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Abstract

Computational algorithms, which aimed to solve quantum mechanical equations for molecules, usually produces more errors about the
bonds which involves Hydrogens, than the others. Actually this fact is more or less expected, due to unique properties of Hydrogen
atoms, such as carrying just single electron for making bonds with other atoms.

Computational approaches, unlike the analogue solutions, usually neglect many parameters, under some reasonable assumptions of
course, to reduce complexity of quantum systems to some computable ranges. Actually all practical quantum computations can be
considered as managing the “neglecting process”, by keeping the balance between reduced complexity and acceptable correctness.
Polarisation is one of those parameters that usually neglected, for quantum molecular computations about molecules.

On the other hand, Hydrogen has a serious capability of being strongly polarised, due to possibility of existence of semi or fully naked
protons, when it constructs a bond structure.

Within this point of view, it is needed to analyse the effect of adding polarisation functions, on to calculation errors, especially for
hydrogens, by hoping to reduce big calculation errors about them.

Here, we added polarisation functions to optimisation calculations of ibuprofen molecule, to see the effect of polarisation functions to
the errors of computed bond lengths. We have compared the results to X-RAY data.

Finally it is concluded that, more polarisation function reduces the calculation errors, but it is not worth to increased computational
costs.
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Ab-initio Hesaplamalardaki Hatalar Uzerine Polarizasyon
Fonksiyonlarinin Ibuprofen i¢in Etkisi

Oz

Molekiiller igin kuantum mekanik denklemleri ¢6zmeyi hedefleyen hesaplamali kimya algoritmalari, genellikle Hidrojen atomunun
dahil oldugu baglar i¢in, digerlerinden daha fazla hata {iretir. Bu durum, aslinda, hidrojen atomunun, diger atomlarla bag yapmak iizere
sadece tek bir elektrona sahip olmasi gibi tekil 6zellikleri goz 6niine alindiginda, az ¢ok beklenen bir durumdur.

Kompiitasyonel yaklagimlar, analog ¢oziimlerden farkli olarak, kuantum sistemlerin karmasiklik diizeyini, hesaplanabilir seviyelere
indirgemek i¢in, uygun varsayimlar altinda, genellikle bir ¢ok parametreyi ihmal ederler. Aslinda niimerik kuantum yaklagimlarinin
tamami, “karmasikligi azaltma” ve “kabul edilebilir dogruluk seviyesinde kalma” arasindaki dengeyi koruyarak ihmal etme
seceneklerini yonetmek siireci olarak degerlendirilebilir.
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Polarizasyon, molekiiller i¢inkuantum mekanik hesaplamalari igin, bu cercevede genellikle ihmal edilen bir parametredir. Ote yandan
hidrojen atomunun, baska bir atomla bag yaptiginda, yar1 ya da tam ¢iplak bir proton olarak bulunma ihtimali dolayisiyla, ciddi bir
polarize olma kapasitesi vardir.

Bu bakis agisiyla, 6zellikle hidrojen atomunun dahil oldugu baglarla ilgili biiyiik hata oranlarini azaltacagi umularak, hesaplamalara
daha fazla polarizasyon fonksiyonlari eklemenin biitiin bag tiirleri i¢in hesaplama hatalar1 lizerine etkisinin arastirilmasina ihtiyag¢ vardir.
Bu ¢aligmada, hesaplanan bag uzunluklarina iliskin hatalar tizerindeki etkisini incelemek {izere, ibuprofen molekiiliiniin optimizasyonu
icin yapilan hesaplamalara fazladan polarizasyon fonksiyonlar1 eklenmistir. Sonuglar X-RAY datalariyla kiyaslanmistir. Nihayetinde,
daha fazla polarizasyon fonksiyonu eklemenin ger¢ekten de hesaplama hatalarini azalttigi, ancak elde edilen iyilesmenin, sarfedilen
hesaplama zamanindaki artisa degecek diizeyde olmadigi yargisina varilmigtir.

Anahtar Kelimeler: Ibuprofen, DFT, Polarizasyon, Optimizasyon.

1. Introduction

Computational methods have become an indispensable tool for contemporary chemistry over last decades, doe to significant
improvements about calculation abilities of computers. They have become applicable over many application areas, even for proteins
and enzymes, those contains thousands of atoms.

Unlike the analogue equation solving methods, numerical alghoritms, inevitably includes neglections. It comes from basic necessity
of numerical approaches. Polarisation effect is usually neglected in a typical molecular computation.

On the other hand, it is a known fact that, molecular computations, usually produces more errors about the bonds about Hydrogene
atoms, than the others (Boese, 2015; Ireta, Neugebauer, & Scheffler, 2004; Rozas, 2007) . Particularly within this work, the calculated
bond length error for C-C bonds, for instance, falls within the range 2-3% range, but for C-H bonds it is found within 14-16 % range.

If we consider the unique properties of Hydrogene atoms, such as having only a single electron to construct a bond structure, it is
understood that, Hydrogene atom has a serious potential to be being polarised. In this case, the major cause of big calculation errors
about Hydrogene bonds, might be considered as the polarisation itself. Hence, it is needed to investigate the effect of adding polarisation
functions to calculatet bond length errors, to check if this is true.

Here, it is studied and reported, the effect of polarisation functions on to the calculated bond length errors, for ibuprofen molecule.

2. Material and Method

The ibuprofen molecule was optimised by using a general ab initio quantum chemistry package GAMESS (the General Atomic and
Molecular Electronic Structure System)( Schmidt et al., 1993; Dykstra, Frenking, & Kim, 2011). The DFT (Density Functional
Theory)(Hohenberg & Kohn, 1964) was employed for ab-initio calculations of ibuprofen molecule. The hybrid Becke, three-parameter,
Lee—Yang—Parr, using coulomb attenuating method (CAM-B3LYP) (Yanai, Tew, & Handy, 2004) was used as exchange correlation
functional for DFT calculations. The basis set that used for calculation was the SBKJ (Stevens, Bash, Krauss, Jasien) valance with ECP
(Effective Core Potential)(Stevens, Krauss, Basch, & Jasien, 1992). Ibuprofen molecule was optimized several times, by using the same
hardware, the same software, the exact same starting configuration, and the same parameter set, except that the added polarisation
functions. Ibuprofen was optimised three times; first, with no polarisation function, second, with a polarisation function, third, with
three polarisation functions.

3. Results and Discussion

The optimized molecular structure of ibuprofen has given in Figure-1; the calculated molecular electrostatic potential of ibuprofen
has given in Figure-2; the calculated totoal electron densitiy of ibuprofen molecule has given in Figure-3.
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Figure 1 The optimized structure of ibuprofen.

Figure 2 The calculated electrostatic potential of ibuprofen.

Figure 3 The calculated total elektron density of ibuprofen.

The Lowest Unoccupied Molecular Orbital (LUMO) and the Highest Occupied Molecular Orbital (LUMO) of ibuprofen has given
in Figure-4.
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AE=8,6533 eV

Figure 4 The Lowest Unoccupied Molecular Orbital (LUMO) and the Highest Occupied Molecular Orbital (LUMO) of ibuprofen.

At firs stage, ibuprofen had optimized by adding no polarisation function at all, as usually done in typical calculations. The
calculated bond lengths and the X-RAY data (Derollez et al., 2010) have given in Table-1. A comparison graphic of the differences
between calculated bond lengths and the X-RAY data can be seen in Figure-5.

Atom1  |atom2 | Length X-RAY (&) |  Length Caleulated Q) |y 000
with no polarisation function
C3 C1 1,510 1,521 0,728
o C10 1,380 1414 2,464
C13 C11 1,510 1,547 2,450
il c12 1,490 1,540 3,35
Cl 2 1,550 1,552 0,129
C10 c3 1,380 1414 2,464
c2 c4 1,520 1,541 1,382
c2 cs 1,530 1,541 0,719
C3 Co 1,380 1,420 2,899
cs c7 1,380 1,420 2,899
Co c7 1,380 1,408 2,029
Cl11 cs 1,480 1,530 3378
cs Cc9 1,380 1414 2,464
C2 H1 0,983 1,115 13,428
C1 H10 0,950 1112 17,053
C1 H11 1,010 1,113 10,198
c4 H12 1,010 1,114 10,297
Cc4 H13 0,980 1,113 13,571
c4 H14 0,980 1,113 13,571
& H15 1,120 1,115 0,446
Cs H16 0,980 1112 13,469
Cs H17 1,070 1,113 4,019
02 H18 1,068 0,983 7,959
cl0 |m2 0,990 1,106 11,717
C9 H3 1,000 1,107 10,700
C6 H4 0,990 1,107 11,818
c7 H5 0,980 1,107 12,959
C11 H6 1,014 1,113 9,763
ci2 |7 1,050 1,112 5,905
c12__ |us 0,950 1,110 16,842
c12 |9 0,970 1,111 14,536
C13 o1 1,210 1215 0413
C13 02 1,280 1,365 6,641
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Table-1 The calculated bond lengths and the X-RAY data of ibuprofen, with differences.
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Figure 5 Comparison of the calculated bond lengths and the X-RAY data for ibuprofen.

s it is seen in table-1 and Figure-5, errors for the bonds, which Hydrogen included, are found within within 14-16 % range, while
others found within only within 2-3 % range. To see the effect of adding polarisation functions on to errors, we were repeated the
optimisation calculation with exactly same starting configuration, also with same hardware, same software, and same parameters. But
this time we added a polarisation function. The obtained results with a polarisation function have given in Table-2.

Length Difference Difference Length

Length Calculated with no with a Calculated
Atom1 | Atom2 X-RAY with no —_— s with a

(A) polarisation polaltlsatlon poIar.lsatlon polarisation

function (A) function [%] | function (%) function (A)
Cc3 C1 1,510 1,521 0,728 0,728 1,521
Cc9 Cc10 1,380 1,414 2,464 2,464 1,414
C13 C11 1,510 1,547 2,450 2,450 1,547
C11 C12 1,490 1,540 3,356 3,356 1,540
C1 Cc2 1,550 1,552 0,129 0,129 1,552
Cc10 Cc3 1,380 1,414 2,464 2,464 1,414
Cc2 ca 1,520 1,541 1,382 1,382 1,541
Cc2 C5 1,530 1,541 0,719 0,654 1,540
c3 C6 1,380 1,420 2,899 2,899 1,420
C8 c7 1,380 1,420 2,899 2,899 1,420
C6 c7 1,380 1,408 2,029 2,029 1,408
C11 C8 1,480 1,530 3,378 3,311 1,529
C8 Cc9 1,380 1,414 2,464 2,464 1,414
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C2 H1 0,983 1,115 13,428 13,123 1,112
C1 H10 0,950 1,112 17,053 16,842 1,11
C1 H11 1,010 1,113 10,198 9,901 1,11
Cca H12 1,010 1,114 10,297 10,109 1,1121
Cca H13 0,980 1,113 13,571 13,357 1,1109
Cca H14 0,980 1,113 13,571 13,367 1,111
C5 H15 1,120 1,115 -0,446 -0,625 1,113
C5 H16 0,980 1,112 13,469 13,163 1,109
C5 H17 1,070 1,113 4,019 3,364 1,106
02 H18 1,068 0,983 -7,959 -8,146 0,981
C10 H2 0,990 1,106 11,717 11,515 1,104
c9 H3 1,000 1,107 10,700 10,500 1,105
Cé6 H4 0,990 1,107 11,818 11,616 1,105
c7 H5 0,980 1,107 12,959 12,755 1,105
C11 H6 1,014 1,113 9,763 9,566 1,111
C12 H7 1,050 1,112 5,905 5,619 1,109
C12 H8 0,950 1,110 16,842 16,526 1,107
C12 H9 0,970 1,111 14,536 14,330 1,109
C13 o1 1,210 1,215 0,413 0,413 1,215
C13 02 1,280 1,365 6,641 6,484 1,363

Table-2 The calculated bond lengths with no polarisation function, also with one polarisation function and the X-RAY data of
ibuprofen, comparatively.

The effect of adding a polarisation function to the calculation can be seen in Figure-6 comparatively.
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Figure 6 Comparison of the X-RAY data, calculated bond lengths with no polarisation function, and calculated bond lengths with a
polarisation function.
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The changes of calculation errors after adding a polarisation function have given in Figure-7. As it is obviously seen in Figure-7,
the added polarisation function especially effected to Hydrogen bonds, just as desired.
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Figure 7 Changes of calculation errors after adding a polarisation function.

As it can be seen in Figure-6 and Figure-7, adding a polarisation function reduced the errors. This decrement has occurred especially
for the H bonds, just as we aimed. The other bonds had not been affected by the added polarisation function as much as H bonds did.
This is what we have expected. Hence, this might be considered a clue for the truthness of our assumption, about the origin of the big
calculation errors about hydrogens. However, although the the results have pointed out that we are on the right way, the strength of
actual decrease of the errors have found far below the expectations.

To get more decrement about calculation errors of H bonds, 3 polarisation functions were added to the calculations, instead of just
one. The obtained results have given in Table-3.

Length Length Length
Length| Calculated Difference with Calculated Difference with Calculated Difference with
Atom1|Atom2| X-RAY with no no polarisation with a a polarisation with athree [three polarisation
(A) polarisation function |%| polarisation function (%) polarisation functions (%)
function (A) function (A) functions (A)
C3 C1 |1,510 1,521 0,728 1,521 0,728 1,518 0,530
Cc9 C10 | 1,380 1,414 2,464 1,414 2,464 1,412 2,319
C13 C11 | 1,510 1,547 2,450 1,547 2,450 1,548 2,517
C11 C12 | 1,490 1,540 3,356 1,540 3,356 1,539 3,289
Cc1 C2 |1,550 1,552 0,129 1,552 0,129 1,55 0,000
C10 C3 ]1,380 1,414 2,464 1,414 2,464 1,411 2,246
C2 C4 |1,520 1,541 1,382 1,541 1,382 1,538 1,184
C2 C5 |1,530 1,541 0,719 1,540 0,654 1,538 0,523
C3 c6 |1,380 1,420 2,899 1,420 2,899 1,417 2,681
Cc8 C7 1,380 1,420 2,899 1,420 2,899 1,416 2,609
(¢3) C7 1,380 1,408 2,029 1,408 2,029 1,406 1,884
C11 C8 1,480 1,530 3,378 1,529 3,311 1,526 3,108
Cc8 c9 1,380 1,414 2,464 1,414 2,464 1,41 2,174
Cc2 H1 (0,983 1,115 13,428 1,112 13,123 1,113 13,225
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C1 H10 | 0,950 1,112 17,053 1,11 16,842 1,109 16,737
C1 H11 | 1,010 1,113 10,198 1,11 9,901 1,109 9,802
c4 H12 | 1,010 1,114 10,297 1,1121 10,109 1,111 10,000
c4 H13 | 0,980 1,113 13,571 1,1109 13,357 1,109 13,163
Cc4 H14 | 0,980 1,113 13,571 1,111 13,367 1,109 13,163
C5 H15 | 1,120 1,115 -0,446 1,113 -0,625 1,112 -0,714
C5 H16 | 0,980 1,112 13,469 1,109 13,163 1,108 13,061
C5 H17 | 1,070 1,113 4,019 1,106 3,364 1,109 3,645
02 H18 | 1,068 0,983 -7,959 0,981 -8,146 0,981 -8,146
C10 H2 | 0,990 1,106 11,717 1,104 11,515 1,1 11,111
Cc9 H3 | 1,000 1,107 10,700 1,105 10,500 1,102 10,200
C6 H4 [ 0,990 1,107 11,818 1,105 11,616 1,101 11,212
C7 H5 [ 0,980 1,107 12,959 1,105 12,755 1,1 12,245
Cl1 H6 (1,014 1,113 9,763 1,111 9,566 1,111 9,566
C12 H7 | 1,050 1,112 5,905 1,109 5,619 1,108 5,524
C12 H8 [ 0,950 1,110 16,842 1,107 16,526 1,106 16,421
C12 H9 (0,970 1,111 14,536 1,109 14,330 1,108 14,227
C13 01 |1,210 1,215 0,413 1,215 0,413 1,216 0,496
C13 02 1,280 1,365 6,641 1,363 6,484 1,36 6,250

Table-3 The calculated bond lengths with no polarisation function, with a polarisation function, with three polarisation functions

and the X-RAY data of ibuprofen, comparatively.

The effect of adding three polarisation functions to the calculation can be seen in Figure-8 comparatively.
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Figure 8 Comparison of the X-RAY data, the calculated bond lengths with no polarisation function, the calculated bond lengths with a
polarisation function, and the calculated bond lengths with three polarisation functions.

e-ISSN: 2148-2683 240



European Journal of Science and Technology

As it is seen in Figure-8, adding three polarisation functions hasn’t changed the calculated bond profile much. Adding two more
polarisation functions has changed error rates just a little bit, sometimes even it has increased the error rate itself.

On the other hand, adding more polarisation functions to calculations has some computational costs, as it is seen in Table-4.

Number of polarisation Number of polarisation Number of polarisation
functions =0 functions =1 functions =3
TOTAL NUMBER OF BASIS SET
SHELLS 81 99 135
NUMBER OF CARTESIAN GAUSSIAN
BASIS FUNCTIONS 246 300 408

Table-4 Total number of basis set shells and number of Cartesian Gaussian basis functions for each calculation case.

As it is seen in Table-4, computational cost of calculations increased too much, according to the benefits of this cost in terms of
decreasing calculation errors.

4. Conclusions and Recommendations

Although it is actually reduces the Hydrogene bond errors, it is not recommended to use “more polarisation functions”, in order to
minimise computational errors about these bonds. Because, using more polarisation functions, increases the computational cost, but this
cost is not worth to outcome; a major increment in computational cost, gives only a fractrional improvement about eliminating H bond
errors.

Also, it is proved that, the polarisation effect of hydrogen atoms is not the main reason of the relatively big calculation errors about
bonds of hydrogen atoms.
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