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Abstract

DFT study of hydrogen-bonded dimers and tetramer of glyoxilic acid oxime (GAO) has been performed at B3LYP/

6-31G* and B3LYP/6-31++G** levels of the theory. The N � � �HAO and O � � �HAO hydrogen bondings in the self-
assembling structures studied have been estimated from intermolecular distances, enthalpy of stabilization, hydrogen-

bonding energies and AIM electron density at the hydrogen bond critical points. The calculated hydrogen-bonding

energies of various GAO dimers suggested a cooperative interaction in the cyclic dimers and tetramer. The comparative

study of chain aggregate with both head-to-head and tail-to-tail bondings and chain aggregate only with head-to-tail

bondings, showed that the latter is enthalpically preferred in agreement with the crystal structure of GAO. Harmonic

frequencies for the monomer, five dimers and tetramer have been calculated and discussed as to the changes in the most

sensitive to the complexation vibrations and as to the strengths of the O � � �HAO and N � � �HAO hydrogen bondings.
Vibrational analysis at B3LYP/6-31G* level confirmed the suggestion for a cooperativity in the cyclic H-bonded

complexes. Natural population analysis was performed to predict electrostatic interactions in the cyclic H-bonded

complexes. The p-delocalization was estimated on the basis of the calculated AIM ellipticity.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The glyoxilic acid oxime (HOOCACHANOH)
(GAO) has two donor atoms, the carboxyl oxygen

and the oxime nitrogen and it can act as a mono-

or bi-dentate ligand in a series of metal complexes

[1]. The presence of electron-rich centers (@N,
@O) and hydrogen atoms covalently bonded to
electronegative atoms provides the possibility of

forming different type intermolecular hydrogen

bonds, O � � �HAO and N � � �HAO. Although the
compound was synthesized in 1910 [2] structural
data were not found in the literature. In our pre-

vious studies we performed detailed conforma-

tional study of the glyoxilic acid oxime and its

anions at different levels of the theory, HF/

6-311G**,MPn/6-311G** (n ¼ 2; 3; 4) andB3LYP/
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6-311G** [3]. HF and MPn calculations predicted

the ectt as the lowest energy conformer, followed

by ecct, ettt and zccc (Fig. 1). Density functional

theory, however, suggested strong intramolecular

H-bond (O � � �HAO) in zccc conformer and ener-
getic preference to this conformer. Since the solid
state vibrational spectrum of GAO was in best

agreement with ectt, but not with zccc spectral

features [3], we suggested that ectt conformer is

realized in the solid state and in the complexes we

obtained [1]. Recently we succeeded in obtaining

crystals of good quality and GAO crystal structure

was determined by X-ray diffraction analysis [4].

The results showed that in crystal four molecules
are held together by O � � �HAO and N � � �HAO
interactions as shown in Fig. 2 [4]. All four mole-

cules in the cyclic tetramer have the predicted ectt

conformation [3] but they undergoes head-to-tail

hydrogen bonding and form a four-membered

hydrogen-bonded, almost planar ring. The study

of the formation of self-assembling structures that

lead to crystallization provides a useful and con-
venient means to evaluate the importance of the

intermolecular interactions [5]. Understanding

these interactions and their cooperative effects can
also have important consequences for studies of

molecular recognition [6–9]. In this study we apply

density functional theory method to gain a deeper

insight into the nature of the intermolecular in-

teractions that bind the ectt monomer units in the

glyoxilic acid oxime tetramer. The analysis made

allowed us to estimate the strengths of the

O � � �HAO and N � � �HAO hydrogen bondings
leading to tetramer formation of GAO, as well as

to evaluate the cooperativity in the cyclic dimers

and tetramer complexes.

2. Computational procedures

DFT calculations were performed using GAUS-AUS-

SIANSIAN 98 package [10]. Density functional theory

was used with Becke3-Lee-Yang-Parr (B3-LYP)

exchange-correlation functional and 6-31G* and

6-31++G** basis sets [11,12]. According to recent

reports only hybrid functionals can provide an ac-

curate description for the systems with hydrogen

bonds [13–16]. All geometries were completely op-

timized at the levels of calculations noted. Vibra-
tional frequencies were calculated to verify the

nature of the stationary points found on the

potential energy surface. The hydrogen-bondingFig. 1. Low energy conformers of the glyoxilic acid oxime.

Fig. 2. Cyclic tetramer of the glyoxilic acid oxime.
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energy of the studied dimers and tetramer was cor-

rected both with basis set superposition error

(BSSE) and zero-point vibrational energies (ZPVE).

The BSSE was estimated using the counterpoise

(CP) method as described previously [17–20]

DðBSSEÞ ¼
Xn

i

ðEmi
f � Emi�

f Þ; ð1Þ

where the Emf �s represent the energies of the in-
dividual monomers frozen in their aggregate ge-

ometries; the asterisk (*) denote monomers

calculated with �ghost� orbitals. The hydrogen-
bonding enthalpies (DHcomplex) were obtained from
the calculated hydrogen-bonding energies DEcomplex
as described in the literature [21–23]

DHcomplex ¼ DEcpcomplex þ DEvib � 4RT ; ð2Þ

where R is the gas constant.
A topological analysis of the B3LYP/6-31G*

electron density at bonds was performed with Ba-

der�s atoms in molecules (AIM) theory to describe
the electronic structures of the dimers and tetramer

of GAO [24–27]. The calculated electron density,

qb, and its second derivative, r2qb (Laplacian), at
hydrogen bond critical points can characterize the

intermolecular homo- (O � � �HAO) and hetero-
nuclear (N � � �HAO) bondings in the species stud-
ied. The Laplacian of the electron density was used

to study the r- and p-bond character in the GAO
dimers and tetramer, which can be quantified by

means of the bond ellipticity e. The AIM calcula-

tions were performed using the critical point option

for the AIM keyword as implemented in GAUS-AUS-

SIANSIAN 98.
The harmonic frequency shift of the OAH

stretching mode in dimer and tetramer, DmOAH,
was estimated using the equation

DmOAH complex ¼ mOAH complexððNÞO � � �HAOÞ
� mOAHðmonomerÞ ð3Þ

The vibrational spectra were calculated at the
optimized geometries of monomer, dimers and

tetramer at DFT(B3LYP)/6-31G* level of the

theory. In order to assign the calculated frequen-

cies to approximate vibrational descriptor, the vi-

brational modes have been analyzed by means

of the atom movements, calculated in Cartesian

coordinates. To improve the frequency shift esti-

mation, corresponding �optimal� scale factors were
used as it was proposed in the literature [28,29].

The �optimal� scale factors were determined using
the ratio mexp=mcalc. The predicted frequency shift
for each vibration was defined as follows:

Dmscal ¼ kiðmtetrameri � mmonomeri Þ; ð4Þ
where ki is the corresponding �optimal� scale factor.

3. Results and discussion

3.1. Geometry parameters of tetramer, dimer I and

monomer

The calculated geometry parameters of GAO

tetramer (Fig. 2) are compared with available ex-

perimental data in Table 1. Since the tetramer has
two equivalent dimer pairs (dimer I, Fig. 3)

structural parameters only for one of them are

presented in Table 1. The average deviations of the

calculated bond lengths and bond angles are 5.1%

and 1.4% at B3LYP/6-31G*, respectively and 5.3%

and 0.8% at B3LYP/6-31++G**, respectively.

Both levels predicted shorter N � � �H and O � � �H
distances as compared to experiment. However,
taking into account the low accuracy of the X-ray

analysis in determining the H positions, the values

of the experimental O � � �H and N � � �H distances

should also be considered with caution [30]. On the

other side, since the OAH vibration is very an-

harmonic, the minimum on the potential energy

surface does not define precisely the position of the

H atoms. Therefore, the experimental O � � �O and
O � � �N distances were used to obtain information

about the hydrogen-bonding strength in the com-

plexes studied. As described in the literature, the

O � � �O and N � � �O distances correlate with the

hydrogen-bonding strengths and can supply reli-

able information about the intermolecular inter-

actions in hydrogen-bonded systems [20,31,32]. As

seen from Table 1, B3LYP/6-31G* calculations
gave better coincidence with the experimental

N � � �O and O � � �O distances with comparatively

small deviations, 	0.02 and 	0.05 �AA, respectively.
These deviations could be overcome when a CP-

optimization is performed. As it was shown the
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CP-optimized structures showed about 0.03 �AA
longer O � � �O distances in comparison with the
�normal� optimized ones [20]. Since the B3LYP/6-
31G* calculations gave better coincidence of the

O � � �O and N � � �O distances with the experimen-
tal ones, further the results obtained at this level of

the theory will be commented.

The comparison between the geometrical pa-

rameters of monomer (ectt, Fig. 1) and dimer I (Fig.

3) showed that the hydrogen bonding of two
monomers in a cyclic dimer I provoked substan-

tially changes of the monomer bond lengths and

angles, included in the seven-membered H-bonded
ring. The C11@O10, O12AH16, O6AH9 bond lengths

in dimer I are with 0.018–0.025 �AA longer, while the
C11AO12 and N5AO6 bond lengths are with 0.029�AA
shorter. The longer C@O and the shorter CAO
bonds in dimer indicated higher delocalization in

the hydrogen-bonded carboxylic group, which

contributes to the stability of the cyclic dimer

structure. Due to the formation of seven-membered
hydrogen-bonded ring, the O@CAO, CAOAH,

Table 1

Selected structural parametersa of GAO monomer, dimer I and tetramer at B3LYP level and experimental data of GAO tetramer;

distances (R) in �AA and angles (A-valence) in degrees

Name definitionb B3LYP/6-31++G** B3LYP/6-31G* Experiment [4]

Tetramer Monomer Dimer I Tetramer Tetramer

R(C2@O1) 1.233 1.214 1.213 1.230 1.2065(13)

R(C11@O10) 1.233 1.232 1.230 1.2123(13)

R(C2AO3) 1.322 1.350 1.353 1.324 1.3165(13)

R(C11AO12) 1.322 1.321 1.323 1.3132(14)

R(C2AC4) 1.482 1.483 1.480 1.482 1.4762(18)

R(C11AC13) 1.482 1.482 1.482 1.4722(16)

R(O3AH7) 1.002 0.976 0.975 1.003 0.89(2)

R(O12AH16) 1.002 1.000 1.002 0.865(18)

R(C4@N5) 1.282 1.280 1.282 1.281 1.2638(16)

R(C13@N14) 1.282 1.280 1.281 1.2647(14)

R(C4AH8) 1.088 1.089 1.088 1.088 0.94(2)

R(C13AH17) 1.088 1.089 1.088 0.94(2)

R(N5AO6) 1.357 1.385 1.356 1.355 1.3727(14)

R(N14AO15) 1.357 1.383 1.355 1.3750(12)

R(O6AH9) 0.994 0.972 0.997 0.995 0.91(2)

R(O15AH18) 0.994 0.972 0.996 0.93(2)

R(N5 � � �H16) 1.788 1.839 1.812 1.96(2)

R(N14 � � �H25) 1.788 1.803 1.93(2)

R(O10 � � �H9) 1.744 1.724 1.756 1.92(2)

R(O19 � � �H18) 1.745 1.755 1.90(2)

R(N5 � � �O12) 2.768 2.817 2.786 2.8025(16)

R(N14 � � �O21) 2.768 2.781 2.7946(17)

R(O6 � � �O10) 2.708 2.696 2.718 2.7809(15)

R(O15 � � �O19) 2.709 2.720 2.7736(17)

A(O10@C11AO12) 124.9 123.6c 125.2 125.4 124.64(10)

A(C11AO12AH16) 110.3 105.5c 109.2 109.5 108.5(10)

A(C4@N5AO6) 115.1 111.2 114.6 115.4 113.2(10)

A(C2AC4AH8) 118.3 116.4 117.5 118.7 117.0(12)

A(O10@C11AC13) 120.4 122.2c 119.3 120.2 120.56(10)

A(C2AC4@N5) 118.7 120.6 120.0 118.1 118.77(11)

A(O12AC11AC13) 114.7 114.2c 115.5 114.3 114.8(9)

a The full set of the calculated (at B3LYP/6-31G*) valence and dihedral angles of GAO monomer, dimer I and tetramer can be

obtained from the authors on request.
b See Figs. 1–3 for numbering of atoms.
c The values refer to corresponding angles in monomer in Fig. 1.
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C@NAO and CACAH bond angles increased and
the O@CAC bond angle decreased (with 	2–4�) as
compared to the monomer (Table 1). The structural

changes obtained in the seven-membered ring of

dimer I were observed in the cyclic tetramer as well.

Some additional changes, however, should be

mentioned. The O � � �O distances in tetramer be-
come longer and the N � � �O-shorter (Table 1).
Obviously, the formation of cyclic tetramer com-

plex decreased the difference between the N � � �O
and O � � �O distances, as it was found from the

experiment (Table 1). Thus, it is expected that in

tetramer the N � � �HAO bonding become stronger
and approaches the O � � �HAO one. More precise
estimation of the N � � �HAO and O � � �HAO
bonding strengths in tetramer will be done below

on the basis of the calculated hydrogen-bonding

energy and AIM electron density at the hydrogen

bond critical points. As a result of the geometric

constraints in the hydrogen-bonded seven-mem-

bered rings both dimer I and tetramer optimized

geometries showed marked deviations from the

idealized 180� (N)O � � �HAO angles (in dimer: \O
� � �HAO ¼ 163:8�, \N � � �HAO ¼ 165:0�; tetra-
mer:\O � � �HAO ¼ 161:5�,\N � � �HAO ¼ 163:0�).
In addition, due to the tetramer cyclic formation,

the O@CAC and C@NAO bond angles increased
with 	1� and the OACAC and CAC@N bond

angles decreased with 1� and 2�, respectively (Table
1). The comparative study of the structural pa-

rameters of monomer, dimer I and tetramer showed
that all the geometry changes observed are in the

direction necessary to convert the geometry calcu-

lated for the isolated molecule to that experimen-

tally observed for the crystal. Thus, it was found

that the calculated structural parameters for tetra-

mer are in best agreement with the experimental

values of GAO.

3.2. Thermodynamic parameters

The total energies and thermodynamic param-

eters for hydrogen-bond formation of dimer I and

tetramer, calculated at B3LYP/6-31++G** and

B3LYP/6-31G* levels, are presented in Table 2.

Both methods showed that the enthalpy and the
free energy decreased going from dimer I to tet-

ramer and thus pointed out stronger hydrogen-

bonding interaction in self-assembling structures

greater than dimer. The lower DG0 values for tet-
ramer indicated that the aggregation occurred al-

though it is enthropically unfavored. In order to

trace the GAO aggregation, we included the trimer

unit in the consideration. As seen from Table 2,
the calculated incremental hydrogen-bonding en-

thalpy of the second hydrogen bonding in trimer

()56.63 kJ/mol) is lower than the hydrogen-

bonding enthalpy of the first one (that of dimer I,

)55.63 kJ/mol). The results thus obtained showed
that the formation of larger than dimer aggregate

for GAO is enthalpically favored. This finding is in

agreement with the suggestion given previously in
the literature [6] that the interaction energy be-

tween two individual molecules is less enthalpically

stabilizing than that between an aggregate and an

individual molecule. As it was supposed, the

crystal formation must start as a dimer, become a

trimer and continue to add individual units or

small aggregates until it has acquired enough

three-dimensional supermolecular structure to be
considered a crystal. It seems, that in such an ag-

gregation process the cooperativity play an im-

portant role in the interaction energies of adding

individual units to the growing aggregate [6].

3.3. Hydrogen-bonding energies and cooperativity in

the cyclic complexes

In GAO tetramer one can trace four identical

hydrogen-bonded rings (Fig. 2). In each ring par-

Fig. 3. Dimer I of the glyoxilic acid oxime.
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ticipate two molecules: each one acts both as a

hydrogen-bonding donor and acceptor. To esti-

mate the individual N � � �HAO and O � � �HAO
bonding energies in tetramer, different dimer

models were studied (Figs. 3–7). The uncorrected

and corrected (with BSSE and ZPVE corrections)
hydrogen-bonding energies of dimers I–V and

tetramer at B3LYP/6-31G* and B3LYP/

6-31++G** levels of theory, are collected in Table

3. After correction for ZPVE and basis set super-

position errors, both methods predicted similar

H-bonding energies for the studied dimers and

tetramer. As described in the literature, the com-

parison of the BSSE corrections for the methods
used showed that the enlargement of the basis set

(with diffuse functions) leads to decrease of the

BSSE values [9,33]. The BSSE�s correction for the
self-assembling structures studied is in the range

5–12% of the H-bonding energy at B3LYP/
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Fig. 4. Dimer II of the glyoxilic acid oxime.

Fig. 5. Dimer III of the glyoxilic acid oxime.

210 I. Georgieva et al. / Chemical Physics 286 (2003) 205–217



6-31++G** level and 17–36% of the H-bonding

energy at B3LYP/6-31G* level.

First, dimer II (with one N � � �HAO, Fig. 4) and
dimer III (with one O � � �HAO hydrogen bond,
Fig. 5) were considered. The sum of the H-bonding

energy of II and III can be compared to the H-

bonding energy of I. Since I contains one

N � � �HAO and one O � � �HAO interactions this

provides a test of the additivity of the individually

determined N � � �HAO (from II) and O � � �HAO
(from III). As seen from the results in Table 3, at

B3LYP/6-31G* level, the hydrogen-bonding en-
ergy of I ()55.87 kJ/mol) was lower than the sum
of the hydrogen-bonding energy estimated from II

()17.5 kJ/mol) and III ()25.94 kJ/mol) by )12.43

kJ/mol. The difference thus obtained could be at-

tributed to the cooperativity in the cyclic dimer I,

Ecoop (dimer I). Further, using the same procedure
the cooperative contribution in the cyclic tetramer

was evaluated, Ecoop (tetramer). The value thus
obtained ()42.08 kJ/mol) is much lower as com-
pared to that obtained for dimer I ()12.43 kJ/mol)
and may explain the formation and the stability of
the tetramer complex. Since the tetramer contains

four identical seven-membered rings its cooper-

ativity could be estimated from the cooperativity

obtained for one seven-membered ring 4
 Ecoop

(dimer I). The value thus obtained (�49:72 ¼ 4

�12:43 kJ/mol) is lower as compared to that ob-
tained using the first procedure mentioned above

(EcoopðtetramerÞ ¼ �42:08 kJ/mol).
The B3LYP/6-31++G** calculations predicted

different cooperative contribution for dimer I

(Ecoopðdimer IÞ ¼ �8:85 kJ/mol). To estimate the

Fig. 6. Dimer IV of the glyoxilic acid oxime.

Fig. 7. Dimer V of the glyoxilic acid oxime.

Table 3

Hydrogen-bonding energies (DE, kJ mol�1) of GAO dimers and tetramer

Method System DEuncorr DEh DEcp DEcorr DHcalc

B3LYP/6-31++G** Dimer I )63.12 )57.31 )59.26 )53.45 )53.19
Dimer II )25.56 )22.62 )22.54 )19.6 )16.91
Dimer III )31.47 )27.45 )28.99 )24.97 )22.71
Dimer IV )55.07 )48.9 )51.34 )45.17 )44.61
Dimer V )67.82 )63.06 )63.83 )59.07 )58.68
Tetramer )253.28 )231.16 )236.23 )214.11 )197.22

B3LYP/6-31G* Dimer I )76.34 )70.32 )61.89 )55.87 )55.63
Dimer II )32.18 )28.99 )20.69 )17.5 )14.7
Dimer III )38.33 )34.08 )30.19 )25.94 )23.80
Dimer IV )67.26 )60.74 )55.46 )48.94 ()24.47)a )48.51
Dimer V )80.99 )76.04 )64.37 )59.42 ()29.71)a )58.94
Tetramer )297.06 )274.86 )238.04 )215.84 )198.74

Ecp: cp-corrected electronic hydrogen-bonding energy; Eh: harmonically zero point hydrogen-bonding energy.
aHalf of the hydrogen-bonding energy.
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tetramer cooperativity at B3LYP/6-31++G** level

of the theory we applied the same two procedures

mentioned above. The values thus obtained (Ecoop

ðtetramerÞ ¼ �35:83 kJ/mol) and (4
 Ecoop

ðdimer IÞ ¼ �35:40 kJ/mol) differ by )0.43 kJ/mol
(DEcoop ¼ EcoopðtetramerÞ � 4
Ecoopðdimer IÞ) and
indicate additional stabilization due to the for-

mation of cyclic structure of the tetramer.

Another method to estimate the N � � �HAO and
the O � � �HAO interactions in I involves consid-

eration of cyclic dimers IV (with two N � � �HAO
hydrogen bonds in the six-membered ring, Fig. 6)

and V (with two O � � �HAO hydrogen bonds in the
eight-membered ring, Fig. 7). Thus, the sum of the
half of the interaction energy of IV and the half of

the interaction energy of V can be compared to the

H-bonding energy of I. However, the N � � �HAO
and O � � �HAO bonding energies determined from
the cyclic dimers IV and V should be compared

with caution with those obtained from dimers II

and III. Both IV and V dimers are cyclic and the

determined from them individual H-bonding en-
ergies of N � � �HAO and O � � �HAO contain sta-

bilization due to the cooperative interaction. Thus,

it is expected that the second method will give

lower N � � �HAO and O � � �HAO bonding energies
(IV, )24.47 kJ/mol and V, )29.71 kJ/mol) as
compared to the values determined applying the

first one (II, )17.50 kJ/mol and III, )25.94 kJ/
mol). Although the N � � �H and O � � �H bonding
energies, obtained from IV and V, contain the

cooperative contributions, their sum ()54.18 kJ
mol�1) is higher than H-bonding energy of dimer I

()55.87 kJ mol�1). This result indicates that there
is additional stabilization in the seven-membered

ring of the cyclic dimer I.

To gain a deeper insight into the magnitude of

the intermolecular interactions that bind the
monomer units in the GAO tetramer we have to

consider all types of the hydrogen bonding. There

are three possible bonding types for ectt monomer

in a cyclic dimer: head-to-tail (dimer I), head-to-

head (dimer V) and tail-to-tail (dimer IV). As seen

from Table 3, the lowest hydrogen-bonding energy

was calculated for the head-to-head bonding type,

)59.42 kJ/mol, as it is in dimer V. However, this
bonding type was not observed in the crystal. To

understand why the head-to-tail bonding type was

realized (as it is in dimer I, )55.87 kJ/mol and in
tetramer) but not the head-to-head one (that with

the lowest bonding energy, )59.42 kJ/mol), we
compared the bonding energies of dimer I aggre-

gates from one side and of dimer V aggregates

from the other side. In the first type aggregate
similar to the crystalline arrangement, each GAO

monomer forms two pairs head-to-tail H-bonding

(each pair includes one O � � �HAO and one

N � � �HAO). On the other hand, in an aggregate,
constructed from dimers analogous to dimer V,

each GAO monomer forms one pair head-to-head

bonding (includes two O � � �HAO) and an other
pair (includes two N � � �HAO) tail-to-tail H-
bonding. The comparison of head-to-tail bonding

energy (twice the hydrogen-bonding energy of I,

)111.74 kJ/mol) with the sum of the hydrogen-

bonding energies of head-to-head and tail-to-tail

bonding types (the sum of H-bonding energy of IV

and V, )108.36 kJ/mol) suggested that the aggre-
gates of the head-to-tail hydrogen bonding are

enthalpically preferred. This finding could explain
the observed head-to-tail hydrogen bonding in the

crystal structure of GAO.

From the calculations made it was possible to

evaluate the total H-bonding energy in the seven-

membered ring in dimer I and tetramer but not the

individual O � � �HAO and N � � �HAO bonding

energies. Thus, on the basis of these calculations

we were not able to make suggestion about the
individual N � � �HAO and O � � �HAO bonding

strengths in the complexes studied. To this end, we

have used the correlation between the H-bonding

energy and the N � � �O and O � � �O distances, re-

ported in the literature for many H-bonded sys-

tems [31,32]. We have compared the calculated

N � � �O and O � � �O distances in I, II, III, IV and V
(Table 4). As seen from Table 4, the O � � �O dis-
tance in I is between the corresponding ones in III

and V. Thus, the O � � �HAO bonding energy of I
could be expected between )25.94 kJ/mol (III) and
)29.71 kJ/mol (V). The N � � �O distance in dimer I
is close to that in dimer IV and the N � � �HAO
bonding energy in dimer I could be approximately

estimated of 	)24.47 kJ/mol (IV). As compare to
dimer I, in tetramer the O � � �O distances were
calculated longer and the N � � �O distances were

shorter. Since the N � � �O distance in tetramer is
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shorter than that in dimer IV it is expected that the

N � � �HAO energy in tetramer should be lower

than )24.47 kJ/mol. Thus, one may suggest that
the N � � �HAO bonding energy in tetramer ap-

proaches the O � � �HAO one and both are rela-

tively strong.

3.4. Natural population analysis of the dimer and

tetramer

NPA of the monomer, dimer I and tetramer can

give some insight into the interaction taking place

upon aggregation. Natural population analysis

data (given in Table 5) showed that the free hy-
drogen atoms in dimer I, H7 and H18 (Fig. 3) are

more positive (have lower NPA values, than those

in monomer), which contribute to aggregation of

two dimers in tetramer. However, the free car-

boxylic oxygen (O1) and the oxime nitrogen (N14)

in dimer I, became less negative (by 0.006 e� and

0.007 e�, respectively) and thus from purely elec-

trostatic arguments it is difficult to predict stabil-
ization of the tetramer unit. At the same time, the

less negativity of N14 and O1 atoms correlates with

their higher H-bond basicity, which suggests fur-

ther aggregation of dimer I to tetramer [34].

Natural population analysis data were used to

investigate the charge changes, which reflect the

forces driving the formation of the hydrogen

bonds in dimer I and tetramer. The calculated

natural charges (qi) for monomer and their chan-
ges in dimer I and tetramer, (Dqi), are presented in
Table 6. As seen from the results in Table 6, in

dimer I (Fig. 3) significantly changed were only the

charges of the atoms, involved in the seven-mem-

bered ring (they are noted by �c�). In the cyclic
tetramer, where all ANOH and ACOOH groups

are involved in hydrogen bonding, all atomic

charges were found significantly changed. The

higher partial charges of the atoms in tetramer (as
compared to those of dimer I) suggested a sub-

stantial electrostatic interaction, which stabilizes

the tetramer species in addition.

3.5. AIM electron density at bond critical points

To obtain additional information about the

strengths of the O � � �H and N � � �H hydrogen
bondings in dimer I and tetramer we undertook

AIM study of the electron density at bond critical

points. Table 7 contains data about the electron

density at H-bond critical points as well as data at

Table 5

Natural population analysis data (a.u.) at B3LYP/6-31G* level of the theory for GAO monomer and GAO dimer I

System H(COOH) O@ N H(NOH)

Monomer (ectt) 0.500 8.582 7.075 0.500

Dimer I 0.494a 8.576a 7.068a 0.499a

aValues for not hydrogen-bonded atoms.

Table 4

Intermolecular bond distances (�AA) and corrected hydrogen-bonding energies (kJ mol�1) of GAO dimers (I–V) and tetramer

Method System R(O � � �O) R(N � � �O) DEcorr

B3LYP/6-31G* Dimer I 2.6957 2.8171 )55.87
Dimer II – 2.9477 )17.5
Dimer III 2.7977 – )25.94
Dimer IV – 2.8145 )48.94 ()24.47)a

Dimer V 2.6894 – )59.42 ()29.71)a

Tetramer 2.7177 2.7868 )215.84
2.7209 2.7812

2.7298 2.7755

2.7204 2.7811

aHalf of the hydrogen-bonding energy.
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the H–O bonds in dimer I and tetramer. The

O � � �H and N � � �H hydrogen bonds in dimer I

and tetramer have properties typical of closed-shell

interactions as hydrogen bonds – low qb and po-
sitive r2qb, whereas the HAO bonds have features
typical for covalent interactions. A trend of in-
creasing qb and r2qb at H-bond critical points
with increasing H-bond strength was first noted by

Carroll and Bader [35] and it was later confirmed

by other authors [36,37]. A relationship between

the depletion of qb at HAO bond on complexation
and the H-bond strength was also found [36].

Going from dimer I to tetramer, the AIM analysis

showed that: (1) qb and r2qb values at the

O10 � � �H9 hydrogen bond critical point and de-

pletion of qb at H9AO6 bond decrease; (2) qb and
r2qb values at the N5 � � �H16 hydrogen bond crit-

ical point and depletion of qb at H16AO12 bond
increase. Thus, the calculated properties of elec-
tron density at bond critical points for the species

studied, indicated that as compared to dimer I, in

tetramer the O � � �H bonds are weaker, while the

N � � �H bonds are stronger. The result thus ob-

tained is in full agreement with the experimental

and calculated longer O � � �O (O � � �H) and shorter
N � � �O (N � � �H) distances in tetramer as com-
pared to dimer I (Table 1). It is however, inter-
esting to compare the electron density properties of

homo- O � � �HAO and hetero-nuclear N � � �HAO
bondings first in dimer I, and second in tetramer.

It was recently shown that qb (X � � �HAA) and Dq
(HAA) reflect relatively small changes accompa-
nying the H-bonding strength and they are com-

parable to different H-bond types [34]. The qb
(O10 � � �H9), qb (N5 � � �H16), Dqb (H9AO6) and Dqb
(H16AO12) values in dimer I confirmed the sug-
gestion for stronger O � � �H hydrogen bond as

compared to the N � � �H one. As seen from Table

7, these values in tetramer are in agreement with

the suggestion made in Section 3.3, that the

N � � �HAO bonding strength in tetramer ap-

proaches the O � � �HAO one.
On the basis of the calculated AIM ellipticity an

attempt was made to estimate the p-delocalization
in dimer I and tetramer. The ellipticity changes for

dimer I and tetramer are presented in Table 8. In

Table 7

Selected bond critical point propertiesa (au) for GAO monomer, dimer I and tetramer (obtained at B3LYP/6-31G* level of the theory)

Bondb Tetramer Dimer I Monomer

qb=Dqb
c D2qb=Dðr2qbÞd qb=Dqb

c r2qb=Dðr2qbÞd qb r2qb

ðO10 � � �ÞH9AO6 0.319/)0.030 )1.688/0.186 0.317/)0.032 )1.666/0.208 0.349 )1.874
ðN5 � � �ÞH16AO12 0.304/)0.034 )1.550/0.234 0.307/)0.031 )1.571/0.213 0.338e )1.784e

O10 � � �H9 0.0405 0.1259 0.0437 0.1361

N5 � � �H16 0.0414 0.1103 0.0391 0.1042

a qb is the value of the electron density at the bond critical point, r2qb is the second derivative of the electron density (density
Laplacian).
b See Figs. 1–3 for numbering of atoms.
cDqb ¼ qcomplexb � qmonomerb (complex¼ tetramer or dimer).
dDðr2qbÞ ¼ r2qcomplexb �r2qmonomerb (complex¼ tetramer or dimer).
e The values refer to H3AO7 bond of GAO monomer, Fig. 1.

Table 6

Selected natural charges (qi) of GAO monomer (at B3LYP/6-
31G* level of the theory) and charge shifts (Dqi) on dimeriza-
tion and tetramerization

Atoma Tetramer

Dqib (e)
Dimer I

Dqib (e)
Monomer

(ectt) qi (e)

O1 )0.058 0.006 )0.582
O10 )0.059 )0.064c

N5 )0.049 )0.052c )0.075
N14 )0.049 0.007

O6 0.017 0.012 )0.550
O15 0.017 0.003

H7 0.021 0.005 0.500

H16 0.020 0.017c

H9 0.020 0.019c 0.500

H18 0.020 0.001

a See Figs. 1–3 for numbering of atoms.
bDqi ¼ qcomplexi � qmonomeri (complex¼dimer or tetramer).
c Values of atoms, included in the hydrogen-bonded ring of

GAO dimer I.
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dimer I, the AIM ellipticity values showed p-de-
localization only in the hydrogen-bonded ring.

This ring involves six p-electrons and thus, addi-
tional stabilization of dimer I due to the aroma-

ticity of hydrogen-bonded ring is possible [38]. The
calculated ellipticities for all OAC, CAC, OAN
bonds in the cyclic tetramer were found higher

(positive Dei values) and that for C@O bond was
lower (negative Dei value). The results thus ob-
tained indicated p-delocalization over all atoms in
the tetramer chain, which stabilize the cyclic tet-

ramer unit in addition. The lowering of the

e(C@O) values is in agreement with the calculated
longer C@O bonds in tetramer. At the same time,
the higher e values for CAO, CAC and OAN
bonds corresponded to shorter bond lengths in

tetramer. These findings indicated absence of pure

single and pure double bonds in tetramer.

3.6. Vibrational study

Changes were observed in the calculated vi-
brational spectrum of GAO going from monomer

to dimer I and tetramer and they may confirm the

conclusions made on the basis of the calculated

hydrogen-bonding energies. Vibrational frequen-

cies of the monomer, three dimers and hydrogen-

bonded tetramer were calculated using B3LYP/6-

31G* method. The calculated changes of the most

sensitive to aggregation vibrational frequencies
(Dmscal) are presented in Table 9. As seen from
Table 9, due to the participation of the ANOH
and ACOOH groups in hydrogen bonds,

mðOAHÞCOOH and mðOAHÞNOH in dimer II (with
one N � � �H bond, Fig. 4) and III (with one O � � �H
bond, Fig. 5), showed a negative shifts, 219 and

235 cm�1. In the cyclic aggregates, dimer I and

tetramer, the calculated negative shift values for
mðOAHÞCOOH and mðOAHÞNOH are much higher,
433 and 505 for dimer I and 406 cm�1 and 535

cm�1 for tetramer. The higher vibrational shifts

obtained for the cyclic dimer I and tetramer pro-

vide additional evidence for the substantial coo-

perativity in the cyclic structures. The calculated

values suggested the presence of relatively strong

O � � �HAO and N � � �HAO hydrogen-bond inter-
actions in dimer I and tetramer. The mðC@OÞ
mode is also sensitive to aggregation and negative

shift was calculated (57 cm�1 for dimer I and 51

Table 9

Selected calculated changes in the IR frequencies (cm�1) from GAO monomer to dimer I, dimer II, dimer III, and tetramer

Vibrational mode Dmscal

Tetramer Dimer I Dimer II Dimer III

mðOHÞNOH )406 )433 32 )235
mðOHÞCOOH )535 )505 )219 )7
mðC@OÞ )51 )57 )21 )30
mðCOÞ 70 96 – 11

mðNOÞ 84 78 12 –

dðNOHÞi:p: 97 120 1 73

dðNOHÞo:p: 350 310 )33 270

dðCOHÞi:p: 107 105 57 18

dðCOHÞo:p: 338 321 198 10

Table 8

Selected AIM ellipticities (a.u.) at the bond critical points for

GAO monomer (at B3LYP/6-31G* level of the theory) and

ellipticity changes, Dei,a on dimerization and tetramerization

Bondb Detetrameri DedimerIi emonomeri

C2@O1 )0.02 0.00 0.12

C11@O10 )0.02 )0.02c

O3AC2 0.02 0.00 0.01

O12AC11 0.02 0.02c

C4AC2 0.01 0.01 0.14

C13AC11 0.01 0.00

O6AN5 0.02 0.02c 0.03

O15AN14 0.02 0.00

aDei ¼ ecomplexi � emonomeri (complex¼ tetramer or dimer I).
b See Figs. 1–3 for atom numbering.
c Values of atoms, included in the hydrogen bonded ring of

dimer I.
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cm�1 for tetramer). As seen from Table 9, the

calculated m(CO) and m(NO) vibrations are shifted
to higher frequencies in the cyclic aggregates.

Changes were observed in the deformation mode

positions as well. The most sensitive to the

N � � �HAO and O � � �HAO hydrogen bondings are
d(NOH) and d(COH) deformation modes (espe-
cially out-of-plane NOH and COH) (Table 9).

4. Conclusion

Our calculations showed that both B3LYP/

6-31G* and B3LYP/6-31++G** levels of the the-
ory described correctly the geometry of the cyclic

GAO tetramer. The calculated thermodynamic

parameters of the intermolecular hydrogen-bond-

ing interactions in the cyclic dimer I and tetramer

showed higher free energy stabilization of tetra-

mer, although the last one was entropically unfa-

vored. The lower incremental hydrogen-bonding

energy obtained for the second hydrogen bonding
indicated that the formation of larger than dimer

aggregate for GAO is enthalpically favored. The

comparative study of chain aggregate with both

head-to-head and tail-to-tail bondings and chain

aggregate only with head-to-tail bondings, showed

that the latter is enthalpically preferred in agree-

ment with the crystal structure of GAO. The cal-

culated H-bonding energies of various dimers
suggested that there is a cooperative contribution

to the stabilization of the cyclic dimer I and tet-

ramer. The lower total cooperative energy for the

cyclic tetramer (EcoopðtetramerÞ ¼ �42:08 kJ/mol)
in comparison with that for dimer I (Ecoop

ðdimer IÞ ¼ �12:43 kJ/mol) confirmed the aggre-
gation and explained the tetramer formation in the

crystal. The calculated N � � �O and O � � �O dis-
tances and hydrogen-bonding energies showed

that the N � � �HAO bonding energy in tetramer

approaches the O � � �HAO one. Both H-bonds in
GAO tetramer were estimated as relatively strong

(O � � �HAO between )25.94 and )29.71 kJ/mol
and N � � �HAO less than )24.47 kJ/mol). The
calculated Dm(OH) values are in agreement with
this prediction. The high shifts of the most sensi-
tive to aggregation vibrations (OAH stretching,

NOH and COH out-of-plane bending) confirmed

the cooperative effect in the cyclic structures. The

higher partial charges of all atoms (which sug-

gested a substantial electrostatic interaction) as

well as the higher electronic p-delocalization in
tetramer as compared to cyclic dimer I, explained

the tetramer preference in the crystal structure.
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