incubation for 5 h at room temperature, the organogel wgg, metiligand interaction. Subsequently, it shows a large
further exposed to UV light (1 mW crf) 365 nm) to polymerize deformation after the initial yielding, which is similar to those
AA, n-BA and EGDMA. The copolymerization of AA amdBA in  elastomers with high toughne$31®! Comparing to the elastic film
the presence of EGDMA as a chemical crbsker resulted in the \yithout E* ions, the tensile strength of Eontaining IPN
formation of the second network in the organogel.
To evidence the formation of the second network, thgjongation at rupture of 390%.

photopolymerization was monitored using a rheometer. The \ye fyrther investigated the stress relaxation behavior. The films

orggno_gels subject to UV |rrad|§t|on were studied using COnStavr\}ltth and without E8 ions were both stretched to a strain of 100%
oscillating measurements (a strain of 1% at a frequency of 1 ¥ad s

and immediately hold for 20 min to measuhe change of stress

at 25°C to obtain the storage moduluSZ(and the loss modulus o malized by max the stress at the beginning of relaxation) versus
(G3. Gzand G3plotted against the irradiation time are shown iime. As shown in Figure 2b, the stress of both samples decayed as
Figure 1b (see Figure S4 for details in the Supporting Informgtio time elapsed, indicating the release of stress. Theoktaining
Before photopolymerization, the organogel is weak wiBzaf 6.6  film released 85% of stress the first 5 min, while the sample

Pa. After photopolymerization for 3 min, baBzandG3increased without EW#* ions released 60% of stress. Due to the dynamic nature
sharply. It took around 10 min to reach a modulus plateau v@zere of the coordination of EIDA, the physical crostinking network

is significantly higher thanG3 All photopolymerizéion was Can endure large deformation and undergo fast recovery by
conducted for 20 min to ensure the high conversion of monomdgforming the complexatioaf EL-IDA. As it is stretched and hold
and crosdinkers. For the organogel with of an IB&-Eu ratio of for relaxation, the coordinated HDA complexes break down and

711, Gzreaches to 3.7 kPa, nearly three orders of magnitude higﬁgfn quickly reform "’?‘ newly accessible .sites resulti_ng_ in _a fast
than that before photopolymerization. Those tssirdicate the re easelscolfgb CS g)]ess, l.e., stress relaxation and dissipation of
formation of another chemically cresked network, or the IPN energyk 19
in organogels. The organogels have a thickness of around 1 mm angYdic loadingunloading measurements were used to examine
a diameter of 60 mm. the strainhistory dependence, as well as the toughness of the films.
The resulting organogels can further be dried to remove metha$hen the elastomer film was stretched to a strain of 200% and
and dioxane to form edtic films. The films are highly transparent unloaded immediately (Figure 2c), a residual strain of 70% in the
(Figure 1c) and display a large shrinkage of volume, compared rggraction process was observed. The residual strain originates from
that of organogels. The small angleay scattering (SAXS) profile the breaking of coordination bonds during stretching. During the
for the Eucontaining elastomer film does not show any scattering?Mmediate reloading process, a residual strain of only 4% was
peak (FigureS5, Supporting Information), implying that there is ngoPserved (96% recovery of strain, compared to the initiaggytl
electron density fluctuation at nanoscale. It indicates thdD@u Implies that broken coordination bonds reformed at newly
complexes do not phase separate in the polymer matrix. Af@gcessible sites and only a small amount of sfressnetwork
drying, the films have a thickness of 0.4 mm and the diameter orfif@ins remaine@®*%l In the consecutive loadingnloading
hada slight decrease@ mm). The obtained IPN elastomers (IDA cycles, residual strain in the retraction process was alw@@so
to-Eu ratio of 7/1) have &zof 32 MPa (measured by a dynamicregardless of the rest time, indicating that the covalent network and

mechanical analyzer (DMA), see the Supporting Information fotpe residual unchanged coordination preserve shape memory.

more details), which is four orders of magnitude higher than theimilarly, the stress was 86% recovered for immediate reloading
organmels. The overall quantum yield of the -Eentered and 94% recovered in a short rest time of 5 min. It is _nom;wor _

. L L . that the stress at the strain of 200% was restored with a resting
luminescence in this elastomer film is £0.1%*8 The emission

) . ) ) é'%terval of 30 min, although the area of the hysteresis loop was
decay was best fitted as a biexponential decay (Figure . . :
] ) ) N sthaller than the original one. Upon cyclic loading of the double
Supporting Informatior}?d to obtain fluorescence lifetimes; =

network, the energy dissipation is reflected by hysielesps as

0.18 ms (37%) andz2 = 0.51 ms (63%)). The dislke elastomer strains beyond the linear regime, also known as the toughness. We

films can be cut into desired geometries for further measuremenigalculated the energy dissipation (the area of the hysteresis loop as
Compared to the chemical cre@sking network generated by given in Figure 2d) from the cyclic loading curves in Figure 2c. The

photopolymerization, _the coordination of HDA as the physicql energy dissipation of the first cycke1.51 J ca?. A 0.91 J cm? of

crosslinking network is dynamic. Upon mechanical deformationgpergy dissipation was seen forimmediate reloading (60% recovery

the reversible dissociation and reformation of the-IBA  of oughness). As the rest time increased, more toughness was

complexation can dissipate energy. The impact of thdDBU  recovered. After 30 min, 82% toughness was recovered. The strain
complexation on the mechanical properties of the elastomer was

elastoner increased 440% to 2.7 MPa with a slightly larger
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history dependence of the polgmfilm without Eu ions was also presumably is due to the lack of the free IDA ligand to recover the
measured and shown in Figure S7 (Supporting Information), wheggordination of E# ions upon dissociation.

we did not see gradual recovery of toughness in a rest time of 5, 10gince the dynamic coordination of #IDA is responsible for the

and 30 min. Since P(ME®IA-co-IDHPMA) was uncrosslinked, a toughness, the toughness of the tela®rs was further measured
relatively large residual sira of~ 25% was seen after the first using the cyclic loadinginloading tests at the IDAtBu ratio
cyclic loading. These findings suggest a good recovery of toughneasged from 7/1 to 5/1. The toughness estimated from the energy
due to the dynamic coordination of HDA.
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Figure 2. Mechanical properties of the Ezontaining tough elastomers. a) Tensile stress curves of the elastomer withtub&si(black) and Eucontainil
elastomer (red). b) Stress relaxation of the elastomers withogt iBas (black) and Econtaining (red). Bin samples were stretched to a strain of 10
and maxis the stress at the beginning of relaxation. c) Cyclic sts&ssn measurement showing the stralmistory dependence of the Ezontaining IPM
elastomer with various rest intervals (1: original; 2ni; 3: 5 min; 4: 10 min; 5: 30 min). The immediate reloading shows nearly 100% strain reca
Histogram of toughness calculated from (c). e) Tensile stress curves of the elastomers prepared with diffetedfiuDadtios showing the influence
theE#* 02y i Syid 2y GKS YSOKLFyYyAOlt LINE LEWEU Bardio & IDAER AllleRsbiér Mmsshave a tlictnés
0.4 mm, width of 10 mm, length 30 mm, and the loading rate of 50 mm*isused throughout the measuments.

As the content of Eti ions increased, stiffening of the elastomemissipation of the first cycle is 1.51, 2.21, and 3.78 J3cifor
can be seen (Figure 2e,f). When the H®AEuU ratio was down to elastomers with an IDAo-Eu ratim of 7/1, 6/1, and 5/1,
4/1, the significant increase of the was seen. With a higher respectively (Figure S8, Supporting Information).
concentration of EYf ions, a gradual transition froralastic to However, the recovery rate, i.e., the percentage of toughness
plastic was noted, since the stress decreased gradually after yield@gpvery upon reloading of the networks, dropped quickly at a
and theE dramatically increased to 288 MPa at an HRAEu ratio  higher content of Eti ions. For the film with an IDAoEu ratio of
of 4/1. Further increase of the content ofEiens would result in  5/1, the toughness recovered only 45% compared to that in its first
the formation of the brittle films whemnly plastic deformation and cycle after a resting interval of 30 min. This, again, suggests that
low elasticity was observed (elongation at break bel®0%). The the film with more E8" ions becomes too stiff to allow efficient
Eincreased to 397 MPa for the film with an IB&Eu ratio of 2/1.  reformaion of the dynamic network of EIDA complexation.
As the amount of EXi ions (decreasing of IDAo-Eu ratio) The fluorescence emission of Euons is extremely sensitive to
increased, the physical cros#ling density increased. Since thethe coordination environmefi:*¢.11.2llSmaller transitional metal
chemical crosdinking density did not change, the mechanicalons (e.g., F&, Cl?*, and Zi&*) can be used to compete for the
properties were mainly controlled by the physical codsng of  coardination of EWIDA as reported in our previous stud$? Since
IDA-to-Eu coordination. This then resulted in the enhancement tife IDA can accommodate one small metal ion better than the large
mechanical properties. Thedore, those results indicate the highEw3* jon, the addition of those smaller transitional metal ions would
binding strength of the IDAo-Eu interactior*®**)Meanwhile, the  disrupt the EHDA coordination. This, consequentlyjlineaken

loss or retardation of dynamic properties oflBh complexation  the physical crosslinking network of the IPN elastomers. On the
when the IDAto-Eu ratio was hlgher than 4/1 also contributed tQ)ther hand, the dissociation of fHDA Comp|exation will allow

the dramatical inease ofE. From the molecular level, this water to hydrate the less coordinated®Euon in its first

coordination sphere. The strongfD vi br at i @m sas cfams
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shorten the lifetime of B excited staté thus leading to the molecules per Ei ions to sense the trace amount of wéf€rTo
decrease in the fluorescence emission of Eans. Additionally, ~study the impact of water on the fluorescence emission, the Eu
the change in pH that protonates the COOH and the tertiary amftaining film was stored under controlled relative humidity (RH).
groups will bring similar impacts on the coordiion and the Representative optical images oétalastomer having an ID#-
emission of E#F ions. Eu ratio of 7/1 under moisture are shown in Figure 3c. A clear
To demonstrate the coordination competition on the p0|ymépoistureinduced quorescgnce quenching is seen after exposure to
film, we used Fe(N@ss ol uti on as an i nk 2fRHOR8P% fare.Shy fincethe jwg polymer networks of the IPN
on the elastomer having an IBA-Eu ratio of 7/1. As shown in elastomers are both hydrophiliwater molecules as moisture can
Figure3a, a clear fAEuod pattern wiopypdifyseiptg thg fign,The fuorachyqmig respgnsivepegssa ¢ 5
moisture is reversible. After drying the film by purging dryfidir

(a) (b)

moisture moisture
— | —

Figure 3. Moisture-controlled optical response of the Ewntaining polymer films upon change in ions, pH and moisture. a,b) Images st
fluorochromic performance onthe ED2 y G Ay Ay 3 St | & (i 2 WFANGh aquebdNBojliibh (6 Wi%(e) drél HGI) as an ink
Fluorescence quenchingof¥éd 2y & |y R I/t 31 &S | yS3AIGAGS AYIORF (2R yaAYdE Tdzf RS NI

HCI (In) as an ink and NaOHlas amt SNJ a SNX»¢ ¢KS LINAY ISR LI GGSNYy OFy 6S aSNI aSRé

¢) Images showing fluorescence ON/OFF response of the elastomer film triggered by moisture (80% of RH) at room temperature.

be seen under sunlight because of the color frofh iBes. The 24 h, the bright emission of Buions could recover completely. In
change in fluorescence emission of Eu can be visualized by Wddition, the fluoresence emission is sensitive to the RH. Under
light where the printed region appeared to be dark and the unprintess humid conditions, the fluorescence quenching is slower (see
region showed strong red emission (Figure 3a). In comparison Eégure S9, Supporting Information).

the Fé" ions as an ink, using of HCl and NaOH solution repeatedly To verify of fluorochromic responsiveness of the Eucontaining
to print on the film makes t (elastomars tegnmgisturg ptheiflnorescenrecohdlegtamerg wase 3 b))
HCl as an ink, the printing is resulted from the fluoreseen further studied in the coexistence of fluorescein. Fluorescein has
quenching by protonating the IDA ligands, leading to th&een widely used as a greemissive dye. When doping fluorescein

dissociation of E# ions to IDA. Erasing of the printed patterns carin the Eucontaining elastomer, the whiteminescent film can be
be achieved by deprotonation of the IDA ligands with NaoHgenerated by optimizing the ratio of theot fluorophores (see
following by drying to remove residual water. The fluorochromicUPPOrting info for details). Compared to the singidemissive
reponse of EF ions in turn confirms that the dynamic film, if only Eu emission is turned OFF by moisture, the change in

coordination and dissociation of HDA complexation in the the emission color_ IS V|sual_|zable. As gwen_lngure 43, th_e
e - S polymer film containing Eu ions and fiuescein was yellowish
elastic films can be triggered by external stimuli.

. . . : . . under sunlight and it emitted white light under UV. After stored
Since th? hydration of Eu ion is _the main cause of its under an RH of 80% for 2.5 h, the polymer film exhibited a
fluorochromic response, we furtheramined whether water as aemarkable change of its emissive color from white to green. More

guest molecule could vary the coordination environment 8f Euqgyajitatively, the fluorescence spectratioé film were monitored
ions. Previous literatures suggest that water can hydrate FHder an RH of 80% every 30 min (Figure 4b). A gradual decrease

compounds to quench the fluorescence; and the fluorescence,pfye emission peak of Etions at 617 nm is seen while the broad
hydrated Eu compounds correlates welltihe number of water emission of fluorescein with a peak at 512 nm does not change

Adv. Funct. Mater2019, 29, 1903543 1903543 (5 of 11) © 2019 WILEYCH Verlag GmbH & Co. KGaA, Weinheim
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under the same condition. Those resiidicate that the hydration example, the mechanical property of the elastomer was measured
of Eu ions quenches the red emission while it shows no impact opon the exposure to moisture (an RH of 80%, Figure 5b). Upon
the green emission of fluorescein. exposure to moisture, the mechanical robustness decreased
The change in fluorescence emission of*Hans can be plotted gradually (Figure S10 for other exposure times). When theafds

against the exposure time using the emission peak %fius at e.xpt.)ged to such humidity for 1.5 h, the tens.ile strength decreased
617 nm. A quasilinear correlation of the emission intensity at :5#9nificantly from 2.7 to 0.73 MPa, accompanied with a decrease of
nm versus the exposure time can be seen in Figure 4c. TREghness (fracture energy) from 5.51 to 1.83 J°ciwhen the
fluorescence emission intensity of Eions at 617 nm dropped by S&mple was exposed for 2.5 h, the tensile strengthefudecreased

~ 50% after 2.5 h. We further recorded to 0.36 MPa, lower than that of the film without®Eions (0.5 MPa).
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Figure 4. Moisture-controlled fluorochromic response of the polymer film containing*Bons and fluorescein. a) Optical images of the film taken ur

i) sunlight (left one) andgiv) UV light (365 nm, the three images on the right). ii) The polymer film with fluoresceinl6 (mol/mol) is white

emissive. iii) After subject to an RH88% for 2.5 h, the emissive color change from white to green can be seen. iv) The white color can be reco

after drying by purging dry4\b) Fluorescence emission spectra of the polymer film containifigiéhs and fluorescein under an RH of 80%imtya

time span of 2.5 h. The spectra were taken every 30 min. c) The peak intensity at 617 nm plotted against the exposudertimmaisturedry cycle.

d) Fluorescence ON/OFF of the polymer film by three consecutive mottyieycles. The blue trigies show the fluorescence intensity after hydrat

for 2.5 h at an RH of 80%, while the open circles show the fluorescence intensity after drying. The polymer film inethiasfign IDAo-Eu ratio of 7/1

and a thickness of 0.4 mm. All measurementsenearried out at 25C.

the reversibility of fluorochromic response of the film undefThis is likely because of the slightly plasticizing effect of water to

moisturedry cycles (Figure 4c). The drying of the film wasthe polymer filmi22 Meanwhile, the fracture energy decreased to

achieved by purging dry Nhere. It is clear that the fluorescencep.75 J cm? Interestingly, the shin at rupture of the film is

emission of E& ions at 617 nm can be fully recovered after 22 hminimally impacted by moisture in regardless of the exposure time.

We further measured the fluorescence change in three conseculiiés is reasonable since the rupture of the film is mainly dependent

moisturedry cycles (Figure 4d). The ON/OFF switchable emissionn the break of the chemical crdsking network formed by

of EL?* ions, as well as the emission color change of the film, ighotopolymerization. In addin, the decrease i& from 24.3 to

fully reversible in response to moisture. 0.64 MPa was observed when exposing to moisture for 2.5 h (Figure
The hydration of E# ions by moisture that results in 5¢). Those finding; clearly suggc_ast that, i) the film becomes soften

fluorescence quenching potentially brings the coordinatiofy moisture and ii) the mechanical robustness of the film can be

competition with IDA. Since the second network formed by Euswitched ON/OFF bynoisture, since the water coordination t6*Eu

IDA coordination is mainly responsible for the chanical i0ns is reversible as discussed above.

robustness of the elastic film, the hydration of'Eions likely Now that the mechanical strength, stiffiness and toughness of the

weakens the physical crelisking networks Figure 5a): thus it Eu-containing film are mo!stureesponswe, moisture as gstlmulus

further changes mechanical strength and toughness as well. Usiag further be used to switch the mecical states reversibly. As a

Eu-containing elastomer with an ID®&-Eu ratio of 7/1 as an proofof-concept, we examined situ the modulus of the film by
alternatively purging dry Nand moisturesaturated air using DMA.
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Both gases are directly purged to the testing chamber while thezg MPa, indicating the recovery of the moduli. The reversible
moduli were measured underra@ymic cycles (Figure 5d,e and se€change inGzand G3of polymer film in response to moisture was

the Supporting Information for details). The DMA measurement, amined for 2 cycles. A fully reversible moisturecontrolled switch
was carried out under a frequency of 5Hz and astrain of 1%. Befy¢ e chani cal states betswoddnd Of viis:

purging moisturesaturated air, the polymer film sho@zandG3  seen. Additionally, to further clarify the role of water in weakening
of 33 and 26 MPa, respectively. The sample is an elastic solifle mechanical robustness and exclude the influence of plasticizing
When purging with moistursaturated airtE& 12 min), both moduli  effect of moisture, the same DMA measurement for the polymer in
started to decrease. A crossoveGaandG3occurred after 6 min the absence of Etiions was conducted (Figure S12, Supporting
of moisture purgeGzandG3reached 10.4 and Information). Although we see a similar variation trend of dynamic
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Figure 5. Moisture-controlled mechanical properties of the fontaining polymer elastomer. a) Scheme illustrating the reversible disruption/reform

of the EulDA coordination in the two networks under moisteniey cycles. The covalently cragsked P(AAco-nBA) is drawn in light gray to make
distinguishable with the physical crelisking network provided by EWDA coordination in P(MEMA-co-IDHPMA) (orange). b) Stressrain curves o
the Eucontaining polymer films subject to 0 h (black), 1.5 (blue)26ch (orange) of moisture at an RH of 80%& af)the polymer films plotted again:
exposure time. d) An optical image showing apparatus for the dynamic mechanical measurement in a closed chamber alteunggigelyth N/water-
saturated air. A mordetailed scheme of this apparatus is given in Figure S11 (Supporting Information). e) MBiNed Sy a6 A (G OK 6 ¢
F'yR a@ArAal2dza FtdzAiRé adlrdSaed 'G GKS AyAGAlIE &Gl 3SsT § ws cdded odtasdsid
frequency of 5 Hz and a strain of 1%. All samples have atotBAratio of 7/1 and a thickness of 0.4 mm.

14.7 MPa after 8 min, respectively, where the sample behaves ana@dulus, this

viscous fluid. This corresponds to the disappearanceigii h polymer film only gives &zandG3decreasing 6f 22% and 16%
stifiness and toughness of the film under uniaxial tensilguring moisturepurging process, respectively. However, the Eu
measurement. By subsequently purging with dfya\lstegp upt_urn containing polymer film shows a much largézand G3change
of Gzand G3was seen. The moduli increased steadily until they 68% and 43%,

respectively). It suggests that the switching of
reach plateau at 23 min of dry purge, wheré&z= 33 MPa and33

Adv. Funct. Mater2019, 29, 1903543 1903543 (7 of 11) © 2019 WILEYCH Verlag GmbH & Co. KGaA, Weinheim
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mechanical states is mainly resulted from the moisnhadaced a 100 mL flask. The reaction mixture was degassed under vacuum and filled
disruption and reformation of EDA coordination. Considering With nitrogen for 15 min. The flask was then sealed and placed in a pre
that tre Eucontaining elastomer film has much pronounceaeated oil bath at 65C for 5 h. After reaction, the mixture was cooled down

modulus change that switches the mechanical states of polyrﬁbfoom temperature. The polymer was collected after precipitation in
from elastic solid to viscous liquid. This does not exist in thgexane three times and dried under vacuum fdri2 The obtained polymer

) . . L had a numbeiaverage molecular weight,) of 127.8 kg mel and a
+
polymer film without Ed" ions where the plasticizing effect of dispersity {) of 3.62 (Figure S1, Supporting Information), measured by size

water only shp/s Ilmlt influences. We note that, moisture |.s ope Oy clusion chromatography (SEC) using polystyrene (PS) standards.
many other stimuli that can dynamically control the coordination of The copolymer P(ME®IA-co-GMA) with 16.7 mol% of GMA units was
Euw-IDA. 223 Other stimuli like the change of pH/temperature/ionigunctionalized by IDA through the ring opening reaction of epoxide
strength/sonication that potentially disrupt thelBé coordination, moieties!*”! Before the reaction iminodiacetic acid was neutralized with
can result in the similar response of mechanical strength agntess NaOH aqueous solution to avoid carboxylic acid reacting with. epoxy
toughness. Typically, P(ME®™A-co-GMA) (5 g, 4.6 mmol for the GMA unit) was first
3. Conclusion dissolved in 88 mL of ml?(ed solven_t qf mqthahﬁﬂzdmethylformam@e
(20/1, viv). Then, the sodium salt of iminodiacetic acid aqueous solution (20

In summary, we demonstrated a tough polymer elastomer wit6, 6.1 mL, 9.2 mmol) was addedpwise into the P(MEMA-co-GMA)
intriguing moisturecontrolled fluorochromic and mechanical solution and refluxed at 65C overnight to yield poly_(di.(ethylene glycol)
response. The dynamic nature of A complexation that allows ety ether methacrylateeo-3-iminodiacetate2-
reversible coordination/dissociation upon stretching the eIaston@frdroxypmpyl.methacrylate) (.P(MWA.'CO'DHPMA))' After reaction, the
enabled the stress relaxation and the energy dissipation as togjoI et SOIU.t'On was first papitated in ethanol. T he polymer was then

. ) issolved in mixed solvent of methanol/ dioxane (10/1, v/v) and
elastomer§. We showed that the Incorpor.atlon of-IEA precipitated in cold diethyl ether for three times. After precipitation, the
complexation in an IPN polymer could dramatically emtethe polymer was dried under vacuum for 24 h.
strength and toughness of the polymer film. Even with a low contentpreparation of E«ContainingOrganogels and IPN Elastomeric Filffis
of EL** ions (the mole ratio of IDAo-Eu 7/1), theE of the tough prepare a typical P(ME®A-coIDHPMA) organogel with an IRé-Eu
polymer film reached 24.3 MPa, one order of magnitude higherthﬁ’ﬁ'ar ratio of 7/1, 0.2 g P(MEMA-co-IDHPMA) was first dissolved in 1.9

that of the film without E® ions. The Etcongining polymer mL mixed solvent of methanol/dioxane (10/1, v/v). Then, 1Qlof 10 wt%

. Eu(NQ@)z agueous solution was mixed with the polyme ution,i ial and
elastomer was highly trans psl1‘5‘o<_':rk ygl\lt/ortexe?fgr?min.‘?hﬁn%x\{&r% v(gas segle ﬂgiréu%z?égunder

switchable red emission of Euions by pH, ions and moisture. The oom temperature for 24 h to yield a transparent organogekcBataining
large E§* ions also favored the coordination with water in its firsbrganogels with diffrent IDAto-Eu ratios were prepared by using similar
coordination sphere, leading to moistuesponsiveoptical and Procedures.

mechanical properties of the elastomer. By balancing with an” 10 wt% of P(ME®IA-coIDHPMA) solution was first prepared by
appropriate amount of fluorescein in the-&ntaining elastomer, dissolving the polymer in njl)fed solvent of methanol/dioxane _(10/1, viv). To
the whiteemitting elastomer film showed distinct and reversipl&€Pa€ 2 typical Egontaining IPN elastomer (IR&-Eu ratio of 7/1,

| h d istuce les. The i fi f wat mol/mol), 0.016 g of EGDMA, 0.108 gneBA, 0.546 g of AA, and 0.011 g of
color change under moistdaegy cycles. The incorpation orwater photoinitiator were first mixed with 2 mL of the P(MEMDA-co-IDHPMA)

in the coordination sphere of Euions consequently gave an ggution. Subsequently, 10L of 10 wi% Eu(N{ aqueous solution was
interesting impact on the mechanical strength and toughness of §8@ed in a vial andortexed for 1 min to form the first physically cress
Eu-containing film. The toughness, as well as the mechanical stateked P(MEE@MA-coIDHPMA) network. The viscous mixture was then
between viscous fluid and elastic solid, kcbioe reversibly switched transferred to a syringe and sealed. After incubated for 5 h under room
by moisture as an external stimulus. We expect that tHRMperature inthe dark, the uniform mixture was transferred tBetri dish
fluorochromic tough elastomer will pave a new way for preparir%:"; pressed carefully into a thin liquid film by a transparent plastic cover.

elastomers with high mechanical performance and expand thE; plastic cover was left on the top of the liquid film to avoid evaporation
of the solvent and exclude the influence of oxygen from the air. After a 20

min of UV iradiation, a filmlike organogel was obtained. Here, the UV light
triggered copolymerization af-BA and AA in the presence of EGDMA as a
chemical crosdinker generated the second covalently crdiss&ed network.
Finally, the IPN structure was obtainedse¢heme is included in Figure S2b
4. Experimental Section (Supporting Information) to show the fabrication of the IPN structure. This
film-like organogel was then dried under vacuum af@0or 24 h to obtain

Adamas Reagent. Di(ethylene glycol) methyl ether methacrylate {MED tr_‘e.Eucontamlng IPN eIasFo'merlc film with a t.hlc'kness.of O'.4 mm. dJsin
similar procedures, Eoontaining IPN elastomeric films with different DA

glycidyl methacrylate (GMA), Z&zobis(isobutyronitrile) (AIBNj-butyl -Eu ratios were prepared
acrylate (-BA), acrylic acid (AA), ethylene glycol dimethacrylate (EGDM%’TO prepare a whitéight—émitting IPN elastomeric film, greenemissive
2-hydroxy-2-methyl1-phenylpropanl-one (photoinitiator), and - ) . S ’ .
fl . fluorescein was first dissolved in mixed solvent of methanol/ dioxane (10/1,
uorescein were purchased from TCl. ME@, GMA, andn-BA were ) N ) ) ; }
vx\//v) to obtain a 0.1 wt% fluorescein solution. Using the same procedure in

passed through a basic aluminum oxide column prior to use. Al8N 5 1630l of 0.1 Wi% f ) uti dded bef he additi
recrystallized twice from ethanol. All solvents were purchased fror%‘ ' ML of C.1 wi% fluorescein solution was added before the addition

commercial sources and used as received. Deionized water with a resisti@fy-O1HL Of 10 wt% Eu(Nf2 aqueous solution. Finally, the whigmitting

of >18.0 M cm was used to prepare IDA and EugN@queous solution. PN elastomeric film (ID®-Eu ratd of 7/1) had a fluorescein/Eumolar
Polymer Synthesidhe copolymer of ME®IA and GMA was prepared ratio of 1/46. For comparison, fluorescedontaining elastomeric film was

by free radical copolymerization. MBX®A (30 g, 160 mmol), GMA (4.54 g,also prepared with an IDA{fluorescein molar ratio of 322/1.

32 mmol), and AIBN (26.2 mg, liidrol) were dissolved in 30 mL anisole in

applications in anticounterfeiting coating and ultistimuli-
responsive materials both optically and mechanically.

Materials Iminodiacetic acid and Eu(M©- 6HO were supplied by
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CharacterizationUV irradiation experiments for the preparation of IPN  Rectangular sample films with a dimension ofX2Q0 x 0.4 mm were
elastomeic films were carried out using a 365 nm UV lamp-ROX, used for fluorochromic tests. An LHMB0 (Ronghua instruménChangzhou,
Shanghalvaozhuang) with a light intensity of 1 mW -émFluorescence China) constant temperature and humidity cultivation cabinet was used to
emission of all samples was visualized under a UV lampAZBhanghai supply different humidity (RH 50%, 65%, and 80%) at5At selected
Gucun). incubation times, samples were immediately taken out and placed over the

The SEC instrument package was supplied by&slzimand comprised detector of spectrophotorater for fluorescence measurements. Samples
the following setup: a Shimadzu2GAD pump, two series of connectedwere dried by purging dryMor fluorescence recovery.
columns (Shodex-803 and KB04) in a Shimadzu CT2D oven at 35C, and Using the MTS Criterion Model 43 material testing machine and similar
a Shimadzu RHDOA refractive index detector. Tetrahydrofuran was used gxocedure mentioned in 4.5, the influence of humidity on the uniaxial
the mobile phase ah flow rate of 1 mL mirt at 40°C and the molecular tensile performace of the Etcontaining IPN elastomeric film (IRé-Eu
weight was calibrated against polystyrene standards. Proton nucleg@tio of 7/1) was investigated. The sample subjectto 0, 0.5, 1 1.5, 2, and 2.5
magnetic resonancel NMR) spectra were recorded on a Bruker Ascerd at an RH of 80% was incubated in the 1186 (Ronghua instrument,

400 MHz spectrometer using CB@hd RO as the solvent for P(ME@A-  Changzhou, China) constant temperature and humiditifivation cabinet
co-GMA) and P(ME®IAco-IDHPMA), respectively. mentioned in 4.7. A Metravib DMALOOO dynamic mechanical analyzer

A Haake Mars Ill rheometer was used to perform rheological tesi®MA) was applied to in situ measure the change&zahd G3of the sample
Frequency sweep (strain 1%) spectra of the P(MEXDA-coIDHPMA) in response to alternative switching of2Njas/moisture under room
organogels with different ID#£0-Eu ratios were performed on a 20 mmtemperature under a frequecy of 5 Hz and a strain of 1%. The detailed
paralel plate and the frequency ranges from 0.01 to 100 rddRhotocross scheme of this measurement is shown in Figure S11 (Supporting
linking kinetics of the Egontaining IPN elastomer (IB8-Eu ratio of 7/1) Information). The dry Ngas and water vapor flew into the testing chamber
was measured by a time sweep under constant oscillating frequency ofhtough a gas input channel. Using two valves, theghé and moisture
rad s! and strain of 1%. To conduthese measurements, all starting Saturated air could be switched easily and quickly. The flow rate (@)L h
materials were mixed and divided into 14 testing samples. Samples subjekthe N gas was adjusted by a traces oxygen analyzer (JC 48 V, Setnag,
to different UV irradiation times (0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, ddnce) and the humidification capacity (0.3 E) lof the water vapor was
20 min) were immediately transferred to the rheometer for time gpe controlled by a humidifier.
measurements. Each sample underwent 5 min of time sweep to obtain
steady Gzand G3values. All measurements were conducted at°Z5 A
solvent trap was used to minimize the evaporation of solvent. i .

The fluorescence spectra were recorded by an ogmeR Supporting Information
spectrophotometer (Hopoo, Hangzhou, China). The schematic drawing &uipporting Information is available from the Wiley Online Library or from
this measurement is shown in Figure S3 (Supporting Information). Using the author.
same procedure, the elastomer films were prepared in a transparent plastic
Petri dish. The Petri dish with théastomer film was then placed over the
detector of the spectrophotometer. The emission spectra of all luminescent
IPN elastomeric films excited by the-Z& 365 nm UV lamp were recorded Acknowledgements
under UV irradiation. A specific spectral band was isolated usingdg®ss x 7 and L.W. contributed equally to this work. G.W. is grateful for the
filter at 365+ 10 nm throughout the fluorescence measurementsfinancial support of the Zhejiang Provincial Natural Sciencadtion of
Fluorescence lifetime of the Faontaining elastomer film was measured bychina (Grant No. LY19E030002), the Ningbo Municipal Science and
an FLS 980 spectrophotometer (Edinburgh Instruments, UK) at roomchnology Bureau (Grant No. 2017A610051), and the K. C. Wong Magna
temperature by monitoring the emission decay 617 nm. The obtained Fund in Ningbo University. J.H. thanks the financial support from the
spectrum was fitted with a biexponential function. The quantum yield wagnjversity of Connecticut and the NationSktience Foundation (CBET
measured using Rhodamine B as a standard with a known quantur¥ield 705566). This work was partially supported by the Green Emulsions,
(68% in ethanol at an excitation wavelength of 3654ijn Micelles and Surfactants (GEMS) Center at the University of Connecticut.

SAXS measurements were perfied using a Xeuss SAXS system (Xenocs
SA) with Cu Kradiation (wavelength& 0.154 nm). The samplettetector
distance was 2550 mm. The SAXS pattern was recorded by a Mar 345 image
plate as a detector. The SAXS pattern was background corrected and t@@nflict of Interest
integrated to obtain the 1D scattering curve. The authors declare no conflict of interest.

Uniaxial tensile tests were conducted on an MTS Criterion Model 43
material testing machine with a loading cell of 1000 N. The specimen was a
dumbbell shaped thin strip (38 10 x 0.4 mn¥) and experiments were
performed with a tensile speed of 50 mm minStress relaxation tests were Keywords
carried out by holding samples at a strain of 100% for 20 min. @y@ig  piginspired materials, fluorochromic response, moisture  sensitive,
experiments were held at zero force between cycles by reducing the app"?é%ponsive materials, tough elastomers
strain as specimens contied. Using the same tensile speed of 50 mm
min %, uniaxial tensile tests were carried out. All mechanical tests were
carried out at 25°C and a relative humidity of 55% in the environmental
chamber.

Eucontaining IPN elastomeric films with a diameter of B& and a
thickness of 0.4 mm were prepared. A writing brush soaked in 5 wt%

FENQwiml / t I 1ljdzS2dza az2ftdziAzy ¢l a dzaSR (2 6NARGS a9dz¢ 2y GKS FAftYaod ¢KS
writing script by HCI was erased through applyings NaOH aqueous

solution on the written film. After drying the Na@Gsdlution treated film,  [1] R. Akashi, H. Tsutsui, A. Komukdy. Mater.2002, 14, 1808.
the fluorescence can be fully recovered.
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