
HAL Id: hal-04021223
https://hal.science/hal-04021223

Submitted on 9 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Study of the structure, the electronic and spectral
properties of D-glucaro-dilactones

Sarah Amara, Noureddine Tchouar, Peter Reinhardt, Adil A Othman

To cite this version:
Sarah Amara, Noureddine Tchouar, Peter Reinhardt, Adil A Othman. Study of the structure, the
electronic and spectral properties of D-glucaro-dilactones. Journal of King Saud University - Science,
2019, 31 (4), pp.427-433. �10.1016/j.jksus.2017.09.005�. �hal-04021223�

https://hal.science/hal-04021223
https://hal.archives-ouvertes.fr


Journal of King Saud University – Science 31 (2019) 427–433
Contents lists available at ScienceDirect

Journal of King Saud University – Science

journal homepage: www.sciencedirect .com
Original article
Study of the structure, the electronic and spectral properties
of D-glucaro-dilactones
http://dx.doi.org/10.1016/j.jksus.2017.09.005
1018-3647/� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: Département de Chimie Physique, Faculté de Chimie,
Université des Sciences et de la Technologie d’Oran Mohamed Boudiaf, USTO-MB,
BP 1505, El M’naouer, 31000 Oran, Algeria.

E-mail address: sarah.amara@univ-usto.dz (S. Amara).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Sarah Amara a,b,⇑, Noureddine Tchouar a,b, Peter Reinhardt c,d, Adil A. Othman a

aDépartement de Chimie Physique, Faculté de Chimie, Université des Sciences et de la Technologie d’Oran Mohamed Boudiaf, USTO-MB, BP 1505, El M’naouer, 31000 Oran, Algeria
b Laboratoire de Modélisation et Optimisation des Systèmes Industriels LAMOSI, Université des Sciences et de la Technologie d’Oran Mohamed Boudiaf, USTO-MB, BP 1505, El
M’naouer, 31000 Oran, Algeria
c Sorbonne Universités, Université Pierre et Marie Curie, Laboratoire de Chimie Théorique, 4, place Jussieu, case courrier 137, F – 75252 Paris CEDEX 05, France
dCNRS, UMR 7616, Laboratoire de Chimie Théorique, 4, place Jussieu, case courrier 137, F – 75252 Paris CEDEX 05, France

a r t i c l e i n f o
Article history:
Received 8 July 2017
Accepted 10 September 2017
Available online 11 September 2017

Keywords:
D-glucaro-dilactones
D-glucaro-1,4:6,3-dilactone
D-glucaro-1,5:6,3-dilactone
Conformations
Relative energies
DFT
a b s t r a c t

The double lactonization of D-glucaric acid can result in two isomeric molecules which are: the D-
glucaro-1,4:6,3-dilactone and the D-glucaro-1,5:6,3-dilactone. In the present article we try to understand
the differences between these molecules. To this end, all the conformations have been modeled and opti-
mized in order to find the most stable structures. Energies, frontier orbitals (HOMO and LUMO) as well as
other electronic and spectral properties have been calculated in vacuum, acidic and aqueous media using
the polarizable continuum model (PCM). The calculations were investigated by performing semi-
empirical PM6 and density functional theory (DFT) at the B3LYP level of theory. The obtained results
do not motivate a possible observation of the two dilactones simultaneously in the same medium, which
explains the absence of this coexistence in the scientific works carried out to date.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

D-Glucaric acid, formerly known as saccharic acid, is a diacid
formed via the oxidation of the aldose sugar D-glucose (1). The
common oxidation process utilizes nitric acid as oxidant (Donen
et al., 2015).

The transformation of D-glucose (1) begins with a rapid oxida-
tion of the aldehyde function giving D-gluconic acid (2), followed
by the oxidation of the primary alcohol function which is slower
(Ibert et al., 2002; Solmi et al., 2017). The final product is the D-
glucaric acid [(2R,3S,4S,5S)-tetrahydroxyhexanedioic acid]
(C6H10O8) (3). The latter can be isolated only in the form of potas-
sium salts, as was already indicated in the work of Sohst and Tol-
lens, as early as 1888 (Sohst and Tollens, 1888).
Otherwise, the crystallization of D-glucaric acid results in a
double lactonization and may form, after releasing two water
molecules, two different D-glucaro-dilactones : the D-glucaro-
1,4:6,3-dilactone (4) or the D-glucaro-1,5:6,3-dilactone (5)
(Smith, 1944a; Davey et al., 2006; Amara and Othman, 2016), see
Scheme 1.

In 1944, Smith found (Smith, 1944a; Smith, 1944b) that the ‘‘sac
charolactone’’ obtained by Sohst and Tollens during the crystalliza-
tion of a solution of D-glucaric acid was a mixture of two monolac-
tones, namely D-glucaro-1,4-lactone (6) and D-glucaro-6,3-lactone
(7), see Fig. 1. Smith indicated as well the existence of the D-
glucaro-1,4:6,3-dilactone (4).

In the same year, Smith was able to transform each of the
monolactones D-glucaro-1,4-lactone (6) and D-glucaro-6,3-
lactone (7) into D-glucaro-1,4:6,3-dilactone (4) and D-glucaro-
1,5:6,3-dilactone (5), respectively (Smith, 1944c).

Concerning the D-glucaro-1,5:6,3-dilactone, it should be noted
that already in 1936, Rehorst and Scholz carried out a synthesis
which had led to the formation of crystallized delta-lactones. This
derivative was assigned at that time to the D-glucaro-1,5:6,3-
dilactone (5) (Rehorst and Scholz, 1936).

In 2012, Amara and Othman indicated, while synthesizing
nucleoside analogues, that D-glucaro-1,5:6,3-dilactone was
obtained as a pure substance (Amara and Othman, 2016).
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Scheme 1. From D-glucose (1) to D-glucaro-dilactones (4) and (5).

Fig. 1. Chemical structures of D-glucaro-1,4-lactone (6) and D-glucaro-6,3-lactone
(7).

Fig. 2. Atom numbering used for the D-glucaro-dilactones (4) and (5).
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It is interesting to note, that in the literature, there is an absence
of coexistence of the two D-glucaro-dilactones in solutions or in
the products of crystallization. In the present article, we make a
comparative study of these D-glucaro-dilactones, by looking at
the stability of different conformers and the electronic properties
of the two dilactones in different solvents.

After a short recall of the employed methodology, we deter-
mine, in a first section, the most stable structures of the two dilac-
tones which we compare in a second section, and we look at the
electronic and spectral properties, before drawing our conclusions.
2. Methodology

After modeling the geometry of the respective D-glucaro-
dilactones, the orientations of the free hydroxyl groups and the
six-ring conformations were varied by simple « chemical rules »
as provided in GaussView 5.0.8 program (Dennington et al.,
2009). From the various so-constructed starting points the geome-
try is rapidly optimized in the semi-empirical PM6 framework and
the obtained respective minima taken as starting geometries for a
further optimization with B3LYP density-functional calculations
(Becke, 1993; Lee et al., 1988). As basis set we chose the 6-31+G
(d,p), motivated by the results of Csonka (Csonka, 2002). For the
resulting optimum structures, vibrational frequencies, thermo-
chemical and electronic-structure data are extracted.

All calculations have been carried out with the Gaussian 09 soft-
ware (Frisch et al., 2009). Solvents are implicitly included via the
polarizable continuum model (PCM) (Miertus et al., 1981; Cammi
and Tomasi, 1995), through a dielectric constant as available in
Gaussian 09 (Frisch et al., 2009). As no parameter set is present
for concentrated nitric acid, we took the close 2-propen-1-ol (e
of 19.011 instead of 19.000 for concentrated nitric acid).

The numbering of the atoms of the two molecules of D-glucaro-
dilactones: D-glucaro-1,4:6,3-dilactone (4) and D-glucaro-1,5:6,3-
dilactone (5) is shown in Fig. 2.
3. Results and discussion

3.1. Equilibrium geometries

3.1.1. D-glucaro-1,4:6,3-dilactone
The frame of the two five-membered rings is almost rigid. The

only freedom is the orientation of the two hydroxyl groups. Start-
ing with « chemical rules » using GaussView 5.0.8 we may find nine
different starting points which relax by further optimizations with
the semi-empirical PM6 to four different structures (see Fig. 3).
These we number as A–D, and we display their energies (in Table 1)
and relative energies (in Fig. 4), in vacuum and in the two solvents.

The energy ranges are 7.6 mH (milli Hartree) in the vacuum, 6.5
mH in the acid medium and 6.8 mH in the aqueous medium.

From the respective optimum structures (C or D) a DFT geome-
try optimization is carried out.

The finally obtained structures are numbered as I – III, see Fig. 5.
This optimization does not significantly change the structure

but only for the central dihedral angle (C2-C3-C4-C5) which



E F

Fig. 6. Structures E and F in vacuum.

Fig. 4. Relative energies of the structures A—D in the three media.

A    B     C        D

Fig. 3. Structures A–D in three dimensions.

Table 1
Energies of structures A–D by PM6.

Energy (a.u.)

Molecules Vacuum Nitric acid medium Aqueous medium

A �0.3662 �0.3861 �0.3876
B �0.3651 �0.3877 �0.3895
C �0.3727 �0.3910 �0.3924
D �0.3719 �0.3926 �0.3944
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becomes wider by about 20 degrees, in any environment. This
seems quite normal, as PM6 takes directly into account only near-
est neighbors, whereas DFT considers as well relative orientations
of delocalized groups.
3.1.2. D-glucaro-1,5:6,3-dilactone
Beyond the relative orientation of the two hydroxyl groups we

have in the six-membered ring the additional freedom of the fold-
ing of the ring. From twenty-seven different starting positions we
arrive again at different PM6-optimized structures, numbered as
E–Q (see Figs. 6–8) whose energies are given in Table 2. The rela-
                     I                                            II

Fig. 5. B3LYP-optimized structures for the D-glucaro-1,4:6,3-dila
tive energies are displayed in Fig. 9 within ranges of 0.7 (in vac-
uum) to 7.4 mH (in aqueous medium).

From the optimal structures in each environment, we arrive at
the DFT-optimized structures (IV—VI) displayed in Fig. 10.

In this molecule PM6 and DFT do not result in significant
changes of angles as we do not have any more two separated rings
with one common edge, but interconnected ones.

3.2. Boltzmann populations

The Boltzmann distribution is calculated to determine the
percentage of simultaneous existence of the D-glucaro-
dilactones at room temperature (27�C). According to the Boltz-
mann statistic, for a set of equilibrium particles at temperature
T, the probability of finding one of these particles in a state of
energy E is proportional to the Boltzmann factor: e�E=kT where k
is the Boltzmann constant. The values obtained are given in
Table 3.

If we compare the differences in total energies of the two most
stable structures of the dilactones in their respective environ-
ments, we find Boltzmann factors in favor of the D-glucaro-
1,4:6,3-dilactone. Thermodynamically speaking, the equilibrium
is thus strongly expressed toward this compound, explaining
why the simultaneous presence of the two D-glucaro-dilactones
has never been observed.

3.3. Electronic structure

The electronic structure of the target molecules may lead to a
hint why a coexistence of the two molecules is impossible. The cal-
culation furnishes two quantities commonly linked to reactivity,
                                            III 

ctone in vacuum (I), nitric acid (II) and aqueous (III) media.



G                                   H                                              I

J                                                     K 

Fig. 7. Structures G–K in nitric acid medium.

                       L                                              M                                             N 

                    O                                                 P                                              Q

Fig. 8. Structures L–Q in aqueous medium.

Table 2
Energies of structures E–Q by PM6.

Energy (a.u.)

Molecules Vacuum Molecules Nitric acid medium Molecules Aqueous medium

E �0.3613 G �0.3781 L �0.3722
F �0.3606 H �0.3724 M �0.3740

I �0.3756 N �0.3796
J �0.3749 O �0.3767
K �0.3776 P �0.3762

Q �0.3741
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namely the HOMO–LUMO gap (highest occupied and the lowest
unoccupied molecular orbital) and the charges attributed to atoms
via a Mulliken analysis.

The HOMO–LUMO gap is, independently of the solvent, and for
both molecules in their optimized structures, around 6.5 eV. We
may note that when passing from the vacuum to aqueous medium,
the gap evolves from 6.48 to 6.50 eV for the D-glucaro-1,4:6,3-
dilactone, whereas for the D-glucaro-1,5:6,3-dilactone the range
is larger: 6.45 to 6.59 eV. (see Table 4)

Concerning Mulliken charges, the interesting atoms are the
bridging oxygens and the carbons joining the two rings. We see
from Table 5 that generally the charges are more affected by the
solvent for the D-glucaro-1,4:6,3-dilactone than for the other
isomer. This is coherent with the previous findings of the



Fig. 9. Relative energies of the structures E—Q in the three media.

Table 4
The HOMO energies (EHOMO), LUMO energies (ELUMO), HOMO–LUMO energy gap (Egap)
in eV for the studied molecules by DFT.

Molecules EHOMO ELUMO Egap

In vacuum
I �8.03 �1.55 6.48
IV �8.00 �1.55 6.45

In nitric acid medium
II �7.94 �1.44 6.50
V �8.00 �1.41 6.59

In aqueous medium
III �7.94 �1.44 6.50
VI �8.00 �1.41 6.59
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HOMO–LUMO gap, and may point toward a stronger sensibility of
the D-glucaro-1,4:6,3-dilactone to its environment.

We may note that the charge difference between the two
carbon atoms of the lactone groups are much closer for the
D-glucaro-1,4:6,3-dilactone than for the other one, making the lat-
ter more exposed to reactivity than the former.

A look at maps of the electrostatic potential may confirm this
charge analysis, see Fig. 11.

The electrostatic potential is evaluated at a constant density of
0.004 e/bohr3 and represented as a coloring of the isodensity
surface.
IV                                    V    

Fig. 10. B3LYP-optimized structures for the D-glucaro-1,5:6,3-dila

Table 3
Percentage of simultaneous existence of D-glucaro-dilactones according to Boltzmann’s st

Molecules Energy (a.u.) DE (a.u.)

In vacuum
I �683.6203
IV �683.6067 0.0136

In nitric acid medium
II �683.6378
V �683.6289 0.0089

In aqueous medium
III �683.6398
VI �683.6306 0.0092

DE: Energy gap.
We may recognize that the variation of the potential is indeed
slightly different for the two molecules, leaving the carbon atom
C4 of the D-glucaro-1,5:6,3-dilactone more exposed to a nucle-
ophilic attack than for the D-glucaro-1,4:6,3-dilactone where the
regions of positive potential values are less pronounced.

3.4. Vibrational frequencies and thermochemistry

For verifying that indeed minima had been found, all molecular
frequencies are calculated. From these we construct the vibrational
spectrum, and, assuming a temperature, calculate the contribution
to thermochemical data, i.e. DG values. The calculated spectra for
the two D-glucaro-dilactones in vacuum are given in Fig. 12.

The features in these spectra are not significantly different,
C = O, C–H, and OH bands are present in about the same positions.

The values of the calculated frequencies of the two molecules in
vacuum and when including the solvents are collected in Table 6.

For the D-glucaro-1,4:6,3-dilactone, the two lactone groups are
in a relatively close environment, which explains quite well the
                                VI

ctone in vacuum (IV), nitric acid (V) and aqueous (VI) media.

atistics by DFT method.

Boltzmann’s factor %

1 99.99994
6.14E�07 0.00006

1 99.99139
8.61E�05 0.00861

1 99.99372
6.28E�05 0.00628



Table 5
Mulliken charges of the optimum structures for different media by DFT.

Atoms Molecules

I II III IV V VI

Bridging oxygens
O9 �0.30 �0.31 �0.31 �0.28 �0.29 �0.30
O10 �0.37 �0.36 �0.36 – – –
O11 – – – �0.27 �0.29 �0.30

Link carbons
C3 �0.13 �0.09 �0.09 �0.16 �0.15 �0.15
C4 0.05 0.07 0.07 – – –
C5 – – – �0.05 0.00 0.00

Oxygen in AOH
O8 �0.51 �0.50 �0.50 �0.46 �0.50 �0.51
O10 � � � �0.59 �0.64 �0.64
O11 �0.45 �0.50 �0.50 – – –

Oxygen in C@O
O7 �0.45 �0.50 �0.50 �0.40 �0.48 �0.49
O12 �0.43 �0.51 �0.52 �0.45 �0.52 �0.52

Carbon between two oxygens
C1 0.42 0.47 0.48 0.39 0.42 0.42
C6 0.37 0.43 0.44 0.51 0.54 0.54

Fig. 11. Molecular electrostatic potential maps of (I) and (IV) in vacuum.

Fig. 12. Vibrational spectrum in cm�1 in vacuum for the two D-glucaro-dilactones.

Table 6
Selected calculated B3LYP/6-31+G(d,p) harmonic frequencies in (cm�1) of the compounds

Assignments In vacuum In

I IV II

C1@O7 1866 1855 1
C6@O12 1887 1885 1
O8AH13 3804 3782 3
O11AH17 3798 – 3
O10AH16 – 3862 –
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fact that the difference of the wave number values is about 21
cm�1 in the vacuum and 11 cm�1 in the solvents. However, for
the D-glucaro-1,5:6,3-dilactone, the presence of a delta-lactone
makes the difference more significant with values of 30 cm�1 in
vacuum, 40 cm�1 in nitric acid medium and 42 cm�1 in aqueous
medium.

In chemical equilibrium, the corresponding constant is deter-
mined from DG values, adding to the already cited total energies
the impact of entropy terms. We find for the vacuum situation
entries for specific heat and entropy of S = 98.915 and 96.507 cal/-
mol K, and Cv = 37.664 and 37.468 cal/mol K, respectively for D-
glucaro-1,4:6,3-dilactone and D-glucaro-1,5:6,3-dilactone. These
are, as expected from the spectra already, quite similar and do
not allow to modify the conclusions with respect to the previously
calculated Boltzmann weights in an equilibrium situation.
I–VI.

nitric acid medium In aqueous medium

V III VI

830 1805 1825 1800
841 1845 1836 1842
802 3744 3796 3740
783 – 3783 –

3822 – 3822
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4. Conclusion

Although the D-glucaro-dilactones derive from D-glucaric acid,
each of them is obtained under conditions that are different of its
isomer. Well-known works in the chemistry have demonstrated
that the formation of a five- or six-membered ring remains closely
linked to the reaction conditions. In this study, the conformations of
the D-glucaro-dilactones have been modeled and optimized. The
structure, electronic and spectral properties have been calculated
in vacuum, acidic and aqueous media using the polarizable contin-
uum model (PCM). The analysis of the computational results indi-
cates a pronounced stability for the D-glucaro-1,4: 6,3-dilactone
in case of concurrent training between the two molecules.

References

Amara, S., Othman, A.A., 2016. A convenient new synthesis, characterization and
antibacterial activity of double headedacyclo-C-nucleosides from unprotected
d-glucose. Arab. J. Chem. 9, S1840–S1846.

Becke, A.D., 1993. Perspective on ‘‘Density functional thermochemistry. III. The role
of exact exchange”. J. Chem. Phys. 98, 5648–5652.

Cammi, R., Tomasi, J., 1995. Remarks on the use of the apparent surface charges
(ASC) methods in solvation problems: Iterative versus matrix-inversion
procedures and the renormalization of the apparent charges. J. Comput.
Chem. 16, 1449–1458.

Csonka, G.J., 2002. Proper basis set for quantum mechanical studies of potential
energy surfaces of carbohydrates. J. Mol. Struct. (Thoechem) 584, 1–4.

Davey, C.-L., Kiely, D.E., Manley-Harris, M., 2006. Esterification of select polyols with
d-glucaric acid as model reactions for esterification of starch. Carbohydr. Res.
341, 2688–2693.

Dennington, R., Keith, T., Millam, J., 2009. GaussView, Version 5.0.8, Semichem Inc.,
Shawnee Mission KS.
Donen, S., Hash, K., Smith, T., Jensen, K., 2015. Nitric acid oxidation processes.US
patents 9187398.

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A., Cheeseman, J.R.,
Scalmani, G., Barone, V., Mennucci, B., Petersson, G.A., Nakatsuji, H., Caricato, M.,
Li, X., Hratchian, H.P., Izmaylov, A.F., Bloino, J., Zheng, G., Sonnenberg, J.L., Hada,
M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T.,
Honda, Y., Kitao, O., Nakai, H., Vreven, T., Montgomery, Jr., J.A., Peralta, J.E.,
Ogliaro, F., Bearpark, M., Heyd, J.J., Brothers, E., Kudin, K.N., Staroverov, V.N.,
Kobayashi, R., Normand, J., Raghavachari, K., Rendell, A., Burant, J.C., Iyengar, S.
S., Tomasi, J., Cossi, M., Rega, N., Millam, J.M., Klene, M., Knox, J.E., Cross, J.B.,
Bakken, V., Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R.E., Yazyev, O.,
Austin, A.J., Cammi, R., Pomelli, C., Ochterski, J.W., Martin, R.L., Morokuma, K.,
Zakrzewski, V.G., Voth, G.A., Salvador, P., Dannenberg, J.J., Dapprich, S., Daniels,
A.D., Farkas, O., Foresman, J.B., Ortiz, J.V., Cioslowski, J., Fox, D.J., 2009. Gaussian
09, Revision A.02, Gaussian Inc, Wallingford CT.

Ibert, M., Marsais, F., Merbouh, N., Brückner, C., 2002. Determination of the side-
products formed during the nitroxide-mediated bleach oxidation of glucose to
glucaric acid. Carbohydr. Res. 337, 1059–1063.

Lee, C., Yang, W., Parr, R.G., 1988. Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. B. 37, 785–
792.

Miertus, S., Scrocco, E., Tomasi, J., 1981. Electrostatic interaction of a solute with a
continuum. A direct utilization of ab initio molecular potentials for the
prevision of solvent effects. Chem. Phys. 55, 117–129.

Rehorst, K., Scholz, H., 1936. Über das Dilacton der d-Zuckersäure. Eur. J. Inorg.
Chem. 69 (3), 520–526.

Smith, F., 1944a. Lactones of glucosaccharic acid. Part III. Mono- and di-lactones. J.
Chem. Soc. 173, 633–636.

Smith, F., 1944b. Lactones of glucosaccharic acid. Part II. 2: 3: 5- and 2: 4: 5-
Trimethyl glucosaccharolactone. J. Chem. Soc. 154, 571–574.

Smith, F., 1944c. Lactones of glucosaccharic acid. Part I. 2: 5-Dimethyl D4-
glucosaccharo-3:6-lactone 1-methyl ester, an analogue of ascorbic acid. J.
Chem. Soc. 141, 510–517.

Sohst, O., Tollens, B., 1888. ÜberkrystallisirteZuckersäure (Zuckerlactonsäure).
Justus Liebigs Ann. Chem. 245, 1–27.

Solmi, S., Morreale, C., Ospitali, F., Agnoli, S., Cavani, F., 2017. Oxidation of d-Glucose
to Glucaric Acid Using Au/C Catalysts. ChemCatChem 9, 2797–2806.

http://refhub.elsevier.com/S1018-3647(17)30701-2/h0005
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0005
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0005
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0010
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0010
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0010
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0015
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0015
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0015
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0015
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0020
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0020
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0025
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0025
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0025
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0045
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0045
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0045
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0050
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0050
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0050
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0055
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0055
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0055
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0060
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0060
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0065
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0065
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0070
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0070
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0075
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0075
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0075
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0080
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0080
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0085
http://refhub.elsevier.com/S1018-3647(17)30701-2/h0085

	Study of the structure, the electronic and spectral properties �of D-glucaro-dilactones
	1 Introduction
	2 Methodology
	3 Results and discussion
	3.1 Equilibrium geometries
	3.1.1 D-glucaro-1,4:6,3-dilactone
	3.1.2 D-glucaro-1,5:6,3-dilactone

	3.2 Boltzmann populations
	3.3 Electronic structure
	3.4 Vibrational frequencies and thermochemistry

	4 Conclusion
	References


