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COMPUTATIONAL METHODS FOR GEOMETRY

OPTIMISATION OF PHOSPHORUS ACID
DERIVATIVES

Susannah Sigurdsson and Roger Strömberg∗

Division of Organic and Bioorganic Chemistry, MBB,
Scheele Laboratory, Karolinska Institutet, S-171 77 Stockholm, Sweden

ABSTRACT

Several economical methods for geometry optimisation, applicable to larger
molecules, have been evaluated for phosphorus acid derivatives. MP2/cc-pVDZ
and B3LYP/6-31+G(d) geometry optimisations are used as reference points,
results from geometry optimisations for other methods and their subsequent sin-
gle point energy calculations are compared to these references. The geometries
from HF/MIDI! optimisations were close to those of the references and sub-
sequent single point energies with B3LYP/6-31+G(d,p) or EDF1/6-31+G(d)
gave a mean average deviation (MAD) of less than 0.5 kcal mol−1 from those
obtained with the reference geometries.

The use of quantum mechanical calculations as a tool in chemical research
has increased dramatically. The level of accuracy that can be afforded is often quite
limited, since the computational cost of even small model systems can be substan-
tial. Recently HF calculation with the MIDI! (1) basis set has been forwarded as a
cost-efficient method for achieving geometries of good quality (near MP2-quality).
Since the HF/MIDI! method performs very well with phosphorus containing com-
pounds it seems promising for use in nucleic acid chemistry. In this study we have in
more detail assessed how geometries are affected and especially how this influences
the energies, as obtained from subsequent single point calculations. HF/MIDI! (1)
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geometries are compared to those obtained from several other, more widely used,
methods.

The methods/basis sets used for geometry optimisation were MP2/cc-
pVDZ (2,3), B3LYP/6-31+G(d), B3LYP/6-31G(d), HF/6-31G(d) (4–6), HF/3-
21G(d) (7–9), B3LYP/MIDI! and HF/MIDI! (1). All geometry optimisations and
B3LYP/6-31+G(d,p) single point energy calculations were carried out using
Gaussian98 (rev. A7). The EDF1/6-31+ G(d) calculations were performed us-
ing Q-Chem (v. 1.2). Geometries are evaluated using MP2/cc-pVDZ and B3LYP/
6-31G(d) as reference methods. Subsequent single point energy calculations was
carried out using the B3LYP functional (10,11) with the 6-31+G (d,p) basis set and
also the new EDF1 functional (12) with 6-31+G(d) as basis set. The test set used
for evaluation was an extension of the HCOP test set (1), as presented in Figure 1.

The greatest deviations from MP2 geometries are found for HF/3-21G(d) and
HF/6-31G(d) geometries. Also B3LYP/MIDI! performs relatively poorly. Unsur-
prisingly, B3LYP/6-31G(d) and B3LYP/6-31+G(d) give very similar results and
the geometries are close to those of the MP2 calculations. Overall HF/MIDI! gives
even smaller deviations (although slightly) in bond angles from the MP2 geome-
tries and mean bond length deviations are of similar quality to those obtained with
the B3LYP methods. Thus, the HF/MIDI! geometries deviate only slightly from
the geometries obtained with the more costly MP2 and B3LYP methods and are
clearly superior to the HF/3-21G(d), HF/6-31G(d) and B3LYP/MIDI! geometries.

Figure 1. The extended HCOP test set.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
9
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

GEOMETRY OPTIMIZATION OF PHOSPHORUS ACID DERIVATIVES 1383

When comparing the outcome of subsequent single point energy calculations
on the differently geometry optimised structures it is seen that the MP2/cc-pVDZ,
B3LYP/6-31G(d) and B3LYP/6-31+G(d) geometries give very similar energies.
The B3LYP/6-31+G(d,p) energies generally are within one kcal mol−1 (MAD
0.6–0.7 kcal mol−1) and the EDF1 energies are within a few tenths of a kcal mol−1

(MAD 0.11–0.13 kcal mol−1). HF/3-21G(d), HF/6-31G(d) and B3LYP/MIDI!
geometries consistently give too high energies using both B3LYP/6-31+G(d,p)
(MAD 1.3–1.9 kcal mol−1) and EDF1 (MAD 1.2–3.9 kcal mol−1). The single
point energies calculated from HF/MIDI! geometries are, however, quite close to
those from the MP2 and B3LYP geometries, usually within one kcal mol−1 (MAD
0.46–0.49 kcal mol−1) and in many cases within a few tenths of a kcal mol−1.

Already in our test set of very small molecules we see a considerable differ-
ence in computational cost (9 h for MP2/cc-pVDZ and 30 min using HF/MIDI! for
13). In order to get a rough estimate of the computational time for some molecules of
interest in nucleic acid chemistry, using the MP2, B3LYP and HF/MIDI! methods,
we have correlated the number of heavy atoms against CPU time (on a Com-
paq/Digital XP1000, 500MHz EV6 running True64 Unix). According to this crude
estimate, geometry optimisation of isopropyl pivaloyl H-phosphonate would take
about 11 hours with HF/MIDI!, 5–14 days with B3LYP methods and 1 month for
the MP2 calculation. With a purine nucleoside the corresponding estimate is a
couple of days, 1–5 months and one year respectively.

Geometry optimisations using HF/MIDI! on phosphorus acid derivatives are
computationally inexpensive and give geometries that are close to those obtained
with more costly MP2 and B3LYP methods and clearly superior to those obtained
with HF/3-21G(d) and HF/6-31G(d). Most importantly, the HF/MIDI! geome-
tries lead to B3LYP/6-31+G(d,p) and EDF1/6-31+G(d) single point energies of
a mean absolut deviation (MAD) of only 0.4–0.5 kcal mol−1 from those obtained
with MP2/cc-pVDZ, B3LYP/6-31G(d) and B3LYP/6-31+G(d) geometries. Since
the much used combination B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) gives energies
with a MAD of 4 kcal mol−1, relative to experimental data (for the large G2 test
set) (13), one can assume that B3LYP/6-31+G(d,p)//HF/MIDI! should mostly be
within about 4–5 kcal mol−1. This deviation is as small as one can hope for in many
applications and, especially considering the small increase in accuracy that would
be achieved with more costly methods, HF/MIDI! is clearly of choice for geometry
optimisation of molecules with more than 10 heavy atoms.
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5. Hariharan, P.C.; Pople, J.A. Theo. Chim. Acta. 1973, 28, 213.
6. Gordon, M.S. Chem. Phys. Lett. 1980, 76, 163.
7. Binkley, J.S.; Pople, J.A.; Hehre, W.J. J. Amer. Chem. Soc. 1980, 102, 939.
8. Pietro, W.J.; Francl, M.M.; Hehre, W.J.; Defrees, D.J.; Pople, J.A.; Binkley, J.S.

J. Amer. Chem. Soc. 1982, 104, 5039.
9. Gordon, M.S.; Binkley, J.S.; Pople, J.A.; Pietro W.J.; Hehre, W.J. J. Amer. Chem. Soc.

1982, 104, 2797.
10. Becke, A.D. J Chem. Phys. 1993, 98, 5648.
11. Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. J. Phys Chem 1994, 98,

11623.
12. Adamson, R.D.; Gill, P.M.W.; Pople, J.A. Chem. Phys. Lett. 1998, 284, 6.
13. Foresman, J.B.; Frisch, Æ. Exploring Chemistry with Electronic Structure Methods

(second edition) p. 157, Gaussian, Inc., Pittsburgh, P.A.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
9
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order now!

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081NCN100002560

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request 
Permission/Reprints Here" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 

 

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
9
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1

http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=NCN&title=EVALUATION+OF+SEVERAL+ECONOMICAL+COMPUTATIONAL+METHODS+FOR+GEOMETRY+OPTIMISATION+OF+PHOSPHORUS+ACID+DERIVATIVES&offerIDValue=18&volumeNum=20&startPage=1381&isn=1525-7770&chapterNum=&publicationDate=03%2F31%2F2001&endPage=1384&contentID=10.1081%2FNCN-100002560&issueNum=4%267&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+10%3A57%3A06&publisherName=dekker&orderBeanReset=true&author=Susannah+Sigurdsson%2C+Roger+Strmberg&mac=5HVjylwlbo%EBFonU5Wikg--

