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The coumarin ligand, 4-hydroxy-3-nitro-2H-chromen-2-one (Hhnc) and its Cu(II) and Ag(I) complexes
were studied by DFT calculations at B3LYP/B1 and PW91/B1 levels. MEP of the deprotonated ligand, hnc�,
and energy calculations of model metal complexes predicted the ligand binding to the metal ion through
the hydroxyl and the nitro oxygens in agreement with experiment. Based on precisely selected Cu/Ag
model complexes with hnc�, a relation between the vibrational behaviour of the ligand donor groups
and the ligand binding modes in the complexes was deduced. The observed carbonyl m(C@O) downshift
(50–90 cm�1) is attributed to intermolecular H-bonding formed between the C@O group and lattice
water molecules or due to the C@O binding to the metal ion in case of bridging coumarin ligand (in
Aghnc). Much larger m(C@O) downshift (�220–240 cm�1) is predicted in case of monodentate or biden-
tate (with the nitro group) bonding of the carbonyl C@O group to the metal ion.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Coumarin is a benzopyrone that occurs naturally in many plants
and essential oils. For many years coumarin derivatives have
attracted much attention because of their applications in new tech-
nologies due to their photochemical and photobiological properties
[1–3] and in pharmacology and medicine due to their anticoagu-
lant [4], anti-bacterial [5,6], cytotoxic [7–10], antifungal [11,12],
anti-inflammatory [13], anti-thrombotic and vasodilatory [14],
and anti-mutagenic [15] activities. With the aim of discovering
more potent and selective bioactive coumarin agents the research-
ers have carried out investigations in two fields: synthesis of new
coumarin derivatives and synthesis of metal complexes of couma-
rins. Many studies have already proven that the coordination of
metal ions to therapeutic coumarin agents improve their efficacy
and accelerates the bioactivity [16–21]. Due to the importance of
coumarins and their metal complexes for medicine and photobiol-
ogy they have been widely investigated both from experimental
[22] and theoretical [23–25] viewpoints. Transition metals (Cu(II),
Ag(I), Pt(II), Sn(IV)) and lanthanides (Ln(III) and Zr(IV)) are of spe-
cial interest because their salts possess therapeutic potential. It is
thought that the therapeutic potential of coumarin ligands is en-
hanced when they are bonded to such metals. It is interesting to
ll rights reserved.

a).
clarify the effect of the metal type, oxidation state and binding
mode on the therapeutic or thermodynamic properties of couma-
rins. At the same time, the successful development of biologically
active metal–coumarin complexes requires well known correlation
between the geometrical and electronic structures of the com-
plexes from one side and their bioactivities from the other. When
X-ray data are not available, the vibrational (IR and Raman) spec-
troscopy could help the structure recognition. The interpretation
of the observed coumarin IR spectra is however a challenge be-
cause of (1) abundance of IR bands in the spectra, (2) presence of
more than one donor atoms and possibility of various binding
modes, and (3) coumarin donor groups are involved in a conju-
gated system and H-bondings. The modeling of coumarins and
their metal complexes, including calculations of their vibrational
spectra and comparison with the experimental ones, is a powerful
approach for reliable interpretation of the available IR data and for
prediction of the coumarin binding mode to metals [24,26,27].
With the help of geometry and frequency calculations of coumarin
derivatives it has been shown that the downshifts of the carbonyl
and carboxylic C@O stretching frequencies observed on going from
the ligand IR spectrum to the metal complex spectrum is not a di-
rect indication of a metal coordination to the corresponding groups
[26,27]. The active ligand form in the complexation reaction is the
deprotonated one, which is experimentally inaccessible. The calcu-
lations predict quite different IR spectra of the neutral and depro-
tonated ligand forms. The IR spectrum of the deprotonated form
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functions as the real reference for comparison and interpretation of
the IR spectra of its metal complexes. Our previous calculations re-
vealed an interesting vibrational behaviour of some coumarin
vibrational modes in the metal complex spectra. Due to the conju-
gated coumarin system, the coordination of the metal to one donor
group (for example hydroxyl C–O) induces polarization in the lac-
tone ring and hence a significant shift in the free carbonyl stretch-
ing frequency [23,24,26,27]. The aim of the present study is to
elucidate the vibrational behaviour of the coumarin ligand, 4-hy-
droxy-3-nitro-2H-chromen-2-one in metal complexes and to de-
rive a vibrational criteria capable to distinguish (1) the coumarin
(hnc�) binding modes in Cu(II) and Ag(I) complexes and (2) the
H-bonded from metal-bonded carbonyl group. For that purpose
we performed DFT modeling of the geometrical and electronic
structure and vibrational properties of the neutral (Hhnc) and
deprotonated (hnc�) ligand, as well as of the model and real
(according to the X-ray data) Ag(I) and Cu(II) complexes of hnc�.

2. Computational details

The geometry and frequency calculations of Hhnc, hnc�, Ag(hnc),
[Cu(II)(hnc)]+/Cu(I)(hnc), Cu(hnc)2(H2O)2 and Cu(hnc)2(H2O)2�2H2O
were carried out with DFT method using Gaussian03 program
[28]. All calculations were done using a tight geometry criterion
(the convergence criterion for rms deviations in electron density
matrix elements of the SCF algorithm is of 10�8 a.u.). Basis set 6-
31G(d) (split valence plus polarization basis set) was applied for
main group elements: for hydrogen atoms (4s)/[2s]), for carbon,
oxygen and nitrogen atoms (10s4p1d)/[3s2p1d]. Furthermore, to
give a better description of the wave functions in the intermolecu-
lar region and hence, to satisfy estimation of the M-hnc interac-
tions, diffuse functions were added to the standard basis set (one
s and one p set) for the O atoms and the final basis set was
(11s5p1d)/[4s3p1d]. The combined basis set is denoted as B1.
The computations using B1 basis set were carried out with the
Lee, Yang, and Parr correlation functional (LYP) [29] combined with
Becke’s three parameters exchange functional (B3) [30]. The ade-
quacy of B3LYP method for prediction of conformational behav-
iour, geometry parameters and vibrational spectra of coumarin
derivatives was proven in our recent investigation [24]. The metal
ions were calculated with the relativistic effective core potential
(RECP) optimized by the Stuttgart–Dresden group [31]. The small
core RECPs (SDD) were used for Cu(II) (MDF10) [32] and Ag(I)
(MWB28) in combination with their optimized valence basis sets
(8s7p6d)/[6s5p3d] throughout this paper. The small core (RECPs)
for the Cu(II) and Ag(I) centers considers explicitly 19 valence elec-
trons (3s23p63d104s1 (Cu) and 4s24p64d105s1 (Ag)), whereas 10
core electrons (1s22s22p6 shells) for Cu(II) and 28 core electrons
([Ar]3d10 shells) for Ag(I) are replaced by the pseudopotential.
Fig. 1. Optimized geometries at B3LYP/B1 level of (a) n
The reliability of ECP to describe Cu was tested versus B3LYP/6-
311+G(d) calculations (all electrons are treated). A comparison of
the calculated geometry parameters of [Cu(hnc)]+ with small ECP
and B3LYP/6-311+G(d) basis set for Cu(II) showed close results
and the differences vary from 0.001 to 0.006 Å.

Full geometry optimizations of all the molecular systems were
carried out without symmetry constraint. The minima on the po-
tential energy surfaces were qualified by the absence of negative
eigenvalues in the diagonalized Hessian matrix, giving imaginary
normal vibrational mode. The projection of internal coordinates
onto each normal mode in terms of percentage relative weights
was computed as implemented in Gaussian03. Each normal mode
is described on the basis of the largest percentage value of the total
displacement vector magnitude. In addition, the vibrational modes
have been analyzed by visual inspection of modes animated using
the ChemCraft program [33]. The calculated IR spectra were visu-
alized using Doppler broadening and band width on half height
of 80. To distinguish the deprotonated O1, coumarin carbonyl O4
and coumarin cyclic O5 atoms, forming CO bonds in hnc�

(Fig. 1b) we designated them as hydroxyl O1, carbonyl O4 and cyc-
lic O5 atoms and groups, respectively.

The periodic density functional theory (DFT) calculation of poly-
meric Aghnc is performed using the Vienna Ab initio Simulation
Package (VASP) [34]. The DFT is parameterized in the local-density
approximation (LDA), with the exchange–correlation functional
proposed by Perdew and Zunger and corrected for non-locality in
the generalized gradient approximations (GGA) using Perdew–
Wang91 (PW91) functional. The interaction between the core
and the electrons is described using the PAW (projector augmented
wave) potentials for all atoms.

3. Results and discussion

3.1. Donor ability and binding properties of the hnc� ligand in model
metal complexes

According to the experiment [22], the active ligand form in
complexation reaction with metal ions is the anionic hnc� form,
which arises from deprotonation of the hydroxyl group, Fig. 1.
The anionic ligand contains three donor groups: hydroxyl, carbonyl
and nitro and five potential reactive centers for coordination to
metal presupposing five binding modes in metal complexes. X-
ray diffraction analyses of Cu(II) and Ag(I) complexes of hnc� re-
vealed two different ligand binding modes: bidentate through
the hydroxyl and nitro oxygens (in both complexes) and monoden-
tate through the carbonyl O (in Ag(I) complex) [22]. To clarify the
factors responsible for the coordination ability of hnc� we calcu-
lated molecular electrostatic potential (MEP) of the ligand and
energies of various model complexes.
eutral (Hhnc) and (b) deprotonated (hnc�) ligand.
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The optimized Hhnc structure at B3LYP/B1 level is a minimum
in Cs symmetry stabilized by one intramolecular H-bond, whereas
the hnc� structure is a minimum in C1 symmetry, Fig. 1. In hnc�,
the N–O2 and N–O3 bond lengths are very close and the nitro
group is twisted with respect to the plane of the coumarin ring
(the dihedral angle C1–C2–N–O2 is �49.29�).

The reactive sites in hnc� for electrophilic attack (metal ions)
are estimated by means of molecular electrostatic potential
calculations. MEP at a given point r(x, y, z) in the vicinity of the
molecule is defined in terms of interaction energy between the
Fig. 2. Molecular electrostatic potential of hnc�, mapped on molec

Fig. 3. Schematic presentation of the possible l
electrical charge generated from the molecule electrons and nuclei
and the positive test charge (a proton) located at r. The MEP values
are calculated on a molecular surface defined by electron density
0.001 e/bohr3 [35,36]. 3D MEP contour map of hnc� is presented
in Fig. 2 (the surface clipping plane coincides with the plane of
the coumarin ring). The most favorable regions for electrophilic at-
tack are those corresponding to the minima of the electrostatic po-
tential values. As it is seen from Fig. 2, there are three regions with
large negative values: between O1 and O2 atoms (denoted as V1),
between O4 and O3 (denoted as V2) and between O2 and O3 (de-
ular surface defined by electron density q(r) = 0.001 e/bohr3.

igand binding modes to transition metals.
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noted as V3). The suggested regions could not be attributed to def-
inite atoms of the molecule. According to the MEP values, the most
Fig. 4. Selected calculated bond lengths and IR wavenumbers (unscaled) of the opti
reactive region in hnc� is V1 (�0.2020 a.u.), followed by V2

(�0.1965 a.u.) and V3 (�0.1790 a.u.). Hence, the MEP results pre-
mized Mhnc1 model complexes (M = Cu(II) (bold), Cu(I) (regular), Ag(I) (italic)).
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dict bidentate binding through the hydroxyl O1 and nitro O2
atoms. The MEP prediction is in line with X-ray diffraction analysis
data for Cu(II) complex which have shown only this mode of bind-
ing [22]. For Ag(I) complex of hnc� the experiment has shown two
binding modes of the ligand: bidentate binding through the hydro-
xyl O1 and nitro O2 atoms (as in the case of Cu(II)) and monoden-
tate binding to Ag(I) through the carbonyl O4 [22]. To gain more
insight into the coordination behaviour of hnc� to Ag and Cu ions,
the possible bidentate and monodentate complexes (M:L = 1:1) are
modeled as shown in Fig. 3. The bidentate ligand binding could be
realized through the (1) hydroxyl O1 and nitro O2 (Mhnc1); (2)
carbonyl O4 and nitro O3 (Mhnc2); (3) nitro O2 and nitro O3
(Mhnc3). The monodentate ligand binding could be through the
(1) carbonyl O4 (Mhnc4) and (2) hydroxyl O1 atom (Mhnc5). The
model complexes are used for qualitatively suggestions of the pre-
ferred binding ligand mode in Cu(II) and Ag(I) complexes. The rel-
ative stabilities of five [Cu(II)hnc]+, four [Ag(I)hnc] and four
[Cu(I)hnc] model complexes are evaluated on the basis of their
electronic energies, Table S1 in Supplementary materials. For all
systems studied, the most stable structure is Mhnc1, where the
hnc� is bidentately bonded through the hydroxyl O1 and nitro
O2 atoms. The same bidentate binding of hnc� was predicted from
MEP calculations and confirmed from the experiment [22]. The
agreement between the observed coordination of hnc� in the metal
complexes and the predicted bidentate (O1, O2) ligand binding in
model complexes support the reliability of the models applied.
The bidentate binding through O4 and O3 atoms produces less sta-
ble structures (with 2–4 kcal/mol). As it is expected, the bidentate
binding structures are more stable than the monodentate one. This
result excludes the single monodentate hnc� coordination, how-
ever it could occur in combination with bidentate one, as it was ob-
served in the Ag complex [22].
3.2. Vibrational properties of mono- and bidentate binding modes of
model [Cu(II)hnc]+, Cu(I)hnc and Ag(I)hnc complexes

The experimental structure of Aghnc shows that in addition to
the most probable bidentate O1, O2-hnc binding, monodentate
O4-hnc binding is also realized [22]. To derive the characteristic
vibrational properties of the ligand, which are related to its coordi-
nation behaviour in the Cu and Ag complexes, we calculated the IR
spectra of the model complexes shown in Fig. 3. The calculated
bond lengths and the vibrational spectra of the optimized Mhnc1
complexes (M = (Cu(II), Ag(I), Cu(I)) are given in Fig. 4. Our discus-
sion is mainly concentrated on the vibrational behaviour of the do-
nor groups C1O1, NO2, C3O4 and their neighbors C2N, C3O5. The
stretching modes of the bonds above exhibit very intense IR bands
and their positions could reveal the binding behaviour of the ligand.

To test the reliability of the selected model complexes
([Cuhnc1]+ and Aghnc1), their calculated vibrational spectra are
Fig. 5. HOMO of Cu(I)hnc1 complex (a), open shell orbitals
compared to those of real neutral complexes (Cu(hnc)2(H2O)2

and Aghnc). The comparison shows that the IR spectra of the model
[Cuhnc1]+ and Cu(hnc)2(H2O)2 complexes differ significantly,
Fig. 4. At the same time, the calculated IR spectrum of Cu(I)hnc is
very similar to the IR spectrum of Cu(hnc)2(H2O)2. A detail elec-
tronic structure analysis of the Cu complexes suggested that the
similarity of the IR spectra of Cu(hnc)2(H2O)2 and Cu(I)hnc com-
plexes is related to the similar character of the orbital interactions,
Fig. 5a and c, the destabilized 3d copper orbital interacts with the
hydroxyl and nitro oxygen orbitals. Differently, for [Cu(II)hnc]+ the
highest 3dr orbital is stabilized and the preferred situation corre-
sponds to singly occupied orbital on hnc, Fig. 5b. Similar findings
have been reported in previous studies on Cu(II) complexes
[37,38]. In Cu(hnc)2(H2O)2 and [Cu(I)hnc] the spin delocalization
is between metal and ligand orbitals, whereas in [Cu(II)hnc]+ the
spin is localized on the ligand. Therefore, in Cu(II) complexes with
coumarins, the change of the coordination environment produces
different metal–ligand orbital interactions and therefore the
Cu(II):hnc = 1:1 is unsuitable model for vibrational study.

Further, Aghnc and Cuhnc models are used to estimate the rela-
tion between the ligand binding mode and the vibrational spectral
features of the metal complexes. The calculated geometries and
vibrational spectra of Cuhnc binding models are presented in
Fig. 6, whereas all Cu(II), Cu(I) and Ag(I) model complexes are
compared in Fig. S1 in Supplementary materials. As it is seen in
Fig. 6, the first two intense bands in the 2000–500 cm�1 IR range
of the complexes studied are assigned to carbonyl m(C3O4) and hy-
droxyl m(C1O1) modes. Their order varies: in the case of uncoordi-
nated carbonyl C3O4 group in the Cuhnc1 and Cuhnc3, the
m(C3O4) band appears as the first one and in the case of coordi-
nated C3O4 group in Cuhnc2 and Cuhnc4, the m(C3O4) band is
the second one. The m(C3O4) and m(C1O1) band intensities also
vary in the complexes studied: more intense is the band of the
coordinated CO group. The bidentate O3,O4-Cuhnc2 and mono-
dentate O4-Cuhnc4 complexes show very similar m(C3O4) and
m(C1O1) vibrational behaviour and therefore the vibrational spec-
tra could not be used to distinguish the complexes. In such a case,
thermodynamic stability calculations could help to predict the
preferred binding mode.

It should be marked that in the IR spectrum of Hhnc (experi-
mentally accessible) the first intense band in the 2000–500 cm�1

region is attributed to m(C3O4) mode and the m(C3O4) frequency
shift could indicate the ligand binding mode in the metal com-
plexes. The calculated m(C3O4) frequency is at 1841 cm�1 (Fig. 7)
and it is used in the comparative vibrational analysis below. The
intense m(C3O4) band shifts to lower frequency by �30 and
�40 cm�1 in the bidentate O1,O2-Cu(I)hnc1 and bidentate
O2,O3-Cu(I)hnc3 complexes, respectively (the carbonyl C3O4
group is free). For the bidentate O3,O4-Cu(I)hnc2 and monodenate
O4-Cu(I)hnc4 complexes (the carbonyl C3O4 group is coordinated)
the band shifts to lower frequencies by �240 and �213 cm�1,
of Cu(II)hnc1 (b) and Cu(hnc)2(H2O)2 (c) at B3LYP level.
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respectively. It the last two cases, the m(C3O4) band is the second
one and its high intensity explicitly distinguishes it from the first
Fig. 6. Selected calculated bond lengths and IR wavenumbers (unscaled)
m(C1O1) band. In summary, large downshift (above 200 cm�1)
and increasing intensity of the first band in the 2000–500 cm�1 re-
of optimized Cu(I)hnc model complexes in different binding modes.



Fig. 7. Calculated IR spectra of Hhnc (a), hnc� (b), Cu(hnc)2(H2O)2 (c) and Cu(hnc)2(H2O)2�2H2O (d).
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gion of the metal complex as compared to the IR spectrum of Hhnc
should be taken as an indication of coordinated carbonyl C@O
group to the metal ion, whereas smaller band downshift
(�35 cm�1) and decreasing intensity denote uncoordinated car-
bonyl C@O group in the metal complexes.
3.3. Vibrational analysis of Hhnc, hnc� and its Cu(II) and Ag(I)
complexes

The geometry and the vibrational spectra of Hhnc, hnc�,
Cu(hnc)2(H2O)2, Cu(hnc)2(H2O)2�2H2O, and Ag(hnc) are calculated
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(Table 1) and discussed to explain: (1) the similarity of the IR spec-
tra of Cu(II) and Ag(I) complexes (despite the different coordina-
tion) and (2) the downshift of m(C3O4) band (70 cm�1) going
from the Hhnc to its metal complexes (although this group is not
coordinated in Cu(II) complex and it is monodenate (bridging)
coordinated in Ag(I) complex). The clarification of the origin of
the carbonyl (C@O) downshift and its magnitude is important since
some authors used this shift as an evidence for complexation
through the carbonyl oxygen atom [20,39]. By means of model cal-
culations and comparative vibrational analysis presented below
we intend to find a vibrational criterion for discernment of the free,
H-bonded and coordinated carbonyl C@O group.

The calculated IR spectrum of the optimized Hhnc structure is
presented in Fig. 7, compared with the experimental one (Table 1,
Fig. 8a) [22]. To achieve better coincidence with the experimental
vibrational frequencies (Fig. 8a), the calculated IR wavenumbers of
Hhnc have been corrected by scaling factor of 0.96, Fig. 7a. The scal-
ing factor is derived from the relation m(C3O4)exp/m(C3O4)calc.
According to the calculations, the observed intense band (doublet)
at 1760 cm�1 (sc calc. 1767 cm�1) is assigned to m(C3O4) stretching
mode. The experimental IR band at 1608 cm�1 (sc. calc. 1602 cm�1)
is due to the m(CC) mode. The calculated 1561 cm�1 frequency,
interpreted as m(NO3) vibration is not observed in the experimen-
tal IR spectrum due to its low intensity. Two modes, m(C1C2) and
d(COH) contribute to the third intense band (doublet) at
1542 cm�1 (sc. calc. 1526 cm�1). The experimental bands at 1432
(sc. calc. 1429 cm�1) and 1425 cm�1 (sc. calc. 1428 cm�1) are as-
signed to m(C1O1) and d(COH) modes, respectively. The intense
band at 1192 cm�1 (sc. calc. 1189 cm�1) is assigned to
m(C2N) + m(NO2) modes. The IR spectrum of hnc� is simulated via
model calculations and it is presented in Fig. 7b. A survey of the
geometrical and vibrational characteristics for Hhnc and hnc� (gi-
ven in Table 1 and Fig. 7) reveals significant differences, originating
from the breaking of the intramolecular hydrogen bond and hydro-
xyl deprotonation. The (H� � �O2) hydrogen bond is evaluated of
13 kcal/mol and its rupture produces an elongation of carbonyl
C3@O4 bond (�0.004 Å) and downshift of m(C3O4) frequency by
�20 cm�1. The H-bonding effect on the geometry and the
m(C3O4) vibrational mode of Hhnc was estimated by comparison
of the H-bonded Hhnc and non-H-bonded Hhnc conformer ob-
tained from Hhnc by rotation around the C1–O1 bond of angle of
180� and subsequent unconstrained DFT optimization. Going from
Table 1
Selected calculated and experimental bond lengths (in Å) and frequencies (m, in cm�1) of

System C1–O1 C3–O4

Bond m Bond m

Hhnc 1.317 1489
[1429]sc

c
1.203 1841

[1767]sc

Hhnc (exp) – 1432s,d – 1760s,d
hnc� 1.245 1681 (192)d" 1.220 1771 (70
Cu(hnc)2(H2O)2 1.274

1.274
1592
1577 (88–103)"

1.205
1.205

1823
1823 (18

Cu(hnc)2(H2O)2�2H2O 1.267
1.267

1607
1595 [1541]sc

1.217
1.217

1781
1780 [17

Cu(hnc)2(H2O)2�2H2O exp [22] 1.258
1.257

1552vs (120)" 1.216
1.219

1686vs (

Aghnc (PW91/PAW)e 1.258 1572, 1560 (71)"
1559, 1558 (69)"

1.240 1656, 16
1638, 16

Aghnc exp [22] 1.239 1584 (152)" 1.223 1687 (73

vs – very strong; s – strong; d – doublet, sh – shoulder; as – asymmetric vibration; sc –
a Coupling of m(NO2) and m(C2N) vibrations/coupling of m(C3O5) and m(C2N) vibration
c Scaling factor 0.96.
d The values in the brackets are the differences between the frequencies of the metal
e Periodic PW91/PAW optimization and frequency calculations are performed with V
Hhnc to hnc� (including H-bond rupture and hydroxyl group
deprotonation) the C1–O1, N–O2 and C2–C3 bonds shorten (the
largest shortening of 0.07 Å is found for hydroxyl C1–O1 bond)
and C1–C2, C2–N, N–O3, C3@O4, C3–O5 bonds elongate (the larg-
est elongation of �0.034 Å is found for C1–C2 bond). As a result,
the carbonyl m(C3O4) band in hnc� downshifts by 70 cm�1,
whereas the hydroxyl m(C1O1) band is upshifted by 192 cm�1.
For qualitative estimation of the theoretical data obtained we dis-
cuss below the unscaled calculated spectra.

The modeling of Cu(hnc)2(H2O)2 and Cu(hnc)2(H2O)2�2H2O
complexes is performed on the basis of the coordination polyhe-
dron obtained from X-ray diffraction analysis, Fig. 9 [22]. The last
model complex includes two lattice water molecules (each one is
H-bonded to the carbonyl oxygen and to the H atom of the coordi-
nated water molecule) and thus it better approaches the experi-
mental X-ray structure [22]. Selected bond lengths and stretching
frequencies are given in Table 1 and Fig. 7c and d, respectively.
According to the calculations the observed intense bands in the
IR spectrum of the Cu(hnc)2(H2O)2�2H2O complex (Fig. 8b) were as-
signed as follow: at 1686 cm�1 (calc. 1781 cm�1) to m(C3O4); at
1552 cm�1 (calc. 1595 cm�1) to m(C1O1); at 1528 cm�1 (calc.
1520 cm�1) to m(NO3); at 1283 cm�1 (calc. 1281 cm�1) to
m(NO2) + m(CN).

Firstly, the ligand frequency changes that occur upon bidentate
bonding to Cu(II) through the hydroxyl and nitro oxygens (O1, O2)
are studied by means of model calculations of Cu(hnc)2(H2O)2. The
calculations predicted the following wavenumbers for carbonyl
m(C3O4): 1841 cm�1 for Hhnc, 1771 cm�1 for hnc� and 1823 cm�1

for Cu(hnc)2(H2O)2, Fig. 7. The m(C3O4) frequency variations follow
the C3@O4 bond length variations in the compounds studied (Ta-
ble 1). After H-bond breaking and ligand deprotonation, the car-
bonyl C3@O4 bond elongates and the m(C3O4) frequency
downshifts by 70 cm�1. Further, the coordination of hnc� through
O1 and O2 atoms to Cu(II) produces shortening of C3@O4 bond
and upshifted band by �50 cm�1. As a result, m(C3O4) band in
Cu(hnc)2(H2O)2 is shifted to lower frequencies (�20 cm�1) as com-
pared to that in Hhnc. If the intramolecular H-bond is missing in
Hhnc, similar m(C3O4) frequencies are expected for Hhnc and
Cu(hnc)2(H2O)2.

A comparison of the vibrational spectra of the optimized
Cu(hnc)2(H2O)2 and Cu(hnc)2(H2O)2�2H2O shows that the H-bond-
ing between the carbonyl C3O4 group and the lattice water leads
Hhnc, hnc� and its Cu(II) and Ag(I) complexes at B3LYP/B1 level.
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Fig. 8. Experimental IR spectra (in Transmittance, %) of Hhnc (a), Cu(hnc)2(H2O)2�
2H2O (b) and Aghnc (c) [22].
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to additional downshift of the m(C3O4) band by �40 cm�1 (bond
length increases with 0.012 Å) and upshift of hydroxyl m(C1O1)
band by �15 cm�1, Table 1 and Fig. 7c and d. According to the
calculations of Hhnc and Cu(hnc)2(H2O)2�2H2O (or Cu(hnc)2-
(H2O)2), the bands at 1432 cm�1 in the ligand spectrum and that
at 1552 cm�1 in its Cu(II) complex are assigned to hydroxyl
m(C1O1) mode (Table 1, Fig. 8a and b). As it is seen, the
m(C1O1) band behaviour does not indicate explicitly that C1O1
group bounds to Cu(II) in the complex studied. The calculated
hnc� IR spectrum, predicting m(C1O1) frequency at 1681 cm�1,
appears more reliable and informative for comparison with the
IR spectrum of Cu(II) complex. Such a comparison shows that hy-
droxyl m(C1O1) band downshifts in the Cu(hnc)2(H2O)2 complex
by �100 cm�1 (1681 cm�1 ? 1595 cm�1 (1575 cm�1)) indicating
C1O1 bonding to Cu(II) atom.

In summary, both bidentate bonding of hnc� through the hydro-
xyl and the nitro oxygens (O1, O2) and the H-bonding of lattice
water to carbonyl C3O4 group in Cu(II) complex result in down-
shifted m(C3O4) band by �60 cm�1 as compared to that of Hhnc.
This finding is consistent with the experimental difference,
D � 45–75 cm�1 [22]. Therefore, such a downshift of m(C3O4) band
could not be considered as an indication of coordination of the car-
bonyl C3O4 group to the metal ion. In case of coordinated carbonyl
group, bidentate (Cuhnc2, Fig. 6) or monodentate (Cuhnc4, Fig. 6),
our model calculations predicted larger downshift of m(C3O4) band
by�230 cm�1 (�180 cm�1 in Ag(I) complexes) as compared to that
of Hhnc.

The Aghnc complex is polymeric, the Ag(I) being bonded to
four coumarin molecules. One hnc� molecule is bidentately
bonded to Ag(I) through the hydroxyl and nitro oxygens
(O1, O2); two other hnc� molecules are bonded through the
comarinic oxygen (O4) and the fourth hnc� molecule is bonded
through the C atom, Fig. 9b [22]. The calculations of Ag(hnc)4

model gave inadequate results. Thus, we performed periodic
DFT calculations of Aghnc complex using the known unit cell
parameters a = 8.8770 Å, b = 6.7120 Å, c = 14.4640 Å and
b = 101.899� and four formula units per unit cell, Table 1. In
Aghnc complex the hnc� is a bridging ligand, bidentately
bonded to one Ag(I) through the hydroxyl and the nitro oxy-
gens (O1, O2) (as in Cu(II) complex) and monodentate bonded
to another Ag(I) through the carbonyl O4. At the same time,
the experimental IR spectra of Cu(II) and Ag(I) complexes
showed very similar m(C3O4) frequencies at �1686 cm�1,
Fig. 8b and c [22]. The crystallographic data showed similar
C3@O4 bond lengths in Cu(II) and Ag(I) complexes (1.216
(1.219 Å) and 1.223 Å, respectively) in despite of the different
bindings. Both complexes have bidentate (O1, O2) binding,
therefore the lattice water H-bonded to carbonyl C3O4 group
in Cu(II) complex and the Ag(I) bonded to C3O4 group in
Ag(I) complex produce analogous changes in C3@O4 bond
lengths and m(C3O4) frequencies. Our simulations of monoden-
tate carbonyl oxygen binding to Cu(I)/Ag(I) (M(I)hnc4 model)
showed that m(C3O4) band in Hhnc downshifts by �210/
185 cm�1 and such a large m(C3O4) band shift could be ac-
cepted as an indication of monodentate carbonyl O4 binding.
The observed binding through O4 does not produce the ex-
pected large band shift by �180 cm�1 since hnc� is bridging
in Ag(I) complex: it is bonded to Ag1 through O1, O2 and to
Ag2 through O4 atom.

In summary, the m(C3O4) band downshift by 30–90 cm�1 in
the IR spectra of the metal complexes as compared to this of
the neutral Hhnc ligand should be taken as an indication of
hydrogen bonded carbonyl (C3O4) group with lattice water mol-
ecules or bridged hnc� ligand in the complex and carbonyl oxy-
gen binding to a metal ion. Significantly larger m(C3O4) band
downshift by 180–240 cm�1 should be attributed to monoden-
tate ligand binding to the metal ion through the carbonyl group
or bidentate ligand binding through the carbonyl and nitro
groups.



Fig. 9. Visualization of structures of Cu(hnc)2(H2O)2�2H2O (a) and Aghnc (b) complexes obtained from X-ray diffraction analysis [22].
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4. Conclusion

The IR spectra of 4-hydroxy-3-nitro-2H-chromen-2-one (Hhnc)
and its Cu(hnc)2(H2O)2�2H2O and Ag(hnc)4 complexes were inter-
preted on the basis of B3LYP/B1 calculations in gas phase and
PW91/PAW calculations in solid state (for Ag(I) complex). Geomet-
rical, electronic and frequency calculations of model anionic ligand
(hnc�) and its Cu(hnc)2(H2O)2, Cu(hnc)2(H2O)2�2H2O and Aghnc
complexes explained the observed frequency downshift of the
uncoordinated carbonyl group going from the free ligand to the
metal complex as well as the similarity of the IR spectra of Cu(II)
and Ag(I) complexes with different ligand coordination. The calcu-
lated MEP data and the relative stability of the models studied pre-
dicted the most preferred binding mode of hnc� to Cu(II), Cu(I) and
Ag(I), namely a bidentate one via the hydroxyl and the nitro oxy-
gens, in agreement with the experiment [22]. Based on the pre-
cisely selected Cu(I)hnc and Ag(I)hnc models, a relation between
the vibrational behaviour of the ligand donor groups and the ligand
binding modes in the complexes was deduced. It was suggested
that the ligand coordination to a metal ion through the carbonyl
group (monodentate or bidentate in combination with nitro group)
produces large downshift (220–240 cm�1) of the carbonyl stretch-
ing frequency. The comparative vibrational analysis showed that
smaller downshift by 50–90 cm�1 of the carbonyl frequency is
due to intermolecular H-bonding of this group to the lattice water
molecules or suggests a bridging hnc� ligand and binding of the
carbonyl oxygen to the metal ion.
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