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BFERAEGF R, KT ETAL R RS, ¥ CSNPs@SiO,-MPS
5RO AR EE LR B AR R R B 4 NaYF,/PS A &k, @it &
HRARE, A AMAESH L NaYF,/PS A oMK AMEME LEBRR LT H
# (UCPC) #Rt, FHRINEECRKGH PO LA, EREAW. L EHEBER
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ThAR%s . T aF ik U™ i M BRI OGR4
H T AR SRR T, 2SR E
TR R G B DA ST AR TS

FeFdbfAk (photonic crystals ) fEF8HT T F AR HY
A R REAE 25 8] 4 P 1k HE B ) — Fh g 4 U, e
st A R O R 1) O AR AN, A R
Bii O PO SO H B E A T 2 N Fi 4B
Z FEAGSOCARHR S B R SHEAE | DG, 2
TeEF AT | Ao P S A R R i e+
Be G W55 T s R, R BT — A2 GBI O i
RO R REE ) S RO RO
BESHATE S, A B R m R r =B
k. Zhang H. B. %A P il 45 T 1 2524 NaYF, k
SRR, IR TR, FIADE T
PRIEFEEA RO SE B, TR B .
R — PR 405 MR 5 SR S5 R i 45
AR, MR EEAE. Yin 2. A P
NaYF,: Yb™, Tm™/Er’" 44K S A 75 1t 58 B L DS A iR
G ( polymethyl methacrylate, PMMA ) #5114 4544
RSB, A T AR SO T SR A (upconversion
fluorescence photonic crystal, UCPC ) i, HIRiX—
T REAROE R FIEAR IO R SR, (R F
B REAL TOEF RIRA FHES, B EA
%), Zhu C. 55N )3 2 EITURUL [ 412 Sio, 1
7 NaYF,: Lo’ fE A ek, WH T 20087 ik
JEE, A Si0, 52 )22 8w i GRS B 1 £ v 1
WK PR ENE . BRI — 7 il 25 R AT 45
UF 2R RS E M RHES AT P, HU2 Sio, Ak T
FPAREAR, AR EE ) AN RAR . 28 BITA,
A & ke o g R R e . A5 A5 H
R SE N UCPC AR, BHAT T A4 2 By fh 45 35
AR

BEXF H AT EAREEOCE B AR 2 B A, B
SRR IR L, A R —Fhaitaiee . GR=
HIHT RIS T iR Rl, 25500 R84 Bkt
PR LLA M W ARp I 5 2850 €0 BRI R, St
A L MELLSE T SO G R B DR A4 AR
o LB R B4 NaYF, 39 Bk bR R 2 St
RAGHAE, W ILAEAE R IR W HIE B S A
TAnR R ERES oG, E R TR UCPC
W, JFRF HAE P D N ]

2 SKI§

2.1 R AIRIRFNEE

1) S5

YCly-6H,0 ( 4l & 99.9% ) . YbCl,-6H,0 ( 4l i
99.9% ) . TmClL-6H,0 ( 4 i 99.9% ) . &I fi fR ¥
( potassium persulfate, KPS, #if§ 99.9% ) . fibeL
(ortirali )« A8l (o3tral ) | IECKE (Ardral) |
B 2 W e % B il (polyvinyl pyrrolidone, PVP,
¥4y ¥k M, ~12000) . %7K (NHyH,0, Ji#tsy
B R 25~28%, GR) . CO-520 (M, =~441) | 3-( =
AR R T AR L ) TR RN R BR N TR ( 3-(trimethoxysilyl)
propyl methacrylate, MPS, Zfi& 98% ) , LA il
Yol & TR TR (B ) AR oK OEE.
. RO e, NI, 32k 0ral, W E Tl
WAABRA ] R, T/, s 90%, W
# T Sigma-Aldrich I 23 w] s WERAN, A AKT
97%, WE T TCLIAAAF]; IERERR LR ( tetracthyl
orthosilicate, TEOS) , Zr#r 4k, W& T 4t 5 i
LB A R A A, = M HE 2R (divinylbenzene,
DVB ), 4liJ¥ 80%, 4 T Adamas Reagant A FR2 Fl;
R (styrene, St, 4HiJF 98% ) . %A LA (i
53%030%, GR) | WRELIR (4% 96% ) W & T Kt
T RA =R PR ]

2) SEHTRE SR

A T 2548 (scanning electron microscope,
SEM ) , Hitachi S=3000N %4, H< H 7. Hitachi 23w
5 T B 4B (transmission electron microscope,
TEM) , JEM-1011 B, H A s F bk 20 2 4
B AR e 21 AF % 3% {Y (fourier transform infrared
spectrometer, FTIR ) , Nicolet 380, 3 [ J& /& J11Y
WA AE A 6% AL (fiber optic spectrometer )
USB6500—Pro B!, J"JHGEOL A A RA R %
FeI61E( fluorescence spectrophotometer ), F=4500 7!,
H X H 37 Hitachi A H]; 980 nm #0%#E, TIN5 W,
KB M CRE ARG BRA ;. BhAE#L, D7000 2,
Je MR Stt; AEARERIRAR, LRH-250A, #iCHRE
BT A PR vl
22 EBAEE

i R 1B2% NaYF,/PS 05 0T S A 1)
il s BRI E 1 PR,
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NaOH/NH F TEOS/MPS Styrene/DVB
Ln(oleate)

NaYF,: Yb™,  NaYF, Yb*, Tm*
Tm+(UCNPS) ONaYFACSNPS) CSNPs@SiO,-MPS

&Vis. 980 nm
e

CSNPs@SiO,-MPS

/

S8 Self-assembly
~f—

ertical deposition
method

Bo055
s.t

1 UCPC BEH&TEE
Fig. 1 Schematic representation of the synthesis of
UCPC film

T, DL R O B AR, 3E B i T A R
NaYF,: Yb', Tm™ | %% ¥ 4§ >k i ki (upconversion
nanoparticles, UCNPs ) , #RJ57E & M kA K —
J2 NaYF, 5722, Mok B3¢, A NaYF,: Yb™,
Tm” @NaYF, CSNPs., Bifif5, i i 52 Al 2L i vk
TE B 7K 1Y) CSNPs & M4 8 — )2 Si0,, DI giK
WL F KBS W oy Bt Fnds e M, I (i ke (R
7 MPS 7E SiO, )2 F 51 A AT A 0, AT 315
CSNPs@SiO,-MPS 9 K ik, 7E CSNPs@SiO,-MPS
YRR AAAET , B R OE LR G, G
i Z4B4% NaYF,/ RAE O 2 Gk (CSNPs@Sio,/
PS) ; FEBMEVEH 1 FFIH CSNPs@SiO,/PS i IE:
FUURY:, Hl4 5 R B2% NaYF/PS R T
ma AR . I RAE R IO R A A5 R A, 7R
980 nm OGRS T & i E A, TER Dk
S EA ) B AT
2.2.1 NaYF,;:Yb", Tm”@NaYF, CSNPs & # %

NaYF,: Yb'"', Tm” @NaYF, CSNPs Ji: Ll Ln(oleate),
(Lo=Yb™, Tm™ ) & &Y 0 i IRk, e b ik,
S RL TR RS, BRI LIRS DA
HARTIE S B
2.2.2 CSNPs@SiO,-MPS 2k it # &

CSNPs@SiO,-MPS #% 7 i i >k ek i J5 19 )
AIRLCFLIRE 35 3145 . HAOPBRINT . B R iRl 4%
i) 60 mg CSNPs 5 1 g CO-520 43 B 7£ 22 mL 3 &
PEs i, B TRIESHS, BPE 1 h)E, K 0.12 mL
NH;H,O iIn A F#RiRS W, R REw, I
FREeBiFE 1 h; FfJS, ¥ 0.1 mL A9 TEOS fin A i
R, ik 24 h J5 A 0.2 mL MPS, 4k2:4i
FE24 hy W SERE, IMAPIET (20 mL) PAULEE
YRR, A0 (553 13 000 r/min, 20
min) , FARES 28 (AR 1:1) RSB
e 3k, B H,0 52m (AR 1:1) KR

BIRVES 2 K, BB LY.
223 4% B E NaYF/ REXTH (CSNPs@SiO,/PS)
ARG E

s CSNPs@SiO,-MPS 4 K Joikr i 13 FLI R A 4L
BLAER K 25 TP L CSNPs@SiO,/PS & 4k, R
AR . K 50 mg PVP IFfRAE S 24.5 mL H,0
15 mL S EEIRA W T, A 40 mg 2.2.2 75
EPﬁ%l %% Y CSNPs@SiO,-MPS 4} >k i ki IR 4 # 7 30

n, FH 0.95 g St (9.12 mmol ) #10.05 g DVB /I
/\Lﬂ%/w TR, AT 30 min B N AR
283 B RONAR R ERS KRR, IE 70 <C,
SRIG A 0.5 mL BTt Wk B2 0.02 g/mL 1) KPS i,
SIERE RN ; RWVAKRAE 70 €. BT,
FERNL 10 by SOVSERUE , IR0 (i
12 000 r/min, 10 min) , F H,0 528 (KK
1:4) MHRAWPERR Y 3 K, AR EALH 290 nm
i) CSNPs@SiO,/PS & &k
224 AABRROYEFEARARANE

BBt R A ER Aot | AL A (IRFREE N 7:3)
PRGT, 7E 90 C/KVE N 30 min J5, &=l
R AR 38 R U N B . oK Sl &
B K AT B A TV, B UOE BRI [E] 2 10 min,
DA PR3 T T

i R 1B2% NaYF,/PS | HH00 5 07 i (A e 5 3
W FEE VIR . Joks CSNPs@SiO,/PS & & fiek
B VR T 20 10 min, SRS BN TE B
ATEJREHE ] 1 mg/mL WIS, ERE
60 °C, FXTHREE K 40%~60% A4 A AL 1S IR 40 b e
TR HE 72 he
23 RESWE

1) FTIR #/1F

I A B A 5 2T AR 3 A0 A2 B Tl i 4 3k
T 4 Rt T RAE . SRV I RE,
32 W, BRIV R 500~4 000 em™', 4443
HERH 4 em™s

2) SEM #1F

W RFIIRE S S ETE RS b, IEX LR TR A T 4
AOEE, PR A R BT R R

3) TEM F1E

B A ORI B R P 1 4 Bl =4 B0 BTG
KT, A4S min, T4 E, TS
BEHFRBIES, WHL R 100 kV,
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4) FRARSEREN

¥ UCNPs 1 CSNPs ¥ fiy 43 B8 F ¥6 & %t b .
CSNPs@SiO,-MPS Fl CSNPs@SiO,/PS 2 Tk,
[ ERE SRR N 1 mg/mL, BT @y, Lisk
2 980 nm HOCHHE A R CIRAE DO E L I

5) S E

W SEEF TS L LT3R 3k T L F AR i v
b, DEREESATE 400~750 nm K RN A S S04

3 HRETR

3.1 $AERIEZ NaYF,/PS S & MIKMHRE
3.1.1 FTIR £#r

B2 5 A R & ok 22 & A B B
# FTIR [, H P a, b, c. d 4 510 & CSNPs,
CSNPs@Si0O,. CSNPs@SiO,-MPS. CSNPs@SiO,/
PS, i1t Hext ™ i 2 100 B AR Ak AT 3B R S v i R

transmittence/%

4000 3500 3000 2500 2000 1500 1000 500
wavenumber/cm™!

2 #@i FTIR
Fig. 2 FTIR spectra of samples

Hi & 2 AJ 1, {E CSNPs RUZLAMGiE <k b, 78
3432, 2923, 2861, 1565, 1 450 cm™" 4k Hy B4R AIE 1
Welge, Hoirb, 783432 em™ 4N ERIE (—OH) R
B, 2 923, 2 861 cm™ WG4k 1 W Wit s 43 1) >k
P5 T I PR A 3 (—CH,— ) KA Y JE X Bk A3
FRAMEIR S0, 1 565, 1 450 cm™ 79 &b f4 W52 g 0
FREL (—COOH ) (1 X FR FHXT R A 46 R sl e . 31X
SOZE LK W], CSNPs R THER 1. XEH
T+ CSNPs J2& DA 2 Ay e AR 28 30 A3 it v il 5 i >k 1
X CSNPs #F17 Si0, 72 )5, M CSNPs@SiO, I
LLAMEIEEI AT A R, S BIFE 1 087, 462 cm ' Y
Ab BT Si—O—Si £, Si—O it 14 4R i I 0
AR Z I MPS, 5 TEOS LK, Mi=#

CSNPs@SiO,-MPS [J£L4MEiE 2k, ml WS ] 7E
1 680 em™ 4b B TR IR F C=C B M 4E IR o1
T RELARIE MPS A, MII7E SiO, IR &
M TR, RE RV, £ CSNPs@SiO,/PS HI4L 4k
Sttt 2921, 1 622, 1445, 697 cm™' AbH PR
TEMR s, HerP e 2 921 em™ kb —CH,—I% C—H #
e 205 % Zh TR AT, F 1 622 em ™" Ab Ay IR WA i 2
SORIR AR C—H SRS PR EhS 2, £ 1445 cm™
Jib Ry —CH,— 2 AR S IS, 7E 697 em™ Ab Rk
PRSI, 3k BURRE ISR IR T R 2
3.1.2 TEM &%

FIFH TEM X &2 A kil &L b & A B Bo™ )
FITESREA T T RAE, 255K 3 s,

¢ ) CSNPs@SiO,-MPS d) CSNPs@SiO,/PS
3 EAWNKHEEIERENHERTYE TEM
Fig.3 TEM image of products obtained at various stages
during the preparation of composite microspheres

N 3a BT LA, DATHIR by e A 28 24040 i 15 1)
#% 1) UCNPs, WURL2HHERIE, R-F#—, PRy
RSF2554 26 nm x 17 nmo R T FRARAR 4R SHRE F20
S Al UCNPs 3% I i &G0 0% K, 18 UCNPs |
HMEEK T NaYF, 562, MWK 3b AIE 1, #7152
AR GOKR R, RATA g R, 297 34 nm x
23 nm, FURLAN PR R AF I B EOE . TESR R A2 AL A
BRI KR NaYF, 522 7 T UCNPs #
F. MET CSNPs i A BCAC MR, MELITEK
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OYEL, WICHE SR CEITRG . il iK% TEOS Ml
MPS 7E CSNPs 2 [H ¥ il i S Y Si0, 52 ). Kl 3¢
g ARG i £5 B9 CSNPs@Si0,-MPS 4 K ik
B TEM &, Wokikife 29k 46 nm, 1] LU 48 Hi L%
S AL SCEE R, Si0, 5E R EEZ R 5 nm. K] 3d
WS R A TN 45 9 CSNPs@SiO,/PS & &K,
R — HERE R R, PR Z R 290 nm, %
BRP A B AN SE A, R L PS oA
) CSNPs@SiO,-MPS, R LMl RATZ A
CSNPs@SiO,-MPS 44K Fkr () 4h 2 . X AL 55 1 IE
BUERN S5 R BAER, KOS 0T Sio, J2
FM 0 C=C BEER A, PS Sfk LUE AW L Fh 0 TE
K PUBE Sio, 2R M I, ARG ER, R
B YR LSS DVB AATE I 5508 B ) TRl 7
—iEIE, AR eI Ak g, 8PS 4%
mFEMA R, TERERIE G
313 EH&EEERER M

Kl 4 73515 UCNPs, CSNPs, CSNPs@SiO,-MPS
i CSNPs@SiO,/PS 4 Fit 4 AH [] ¥ B 1) 75 W AE 980
nm TZLAMEROEECL T, M 400 nm #| 750 nm 1) &
U2 S v 1

600

500 UCNPs;

CSNPs;
CSNPs@Si0,-MPS;
CSNPs@Si0,-PS

400

'G,—~*H,

300

intensity/(a. u.)

200

-+

N

o A

0
400 450 500 550 600 650 700 750
wavelength/nm

4 4 MM ERIRSTERIE

Fig.4 Upconversion fluorescence spectra of

100 F

D,~F,
—
1G —3F

=

four products

& 4 B o, TE 450, 475, 644 nm Ak 79 & 5t
W, 2% 8 F T’ 9 'D, — °F,, 'G, — 'H, I
'G, = °F, BRiT; HAP 7 T 56X 3K 450 nm A1 475 nm
AR CTRIE R, PRI X e 9 B KOk 35 A 5
PR CSNPs 1) & 65 B B i % F 4% UCNPs,
XS F7E UCNPs SMEA K — 2 NaYF, 522, A%
il 7 SR BE R RCH BIE R, SEBL T Al

Jerbng . {HREE CSNPs L, CSNPs@SiO,-MPS K
PEHRE B B IRAL, EEUEFE R Si0, 72X & Sk
(18 5 W LA % 2 S SR THT 14 7K X 5 48 5¢ Sl ) ¥R 2K
YEH B, 23 A NG ) CSNPs@Si0,/PS & A1
BRI IE I AR, 2R T PS XA LR
W59 R A —E bR, FLih FE A ek
PS 2R EEARNIE R, 6B T AR ) R Bk
AR D, AR A RO IR I — 255 .
3.2 UCPC BRERRIE
321 FRAXAFRITHEHAEAL SEM 947

W 3 CSNPs@SiO,/PS 54 ik i o e B
ORI 2 6 PO T A, 7EARDE
SRS, UCPC #EAYIE &l 5 fios .

2 mm

-

a) fER] UG IS b) 7EMEY T 980 nm

BOLRSE T PO

5 RIBE NaYF/PS LHESER X TFRIAFHE
ERRAFRETRA R SEM
Fig.5 The photograph and SEM of lanthanide-doped
NaYF,/PS UCPC film under different optical states

WA 5a fizn, TRSEAE T LG S G 46 ) o £
Shth (e, R ERHES A 7 B85 - AT AER
FEIRSE b o5 A AR BIBAAAAE, T RESZ i A 413
P RE RS B BEE AN IR 8 ) 5 78 kR A — B
BLEY . B 5b S BT R 5 T 25 980 nm O RE Y
HER, PSR BB S2 s (0. X — i ok IR
TS MERh A1 UCNPs, [l 5¢ 2y UCPC il
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[]E AEE, &
RS F SR E R A0 5 R B 2L R G0 R

[ SEM &l Fr, Al LRER R/ 5], RiA2 22k 290
nm, FAERHIEEHES, DR T DL B 5
SRS U ER AT
322 RAR#EIN

G RRSHE G TR AR EIE, ARG TR AR A
PR, R AR S B AR 1L HE
ETZ PR A E S O Ry 44 €. e F AR )
o VRS R Y TE R R i =

/l = 1‘633d\/nszpheresf+nioid (l_f) 4 ( 1 )

Horpy 2R ER P d S ROR R R ;
Mgpheres=1.39 FROR CAGHIRITH %5 ngel HET
A A B A S BT 3 . 6T LG S T SR Y
THOG T AR, RBUME =074, K BORKLAR d=290
nm fFCATTEE, 15 IR A 24 691 nm.,

T b A 18 5 ) €A T 3 o S S A TR A
il 7185 NaYF,/PS 56405 66w A NsE i) S
JEREUNIE 6 iR .

680 nm

intensity/(a.u.)

1 1 1 1
400 450 500 550 600 650 700 750

wavelength/nm

El6 $RIBH NaYF/PS EHIEERATF Rk
R R AL
Fig. 6 The reflectance spectrum of lanthanide-doped
NaYF,/PS UCPC film

HIEl 6 T, AT B G FE dh iR (111)
mm il b, MR SRR 680 nm, 5 AR S S
Bk G as R AR XS N, S He TR AT, HE
WA HAE 5 S A AA e 25 1 R R, FE H AL
AR, B A BRI A RE ioe 4 BIAR ) S HE A
P S R ER, BREARTR, e
SRR, SRR P,
3.3 UCPC #iEma3<Bifh R A

& 7 WKl 2245 2% NaYF,/PS FHE5¢ 661
PRI P32 e b, DORTRN A AR ar Ol
J6 R B BE F LA JZAE 980 nm LTSN A T 5 EIE Fr o

a) AU 90° b)) AIIETF 60°
A |

El7 $AFREF NaYF,/PS EHMRIEKR

FRABRAENERBHFEERR
RARAFRETHRA

Fig. 7 Photographs of packaging anti-

c) 3% 980 nm
WO e

counterfeiting labels constructed from
lanthanide-doped NaYF,/PS upconversion

fluorescence photonic crystal films under
different viewing angles and optical states HH

MIE 7 HalF i, pR&EAE ] WOL T DL B AR
W B @, TAER OB B 600 ff BEWLEE T
PG, ST, 4980 nm BUCHUR, W
KEE OO0, TEAFDEZRET, BB ARG
AT BRI DAR%:, REA AR BB N5 B2t
S5 B Dh i SRR A5 2B B A, mT LA
M WA BE AR A TR IR DR . 55— T3 T,
fE¥ Bl 980 nm SO AT RS E AL ERT I E BREA TR,
X RS 25 B AT S B B O], T T
AT T LS S A B DR

4 Zig

AR SR Sl i A R Al R iR R
S NaYF,: YB', Tm’" UCNPs, AMEAEK—)ZEBA
BEAL RSS9 EHOER ) NaYF, 52)2, 1535
PR CSNPs, F F R ARMFL IR %4 CSNPs |-
AL — 2B MPS 1 Si0,, 9Lk B4 7K 73 H
PEFIRRE MM R, JF T 0T 2 5 A 1 XU,
SRIF I FLOR G RO SR CIR AR IR G, B Ok
#2495 290 nm 4 CSNPs@SiO,/PS &1k, )5,
Bl A3 2 B B 5 . RSH— i 2 A ki i
BT A A2 p d A 250 6 5 R0t r L
PRS2 F R A B 2B 2% NaYF,/PS L9661
AR VATHIISE . TV IEAE T WO AR SR, AT
PR e ) Ry 2 A €, 7E 980 nm O, VR
I CSNPs [ (A5, WS ™ il A e a] DIAR I
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WEhG, TR R G2EB PbRas, Wi th
PRACH AT I T %, A, ARfFSTIE H UCPC i
FEE R ) 8 i AT b e il B by o ) T R
AR OG22 5 B S At 2
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Synthesis of Upconversion Fluorescence Photonic Crystal Film for

Packaging Anti-Counterfeiting Application

LU Yuneng, LI Zheqi, TAN Haihu, XIE Shaowen, XU Jianxiong

( College of Life Sciences and Chemistry, Hunan University of Technology, Zhuzhou Hunan 412007, China )

Abstract: The NaYF,:Yb’, Tm’ upconversion nanoparticles (UCNPs) with blue fluorescence emission were
prepared by thermal decomposition method. Then, the core-shell nanoparticles (CSNPs) with enhanced upconversion
fluorescence were obtained by epitaxially growing a NaYF, shell on UCNPs core. In order to realize hydrophilic
modification of CSNPs and endow them with pendent polymerizable double bonds, a layer of SiO, modified with
3-(Trimethoxysilyl) propyl methacrylate (MPS) were coated on CSNPs by reverse microemulsion method. Finally,
lanthanide-doped NaYF,/PS composite microspheres were prepared via the emulsion polymerization of styrene in the
presence of CSNPs@SiO,-MPS. The upconversion fluorescence photonic crystal (UCPC) film was constructed via the
self-assemble of lanthanide-doped NaYF,/PS microspheres through the vertical deposition method. The result showed
that the UCPC film could be observed not only in obvious pink structural color at specific angle of daylight, but also
the blue fluorescence under 980 nm laser irradiation. The UCPC films with dual-mode optical characteristic could be
used to in information encryption, which have broad application prospects in the fields of information protection and
packaging anti-counterfeiting.

Keywords: packaging anti-counterfeiting; upconversion fluorescence; photonic crystal; vertical deposition
method
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