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Abstract: A new complex of Hg(II) with 6-methoxyqui-
noline (C10H9NO-6MQ) has been synthesized and char-
acterized. The structure of the complex Hg(6MQ)Cl2 was 
determined by single crystal X-ray diffraction. It crys-
tallizes in the monoclinic space group P21/c with a  =  
3.9139(3), b  =  26.3400(2), c  =  10.9090(9) Å, β  =  89.833(6)°, 
V  =  1124.6(1) Å3 and Z  =  4 molecules per unit cell. The 
coordination geometry of the mercury(II) center can be 
described as a distorted square pyramid formed by one 
nitrogen atom of the 6MQ and four chlorine atoms. Fou-
rier transform infrared, Raman and UV/Vis spectroscopic 
studies have been carried out to characterize the com-
pound, using theoretical calculations for the assignment 
of the experimentally observed bands. The thermal behav-
ior was investigated by thermogravimetric analysis. The 
quantum yield of singlet molecular oxygen production 
ΦΔ was measured with steady-state methods in ethanol, 
using 9,10-dimethylanthracene (DMA) as actinometer and 
Bengal rose as reference photosensitizer. The resultant 
singlet molecular oxygen was detected indirectly by pho-
tooxidation reactions of DMA. The luminescence proper-
ties have also been studied.

Keywords: density functional calculations; Hg(II) complex; 
6-methoxyquinoline; singlet oxygen; spectroscopic prop-
erties; X-ray structure.

1  Introduction
The photosensitizing properties of some alkaloids includ-
ing quinine (Q) and primaquine (PQ) were reported in the 
last years of the 19th century. The study of their physico-
chemical properties including the photochemical behav-
ior was accelerated in the beginning of the 20th century 
due to their wider use as drugs against malaria and their 
phototoxic side effects [1, 2].

Figure 1 shows the Q and PQ formulae containing 
the 6-methoxyquinolinyl rest. The 6-methoxyquinolinyl 
group has been associated with the phototoxic side effects 
of these drugs due to its elevated quantum yield of singlet 
molecular oxygen (O2 (1Δg)) production of 0.96 ± 0.08 when 
perinaphtenone was used as reference [3]. This value indi-
cates the high phototoxicity of the 6-methoxyquinolinyl 
rest. Due to this it could be used in advanced oxidation 
processes (AOP), because O2 (1Δg) is able to attack organic 
molecules and microorganisms [4].

Because 6-methoxyquinoline (6MQ) is a liquid com-
pound that is easily oxidizable, the primary objective of 
this paper was to study its behavior in the solid state. For 
that reason and considering the small number of com-
plexes with 6MQ as ligand in the literature [5], we are 
interested in the study of its solid metal complexes. It is 
well known that mercury(II) has potential as a poison or 
as a medicine due to its interference in biological systems. 
These properties make it especially interesting for study-
ing its coordination properties. A few Hg complexes are 
still used in medical treatments as antiseptic, even though 
it is known that this cation has potentially toxic side 
effects [6]. In view of the need to know about the Hg com-
plexes and in order to improve the 6MQ properties, here 
we describe the synthesis of a novel Hg(II) complex. The 
crystal structure, spectroscopic properties, quantum yield 
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of 1O2 generation and the luminescence were studied. The 
assignment of experimental infrared bands was accom-
plished with the aid of theoretical results based on density 
functional theory (DFT). The thermogravimetric (TG) anal-
ysis was also carried out and the results discussed.

2  Experimental section

2.1  Equipment and methods

The Fourier transform infrared (FTIR) spectra were 
obtained with a Bruker EQUINOX 55 spectrophotometer 
(Billerica, MA, USA), in the range from 4000 to 400 cm−1, 
using the KBr pellets for the solid complex and KBr 
windows for the liquid ligand, with a spectral resolution of 
4 cm−1. The far FTIR spectrum of the complex was measured 
with the aid of a Nicolet Magna instrument (Waltham, MA, 
USA) equipped with a deuterated triglycine sulfate detec-
tor, in the 400 to 50 cm−1 spectral range, using a polyethyl-
ene pellet. The Raman spectra of the 6MQ and the complex 
were measured in the 1000–80 cm−1 spectral range using 
a Horiba-Jobin-Yvon (Kyoto, Japan) T64000 Raman spec-
trometer, with a confocal microscope and charge-coupled 
device (CCD) detection. Excitation radiation of 514.5  nm 
(argon laser) for the ligand and 647.1  nm (krypton laser) 
for the complex were used. Both spectra were recorded at 
different excitation levels due to the strong fluorescence 
of the complex (see Section 3.4 below). TG analysis was 
performed using a TA Instrument (New Castle, DE, USA) 
2950 unit at a heating rate of 5  °C  min−1 and a nitrogen 
flow of 50 mL min−1. The electronic absorption spectrum 
of the complex was measured on freshly prepared ethanol 
solution (~10−4 m) in the 190–1100 nm spectral range, with 
the help of a Perkin Elmer (Waltham, MA, USA) Lambda 
35  spectrophotometer, using a 10  mm quartz cell. The 
quantum yield of singlet oxygen (O2(1Δg)) generation was 
measured indirectly in steady state at 25 °C and irradiating 
the sample with a UV light source centered at 350 nm. The 
emission spectrum of an ethanolic solution (~10−4 m) was 
recorded using a PerkinElmer LS 50B spectrofluorometer.

2.2  Synthesis of Hg6MQCl2

The 6MQ ligand was purchased from Sigma Aldrich 
(St. Louis, MO, USA) and purified by reduced pressure dis-
tillation. The complex was prepared adding liquid 6MQ to 
an ethanolic solution containing HgCl2 in 2:1 stoichiomet-
ric ratio. Then, the resulting white solid was separated by 
filtration. The slow evaporation of an ethanolic colorless 
solution provided well-developed white crystals that were 
suitable for X-ray diffraction. The yield was 87 %.

2.3  X-ray structure determination

The intensity data for the complex were collected on an 
Agilent Gemini Diffractometer equipped with an EOS CCD 
detector with graphite-monochromatized MoKα radia-
tion (λ  =  0.71073 Å). X-ray diffraction intensities were 
collected (ω scans with θ and κ offsets), integrated and 
scaled with the CrysAlisPro (Agilent Technologies Ltd., 
Yarnton, Oxfordshire, UK) [7] suite of programs. The unit 
cell parameters were obtained by least-squares refine-
ment based on the angular settings of all collected reflec-
tions with intensities larger than seven times the standard 
deviation. Data were corrected empirically for absorption 
employing the multi-scan method implemented in Crys 
AlisPro. The structure was solved by Direct Methods with 
Shelxs-97 (Göttingen, Lower Saxony, Germany) [8, 9] and 
the molecular model refined by a full-matrix least-squares 
procedure on F2 with Shelxl-97 [9, 10]. The hydrogen 
atoms were positioned stereochemically and refined with 
the riding model. Crystal data, data collection and refine-
ment parameters are summarized in Table 1.

CCDC 1034690 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained 
free of charge from The Cambridge Crystallographic Data 
Centre via www.ccdc.cam.ac.uk/data_request/cif.

2.4  Computational methods

The computational studies of the complex and the free 
ligand were performed using the DFT implemented in 
Gaussian 03 (Wallingford, CT, USA) [11].

The systems studied herein were subjected to energy 
minimizations using the B3LYP [12] functional with the 
6-31 + G** basis set [13] for the non-metal atoms and the 
Los Alamos effective core potentials LANL2DZ [14–16] for 
the metal. The vibrational frequencies for the compounds 
were calculated in gas phase using the second derivatives. 
On this basis, the vibrational modes have been assigned 
using 0.97 as scaling factor.

Fig. 1: Molecular formulae of quinine (Q) and primaquine (PQ) 
containing the 6MQ moiety.
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3  Results and discussion

3.1   Crystal and molecular structure of the 
complex

Only a few complexes with 6MQ as ligand have been studied 
as powders, and their structures were not reported. Here 
we describe the crystal structure of a Hg(II) complex with 
6MQ as ligand. This information is useful in order to shed 
light on the coordinative properties of the ligand which 
has not previously been reported. Table 2 lists selected 
experimental and calculated (B3LYP) bond distances and 
angles around the Hg(II) cation. Figure 2 shows the coor-
dination sphere of the metal center bonded to a 6MQ mol-
ecule along with the labeling scheme. The coordination 
sphere of each Hg(II) cation consists of one 6MQ nitrogen 
atom at a Hg–N distance of 2.474(9) Å, two chlorine atoms 
forming two strong Hg–Cl bonds (2.346(3) and 2.341(3) Å)  
and two weak intermolecular Hg···Cl interactions at 

Table 1: Crystal data and numbers pertinent to data collection and 
structure refinement for the complex Hg(6MQ)Cl2.

Empiric formula   HgC10H9NOCl2

Formula weight   430.68
Temperature, K   293
Wavelength, Å   0.71073
Crystal system   monoclinic
Space group   P21/c
Unit cell dimensions  
 a, Å   3.9139(3)
 b, Å   26.340(2)
 c, Å   10.9090(9)
 β, deg   89.833(6)
Volume, Å3   1124.6(1)
Z/Density (calcd.), g cm−3   4/2.54
Absorption coefficient   14.1 mm−1

F(000), e   792
Index ranges   −4   ≤   h   ≤   5

  −35   ≤   k   ≤   15
  −13   ≤   l   ≤   13

θ range data collection, deg   3.61–29.41
Refl. collected/unique/Rint   4576/2597/0.0339
Refl. with I  >  2σ(I)   2156
Completeness to θ  =  29.41°, %   99.53
Absorption correction   Multi-scan (AbsPack in 

CrysAlisPro [7])
Maximum/minimum transmission   1.000/0.837
Refinement method   Full-matrix least-squares on F2

Data/ref. parameters   2597/136
Final R1/wR2 [I  >  2σ(I)]   0.0523/0.1165
Final R1/wR2 (all data)   0.0677/0.1242
Goodness of fit on F2   1.204
Largest diff. peak/hole, e Å−3   1.713/−1.609

3.025(4) and 3.125(4) Å, completing in this way a distorted 
square pyramidal geometry. The Hg–Cl bond lengths are 
in agreement with those reported for similar complexes 
with quinolinic ligands [17–19]. Adjacent mercury cations 
are bridged by two chlorine atoms forming infinite linear 
chains parallel to the crystallographic a axis (hereafter 
called HgCl2 chain). The HgCl2 chain could be described 

Table 2: Selected bond lengths (Å) and angles (deg) observed and 
calculated.a

  Experimental  B3LYP

Distances    
 Hg1–N1   2.474(9)  2.536
 Hg1–Cl1   2.347(3)  2.460
 Hg1–Cl2   2.357(3)  2.470
 Hg1–Cl1iii   3.130(3) 
 Hg1–Cl2ii   3.023(3) 

Angles    

 Cl1–Hg1–N1   98.9(2)  111.6
 Cl2–Hg1–N1   97.0(2)  97.1
 Cl1–Hg1–Cl2   164.14(1)  151.27
 N1–Hg1–Cl2ii   87.9(2) 
 N1–Hg1–Cl1iii   104.1(2) 
 Cl1–Hg1–Cl2ii   88.44(9) 
 Cl1–Hg1–Cl1iii   90.04(9) 
 Cl2–Hg1–Cl2ii   92.50(9) 
 Cl2–Hg1–Cl1iii   85.76(9) 

aFor symmetry operations, see Fig. 2.

Fig. 2: Part of the crystal structure of Hg(6MQ)Cl2 showing the infi-
nite HgCl2 chains and the weak intermolecular C–H···O/Cl interac-
tions (denoted by dashed lines) with crystallographic labeling of the 
non-H atoms. Displacement ellipsoids for non-H atoms are drawn at 
the 50 % probability level. Crystal symmetry operations: (i) −x, −y, −z; 
(ii) x + 1, y, z; (iii) x − 1, y, z; (iv) −1 + x, −1/2 − y, 1/2 + z; (v) −x − 1,  
y  − 1/2, −z + 1/2; (vi) x + 1, −y − 1/2, z − 1/2.

Brought to you by | California Institute of Technology
Authenticated

Download Date | 8/11/15 12:14 PM



4      C. Villa-Pérez et al.: Characterization of a Hg(II) complex

as an infinite chain of distorted mercury square pyramids 
that share edges; see Fig. 2. The Hg···Hg distance along 
the chain is 3.9139(6) Å, longer than the sum of van der 
Waals radii (3.50(7) Å) [20] but very close to that found in 
similar complexes with weak mercury interactions [17–19]. 
The HgCl2 chains are also supported by weak hydrogen 
bond interactions between two quinolinic carbon atoms 
and two Cl atoms, bonded to the adjacent Hg cations  
(C2–H2···Cl2ii and C9–H9···Cl1iii). They are depicted in 
dashed lines in Fig. 2, and their characteristic parameters 
are listed in Table 3. The 6MQ molecules, which coordinate 
to the metal center, are arranged in a face-to-face offset 
stacking along the crystallographic a axis at a ring plane 
distance of 3.491 Å. The short distance of the π–π planes is 
an important criterion to suggest an intermolecular π···π 
interaction between quinolinic rings; see Fig. 2. Similar 
π···π interactions have been found in complexes of other 
heteroaromatic ligands containing nitrogen [17, 21, 22].

Several polymeric mercury compounds 
([HgCl2(bpym)]n, [Hg2Br4(bpym)]n (bpym  =  5,5′-bipyrimi-
dine) and [HgX2(2,2′-bipyrazine)]n (X  =  Cl and Br)) have 
been studied [17]. In those complexes the halide bridging 
interactions are not sufficient to induce the linearity of the 
mercury atoms. However, the packing of the HgCl2 chains 
in those complexes is strongly influenced by the π···π 
interaction of the rings [17]. In Hg(6MQ)Cl2 the square 
pyramids of the nearest adjacent chains are placed at a 
distance of 4.1389(1) Å with their square bases arranged 
in the opposite way. Due to this arrangement, the Cl1 atom 
of one mercury chain is situated at a Hg···Cl1i distance of 
3.4118(2) Å from the other one. This distance is greater 
than the mean value of the Hg–Cl distances, and thus no 
octahedral geometry is established.

In addition, the Hg(6MQ)Cl2 chains are linked by weak 
intermolecular C–H···O/Cl hydrogen bond interactions 
stabilizing the three-dimensional crystal structure (see 
Fig. 2 and Table 3).

The geometry of the Hg complex has also been opti-
mized at the B3LYP level. The gas phase optimization ren-
dered a structure slightly different from the experimentally 

Table 3: Hydrogen bond distances and angles for Hg(6MQ)Cl2  
(Å and deg).a

D–H···A   D–H  H···A  D···A  D–H···A

C3–H3···Cl2i   0.93  2.91  3.74(1)  149.2
C2–H2···Cl2ii   0.93  2.97  3.60(1)  125.5
C9–H9···Cl1iii   0.93  2.90  3.79(1)  159.9
C12–H12A···Cl2v   0.96  3.00  3.94(1)  167.9
C4–H4···O11vi   0.93  2.71  3.49(1)  142.1

aFor symmetry operations, see Fig. 2.

determined one (Table 2). The optimization resulted in 
the trigonal coordination sphere around the Hg(II) cation 
with one 6MQ nitrogen atom at 2.536 Å Hg–N distance and 
two chlorine atoms at 2.460 and 2.470 Å Hg–Cl distances. 
The optimized geometry is in a good agreement with the 
experimental one found by X-Ray diffraction taking into 
account that the DFT calculation is performed in vacuum 
and so ignores the weak Hg···Cl interactions found in the 
solid state (see Fig. 2).

3.2  Vibrational spectra

The FTIR spectrum of Hg(6MQ)Cl2 was compared with 
that of the free 6MQ. Both spectra are shown in Fig. 3. 
Table  4 shows the experimental and theoretical vibra-
tional frequencies and their respective assignments. The 
agreement between the experimental and calculated IR 
frequencies is good.

In the ligand spectrum the bands due to the aliphatic 
and aromatic C–H groups are observed in the 3100– 
2800 cm−1 region. These bands were shifted to lower fre-
quencies upon complexation. This fact is in agreement 
with X-ray diffraction evidence that four quinolinic carbon 
atoms are involved as hydrogen donors in the weak inter-
molecular hydrogen bonding (Section 3.1). In the ligand 
spectrum the bands assigned to ring vibrations (1623, 1572 
and 1500 cm−1) were shifted to higher wavenumber in the 
complex spectrum indicating binding of the mercury to 
the nitrogen atom of the quinolinic ring.

The slight change observed in the ν (C–O) vibration 
(from 1230 to 1233 cm−1) after coordination is probably due 

Fig. 3: FTIR spectra of (a) the solid complex Hg(6MQ)Cl2 and (b) the 
liquid ligand 6MQ (in uncomplexed form).
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to the fact that the oxygen atom is involved in an intermo-
lecular hydrogen bond (see Tables 3 and 4).

The vibrations of the Hg–Cl and Hg–N bonds are 
observed below 400 cm−1. For that reason, the far infrared 
and Raman spectra were also investigated. The two bands 
observed at 310 and 296 cm−1 in the far infrared spectrum 
were assigned to the asymmetric stretching of the different 

Table 4: Observed and calculated FTIR frequencies (cm−1) for the 
6MQ ligand and the complex Hg(6MQ)Cl2.

Ligand  
 

Complex 
 

Assignments

Observed   B3LYP Observed  B3LYP

3075 s   3143 (11)  3066 w  3127 (9)  ν C–H
3025 s   3125 (32)  3014 vw  3123 (10)  ν C–H
3001 s   3120 (9.8)  3000 sh  3109 (13)  ν C–H
2958 s   3102 (24)  2971 w  3096 (7.4)  ν C–H
2935 s   3096 (1.7)  2935 w  3093 (15)  ν C–H
2905 s   3086 (18)  2905 sh  3067 (21)  νas C–H3

2887 s   3016 (38)  2880 vw  2996 (35)  νas C–H3

2835 vs   2944 (62)  2834 vw  2933 (46)  νs C–H3

1623 vs   1624 (77)  1627 s  1627 (105)  Ring
1572 s   1548 (27)  1593 m  1578 (11)  Ring
1502 vs   1503 (82)  1510 vs  1511 (119)  Ring + δ 

C = N–C
1468 s   1469 (15)  1471 m  1470 (34)  δ C–H3

    1451 w  1457 (7)  δ C–H3

1436 s   1445 (1.7)      Ring
1381 vs   1380 (4.8)  1384 s  1375 (94)  Ring
1325 s   1330 (22)  1327 m  1339 (13)  Ring + νas 

C = N–C
1261 vs   1268 (28)  1271 s  1274 (135)  Ring
1230 vs   1233 (12)  1233 vs  1233 (12)  ν C–O
1196 s   1171 (49)  1191 m  1193 (39)  ρ C–H3 + ν 

C–O
1161 s   1164 (36)  1168 m  1168 (17)  ρ C–H3

1117 s   1120 (0.5)  1126 w  1120 (19)  Ring δ C–O
    1052 vw  1050 (15)  Ring

1030 vs   1031 (3.7)  1022 s  1036 (55)  ν H3C–O
952 s   948 (0.5)  957 vw  958 (0.1)  Ring
909 s   881 (51)  915 vw  905 (14)  δ (C = N–C)

    847 s  842 (65)  Ring
835 s   835 (54)  821 vs  841 (5.1)  Ring
792 s   793 (20)  784 w  788 (4.8)  Ring
771 s   773 (1.1)      Ring
711 s   694 (17)  711 m  702 (11)  Ring
618 s   620 (4.2)      δ (C = N–C)
511 w   521 (6.5)  508 vw  502 (2.3)  C–O–C + 

Ring
477 s   483 (6.8)  477 m  481 (2.61)  Ring (C–H)
438 s   417 (1.3)  438 w  429 (6)  Ring

    310 m  300 (53)  νas Hg–Cl2

    296 m    νas Hg···Cl2

    271 m  262 (13)  νs Hg–Cl2

    260 m    νs Hg···Cl2

    113 m  112 (0.88)  ν Hg–N
    84 m  84 (23)  δ Hg–Cl2

Fig. 4: Normalized UV/Vis (a) and emission (b) spectra of Hg(6MQ)Cl2 
at room temperature in aqueous ethanolic solution.

Hg–Cl interactions (Cl1–Hg–Cl2 and Cl1iii–Hg–Cl2ii). In 
addition, the bands at 271 and 260 cm−1 were assigned to 
the symmetric modes of these groups, and in the Raman 
spectrum they were observed as a strong band and a 
shoulder at 271 and 263 cm−1, respectively. These bands 
are absent in the ligand spectrum. The Hg–N bond is con-
firmed by the band at 113 cm−1 according to DFT results.

3.3  Electronic absorption spectrum

Figure 4 shows the electronic absorption spectrum of an 
ethanolic solution of the complex. The compound absorbs 
in the 190–380 nm range, and in comparison with the ligand 
spectrum, the bands are assigned to π–π* transitions 
[23]. The molar absorption coefficients ε have been deter-
mined in ethanol with values of 35 500 and 4500 m−1 cm−1  
at 226 and 330 nm, respectively. No d–d transitions were 
observed in the spectrum of the complex as expected for 
d10 Hg(II) complexes.

3.4  Luminescence properties

The photoluminescence of the complex was measured 
in aqueous solution (~10−4 m) in the 335–600  nm range 
(Fig. 4). The emission spectrum of the free ligand exhibits 
two bands due to the existence of an acid–base equilib-
rium, as previously reported [24]. In this way, the band 
due to the protonated species is observed at 430 nm and 
that of the non-protonated one at 363 nm upon excitation 
with light of 300  nm [25]. The spectrum of the complex 
shows a very strong emission in the 340–550 nm spectral 
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range, with a band centered at 370 nm and a shoulder in 
the violet-blue region close to 430  nm upon excitation 
at 325 nm. The band close to 430 nm is decreased in its 
intensity upon complexation. This fact could be explained 
taking into account that the quinolinic nitrogen is bonded 
to the Hg(II) center, and for that reason the acid–base 
equilibrium is forbidden. The bands observed in the emis-
sion spectrum of the complex were assigned to the π–π* 
intraligand fluorescence [24, 25].

3.5   Photochemical activity towards singlet 
oxygen production

The quantum yield of molecular singlet oxygen O2 (1Δg) 
production ΦΔ is defined as the number of photosensitized 
O2 (1Δg) molecules per absorbed photon. This property is 
an indicator of the capacity of a substrate to generate 
singlet oxygen mainly from its triplet state [26]. Herein 
the singlet oxygen was indirectly detected by measuring 
the consumption rate of 9,10-dimethylanthracene (DMA) 
by irreversible photooxygenation. Bengal Rose (BR) was 
used as reference photosensitizer (ΦΔ  =  0.68) [26]. The 
measurements were carried out three times at constant 
temperature of 25 °C.

 

2
2

[ Hg(6MQ)Cl ]
[ Hg(6MQ)Cl ] BR

BR

k
k∆ ∆

Φ Φ=
 

(1)

The first-order kinetic constants for the consumption of 
DMA by the 1O2 generated in the photosensitization with 
BR and Hg(6MQ)Cl2 as photosensitizers were calculated, 
giving values of 4.67  ×  10−3 and 2.76  ×  10−3 s−1, respectively. 
The quantum yield of singlet oxygen generation of the 
complex is 0.48 ± 0.07, according to Eq. (1). Although this 
value is lower than that of the free ligand (0.96 ± 0.08), 
the complex is probably good enough to be used as photo-
sensitizer in AOP where values of ΦΔ lower than 0.5 were 
reported [27]. This value is similar to that of widely known 
photosensitizers such as methylene blue (0.50), benzo-
phenone ( < 0.50) and complexes of phthalocyanine with 
Mg(II) (0.40) and Zn(II) (0.40) [26].

3.6  Thermogravimetric study of the complex

The TG curve of the complex shows the total decomposi-
tion in only one step. The weight loss starts at nearly 110 °C 
and ends at around 350 °C. The relatively high tempera-
ture of the thermal decomposition of the mercury complex 
suggests the possibility of using it in AOP.

4  Conclusions

The crystal structure of a mercury(II) complex with 6MQ is 
reported for the first time. Different hydrogen bonding and 
π···π slipped stacking interactions stabilize the crystal 
structure. The complex exhibits a very strong lumines-
cence. A relatively high quantum yield of singlet oxygen 
production was found indicating that the complex could 
be used in photosensitizing processes. The structural data 
derived from FTIR and Raman spectroscopies are in a 
good agreement with those determined by X-ray diffrac-
tion and DFT results.
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