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WHAT THE PAPER SAYS - WHAT IT DOESN'T - WHY IT MATTERS

Small molecule kan le untreated PTFE m¢, 1€yin naa
ethanol wé e kuro

JACS paper kan report fluoro-crown ether phosphate adhesive ti 0 bond notoriously inert PTFE ninii lab lap-
shear test, ti 6 si remain removable ni ethanol washing. CyclicFP-fmoc dé 1.3 MPa lori untreated PTFE
peélii ductile cohesive failure, related variant si dé 2.3 MPa. Mechanism supported nipasé spectroscopic
evidence fiin fluorine-fluorine interaction ni PTFE pélii hydrogen bonding ati pi-stacking ninii adhesive.
O jé promising materials result, ki i tii se commercial glue, universal recycling fix tabi full environmental-

safety assessment.
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PTFE soro lati le m¢ fun idi kan

Polytetrafluoroethylene, ti a mo si PTFE, ti a si 1i ta 14b¢é trade name p¢ld Teflon, wilo apd kan nitori pé ko ¢
interaction. Surface agbdra r¢ kéré. C)p(‘_) liquid mda 1 bead 1611 r¢. Opi) glue fail 16ri r¢ bi a ko ba etch, roughen,

plasma-treat oju tabi 10 specialized primer.

Resistance yen ddra gan-an fiin nonstick coating ati chemically inert part. O jé isoro nigba ti engineer fé so PTFE
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mo part miiran 1di permanently damage ojd.

iwé iwadii kan nintd Journal of the American Chemical Society report small-molecule adhesive kan t6 ikoll isoro
nda 14ti unusual itdésona. Kohei Kikkawa, Abir Goswami ati colleagues describe fluoro-crown ether phosphate

molikulu ti 6 I¢ adhere strongly si untreated PTFE, deform ductilely sdja ikuna, 1¢yin naa jé removed lati PTFE

plate ni ethanol washing.

Lead molikulu ni CyclicFP-fmoc. Ninu lap-shear idinwo, 6 hold untreated PTFE plate p¢la adhesive strength 1.3
4 0.1 MPa ati is¢ of debonding 1300 N/m. Nitori 1 MPa ddgba si 1 newton per square millimetre, measured peak
stress 1.3 MPa jé pressure kan naa bi roughly weight apple 130-gram acting 16ri square millimetre kookan. Eyi
jé unit-area analogy, ki i se force tabi contact geometry iddnwo specimen. Reported isé of debonding, 1300 N/m,
equivalent si 1300 joules separation agbdra per square metre. Fiin taara visual demonstration, dipo engineering
load rating, iwé iwadii fi han 7cm? joint supporting 8 kg weight. Joint fail nint adhesive layer, ki i se ni PTFE
interface. Eyi se pataki: 6 timo si pé interface ki i se weak k6ké nind idanwo.
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Pencil rendering based on photograph iwé iwadii ti adhesive strip supporting suspended weight (Figure 2, left).
Ki i se original photograph, scale drawing tabi engineering load-rating diagram.

Al-generated adaptation — The Clean Paper; source photograph: Kikkawa et al., JACS 2026, Figure 2 (left) Fair-use assertion

&si ki i se “PTFE ti solved.” O jé controlled yara iddnwo ohun 1o &si. Sighén 6 jé clean example ti combination

t6 nira: ldgbara adhesion, ductile iklina ati wipe-off removal l4ti ojd ti 6 famous fin resisting adhesion.

K1i16 dé ti ordinary strength ati easy removal fi 11 ja ara won?

Adhesive saba 11 se bargain. Rigid cross-linked polymer glue le ldgbdra, suigbdn wén sdba fail suddenly, won si hard
lati remove cleanly. Softer tape-like adhesive I¢ stretch ati dissipate agbara, suigbén won usually give up strength.

Trade-off nda molecular. Strength fe efficient stress transfer. Ductility fe motion, rearrangement ati agbara dissi-
pation. Easy removal fe bond ti a 1¢ break 14i destroy substrate. Requirement wonyi pull in yatd itdsona.

Small-molecule adhesive attractive nitori, in principle, won l¢ removable ati recyclable. Wén ko form long en-
tangled polymer network ti i make conventional glue tough. Eyi tiin ni weakness won: l4isi entanglement, small
molikidlu normally struggle 14ti deliver ductile, high-strength adhesion.

JACS iwé iwadii gbiyanju lati replace polymer entanglement peli stack reversible noncovalent interaction.
Molecule combine fluorinated crown-ether phosphate region p¢li urethane-linked fmoc egb¢. Ni plain ede,
fluorinated ring r¢ l¢ interact peld fluorine-rich PTFE ojd, urethane egbé r¢ 1¢ hydrogen-bond si neighbouring
adhesive moliklt, flat fluorenyl egbé re si 1& stack 16ri ara won. Design target ki i se magic bond kan. O jé set

weak, reversible interaction ti 6 cooperate:

« fluorine-fluorine interaction near PTFE;
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- hydrogen bonding 14aérin adhesive molikulu;

« pi-pi stacking 143érin fluorenyl egb¢;
« ati molecular mobility t6 t6 lati relax stress dipo cracking immediately.

Ohun ti pataki PTFE idanwo fi han
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Awon dnkowé fi CyclicFP-fmoc 142drin PTFE plate ti a ko surface-treat tabi clean, wén heat adhesive, wén si

leave plate ni room temperature fin 10 minutes sd4jd testing.

Fun quantitative testing, won lo lap shear. PTFE plate bonded pelt CyclicFP-fmoc dé 1.3 &£ 0.1 MPa nint tensile
stress, reported gégé bi mean = standard deviation fiin measurement méta. Applying adhesive around 50 C pela
hair dryer ftn similar value, 1.1 £ 0.1 MPa, dip0 requiring high-temperature melting nikan.

Awon dnkowé fi wé value wonyi pelid commercial epoxy, acrylic, silicone ati urethane adhesive nint kan naa PTFE
lap-shear setup. Control wonyi dé ninkan bi 0.1 si 0.7 MPa, fi wé p¢la 1.3 + 0.1 MPa fin CyclicFP-fmoc. Same-
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Okan leaderboard.
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Noriba néa stay similar I€yin storage. L¢yin 30 days ni ambient condition, adhesive strength j¢ 1.3 4+ 0.2 MPa.
Léyin plate forcibly separated, overlapped again ati reheated, strength jé 1.2 + 0.2 MPa. Repeating cycle yen ten
times si fun nnkan bi 1.3 4+ 0.3 MPa.

Best variant ki 1 se lead molikulu. Related molikalu peli fmoc egbé méta, CyclicFP-fmoc3, dé 2.3 + 0.2 MPa
16ri PTFE. iwé iwddii si focus heavily 16ri CyclicFP-fmoc nitori pé 6 fiin full combination strength, ductility,
mechanistic eri ati wipe-off removal.

Ductility ni half keji claim nda

Strength nikan ko t6. Brittle adhesive ¢ reach high peak stress, 1€yin nda fail suddenly. Claim iwé iwadii t6

distinctive si i ni pé CyclicFP-fmoc tin behave ductilely.

Ninu lap-shear curve, CyclicFP-fmoc dé maximum stress, I¢yin nda gradually lose stress bi displacement se
continue. Commercial adhesive ti iwé iwadii idinwo behave si i like brittle joint: ikiina wé soon I€yin peak stress.

CyclicFP-fmoc combines strength and ductility
Approximate stress-displacement traces for untreated PTFE lap joints
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Approximate curves digitized from Figure 3f; not raw experimental data.
Lines connect digitized points without smoothing.

CyclicFP-fmoc combine high stress peak pélu long post-peak tail; shaded area jé editorial guide si larger isé of
debonding ré. Approximate curve digitized lati Figure 3f; ki i se raw experimental data.

Chart by The Clean Paper; approximate values digitized from Kikkawa et al., JACS 2026, Figure 3f (source figure not relicensed) CC BY 4.0

Awon dnkowé quantify area labe stress-displacement curve yen gégé bi isé of debonding. CyclicFP-fmoc fiin 1300
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N/m 1611 PTFE. Tested commercial adhesive aala lati 26 si 314 N/m.

Failure mode b4 interpretation yen mu. PTFE joint pgli CyclicFP-fmoc fail cohesively, nint adhesive. Eyi imply
pé adhesive 1¢ dissipate agbdra nipa deforming internally, nigba ti PTFE interface stay stronger ju bulk adhesive

layer nind idanwo wonyi.

Stress relaxation idanwo add molecular timescale. Ni 20 C, characteristic relaxation akéko jé 60 ms, Arrhenius
itdpalg si fin activation agbdra 33.8 kJ/mol. Ni plain terms, adhesive layer I¢ rearrange quickly enough lati soften
sudden stress concentration dipo behaving as static brittle solid.

Ki 16 dé ti awon onkowé fi ro pé fluorine se pataki?

PTFE built 14ti carbon-fluorine bond. CyclicFP-fmoc ru fluorinated crown-ether egbé. Awon donkowé argue pé
F-F interaction help adhesive bind PTFE, nigba ti other interaction help adhesive layer hold together ati deform.

Several control idanwo koké ni itgsdna yen. Nigba ti fluorine atom nind CyclicFP-fmoc replaced peld hydrogen
atom, resulting CyclicP-fmoc bond PTFE much si i weakly, nikan bi 0.1 £ 0.0 MPa. Linear fluoro-ether phos-
phate, AcyclicFP-fmoc, dé 0.3 &= 0.1 MPa nikan. Variant missing pi-stacking tabi hydrogen-bonding unit tin

perform worse.

iwé 1wadii I€yin nda lo spectroscopy ati crystal iseto 14ti se atiléyin fun interaction picture. Nint CyclicFP-fmoc
crystal, fluorine atom 16ri neighbouring molikdlu sit 2.49 si 2.91 angstroms apart, shorter ju 2.94 angstrom van
der Waals sum ftin fluorine atom méji. FT-IR ati variable-temperature NMR se atiléyin fin hydrogen bonding,
F-F interaction ati pi-pi stacking nind amorphous adhesive.

Most taara fin PTFE, solid-state 19F MAS NMR spectrum shift nigba ti CyclicFP-fmoc mixed p¢li PTFE
nanoparticle tabi thin PTFE sheet. Nonfluorinated control ko produce kan naa shift. Eyi jé &ri, ki i se apere sketch
nikan, pé fluorinated part adhesive interact peld PTFE.

Sibe a ko ye ki a simplify eyi si “F-F bond solve PTFE.” awose iwé iwadii finra r¢ layered si i: interfacial F-
F interaction help PTFE adhesion, hydrogen bonding ati pi-pi stacking contribute si cohesion ati ductility nind
adhesive.

Wipe-off removal j€ gidi, sugbdn 6 ni aala

Removal &si ni practical hook. Awon onkowé wash detached PTFE plate pela ethanol, wén si report complete
removal CyclicFP-fmoc ldisi residue nini demonstration won. Wén tin recover adhesive, reuse repeatedly, main-
taining nikan bi 1.2 4= 0.1 MPa adhesive strength nind reuse idanwo.

Eyi important nitori conventional lagbara adhesive saba hard lati remove cleanly. Glue ti 6 1& hold PTFE, 1éyin
nda wash off, 1¢ useful fin repair, disassembly ati reuse.

Stugbon aala se pataki. iwé iwddii iddnwo controlled apeere, ki i se every contaminated industrial ojd, weathered

joint, solvent exposure tabi long-term aging condition. Ethanol wipe-oft 16ri PTFE plate ki i se kan naa as proving
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full recycling ilana fin assembly made ldti many ohun elo.

iwé twadii tin so pé CyclicFP-fmoc ki i se PFAS “forever chemical.” Statement yen ko ye ki a expand si com-
plete environmental-risk assessment. Persistence, toxicity, manufacturing scale, release pathway ati regulation jé
separate ibéere.

Ohun ti eyi ko fi han

Ko fi han market-ready adhesive product.

Ko fi eri mile pé PTFE bayii lé glued reliably nind every industrial setting l1ai oji preparation.

Ko fi han pé ethanol removal sisé equally well 16ri every substrate, oji condition tabi aged joint.

Ko fi ¢éri mule pé F-F interaction alone explain adhesion. Mechanism iwé iwadii combine F-F, hydrogen
bonding ati pi-pi stacking.

Ko fi han complete plastic-recycling workflow.

Ko establish full environmental tabi toxicological aabo profile fiin adhesive molikulu.

Ko timg si pé commercial adhesive generally worse. ifiwéra specific si ohun €10 ati PTFE lap-shear setup
ti iwé iwadii idanwo.

Bawo ni esi naa se lagbara t6?

ductility, durability over 30 days, water tolerance, repeated readhesion, ethanol removal, molecular variant ati
spectroscopic ¢ri fun proposed interaction.

Most persuasive combination ni ikina mode plus control. Ti PTFE interface ba fail first, claim y60 weak si i. Dipo
bée, joint fail nind adhesive layer. Nigba ti fluorinated cyclic isetd removed tabi changed, PTFE adhesion drop
sharply.
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fatigue, contamination, temperature cycle ati mixed ohun ¢lo. Molecule ti 6 is¢ beautifully 14adrin controlled yara
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idanwo plate si ni lati di formulation, ilana ati durability dataset sdaji ki 6 t6 di engineering adhesive.

Idi ti 6 fi se pataki

PTFE wa ni awkward ohun ¢€lo aala. Inertness r¢ ni abuda té6 make it valuable, kan naa abuda naa si make it hard

lati integrate sind repairable tabi recyclable assembly.

Nz N7

iwé iwadii yii offer route t6 chemically specific dipd brute-force. Dipo roughening tabi chemically attacking PTFE
0ju, 6 apere small molikulu t6 1¢ interact peld ojd yen nigba ti 6 maintain ductile, reversible adhesive layer.

Ti apere logic yen ba generalize, 6 1¢ help build adhesive ti easier 1ati remove ati reuse 14i give up gbogbo mechanical
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performance. Eyi ni gidi promise: ki { se molikuili kan gégé bi finished glue, sigbén molecular strategy fiin ldgbéra,

ductile ati debondable adhesion.

Akoétan mimo

Kikkawa, Goswami ati colleagues report fluoro-crown ether phosphate small molikulu gégé bi adhesive fin PTFE
ati other substrate. Lead molikulu, CyclicFP-fmoc, bond untreated PTFE plate ni 1.3 + 0.1 MPa ninu lap-shear
idanwo, fail cohesively dipo ni PTFE interface, fi han isé¢ of debonding 1300 N/m, retain performance I€yin storage
ati repeated readhesion, 6 si le removed lati PTFE plate ni ethanol washing. Related variant dé 2.3 4+ 0.2 MPa.
Spectroscopy ati control molikilu se atiléyin fin ona isé nibi ti F-F interaction help PTFE interface, nigba ti
hydrogen bonding ati pi-pi stacking help adhesive layer dissipate stress. &si jé promising yard idinwo demonstration
ti 1agbara, ductile, wipe-off adhesion si PTFE, ki i tii se commercial glue, universal recycling solution tabi full

environmental-safety assessment.
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