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16 Abstract: Novel collector lead(Il)-benzohydroxamic acid (Pb [I[]-BHA) complexes in aqueous
17 solution were characterized by using experimental approaches, including Fourier-transform
18 infrared spectroscopy (FTIR), powder X-ray diffraction spectroscopy (PXRD), Ultraviolet-visible
19 (UV-Vis) spectroscopy, and electrospray ionization-mass spectrometry (ESI-MS), and
20 first-principle density functional theory (DFT) calculations with consideration of solvation effects.
21 The Job plot delineated that a single coordinated Pb(BHA)* should be formed first, and the binary
22 structures of Pb(BHA): can be formed subsequently. Moreover, the Pb(II)-BHA species aggregated
23 with each other to form highly complicated structures. ESI-MS results validated the existence of
24 Pb-(BHA)n-12. The well-consistent infrared spectra from the DFT calculations and FTIR
25 measurements indicated that the cis-amide (Za)-type BHA conformer may be dominant in the
26 solid-state crystals of BHA. The first-principle calculations suggested that Pb(BHA). should be the
27 most stable structure, and the Pb atom in Pb(BHA)* will play as an active site to attack
28 nucleophiles. These findings are meaningful to further illustrate the adsorption mechanism of
29 Pb(II)-BHA complexes in mineral processing.

30 Keywords: Pb(II)-BHA; lead chemistry; metal-organic collectors; DFT calculation; surface activation

32 1. Introduction

33 Metal-organic coordination complexes have been widely used in the materials, chemistry. Recently,
34  their promising applications in mining have attracted research attention [1-8]. For instance,
35  lead(I)-benzohydroxamic acid (Pb [II]-BHA) complexes are effective collectors in the beneficiation
36 of oxide minerals, including tungsten minerals, cassiterite, and rutile [9,10]. Given the excellent
37  selectivity and good collecting ability of Pb(I)-BHA, the scheelite flotation process could be
38  simplified remarkably without the addition of sodium silicate, overcoming the shortage of
39  heating in the routine flotation of scheelite [9-11].The beneficiation of scheelite is currently one of the
40  most challenging problems worldwide in the field of mineral processing. Conventionally,
41  separating scheelite from calcium bearing minerals, such as fluorite and calcite, by using anionic
42 collectors (especially for fatty acid) is difficult due to their highly similar properties in
43 calcium-bearing surfaces. Fortunately, our group first introduced the Pb complexes of
44  benzohydroxamic acid (Pb(I)-BHA complexes) to effectively separate scheelite from calcium-bearing
45  gangues by properly regulating the Pb/BHA ratio and pH [9,11]. Furthermore, as displayed in
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46  Figure 1(b), the novel flotation scheme (i in Figure 1 [a]), with Pb(I)-BHA complexes used as the
47  collector, has shown better performance than the traditional activation flotation scheme (ii in Figure
48 1 [a]), which first added Pb(Il) as the activator and subsequently added BHA as the collector
49  [10,12-20]. However, the effective microstructures of Pb(I)-BHA complexes in the solution and their
50  interaction mechanisms with oxide minerals remain unclear.
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52 Figure 1. (a) Two flotation schemes; (b) the flotation recovery of scheelite (S) [9] and cassiterite (C) [21] as a

53 function of dosage of Pb(II) ion (12 in (b) represents the flotation scheme in i and ii)..
54
55 Hydroxamic acid group (-CO-NH-OH) is the functional group of the BHA [22-24]. The

56  functional group has relatively different properties that remain poorly characterized; in fact, a
57  reliable assignment of the correct structure is challenging because the several possible conformations
58  strongly depend on concentration, temperature, and the nature of the solvent [25]. The hydroxamate
59  collectors, such as benzohydroxamic acid (BHA), naphthenic hydroxamate, and amide
60  hydroxamate, have been well used as highly selective flotation collectors in recent years. The role to
61  function as collectors in mineral flotation has been documented by Lynch et al. [26] However, the
62  chelate between hydroxamic acids and metal ion has remained poorly investigated. Nowadays,
63  first-principle calculations based on density functional theory (DFT) and some advanced
64  experimental technologies are used to obtain more information on the molecular structure of BHA
65 [27]. Wander et al.’s benchmarking calculations indicate that the DFT calculation can achieve near
66  chemical accuracy of hydrolysis constants for metal ions in most cases [28]. Nuclear magnetic
67  resonance and DFT calculations performed by Garcia et al. show that the adopted BHA
68  conformation of BHA aqueous solution is a closed Z (cis) configuration in aqueous solution [29].
69 Both Z (cis) and E (trans) conformations in Scheme 1 regularly co-existed in solvent. The
70 concentration and environmental factors determine the ratio of Z type to E type conformations to
71  some extent, and potential barriers are present among different conformations [30,31].

72

73 Scheme 1. BHA conformers

74 Z-amide E-imide Z-imide E-amide
75
76 BHA can chelate with metal ions, such as copper(ll) cadmium(ll), cobalt(Il), nickel(Il),

77  manganese(Il), lead(Il), zinc(I), aluminum(IIl), iron(Ill), and bismuth(Ill), thus taking on diverse
78  chelate structures [23,32]. Only few heavy metal ion complexes of BHA chelates have been
79  extensively investigated for their special uses, like the bismuth(IIl) complex that has activity against
80  Helicobacter pylori. However, reports about the novel Pb(I[)-BHA complexes are also few.
81  Understanding of the microstructures of Pb(II)-BHA complexes is essential to improve the technique

82  working in flotation practice and fundamental field of lead chemistry [33,34].
83
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84 This current study aims to investigate configurations of Pb(II)-BHA coordination complexes in
85  aqueous solution. Accordingly, the powder X-ray diffraction (PXRD), Fourier-transform infrared
86  spectroscopy (FTIR), UV-Vis spectroscopy, and electrospray ionization mass spectrometry (ESI-MS)
87  were performed to characterize the solid and solution components. First-principle DFT calculations
88  were performed to understand the constituents and properties of Pb(I)-BHA complexes at the
89  molecular level. The frontier molecular orbital [35] and natural atomic orbitals (NAOs) [36] were
90  used to describe the reactivity of the studied Pb(II)-BHA complex. This work might shed new light
91 on effective microstructures of Pb(II)-BHA coordination complexes for mineral flotation.

92
93

94 2. Methodology
95 2.1. Experimental details

96  2.1.1. Materials

97 Analytical grade BHA and lead nitrate were purchased from Tokyo Chemical Industry Co., Ltd.

98  in Japan. The pH value was adjusted with chemically pure sodium hydrate or hydrochloric acid

99  stock solutions. The 18.2 MQ pure water produced by Arium Mini Plus (Sartorius Weighing
100  Technology, Germany) was used in this work.

101

102  2.1.2. PXRD tests

103 The coordination chemistry of Pb(Il)-BHA is assumed to significantly change around the
104  Pb(II)-BHA ratios of 2:1, 1:1, and 1:2. PXRD measurements on these ratios of Pb(I[)-BHA were
105  performed in transmission geometry mode in a two-theta angle range from 3° to 70°, with a step size
106  of 0.009 using Cu Keu (35 KV, 40 mA, 1.54056 A) radiation. The patterns were collected using a
107  diffractometer (D8 Discover, Bruker AXS, Germany) equipped with a LynxEye detector and a
108  Johansson monochromator in the incident beam. The samples were prepared by evaporation
109  crystallization, and all included compounds were at a concentration of 0.1 mol/L, with pure water as

110  the solvent.

111

112 2.1.3. UV-Vis tests

113 The Job plot[37], proposed by Job, provides qualitative and quantitative insight into the
114  stoichiometry with underlying association of ligand- and solvent-dependent reaction rates. The Job
115 plot was involved to track the full reaction path. Moreover, we changed the guest and host solution
116  to comprehensively understand the stoichiometry of the product. In this work, concentration of the
117  Pb(Il)-BHA complex, as determined by integration of the intensity of specific wavenumber, was
118  plotted against the mole fraction Xa (the guest solution is BHA solution) and Xs (the guest solution is
119  Pb(Il) ion solution). A Shimadzu UV2600/2700 Ultraviolet spectrophotometer was used to obtain the
120 UV-Vis spectra at a fixed concentration of Pb(Il) ion at 0.1 mM by equimolar continuous change

121 method and molar ratio method.

122
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123 2.1.4. FTIR tests
124 FTIR spectra between 400 and 4,000 cm! were recorded with a 740-FTIR instrument by using
125  potassium bromide discs and reagents at a ratio of 100:1.
126
127 2.1.5. ESI-MS tests
128 ESI-MS spectra were collected in positive ion mode with a Bruker Q-TOF Qualification

129  Standard Kit, using solutions of the 0.1 mM/L mixture of lead nitrate:BHA. ESI-MS spectra were
130 used to obtain the proof of coordinated compounds of Pb(Il)-BHA complexes at the molar ratio of 1:1
131  (at the natural pH 4.4) and 1:2 (at pH 13.0). The pH was selected according to a report that high pH

132 canresult in increased complications in solution species [10].

133

134 2.2. Computational methods

135 All calculations were performed with the Gaussian 09 (version D.01) quantum chemistry
136  package, based on the B3LYP method: a three-parameter hybrid functional by replacing a certain
137  amount of the PW91 generalized gradient approximation (GGA) correlation functional with the LYP
138  GGA correlation functional [38-40]. Solvation effects were considered by using the polarized
139  continuum models (PCM) in the calculation [41]. The aug-cc-pVDZ basis set was employed as
140  all-electron basis set in all types of calculation on the light atoms H, C, N, and O, except for the Pb
141  atom in Pb(I[)-BHA complex systems. The aug-cc-pVDZ-PP basis set with a relativistic
142 pseudopotential was used for the Pb atom. The basis set, obtained from EMSL Basis Set Exchange
143 web site, has already been verified to produce acceptable thermodynamic information of hydrated
144  Pb (II) ion[42-44]. The Los Alamos effective core potential double-£ (LanL2Dz) was used for the
145  primary geometry optimization of modelled benzohydroxamic acid and its Pb (II) complex in ionic
146  form. LanL2Dz replaced 78 core electrons with relativistic effective core potential (RECP) [45];
147  therefore, only two valence electrons of Pb(Il) ions were described [46]. To refine the structure and
148  calculate the molecular orbitals, we further used the larger aug-cc-pVDZ basis set for the light atoms,
149 such as hydrogen, oxygen, nitrogen, and carbon, and we used the aug-cc-pVDZ-PP with RECP of
150  the inner 60 electrons for Pb(Il) ions to calculate the frequency [47]. The default convergence
151  parameters (with maximum force within 4.5 x 104, force RMS within 1.8 x 103) in the Gaussian 09
152 software were retained to optimize the structure. All calculations were successfully converged,

153  without virtual frequencies in the vibration analysis.
154

155 In the building of BHA anion model [48], the proton at the carbonyl oxygen was removed
156  according to the preferred deprotonation site reported by Begonia et al. and Arora et al. [29,49]. The
157  Pb(Il) ion was set as the metal center ion which would be the coordination center of the bidentate
158 BHA anions. The envisaged conformations were ligated by two, three and four BHA anions.

159  Thermodynamic values for Gibbs free energy [50] were obtained using the PCM with the context:
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AG,=3G =2 G )

160 where G, and G

ro e are the free energy or the products and the reactants included in the

161  reaction, respectively.
162

163 Gauss View was used as a visualization tool in this paper. In addition, all calculations including
164  the mapped molecular orbitals in this work were performed at the theory level of PCM
165  -B3LYP/aug-cc-pVDZ on light atoms and PCM -B3LYP/aug-cc-pVDZ-PP on Pb atom [51]. Molecular
166  orbital contours for the highest occupied molecular orbital (HOMO) and the lowest unoccupied
167  molecular orbital (LUMO) of the cluster model were computed at the same theoretical level. The
168  contribution of Pb atom to the frontier molecular orbitals were calculated with a multifunctional

169  wavefunction analyzer Multiwfn [52] based on the NAOs.
170

171 3. Results and discussion
172 3.1. Experimental

173  3.1.1. PXRD results
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176 Figure 2. PXRD spectra of Pb(II)-BHA mixtures at Pb:BHA molar ratios of (i) 2:1, (ii) 1:1, and (iii) 1:2, and pure
177  reagents of (iv) BHA and (v) lead nitrate.

178

179 Figure 2 depicts the PXRD spectra of the evaporation-crystalized samples at a series of planned
180  molar ratios, which are described in the Methodology section. The consistently strong sharp peaks at
181 Pb:BHA molar ratios of (i) 2:1, (ii) 1:1, and (iii) 1:2 suggest a favorable crystallinity and size

182  homogeneity of the product, and the coordination compounds should have a well-organized
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183  structure. We focused on the structure of Pb(I)-BHA complexes in the aqueous solution, these
184  characteristic peaks of the raw reactants, BHA (iv) and lead nitrate (v), used for the synthesis
185  reaction, did not influence further conclusions. The PXRD results of BHA crystal structure in our
186  results coincided with those results from Podlaha et al., showing similar spectra of an iron-BHA
187 crystal [53]. Pb(II)-BHA complexes may contribute to these peaks at 5.5° 7.5°, 9.9°, 11.1°, 14.2°, and
188  16.6° which were reassembled with the metal-organic frame network of metal-BHA frame system
189  with a typical -7t stacking structure [54]. Unfortunately, our attempts to grow a single crystal of the

190  Pb(II)-BHA complex in aqueous solution to validate this hypothesis were unsuccessful.

191

192  3.1.2. UV-Vis results

193
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195 Figure 3. (a) The plotted UV-Vis absorbance spectra (c) spanning the wavelength from 185 nm to 325 nm, and
196 (b) Job plots (d) at 230 nm for the prepared solutions with BHA (Pb [II]) as a guest solution. Xa and Xs are the
197 mole fractions of Pb(II) ions and BHA according to dosing methods 1 and 2, respectively. All stock solutions are
198  prepared at 1 mM/L concentration.

199

200 Because of the superposition of UV-Vis absorbance peaks of the products and the reactants,
201  carefully processing the collected UV-Vis data is essential. Initially, the first and the last points were
202  fixed at zero absorbance because the complexity of the product might be relatively different when
203  one component is in excess, and the further fitting procedures would exclude the two points [55].
204  The start second point and the last second point were connected to form a background. After
205  deducing the background absorption, the Job plots were plotted, as shown in Figures 3(b) and 3(d).
206  Herein, Job plots were fitted using the method of initial tangents using experimental data close to the

207  beginning points (the first and last points were not included due to the formation of hydrated Pb
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208  complexes and the solvation of BHA) [56]. As illustrated in Figure 3, Xa and Xs were the mole
209  fractions of Pb(Il) ions and BHA according to dosing methods 1 and 2, respectively. The wavelength
210  at 230 nm represents the significant changes in the solution components. The same trends can also be
211  obtained by using other wavelengths between 230 and 240 nm (Figure 4). In addition, the order that
212 we prepared the mixture for the UV-Vis tests can influence the reaction paths. The accepted

213 potential reaction mechanism might be described as follows:

BHA™ + Pb* — Pb(BHA)" = Pb(BHA), ()
2BHA™ + Pb** — Pb(BHA), 3)
214 where Equation (2) could be explained as the stepwise formation of the single coordinated

215  Pb(BHA)* complex, when a small quantity of BHA- solution was used as a guest species, and
216  Equation (3) is ideal for interpreting the formation of Pb(BHA),, when Pb(II) solution was used as a
217  guest species.

218

219 Figures 3(a) and 3(c) show that the increasing dosage of Pb(Il) ions and BHA strengthened and
220  extended the absorbance peaks. Job plots were obtained from newly mixed Pb(I)-BHA mixture,
221  with the collected characteristic absorbance peaks of UV-Vis spectra in aqueous solution having both
222 dosing methods. The absorbance peak at 230 nm was plotted with respect to the range of the molar
223 ratios of Pb(II):BHA from 1:9 to 9:1. The obtained Job plots showed that the stoichiometry of the
224 complexes for the first one with BHA as a guest solution was Xa = 0.42 (Figure 3 [b]), which
225  supported a stoichiometry of Pb(I):BHA between 1:1 to 1:2. Meanwhile, the reversing dosing
226  method with Pb(Il) ion solution as guest solution obtained Xs= 0.67 (Figure 3 [d]), clearly indicating
227  that a stoichiometry of 1:2 corresponded to the structure of Pb(BHA).. These results supported the
228  formation of Pb(BHA)> complex when excessive BHA solution was added.
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231 Figure 4. UV-Vis absorbance changes of 1 mM/L Pb(II) ion solution with respect to the continuous addition of
232 BHA (at wavelengths of 221, 230, 235, and 240 nm), based on the continuous concentration change method.

233 Spheres for atoms Pb, C, H, O, and N in the inset are colored in orange, grey, white, red, and blue, respectively.
234

235 Figure 4 shows the further UV-Vis test results at the characteristic peaks of 221, 230, 235, and
236 240 nm that could explain the mechanism of forming high coordination complexes. These drawn
237  curves showed a consistent trend. For a clear illustration, we divided these curves into three stages.
238 At thebeginning stage, the absorbance increased rapidly. At the end of the rising stage at 1 mM/L of
239  BHA, a 1:1 Pb(II)-BHA complex was formed, which was consistent with both the obtained result of
240  the Pb(BHA)* complex in the Job plots and the computational section. Afterward, the curves showed
241  a slow rising stage region with a small slope from 1 nM/L to 2.5 mM/L. The fluctuation of these
242 collected data suggested that the component in the solution should be intricate. Interestingly, these
243  trends ended with the same proportion of Pb:BHA = 1:2.5, at which the Pb(BHA)> complex might
244  existed as indicated by the Job plots. When increasing the BHA concentration, these curves adopted
245  a horizontal line-like region of the similar absorbance intensity to pure BHA solution. The three
246  stages in the curve can be seen as the stepwise formation of high coordination complexes, as

247  interpreted by Equation (2).
248

249  3.1.3. ESI-MS spectra
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252 Figure 5. ESI-MS spectra of the mixture of (a) Pb:BHA molar ratio of 1:1 at a pH value of 13.0 and (b) Pb:BHA
253 molar ratio of 1:2 at the natural pH of 4.4. (Solution concentrations are 1 mM/L.)

254 To identify possible Pb(II)-BHA complexes formed in the solution, the collected ESI-MS data of
255  reaction mixtures of lead nitrate and BHA with water as solvent are shown in Figure 5. Figure 5(a)
256  shows that when the solution pH is approximately 13.0 in the mixture, the main product is the single
257  coordination complex. 5(b) shows that Pb(Il)-BHA complex at the molar ratio of 1:2 can produce
258  single and double coordination products in aqueous solution. The direct proof of the single
259  coordinated Pb(Il) complex and double coordinated complex with BHA as ligands was provided,
260  indicating that the Pb(BHA)", Pb(BHA),, and the possible high coordination complex were formed in
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a stepwise order. This finding was consistent with the result obtained from the continuous
concentration change method. Meanwhile, the findings of the hydrated Pb(II) of PbPOH(H20)s and
the Pb(II)-BHA complex, as shown in Figure 5(b), suggested that the hydration shell of Pb(II) might

be dissociated due to the coordination reaction.

The ESI-MS result validated the existence of the Pb(Il) complex with one and two BHA as
ligands. The experimental approaches were not sufficient to provide exact structures or properties;
thus, the structure of Pb(II)-BHA complexes, considering the solvation effects, were further studied

using first-principle DFT calculations at high accuracy.

3.2. Theoretical prediction results

3.2.1. Prediction of stable BHA isomers and Pb(II)-BHA complexes
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Figure 6. (a) Optimal structures of BHA, BHA-, Pb(BHA)*, and Pb(BHA)*. (b) Comparison of Gibbs free energy
of the single coordinated Pb ion with BHA and BHA anion as ligand with the Gibbs free energy of Za type as a

zero level. Spheres for Pb, C, H, O, and N atoms are colored in orange, grey, white, red, and blue.

All optimized BHA and BHA- (the anion of the BHA molecule with the dissociation of the
proton) structures are shown in the first two rows in Figure 6(a) at a B3LYP/aug-cc-pVDZ theoretical
level. Notably, the molecules are not a plane because of the existence of the conjugated effect (the
Cartesian coordinate file of these structures are available from the corresponding authors). The
optimal structures are marked with Z and E types. From the calculation results, a stable five

membered ring binds with the so called O-O' of Za type anion [23].

Phenyl is an electron-withdrawing group in the BHA having the structure of an electron donor;
thus, the hydroxamic group in Za type as a bi-dentate ligand can chelate with Pb(Il) ligands. The
optimal Za-type BHA possesses the lowest ground state of Gibbs free energy, indicating that the
Za-type BHA should be the most stable structure. Figure 6(b) shows that the supported
configurations (according to the calculated Gibbs free energies) of the Pb(II)-BHA complexes are the

d0i:10.20944/preprints201806.0110.v1
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290  coordination compounds of Pb(Il)-Za-type structures. The Gibbs free energy between the Za and Zi
291  isomers shows a small difference, implying that the transformation between isomers might exist.
292 According to Arora et al. [49], the energy barriers among these BHA isomers are small and can be
293 overcome. The existence of transformations among different isomers suggests that FTIR tests might
294  be difficult to obtain a fully matched spectrum with calculation results due to the vibrational

295  coupling.
296

297  3.2.2. Experimental and Computational Vibrational Spectra

298

299 Vibrational spectrums by theoretical calculations and the experimental spectrums are shown in
300  Figure 7. The obtained correction of Equation (4) by Arora et al. [49], with the regression analysis
301  method, was used to correct the shift in the calculation results. The IR vibration spectra of the BHA
302  isomers are obtained from the frequency calculation, stated as follows:

v=0.939v

calc

+48.9(r =0.999) 4)

303 where V_, is the calculated wavelength, and v is the corrected wavelength. A comparative

Cc

304  study of the experimental vibration spectra of BHA solid and the cluster models are plotted in
305  Figure 7.
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308 Figure 7. Theoretical calculation of BHA isomers and experimental infrared (IR) results of BHA solid
309 (calculations at the theory level of PCM-B3LYP/aug-cc-pVDZ).

310
311 Figure 7 shows the middle IR spectra (wavenumber ranges from 400—4,000 cm™) of the pure

312 BHA and the calculated vibrational spectrums of these isomers. The top spectrum is the

313 experimental FTIR spectrum, where the strong characteristic peak at 3,295 cm! can be assigned as
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314  the N-H stretching vibration coupling with the O-H stretching vibration, corresponding to the
315  calculation results of Za at 3,468 cm-! and Ea at 3,405 cm1. No characteristic peaks of hydroxyl in the
316  sample were noted, implying that the imide-type isomers are certainly few. The comparison of
317  theoretical and experimental IR spectra shows that the coupling of the characteristic absorption
318  peaks may exist. The experimental IR results and the calculated spectra suggest that the amide types
319  of BHA may dominate the solid-state BHA.

320

321  3.2.3.High coordination complexes
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324 Figure 8. Optimal structures of Pb(II)-BHA with coordination numbers (CN) of 2 (a), 3 (b), and 4 (c). Spheres for
325 Pb, C, H, O, and N atoms are colored in orange, grey, white, red, and blue.

326

327 Table 1. The changes in Gibbs free energy (AGr) and Pb—O mean distance in Pb(II)-BHA complexes with CN of
328 BHA ligands ranging from 1 to 3.

CN Reaction AGr(Kcal/mol) Pb-O( ) £gap (€V)
1 Pb>*+BHA- -356.55 2.26 4.17
2 Pb(BHA)*+BHA- -27.20 2.40 4.50
3 Pb(BHA )2+BHA- +0.03 2.58 4.17
329
330 In thermodynamics, the isomer having the lowest Gibbs free energy (G) can be the most stable

331  and efficient isomer; Za-type structures should be the stable configurations and the dominant
332 components according to the Gibbs free energies shown in Figure 6(b), which is consistent with the
333 obtained result by Begofia et al. [29]. The Za-type structure as the ligand has been used for the
334  subsequent calculations. The initial Pb(I)-BHA coordination complexes are modeled based on the
335  Pb(ll) ion as the central metal ion, based on the stepwise mechanism in Equation 2. To obtain the

336  possible high coordination compounds, we increased the number of BHA ligand to 4.

337
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338 As shown in Figure 8, all Pb(II)-BHA coordination complexes adopt hemidirected geometry; in
339 such configuration, BHA ligands occupy merely half of the space surrounding the Pb(Il) atom
340  [7,46,57). As shown in Table 1, the first BHA chelated with Pb(Il) corresponds to a total reaction free
341  energy change of -356.55 Kcal/mol, indicating a strong binding interaction. For the second BHA-
342  ligand, a total reaction free energy change is -27.20 Kcal/mol, excluding the formation free energy of
343  Pb(BHA)-. Thereafter, the third BHA- results in a positive change in Gibbs free energy of 0.03
344  Kcal/mol, implying that the binding of the third one with the former Pb(BHA): is inefficient in
345  thermodynamics. Moreover, when CN reaches 4, the intramolecular aggregation occurred by a
346  hydrogen bonding interaction between the added BHA- and another adjoining BHA-. As shown in
347  Figure 8(c), the intermolecular distance between the H-O is 1.84 A, indicating that the CN higher
348  than 3 results in aggregation of adjoining BHA [23,58]. Because the calculation for this system was
349 costly and may not produce helpful results, we did not perform the frequency calculation for this
350  Pb(Il) complex with four BHAs as ligands. In all, in an experimental test, the complexes with two
351  BHA ligands may be ultimately measured. A higher CN than 3 might not be stable, but a Pb(I[)-BHA
352  complex with 3 or more BHA ligands may appear due to the intermolecular interactions, including
353  the Van der Waals' force, H-bonding interaction, and the 7-7t stacking of benzene rings. This finding

354  agrees with the PXRD results with a 7-7t stacking structure.
355

356  3.2.4. Frontier molecular orbital analysis

357
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359 Figure 9. The frontier molecular orbitals (HOMO and LUMO) of Pb(II)-BHA complexes with 1 (a), 2 (b),

360 and 3 (c) BHA ligands. The orbitals are calculated at the B3LYP theory level with a threshold of 0.001 au, and the
361 solvation effect is included with PCM model. Spheres for Pb, C, H, O, and N atoms are colored in orange, grey,
362 white, red, and blue.

363
364
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365  Table 2. The contribution of the Pb atom to frontier molecular orbitals (HOMO+1, HOMO, LUMO, and
366  LUMO-1) based on the NAO[59] method

Orbital composition assigned to Pb atom/%

Pb-BHA
HOMO-1 HOMO LUMO LUMO+1
Pb(BHA)* 0.03 3.55 91.93 77.54
Pb(BHA): 1.14 1.28 1.14 0.02
Pb(BHA); 1.01 0.75 0.13 0.00
367
368 In Figure 9, the ligands of Pb(BHA): (b) and[ Pb(BHA)s (c) occupied merely one half of the space

369  surrounding the Pb(Il) ions. Pb(BHA). and Pb(BHA); adopted the hemidirected Pb(I)-BHA

370  structures due to the lone pair electron contributed by BHA ligands [46,60]. Additionally, the
371  structure of BHA can form some dimer structures and even interplay with themselves. The adjoining

372  BHA may result in aggregation due to intermolecular interaction [29].

373

374 4. Conclusions

375 In the present study, we investigated the Pb(II)-BHA complexes though experimental and
376  computational approaches, and the solvation effects were considered. The accepted stable
377  Pb(Il)-BHA complex structures are Pb(BHA)+ and Pb(BHA)..

378 PXRD spectra show that the structures of the product of the Pb-BHA mixture should be
379  well-organized. Job plots of two dosing methods indicate that the Pb coordination compounds in
380  solution may adopt stoichiometry of Pb(BHA)* and Pb(BHA).. UV-Vis results by equimolar
381 continuous change method show that the Pb(BHA)* and Pb(BHA). compounds should be formed
382  stepwise in aqueous solution. Furthermore, ESI-MS spectra provide the direct proof of the Pb(BHA)*
383  and Pb(BHA): in aqueous solution. The first-principle DFT calculations show that the Za-type BHA
384  structure may dominate in the BHA solution. Further optimized Pb(BHA)+ and Pb(BHA): are the
385  adopted structures by thermodynamics, and highly coordinated Pb(II)-BHA complex is inefficient in
386  thermodynamics. The Pb atom contributes mainly to the LUMO, suggesting that the Pb atom in the
387  structure should be the active site to accept nucleophile. These findings are meaningful to further

388 illustrate the adsorption mechanism of Pb(I)-BHA complexes in mineral processing.

389
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