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The UV–VIS electronic spectra for the free ligand and complexed forms of the ZnII–AHTC system have been
analyzed using the configuration interaction (CI) procedure as implemented in the ZINDO program. The main
transitions in the UV and VIS region are assigned and compared with the experimental data available. The
electronic spectrum for the free ligand, the tautomeric form ionized at O11 [LH2(O11)], is very close to that
observed experimentally, with the calculated absorption band centered at 429 nm and the experimental one at
428 nm. This absorption is attributed to a π→π* transition of the BCD ring system. Comparing the visible spectra
for the complexed forms with that obtained for the free ligand, a blue shift is observed for all structures analyzed,
except for the complex II-B, where a red shift from 429 nm (free ligand) to 436 nm (complexed form) was calculated.
Experimentally, a bathochromic shift from 428 nm to 440 nm was observed with the [ZnII]/[AHTC] ratio ranging
from 0 to 3. These values are very close to those calculated for the complex II-B, in which the AHTC acts as a
tridentate ligand. The possibility of the formation of the binuclear complex (M2L) was discarded, once it was
observed that the second metal complexation shifts the VIS band to lower wavelength values. This effect is not
observed in the experimental spectrum at high ZnII concentration.

Introduction
Tetracycline and its derivatives are widely used antibiotics that
depress protein synthesis by blocking the aminoacyl-tRNA
binding.1 Like many other organic drugs, tetracyclines present
several potential binding sites to metal ions. The antibacterial
activity and adverse side effects associated with these com-
pounds are related to the complexed form distribution.2,3

Considering the coordination properties of tetracyclines, the
development of new and more active drugs requires that struc-
tural and energetic features of the complexation process be
assigned beforehand. Toward this goal, experimental studies
have been developed using different derivatives and metal
ions.3–11 In these studies, the main experimental techniques
applied to access structure and metal coordination site are UV–
VIS absorption spectroscopy and circular dichroism (CD).
However, it has been pointed out that structural determination
is complicated due to the coexistence of many species in solu-
tion, with different stoichiometries, and the difficulty in estab-
lishing the experimental conditions likely to favor the formation
of a single complexed form.7

Recently we have carried out a series of studies involving the
anhydrous derivative of tetracycline, 5a,6-anhydrotetracycline
(hereafter called AHTC) 12–16 (Fig. 1). The free base 13 and com-
plexed forms 14–16 of AHTC have been analyzed through quan-
tum mechanical semiempirical methods. Our purpose in these
investigations is to provide useful information regarding struc-
ture, conformational equilibrium and complexation. A theor-
etical investigation of the near UV and visible electronic spectra
has also been done for the fully deprotonated form of AHTC
compound 12 and the results showed a good agreement with the
available experimental data.

In the present work, the calculated UV–VIS spectra have
been used to analyze the possible coordination sites for the
ZnII–AHTC complex.

Calculation methodology

The complexation process involving AHTC and ZnII was

experimentally investigated at pH = 7.11 From the study of the
species distribution as a function of the pH for AHTC,9,11 it was
found that the main species present in the equilibrium at neutral
pH is LH2 (Fig. 1). The conformational equilibrium for the
AHTC molecule has been extensively investigated in our previ-
ous work.13 In that study, all the ionized forms of AHTC were
considered and the solvent effect was included through the con-
tinuous approach. The results showed that the LH2 ionized
form is present in water solution as an extended conformation,
with relative concentration estimated at 99%. This conform-
ation was used in a comprehensive investigation of stationary
points present on the potential energy surface (PES) for the
ZnII–AHTC complex.14 All the possible coordination sites
(shown in Fig. 1) were analyzed with complexation energies
calculated in gas phase and simulated water solution.14

In this study, the UV–VIS electronic spectra for the free lig-
and LH2 ionized at O10 and O11 (Fig. 1) and the most probable

Fig. 1 Numbering scheme of the AHTC molecule and the possible
metal complexation sites: I(O10–O11), II(O11–O12), II-B(O11–O12–
O1), III(O12–O1), III–B(O12–O1–Oam), IV(O1–Nam), V(O3–Oam) and
VI(O3–N4).
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complexed forms obtained from ref. 14 were calculated using
the ZINDO program as parametrized by Zerner and co-
workers.17 The solvent effect was included in the calculation
using the SCRF (self-consistent reaction field) (ε = 78.54) form-
ulation as given by Karelson and Zerner 18 with the inclusion of
the dipole and quadrupole term in the electrostatic potential
expansion. The electronic spectra for the free ligand (LH2) were
obtained using a configuration interaction (CI) calculation
including all single excitation from the 16 highest occupied
molecular orbitals (MO) to the 16 lowest unoccupied MOs. A
total of 257 configurations were generated. For the complexed
forms (II, III, II-B, III-B, II/VI, III/VI and II-B/VI) an active
space constituted of 36 occupied and 36 unoccupied MOs was
used to generate 1297 configurations.

Results and discussion

The calculated UV and VIS electronic spectra, obtained in
water solution (SCRF model; ε = 78.5), for the LH2(O10) and
LH2(O11) ionized forms of the AHTC molecule are depicted in
Fig. 2. The band spectra were constructed using the simulation
procedure developed in our previous work.12 The transitions
considered in the band spectra simulation are shown in Table 1.
From Fig. 2(a), it can be seen that the UV spectrum for the
LH2(O10) species presents three absorption bands located at
[λmax/nm (εmax/dm3 mol21 cm21)]: 216 (24 800), 258 (37 000) and
338 (11 000). For the LH2(O11) deprotonated form, only two
bands are observed in the UV region, centered at 224 and 260
nm, with intensities lower than those calculated for the O10 ion-
ized species (see Table 1). For both compounds, the absorptions
were assigned as π→π* transitions of the BCD chromophore
system (Fig. 1), with a contribution of the A ring for the band
located near 260 nm. The experimental spectrum 19 showed
absorptions at 224, 269 and 336 nm (shoulder) with molar
absorptivity equal to 20 000, 31 770 and 4 000 dm3 mol21 cm21

respectively. Except for the shoulder at 336 nm, the band posi-
tions observed are close to those calculated for the LH2(O11)
species. For the LH2(O10) species, the intensity of the band
located at 338 nm is overestimated in comparison with experi-
ment. This discrepancy can be attributed in part to the simu-
lation procedure,12 as can be observed from the value of εmax

Table 1 Calculated electronic transitions for the LH2(O10) and LH2-
(O11) ionized species of the AHTC molecule. The wavelength (λ/nm)
and oscillator strengths ( f ) were calculated in the presence of the self
consistent reaction field generated by water (SCRF, ε = 78.54)

λ f CI contribution a λmax
b εmax

b Assignment c

LH2(O10)

374
338
278
268
257 d

257 d

257 d

215

0.31127
0.12293
0.17649
0.02816
0.20138
0.22213
0.15085
0.40622

83% (79→82)
79% (79→83)
62% (76→82)
34% (78→82)
15% (81→91)
35% (80→91)
45% (81→91)
14% (76→83)

375
338
258

216

15 252
11 030
37 029

24 792

π→π* (BCD)
π→π* (BCD)
π→π* (ABCD)

π→π* (BCD)

LH2(O11)

429
264
263 d

257
256
256 d

222

0.49572
0.21568
0.10570
0.05053
0.06616
0.04993
0.26551

74% (80→82)
34% (80→86)
31% (81→89)
62% (80→90)
42% (76→83)
34% (74→87)
42% (80→91)

429
260

224

24 294
25 395

17 210

π→π* (BCD)
π→π* (ABCD)

π→π* (BCD)
a Only the main CI contribution has been shown. The molecular orbital
number 81 corresponds to the HOMO in both compounds. b λmax (nm)
and εmax (dm3 mol21 cm21) are respectively the wavelength and the
molar absorptivity obtained from the simulated spectra (Fig. 2). c The
labels A to D stand for the ring chromophore system of the AHTC
molecule. d These transitions contain contribution of the A ring.

obtained in the simulation of the isolated band at 338 nm
(εmax = 6000 dm3 mol21 cm21). The presence of a shoulder near
330 nm has been observed for the fully deprotonated form of
AHTC [L22(O10)],12 showing that this absorption might be a
characteristic of the O10 ionized species. Experimental evidence
of this conclusion has been obtained in the metal–AHTC com-
plexation studies,9–11 where the disappearance of the shoulder at
336 nm has been observed when the coordination occurs in the
O11–O12 site (see Fig. 1 for the numbering scheme). According
to the experimental studies,9–11,19 the second ionization of the
AHTC molecule is attributed to the O10 phenolic proton. In our
recent works,13,14 it was observed that the O11 deprotonated
form is 3.6 kcal mol21 more stable than the O10 one in the gas
phase and 4.2 kcal mol21 in water solution (using the COSMO
solvent model 20). The available theoretical and experimental
data suggest that both ionized forms might exist in aqueous
medium. The tautomeric equilibrium is displaced to the
LH2(O11) form in the presence of the metal, due to the com-
plexation in the O11–O12 coordination site.

In the VIS region, Fig. 2(b) shows only one absorption band
located at 375 [LH2(O10)] and 429 nm [LH2(O11)], attributed to
a transition of the π→π* molecular orbitals of the BCD ring
system (Table 1). As in the UV region, the theoretical spectra
show a red shift in this absorption due to the LH2(O10)
LH2(O11) tautomerization process. The experimental spec-
trum 11,19 exhibited a band at 428 nm, which is very close to the
value calculated for the O11 ionized species. The intensity of
this absorption (see Table 1) seems overestimated in relation to
the experimental value (εmax = 10 270 dm3 mol21 cm21). A pos-
sible reason for this is the use of a constant width at half height
in the simulation procedure.12 The experimental band spectra
obtained by applying the simulation procedure 12 to the experi-
mental data 19 are shown in Fig. 2 (inset).

The absorption band in the VIS region has been considered
important in characterizing the complexation reactions.
Experimentally, the shift observed in that band is used to
determine the coordination site.9–11 In our previous work,14 the
potential energy surface (PES) for the ZnII–AHTC interaction
was comprehensively investigated using the semiempirical AM1
model. Table 2 gives the values of the free energy of complex-

Fig. 2 (a) UV and (b) VIS calculated and experimental (inset)
electronic spectra for the LH2 ionized form of the AHTC molecule.
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Table 2 Relative free energy of complexation [∆(∆G)/kcal mol21 calculated at 298 K] [∆(∆G) calculated relative to the most stable structure] and
Gibbs populations (in brackets) for the distinct tetrahedral complexes ZnII–AHTC obtained in gas phase and aqueous solution a

Complexation sites for MHL complex:b [ZnLH(H2O)2]
1 and [ZnLH(H2O)]1

∆(∆Ggas) d

∆(∆G1
aq) e

∆(∆G2
aq) f

∆(∆G3
aq) g

II

7.14 [0.0%]
16.9 [0.0%]
19.4 [0.0%]
0.58 [18.9%]

III

3.08 [0.4%]
12.9 [0.0%]
13.6 [0.0%]
8.81 [0.0%]

II-A c

0.38 [32.4%]
10.2 [0.0%]
10.8 [0.0%]
18.9 [0.0%]

II-B

0.00 [61.6%]
0.00 [93.1%]
0.46 [46.0%]
0.00 [50.3%]

III-A c

2.28 [1.3%]
11.6 [0.0%]
11.8 [0.0%]
20.5 [0.0%]

III-B

1.58 [4.3%]
1.58 [6.9%]
0.00 [54.0%]
0.36 [27.4%]

Complexation sites for M2L complex:b [Zn2L(H2O)4]
21 and [Zn2L(H2O)3]

21

II/VI III/VI II-B/VI 

∆(∆Ggas) d

∆(∆G1
aq) e

∆(∆G2
aq) f

∆(∆G3
aq) g

0.00 [99.5%]
0.00 [99.5%]

15.7 [0.0%]
0.00 [98.8%]

18.1 [0.0%]
18.1 [0.0%]
0.00 [100%]

15.4 [0.0%]

14.8 [0.0%]
4.30 [0.0%]
5.72 [0.0%]
2.63 [1.2%]

a From ref. 14. b The complexation sites are defined in Fig. 1. c Coordination number of ZnII = 5. d ∆Ggas = ∆H 2 T∆S 1 ∆E 1 ∆ZPE. (∆H 2 T∆S)
corresponds to the thermal correction to the Gibbs free energy of complexation, obtained from the vibrational, rotational and translational partition
functions. ∆E and ∆ZPE are the energy (electronic 1 nuclear) and the zero point energy of complexation respectively. e ∆G1

aq = ∆Ggas 1 ∆E1
sol:

∆E1
sol = 2166 (1 2 1/ε)q2/a0, where ε = relative permittivity (= 78.5), q = net charge and a0 = solute cavity radius = 0.732 (m/ρ)1/3, being m the molecular

mass and ρ the density (assumed to be 1 g cm23). f ∆G2
aq = ∆G1

aq 1 ∆E2
sol: ∆E2

sol = 2166 [(2ε 2 2)/(2ε 1 1)](Pe
2/a0

3), where Pe = dipole moment. The
Onsager term has the inconvenience of origin dependence in the case of charged species. However, if a new origin is selected at r0 relative to the old
point chosen as the origin of the molecular coordinates the new dipole moment (Pe9) will be related to the old dipole (Pe) by the relationship
Pe9 = Pe 2 qr0 (see ref. 21). This will have no effect in our free energy results, since we are comparing relative energies of different isomers of the same
molecule with respect to the same origin of the molecular coordinates. g ∆G3

aq = ∆Ggas 1 ∆E sol(COSMO): ∆E sol(COSMO) evaluated using the
COSMO model for solvent effects (see refs. 14, 20).

ation obtained from the AM1 optimized structure of the dis-
tinct ZnII–AHTC complexes. From the energy values and Gibbs
population analysis, it can be seen that the geometry II-B, in
which the AHTC is a tridentate ligand, was found to be the
most stable structure for the complex MHL both in gas phase
and water simulation, considering the ∆G1 and ∆G3 values. The
inclusion of the dipole term (∆G2) in the solvent energy, showed
that the complex III-B is 0.5 kcal mol21 more stable than the
structure II-B. For the bimetallic complexes (M2L), the geom-
etry II/VI was found to be the global minimum on the PES for
the ZnII–AHTC interaction both in the gas phase and water
calculated according to the value of ∆G1 and ∆G3. However, the
solvent effect evaluated from the ∆G2 value, yields structure III/
VI as favored by 16 kcal mol21 in relation to II/VI. The calcu-
lations presented in Table 2 suggest that the first complexation
should occur at the II-B or III-B site and the second one at site
VI, with a change from II-B to II or from III-B to III. From
these results, we decided to investigate the electronic spectra
for the MHL complexes II, II-B, III and III-B and for the M2L
structures II/VI, II-B/VI and III/VI.

The positions (λ and f ) and assignment of the main transi-
tions observed for the complexed structures II, III, II-B and III-
B are reported in Table 3. The UV and VIS band spectra are
shown in Figs. 3(a) and 3(b) respectively.

For the structures where AHTC acts as a bidentate ligand (II
and III) the main absorptions in the UV region are attributed
to the π→π* transition centered on the BCD ring system. The
transitions from the MO of the A ring were located at 284, 261,
258 nm (II) and 278 nm (III) with f equal to 0.136, 0.127, 0.378
and 0.151 respectively. Although complex III presents the metal
coordinated to O1 (a carbonyl oxygen of the A ring), no charac-
teristic transitions involving the molecular orbital located in the
A ring were calculated. However, two new transitions centered
at 375 and 311 nm were calculated for structure III with moder-
ated intensities (Table 3) and assigned as a π→π* excitation of
the BCD chromophore.

As in the case of structure II, the electronic transitions calcu-
lated for II-B are mainly from the BCD rings. Transitions
involving molecular orbitals from the A ring were calculated at
260 and 234 nm, the former more intense ( f = 0.404). For the
complex III-B, in which the amide group is involved in the

metal coordination via the oxygen atom (Fig. 1), the main tran-
sitions in the UV region came from the A ring (Table 3). An
absorption at 374 nm was calculated for the III-B structure.
This transition is located in the same region as observed for
complex III, so it seems that this absorption is a characteristic
of the coordination involving the O12–O1 moiety (site III).

Examining Fig. 3(a) and Table 3, we see that the electronic
spectrum for structure II contains a broad band centered at 263
nm, due to the two intense transitions calculated at 266 nm
( f = 0.531) and 258 nm ( f = 0.378). For complex II-B, the simu-
lated spectrum showed an absorption band centered at 275 nm
which consists of transitions calculated at 282 nm ( f = 0.549)

Fig. 3 (a) UV and (b) VIS electronic spectra for the distinct ZnII–
AHTC tetrahedral complexes.
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Table 3 Theoretical electronic spectra for the tetrahedral ZnII–AHTC complexes. The wavelength (λ) and the oscillator strengths ( f ) were calculated in water solution considering the SCRF model (ε = 78.54). The λmax

(nm) and εmax (dm3 mol21 cm21) were obtained from the simulated band spectra

II (O11–O12) a III (O12–O1) a II-B (O11–O12–O1) a III-B (O12–O1–Oam) a

λ/nm

392

284
266
261
258

233

f

0.382

0.136
0.531
0.127
0.378

0.128

Main CI
contribution b

90% (89→90)

37% (88→92)
37% (87→90)
25% (88→94)
18% (88→94)

45% (87→91)

λ/nm

388
375
311
278
272

257
231

f

0.217
0.294
0.106
0.151
0.108

0.376
0.473

Main CI
contribution b

42% (89→90)
49% (89→90)
58% (89→91)
37% (88→92)
13% (87→90)

31% (89→93)
35% (87→91)

Assignment c

π→π* (BCD)
π→π* (BCD)
π→π* (BCD)
π→π* (A)
π→π* (BCD)
π→π* (A)
π→π* (A)
π→π* (BCD)
π→π* (BCD)

λ/nm

436

282
260
234
222

f

0.382

0.549
0.404
0.137
0.223

Main CI
contribution b

92% (85→86)

26% (85→87)
21% (84→88)
85% (84→91)
26% (81→87)

λ/nm

396
374
327

263
256
233

f

0.226
0.276
0.146

0.103
0.485
0.430

Main CI
contribution b

44% (85→86)
37% (85→86)
40% (84→87)

52% (84→89)
28% (84→89)
42% (83→88)

Assignment c

π→π* (BCD)
π→π* (BCD)
π→π* (A)
π→π* (BCD)
π→π* (A)
π→π* (A)
π→π* (BCD)

λmax

392

263

εmax

18 721

54 397

λmax

388
372
258
235

εmax

10 634
18 610
34 808
32 604

Assignment c

π→π* (BCD)
π→π* (BCD)
π→π* (ABCD)
π→π* (BCD)

λmax

436

275
229

εmax

18 719

40 358
23 224

λmax

396
368
254
237

εmax

11 073
18 894
37 974
33 938

Assignment c

π→π* (BCD)
π→π* (BCD)
π→π* (ABCD)
π→π* (BCD)

a See Fig. 1 for the numbering scheme. b Only the main CI contribution has been considered. The molecular orbital 89 corresponds to the HOMO for the II and III structures and 85 is the HOMO for the II-B and III-B
species. c The labels A, B, C and D stand for the rings of the AHTC molecule (Fig. 1).
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and 260 nm ( f = 0.404). The shoulder at 229 nm for structure
II-B was not observed for complex II, due to the low intensity
of the transition at 233 nm ( f = 0.128). For the complexed
forms III and III-B three absorption bands are calculated in the
UV region with λmax predicted at 372, 258 and 235 nm (shoul-
der) (III) and 368, 254 and 237 nm (shoulder) (III-B). As men-
tioned above, the band near 375 nm is observed only for struc-
tures that contain the metal coordinated to site III. This absorp-
tion might be used by the experimentalists as a reference for
coordination involving the O12 and O1 atoms. Comparing the
UV spectra of the free ligand with those of the complexed forms
a bathochromic shift is observed near to 260 nm when the
coordination occurs at sites II and II-B accompanied with an
increase of intensity. The same red shift was observed for the
absorption band close to 220 nm. For structures III and III-B,
a blue shift is obtained for the transition near 260 nm and a
red shift for the absorption close to 220 nm. As in the case of
the non-complexed form of AHTC, the UV absorptions for
all structures analyzed were assigned as π→π* transition of
the BCD chromophore, with contribution of the A ring for
the absorption bands near 260 nm. In all complexed forms, the
contribution from the A ring involves an electronic transition
from the molecular orbital HOMO-1, which is concentrated
on the amide group. The transitions related with the A ring for
the free form of the AHTC molecule were found at 257 nm
[LH2(O10)] and 263 nm [LH2(O11)], and consist of three nearly
degenerated transitions centered at 257 nm with significant
oscillator strength for the O10 deprotonated form. As opposed
to the metal complexed forms, these transitions came from the
HOMO, which is composed of atomic orbitals centered at the
amide group.

An important aspect of the UV spectra is the disappearance
of the shoulder near 330 nm. According to our previous dis-
cussion, this absorption should be observed only for the O10

ionized species. In this work, we consider the tautomeric form
ionized at the O11 phenolic oxygen for all the complexation
reactions. The coordination sites II and II-B involve the O11

moiety, so the ligand should be present in the LH2(O11) tauto-
meric form in those complexes. For structure III, there are two
possible ionized species. The theoretical results show that the
complex III ionized at O10 is 19 kcal mol21 higher in energy than
the corresponding O11 deprotonated structure. As expected, the
calculated UV spectrum of the complex III ionized at O10 has
an absorption at 336 nm with oscillator strength equal to 0.04.
Experimentally, no data have been reported for the absorption
spectra in the 200–300 nm region for the ZnII–AHTC complex.

Due to the presence of many chiral centers, the CD spectrum
has been considered to be the most useful technique in the
conformational analysis and coordination sites determination
involving tetracycline derivatives. The experimental UV absorp-
tion spectra are not discussed in detail in the majority of the
studies reported. The reasons for this can be related to the dif-
ficulty of the assignment and correlation of the absorption
band with structural aspects. Regarding the UV spectra for the
ZnII–AHTC complexes shown in this study, it can be seen that
this spectral region presents some characteristic absorption that
can be useful for the identification of the coordination site.
Therefore, we believe that the theoretical results can guide the
experimentalists in the analysis of the complexation process
involving tetracyclines and also stimulate them to re-examine
the experimental spectra.

The lowest energy transitions are calculated at 392 (II), 388
(III), 436 (II-B) and 396 nm (III-B) (Table 3). The calculated
spectra are displayed in Fig. 3(b). The results presented in Table
3 show that the greatest wavelength is calculated for the struc-
ture which the metal ion coordinated to the II-B site (λ = 436
nm). Experimentally,11 a bathochromic shift has been observed
from 428 to 440 nm followed by a decrease of the intensity
when the molar ratio [ZnII]/[AHTC] changes from 0 to 3. The
theoretical results show a hypsochromic shift of the VIS

absorption band for structures II and III and III-B, when com-
pared with the spectrum for the free ligand LH2(O11). Based on
the experimental work,11 it was proposed that the metal ion
(ZnII) coordinates to the O11 and O12 groups (site II, Fig. 1),
yielding the MHL species. In that same study, it was suggested
that the AHTC probably acts as a tridentate system due to the
high value of the complex formation constant obtained.11 As
mentioned before, the disappearance of the shoulder near 330
nm may be an indication of the complexation at sites II or II-B
(involving the O11 atom). However, the coordination site III and
III-B should also be considered, since the calculations suggest
that the O11 ionized form of III is more stable than the corre-
sponding O10 tautomer. The values of the VIS transitions
reported in Table 3 indicate that the greatest wavelength is
calculated for structure II-B, suggesting that this coordination
site is the most probable one if the absorptions relative to the
LH2(O11) are considered as reference. For that complex, the
calculated shift is from 429 nm [LH2(O11)] to 436 nm (II-B).
The decrease in the intensity observed (Tables 1 and 3) is also in
agreement with the experimental data.11 From these results and
those published previously,14 we conclude that the ZnII–AHTC
complex, with a single metal coordinated to the ligand (MHL),
should be present in solution as structure II-B, in agreement
with the experimental proposal.

The possibility of the formation of a bimetallic complex
(M2L) has been considered, through the coordination of a sec-
ond ZnII ion to the N4 and O3 position on the A ring (site VI,
Fig. 1). Fig. 4 shows the calculated UV [4(a)] and VIS [4(b)] elec-
tronic spectra for the tetrahedral structures II/VI and II-B/VI.
The band spectra were obtained from the calculated values of λ
and f presented in Table 4. It can be seen in Fig. 4 that the UV
region consists of two transitions centered at 227 (shoulder)
and 267 nm (II/VI) and 230 (shoulder) and 279 nm (II-B/VI),
representing a hypsochromic and a bathochromic shift when
the absorptions of structure II-B/VI are compared with the
corresponding bands of the II/VI complex. A small red shift
relative to MHL (structures II and II-B) is observed in the cal-
culated results for both compounds, due to the complexation at
site VI. As for the other structures investigated, the shoulder
near 330 nm was not observed for those compounds. The UV
bands are attributed to a π→π* transition of the BCD rings,

Fig. 4 (a) UV and (b) VIS electronic spectra for the bimetallic
complexes II/VI and II-B/VI.
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Table 4 Theoretical electronic spectra for the bimetallic complexes (M2L). The wavelength (λ) and oscillator strengths ( f ) were calculated in water
solution (SCRF model; ε = 78.54)

II/VI (O11–O12/N4–O3) a II-B/VI (O11–O12–O1/N4–O3) a

λ/nm

392
279
265
237
221

f

0.407
0.301
0.873
0.177
0.450

CI contribution b

88% (97→98)
64% (96→99)
31% (95→98)
40% (95→100)
61% (94→100)

λ/nm

428
285
275
242
225

f

0.437
0.453
0.514
0.175
0.299

CI contribution b

88% (93→94)
53% (91→95)
23% (93→96)
32% (92→96)
36% (90→96)

Assignment c

π→π* (BCD)
π→π* (A)
π→π* (BCD)
π→π* (BCD)
π→π* (BCD)

λmax
d/nm

392
267
227

εmax
d/dm3 mol21 cm21

19 946
59 213
34 912

λmax
d/nm

428
279
230

εmax
d/dm3 mol21 cm21

21 414
49 599
31 093

Assignment c

π→π* (BCD)
π→π* (ABCD)
π→π* (BCD)

a See Fig. 1 for the numbering scheme. b Only the main CI contribution has been considered. The molecular orbitals number 97 and 93 correspond to
the HOMO for the II/VI and II-B/VI complexes respectively. c The labels A, B, C and D stand for the rings of the AHTC molecule (Fig. 1). d λmax and
εmax are respectively the wavelength and molar absorptivity obtained from the simulated spectra (Fig. 4).

with a contribution of the A ring for the absorption near to 260
nm. The CI contributions reported in Table 4, show that the
absorption band at 279 nm in the simulated spectra for struc-
ture II-B/VI contains a significant contribution from the A ring,
located at 285 nm ( f = 0.453). For structure II/VI, the absorp-
tion involving the A ring was calculated at 279 nm ( f = 0.301)
and is assigned as a transition from the HOMO21 to
LUMO11. As for the complexes II, II-B, III and III-B, the
transitions related with the A ring has a participation of a
molecular orbital constituted by atomic orbitals centered at the
amide group.

In the VIS region of the electronic spectra only one transition
is calculated for both structures centered at 392 (II/VI) and 428
nm (II-B/VI) respectively [Fig. 4(b)]. The absorptions were
assigned as a π→π* (HOMO→LUMO) transition of the BCD
chromophore. For structure II/VI, the band position and inten-
sity are calculated to be close to the value obtained for com-
plexes II. The VIS electronic spectrum for the complexed form
II-B/VI presents an absorption band close to the value observed
for the free ligand (λmax = 428 nm). Regarding structure II-B, a
blue shift from 436 nm (II-B) to 428 nm (II-B/VI) is calculated
when the second metal coordinates to the AHTC molecule. The
values obtained from the calculated UV–VIS electronic spectra
for structure III/VI are not reported in Table 4 and Fig. 4. The
reason is that the previous analysis for the MHL species showed
that the complex III should not be observed in the medium. The
lowest energy transition for the complex III/VI was calculated
at 388 nm ( f = 0.060), which is the same value calculated for
structure III (Table 3).

From the experimental analysis of the species distribution
against the total metal concentration,11 it was concluded that
the MHL and M2L species are both likely to be present in the
medium when the [ZnII]/[AHTC] ratio is about 3. The results

Fig. 5 AM1 optimized structure of the tridentate complex [ZnLH-
(H2O)]1 (II-B).

obtained in the present work show that complexation at site VI
(O3–N4) should shift the visible absorption band to a lower
wavelength. As this effect is not observed in the experimental
spectrum, we conclude that the main species present in aqueous
solution at pH 7 for the ZnII and AHTC system is structure
II-B, with only one metal ion coordinated at the O11–O12–O1

moiety. The AM1 optimized structure 14 of the complex ZnII–
AHTC (II-B) is shown in Fig. 5.

Finally, it is important to mention that the methodology
applied in the present study was able to identify the correct
coordination site for the ZnII–AHTC complexation process.
Studies are underway on other metal–AHTC complexes (AlIII 15

and MgII 16), in order to establish a solid base for the use of
calculation of the electronic spectra to analyze the structure of
AHTC complexation.

Conclusions
A theoretical electronic spectra analysis is made to investigate
the possible coordination sites of the ZnII–AHTC system. The
free ligand and different complexed forms were analyzed and
the changes in the UV–VIS electronic spectra compared with
the available experimental data.

For the free ligand we find that the O11 ionized form [LH2-
(O11)] is more likely to be present in water solution at pH 7. The
VIS absorption band was calculated at 429 nm to be comparable
to the experimental value of 428 nm. From a thermodynamic
point of view, the O11 deprotonated form was also found to be
4 kcal mol21 more stable than the O10 one in water solution, in
agreement with our conclusion based on spectra alone.

We further examine the MHL and M2L species. From these
calculations, we observed a blue shift, in the absorption band
for structures II, III, III-B, II/VI, III/VI and II-B/VI relative to
the free ligand LH2(O11). Only for complex II-B do we calculate
a bathochromic shift from 429 nm [LH2(O11)] to 436 nm (II-B).
The experimental spectrum shows a red shift from 428 nm
(free ligand) to 440 nm when the molar ratio [ZnII]/[AHTC] is
equal to 3. From these results we conclude that the main species
present in aqueous solution for the ZnII–AHTC system is struc-
ture II-B, where the metal ion is coordinated to the O11–O12–O1

moiety and the AHTC molecule acts as a tridentate ligand.
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