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Figure 5: HRTEM image of the Sb2Se3 nanorods.

Figure 6: SAED Pattern of the Sb2Se3 nanorods. The SAED zone axis is [10-1].
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Figure 7: Absorption spectra of Lu0.02Yb0.02Sb1.96Se3 nanorods at room temperature.

Figure 8: Absorption spectra of Lu0.01Yb0.01Sb1.98Se3 nanorods at room temperature.

Figure 9: Absorption spectra of Lu0.02Er0.02Sb1.96Se3 nanoparticles at room temperature.



As a result of industrial development, many 
chemical substances generate pollution in air,
water, and soil. In the textile industry, dyes usually
exist in its wastewaters, which have different 
toxicities, mobilities and bioavailabilities. There are
thousands commercially, synthetic dyes in the
leather tanning and textile industries [1]. Most of
them are difficult to be decolorized due to their 
synthetic origin and complex structure. They are
specifically designed to resist fading upon exposure
to water, light, sweat and oxidizing agents [2, 3].

Acid and basic blue is one of important dyes in this
industry [4]. In recent years, due to the extensive
use of these compounds in industrial processes a
large quantity of dyes containing wastes that lead to
serious problems and hazardous risks for human
health are discharged into the environment. 

Therefore a number of methods exist for
removal of these pollutants from liquid waste 
[5-17]. The purpose of the present study is to 
indicate the feasibility of using poly urea-
formaldehyde as a solid-phase extractant for
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Sorption Study of Acid Blue in Aqueous Solution by
Synthetic Poly Urea-Formaldehyde
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Poly urea-formaldehyde was synthesized simply and rapidly from urea and formaldehyde by con-
densation polymerization and studied for the sorption of trace acid blue from aqueous solution.
The optimum pH value for sorption of the acid blue was 4. Experimental results showed that the
sorption capacity of poly urea-formaldehyde for acid blue was determined. The synthetic polymer
can be reused for 5 cycles of sorption-desorption without any significant change in sorption
capacity. The equilibrium adsorption data of acid blue on poly urea-formaldehyde were analyzed
by Langmuir models. Based on equilibrium adsorption data the Langmuir constants were deter-
mined about 19 L.mg-1 at pH 4 and 20°C. 

Keyword: Polymer urea-formaldehyde; Acid blue; Isotherm study; Sorption; Textile dye;
Contaminant.  
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removal of trace acid blue in aqueous samples. The
acid blue adsorption behavior on synthesized 
urea-formaldehyde as a function of initial pH 
solution, initial acid blue concentration and so on,
were also studied.

2. EXPERIMENTAL

2.1. Reagents and solutions
CH3COOH, CH3COONa, NaH2PO4, Na2HPO4,
HCl, H2SO4, HNO3, NaOH, urea, formaldehyde,
were products of Merck (Darmstadt, Germany). 

All the solutions were prepared in deionized
water using analytical grade reagents. The stock
solution (1000 mg.L-1) of acid blue, were prepared
by dissolving appropriate amounts of this dye, in
deionized water. Acetic acid-acetate and phosphate
buffer were used to adjust the pH of the solutions,
wherever suitable. The equilibrium concentrations
of each solution were measured by UV-spectropho-
tometer (Shimadzu UV-2101PC) at the wavelength
of 575 nm.

2.2. Synthesis of poly urea-formaldehyde as 
polymeric sorbent
Urea-formaldehyde was synthesized by reacting
formaldehyde (HCHO) with urea (CON2H4). In the
20 mL reaction biker, pH of 6 mL of 37% formal

dehyde was adjusted to 8 with 20% sodium 
hydroxide solution. 3 g urea was added to the 
mixture and kept in the water bath at 70°C for 25
min with intermittent stirring. Then it was acidified
with hydrochloric acid 1 M to pH 2-3. Thereafter, it
was kept at room temperature for 24 h, and then the
precipitated polymer washed for three to four times
with warm water to remove unreacted urea and
formaldehyde and dried by applying vacuum in a
vacuum desiccator. Poly urea-formaldehyde syn-
thesized was of white color resinous material. The
reaction scheme is shown in Figure 1.

2.3. Batch method
A sample solution (100 mL) containing (0.5 
μg.mL-1) of acid blue was taken in a glass 
stoppered bottle, after adjusting its pH to the 
optimum value. The 0.5 g of poly urea-
formaldehyde was added to the bottle and the 
mixture was shaken for optimum time. The polymer
was filtered and remained acid blue was 
determined by UV-Vis spectrophotometer.

2.4. Isotherm studies
Isotherm studies were carried out by adding a fixed
amount of poly urea-formaldehyde (0.5 g) to a
series of beakers filled with 50 mL diluted solutions
of acid blue (10-50 μg.mL-1). The beakers were
then sealed and placed in a water bath shaker and
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Figure 1: The methodology of synthesize of poly urea-formaldehyde.



shaken at 250 rpm with a required adsorbent time 
(4 h) at 20°C and optimum pH. The pH adjustments
have been done using 0.01 M acetate buffer. The
beakers were then removed from the shaker, and the
final concentration of acid blue in the solution was
measured by UV-Vis spectrophotometer. The
amount of acid blue at equilibrium qe (mg/g) on
poly urea-formaldehyde was calculated from the
following equation:

qe= (C0-Ce) V/W (1)

where C0 and Ce (mg/L) are the liquid phase 
concentrations of acid blue at initial and 
equilibrium, respectively, V (L) the volume of the
solution and W (g) is the mass of adsorbent used. 

3. RESULTS AND DISCUSSION

3.1. Acid blue sorption as a function of pH
The degree acid blue sorption at different pH 
values was determined by batch equilibration 
technique. A set of solutions (volume of each 
100 mL) containing 0.2 μg.mL-1 of acid blue was
taken. Their pH values were adjusted in range 3-9
with 0.01 M acetate and phosphate buffer solutions.
The 0.2 g of poly urea-formaldehyde was added to
each solution and the mixture was shaken for 4 h.
The optimum pH values for quantitative uptake of
metal ions were ascertained by measuring the acid
blue content in supernatant liquid. The optimum pH
range for the sorption of the acid blue is shown in
Figure 2. The maximum sorption was obtained at
pH 4.

3.2. Total sorption capacity
The 50 mL solution containing 10-50 μg.mL-1 of
acid blue and 0.3 g of poly urea-formaldehyde
beads were stirred for 5 h at optimum pH. The 
sorption capacity of the poly urea-formaldehyde for
the acid blue was ascertained from the difference
between the acid blue concentrations in solution
before and after the sorption. The saturated 
adsorption capacity of the polymer was shown in
Figure 3. This figure indicates the effect of initial

concentration of the acid blue in the solution on
capacity sorption of acid blue by poly urea-
formaldehyde. The capacity goes up with increa-
sing initial concentration of the acid blue in the
solution.

Figure 2: Effect of pH sorption of acid blue onto poly
urea-formaldehyde.

Figure 3: Effect of initial concentration of the acid blue in
the solution on capacity sorption of acid blue onto poly
urea-formaldehyde.

3.3. Stability and reusability of the resin    
The acid blue was sorbed (1 mg.g-1) and desorbed
on 0.5 g of the poly urea-formaldehyde for several
times. It was found the sorption capacity of poly
urea-formaldehyde after 5 cycles of its equilibration
with acid blue, changes less than 5%. Therefore,
repeated use of the poly urea-formaldehyde is 
feasible. The poly urea-formaldehyde after loading
it with samples can be readily regenerated with
methanol. The sorption capacity of the poly urea-
formaldehyde stored for more than 6 month under

Int. J. Bio-Inorg. Hybd. Nanomat., Vol. 1, No. 4(2012), 227-231Ahmad Panahi H et al   

229



ambient conditions has been found to be practically
unchanged.

3.4. Adsorption isotherms   
The Langmuir model is based on the assumption
that the maximum adsorption occurs when a 
saturated monolayer of solute molecules is present
on the adsorbent surface, the energy of sorption is
constant and there is no migration of adsorbate
compound in the surface plane. The Langmuir
isotherm is given by [18]: 

Ce/qe= (1/qmax.KL) + (Ce /qmax)                      (2)

where qmax is the maximum adsorption capacity
corresponding to complete monolayer coverage on
the surface (mg.g-1) and KL is the Langmuir 
constant (L.mg-1). The constants can be calculated
from the intercepts and the slopes of the linear plots
of Ce/qe versus Ce (Figure 4). The data fitted well
in the Langmuir equation as shown by the 
regression coefficient values (R2 = 0.9966). The KL
and qmax values determined from the slopes and
intercepts of the straight-line plot are 19.06 L.mg-1

and 2.07 mg.g-1, respectively. Good fitting of
experimental data by Langmuir isotherm indicates
the homogeneous nature of acid blue-binding sites
on poly urea-formaldehyde. The essential charac-
teristics of a Langmuir isotherm can also be
expressed in terms of a dimensionless constant 
separation factor RL, given by the following 
equation [19]:

RL =1 / (1+KL.C0)                              (3)

where C0 is the initial acid blue concentration
(mg/L) and KL is the energy of interaction at the
surface. For a favorable adsorption, the separation
factor RL lies between 0 and 1. Thus, RL value of
1.05×10-3 calculated at optimum pH lie between 0
and 1.0 indicating a highly favorable adsorption. 

3.5. Optimization of sorption time of metal ions
Poly urea-formaldehyde (0.2 g) was shaken with
100 mL of solution containing 10 μg.mL-1 of acid
blue at different time (5-180 min) under optimum

pH. After filtration concentration of acid blue in
supernatant was determined with UV/Vis using 
recommended batch method. The sorption as a
function of contact time for acid blue is shown in
Figure 5.  Less than 15 min shaking was required
for 70% sorption. The profile of acid blue uptake on
this sorbent reflects good accessibility of the sites in
the polymer. The sorbent was saturated at 60 min.

Figure 4: Langmuir isotherm for acid blue adsorption
onto poly urea-formaldehyde at 20°C.

Figure 5: Effect of contact time on sorption of acid blue
onto poly urea-formaldehyde

4. CONCLUSIONS 

Poly urea-formaldehyde was synthesized with urea
and formaldehyde by condensation polymerization.
The synthesis of the polymer is simple and 
economical. The polymer has a good potential for
the sorption trace amount of acid blue from large 
sample volumes. The polymeric sorbent also 
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present the advantage of reasonable adsorption
capacity, good reusability and high chemical 
stability. Based on the Langmuir isotherm analysis,
the monolayer adsorption capacity was determined
to be 2.07 (mg/g) at 20°C. 
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Semiconductor nanocrystals have attracted great
applied during the past two decades. New devices
with semiconductor nanocrystals may possess

novel optical and electronic properties, which are
potentially useful for technological applications,
compared to the corresponding bulk materials 
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ZnO and ZnO: Mn nanocrystals synthesized via reverse micelle method. The structural proper-
ties nanocrystals were investigated by XRD and Transmission electron microscopy (TEM). The
XRD results indicate that the synthesized nanocrystals had a pure wurtzite (hexagonal phase)
structure. The various optical properties of these nanocrystals such as optical band gap energy,
refractive index, dielectric constants and optical conductivity have been analyzed by using UV-Vis
data. The refractive index decreases from 2.35 to 1.35 with the change of wavelength. The 
optical conductivity supports the accuracy of our energy band gap calculation. Room-temperature
photoluminescence spectra of all the samples showed four main emission bands including a
strong UV emission band, a weak blue band, a week blue-green band, and a weak green band
which indicated their high structural and optical quality. Moreover the samples exposed to Gama
rays sources of 137Cs and 60Co and their thermoluminescence properties were investigated.
Their thermoluminescence response as a function of dose exhibited good linear ranges, which
make them very promising detectors and dosimeters suitable for ionizing radiation.

Keyword: ZnO; Reverse micelle; UV-Vis Spectroscopy; Optical properties, Photoluminescence,
Thermoluminescence, Nuclear radiation detection.
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[1-3]. Extremely high surface area to volume ratio
is obtained with the decrease of particle size, which
leads to an increase in surface specific active sites
for chemical reactions and photon absorptions. The
enhanced surface area also affects chemical 
reaction dynamics. The size quantization increases
the energy band gap between the conduction band
electrons and valence band holes which leads to
change in their optical properties [3]. Zinc oxide, a
typical II-VI compound semiconductor, with a
direct band gap of 3.2 eV at room temperature and
60 meV as excitonic binding energy, is a very good
luminescent material used in displays, ultraviolet
and visible lasers, solar cells components, gas 
sensors and varistors [1, 2]. 

Recently, a number of techniques such as
reverse micelle, hydrothermal, sol-gel, and wet
chemical have been employed in the synthesis of
zinc oxide nanocrystals [1-4]. However, the reverse
micelle technique is one of the more widely 
recognized methods due to its several advantages,
for instance, soft chemistry, demanding no extreme
pressure or temperature control, easy to handle, and
requiring no special or expensive equipment [4].
Thermoluminescence (TL) is widely accepted as a
useful and reliable technique to study defects in
semiconductors materials, but the more widely
spread and successful application of the TL is in the
field of radiation dosimetry. Many phosphor 
materials, synthetic as well as natural, have been 
characterized to evaluate its feasibility as 
thermoluminescence dosimeters (TLD), applicable
in several low dose dosimetry areas, such 
asenvironmental dosimetry, clinical dosimetry,
among others. ZnO exhibits TL under irradiation
with different sources and striking radiation 
hardness. Moreover, ZnO is inert to environmental
conditions, nontoxic and insoluble in water [5]. 

In this scientific work, ZnO and ZnO:Mn
nanocrystals were fabricated through the reverse
micelle method. The structural and optical 
characteristics of these nanocrystals were analyzed.
The samples were exposed to Gama radiation to
study their TL and dosimetric characterization and
the results obtained show that these nanocrystals
are very suitable as detectors and TL dosimeters.

2. EXPERIMENTAL

2.1. Preparation
ZnO and ZnO: Mn nanocrystals were fabricated
through the mixture of two microemulsion systems.
In microemulsion (I) butanol as oil, PVP as 
surfactant and zinc acetate (or zinc acetate and 1%
by weight manganese acetate for ZnO:Mn
nanocrystals) and water as aqueous phase were
used in solution. Microemulsion (II) has similar
mixture but instead of previous aqueous solution,
the potassium hydroxide and water were used as
aqueous media. The two microemulsion solutions
(I) and (II) were mixed vigorously with a magnetic
stirrer. Then centrifugation took place and the 
precipitation was kept at 250°C for 3 hours, till ZnO
and ZnO:Mn samples were fabricated.

2.2. Characterization
Obtained nanocrystals were analyzed by X-ray 
diffractometer (Scifert, 3003 TT) with Cu-kα
radiation, UV-Vis spectrometer (PERKIN ELMER,
Lambda 45), Transmission electron microscopic
(80 keV, Zeiss, EM 900) luminescence spectropho-
tometer (PERKIN ELMER, LF55), Atomic 
absorption spectrometer (PERKIN ELMER,
1100B) and TLD reader (HARSHAW 4500).

3. RESULTS AND DISCUSSION

3.1. XRD analysis
Figure 1 shows the XRD patterns of ZnO and 
ZnO:Mn nanocrystals. The spectrums show three
broad peaks for ZnO and ZnO:Mn at the 
2θ= 31.744, 34.398, 36.223 and 2θ= 31.647,
34.313, and 36.131 positions. The three diffraction
peaks correspond to the (100), (002), and (101)
crystalline planes of hexagonal ZnO. 

All the peaks in the XRD patterns of ZnO and
ZnO: Mn samples could be fitted with the 
hexagonal wurtzite structure having slightly
increased lattice parameter values for Mn doped
sample (For ZnO nanocrystals a= 3.250 A°, 
c= 5.207 A° and ZnO:Mn nano-crystals, 
a= 3.256  A°, c= 5.212  A°) in comparison to that of
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pristine ZnO sample (a= 3.249 A°, c= 5.205 A°,
JCPDS no. 36-1451). 

Figure 1: XRD patterns of ZnO (a) and ZnO:Mn (b)
nanocrystals.

The increased lattice parameter values of Mn
doped ZnO indicates the incorporation of 
manganese at zinc sites [4]. The broadening of the
XRD lines is attributed to the nanocrystalline 
characteristics of the samples, which indicates that
the crystal size is in nanometer range.

The inter planar spacing (d) is evaluated using
the relation (1),

(1)

d-spacing for (100), (002), (101) planes is 2.8146,
2.6035, 2.4760 A° and 2.8204, 2.6062, 2.4806 A°
for ZnO and ZnO:Mn nanocrystals, respectively.
But, due to the size effect, the XRD peaks are
broad. From the width of the XRD peak 
broadening, the mean crystalline size has been 
calculated using Scherer's equation [6]:

(2)

Where D is the diameter of the particle, K is a
geometric factor taken to be 0.9, λ is the X-ray
wavelength, θ is the diffraction angle and β is the
full width at half maximum of the diffraction main
peak at 2θ. The mean crystal size of ZnO and 
ZnO:Mn nanocrystals resulted to be 21 and 18 nm.
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Figure 2: TEM micrograph at high magnification and size distribution histogram of ZnO nanocrystals.



3.2. TEM studies
TEM high magnification imaging allows the 
determination of size and individual crystallite 
morphology. TEM micrographs of the ZnO powder
and size distribution histogram of nanocrystals
obtained by TEM micrograph is presented in 
Figure 2. The main products are the spherical or 
quasi-spherical nanocrystals and the maximum size
distribution is related to 18-23 nm.

3.3. Atomic absorption study
The atomic absorption studies confirmed 
attendance of manganese at zinc sites in ZnO:Mn
nanocrystals. It supported the result obtained by
XRD analysis. The amount of Mn doping is about
1% by weight.

3.4. Optical study
For the measurements of UV-Vis spectroscopy, we
use the PVP, butanol and water as microemulsion
system and nanocrystals are suspended in the 
emulsion. The thickness of solution in quartz glass
was 1 cm.  The optical characteristic of the samples
is investigated from the absorption measurements
in the range of 300-700 nm. 

Figure 3 shows the UV-Vis absorption spectra of
ZnO and ZnO:Mn nanocrystals. The excitonic
absorption peak is observed due to the ZnO and
ZnO: Mn nanocrystals at 310 nm, which lies much
below the band gap wavelength of 388 nm of bulk
ZnO [3].

Figure 3: UV-Vis absorption and transmission charact-
eristics of ZnO (1) and ZnO:Mn (2) nanocrystals.

Absorption coefficient (α) associated with the
strong absorption region of the sample was 
calculated from absorbent (A) and the sample 
thickness (t) was used the relation: 

(7)

While the optical band gap can be calculated using
the following relation [7, 8]:

(8)

Where B is a constant and Eg is the optical band
gap of the material. Plot of (αhν)2 versus hν will
indicate a divergence at an energy value. The 
estimated band gap from the plot of (αhν)2 versus
hν for ZnO and ZnO: Mn nanocrystals can be seen
in Figure 4. 

The calculated band gap value of the ZnO and
ZnO: Mn was 3.58 and 3.53 eV. The ZnO: Mn
nanocrystals band gap values are lower than ZnO
nanocrystals because the magnetic properties of
ZnO: Mn nanocrystals increase by doped 
manganese and interaction potential become
stronger in comparison with ZnO nanocrystals [4].

Figure 4: The plot of (αhν)2 versus hν of ZnO (1) and
ZnO:Mn (2) nanocrystals.

The extinction coefficient for a particular 
substance is a measure of how well it absorbs 
electromagnetic radiation, or the amount of
impedance the material offers for the passage of
electromagnetic radiation through it. Extinction
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coefficient (k) was calculated from absorption 
coefficient (α) using the relation where λ is the 
spectrum absorption wavelength:

(4)

The extinction coefficient (k) as function of
photon energy is shown in Figure 5. In ultra violet 
wavelengths extinction of rays in nanocrystals is
much more than the visible wavelengths and this
value for ZnO:Mn nanocrystals are more than ZnO
nanocrystals.

Figure 5: Extinction coefficient (k) as function of the 
photon energy for ZnO (1) and ZnO:Mn nanocrystals (2).

The refractive index of a substance is a measure
of the speed of light in that substance. It is
expressed as a ratio of the speed of light in vacuum
relative to that in the considered medium. The
refractive index has been calculated using the 
following relation, 

(5)

Where k is the extinction coefficient and R is the
optical reflectance [9]. The transmittance (T) can be
calculated from the relationship A=log1/T, Where A
is the absorbance and T is given by T=1/10A.
Optical reflectance (R) is calculated from the 
relation R=1-(A+T)  [10]. 

The variation of refractive index with 
wavelength for nanocrystals is shown in Figure 6. It

is evident that the refractive index decreases from
2.35 to 1.35 with the change of wavelength which
is in good agreement with those reported by other
researchers. 

Figure 6: Variation of refractive index as a function of
wavelength for ZnO (1) and ZnO:Mn (2) nanocrystals.

Figure 7: Variation of Real part of dielectric constants as

a function of wavelength for ZnO (1) and ZnO:Mn (2)

nanocrystals.

The dielectric constant is the ratio of the 
permittivity of a substance to the permittivity of
free space. It is an expression of the extent to which
a material concentrates electric flux, and is the 
electrical equivalent of relative magnetic 
permeability. The real εr and imaginary εi parts of
the dielectric constant were determined using the
formula εr=n2-k2 and εi=2nk [9]. The variation of
the real (εr) and imaginary (εi) parts of the 
dielectric constant for nanocrystals are illustrated in
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Figures 7 and 8. The Figures revealed that the 
values of the real part are higher than the imaginary
part. From the optical data, it is observed that
refractive index (n), the extinction coefficient (k),
the real (εr) and imaginary (εi) parts of the 
dielectric constant follow the same pattern.

Figure 8: Variation of Imaginary part of dielectric 

constants as a function of wavelength for ZnO (1) and

ZnO:Mn (2) nanocrystals.

Figure 9: Plot of optical conductivity as a function of 

photon energy (eV) for ZnO (1) and ZnO:Mn (2)

nanocrystals.

Optical conductivity is one of the powerful tools
for studying the electronic states in materials. If a
system is subjected to an external electric field then,
in general, a redistribution of charges occurs and
currents are induced. For small enough fields, the
induced polarization and the induced currents are
proportional to the inducing field. The optical 

conductivity σ was calculated using the following
relation [Srivastava et al, 2009]:

(6)

The optical conductivity of the nanocrystals for
larger energy values is observed as an exponential
increase (Figure 9). This can be explained in terms
of the transfer of a large number of charge carriers
from the valence to conduction band in ZnO and
ZnO:Mn nanocrystals. Thus a sudden rise in optical
conductivity observed at 3.5 eV supports the 
accuracy of energy band gap calculation [10].

3.5. Photoluminescence study
Room temperature PL spectra of the ZnO and 
ZnO:Mn nanocrystals samples are shown in 
Figure 10. 

Figure 10: Room temperature photoluminescence 
spectra of ZnO (a) and ZnO:Mn (b) nanocrystals.
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The spectra of nanocrystals mainly consist of
four emission bands: a strong UV emission band at
~400 and 395 nm, a weak blue band at ~450 and
445 nm, a weak blue-green band at ~490 and 485
nm and a very weak green band at ~530 and 525 nm
for ZnO and ZnO:Mn nanocrystals. The strong UV
emission corresponds to the exciton recombination
related near-band edge emission of ZnO. The weak
blue and weak blue-green emissions are possibly
due to surface defects in the nanocrystals as in the
case of ZnO nanomaterials reported by other
researchers. The weak green band emission 
corresponds to the singly ionized oxygen vacancy
in ZnO, and this emission results from the 
recombination of a photogenerated hole with the
singly ionized charge state of the specific defect.
The low intensity of the green emission ZnO
nanocrystals may be due to the low density of 
oxygen vacancies during the preparation than the
ZnO:Mn nanocrystals, where as the strong room-
temperature UV emission intensity should be 
attributed to the high purity with perfect crystall-
inity of the synthesized ZnO nanocrystals [1].

3.6. Thermoluminescence study
Figure 11 shows the intensity of thermolumines-
cence effect of nanocrystals at different times and
under the irradiation of visible light.
Thermoluminescence intensity has increased by
increase of irradiation time for both samples.
Samples are pure zinc oxide nanocrystal and doped
zinc oxide nanocrystal by manganese that are
labeled by number 1 and 2 at the Figure 11 
respectively. Sensibility of pure zinc oxide
nanocrystal to visible light is more than zinc oxide
nanocrystal that doted by manganese. 

Figure 12 shows the intensity of thermolumines-
cence effect of nanocrystals without irradiation of
visible light and under the irradiation of gamma
rays of cesium source. By reason of sensibility of
samples to visible light, when irradiate samples put
them in thin black plastic shielding therefore by this
method, effect of visible light on thermolumines-
cence intensity has omitted. The exposure intensity
of cesium source at the distance of 50 cm is 10 mSv
that by putting samples at this distance and access 

Figure 11: Intensity of thermoluminescence effect of
nanocrystals at different times and irradiation of visible
light for ZnO (1) and ZnO:Mn (2).

of exposure time, the rate of nanocrystals exposure 
will increase. Thermoluminescence treatment of
nanocrystals at the doses between 5-30 mSv is 
linear and gradient of this line indicate the 
calibration coefficient. The calibration coefficient
for pure and doped zinc oxide is 1.74 ± 0.11
nC/gr.mSv and 1.90 ± 0.14 nC/gr.mSv respectively.

Figure 12: Intensity of nanocrystals thermoluminescence
treatment for ZnO (1) and ZnO:Mn (2) by irradiation of
gamma rays of cesium source versus exposure dose.

Figure 13 shows intensity of nanocrystals 
thermoluminescence treatment versus exposure
dose by distance changing without visible 
irradiation but against of gamma rays of cobalt
source. The calibration coefficient for pure and
doped zinc oxide at the range of 0.62 - 21.74 Sv is
7.87 ± 0.18 nC/gr.Sv and 8.50 ± 0.15 nC/gr.Sv
respectively. 
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Figure 14 shows intensity of nanocrystals 
thermoluminescence treatment without visible 
irradiation but against of gamma rays of cobalt
source. By putting samples at constant distance of
source and access of their exposure time 
(i.e. between 1-8 hours), the rate of nanocrystals
exposure will increase between 21.74 - 173.90 Sv.
The calibration coefficient for pure and doped zinc
oxide at the range of is 6.19 ± 0.15 nC/gr.Sv and
13.84 ± 0.21 nC/gr.Sv respectively. Therefore the
sensitivity of doped zinc oxide nanocrystals by
manganese to gamma rays is more than the pure
ones. 

Figure 13: Intensity of nanocrystals thermoluminescence
treatment for ZnO (1) and ZnO: Mn (2) by irradiation of
cobalt source versus exposure dose.

Figure 14: Intensity of nanocrystals thermoluminescence
treatment for ZnO (1) and ZnO: Mn (2) by irradiation of
cobalt source versus exposure dose.

By comparison of calibration coefficient we
achieve to this result that thermoluminescence

response of doped zinc oxide nanocrystals by 
manganese is more than pure zinc oxide nanocrys-
tals and also thermoluminescence response of zinc
oxide nanocrystals to gamma rays at overdose is
more than median dose. The fading of thermolumi-
nescence response decreasing is by reason of some
trapped charge between compietion of exposure
and reading and this is due to light and thermal 
fading. For the restriction of light fading, we put the
nanocrystals in opaque covers. 

Figure 15 shows fading percent of nanocrytals
thermoluminescence intensity until to 10 days after
first reading. Fading intensity decreases by 
increasing the duration between readings and
decrease of chart gradient. Thereupon fading 
velocity at the first days after exposure is very high
that by increase the duration between exposure and 
reading, this process decrease. 

Fading treatment of pure and doped nanocrystals
thermoluminescence intensity is similar to each
other but fading rate of pure sample is more than
doped. The reason of this treatment can be
explained in effect of capturing new deep centers.
These centers have created by incoming manganese
as impurity in nanocrystal lattice. Thereupon 
captured charges for doped samples have more
thermal stability than pure ones, as this reason has
corresponding to light sensitivity treatment of 
samples and have shown in Figure 11.

Figure 15: Fading percent of nanocrystals thermolumi-
nescence intensity for ZnO (1) and ZnO:Mn (2) by 
irradiation of cobalt source versus duration between
exposure and reading.
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4. CONCLUSIONS

ZnO and ZnO:Mn nanocrystals with hexagonal
structure have been synthesized by the reverse
micelle method using PVP as surfactant. The XRD
studies and TEM of these nanocrystals revealed that
their average size is about 21 and 18 nm for ZnO
and ZnO:Mn nanocrystals respectively. The 
atomic absorption studies confirmed existence of
manganese at Zinc sites in ZnO:Mn nanocrystals.
Also, the UV-Vis studies revealed that their optical
band gap energy is 3.53 and 3.58 eV for ZnO and
ZnO:Mn nanocrystals respectively. The refractive
index decreases from 2.35 to 1.35 with the change
of wavelength. The optical conductivity supports
the accuracy of our energy band gap calculation.
Room-temperature photoluminescence spectra of
the samples showed four main emission bands
including a strong UV emission band, a weak blue
band, a week blue-green band, and a weak green
band which indicated their high structural and 
optical quality. Doping the zinc oxide nanocrystals
by manganese lead to make a single trap in crystal
lattice and decrease in activation energy and these
two factors result to improvement of thermolumi-
nescence attribute and response sensitivity increase
under gamma ionization radiation. Therefore add
manganese as activator lead to crystal luminescence
improvement. Nanocrystals thermoluminescence
response as a function of exposure dose can be used
for detection and dosimeter of ionizing radiation.
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NBO analysis, hybrid density functional theory (B3LYP/6-311+G**) and ab initio molecular orbital
(HF/6-311+G**) based methods were used to study the anomeric effects (AE), electrostatic 
interactions, dipole-dipole interactions and steric repulsion effects on the conformational 
properties of 2-methoxy- (1), 2-methylthio- (2), 2-methylseleno- (3), 2-fluoro- (4), 2-chloro- (5) and
2-bromocyclohexane-1,3-dione (6). The B3LYP/6-311+G** and HF/6-311+G** results indicates
the axial preference in these compounds. The methods used show that these compounds exist
predominantly in the axial chair conformation and the axial conformation stability and calculated
Gibbs free energy difference (ΔGeq-ax) values between the axial and equatorial conformations
increase from 1 to its analogous 3 and also from 4 to its analogues 6. The NBO analysis of 
donor-acceptor interactions show that the GAE (Generalized Anomeric Effect) increases from
compound 1 to compound 3 and also from compound 4 to compound 6. GE (Gauche Effect) does
not have significant impact on the conformational behaviors of compounds that have been 
studied and GAE succeeds in accounting qualitatively for the increase of the axial preferences.
On the other hand, the calculated differences between the dipole moment values of the axial and
equatorial conformations, Δ(μeq-μax), are not in the same trend observed for the corresponding
GAE and ΔG values. These findings led to the proposal that the calculated GAE values due to
donor→acceptor hyperconjugation effects are more significant for the explanation of the 
conformational preferences of compounds that have been studied than the electrostatic 
interactions. Also similar results are obtained for their analogous containing S and Se atoms. The
correlations between the GAE, GE, dipole-dipole interactions, donor and acceptor orbital 
energies and occupancies, bond orders, structural parameters and conformational behavior of
compounds (1-6) and their analogous containing S and Se atoms have been investigated.

Keyword: Stereoelectronic interactions; Generalized Anomeric Effects; Ab initio; NBO; 
2-Substituted cyclohexane-1,3-diones.
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The saturated heterocyclic compounds are quite
widespread in nature such as carbohydrates, 
alkaloids and plant growth regulators, among other
compounds; the knowledge about conformational
properties of heterocyclic compounds is of very
general interest. In 1955, Edward [1] proposed that
alkoxy groups at C1 in pyranose rings are 
generally more stable in the axial rather than in the
equatorial configuration. This proposal invokes an
unfavorable disposition of the unshared electrons of
the ring oxygen and the C1-O polar bond. It is
appropriate to point out that this explanation may
be the first reference to the importance of lone 
electrone-pair orientation on conformational 
stability [2-9]. The most dominant conformation-
controlling factor in carbohydrate and heterocyclic
compounds is known as the anomeric effect (AE)
[10-12]. It should be noted that the AE is in favour
of the axial conformation of a six-membered 
saturated ring in opposition to the steric effect
which normally leads to a preference for the 
equatorial conformation. The rationalization of the
anomeric effect (AE) solely in terms of 
electrostatic interactions fails to account 
quantitatively for observed axial preferences [13].
The preferred geometry of many molecules can be
viewed as the result of the maximization of an 
interaction between the best donor lone pair and the
best acceptor bond [14, 15]. The stereoelectronic
interactions are expected to play an important role
in the conformational properties of heterocyclic
compounds [16, 17]. There is a stereoelectronic
preference for conformations in which the best
donor lone pair is antiperiplanar to the best 
acceptor bond. The AE in six membered saturated
heterocyclic compounds must be considered as the
difference between the sum of the endo-AE and
exo-AE in the equatorial conformer and the same
sum for the axial conformer [18, 19]. Although the
importance of the LP→σ* electron delocalization
in six membered substituted heterocycles has
been investigated there is insufficient published 
experimental information about the stereoelctronic
interactions in compound 2-X-cyclohexane-1,3-

dione and also there is no published experimental or
quantitative theoretical data about the donor-
acceptor delocalization effects on the conforma-
tional properties of compounds 1-6 [20-29]. 

In this work, the impacts of the stereoelectronic
interactions associated with the AE, electrostatic
and steric interactions on the conformational and
structural properties of compounds 1-6 were 
investigated computationally using hybrid-DFT
based methods and natural bond orbital (NBO)
analysis (see Scheme 1 and Figure 1).

[Numbering used for compounds 1-6 (1: X= CH3O,
2: X= CH3S, 3: X= CH3Se, 4: X= F, 5: X= Cl, 6:
X= Br)

Scheme 1: Schematic representation of conformations of
compounds 1-6.

Figure 1: The optimized equilibrium axial structure of 
2-methoxycyclohexane-1,3-dione (1), and the numbering
of atoms. Also, the other axial and equatorial conforma-
tions (1-6) have the same numbering.
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2. COMPUTATIONAL DETAILS

Ab initio molecular orbital calculations and Hybrid
DFT were carried out using the HF/6-311+G** and
B3LYP/6-311+G** levels of theory with the
GAUSSIAN 03 package of programs. The energy
minimization was carried out only for the axial and
equatorial positions of the CH3O- (1), CH3S- (2),
CH3Se- (3), F- (4), Cl- (5) and Br- (6) groups on the
chair conformations of cyclohexane-1,3-dione rings
(Scheme 1). 

The main purpose of the present work was to
investigate the impacts of the AE, electrostatic
interactions and steric repulsions on the conforma-
tional behaviors of 1-6, Energy minimum molecular
geometries were located by minimizing energy with
respect to all geometrical coordinates without
imposing any symmetry constraints. The nature of
the stationary points for compounds 1-6 has been
determined by means of the number of imaginary
frequencies. For minimum state structures, only
real frequency values were accepted [30-32]. 

An NBO analysis was then performed using the
B3LYP/6-311+G** level for the axial and 
equatorial conformations by the NBO 5.G program
via the PC-GAMESS interface [33, 34]. The 
bonding and antibonding orbital occupancies in the
axial and equatorial conformations of compounds
1-6, and also the generalized anomeric effect (GAE)
associated with LP2X8→π*C1-O7, LP3X8→
π*C1-O7, σC2-X8→σ*C1-O7, σC2-X8→π*C1-O7,
πC1-O7→σ*C2-X8, LP2X8→π*C3-O9, LP3X8→
π*C3-O9, σC2-X8→σ*C3-O9, σC2-X8→π*C3-O9,
πC3-O9→ σ*C2-X8 electron delocalizations and also
the gauche effect (GE) associated with
LP2X8→σ*C1-C2, LP3X8→σ*C1-C2, LP1O7→
σ*C1-C2, LP2O7→σ*C1-C2, LP2X8→σ*C2-C3,
LP3X8→σ*C2-C3, LP1O9→σ*C2-C3, LP1O9→
σ*C2-C3 electron delocalizations were calculated
using NBO analysis. 

The total generalized anomeric effect (GAE),
associated with the shown electron delocalizations
and also the gauche effect (GE) can calculate for
compounds 1-6 as follows (Equation 1, 2):

GAE = ∑ (GAEeq) - ∑ (GAEax) (Eq. 1)

GE = ∑ (GEeq) - ∑ (GEax)                          (Eq. 2)

The resonance (stabilization) energy (E2) 
associated with i→j delocalization is explicitly 
estimated by the following equation: 

(Eq. 3)  

Where qi is the ith donor orbital occupancy, Ei,
Ej are off-diagonal elements (orbital energies) and
F(i,j) off-diagonal elements, respectively associated
with the NBO Fock matrix (Figure 2). There is a
direct relationship between Fij off-diagonal 
elements and orbital overlap (S). In the NBO
method, the donor-acceptor electron interactions
can be studied separately because this method
allows separation of the energy contribution due to
donor-acceptor electron interactions from those
caused by steric and electrostatic interactions,
therefore the NBO approach permits consideration
of charge delocalization [35-40].

Figure 2: Schematic representation of the correlation
between the second order perturbation energies (i.e. 
stabilization energies E2) and the energy gaps between
donor and acceptor orbitals in the axial conformations of
compounds 1-6.

Int. J. Bio-Inorg. Hybd. Nanomat., Vol. 1, No. 4 (2012), 243-252Azarakhshi F et al

245

π∗C1−O7

E2

ΔE

σC2−X8

ij
i EE

jiFqE
−

= ),(2

2



3. RESULTS AND DISCUSSION

Conformational preferences
The thermodynamic for the most stable axial and
equatorial conformations of compounds 1-6 are 
calculated at the B3LYP/6-311+G** and HF/6-
311+ G** levels of theory (Table 1). The results of
all methods used showed that the differences
between the Gibbs free energy difference (ΔGeq-ax)
values between the axial and equatorial conforma-
tions (axial preferences) increase from compound 1
to compound 3. There is a good agreement between
the calculated (ΔGeq-ax) values by using B3LYP/6-
311+G** and HF/6-311+G** levels of theory (see
Table 1). The results showed that the axial chair
conformation of compounds 1-6 is more stable than
their equatorial conformations. The B3LYP/6-
311+G** results gave the Gibbs free energy 
difference between the axial and equatorial 
conformations (i.e. ΔGeq-ax) of compounds 1-3 as

1.15, 3.56 and 3.92 kcal mol-1 while HF/6-
311+G** results gave 0.33, 3.25 and 3.99 kcal 
mol-1 (see Table 1). Based on these results, there is
strong axial preference for compounds 
2-methylthio- (2), 2-methylseleno- (3) cyclohexa-
ne-1,3-dione. The trend is also observed for 
compounds 4-6.

Stabilization energies, generalized anomeric effect
(GAE) and gauche effect (GE)
The NBO analysis of bonding-antibonding 
interactions showed that the stabilization energies
associated with σC2-X8→π*C1-O7 electron 
delocalizations for the axial conformations 
increases from compound 1 to compound 3 as 1.65,
6.48 and 8.67 kcal mol-1, And the stabilization
energy associated with πC1-O7→σ*C2-X8 electron
delocalization increases slightly from the axial 
conformation of compound 1 to compound 3. Also
there are no above electron delocalizations for the
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Table 1: B3LYP/6-311+G** and HF/6-311+G** calculated thermodynamic parameters [ΔH,  ΔG (in kcal
mol-1) and  ΔS (in cal mol-1K-1)] at 25°C and 1 atm pressure for the axial and equatorial conformations
of compounds 1-6.

a Relative to the ground state

B3LYP/6-311+G**//B3LYP/6-311+G** HF/6-311+G**//HF/6-311+G**

ΔΔHa ΔΔSa ΔΔGa ΔΔHa                            ΔΔSa                         ΔΔGa

Geometry

1-Eq
1-Ax

2-Eq
2-Ax

3-Eq
3-Ax

4-Eq
4-Ax

5-Eq
5-Ax

6-Eq
6-Ax

-0.04                 -1.25                  0.33    
0.00                   0.000                0.00      

2.80                  -1.523                3.25      
0.00                   0.000                0.00      

3.50                  -1.63                  3.99      
0.00                   0.000                0.00      

0.00                   0.000                 0.00     
0.86                   0.52                   0.70     

1.15                  -0.426                1.28      
0.00                   0.000                 0.00     

2.40                  -0.47                  2.54      
0.00                   0.000                0.00      

0.84                    -1.07                    1.15    
0.00                     0.000                  0.00     

3.16                    -1.373                  3.56    
0.00                     0.000                  0.00     

3.55                    -1.252                  3.92    
0.00                     0.00                    0.00    

0.00                     0.000                  0.00     
0.54                     0.349                  0.44 

1.97                    -0.201                  2.03    
0.00                     0.000                  0.00     

3.13                    -0.049                  3.15    
0.00                     0.000                  0.00     



equatorial conformations of compounds 1-3 
(Table 2). The calculated GAE associated with
LP2X8→π*C1-O7, LP3X8→π*C1-O7, σC2-X8→
σ*C1-O7, σC2-X8→π*C1-O7, πC1-O7→σ*C2-X8,
LP2X8→π*C3-O9, LP3X8→π*C3-O9, σC2-X8→
σ*C3-O9, σC2-X8→π*C3-O9, πC3-O9→σ*C2-X8
electron delocalizations for compounds 1-3 are 
-11.54, -20.79 and -23.12 kcal mol-1, respectively
for compounds 4-6 are -11.70, -18.15 and -20.61
kcal mol-1 (see Table 2). Based on the results
obtained, the GAE increase from compound 1 to 3
and also from compound 4 to 6. This results show
that the generalized anomeric effect (GAE) and the

calculated (ΔGeq-ax) are in a good accordance to
explain the increase of the axial preferences of
compounds 1-6. The calculated GE values 
associated with LP1X8→σ*C1-C2, LP2X8→σ*C1-
C2, LP3X8→σ*C1-C2, LP1O7→σ*C1-C2, LP2O7→
σ*C1-C2, LP1X8→σ*C2-C3, LP2X8→ σ*C2-C3,
LP3X8→σ*C2-C3, LP1O9→σ*C2-C3, LP2O9→
σ*C2-C3 and LP3O9→σ*C2-C3 electron delocaliza-
tions for compounds 1-3 are 8.12, 7.33 and 6.12
kcal mol-1 and for compounds 4-6 are 8.16, 9.91
and 9.14 kcal mol-1 respectively. Based on the
results obtained, GE cannot explain the larger equa-
torial preference of compound 4 and it seems that

Int. J. Bio-Inorg. Hybd. Nanomat., Vol. 1, No. 4 (2012), 243-252Azarakhshi F et al

247

Table 2: NBO calculated resonance (stabilization) energies (E2), generalized anomeric effect (GAE), off-diagonal 
elements (Fij), orbital energy differences (ΔE), orbital occupancies and bond orders (Wiberg bond indexes, WBI) for the
equatorial and axial conformations of compounds 1-6.

Compound 1 2                         3 4 5 6

Geometry Eq Ax        Eq Ax         Eq         Ax          Eq        Ax         Eq        Ax         Eq         Ax

E2

LP2X8→ π*C1-O7 -         -           -          3.25         -         2.97           -          -            -           -           -           -
LP3X8→ π*C1-O7 -         -           -             -           -            -             -        0.98         -        1.49         -       1.49
σC2-X8→  σ*C1-O7 -      0.90         -             -        0.73          -            -        0.85         -        0.60         -           -      
σC2-X8→ π*C1-O7 -      1.65         -          6.48         -         8.67          -        1.28         -        3.75         -        5.28
πC1-O7→ σ*C2-X8 -      2.44         -          2.45         -         2.52          -        2.74         -        3.25         -        3.53 
LP2X8→ π*C3-O9 -      1.67         -             -           -            -             -           -           -           -           -           -
LP3X8→ π*C3-O9 -         -            -             -          -            -             -         0.98        -        1.50         -        1.49  
σC2-X8→ σ*C3-O9 -      0.78          -         0.59      0.52          -            -         0.85        -        0.59         -           -
σC2-X8→ π*C3-O9 -      1.49          -         5.60         -         7.60          -         1.28        -        3. 75        -        5.29
πC3-O9→ σ*C2-X8 -      2.59          -         2.46         -         2.61          -         2.74        -        3.25         -        3.53     

Σ 0     11.54         0       20.79      1.25     24.37         0        11.70       0      18.15        0       20.61     
GAE (kcal mol-1)       -11.54 -20.79 -23.12 -11.70 -18.15 -20.61 

LP1X8→ σ*C1-C2 1.83     1.44        -            -           -             -           -            -           -           -           -           -        
LP2X8→ σ*C1-C2 0.82         -          -        3.80          -         2.65      1.87       3.89      1.38     1.04      1.09      0.76
LP3X8→ σ*C1-C2 -           -          -            -           -             -       5.75        1.54     4.17      2.43      3.21      1.77
LP1O7→ σ*C1-C2 1.47     1.60     1.74      1.69      1.94        1.78     1.24        1.33      1.52     1.53      1.69      1.64     
LP2O7→ σ*C1-C2 25.11   22.49   23.55    21.33    22.27      20.70    25.62      23.64    25.89   23.01    25.36    22.55
LP1X8→ σ*C2-C3      0.65 -      0.80         -        0.63          -            -            -           -          -           -           -    
LP2X8→ σ*C2-C3 9.79     7.33     5.85         -        4.28          -        1.87       3.89      1.38     1.03      1.09      0.76
LP3X8→ σ*C2-C3  -           -          -           -            -            -       5.75        1.54     4.18      2.44      3.21     1.77       
LP1O9→ σ*C2-C3 1.5 1     1.60     1.68     1.69       1.77      1.77      1.24        1.33     1.52      1.53      1.69     1.64      
LP2O9→ σ*C2-C3    24.01    22.61   24.18    21.90    23.45     21.32    25.62      23.64   25.89     23.01    25.30   22.55      

Σ      65.19    57.07   57.8      50.47    54.34     48.22    68.96      60.8     65.93     56.01    62.58   53.44
GE (kcal mol-1)             8.12 7.33 6.12 8.16 9.91                  9.14          
GAE + GE -3.42 -13.46 -17.0                   - 3.54                  -8.24                 -11.47



GAE is dominant factor on conformational prefer-
ence of compounds 1-6. The summations of the
GAE and GE also increases from compound 1 to
compound 3 and from compound 4 to compound 6
which reasonably explain the most impact of GAE
on the increase of the axial preference of 
compounds 1-6 (see Table 2).

Orbital occupancies, Orbital energies and 
off-diagonal elements
The NBO results showed that the greatest variations
of the stabilization energies of the axial 

conformations of compounds 1-6 observed for their
corresponding σC2-X8→π*C1-O7 electron delocal-
izations. The σC2-X8 bonding orbital occupancies in
the axial conformations of compounds 1-3 are
1.980, 1.933 and 1.910 respectively. Also, the 
π*C1-O7 antibonding orbital occupancies in the
axial conformations of compounds 1-3 are 0.073,
0.111 and 0.121 respectively. 

Similar to the trend observed for compounds 
1-3, the σC2-X8 bonding orbital occupancies in the
axial conformations decreased from compound 4 to
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Table 2 continued

Off-diagonal 
elements Fij (a.u.)

LP2X8→ π*C1-O7 -            -            -      0.026        -       0.025        -           -          -         -          -            -
LP3X8→ π*C1-O7 -            -           -           -           -           -           -      0.018        -     0.020       -        0.020
σC2-X8→ σ*C1-O7 -        0.032        -           -       0.026        -          -       0.032        -     0.025       -            -      
σC2-X8→ π*C1-O7 -        0.034        -       0.056        -       0.061       -       0.031        -     0.045       -        0.051   
πC1-O7→ σ*C2-X8 -        0.036        -       0.032        -       0.030       -       0.036        -     0.036       -        0.035   

ΔΔE (a.u.)
Δ(Eπ*C1-O7-EσC2-X8)    0.875    0.836    0.609    0.585    0.553    0.530   0.990    0.938   0.692    0.663   0.621    0.596   
Δ(Eσ*C2-X8-EπC1-O7)    0.720    0.670    0.561    0.516    0.497    0.456   0.645    0.601   0.533    0.488   0.468    0.435   
Δ(Eπ*C3-O9-EσC2-X8)    0.870    0.831    0.608    0.588    0.553    0.532   0.990    0.938   0.692    0.663   0.621    0.596   
Δ(Eσ*C2-X8-EπC3-O9)    0.725    0.673    0.563    0.518    0.497    0.457   0.645    0.601   0.533    0.488   0.468    0.435   

Orbital occupancies
σC2-X8 1.991    1.980     1.978   1.933    1.975    1.910   1.995    1.987   1.988    1.964    1.984    1.947   

πC1-O7 1.984    1.980     1.984   1.981    1.984    1.980   1.984    1.979   1.984    1.977    1.984    1.976   
π*C1-O7 0.088    0.073     0.090   0.111    0.092    0.121    0.090    0.077   0.087    0.084   0.086     0.091  
σ*C2-X8 0.017    0.024     0.026   0.028    0.031   0.031    0.017    0.026   0.024    0.029    0.030    0.033   
πC3-O9 1.984    1.980     1.984   1.981    1.984   1.980    1.984    1.979   1.984    1.977    1.984    1.976   
π*C3-O9  0.092    0.080     0.090   0.090    0.090    0.100   0.090    0.077   0.087    0.084    0.086    0.091

Dipole moments
μ(Debye)             4.936    3.754     5.109   2.978    4.877   2.969     6.043   3.768    5.763    3.859    5.607    3.821   
Δ(μeq-μax) 1.182               2.132               1.907                      2.275                1.904          1.780         

bond order (WBI)
C1-O7 1.841     1.845     1.845   1.836    1.843   1.825    1.862    1.856     1.865    1.896    1.864   1.837   
C1-C2 0.936     0.939     0.943   0.972    0.955   0.989    0.939    0.941     0.440    0.955    0.949   0.969   
C2-X8 0.959     0.906     1.001   0.941    0.957   0.892    0.880    0.821     1.034    0.970    1.013   0.950   

ΔWBI (C1-O7eq -0.004                  0.009              0.018               0.005                  0.019                 0.027       
- C1-O7ax)

ΔWBI (C1-C2ax 0.003                 0.028               0.034               0.002                  0.015                 0.020
-C1-C2eq)



compound 6 and also the π*C1-O7 antibonding
orbital occupancies increased (see Table 2). Based
on the NBO analysis, the energy difference between
donor (EσC2-X8) and acceptor (Eπ*C1-O7) orbitals
[i.e. (Eπ*C1-O7-EσC2-X8)] for the axial conforma-
tions decrease from compound 1 to compound 3.

This results can be explained by the increase of the
σC2-X8→π*C1-O7 electron delocalizations from the
axial conformations of compound 1 to 3 and 
compound 4 to 6. In addition, there is direct 
relationship between the orbital overlap (S) matrix
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Compound 1 2                         3 4 5 6

State Eq Ax Eq Ax Eq Ax Eq Ax       Eq          Ax         Eq        Ax

Bond lengths (Å)

r 1-2 1.548   1.539     1.542    1.529      1.536     1.521     1.542    1.539     1.548     1.538     1.547   1.534
r2-3 1.551   1.546     1.548    1.532      1.543     1.524     1.542    1.539     1.548     1.538     1.547   1.534
r3-4 1.519   1.517     1.522    1.515      1.523     1.517     1.519    1.515     1.521     1.515     1.522   1.516
r4-5 1.540   1.544     1.539    1.541      1.538     1.540     1.541    1.547     1.539     1.524     1.538   1.541
r5-6 1.539   1.545     1.539    1.538      1.539     1.538     1.541    1.547     1.539     1.524     1.538   1.541
r6-1 1.521   1.514     1.520    1.519      1.519     1.520     1.519    1.515     1.521     1.515     1.522   1.516
r1-O 1.203   1.207     1.205    1.212       1.207     1.213     1.202   1.206      1.201     1.207    1.201   1.207

r2-X 1.385   1.426     1.823    1.862       1.976     2.019     1.365  1.409       1.778     1.827    1.944   1.993
Δ[r1-O(ax)-r1-O(eq)]   0.004 0.007                   0.006                   0.004                  0.006               0.006
Δ[r1-2(eq)-r1-2(ax)] 0.009 0.013 0.015                   0.003                  0.01                 0.013

Bond angles (°°)

θ1-2-3 109.4   108.6    109.3     113.9       110.4     115.2     110.5    108.1     110.4     112.1    110.8    113.4
θ2-3-4 114.8   113.9    114.1     115.8       114.2     116.1     113.8    113.2      113.4     115.5    113.3   115.9
θ3-4-5 110.7   110.6    111.0     110.6       111.3     110.9      110.8    109.8     111.1      110.9   111.2    111.0
θ4-5-6 111.8   112.8    111.9     112.1       111.9     111.9      112.1    113.2      111.9      112.6   111.9    112.4
θ5-6-1 111.3   109.7    111.0     112.1       111.0     112.2      110.8    109.8     111.1      110.8   111.2    111.0
θ6-1-2 114.3   113.9    114.7     116.6       115.1    116.9      113.8    113.2     113.4      115.4   113.3    115.9
θO-1-2 122.0   121.3    122.0     120.2      120.8    120.2      121.6    121.3    122.9      120.1   123.3    119.9
θX-2-1 114.5    110.0    116.5     108.3      116.8    108.1      111.6     107.7    113.2      108.4   113.4    108.1

Δ[θX-2-1(eq)-θX-2-1(ax)]   4.5                   8.5                       8.7                        3.9                    4.8                   5.3

Torsion angles (°°)

φ1-2-3-4 51.1     54.0      51.8      41.7       49.7      38.4        51.5        57.5      51.9       45.8     51.5      42.3
φ2-3-4-5 -54.0    -53.6     -54.3     -50.8      -53.0     -48.9      -53.6       -55.7     -53.9      -50.4    -53.7     -48.8
φ3-4-5-6 54.5     53.0     54.3      56.4        54.5      56.5       54.7        52.8      54.8       54.5      54.9       55.1

φ4-5-6-1 -54.6    -53.9    -53.8      -53.6      -53.9     -53.8      -54.7       -52.8     -54.8      -54.7    -54.9      -55.1
φ5-6-1-2 53.6     56.2     53.6       44.8       52.6      43.3       53.6        55.7      53.9       50.7      53.7       48.8
φ6-1-2-3 -50.5    -55.6     -51.6     -38.5      -49.8     -35.4      -51.6       -57.5     -51.9     -46.0      -51.5     -42.3

φO-1-2-3 128.8   120.9    127.1     142.6      129.0   145.0     127.2       118.2    127.3     131.0     127.8    134.7
φX-2-3-4 175.5    -62.1    178.0     -77.8       176.0    -80.7     176.3       -58.5    179.9     -73.8     -179.7    -77.5

Δ[φ6-1-2-3(ax)-φ6-          -5.1                  13.1                     14.4                   -5.9 5.9                     9.2

1-2-3(eq)]              

Table 3: B3LYP/6-311+G** calculated structural parameters for the equatorial and axial conformations of 
compounds 1-6.



and the off-diagonal elements (Fij), therefore the
increase of the off-diagonal elements Fij values
could increase the σC2-X8→π*C1-O7 electron 
delocalizations. NBO calculated Fij values for 
σC2-X8→π*C1-O7 electron delocalizations in the
axial conformations of compounds 1-3 are 0.034,
0.056 and 0.061, respectively and also in the axial
conformations of compounds 4-6 are 0.031, 0.045
and 0.051, respectively (see Table 2). 

Dipole moments
The dipole moments are effective on the stability of
the various conformations of chemical compounds.
In the gaseous phase it is generally found that the 
conformation with the larger dipole moment has the
larger electrostatic energy, leading to an increased
overall energy [50]. The B3LYP/6-311+G** results
showed that the dipole moments for the axial con-
formations of compounds 1-6 are smaller than those
in the equatorial conformations (see Table 2). There
is an opposite trend for the variations of Δ(μeq-μax)
and GAE values. Based on the results obtained, the
GAE increases from compound 1 to compound 3
but Δ(μeq-μax) increases from compound 1 to 
compound 2 and decreases from compound 2 to
compound 3. Accordingly, the rationalization of the
conformation preference solely in terms of 
dipole-dipole interactions fails in accounting 
qualitatively for the increase of the axial 
preferences from compound 1 to compound 3 and
also compounds 4-6 and it seems GAE is dominant
factor on conformational preference of compounds
1-6 (see Table 1, 2).

Bond orders
The differences between the (Wiberg Bond Index)
WBIs of the C1-O7 bonds in the equatorial and axial
conformations, ΔWBI (C1-O7eq-C1-O7ax) and Also,
the differences between ΔWBI (C1-C2ax-C1-C2eq),
increase from compound 1 to compound 3 and
compound 4 to compound 6. The variations of the
calculated Δ(WBIeq-ax) parameters is in 
accordance with the variations of the calculated
GAE values from compound 1 to compound 3 and
compound 4 to compound 6 (see Table 2). The 
electron delocalizations can affect the bond orders

of C1-O7 and C1-C2 bonds.  This results can be
explained by the increase of the σC2-X8→π*C1-O7
electron delocalizations from the axial 
conformations of compound 1 to compound 3 and
compound 4 to compound 6.

Structural parameters
The structural parameters calculated can be used in
order to illustrate the effects of the electron 
delocalizations on the structural parameters of the
axial and equatorial conformations of compounds
1-6. The structural parameters for the conforma-
tions of compounds 1-6 calculated by the B3LYP/6-
311+G** level of theory (see Table 3).
Consideration of the structural parameters 
calculated of compounds 1-6 gave evidence that
there is a direct correlation between the calculated
generalized anomeric effect (GAE) and 
Δ(r1-Oax-r1-Oeq), so that, with the increase of the
Δ(r1-Oax-r1-Oeq) parameter from compound 1 to
compound 3 and from compound 4 to compound 6,
the corresponding GAE values increase (see Tables
2, 3). Also,  in the axial conformations of these
compounds, the rC1-O7 bond lengths is significant-
ly longer than that of the corresponding equatorial
conformations and This fact can be explicated by
the greater σC2-X8→π*C1-O7 electron delocaliza-
tions in the axial conformations compared to their
corresponding equatorial conformations (see Table
2). The calculated Δ[θX-2-1(eq)-θX-2-1(ax)] and 
Δ[φ6-1-2-3(eq)-φ6-1-2-3(ax)] values increase from
compound 1 to compound 3 and also from 
compound 4 to compound 6. The increase of these
parameters is in agreement with the increase of the
calculated GAE.

4. CONCLUSIONS

The above reported hybrid-DFT, ab initio molecu-
lar orbital calculations and NBO analysis provided
a reasonable picture from structural, energetic,
bonding and stereoelectronic points of view for the
conformational behavior in compounds 1-6.
Effectively, B3LYP/6-311+G** results revealed
that the axial conformations of compounds 1-6 are
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more stable than their equatorial conformations.
Similar to the increase of the anomeric effect (AE)
values from compound 1 to compound 3 and 
compound 4 to compound 6, the stability of the
axial chair conformations of these compounds are
increased. On the other hand, the variations of the
calculated Δ(μeq-μax) values fails in accounting for
the above observation. Therefore, the electrostatic
interactions are not responsible for the anomeric
effect (AE). In addition, the NBO results showed
that the variation of the calculated 
Δ(WBI(C2-X)eq-ax) parameters are in accordance
with the increase of the calculated GAE.
Interestingly, the increase of Δ(r1-Oax-r1-Oeq),
Δ[θX-2-1(eq)-θX-2-1(ax)] and Δ[φ6-1-2-3(eq)-φ6-1-2-
3(ax)] parameters from compound 1 to compound 3
and also compound 4 to compound 6 can be
explainedq by the increase of the corresponding
GAE values. Accordingly, the calculated 
Δ(r1-Oax-r1-Oeq), Δ[θX-2-1(eq)-θX-2-1(ax)] and 
Δ[φ6-1-2-3(eq)-φ6-1-2-3(ax)] parameters could be 
proposed as a criterion for the evaluation of the
GAE values in compounds 1-6.
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