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Template for Delayed Fluorescence Based on Clusteroluminescence
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Peking University , Beijing 100871, China)

Abstract A clusteroluminescent material serving as a “delayed fluorescence template” was constructed via
pressure-induced electrostatic assembly. Bulk materials were formed through the electrostatic complexation of anionic
polyacrylamide (APAM) and polyhexamethylene biguanide hydrochloride (PHMB). Within this matrix, guanidyl,
carboxylate, and amide groups are tightly interconnected via electrostatic and hydrogen bonding interactions, facili-
tating clusteroluminescence through through-space interactions. Notably, the embedded fluorescent dyes interact with
either polymer component through electrostatic or polarization effects. Consequently, upon the incorporation of
various dyes, the material exhibits delayed fluorescence, effectively acting as a template that activates this property
in diverse fluorophores. By embedding distinct dyes, dynamic phosphorescent anti-counterfeiting applications are
realized. This work provides a novel strategy and platform for the realization and application of delayed fluorescence.
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SRR S AR B B R, O RO C BRI BHTIE I TR T R S ]

IER I —FIFEIRIDEEAOEIGE . BRSO 5% ISR, (HAF g K T 5% M
PO, ALK (ms) 502, i WA AE IR DO IR R IGE AL HE R G (TADF) , Bl i PABE IR 5l
H A S H A A R )8R N S ] JR A BT ER S > e b X —id R, RS AR RER
W RATRE/D , IXEORM RO T A A TR BT, GIANHEAR (D) 552 (4 (A) 7385 i it Y 73 24> 5
DFTASZE BRI SR BRes THRREHLIN AT, B RSt oy IR SRt TopT B - K& A
BTN, FES- AN A 2B IR BE I A4 38 (PRET) , AT %A 71 A9 4EIR
R RT, AR FIRZ Ry m BB ARG, AN S A% . i 2 S itk RE 141 (n
FEEE | BREL) B IR G WA By B AT o s (e S A e, FAARIRT 2 HAMRBR B R AR, A
VRS —Mog BRI 1A, 18 i RE A4 1d SE UM R SER B R 5

ASOVR T — T TRE R CHIER PO . 1 Se i SURAT IO R S A9 7% & G HE IR APAM-PHMB
(APAM=[HE T RN MEMENE , PHMB=2R7SE FE DU IR £ ) , BEJS 5T AR GeR 1, Ba] %
I RS YR > T I IE R P . BT T et T AR B RO, n] ASEELZ R 1 A IR
o, SEMINH TE BN EE S U . AT A5 R IE IR SO R AR AL T — 26 DO T 7B i S
E A TR RE R RGBT RAS, WO 2 AT IE IR SO R B HR B TR R RES.

1 SEISEH

1.1 I 5{LEE

APAM[ E¥rFm (M) 2R 1.2x107 ], _EilgA: TAY TR Al PHMB, EiRESe1S R 25 B B0y
HIRAT]; 2R (FS)  NHEFNE (HEX, 4l 95%), Je B 20 (NR, 461 95% ) Fue k4l B(PB,
fifE95%) , I EAAFIAE  TUIR AR (PA), afral, Ltk el AE RN A IR A5 e
BE(AO)FI2" 7" - IR (DFF), 4304l Rt b al Tk a2t (TCHR A A 7).

Shimadazu UV-3600 %48 4h- 1] DL-E £L /MG (UV-Vis-NIR ), H A S HEA & | FLS980 A fa A 4%
P NIEIEL (77~500 K) F1 FLS1000 7 £ 45 Wk A5 9L/ OB 1S, B & T RAUER A PR A Al
AVANCE 111 % 400 MHz #Z i FeHR P 3% (L (NMR) , {8 [ Bruker /2 H] 5 Rigaku Dmax-2400 % X S &7 4%
(XRD), HZ RigakuZs ] ; Spectroline FC-100F UMY, %A 365 nm, 32 [# Spectroline Model 2
Al 5 A RO (5 BB T T 55 AMBUR: S A T B DA S (49 AN [) ik () ) B
1.2 KImidiE

H4 2. 84 g APAM il A 400 mL Z8 187K Hpr, A A O A, 15 31— B B APAM IS ;
3. 66 g PHMB LA 200 mLZ& 7K 1, st Rl Hogs i, 152025 — & W PHMB 5 .

1.2.1 APAM-PHMB 3K # 8 87 %1 & #4420 mL APAM % 120 mL PHMB iAW IES, A2 A AT,
B IFICRTTNE , K UTE BT RV Oz |, FFH (250, 5 MPa, 10 s UIHE RSB R H £
RIS, BARTHRRIG R A4k APAM-PHMB.

122 APAM-PHMB@Dye % Z¢ 4+ £ 65 #] % LA APAM-PHMB@AO il 45 R4, #5500 wL 2 mmol/L )
AO KEERINA 20 mL PHMB W, IRAH5))5 5 20 mL APAMETRIR A, 153] APAM-PHMB@AO Vi
VE, BOESE, #E TS RIS 2] Ak APAM-PHMB@AO.

2 #HR51R

2.1 FERWHEIRHMTE LR

SR Ve HAT S B R 9 APAM R PHMB A0 2838 SO 1A SRR T, FRAE APAM A
PHMB AATCIE R 4% A B AR, ISR 05 I e v 1o 30 R e, 28 AT LR A R A2 5 5 Ot (CTE)
PR ST, WASSCLRAE R, I BAE PP T o0 lit S e, B RN, M al A
PR T AR 2 2 | TR — E VR Y APAM I I PHMB i T LA E R TE A A UT0E , I TTRE
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Fig. 1 Systematically illustration of electrostatic self-assembly and intermolecular force of APAM and PHMB
with digital images(A), normalized fluorescence spectra of APAM-PHMB(B), normalized phosphores-
cence spectra of APAM-PHMB(C), and emission wavelength of fluorescence and phosphorescence of
APAM-PHMB with excitation wavelength variations(D)

APAM-PHMB 1) & S 63 5 304 T i) e, H R e B 5AT WOR PR AR [ 1(B) Fn (D) &
K S3, WA ZHEE ], WA B K M 280 nm 34 A1 5] 400 nm, L& 5§04 A7 F M 374 nm 2155 5|
468 nm. XJEH TR FRUIGEA | FRIE | ZIEAEZS [N DR RIEUREE , TR T 25 R R B A — (1)
KGR 5 AR K Bl HL A D TE BB B A R AR & Hh AR 106, DT 7= A T 80K I KM 56 1 0
J& TR FERAAT R . SRS 5L R EIR R AR /2, APAM-PHMB JE7E 510 nm &b H A B &
5, H RS AR AR B AR AR AL [ 1(C)RI(D) K S3]. X AL EIZH 4 2 i il B AR ¢
KRS —3 . 5 APAM I PHMB BAAH I, APAM-PHMB (5656 & SR8 kA T 7284k, X 12
SR 8 A e APAM ()i AR 5 S PHMB [ SUIRSEA , A8 B T APAM-PHMB R 3L | bl 5 %L
ISR A 0B AR s FLBE A T B B3R TH (R ST, WASCERHE ). AL, #id 5 &S5
AR RS A L0 T A AR AT SR X 43R S 38 i 1
2.2 FERTEHARIRAG L IEME

1 F APAM-PHMB P HA 3 & (AR AH AR 2%, o DAZS AN &R s e i & e k), it IE
HLI AO w7 B HL I DFF LA S HL H i NRLFE 2(A) | B SEUT5E R 7, vl LUK X e et L — 7 Hefdil
D5 #i 5] A APAM-PHMB H1453] APAM-PHMB@Dye. 13524 AO 43T APAM-PHMB@AO } 1, 24 AO
B /DEE, 425 nm Ab APAM-PHMB 74 5 (4 & GATHAR LLECHA 2, 1T 7E AO $84% = 513K 500 pL B, &
BERIN 546 nm AL ZE KRG (B S4, WASCZRHER) , BVAOAR G LN, Tiesiiz H i T i J5 &5
WHFE. XRD A5 EIR , 824 AO B JEH4E 20=21. 17 4b H BUXF 10 43 [R1#E 25 4 0. 42 nm 1 68 TV T 0 (&
S5, WASCEHFR), JTEM AR, UERH T YUlb o1 BT 435, BT 0T T I 2 S5 44 7™ A= 5

7E 365 nm VG & KT, APAM-PHMB@AO ELA 5 AO 43T F B 566 4 507 A [R] i 4E 3R 58 &
gF, HHA 52.9 ms 926 A [ K 2(B) M (E) ]. APAM-PHMB@DFF [ & 2 (C) 1 (F) ] Fil APAM-
PHMB@NR[ [ 2(D) A1 (G) J LRI H 5 YLl A B 35 ~F- A0 W] 1) & P07 B 5 2 AP 5t F5 4w, EDUE T
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Fig. 2 Molecular structures of AO, DFF and NR(A), fluorescence, delayed fluorescence spectra(B, C, D)
and lifetime decay curves(A =365 nm, E, F, G) of APAM-PHMB@AO(B, E), APAM-PHMB @DFF
(C, F) and APAM-PHMB@NR(D, G)

APAM-PHMB N ER GO P71 . Horfr, APAM-PHMB@NR 12 51 £ 5 NR 70 FA B 1) & 44
PEARAREE A T 20 nm BYZLRS , 33X ] RER IS T HR PR 0 FRL T 0 B S i 7

FSFIHEX %5437t AR FHARIRI A9 5 1570 FL 115 1A APAM-PHMB,, 317 55 B 280 5 9 A A A AE 3R 5%
Jt, XAER] T APAM-PHMB 1 R SE IR SO GRAR 43838 P (14 86, WA SRR ).
2.3 FERTERRAIHIE

N ) B APAM-PHMB {4 SR SRR (G HLEE, L APAM-PHMB@AO M BIFF & TAF5E. HE3(A)
ATLLE ), APAM-PHMB BIBEE A 5TE 5 AO BIRIOEIE AT B35 H 2, 17 AO 15 365 nm A B I Ab I
WARES , X L WITE 365 nm JEHR T, A M) APAM-PHMB A &, 323K (1) APAM-PHMB 28 3 1] 57
i (1SC) A H =LA (7)) , R E 1 RGBS (TS-PRET) A4 RE UL 3 45 AO MBS (S7,), M1 &
T AORSEIRFO R 3(E) |, BEERE TR, R PR R [ K 3(B) ], UL =2 S ARE =T
il B A PG LR, 33X 5 #OE AL IE R 9SG (TADF) ILTIAEAT . [RlET, APAM-PHMB (2% & 5 5
AO 73 T IO L B = A (87, ARSI E R, IXHEER T 2O IHREE R H B Y I BE . 1L
41, APAM-PHMB [ #5% 7%7  Fl APAM-PHMB@AO [ 4E3R 5¢ S A3 A AEARIR T OREEANAE LAY, i
E240 K L EXIHIR T LI 3(C) | sk rTREE Ry 8 $ 408 T APAM-PHMB A B i) T, REZR, T
IR P A 2, YR T, T RIs SRR, I A DRI RV /N Xt — 2D uEsE T
L HARBER AL 2T | R IEIR SRR

BEE W P R K, APAM-PHMB@AO FY 2% ' 5 B2 R SE 38 20 ' 5:8 J32 157 12 B STG i/ DN A KA
e, T APAM-PHMB {14 5 't 75 B2 D) S 184 R S/ (S8, A SCSCHfR B, AT I, fERCK Ak
APAM-PHMB A & ('t & 6 C 22055 , (HAER DGR B [ B IF . X SRR &b, sl fok
APAM-PHMB F- A TR IRAE & e B T AR SEIR SE AE YME— A . (AT, ARSCE23UR H AO 1R
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Fig.3 Normalized absorption spectrum of AO solution(blue) and phosphorescence spectrum of APAM-PHMB
(green, A =365 nm, A), delayed fluorescence spectra of APAM-PHMB@AO and intensity at 550 nm
(inset) with temperature variations(B), lifetime of phosphorescence of APAM-PHMB(A_=365 nm, A, =520
nm) and lifetime of delayed fluorescence of APAM - PHMB@AQO with temperature variations(C),
delayed fluorescence spectra of APAM-PHMB@AO(D), and systematically illustration of the energy
transfer process in APAM-PHMB @Dye(E)

KB W (480 nm) HAZH KR APAM-PHMB@AO, [FIFEEEEI4ER 2 K 3(D) |, Ui AO & ik
WOk B BTG, SERDEERI = A rTIH T AO B S” iES 5 APAM-PHMB () T, g 9% 22 [a] i AT 35 RE H A5 326 «
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Fig.4 Schematic of APAM-PHMB @Dye(A), surface electrostatic potential maps of APAM-PHMB(B),
APAM-PHMB@AQO(C), and APAM-PHMB @DFF (D)
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I v T AR A T T AR AR T DA B R (36 S2~S4, LA SC 3RS ) 5 2 Hi s #2011 (/1 S9,
ARSI SR E B BT (1 keal=4184 J). 11345 B8 APAM 5 PHMB [ () 5 i RH B AR {5 45
G EZIRG Ty, AN RERII A RN NRIRFHE KT, APAM 5 PHMB £zl 7
B R A B 4(B) |, HE—2BEIIE TIX— 5. BIAYRLAO G, AO FEE 5 APAM 717650 51 i e AH 1
YERT, (B AE R A R g i S B HE R i BT s (EAS T2, AO 1Y IE HLfaf 23 VR ELTE 3~ M 45 vh
[E14(C) ], B AOTE T2 9% b ] LIARSGSF 43 HIFE APAM-PHMB 25 4 vpr . TR ] 1 RE 4% 75
BT B2 (6] E A S ARAL, Xt R LR ML T R [, A 60 A DFF 5 PHMB a7
FERSRIA EAER , A i SR B A M Z [ E4(D) |, X e #Eie FEIUE T APAM-PHMB
A HE 3R 7 YA AT ) 5 1

24 FEIRTHEARMRAI R F

APAM-PHMB@AO ELAG B2 AU B (A AR DG, RIERT k2. 5 s A E[E5(A) ], i APAM-PHMB K
HEIR DR OIS, TR R — R R S B 2 R €0 1 2B R e & SR AL T T BB (&1 S10, WAL
FEER).

APAM-PHMB@Dye #1 B} R IR aT ¥V, 78 100% {255 T 85 P19t m e s P B & 08, BIarn
TN EISE s B2 AR RGBT BHEA AN [F] B0 & S X A4, 36T T MR SR 2R . L
APAM-PHMB, APAM-PHMB@AO Fl APAM-PHMB@PB £ K J5UkE, #4301 BRI A iy 2AG Z E B Hh N Res
MRILE S(B) ], Hirbr, 85 PRI 4> APAM-PHMB, L3 ER%35 APAM-PHMB@AO, Ti#LE B4t
APAM-PHMB@PB #J57. TE HZOE T, = FH il R A€ | Zo@feif; 85T, 200 B
o, EE AR A . CH NI G, ARSI REat e R A ML Hf APAM-
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Fig.5 Delayed fluorescence photo of APAM-PHMB@AQO(A) and demonstration of advanced multi-coding data
encryption utilizing APAM-PHMB @Dye with time-dependent and excitation-dependent afterglows(B)

3 & i
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T RS APAM A PHMB 220 B0 50 1 HA 752 K GBI HUA R B APAM-PHMB, 7] L
VEMSER SR . B AR T BT B Yk o F5 | AN 5, 20T SRR 5 H T , 2t
AR R RN . 3k ] BB YR T AN 5 APAM-PHMB B 7523 (8] S35 AH48 , 11 H YR 71
S, RE SRR T, BESRE AT, DRI B S P LAYE L) AT 3 f5 0 . e 3Lt b, FUTR R YL kB 2510
IR ZM T R AR, IEB T HoAE 2 5 D S5s ) B TR 1, SR DG A S PS5 AR T
SR B ST A
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