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1 Tin(II) compounds are important in 99mTc radiop�
harmaceutical kits as stabilizing agents [1], in dental
gels and food as preservatives [2–4], and in electroless
plating as electrochemical catalysts [5–8]. Common
methods to determine tin(II) are limited by some
combination of the range and/or limit of detection,
ease of application, reproducibility, and inability to
distinguish tin(II) from tin(IV). A need to rapidly
quantitate tin(II) concentration in an electroless plat�
ing sensitization solution at concentrations less than
0.3 µg/mL to evaluate its effectiveness motivated the
development of the present colorimetric approach. A
spectrophotometric approach was selected which
complements the existing spectrophotometric meth�
ods for quantification of boron [9], vanadium(IV)
[10], and mercury(II) [11]. 

Common methods for determining tin(II) concen�
tration are summarized in Table 1. These methods are:
electrochemistry [1–4, 12–19], membrane sensor
[18], inductively coupled plasma–optical emission
spectrometry (ICP–OES) [19], flame atomic absorp�
tion spectrometry (FAAS) [20], fluorescence [21],
and spectrophotometry [22–29]. The electrochemi�
cal method, which includes anodic stripping voltam�
metry (ASV) [1–4, 12] and differential pulse polarog�

1 The article is published in the original.

raphy (DPP) [13–17], has been widely used because
of selective determination of tin(II) in the presence of
tin(IV). The ASV method has a low LOD. For exam�
ple, a LOD equal to 0.00026 µg/mL was achieved by
Hutton et al. by using the ASV method with a bismuth
film electrode [3]. However, the limitation of the ASV
method is that it requires either formation of a tin(II)
complex such as a tin(II)–oxine [1] or a tin(II)–
tropolone [2], or use of a modified electrode such as an
epoxy�carbon electrode or the BiFE [3, 4, 12]. The
DPP method does not require a tin(II) complex or a
modified electrode but it is limited by the detection
range and the LOD. Decristoforo et al. [14] reported a
DPP method with a LOD of 0.005 µg/mL but the con�
centration range was from 10 to 15 µg/mL. Similarly,
using the DPP method, Sebastian et al. [15] quantified
tin(II) within the concentration range 0 to 10 µg/mL
but the LOD was 0.5 µg/mL.

Recently published methods based on membrane
sensor, ICP, FAAS, and fluorescence quenching im�
proved the detection concentration range and the
LOD, but the constraints in the methods limit their
usage. The tin(II) selective potentiometric membrane
sensor method was reported to have a concentration
range of 0.013 to 1190 µg/mL and a low LOD of
0.0025 µg/mL, but preparation of the membrane elec�
trode was work�intensive [18]. ICP–OES was used to
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quantify trace amounts of tin(II) by separating tin(II)
from tin(IV) with a biosorbent. However, recovery of
tin(II) in solution was less than 90% [19]. Cloud
point extraction (CPE) followed by FAAS is another
method that can quantify tin(II and IV) in a low con�
centration range (0.01–1.3 μg/mL), but the CPE pro�
cedure is complicated (including pH and temperature
adjustment, centrifugation, and cooling in an ice bath)
[20]. Quenching the fluorescence of carbon nano�dots
(C�dots) by tin(II) was found to enable detection of
tin(II) concentrations between 0 to 476 μg/mL. How�
ever, synthesis of the C�dots with a specific size distri�
bution was difficult to repeat [21].

Spectrophotometry is widely employed for the de�
termination of tin(II) (Table 1). Linear correlation is
observed between absorbance and concentration
(Beer–Lambert law) [22–29]. However, existing spec�
trophotometric methods are limited by various con�
straints. Reducing iodine monochloride [21] or sodium
periodate [25] to iodine and extracting iodine with
chloroform is a toxic, insensitive (LOD = 0.20 μg/mL)
method. Using complexes of molybdenum [23], fer�
rozine [24], palladium [26], and rhenium [27] is expen�
sive, and these chemicals did not improve the LOD.
Synthesized chemical diacetylmonoxime p�hydroxy�
benzoylhydrazone was reported to determine tin(II)
concentration from 0.25 to 2.76 μg/mL, but synthesiz�
ing DMPHBH was time consuming and the LOD was
high (0.24 μg/mL) [28]. A spectrophotometric meth�
od that showed improvement in both the concentra�
tion range and the LOD using the mean centering of ra�
tio kinetic profiles was reported by Madrakian et al. [29].
This method was operated at a concentration range of
0.10 to 1.80 μg/mL and a LOD of 0.03 μg/mL. Howev�
er, the detection concentration range and the LOD must
be lowered in order to provide sensitivity competitive
with the other methods.

The present work introduces a spectrophotometric
method using TMB as a color indicator for quantita�
tive measurement of tin(II) in aqueous solution. This
approach follows a recent report by Jang and Roper
[30] regarding a simple, rapid and accurate method for
determining Au(I) using TMB. In that work, the ab�
sorption coefficient of the reagent was reported at
2.75 × 105 L/mol cm [30], 3 times higher than iron–
ferrozine complex (5.56 × 104 L/(mol cm)) [24]. Re�
duction of the fully oxidized TMB (diimine) by tin
herein resulted in a measurable, proportional decrease
in absorption at 452 nm under selected conditions. A
linear correlation between absorption and tin(II) con�
centration was generated in concentration range of
0.049 (LOQ) to 0.340 μg/mL. The LOD (which repre�
sented the sensitivity of the method) was calculated at
0.013 μg/mL (3σ) [1–3]. This new method allowed
quantification of tin(II) without use of complexation
agent, at a lower LOD and concentration range when
compared with the other spectrophotometric meth�
ods. To date, the lowest published tin(II) LOD and

concentration range with spectrophotometric meth�
ods had been 0.03 μg/mL and 0.10 to 1.80 μg/mL, re�
spectively [29]. Sensitivity of the method introduced
herein is comparable to the ASV method using tin(II)
complexes as indicators, which reported an LOD at
0.012 μg/mL [1, 2]. Moreover, this new method is
more sensitive than the novel quenching fluorescent of
C�dots method, which reported an LOD at
0.043 μg/mL [21]. This method could be applied to
quantify tin(II) concentration in a solution with
tin(II) as the only reducing agent to reduce the di�
imine form of TMB.

EXPERIMENTAL

Apparatus. The light source was purchased from
Avantes with a deuterium lamp (215–500 nm) and a
halogen lamp (500–2500 nm) (Avalight�DH�S�BAL,
Broomfield, CO, USA). The absorption across the
spectral ranges 300 to 750 nm was measured using an
USB4000�UV�vis from Ocean Optics (Detector range
200–1100 nm) (Dunedin, FL, USA). A pH meter
(Orion model 920A, Manufacturer’s reported pH
measurement range: –2.00 to 19.99) with a tip (Orion
9156 BNWP, Thermo Scientific) was used to measure
pH. A Branson Sonifier 250 from VWR scientific was
used to dissolve TMB and NBS in deionized water.

Reagents. Sodium hydroxide (NaOH) (99.9%) was
purchased from Mallinckrodt. Acetic acid (99.7%)
was purchased from VWR. 3,3',5,5'�Tetramethylben�
zidine dihydrochloride (TMB) (98.0%) was purchased
from Electron Microscopy Sciences. N�bromosuccin�
imide (NBS) (99.0%) was purchased from Alfa Aesar.
Anhydrous tin(II) chloride (SnCl2) (99.99%) was pur�
chased from Sigma�Aldrich. The NBS was recrystal�
lized in 95°C water before it was used. The other
chemicals were used as obtained. 

Procedure. The spectrum of 1.9 mL acetate buffer
(0.2 M, pH 4.3–4.5) in a 1 cm polystyrene cuvette was
measured as a reference. A dark background was sub�
tracted by blocking the light source. To the sample cu�
vette with 1.9 mL acetate buffer, 0.05 mL TMB
(0.3 mM), 0.05 mL NBS (0.3 mM) and 0.09 mL of de�
gassed, distilled, deionized water were added one by
one in the order listed. The solution was mixed using a
pipette to draw and release it. Finally, 0.01 mL of
tin(II) 0.3 mM solution (0.170 μg/mL, in total volume
of 2.1 mL) was added into the cuvette and the solution
was mixed again using the pipette. Error could be in�
troduced in making the standard 0.3 mM tin(II) solu�
tion by air oxidation of the in stored tin(II) chloride
and the inaccuracy in the scale (about ±2.5%). The
light source was blocked for 3 min by switching it off be�
fore the absorption data was recorded (TMB and NBS
are sensitive to light). A detecting concentration range
of 0.049 (the LOQ) to 0.340 μg/mL was achieved by
adding a different amount of 0.3 mM tin(II) into a con�
stant volume (2.1 mL) of the assay. The standard cor�
relation curve was generated by repeating 7 individual
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tests (n = 7). In each individual test, 7 different results
(because of signal noise) were recorded by computer in
7 s. The error bar on the curve was calculated as the
standard deviation from at least 49 data points. Mea�
sured absorption at 452 nm for each sample was nor�
malized to the absorption value at 452 nm in 0 μg/mL
tin(II) in each individual test. For example, Fig. 1
shows the absorption spectra of different tin(II) con�
centration in one standard test. The absorption

unit (A.U.) in Fig. 1 was normalized to the highest ab�
sorption at 452 nm in 0 μg/mL (1.0 A.U.). Detailed
procedures to make the standard correlation curve and
to justify the method are described in Supporting In�
formation. The normalized absorption was used in this
experiment because it facilitated comparison between
replicates with different baselines and supported eval�
uation of reproducibility.

RESULTS AND DISCUSSION

Mechanism. Using equal molar amounts of NBS and
TMB to fully oxidize TMB to the two�electron oxida�
tion product (diimine) yielded a yellow�brown solution
with an absorption maximum of 452 nm (Fig. 2). The
absorption at 452 nm decreased when the concentra�
tion of tin(II) increased, because the diimine was re�
duced to the blue charge transfer complex (Fig. 2).
Based on the difference in redox potentials, NBS
(>+1.83 V vs. normal hydrogen electrode, NHE) oxi�
dized TMB (+0.22–0.7 V, NHE) to diimine [30] and
tin(II) (+0.15 V vs. NHE) reduced the diimine to the
charge transfer complex (Fig. 2, part A). The yellow
color of equimolar TMB and NBS product (diimine)
changed into the blue color of the charge transfer
complex, when the tin(II) solution was added [30, 31].
Meanwhile the tin(II) was oxidized to tin(IV).
Figure 2 (part B) shows the absorption spectra
changed from the initial TMB spectra (peak at 285
nm) to the diimine spectra (peak at 452 nm), after the
TMB was fully oxidized by NBS. By adding tin(II) to
the diimine, a mixture spectra of the charge transfer
complex (two new peaks at 370 and 652 nm) and the
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diimine residue (peak at 452 nm) appeared. The ab�
sorption peak at 452 nm (diimine) decreased with
tin(II) concentration, implying that the diimine was
reduced by tin(II). On the other hand, the absorption
peaks at 370 and 652 nm (the charge transfer complex
form) increased with increasing tin(II) concentration,
confirming that the diimine was reduced to the
charge�transfer complex [31].

The optimum detection condition. Selection of
TMB/NBS ratio. An equimolar mixture of TMB and
NBS displayed the maximum absorption peak height
at 452 nm. Either increasing or decreasing the relative
amount of NBS or TMB decreased the corresponding
maximum absorption. The spectra in Fig. 3 show that
increasing NBS concentration broadened the peak at
the bottom (500 nm), indicating degradation of the di�
imine. Increasing the TMB concentration led to two
side peaks appearing at 370 and 652 nm, indicating the
formation of the charge�transfer complex form from the
diimine and the extra TMB. Increasing both the NBS
and TMB concentrations could improve the upper limit
of the concentration range beyond 0.34 μg/mL.

Selection of indicator peak. It was found that the ab�
sorption peak at 452 nm (diimine) was 3 times more
sensitive to tin(II) than the absorption peak at 370 nm
(charge�transfer complex). From Fig. 3, the absorp�
tion decrease at 452 nm (0.34 ± 0.04) was 3 times high�
er than at 370 nm (0.08). This indicated that the ab�
sorption peak at 452 nm was 3 times more sensitive
than the peak at 370 nm.

Specification of pH using acetate buffer. An acetate
buffer (0.2 M) with pH between 3.7 and 4.4 at 25°C gen�
erated the optimum absorption at 452 nm (0.976–1.013)
after 3 min of mixing time. The error in the pH of the
buffers was estimated at ±0.1 in this work. The reaction
of NBS oxidizing TMB was sensitive to the solution
pH value [30, 32, 33]. Figure 4 shows that the absorp�
tion was maximized between pH 3.7 and 4.4. At higher
pH the diimine degraded, so the absorption at 452 nm
decreased.

Mixing time selection. A stable absorption value at
452 nm was obtained by controlling the reaction time
for 3 min in pH 4.4 ± 0.1 (acetate buffer, 25°C).
Figure 5 illustrates the effect of reaction time on TMB
redox reaction at different pH. The TMB redox reac�
tion rate was increased when buffer’s pH value in�
creased. In a buffer with a higher pH than the TMB
oxidation product, H+ is readily scavenged in the buff�
er, which drives the reaction to the diimine side [31,
32]. Figure 5 shows that when the buffer pH was higher
than 4.0 (pH 4.4, 4.7 and 5.3), the redox reaction fin�
ished immediately after mixing. The absorption�time
response was not influenced by the addition of tin(II). 

Standard calibration curve and error evaluation.
Under the optimized conditions (equal moles of TMB
and NBS, pH 4.4 ± 0.1, acetate buffer, absorption
measurement at 452 nm after 3 min reaction), a stan�
dard calibration curve was generated (A = 1.9008 ×
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tin(II) concentration + 0.9954, R2 = 0.9981, n = 7). A
decrease in the diimine absorption peak (452 nm) was
used to measure the tin(II) concentration, because it
proved 3 times more sensitive than the charge�transfer
complex absorption peaks. The error evaluation on the
y�axis was based on the 7 repetitions and 7 continu�
ously monitored data points in each test. This includ�
ed the method error, the operating error, and the sys�
tem noise. The error evaluation on the x�axis was esti�
mated from the weighing error and tin(II) oxidation in
air. The last digit of the scale (0.1 mg) had a difference
of ±0.05 mg. In experiments, typically 2.0 ± 0.05 mg
tin(II) chloride was weighed. Three of the 7 tests used
20–23 mg tin(II) chloride to make a concentrated so�
lution, and were diluted twice to make the standard
0.3 mM tin(II) solution. The 0 μg/mL tin(II) point
absorption was repeated at least twice in each test. The
standard deviation (σ) at 0 μg/mL tin(II) was deter�
mined at 0.0098 (A.U.), and the corresponding LOD
was calculated (3σ) to be 0.013 μg/mL. The LOQ was
calculated (10σ) to be 0.05 μg/mL.

Evaluation of method. This method was evaluated
in duplicate by spiking different amounts of 0.3 mM
SnCl2 solution (1, 5, 9, 11, 15 and 19 μL) into 1.9 mL
of pH 4.4 acetate buffer (25°C) with equimolar mix�
ture of TMB and NBS (0.3 mM). Table 2 lists all the
tested concentration results of the two tests and the ac�
tual tin(II) concentrations injected. The maximum
deviations of the tested results from the actual concen�
trations were calculated. The maximum deviation was
0.038 μg/mL at tin(II) concentration of 0.255 μg/mL
and the minimum deviation was 0.014 μg/mL at
0.017 μg/mL. The deviation was hypothesized to
come from the standard tin(II) concentration differ�
ence and measurement method used.

* * *

A linear correlation curve of tin(II) concentration
and absorption (R2 = 0.9981, n = 7) in concentration
range from 0.049 (LOQ) to 0.340 μg/mL was obtained
by using TMB and NBS mixture as a spectra indicator.
The detection conditions were optimized to obtain in�

tensive, fast, and stable absorption at 452 nm. An
equimolar mixture of TMB and NBS at 0.3 mM ex�
hibited the maximum absorption at 452 nm. The
452 nm peak (diimine) was selected for detection be�
cause it was 3 times more intense than the peaks at 370
or 652 nm (charge�transfer complex). The pH of the
acetate buffer and the reaction time were optimized to
pH 4.4 at 25°C and 3 min, respectively. A lower LOQ
(0.049 μg/mL) and more sensitive detection range
(to 0.340 μg/mL) was obtained in this method when
compared with the other spectrophotometric methods
[22–29] (Table 1). Meanwhile the LOD was improved
to 0.013 μg/mL relative to a recently published spectro�
photometric value of 0.03 μg/mL [29]. The simplicity
and sensitivity of this spectrophotometric method make
it preferable to other published methods.
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