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A Quantum Chemical Study on Structure of 1,2-Bis(diphenyl-
phosphinoyl)ethane and 4-chlorophenol cocrystal
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The cocrystal of 1,2-bis(diphenylphosphinoyl)ethane (DPPEO)
with 4-chlorophenol (1:2) were studied theoretically with MINDO/
3, MNDO, PM3 and AM1 semi empirical methods to elucidate its
structure. The bond lengths and angles from theoretical studies of
molecule DPPEO/4-chlorophenol (1:2) were found to be as
expected. Theoretical results, concerning with intermolecular van
der Waals forces in cocrystal, were compared with the previously
obtained experimental data and AM1 results were found to be the
best fit for selected C-C, C-P and P-O bond lengths and angles of
DPPEO/4-chlorophenol. For the hydrogen bond geometry none
of the theoretical methods were found to be comparable with
experimental data.

Key Words: Cocrystal, Quantum chemical studies, Hydrogen
bonding, Semi-empirical methods, Vander Waals forces.

INTRODUCTION

Phosphine oxides are an excellent hydrogen bond acceptor and can
form large, high quality crystals when cocrystallized with a variety of
hydrogen bond donors. They can be used to promote the crystallization for
compounds that do not crystallize well on their own1. There are a few
examples of hydrogen bonded complexes for triphenylphosphine oxide
(TPPO) and alcohols (diphenylmethanol)2 or phenols3-5. Hydrogen bond
geometry is similar in all of the TPPO cocrystals with phenols consisting
of a single linear bond except in TPPO/phenol (2:3) complex having two
different almost linear bonds6.

The traditional X-ray diffraction techniques and the theoretical studies
allow the determination of the positions of the atoms in the compounds
under study for suitable systems7,8. We have previously reported theoreti-
cal studies on geometries of hydroquinone complexes with phosphine
oxides, (+)-(R)-2,2-bis(diphenylphosphinoyl)-1,1'-binaphthyl9, TPPO10,
1,2-bis(diphenylphosphinoyl)ethane (DPPEO)11 and phenol complex with
DPPEO12. The phosphine oxide in the present study, DPPEO, produced

†Department of Chemistry, Faculty of Science and Arts, Afyon Kocatepe University,
Afyonkarahisar, Turkey.



1:2 complex with 4-chlorophenol. The continuous increase in the develop-
ment of the computer technology and tremendous development in sophis-
tication of software to apply in structure-reactivity relations13,14, reaction
mechanism15-17, corrosion18-20 and in some biological processes21,22. Thus,
it is worthwhile to study the structure of the title compound to find the
parallelism of the computed results with the experimental ones. In this
respect, for bond lengths and angles as well as hydrogen bonding in the
cocrystal of DPPEO and 4-chlorophenol, it is considered appropriate to
compare the quantum chemical results in the gas phase to the results of
X-ray structural studies23.

EXPERIMENTAL

Theoretical calculation were carried out at the Restricted Hartree-Fock
level using MINDO/3, MNDO, PM3 and AM1 semi empirical SCF-MO
methods in the MOPAC 7.0 program24, implemented on an Intel Pentium
Pro. 400 MHz computer. Initial estimates for the geometries of all were
obtained by a molecular mechanics program (CS Chemoffice Pro for
Windows)25, followed by full optimization of all geometrical variables (bond
lengths, bond angles and dihedral angles), without any symmetry constraint,
using the semi empirical MINDO/3, MNDO, PM3, AM1 quantum chemi-
cal methods in the MOPAC 7.0 program. The molecular plots for the
cocrystal of DPPEO/HQ and the van der Waals contacts in cocrystal were
produced by MERCURY program from Cambridge Crystallographic Data
Centre (CCDC)26,27.

RESULTS AND DISCUSSION

Cocrystals of DPPEO/4-chlorophenol, suitable for single crystal
X-ray diffraction, were grown as colourless plates from benzene. The com-
pound crystallizes in the centrosymmetric monoclinic space group P21/c,
with two formula units per unit cell. There is a single crystallographically
distinct residue in the asymmetric unit with the two halves of the DPPEO
being symmetry related. The asymmetric unit contains half of the DPPEO
molecule and one 4-chlorophenol molecule. The molecular structure of
the 1:2 cocrystal of DPPEO/4-chlorophenol is shown in Fig. 1.

The geometries of the DPPEO molecule and 4-chlorophenol molecules
are almost identical with those in DPPEO/phenol (1:2)28. There are two
identical, symmetry related, almost linear, hydrogen bonds from each
4-chlorophenol molecule to the oxygen of a P=O bond.

All these experimental results were confirmed in the present study
(Tables 1 and 5). The molecule (DPPEO/4-chlorophenol) in gas phase was
studied with MINDO/3, MNDO, PM3 and AM1 semi empirical methods
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Fig. 1. Structure of DPPEO/4-clorophenol

TABLE-1 
MODELS OF COCRYSTAL OF DPPEO/4-CHLOROPHENOL (1:2) 

WITH VANDER WAALS INTERACTIONS UP TO 3 Å [Ref. 23] 

M1  M2  M3  

H2A···O1 1.826 H2A···O1 1.826 H2A···O1 1.826 

O2···O1 2.643 O2···O1 2.643 O2···O1 2.643 

  H16···O1 2.812 H16···O1 2.812 
  H18···H12 2.819 H18···H12 2.819 
    O2···H6 2.573 
    H2A···H13A 2.443 

M4  M5  

H2A···O1 1.826 H2A···O1 1.826 

O2···O1 2.643 O2···O1 2.643 

H16···O1 2.812 H16···O1 2.812 
H18···H12 2.819 H18···H12 2.819 
O2··· H6 2.573 O2··· H6 2.573 
H2A···H13A 2.443 H2A···H13A 2.443 
O2···H13A 2.577 O2···H13A 2.577 
H2A···H6 2.909 H2A···H6 2.909 
  H2A···P1 2.991 
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at 20 °C at which the experimental values were obtained23. Tables 2 and 3
listed the gas phase computation results of MINDO/3, MNDO, PM3 and
AM1 semi empirical methods for selected C-C, C-P and P-O bond lengths
and angles, respectively. There are two different results for each theoreti-
cal study in gas phase for the two halves of the molecule although they
are symmetric in solid state. In order to find the effects of vander Waals
interactions on symmetry, contacts in cocrystal up to 3 Å in addition to
hydrogen bonding interaction were used to obtain models. They were
abbreviated as M1, M2, M3, M4 and M5 and computed with semi empiri-
cal methods (Table 1 and Fig. 2). Deviations from symmetry between the
same methods were obtained from the differences between corresponding
bond lengths or angles of the two halves of the models and shown in the
Tables 2 and 3. Deviations from symmetry for selected bond lengths and
angles were presented in Figs. 3 and 4, respectively for each model.
Results were indicated that AM1 gives better results accord for symmetry.

Fig. 2. vander Waals interactions of DPPEO/4-chlorophenol

Table-4 listed the mean values of the same theoretical results and
previously obtained experimental results23. Theoretical results for each bond
lengths and angles were recalculated by taking arithmetic average of the
corresponding bond lengths or angles of two halves of the models to
compare with experimental ones. Percentage values of the differences were
also plotted against models for bond lengths (Fig. 5) and angles (Fig. 6).
Among the applied methods, AM1 seems to give better results for both
bond lengths and angles of DPPEO/4-chlorophenol.
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Fig. 6. Differences from experimental results for the selected angles

For hydrogen bond geometry, none of the theoretical methods for all
models are fit for experimental hydrogen bond geometry (Table-5). This
might be due to the difference between gas phase where the cocrystal
being as isolated molecule and solid state connected to the neighbour
molecules. In present study, only the vander Waals contacts in cocrystal
up to 3 Å could be established. For theoretical methods used in this study,
the limit of allowed number of atoms is 100, inter-molecular contacts
between the neighbour cocrystals could not established. This probably
caused significant elongation of hydrogen bond length (H2A···O1) and
related bond lengths of O2···O1 and O2-H2A as well as hydrogen bond
angle (O2-H2A···O1) in all calculations.

TABLE-5 
MEAN VALUES FOR TWO HALVES OF THE MOLECULE FOR 

HYDROGEN BONDING 
 Exp.[23] M1 M2 M3 M4 M5 
AM1       
H2A···O1 (Å) 1.826 1.775 2.044 2.040 2.046 3.295 
O2···O1 (Å) 2.643 1.285 2.139 2.137 2.139 2.055 
O2-H2A···O1 (°) 173 35.600 101.150 101.600 101.400 90.550 
PM3       
H2A···O1 (Å) 1.826 1.811 2.012 2.013 2.012 5.235 
O2···O1 (Å) 2.643 2.087 2.129 2.127 2.126 1.885 
O2-H2A···O1 (°) 173 105.300 106.100 106.050 105.350 82.289 
MNDO       
H2A···O1 (Å) 1.826 3.695 2.490 2.425 2.488 1.398 
O2···O1 (Å) 2.643 1.204 2.656 2.587 2.653 1.300 
O2-H2A···O1 (°) 173 25.750 96.750 96.400 96.750 42.700 
MINDO/3       
H2A···O1 (Å) 1.826 1.884 4.484 1.873 1.897 1.889 
O2···O1 (Å) 2.643 1.395 4.125 1.399 1.412 1.395 
O2-H2A···O1 (°) 173 45.900 59.150 58.700 46.300 45.550 
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Conclusion

All available hydrogen bond donors and acceptors are involved form-
ing hydrogen bonds in the cocrystal. This is according with the Etter rules
that in the solid state all available acidic hydrogen atoms participate in
hydrogen bonds29. The crystal structure of the cocrystal DPPEO/4-
chlorophenol has been thoroughly examined previously and it revealed
that out there are no apparent holes in the packing diagram due to dense
packing behaviour in the lattice23. With and without vander Waals interac-
tions in cocrystal for computing, AM1 gave comparable results between
experimental and theoretical studies for the selected bond lengths and angles.
In previous study, AM1 was also seemed to be the best fit for the C-C,
C-P and P-O bond lengths and angles as well as for hydrogen bond geom-
etry for the cocrystal of DPPEO/HQ11. The effects of vander Waals inter-
actions on geometries of molecules will need to be checked out in future
studies.
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