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Abstract

The coordination behavior of two carboxyl-functionalized resorcin[4]arene derivatives with heavy
metal ions (Zn?* and Cd2+) was systematically investigated and compared using density functional
theory (DFT) calculations and UV-Vis absorption spectroscopy. The ligands studied are 2,8,14,20-
tetrapropyl-5,11,17,23-tetramethylene N-phenylaceticacidresorcin[4]arene (Compound 1) and its
homologue, 2,8,14,20-tetrapropyl-5,11,17,23-tetramethylene N-phenylbutyric acid resorcin[4]arene
(Compound 2). Theoretical calculations revealed that both compounds form stable 1:1 complexes
with the metal ions via a tetra-coordination mode, inducing a structural transition of the resor-
cin[4]arene upper rim from an open to a closed conformation. Analysis of bond lengths and atomic
charges elucidated the influence of the carboxylate side chain length and the metal ion identity on the
coordination bonds, noting that the larger ionic radius of Cd?* resulted in longer O-Cd bonds compared
to O-Zn bonds. Thermodynamic calculations confirmed the spontaneity of the complexation processes
(AG < 0). Experimental spectroscopic changes, including a blue shift of the characteristic absorption
band (from 347 nm to 339 nm), the disappearance of the peak at 495 nm, and the emergence of a new
band at 433 nm, provided conclusive evidence for coordination. This research provides a solid theo-
retical and experimental foundation for developing novel resorcin[4]arene-based receptors for heavy
metal ions.
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1. 518

T AR R A HERN AL D IR, R T IR IO BE Bk, Hrh R B s R
TR MEFEARVE AN RARMETT 46 32500 IR @ik, AP A A P AT W HE I A PR 7K R
DR, WEARKENZMESEE T, WEEZn?). #8(Cd¥). Hi(Pb¥)5[1]. X AT5 PMTE H IR EE
O AR, R BE R AT S AL BRAE S IR (IR, AR #E TR MARA Ll B, B T2 A,
O € (I S m IS T RE B A Y, IECE RN AR “ UGS 37 [2]. EEAERINE, HemE
THAES BB IANER E R EHON, REEANEK, SEAMR. BEEERZEY R TR AR
MEAEM, SBOLSHWBOAMIIREER, EMAEKRNKIHER, Higikhs, Ba®sAaRREK,
AATAERE R3] [4]. BRltE, JFAERL. S BEER E SR TR S ZREOR, SRR S
TREGUR A R S 2 —, H A O T80 5 & R A IR R Sl R R M e i 12
.

T, FERlR BRI, it SR ohae 2 AR it 7 IS IS ST S 2R LI T 5 .
FEMRZ B IR, M7 IR AR (0 =4E 3RS0 5 TRt B L R i 28 S VERE, #0120
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NFEARI RS A 2 e 1Y) 58 =AU > T B G [5]. Hordr, 1812 ZFih[4]07 ke DAL Co 5t
FRYELER . WIZRHFUR I E T, DURMETHE b NEHT 2RI R, 2RI 50 I
BRVE[6]. fEEE T BRI RE D, R AR [A107 et 8 I SR T TR i R BN SRR IR B S5,
DU Rr € BRI A gl [7]. At S NI REZER B BT, B RER I S N R AR I 2 00 A AR
By AEEWIBE AL W 5 S G e 0 A5 0 R B L T R 4 8 T 8]

FURT, B1xh a2 I [A07 ke AL A B 1 CUS R e, IRAE . IR AL DL R R IR S5 B RE T
SINB T ZARIE, I RERTE 7 AR E &8 B 1 AR BITERE[O] [10]. M7k FERIB I BA —E 59
PRI, HBRT A5 i B 1 AR RS RN, T - L [ A R B SR AR HRE ) o oy He 2 i RO (RS
SRR, MR MR R ORI THEmEE. JESBEAMASEE T, ERsEH
o BRE S A AL S5 U 7 R R B T 70 [11] 6

HOOCH,C

HOOCH,C CH,COOH CH,COOH
NH : NHHO H
| /

2,8, 14, 20-PY P £E-5, 11, 17, 23-PUTV. FF B N-2 2. R 8 245 Iy #h [4] 95 )&

HOOCC;H
HOOCC;H, 3\° C3HgCOOH C3HgCOOH
NH NH Hli

HO

Figure 1. Structural diagrams of Compound 1 (up) and Compound 2 (down)
Bl &1 (b)5heEY 2 (MEhrEE
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SRIMEAFER IR, RBRIEN—MTEE S P S AR RO EZER B ReH], HAE R Z@f
[A177 EHIR GG N ST AR5y o MECT HARRRMERE ], RIERA RIS IO stk . Xk 2
G BRI SS), e 5 &R TGN 2 BREE S IR &Y. FRATEN, AR I8 5L 5] N R 2K
T[T R E A, ARSI R SRR P R B RN, R ISR G R R 4R B T IR B RE ) S
R, WA E SR 15 G R AH AT &6 SEAR B2

ARk, AT, BRI %5 B2 BR B i8 (Density Functional Theory, DFT), & &R NI B 4> 1
(B AH ELAE AL T s By 1 e g 5 s 36 et h (1 B8 2 TR [12] RUE Ik 4 rp B TSI T 0 A
LT, ABERF TR R DT IR, RS &8 B T ECALAT NI DFT A TR B, N 2>
Bk ZE IR NIR DI [13]. Zn?5 CA>E R IB R E 4B E T, HE SR, Yl
KA SESUIR B A T2 B [14] [15]. A, zn?h dO B RY, RZECAR R e fLRERZ T, HEAL L
ff (DU DY 4E. \EPRSE) & R TG, EEHGR T RO 2= (A7 BH 5 B PR 0 Cd? & R
K, ARSI BEEEE(4~8), REWS N, O. S 5L R IR RO, TE RS 3T B 2 7225
1A[16]0 BRI, MIRARJZETH R G B S A 1S5 R DA AR D7 ) R AL, MY B EZE N ESAME, W
X DR ThREM R BT R B A BRI i 5

BT LR, AWFARBGEL RS H DFT HgiH5E, WP MR ALK A [4]55 &
2,8,14,20-PU P4 ££-5,11,17,23- DY . B N-2K S8 (8] 8 — M AR [4] 05 e (fb &% 1) 5 2,8,14,20- DY 4 2 -
5,11,17,23-PU 7 H 3 N-2K T BR A1 2K IR [4]07 (&9 2)45 Zn> F CA>* IIRCAIAT . tha sty 1
FiRe BEFURE R T BCARZ5 4 . BRIRBE M AR, S5 G R OB T a5 Msem, BEMND T2 48
SRS, A fE 2 1 A T A R PR R A B SR R A

2. itE G

AT 5T T A 25 B 12 R FE 16 (Density Functional Theory, DFT)i15.34)1# Fif ORCA5.0.4 & 11k FF 6
SER[L7], AFECL R LA .
2.1. Limgatii

X AT B AN G (B HE H LR K & B RS LA g5 AT T i 5 i FER T SRS
FEITAL(GGA)HELL 1) Perdew-Burke-Erzerhof (PBE)iZ pi[18], FHJ&HC def2-SVP JE4H[19]. 1% it 2
REfS O G IAR R P 5 28028, FrR IR S &8 & F 2 AW EAL BB, M LAT SRR 52
TE SR R AR J LA AL
22 EFEELSRITE

RNT ISR T REE, ERAERIN LR L, T T AR WP RRA TIRE
Z:4k3Z % PBEO [20]A1 58 KFEL ) def2-TZVP [19] [20], LAEE S Mk 44 28 () R hH DG 250N AN B s 2k
2.3. BRIMMEHHEEERKIE

B SEIG IR IS (LB ), HHEAHSINT SMD BRaRia AR [21]. [HI, AT HERE IR A R ]
REAFAE DIYEEAE 259 BAE R, BT THE R 7 &% Becke-Johnson (BJ)FHJE 1) DFT-D3 ol 1E T
%1221
2.4, BFEHRSH

18 (R AR A IE WS B 5 (ADCH) 5 ik [23] 15 7 FL A9 h S IR 7 () s i A B, LATR N M it
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FE P ) LA RS 1 0
HEBHETE

G55 AT A A (AGy,, ) R VHN LA 568 B T 45 & Be /IR 2 8. 1o, il At
SHAR1T T /E PBE/def2-SVP 2 R ALALES 4 1) B I BERIET( Gy, ). Bl G, H51ZAZ LTS PBEO/def2-TZVP
I B R Egp )ARAN, 45 B R 1L 5 A0 47 B B RE(G):

G=E;+G

corr
B, G RSB DL T A S

AGbind = GCompIex - GLigand + GMetal

A1, AGing + Gomptor M1 Gy 77 FRFSIRBL A 11 PHC VR I 628 18 ) 2 A1 47 1 o
3. EEEMIHIZ REIAEMH

NSRS FISUEER T E R N I ECAAE R, RATE R T BAREC A VAT TR A - B IOk
(UV-Vis)F 5T

5 Zn? AR ETRFRECS K & BR4E(6.00 mg, 0.02 mmol), ¥&T 10 mL £E 7Kk, EH| ik
&2 0.2 mol/L (M. RO 0.4 mL, MIAF] 4mL Ky 0.2 mmol/L M{L&4) L i+, 18
B 2 At R R SR 30 43 TS B s VA R €L FH I 41 A 0B T e AR R AT A

5 Co*AritfE: AERFREL YK & RR%%(6.20 mg, 0.02 mmol), [A F3#E/ERCH] 0.2 mol/L frfif 4%
o BEL0.4mL ZHET, IAE] 4mL KN 0.2 mmol/L L&Y 1 b, TERME S R A e M 30
O3B, TR ) S SV VR € FH IS AT B i AR A e e

I A AEUE RN ED 1 2 KRS S&EE 7 RPERER, 21&E 9B )E, £ 200~600 nm
AT B A s LR AN - AT RSO, I BT AR G i AT 5 — A A FE AR EL A

4. RS
4.1, GAOHRALS JLATHIRIS 4T

2R THED 1N 2 KHE Zn?t . CIRALA ML LTk % E BRI &9 15 2)I45H
MR, EMITRE C-2 AL S| AR FRIRAE LG, Has i LA T —EREREH ST 7K.
SR, WO R I SCRE K R IO &7 1 I CIRBERML G 2 10T TRBE), 73k LR AR 75 1] W 2
Wi, 3K B BRI P SRR A O 10 22 TR BH 5 R B R
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Figure 2. Optimized structures of compounds 1 and 2 and their complexes with Zn and Cd
2. kEWL 2 RES5€RE Zn. Cd Bofumi kst

Figure 3. Top views of the optimized structures of compounds 1 and 2 coordinated with Zn/Cd
3. &M 1, 2548 zn. Cd Bk afiinE
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25 Zn* M C*lehija, SSHRLE RNk 3 for, FratE il N EIER 1 PUECAL MBS &4, X 45
RGBT PRA L1 WEREOR Y &, RUIEZFME T 5 TS B &Y. (B
B2, €RE TSNS TEMNEEZERNL: Mok LS NN Z R %8, BT 5T
)V R 2% o X — AT AE 3 BOM 57 e (4 1 252 Jls AR B T #y e A Dy P S g, Koty 5 it
SE RN T RS AR AR5 5 S e R A B LR

4.2. BB KEETFHRS

NIRFE SRR FE o 3 1 A BE S G5 A SE R, A Dof S B e (o B2 R BB EAT T RS B T4
ZERHIT R Lo

Table 1. Metal-ligand bond lengths for complexes 1, 2, 3
# 1 EAW1L 2. 3heERAREEK

a1 & 2 &9 3
0113-Zn 2.031 0119-Zn 2.030 0O113-Cd 2.217
0132-Zn 2.031 0144-Zn 2.031 0132-Cd 2.216
0151-Zn 2.030 0169-Zn 2.027 0151-Cd 2.216
0170-Zn 2.030 0194-Zn 2.021 0170-Cd 2.216

THEK . XL ERE S ZnZ UL EC & 1 A 2, ATDUR I, BAREH 1 (B0 S0 R L
G, A O-Zn B E 812 2.030A), WonHSFRIGECAIIASE . SR, TEHALE 2 (B SCEE)
TERMIBC A, O-Zn 8K Z R H R KGEME: 2.021~2.031 A). X ] GEAE H T 5K A 3 S B K
TRIENEE A B, SEPUNRIES Ft Zn R B EIE S %R, MIEIR TN 7. R
B, XK AE S SCRRRIE 1 SUR R -Zn 2 BL & 0 1) Zn-O BEKAHTE, ESE 754 IR & 2k

BB TR SHREY 1 (@n?) 549 3 (Cd?), mTLLEMHhE R, O-Cd # K (% 2.216 A&
FERT 0-Zn 8K (£ 2.030 A). X FEBEHRF CA* B LA KT Zn?, FFEILRLFERFEAIEE.

RN AR BE A B AR, 3RAEE ADCH J7 ki T A S8R TR T, S5 R T# 2.

Table 2. Atomic charges on oxygen donor atoms in complexes 1, 2, 3
F2 BEW1L 2. 3T EEEHMEMAEN O [RFHBA

o &4 1 L &4 2 H 4 3
0113 -0.402 0119 ~0.433 0113 -0.427
0132 -0.439 0144 -0.333 0132 -0.420
0151 -0.398 0169 -0.437 0151 -0.428
0170 -0.438 0194 -0.335 0170 -0.419

ghEA VAR 23T o R B, AERCE) 1A 3 R, RAE R RO R T G e E R, (2
HXPRI) M-O B AN OR K T R EE — ko IXRRWIEIR ek b, MRS KT e 1 252 2 Jm g 1 P NI
RECALIZ I E T, TSN R 1 L7 S S sl AN LR SR, ARG 2 oF, SR T LT I 2 R
5 O-Zn B AL IFAF, AEILIRIR AT B S PE UL o IXHE S AE SR SR Be A AR A, 22 A Sz FELAN
PRGN AT e 5 i T RN L RAE T, OE T A BIRC AL L. IR R B, &) ST T At
Wit A R [F] LT R R C S A E PR SR B I 22—
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4.3. HARNINRNES

EA KERIEUESE, HARENCED T TSR BEemAd i e)m & il - WA, e
BV AHE T i EC AR SR A S Re T, AT T RO R I 5 A T B REAR(AG) . A4l K
EWN AT B B REE S TR 3 5K 4.

Table 3. Gibbs free energy for metals bound to compounds 1 and 2
%3 eERS5HEY L. 2 WERETERE

G (hartree) G (kcal/mol)

Cd ~167.2764 ~104967.6178
Zn -1778.6437 -1116116.6810
&Y 1 —4360.3639 —2736171.9650
&Y 2 —4674.4216 —2933246.3170

Table 4. Gibbs free energy for metal complexes of compounds 1 and 2

F4 eREHAEM L 2EREAYENSHETEHEE

deltaG (hartree) deltaG (kcal/mol)
[/ —0.2458 -154.2603
BCE4 2 —0.2466 -154.7199
[ -0.2023 -126.9247

I RESRETR, I =SSR SO RE X P BE R 5 A i Bt RER) B3 FRIR(AG VTR
fE). XKW, SiEReES TR, FIERIE a2 EEINREE. X AP IS
b SRAT IR T % AR RIR D BEAL IR AR [4107 e RT A RENE B RS Znt M CA* i, R R
TS BT T AT VAR (S A

FRTAT B4 - T R & W1 & RS N C 2 0T 7T . Katarzyna Guzow 56[24], 38 1 —Fifr
FRTATAE DY Zn2 GOUIRET 97 B IR R 15 2 RA IRBCARAH B, AR5 e T A0 B8 L AE N A7
{6 I ORE E S R BT, DR AT DA K 22 e 8 1 S S JS R IR I 54, SR B8
PONRE R, WA 9T e mT LUE B GRS 2 14, MER IR0 IR RIS € )s
B R RE SRR, AR DT R A BT DL A B i T P, SR TR T R . IR T e
b A e L L SR T 738 70 5 B A

4.4, FESMRIEE

NEAEES TSR, RAVEI AR T BRI A, RN - v WO s 34T T 1% 2R AE .
W 4 fs, B AR A 1. 2 Ry R Zn2 . CAE R R HGEE, T A3 i A4 A S 801
DR, BRI AE R AR ELAE R SR AL TSI .

X EAT AT AT AL, B BRI EY) 1R 2)7E 347 nm AbH B RFIEMR IS, I8 T AR 05 IR AR R
Syl [ ILH0A R AN or BRI, BAE, BT REERI G SR EIER, 7E 495 nm
A I — AR SO ;T 293 nm ARFRIJR U, TN AT REVR TRk S AR IE R B SR 2 TR A AR . 4dk
W 1. 2 5EEE TR A N IRNE, iR ERN, BAARIAN:

TG TERS - B RIS K N 347 nm B5F5 & 339 nm. iX — (A AT A AN T 48 B 1(Zn? . Cd¥)
S ARIL R TR ARG, M 7 BMARIR - BEESIA R BT =040, WS n—r*BRE 6L
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KA

HTR A LS IH U 2. 495 nm A (ORI IRUSCIRE T 2, RN £E 433 nm Ak HY B — N7 FRORFALE R AL
W, XARTTAEZ T SR TSRO Z AL T AT (LMCT), FERR TR T RE A2

JRWESREAZ AL : 293 nm AbJR I B SR B R IG5 . X AT REZ UONTERRIERC AL IR, FRIE T 2,
BGOSR T H S ARARE HAE R F AR AR, AEA A L R MR K

ERRGHDCIE RN N EY 1. 2 5 Zn?* CA* Z AR T RCALVE IR B 1A R SERAESE . IRER
PRSI RN, e )R T SEAL 11 K EERER AN, BoA s B RIAT A RELT, 28 S AR PR T
HIER 101 iR LRSI 4 e m Y A

1.0

.o e
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Figure 4. UV absorption spectra of compounds 1 and 2 interacting with metal
ions Zn?* and Cd*

B4 k&1, 2 5€RE zZn?*. CA{ERBLEIMNRUL L

5. MAFRITEMBAENFRE

PRI e 2R By B e M R AT (-CH. )R 3R T R IR IR R Y, AU — AT AT “ 707487 o I
LM S Mt TS RHE B R, S ORI BT AT DU e sl . B T i 2 B SO HE U R R A
My BT A R — 5 70 R AN A WA A I 0 AR B« BUHE” 454 . KRR PPIRE, 2 n] LLEYH
G BL2-A R B 13- R, RV BT A B I, SRR BT o 3K AT AN TR
W, REUEERRNORES . MITRGE D0 THoR “TFRT7, BN “I1” 5“7 mT Ll
HNERAS 5 AT AT AR

RAE AT T “BH” RN, KA R b e Eem e 7, JRrER I r s
SISO S 5224 . BRI AT Bt — MR s, HATUIRAEDY “TF” X HARYI AR . A7 R4
fil kA5 5 (5 e )E B T RO, MOTRIEAy “HA7 MG, LA “HaE” . BN A BRI H AR -
RSP TR <57 2, RO TR

XX PR RN AT WA, IEAE IR AR EHERN 2 . MO R AR R 2 S XA, o
GIE BT (1785 1A TR SR O PR i ) SRS
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6. &

AW TR IE DFT tH 5 5 KA GIE S, 7 7 IR R R D) RE AL R 2 —ER AR [4] 05 e Xt Zn? F1 Cd?*

i fE /) S LB . 3 Id DFT THSEAE ST A 1 RSO S R 8 1 7 AR M “ T
JBCE] T SR I K B R TR, T EC AR S T O AR A

M)

LU BT A A RE 2 B AGHEAT (AG < 0), Ha&sKhrii F I 2 2kml . fieJm il AN, Wi 1

RV R 30 5 B ) BN ALV o AT FEIRAL T X DU BEACAR DT KR BC AL AT RO BE AR, I SRAS R 2L
R NARRC T i e AN R B Y B e B T AR R T R R S SR R

EEWHE
ATAERREK A RFIARE S EIE K FFGE4ES: 90922008).
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