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Abstract

a, B, v, d-Tetrakis(3,5-dibromo-2-hydroxylphenyl)porphyrin (TDBHPP) was synthesized and used for the fluorimetric determination of
trace amount of lead ion in aqueous solution based on the inclusion interaction of the porphyfayélodextrin 3-CD). In aqueous
solution, the interaction @8-CD with TDBHPP caused a large enhancement of the porphyrin fluorescence intensity. In addition, the increased
fluorescence of TDBHPP b§-CD was sensitive to metal ion following the fluorescence quenching of TDBHPP at its maximum emission
wavelength. The quenching of TDBHPP fluorescence at room temperature was fast and nearly complete upon lead ion interaction. Th
organizing ability of theB-CD medium and the protection of the ligand from the micro-environment conferred in increased sensitivity,
selectivity and detection limit, and allowed the determination of21®~7 to 7.4x 10-°> mol/L lead compared with those obtained in the
absence oB-CD. The method was applied in the analysis of synthetically biological samples with satisfactory results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction PE?* detection, however, they are time-consuming or require
expensive and sophisticated equipméft Since there is an
There is a great demand for monitoring of lead ion for increasing demand for reliable monitoring of lead ion during
environmental or biomedical applications because this toxic the analysis of environmental or biological samples, more
metal is widely dispersed in the environment, and exposure simple and sensitive techniques are requjfédConsidering
to it can give rise to a number of adverse health eff(s  these, optical sensors involving fluoroionophores are becom-
Due to the tOXiCity of PE)+, the determination of lead in bio- |ng popu|ar[8’9]_ A |arge number of Chromogenic reagents
logical and environmental samples plays an importantrole in ysed for the determination of lead are availafilé—14]
the diagnosis of clinical disorders as well as in the monitoring whereas fluorometric methods are to be favored over other
of environmental pollution. Several methods have been pub- spectrophotometric methods, thanks to the high sensitivity
lished in the last decade for lead analysis such as atomic ab-and straightforward application to fiber optical-based remote
sorption spectrometry (AA$2], inductively coupled plasma  detection. Many efficient fluoroionophores have been devel-

mass spectrometrfg], anodic stripping voltammetr{4], oped for alkali metal§l5-17] alkaline earth meta[4.8] and
and reversed-phase high-performance liquid chromatogra-zn?* [19-23] however, the number of Pbselective fluo-
phy coupled with UV-vis or fluorescence detectidh, of roionophores is still limitedi24,25]

which AAS is most common used. With regard to sensitivity  |n the past decades, porphyrin compounds have attracted
and accuracy, the mentioned methods are efficient tools formuch attention as analytical reagents and particularly as chro-
mogenic ligands for various metal iof6—30] The inherent

* Corresponding author. Tel.: +86 10 62752475; fax: +86 10 62751708 aromaticity, planarity and rigidity of the porphine nucleus
E-mail addressyangrh@pku.edu.cn (R. Yang). give its fluorimetric potential. However, there is a serious
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draw-back when porphyrins are used as fluorigenic ligand at room temperature. Unless otherwise stated, all solutions
for metal ions in aqueous solution: (i) the solubility of por- were prepared with doubly distilled water. All other chemi-
phyrin in water is poor, and thus, the fluorescence quantumcals were of analytical-reagent grade and were used without
yield is low, and (i) the rate of metal complexation of por- further purification or treatment.
phyrin is very slow. In order to overcome these problems,
several sophisticate methods have been proposed, includin@.2. Procedure
heating, solvent extraction, addition of auxiliary complexing
agents (catalyst method) and application of metal ion substi-
tution reaction[3-5,10-14,26—-28]Recently, we have been ficiently to ensure final concentrations between 50~ and
intrigued in the inclusion interaction of alkylat@dCD with 2.0x 10~* mol/L were added to a mixed solution containing
porphyrin and the fluorescence sensing property of this in- 5mL 4 x 10-°mol/L TDBHPP and 2.0 mL buffer solution
clusion complex to metal iof31]. It provides a novel and  (pH 9.0, 0.1 mol/L Tris/HCI). The mixture was then diluted
effective method for the fluorometric assay of metal ion in to 10 mL with 0.01 mol/L3-CD solution. After the mixture
water. had been allowed to stand for 5min at room temperature,
In this work, a new porphyrin compoung,, v, d-tetrakis the fluorescence intensity was measured at 655 nm with an
(3,5- dibromo-2-hydroxylphenyl)porphyrin (TDBHPP) was excitation wavelength of 420 nm.
synthesized, and its interaction wghCD as well as the flu-
orescence sensing property of the inclusion complex to lead2.3. Determination of lead added to biological samples
ion in agueous solution were studied. The results showed that
the fluorescence of TDBHPP in water was greatly increased  Hair samples (1 g) were dried and carbonized in an elec-
by B-CD. In addition, it was found that the increased fluo- tric furnace. Samples of blood or urine (10 mL) were con-
rescence would be quenched by lead ion, and the quenchcentrated by boiling to about 2mL, and then digested with
ing of TDBHPP fluorescence is fast and complete at room a mixture of 2.5 mL of concentration hydrochloric acid and
temperature. Thus, a simple and highly sensitive fluorimet- 5mL of concentration nitric acid in a Berghof pressure di-
ric method for PB* was developed. Although aqued@iCD gestor at 150C for 20 min. The hair samples were subjected
solutions have been applied as molecular “organizing” me- to the same treatment. The volumes of the sample solutions
dia for both fluorimetric and phosphorimetric analysis and were made up to 50 mL with doubly distilled water to give
for the determination of several organic analytes, the ana- clear acidic solutions. To aliquots of these samples acidic so-

In a 10 mL volumetric flask, aliquots of lead solutions suf-

lytical potential of3-CD as host molecules and as organiz-

ing media to promote fluorescent coordination reactions be-

lutions, 1 mL of 1% solution of dimethylglyoxime in ethanol
and 1 mL of 1.0x 10~* mol/L potassium cyanide solution

tween organic ligands and metal ions has less been exploitedvere added. Drops of 5 mol/L sodium hydroxide were added

[31,32]

2. Experimental

2.1. Apparatus and reagents

All fluorescence measurements were made with a Hi-

to give neutral or weakly alkaline solutions, which were sub-
jected to the general procedure.

2.4. Synthesis of TDBHPP
3,5-Dibromo-2-hydroxylbenzdehydg83]: In a three-

necked flask, salicylaldehyde (4.5 g) was dissolved in abso-
lute ethanol (15mL). At BC, to this solution were added

tachi F-4500 fluorescence spectrometer (Kyoto, Japan) us-dropwise 0.1 mol/L KBr@-0.1 mol/L KBr solution (90 mL)

ing a quartz cell (1.& 1.0 cn?). The spectrofluorimeter was
equipped with a high-pressure Xenon lamp. pH of solution

and HCI (0.1 mol/L, 60 mL) simultaneously with stirring. Af-
ter stirring for 1 h at 15C, the reaction mixture was left to

was measured with a pH meter (Model PHS-3C, Shanghai, stand for 12 h at 0C. A crude residue was isolated by wash-
China) and adjusted if necessary. Data processing was pering the filtrate several times with 0.1 mol/L NaOH and wa-

formed on a Pentium Il computer with Sigmaplot software.
B-CD (A. R., obtained from Sigma Chemical Co.)
was crystallized twice from boiling water. Stock solution
(0.01 mol/L) ofg-CD was prepared by dissolving the material
in doubly distilled water. Solution of TDBHPR/CD inclu-
sion complex was prepared by evaporating of THF from 5 mL
of 2 x 10~3 mol/L TDBHPP and diluting with 0.01 mol/B-
CD to 250 mL. A stock solution of 1.% 10~ mol/L PE?*
was prepared by dissolving lead (l1) nitrate, Pb@{Fluka
A.G.)in 0.1 mol/L nitric acid and diluted with doubly distilled
water. Lower concentrations of Psolutions were obtained
by serial dilution of the stock solution in water and stored

ter separately to give an neutral or weakly alkaline solution.
The 3,5-dibromo-2-hydroxylbenzdehyde solid was dissolved
in 50 mL 95% ethanol, heated on a boiling water bath until
crystal formed, left to stand for 30 min and filtered, the pure
3,5-dibromo-2-hydroxylbenzdehyde was obtained with yield
of 78%. Its structure was verified by IR ahH NMR spec-
trometry Fig. 1).

2.4.1. TDBHPP

TDBHPP was prepared from 3,5-dibromo-2-hydroxyl-
benzdehyde and pyrrole using a standard procefB#g
Pyrrole (0.9 mL) was added dropwise to a refluxing solution
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Fig. 1. Synthetic mechanism ak-, B-, y-, &-tetrakis(3,5-dibromo-4- / ]
hydroxylphenyl) porphyrin. - F—
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of 3,5-dibromo-2-hydroxylbenzdehyde (3.0g) in 100 mL of

propionic acid. After complete addition of the pyrro_le,the re- el conditions: (a) TDBHPP at pH 9.0 (b) (@) +0.001 mOfk

action mixture was refluxed for Lh at 185 on an oil-bath.  cp. (¢) (b) + 1.5¢ 10-° moliL P?*; (d), (b)+ 1.5 10-5 mol/L PE?*; (€)

The mixture was cooled, and leftfor 12 hatroom temperature. () +1.5x 16-4 moliL P?*.

After filtering and washing with methanol and ethyl acetate

separately, the crude product was obtained. The product was

dried at 100C in vacuum and purified by silica gel column If the complexation of3-CD and porphyrin forms a 2:1

chromatography with ethyl acetate as eluent to give TDBHPP host—guest complef85], the inclusion constank) can be

as a blue-violet solid in 9.3% yieldH NMR (CDCls) : obtained by the Benesi—Hildebrand method, and is expressed

—2.80 (s, 2H, pyrrole NH), 4.20 (br, 4H, hydroxyl), 8.11 (d, 2as[36]:

4H, o-phenyl), 8.34 (d, 4Hp-phenyl), 8.89 (s, 8H3-pyrrole 1 1 1

NH). T—To  (Uw — I)KIB-COR ' Tno— o

Fig. 2. Fluorescence emission spectra of TDBHPP at different exper-

(1)

wherelg and| are the fluorescence intensity of TDBHPP
in the absence and presence R{CD, respectively, and
| is the fluorescence intensity of TDBHPP when all por-
phyrin molecules are complexed ByCD molecule. Plotting
1/(1 — 1p) versus 1/p-CDJ? gives a linear pattern (the plot
When organic molecules are included withinBaCD is not shown). The slope of the linear relationship between
cavity in aqueous solution, the water is expelled. This /(I —lo)and 1/B-CD]? givesK to be 1.7x 10° M2, which
strong hydrophobic interaction produces stable inclusion implies that a strong inclusion complex is formed. Based
complexes. The stability derives from the polar character of ©n the 1:1 porphyrin-metal ligandated comp|&¥], a pos-
the guest molecule and the functional group that attaches tosible molecular modeling structure of the three-component
it. Molecules that are included with the host cavity may have complex was proposed-ig. 3), which showed the oppos-
enhanced fluorescence and modified spectra. This type ofng phenyl substituents of porphyrin binding within the hy-
interaction occurs with molecules that have greater affinity drophobic cavity of the cyclodextrin.
for the hydrophobic interior of thg-CD molecule than for
aqueous phase. 3.2. Fluorescence response of the inclusion complex to
Fig. 2shows the fluorescence spectra of TDBHPP in aque- lead ion
ous solution in the absence and presence of 0.001 mol/L
B-CD at pH 9.0 (curves of a and b). It can be seen that Metal ion may interact with free base porphyrin to form
host—guest complexation produces fluorescence enhancemetalloporphyrin compound following the spectroscopic
ment of TDBHPP. This change results from the binding variations[26—30] However, the rate of metal interaction
of the TDBHPP molecule to the interior of tigeCD cav- at room temperature is very slow. In contrast, it was observed
ity in a particular orientation, which in turn, decreases the that the formation o-CD/porphyrin inclusion complex re-
rotational freedom of the included molecule and mitigates sults in a significant increase of the porphyrin metallation
non-radiative deactivated processes that occur in aqueousate.Fig. 2 shows the effects of Bb concentration on the
solution. fluorescence emission of TDBHPP in the inclusion system,

3. Results and discussion

3.1. Inclusion complex
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Br Br 3.3. Rate of complex formation

Under the same experimental conditions, the reactions of
TDBHPP with PB* in the absence or presence fCD
were examined. The results clearly demonstrated that the flu-
orescence quenching of TDBHPP by?Plwas markedly ac-
celerated byB-CD. In the absence @-CD, even after 2h,
the TDBHPP fluorescence changes can hardly be observed.
However, the formation of-CD/porphyrin inclusion com-
plex “catalyzes” the insertion of metal ion. Similar behaviors
were observed for the system when other transition metal
ions were employed in place of Pb

A reasonable explanation for this “catalysis” effect is that
the aggregation of TDBHPP in water should suppress the
accessibility of the metal ions to the porphine “core” owing
to the porphyrin face-to-face arrangemgg8]. Whereas the
Fig. 3. Schematic graph @£CD/porphyrin inclusion complexand leadion. ~ formation of inclusion complex reduces the aggregation of
TDBHPP and increases the rigidity of the porphine core that
leads to the effective incorporation of the metal ions into
the ring. These hypotheses are in good agreement with the
revious results reported by Purrello et[4D].

fluorescence measurements were carried out at room tem
perature within 5min. The fluorescence emission spectra of
TDBHPP at room temperature are sensitive to the presencep
of P** (curves c—e irFig. 2). In the presence of different
concentrations of lead ion, significant fluorescence quench-
ing of TDBHPP is observed, and the TDBHPP fluorescence
quenching at 655 nm is fast and nearly complete updii Pb
interaction.

The effects of addition of other metal cationic ions such as
Na*, C&*, Mg?*, B&*, AI®*, CU*, Ckt, Crét, Zn?*, Mn?*,
Co?*, Hg?* and Fé€* to thep-CD/porphyrin inclusion system
were also examined. The fluorescence intensity changes o
TDBHPP at 655 nm in the presence of these metal ions are

shown inFig. 4, wherelo and! are fluorescence intensity of of the porphyrin, and thus, decreasing the fluorescence inten-

. —4
TDBH.PP in the absence and presence 9f><1]5) mol/L of sity at 655 nm. The decrease in TDBHPP intensity above pH
metal ions. The TDBHPP fluorescence is quenched by the ad- : . ;

10.0is not reversible but is a consequence of the breakdown

dition of Pi?* as well as that of H§f, Mn?*, C/?*, C&?* and
Fe**. In contrast, the fluorescence is less quenched by com-

3.4. Conditions for measurement of lead ion

Fig. 5 shows the pH-dependence of TDBHPP fluores-
cence in the inclusion system and the fluorescence response
of the inclusion complex to lead ion. It shows that the flu-
orescence intensity @-CD/porphyrin complex is constant
at pH 6.30-10.0 (curve 1 iRig. 5. At lower pH, the neu-
ftral form of porphyrin (HL) can be successively protonated
to form mono-(HL*) and dicationic (HL2*) forms, both of
which result in shifts of the maximum emission wavelength

plex of Na", C&*, Mg?*, Ba&* and C&*. The quenching of
TDBHPP fluorescence by transition metal ion or heavy metal
may be attributed to the-interaction between the heavy atom 40
and the electron-rich aromatic rings in the porphyrin frame- £
work via spin-orbital coupling38]. In the absence @-CD, 3 i
the quenching of TDBHPP fluorescence by metal ions is not g
significant. §
2 20
) S
15 - 1 porphyrin [ porphyrin/B-CD c -
0 \ :
0 2 4 6 8 10 12 14 16
0 Na' Ca®* Mg™ Ba® AIY Cd** Fe*' ' Mn®' Pb*" Zn® Hg™' Cu™ pH

Fig. 4. Responses of thg-CD/porphyrin inclusion complex (gray) and Fig.5. The pH-dependence of TDBHPP fluorescence in the inclusion system
TDBHPP (white) to different metal ionsc{axis markers) at pH 9.0. Ex- in the absence (blank) and presence (solid) of lead ion. Lead ion concen-
citation was at 420 nm and emission was monitored at 655 nm. Metal ion tration was 1.5« 10~2 mol/L. Excitation was at 420 nm and emission was
concentration was 1.5 10~4 mol/L. monitored at 655 nm.
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24 expressed in terms of the equilibrium:
2+ K +
HoL + M =ML + 2H (2)
The corresponding association constant can also be expressed
as:
1]
° _ MUK P -
~ [M#][HaL]
K [ML]
. | | | | HT]>  [M*][HaL]
0 5 10 15 20 25 [ML]
(4)

Ngco Mreree

" {IMZ o — ML} - {[H2L]o — ML] )

Fig. 6. Effect of the amount of-CD in t_he inclusion cqmplex on the whereK is the association constant of the reaction, an%x*]]M
;I;)DFI?;IZP fluorescence response to lead ion. Other conditions are the sameand [FbL]O are-initial concentrations of meta! ior_1 and P(_)r'
phyrin, respectively. The degree of complexation is described
as «, defined as the ratio of the metal complex concen-

41] of the 3-CD capsuleFig. 5also shows the influence of
[41] b P g tration, [ML], to the initial concentration of the porphyrin,

pH on the fluorescence response of the inclusion complex to
1.5x 10~°mol/L lead ion (curve 2). As can be seen, curve [Hzl]o
2 has similar shape of curve 1, while the fluorescence sig- [ML]
nal values are smaller. Taking the sensitivity and the absolute® = m
values of fluorescence signal into accounts, a final pH 9.0 is
chosen as an ideal experimental condition. From Egs.(4) and (5) the following equation could be de-
The amount of3-CD in the inclusion complex influences rived:
the TDBHPP fluorescence intensity and its response to metal
ion. Low concentration of-CD in the system leads to the
relative weak blank fluorescence intensity of TDBHPP. Thus,
it will decrease the sensitivity and detection range. How- . . ) . .
ever, the amount o8-CD in the system should not be too Itis _known (i) the var|a_t|0ns in fluor_escence_slgnals is pro-
high. Otherwise, an inner filter effect would be expected. pprnonal t_o the porphyrm_ concentration and (ii) in the case of
Fixing the concentration of TDBHPP in the mixture at about Nigh lead ion concentration, almost all porphyrin molecules
0.1 mM,Fig. 6shows the fluorescence response of TDBHPP &€ complexed with the metal ioa,is connected to the flu-
t01.5x 10-% mol/L P* inthe presence of differentamounts  ©rescence intensity of the porphyrin as following:

(5)

o
1-aH)?

M%), = + a[HaL] (6)

of B-CD. It is clear that when the molar ratio @fCD to
TDBHPP reaches 6, the valueldif levels off at maximum.

Higher 3-CD concentrations produce only small changes in

I/1p. Taking the analytical range and the sensitivifig] into
accounts, the molar ratio @¢CD to TDBHPP in the system
was fixed at 8.

_ Io—1
_10—11

a (7
wherel is the fluorescence intensity of porphyrin actually
measured at a defined metal concentration,lgrehdl are

the fluorescence intensities of porphyrin in the absence and

No fluorescence decrease was produced by an excess Ofresence of excess of metal ion, respectively.

reagent at least up to 1:010~°mol/L, accordingly, 5mL
of 4.0x 10->mol/L TDBHPP solution was used in a final

The relationship betweeh and [M?*]o as expressed
by Egs. (6) and (7)is the basis for quantitative deter-

volume of 10 mL. No changes in fluorescence were observedmination of lead ion concentration in aqueous solution.
when the sequence of addition was changed. The complexin Fig. 7, « is given as a function of the logarithm of
formed quickly and the fluorescence remained stable for [pp?*] at pH 9.0. The experimental data points were fit-
at least 5h. There was no temperature effect in the rangeted to Eq.(6) by adjustingK values. The best curve fit-

10-35°C.
3.5. Calibration curve and detection range

The interaction of porphyrin with metal ion was verified
to form a 1:1 metalloporphyrin compldg87], which can be

ting was obtained with lo =3.06. The fitting curve can
serve as the calibration curve for the determination &f*Pb
concentration. A sufficient response to2Phis obtained
from 2.8x1077 to 7.4x 10°mol/L (0.05<a <0.95)
[42]. The detection limit is determined to be 5008
mol/L.
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1.2 Table 2
Determination of lead added to biological samples
1.0 b , Samples  P¥ added (mol/L, 10%)  PE* found (mol/L, 106°6)
®  data points
0 fitting curve Present methédd AAS
- Serum 15 1.530.04 1.56+0.02
06 L 5.0 5.04+0.18 5.10+0.24
3 Hair 15 1.55-0.11 1.49+0.07
04l 5.0 4.98+0.20 5.08+£0.29
Urine 1.5 1.48+0.09 1.52£0.12
0.2 + 5.0 5.11+0.33 4.96+0.25
2 The results expressed are mean of five determinatistandard devia-
0.0 1 tion.
8 7 6 5 4 3 by the proposed method compared with the determination of
Log[Pb*] (molll) the metal ion simply using porphyr[@8]. The improved se-
lectivity can be attributed to the protection conferred to the
. . 2
Fig. 7. The fluorescence responagas a function of log [PH] at pH 9.0. porphyrin byp-CD. The [nterference's of &5, Mn?*, Cr3+,.
The curve fitting for experimental data was calculated from(Ej. Fe?* and FE* can be avoided by adding 1 mL of 1% solution

of dimethylglyoxime in ethanol, and €ty Zrn?* and Hg* can

be masked with 1.6 10~% mol/L potassium cyanide since
cyano anion shows no interference with the determination of
lead ion.

3.6. Interference study

The effect of foreign ion was examined by adding dif-
ferent amounts of potentially interfering species to the solu- o
tions containing 1.5 10~5 mol/L PI?*. Cations were added ~ 3.7- Recovery determination
as chlorides, nitrates or sulphates, anions were added as their
sodium, potassium or ammonium salts. The tolerance limit ~ The method proposed was applied to the determination of
was taken as the concentration causing an err56b in the lead added to biological sampl@sble 2summarizes the re-
determination of P¥. The results obtained are summarized Sults, fromwhichitcanbe concluded thatacceptable accuracy
in Table 1 which shows that most anions do not interfere and precision can be obtained in the analysis of final solution
even when they are added in fairly large amounts, and mostcontaining 1.5< 10-°mol/L or 5.0x 10~ mol/L PLF*. Un-
cations such as K Na*, C&*, Mg?*, B&*, AI3*, C*, Cr3* fortunately, the level of lead in these natural samples is too

Cuw2*, Fe¥*, Mn2*, Hg?* and N+ are not high. It can be con-  Subjects exposed to abnormal lead level. The results show

cluded that a significant improvement in selectivity is gained réasonable agreement with the results obtained by atomic
absorption spectrometry.

Table 1

Effect of foreign ions on the determination of 5.0~5 mol/L P?* .
4. Conclusions

Foreign ions Concentration sz*sfound Relative

" (molL) (107 molil) error (%) A new way of employing porphyrin in the fluorimetric
,\N,,32+ 8'301 112‘; 24 determination of metal ions is described, which overcomes
B2+ 0.05 153 1 solubility and reaction time problems of the ligand and which
ca#* 0.05 1.55 3 eliminates the needs for liquid-liquid extraction and heating.
Cd* 5.0x 104 1.56 3 In addition, the apparently good fit of the porphyrin within
A'3++ o001 1.54 2 the B-CD cavity provides improved quantum yields because
l\cﬂf2+ g:gz igs 1‘51% B 21 of the increaseq ordgr and stabil!ty in the protegted migro—
CRt 50x 10-4 155 3 environment which, in turn, permits better detection limits.
Fe2* 1.0x 1074 1.58 5 The method is economic, simple, rapid, reproducible and se-
Fe* 5.0x 10°° 1.57 4 lective.
Zn?* 5.0x 1074 1.46 -3
cr* 3.0x 107* 1.54 2
Hg?* 1.0x 104 1.53 1
- cF 0.01 1.56 3 Acknowledgement
I~ 0.002 1.57 4
COs%~ 0.1 1.46 -2 Financial support from the National Science Foundation
SCN- 0.001 1.48 -1
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