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Detection of Fe** and Cu** by Fluorescence Probe of Pyrazoline Derivatives
with 9-Anthralaldehyde as Fluorescent Group

LUO Jie-Wei* ZHAO Bo ZHANG Shi-Lu JIA Fei-Yun LIU Jun
(Basic Medical School, North Sichuan Medical College, Nanchong, Sichuan 637000, China)

Abstract: A novel fluorescent sensor 1,5-diphenyl-3-(10-(morpholinemethyl)anthracene-2-yl)pyrazoline (PMAP)
was synthesized successfully, and characterized by 'H NMR and “C NMR spectracopy and X -ray single crystal
diffraction. Selective recognition of PMAP for cations was investigated by fluorescence emission spectrum and ultra-
violet-visible absorption spectrum.The results showed that the PMAP exhibited high selective and sensitive to Fe**
(for a ca. 45 nm red shift) and Cu*, showing color change from pale yellow to blue and the fluorescence quantum
yield decreased from 0.14 to 0.05 and 0.04, respectively. The sensor demonstrated a 1: 1 binding stoichiometry to
Fe™/Cu™ as well as a low detection limit of ca. 1 wmol-L™", and interference experiments revealed that this sensor
had an excellent anti-interference ability. Furthermore, the sensor can be effectively applied for the detection of Cu*

and Fe’ in practical water samples. In addition, a three-input NOR logic gate circuit was constructed at the molecu-

lar level by the quantum yield of PMAP for Fe**, Cu**and H" in different combinations. CCDC: 2051694,

Keywords: pyrazoline derivative; single crystal; iron ion; copper ion

A FCE IR, V2R EOR MR OROLRE ARG b, SOt AL RS DU R U
5 BREIAR O MPOCEARGEC R0z W EEPR A Y FRAR | S I AR A 5 R T
AT AW fe el Bt T A2 MG SEE ARG, R G R B 1 h , Fe? Ml Cu™ 2

ek H 191:2020-05-02. Y g ek H 1 :2020-12-18.

K B ARl 5542 (No.81801768,81871440) A 7 ¥ = 2 WA VE U A 7 A5 H (No.201801201004, 201801332045, 201801272041) Fl
FETRMEH AR ST H (No. 18SXHZ0133) % Bl

HEBER AN E-mail : luojiewei198021@163.com



422 Jc ML 4k

¥ 374

Y RGENIRELENMEITCER, S5 T 4K -
MIVFZ A Ak 2Ead B a4 SA0m M A s | i
2 52 RN B AE A A IEZ AR N Fe Bl Cu™ ik
ZH oo NI B IR R R A F Y, ke i 288
= AT RE B IR I BRI G e
REAG, 20 L & P 0 3 B 1 Cu™ S TENT
I R 2H 280 PN R R DT 5| A et A i K A
WL, EEE SR A SR MET, B FEOES AT .
FEAAEAE A, 7E Tl A 1 TS K A Ak
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Cu W I (75 G R AR R fa 3 H 2552 8 T A
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b 2A AR R L T AR P FAEE R G WD Fe/Cu™ 4T)
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BRAEF1,5- IR HE-3-(10- (U0 Bk HH 358 ) 41 - 2- 56 b e e
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PMAP £ Fe™ . Cu™ Fl HOR R4 & 4500 N 0177 3%,
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Scheme 1 Synthesis route of compound PMAP
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1.1 XA 5 EE
S5 T AR 38 Ry T A A el R 5 4 s e
?ﬁ?&ﬁf’rﬁﬁ/ﬁ}%ﬂiﬁﬁ%zﬂzi%A% S K A
TR FRARK W TN LAAR Dy iR A, T AN
£ : Bruker 400MHz # # L4 A (TMS 2 N 4% , CDC1,
SRV ) XT-4 X S A0 a5 0 2 A IR B T AR A
iE) . CaryEclipse % 3t 43 6 B 1 (36 B VARIAN 24

Al), UV2550 B 540730600 8 it (H A B JE A A).
pHS-3C B2 £ i1 . Bruker SMART 1000 CCD(7 [
Bruker 3 A])o
1.2 & K
12,1 ALEW VLS 2 A K

S 2 SCHRP A i 9-F4 Y L (1) T 9-TR FR 3
BL(2), Hs 550908 161~162 CHI 126~128 C(SCHik
{E":161~162 CF1126~128 C).
1.2.2 9-JEHI B BHR (3) ) A 1
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7£ 250 mL B FEIR A 2(5 ¢, 18.45 mmol) , JG7K
K,CO,(7.65 g, 55 mmol). 80 mL J& 7K CH,CN Fl/b> &
KL BEPEIIFE O he WEIE =M, i, ekt e & s
F G e R i Pk 4 A 3 € URIR [
K 4.1 g, 7% % 80.4%., m.p.143~144 °C, 'H NMR
(400 MHz, CDCL,, 25 °C): 8 2.61~2.64(t, J=4.6 Hz,
4H,—N—CH,—), 3.64~3.66(1, J=4.6 Hz, 4H,—0—
CH,—), 4.46(s, 2H, Ar—CH,—), 7.46~7.56(m, 4H,
Ar—H), 8.00~8.03(m, 2H, Ar—H), 8.44(s, 1H, Ar—
H), 8.48~8.49 (d, J=4 Hz, 1H, Ar—H), 8.51(s, 1H,
Ar—H), "C NMR(100 MHz, CDCL,): 6 53.65, 54.54,
67.11, 76.77, 77.09, 77.41, 124.84, 124.99, 125.63,
127.55,128.96,129.10,131.35,131.39.,
1.2.3 1-(10-(N bk HH 358) B -2 -3 ) 2, ) (4) 6 o

250 mL =S A 3(1 g, 3.6 mmol), Z Pt 5
(1.7 g,22 mmol) A1 50 mL Jo/K G H B¢, ZE VKRG
Pidk IR HIZ -5~0 CHY, 43N A 0.96 g To7k =
SUAkER TR vks I PE R IR E T 10 °C. g, TC
K B L™ i 2212 A 150 mL 7K Rl dh
[ R o R L3 £ - W D | ) e R O
Na,CO, A PEZE pH=7, Jo/K MgSO, T4, fhu€ , ieh%
KRR, G SR Ml b (il S e, 401,
VIV B (A4 0.35 g, 7 #£30%, m.p. 158~160 C.
'H NMR(400 MHz, CDCl,, 25 °C):6 2.60~2.62(t, J=4.4
Hz, 4H, —N—CH,—), 2.77(s, 3H, —COCH,), 3.63~
3.65(t, J=4.4 Hz,4H,—0—CH,—), 4.44(s, 2H, Ar—
CH,—),7.51~7.63 (m,2H, Ar—H), 8.03~8.07(m, 2H,
Ar—H), 8.49~8.53(m, 2H, Ar—H), 8.58(s, 1H, Ar—
H), 8.64~8.65(d, J=4 Hz, 1H, Ar—H), "C NMR(100
MHz, CDCL,): 8 26.44, 53.52, 54.42, 66.97, 122.86,
124.99,125.44,125.58,126.91,129.17, 130.06, 131.69,
132.23,132.90,133.37,
1.2.4  1-(10-(NEhBpf A 35 B0-2-358)-3- 2R BE P -2 - 1-

Tl (5) G 1%

100 mL B IS IIA 7 ¢ KOH 10 mL 7K .50
ml. 95% £ T R HI =, A 4(0.638 g, 2 mmol),
ARHEE0.318 g, 3 mmol), 7 15 CHEFE 3 ho i UE, K
Uk, JoK OB 4 AR B R 0.51 ¢, 7% 62.7%.
m.p. 140~142 °C., 'H NMR(400 MHz, CDCl,,25 °C):8
2.61~2.64(t,]=4.4 Hz,4H),3.64~3.66(t, J=4.4Hz,4H),
4.46(s,2H),7.46~7.47(m, 3H), 7.53~7.55(m, 1H), 7.59~
7.63(m,1H),7.72~7.75(m, 3H),7.90~7.94(d, J=16 Hz,
1H), 8.05~8.07(m, 1H), 8.11~8.12(m, 1H), 8.50~8.52

(m, 1H),8.56~8.58(d,J=8 Hz, 1H),8.61(s, 1H),8.725~
8.73(d, J=1.92 Hz, 1H), "“C NMR (100 MHz, CDCL,):
853.55,54.45,66.99,121.75,123.52,125.02,125.43,
125.82,126.90,128.42,128.92,129.19,130.10, 130.13,
130.49,131.71,131.88,132.27,132.88, 134.39, 134.90,
144.58.,
1.2.5  1,5-RFHE-3-(10- (N b HH J58) Ja0-2 -5 ) it e i
(PMAP)H) A AT

50 mL [B] JIC K I H m A 5(0.5 ¢, 1.2 mmol), 10
mL JC7K S BE, AR . AR E0.199 g, 1.18
mmol) Fl—# S AL, IR 16 ho R, I it K,
B tB B [ELA Sihag, Kk, JooK S e 45 15 0.21
g, P #35%, m.p. 266~267 C.. "H NMR(400 MHz,
CDCL,): 8 2.61~2.64(t, J=4.6 Hz, 4H, —N—CH,—),
3.33~3.35(d, J=8 Hz, 1H), 3.64~3.66(t, J=4.6 Hz,
4H,—0—CH,—), 3.99~4.01(d, J=8 Hz, 1H), 4.44(s,
2H, Ar—CH,), 5.36~5.38(d, /=8 Hz, 1H), 6.80~6.84
(m,1H, Ar—H),7.14~7.16(t, J=8.46 Hz,2H, Ar—H),
7.20~7.24(m, 2H, Ar—H), 7.27~7.30(m, 2H, Ar—H),
7.36~7.37(t, J=4.08 Hz, 3H, Ar—H), 7.46~7.50(m,
1H, Ar—H), 7.512~7.514(m, 1H, Ar—H), 7.83~7.84
(d, J=4 Hz, 1H, Ar—H), 7.96~7.98(d, J=8 Hz, 1H,
Ar—H), 8.26~8.29(m, 1H, Ar—H), 8.34(s, 1H, Ar—
H), 8.46~8.49(m, 2H, Ar—H), "“C NMR (100 MHz,
CDCL,): 8 43.13, 53.56, 54.44, 64.47, 67.06, 76.63,
76.94,77.26,113.39,119.20,123.36, 125.02, 125.20,
125.71,125.78,127.54,127.67,128.82, 128.88,129.10,
129.36,130.97,131.10,131.65,131.74, 142.44, 144.48,,
146.47 .,
1.3 RiERie

FR i 0.004 7 g(0.01 mmol)PMAP F 100 mL 7 i
S A 2 R i 70 BE R BE R 0.1 mmol - L Y 5
W o T BE 4 0.1 mmol - L7 A Na® \K* . Ca® \Mg* .
Cu* Ag' Fe¥ .Ni** Mn** .Ba* .Co*" . Zn* . Hg2+%%¥
(s SRR ER A W . A HL 0.1 mL PMAP A1 0.1 mL
LB P FIE R B E T 10 mLAR R, 0
FiBEZE 10 mL, $25) , fE 24 he T, ULIERH
S, EW KA 200~900 nm S5 I 2 TR A IR TR
SR AT UL T 5 B 5 PE R AR T 360 nm FIRAE Vi
JE d=5 nm W £ T I 5E DG .
1.4 BEEEEN

¥ PMAP T C W, R Bk 4 VEHT
PMAP 5, SEHUGE AR T T 5 i g5 d il .
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Bruker SMART 1000 CCD AT 543 , 1% £ £1 28 BA (. 2%
Ba Ak ) Mo Ko 5728 (A=0.710 73 nm), 7E 296 K T i
LTS ECHE . R SAINTS.0 Fl SHEIXTL-972" 8 J¥
SE AL A B BB 3 JEORV BN ff BT o SR FH 4 S B
e /NS ARG HEAT LR AT . AR

HEBRZE ZEAH Fourier R 21, Al U T A8 45 i B
ARl AR TR R FE RS RE IR B
TR RS BB L=, {51 PMAP Y
A SR TR 1,

CCDC:2051694.

®1 PMAPHIREZESH
Table 1 Crystal data and structure refinement for PMAP

Formula CayH,,N;0 Volume / nm? 2.608 1(9)

Formula weight 497.62 F(000) 1056

Crystal system Monoclinic Absorption coefficient / mm™! 0.077

Space group P2,/ Reflection number 16 077

a/nm 2.680 3(5) Data, restraint, parameter 4511,0,344

b/nm 0.582 43(12) Limiting indices 31<h<27,-6<k<6,-20<[<19
¢/nm 1.689 3(3) Final R indices [I>20(])] R,=0.066 5, wR,=0.157 5

B/ () 98.53(3) R indices (all data) R,=0.089 7, wR,=0.176 1

z 4

2 HR5iTiE

2.1 PMAPHIRELEK
TEBREF PMAP (1 SR 454, C1~C6 - 1 Al
A B AR AT ) S T (T £ R 0.62°), C8~C 13 -1 5

c25 C24
| oy

b, R Ak 2R 2 £ 88.6°, C8~C13 JL-F- 3 1 X 2 N F
TAT o 1T P IR A 5 8 A R e bk 2 22 [ 3 71 43 331 R
73.48°1167.8°(1&] 1a), AH4B4> T Z [AKEE C—H---N
SR C—H--- O SV LA SR ER- 1T 22 [ 7+ HEAH
YEF H 41256 1Ay BB o FE5H (B 1h)o

oo
S

>

BT (a) PMAP ) 30% HEREA G IR LS A IET; (b) PMAP ) i A HE R
Fig.1 (a) Molecular structure of PMAP with probability level of 30%; (b) Crystal packing of PMAP
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JEEAE 267 F1 380 nm (I FE 431 )N 1.26.,0.74 |
FF#]2.24 K1 1.1, 16 610 nm H B WS W 56
0.27; A Cu® 5 , 267 nm 40 (4 1% 5% 2 M 1.26 T+ &
1.65380 nm &b M\ 0.74 [% % 0.3, 610 nm H LI K
0.23 BB e W b, Ho BBy i 81k ¥ 2b 3R,
HA Fe™ F1 Cu™ Ji7 , PMAP %¢ Y6 5 J& 43 51 76 577 F

532 nm &b K AE W A K, Hod A Fe™ I kA2 2
45 nm LK%, HoB B 75X PMAP % 658 B JC2 0
AI BB S Fe 1 Cu™ 1% A i i A A - B
K, BA “on-oft” H KAERE . 340, A Fe’ Fl Cu™
Je o VA TR €8 IR B (0,7 Oy i e (121 3), LAt = o
NG T B 72 Ak, BVAR AR n] ) W7 2R £ PMAP
PERETEUR Fe Al Cu®
222 SRAIAT VLI R AT

Y F PMAP X Fe?* Fl Cu®* HAT &8 -5, F1)
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Solvent: CH,CN; Concentration: 1.0 wmol+L™! for PMAP, 1.0 wmol - L™! for metal ions; A =360 nm; Slit width=5 nm
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Fig.2  UV-Vis absorption spectra (a) and fluorescence spectra (b) of PMAP with various cations
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E 3 fIAANFEE TG PMAP BRI (A 1L

Fig.3  Color changes of PMAP after addition of various ions

Fe®*/Cu® XF PMAP #1745 40 Al UL 3l %2 125 S 7 o
TE Fe’ Xf PMAP 284 AT Ui % 1, 267 .380 #1610 nm
b B AW I S JBE 1 58 (18] 4a) . 1E 360 nm AY AL K
T, 7 0~1.0 pmol - L™ Y ] PN 19 6 52 SE 46 v, B
& FeX W FEHE AR, PMAP 28 G0 JE M 660 [ 2 193, 1
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b B B K (R AR TR R B 55 /N (] Sa). B Cu®
e EE (35 K, PMAP 78 532 nm F 9 G H8 BE A 937 1F
WA 2 0, [F I 7E 425 nm BT — A9 8 R
T 1 R A T I 5 A 0 21 189(I&T 5b). Job i £k &
R TREF PMAP 5 Fe/Cu™ B A7 1L Ry 1: 1, ] g &
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Inset: Job plot for relationship between fluorescence intensity and concentration of Fe**; Solvent: CH;CN;

Concentration: 1.0 pmol - L' for PMAP, 0~1.0 pmol - L! for Fe¥*; A, =360 nm; Slit width=5 nm
K4 AR Fe'J5 PMAP (9550 ] WO LTE (a) FIZEEILTE (b)

Fig.4 UV-Vis absorption spectra (a) and fluorescence spectra (b) of PMAP after addition of Fe** with various concentrations
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Insets: Job plot for relationship between fluorescence intensity and concentration of Cu**; Solvent: CH,CN;

Concentration: 1.0 pmol - L™ for PMAP, 0~1.0 pmol - L! for Cu?*; A, =360 nm; Slit width=5 nm

K5 AR Cu® 5 PMAP (#5840 0] WA IOGTHE (a) FNZE GG (b)

Fig.5 UV-Vis absorption spectra (a) and fluorescence spectra (b) of PMAP after addition of Cu*" with various concentration
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JemEBE R ER N 25 5 i, 45 R KN,
PMAP A K6 Fe**/Cu i) pH (B G L h 5~7

500 550 600 650 700 750

Wavelength / nm

400 450

Solvent: CH;CN; ¢py4p=1.0 pmol-L7!; pH=1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0; A_ =360 nm; Slit width: 5 nm

K6  pHIEX PMAPSAMA] WL TE (a) FIZEEIEHE (b)Y S
Fig.6  Effect of pH value on UV-Vis absorption spectra (a) and fluorescence spectra (b) of PMAP
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W K* \Na* \Hg* .Ca> Mg* . Ba> Fllid ¥ 45 J& U1 Cd> .
Zn* Ni** Co™ Mn* 5 , PMAP %I Fe* F1 Cu® i) i iy 5k
AR Z 0 (K] 7, 356 W] PMAP X} Fe** Fll Cu* A K 4
(R PR

23 EFFERNE

TEFREE PMAP [ ZEHE W (10 wmol - L) 1 4351
JTA Cu** (20 wmol <L), Fe* (20 wmol - L") Al H* (20
wmol - L), 7E L & B4 4 360 nm i) HL 28 5 i
PLE (1.0 pmol - Ly A S H(E R, ©=0.36), 18 F A 20
Y=YIASMA )R & T3 GR2), by, AR
[ R YO R N BN POk
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Solvent: CH,CN; Concentration: 1.0 wmol+ L™ for PMAP, 1.0 wmol-L™! for metal ions; A =360 nm; Slit width=5 nm
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Fig.7 Effect of coexisting ions on fluorescence intensity of the solution containing PMAP, Fe**, Cu*

£2 PMAPHIZFERR 1.0 pmol- L Y)FAIN Fe** . Cu* H' AR AE RN EF =R
Table 2 Fluorescence quantum yield of PMAP (1.0 pumol - L™") upon addition of different combinations

of Fe*, Cu®, H* in acetonitrile

1,/ a.u. A, /au. Y,
PMAP 0.024 43829.91 0.14
PMAP+Cu? 0.024 11831.68 0.04
PMAP+Fe* 0.026 17 533.11 0.05
PMAP+H* 0.021 19 902.05 0.07
PMAP+Cu?*+H* 0.026 19 721.89 0.06
PMAP+Fe**+H* 0.031 15 246.32 0.04
PMAP+Cu?*+Fe* 0.026 6514.81 0.02
PMAP+Cu?*+Fe**+H* 0.024 15 865.31 0.05
T A S ) PMAP S B 3 B2 AN AR T DL 7 RO T 0.1, M R B AR5 O 1 oAt 7 R AR

.
24 HFEE]

Oy PR EAE S T KOV L1032 B 45 1 ok 4
W] i AR AR R R
T 5535 38 K 3R A AN [R] 1 2¢ ' & B it
iz Jeom g . i Fe Al Cu® A JG R EF PMAP %¢
G BE R L K pH <4 HF PMAP 2 '3 B AR, %8¢
T PMAP HhiiE Al Fe | Cu® il H A [A] 2 45 i () 58 6 i
JEARE B 8 MR, Cu™ Fe** \H*LLA[R 404 A £
PMAP 237 R R Y 9 5, PMAP i &2 —
iy A NOR Z 4R 1454, il #9 2 1 NOR 43 T2 45 1]
VLR Ay T 6T e A8 S S He

WG IR R R DEEPESR , LA PMAP Y 2 5
F AR, 56 i A5 5 Inputl | Input2 Al Input3
G302k Co™ (Fe FTH, $ H A T — 1> NOR 731 #
I, AR TR, gigR2hET/7R, 0
WA TTIE R 0.1, 5 7= R R F 0.1 8@ i s
BE1L,B7ERNTFo1REmBES N0, k3
i, RARALE S H0,0,000f K RA RIS, &

5 4(1,0,0).(0,1,0).(0,0,1).(1,0,1).(0,1,1).(1,
1,0).(1, 1, DB K RA 8590, mF 77 %/NhT 0.1,
A S0, UL AR &R R — N BB ) NOR 2
ALK 9),

800 PMAP

7004
600
5004
400

3004

Intensity / a.u.

200

100

350 400 450 500 550 600 650 700 750
Wavelength / nm

Solvent: acetonitrile; ¢py,p=1.0 pmol - L™
I8 PMAPVATETIIA Fe*  Cu Fl H AR 24145 i 11
PR AL
Fig.8 Fluorescence intensity of PMAP upon addition of

different combinations of Cu*, Fe** and H*
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Table 3 Truth table of NOR logic gate for PMAP

Inputl (Cu?) Input2 (Fe*)

Input3 (H*) Output (Flu 532 nm)

0
1
0
0
1
0
1
1

_ = = OO = O O

1

0
0
0
1
1
1
0
1

S O © o o o ©

Fe3+
H* Out
Cu2¢

9 PMAP i) NORZ 163/~ K]
Fig.9 Circulation diagram of NOR logic gate for PMAP

2.5 RAMIBERT

AR AH DG SCHRE 2 B 5T PMAP R I M e £
P Fe**  Cu® IFIE i 1: 1 BURR & B L&), 7T RE 2
PMAP ¥ | & F A i h 00 L - AR BR AT
HFe" . Cu™ b d FLIEIE W d-m TUBL A W) (Scheme 2).
HR 4 Schellhamr [ Z855 , 76 LRI IE Y 147 (3 f7 F 5
A5 | AR FE A5 By €0 5 A AT 38 i L2861 s Fe™ . Cu™

N

(@) (:j

5] AT BESZ 75 38 b fLFBOVE T, 3 1T 4k
X} B AR AL L5 RE J1 L X XA B Fe* | Cu® Al BE LR T
—ERVE T . TR i R R B BRI , PMAP 3 | 2%
J AR R A AR S 5 2 4 T i A R i SR RN )
e EAIRS] Fe™ M Cu* 1 sh 12 —. L, PMAP
IR b2 ROV E FH 5 3 b A5 55 R 3L
W ny PRI E R GBS AL AT iR 5] Fe? il Cu™

Scheme 2 Proposed recognition mechanism of Fe* (a) and Cu** (b) by PMAP

2.6 FKFEERET

R T i R AR R R SE PR KA 0 H
W, R T T T B PR VT K AN A KK 2 Fp s Brok
P IFFEAT TR AL B DL L BR B R AR S o il AR

SEFRAKFE R AKR A 2 Y Cu® il Fe, 315 = BTk
R GERNFE 4 RES TR, PMAPXT Cu? (Y H B
FN99.4%~103.2%, % Fe  [HILFR N 98.3%~
102.3%, KW PMAP X LBRAKFEH Cu® Fl Fe’ 1Y
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Table 4 Application in practical samples for detection of Cu*
Sample Cu®* added / (mol - L) Cu?* found / (wmol - L") Recovery / %

Jialing river 4 4.08 102
6 6.23 103.2
8 7.96 99.5
10 10.29 102.9
Tap water 4 4.07 101.7
6 6.09 101.5
8 7.97 99.4
10 10.21 102.1

x5 EXERERPKD Fe™
Table 5 Application in practical samples for detection of Fe**
Sample Fe** added / (wmol - L) Fe** found / (pmol - L1 Recovery / %

Jialing river 4 3.95 98.8

6 6.12 102
8 7.89 98.6
10 10.17 101.7
Tap water 4 3.97 99.3
6.14 102.3
8 7.86 98.3
10 10.18 101.8

I 5 EA 5 v 18 PR AR — 5 1) 1o T T 5o 2019,12:2211-2215
[2]QiuSY,Lu MM, Cui S Q, Wang Z, Pu S Z. RSC Adv., 2019,9:29141-
3 zilﬂ: 'L/l? 29148
ST A IRE 1,5 A HE-3-(10- l3J£EEE P BT, HE TR, R, AR, K, B, o

(ML B 35 -2 35 ML s bk (PMLAP) , A1) FH 55 70 ] i i
WO A 2e S & 6 25 5 O 4w B T 1 1)
PERE o BEEF PMAP X Fe™ | Cu™ HA K4 11551 5L
PO TR I 0.14 B 0.05 F10.04 , 5 K
P DOIR B (0 AR SRyl o, o in A Fe™ I 2185 24 45
nm, PMAP 5 Fe™/Cu® Lk 1: 1 94k HOIE
AW K FR 2R 1 umol - L' 3 35 P45 Fe™ . Cu> Fll
H% A5 5 PMAP 2 J6HE K, 724> FK A T
] PRI 200 NOR 32 35 FL i o 3 40, 70 SE Pk i v
B R FH 26 B, PMAP 1] 43 850 FH F 52 PR K A v Cu®
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Supporting information is available at http://www.wjhxxb.cn
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