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Abstract

Chromatography is a tool to measure molecular interactions, and computa-
tional chemistry is a tool to explain molecular interactions. Therefore, reversed-phase
liquid chromatography of acidic drugs using a pentyl- and an octyl-bonded silica gels
was quantitatively analyzed in silico. A model pentyl- and an octyl-bonded silica gel
and a methanol phases were constructed for docking with acidic drugs. Molecular in-
teraction energy values based on van der Waals energy were obtained after docking an
acidic drug into the model pentyl- or octyl-phases. Solvent effects, hydrogen bonding,
and electrostatic energy values were obtained after docking an acidic drug onto the
model methanol phase. Chromatographically measured log k values were correlated
with the sum of van der Waals, hydrogen bonding, and electrostatic energy values.
The correlation coefficient between the log £ values measured using the pentyl-bond-
ed silica gel phase and the molecular interaction energy values was 0.95 (n = 20); that
between the log & values measured using the octyl-bonded silica gel and the molecular
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interaction energy values was 0.95 (n = 20).

Introduction

Liquid chromatography is a popular analytical tech-
nique; however, the retention mechanisms were not quanti-
tatively explained due to the difficulty in obtaining molecular
properties of the analytes. A quantitative explanation of the re-
tention mechanisms is necessary to understand the chemistry
of chromatography. The development of computational chem-
ical calculations first permitted the prediction of log P values
(octanol-water partition coefficient). The log P values were
first applied to predict retention times in reversed-phase liquid
chromatography, even when the molecules were ionized, if the
dissociation constants (pKa) were known!. However, log P
values can only be used for the prediction of retention times in
reversed-phase liquid chromatography. Therefore, further study
was carried out to handle quantitative explanations of other
chromatography methods. Chromatography is used to measure
Molecular Interaction (MI) strengths using model compounds
and is an excellent technique for measuring the relative physi-
co-chemical values of molecules within a short time. Individual

MI forces are clearly observed in different types of chromatog-
raphy in terms of the different retention times of the analytes.

Chromatographic retention is described based on a
combination of solubility factors using molecular properties.
The selection of chromatographic mode and the column is per-
formed based on solubility factors. The quantitative analysis
of MI is of fundamental interest. Computational chemistry is
a method to study molecular interactions. The development of
computer software has the calculation of theoretical properties
of molecules easier. Feasibility can be demonstrated using small
molecules.

Computational chemical analyses provide MI energy
values as the sum of mainly van der Waals, hydrogen bonding,
and electrostatic energy values. The van der Waals energy is
related to molecular size. The contact surface area between an
analyte and an adsorbent contributes to the molecular interaction
energy. Hydrogen bonding between an analyte and an adsorbent
(if present) also contributes to the MI energy. When ionic in-
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teractions exist, electrostatic energy contributes to the molec-
ular interaction energy. The measurement of direct interactions
reveals the different MI strengths between an analyte and the
packing material surface or the liquid phase!®*.

In liquid chromatography, the selection of solvent is
a major challenge for achieving selective separation. Even in
reversed-phase liquid chromatography, the selection of solvent
(organic modifier) is limited in practice; however, the selection
of solvent plays a major role in chromatographic separation. In
general, the computational chemical analysis of liquid chro-
matographic retention is performed without solvents in the cal-
culation. Therefore, the solvation effect is obtained separately as
MI between an analyte and a model solvent phase. A construct-
ed model solvent phase is quite simple for similar compounds
like derivatized amino acids®™® and flat molecules that do not
require complete solvation for a practical approach to study the
solvent effect!®”). However, the analysis of retention mecha-
nisms for drugs is difficult because of their complicated stereo
structure. Even a model bonded-phase was constructed, but a
relation between molecular interactions and chromatographic
retention was not demonstrated™®. It seems that a construction of
bonded-phase polysiloxane support was difficult; therefore, the
bonded alkyl-chains were independently bent, and did not quan-
titatively relate with chromatographic retention. Importance of
molecular interactions in chromatography was described; how-
ever, the QSRR was based on molecular properties, and they did
not actually calculate molecular interactions!..

Once model bonded-phase is constructed, the retention
times of a various compounds can be quantitatively analyzed.
The simplest model phase is graphitized carbon phase. It is a
flat large polycyclic hydrocarbon constructed using SP? carbon
atom!'*"?]. Furthermore, SP? carbon atom can construct a hon-
ey corn type homogeneous support!'*!4. The model phase was
applied to analyze retention time of phenolic compounds!*>!6],
drug-albumin binding affinity!’”), and aromatic acid"®. Even,
model ion-exchangers were constructed and chromatographic

behavior of acidic drugs on a guanidine ion exchanger!*! and
basic compounds on a carboxyl ion-exchanger?. However, the
alkyl bonded phase is dense; therefore, it supported for flat mol-
ecules such as phenolic compounds®". The alkyl-bonded polysi-
loxane support!'?? was applied to analyze retention times in re-
versed-phase liquid chromatography of phenolic compounds!?3,
acidic drugs®¥, basic drugs® and aromatic acids®”, and in nor-
mal-phase liquid chromatography!?”..

Therefore, a simple construction method of a honey
corn type support was studied. The larger atom with SP* atom-
ic orbital’s is lead (Pb). Even the atomic distance between two
lead atoms is slightly shorter than that in the polycyclic silox-
ane phase. However, larger atoms having sp® orbitals are not
available in this program; therefore, lead atoms were used to
build the polycyclic phase to promote in silico chromatography
based on MI. Various model phases were constructed to analyze
the retention mechanisms in reversed-phase liquid chromatog-
raphy using pentyl- and octyl-bonded silica gel columns. The
pentyl-bonded silica gel?®*! is weak hydrophobic material and
requires low concentration of organic modifier compared to
popular octadecyl-bonded silica gel and used for a combination
of isocratic elution and column switching technique!*®l.

Experimental

Chromatographic data were measured using a 100 x
2.1 mm LD. column packed with home-made end-capped pen-
tyl- and octyl-bonded silica gels with eluent containing 50 mM
phosphoric acid and 50% methanol. The flow rate was 0.2 mL
min™'. The column temperature was 40°C. Molecular modeling
and molecular interaction energy values were calculated via
Molecular Mechanics (MM) of CAChe™ program from Fujitsu,
Japan. The computer was a PC model Prime INWIN BL672-
4 with Intel Core i7 from Dospara, Yokohama, Japan. The cal-
culated molecular properties and measured capacity ratios are
summarized in [Tables I & II].

Table I: Molecular property of acidic drugs, and model pentyl- and octyl-phases

Compound fs hb es vw FS! HB! ES! VW! FS? HB? ES? VW2
ﬁ‘rﬁg"’““l' 557534 | 7440 | 14.514| 14514 642.9581 | -12.546 | 12.884 | -957.637 | -1021.7214 | -7.751 | 15.877 | -1334.829
Barbital 592202 | -8435 | -75.190 | 4.532 7451419 | 9.021 | -76310 | -948.756 | -1123.8568 | -8.535 | -75.449 | -1321.945
Benzoic acid | -18.3917 | -5.701 | -6.438 5.269 707.6068 | -5.716 | -7.532 | -955.087 | -1078.6490 | -5.728 | -6.648 | -1316.648
S;lloamphen' 17.1676 | -8.459 | 25750 |  7.412 6774886 | -8.260 | 24.847 | -959295 | -1058.1183 | -8.127 | 25318 | -1330.480
Furosemide 07485 | -7.664 | -3.905 5.902 46953108 | -7.917 | -5.191 | -959.026 | -1075.1119 | -7.378 | -4252 | -1333.366
Ibuprophen 187414 | -5805 | -4317| 4763 7087245 | -5.840 | -5.565 | -956.529 | -1096.4868 | -5.871 | -4.543 | -1329.776
Indomethacin | -22.6674 | -5.817 | -13.530 |  6.908 717.8729 | -6.012 | -14.591 | -957.812 | -1099.8751 | -5.796 | -13.692 | -1331.928
[opanoic acid 44765 | -4878 | 3836 | 6977 46977545 | -4944 | 2637 | -955.637 | -1081.7336 | -4.891 | 3.847 | -1332.106
ggief“amlc 19.8971 0272 | -9.420 | 19732 | -698.1254 | -6212 | -10.621 | -953.535 | -1083.1071 | -6.126 | -9.577 | -1325.172
fc?gd‘x‘”c 384956 | -6.136 | -39.589 | 12.072 | -729.8084 | -6.145 | -40.768 | -948.636 | -1108.1258 | -6.138 | -39.409 | -1320.033
Naproxen 294612 | -5811| -4300| 6878 7273266 | -5.783 | -5.355 | -963.908 | -1102.5671 | -5.834 | -4.325 | -1328.668
Nicotinic

o 196795 | -6.029 | -9.676 | 3.879 -707.3804 | -6.090 | -10.767 | -955.553 | -1079.0712 | -6.012 | -9.705 | -1317.546
Zpgggylb“ta' 15.0332 | 0.000 | -10.940 | 18.105 | -680.6856 | 0.000 | -12.265 | -946.259 | -1057.9650 | 0.000 | -11.058 | -1318.433
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l’:‘Hyd.“”‘y.‘(; -18.5029 | -5.198 | -6.438 5.147 | -707.5189 | -5.329 | -7.687 | -955.100 | -1078.9363 | -5.190 | -6.383 | -1317.416
€NZOo1C acl

Probenecid 43525 | -5.704 | -3.460 9.257 | -704.1055 | -5.711 | -4.782 | -957.918 | -1084.7399 | -5.686 | -3.291 | -1335.265
Salicylicacid |  -17.4309 | -5.435 | -6.148 5.988 | -708.9924 | -9.278 | -7.542 | -953.755 | -1078.1121 | -5.428 | -6.402 | -1316.618
:;‘gfzmeth"x' 0.8051 | -1.028 | 2.724 3.083 | -696.0179 | -2.024 | 1.474 | -961.516 | -1070.6836 | -0.676 | 2.625 | -1330.728
Tolazamide -3.0540 | -2.719 | -12.840 8.645 | -701.1969 | -3.175 | -14.397 | -959.127 | -1089.1732 | -3.656 | -13.916 | -1337.486
Tolbutamide 29.6224 | -2.637 | -25.652 5.029 | -726.0762 | -2.988 | -26.999 | -963.017 | -1112.2159 | -3.847 | -27.268 | -1337.105
Warfarin -15.2297 | -0.414 | -6.057 7.456 | -718.0585 | -0.387 | -6.938 | -959.563 | -1095.1001 | -0.535 | -7.111 | -1330.370
Pentyl-phase | -673.5968 | 0.000 | -1.237 | -945.515

Octyl-phase | -1044.2080 | 0.000 | -0.182 | -1306.013

fs, hb, es, vw: final structure, hydrogen bonding, electrostatic energy, van der Waals energy values (kcal mol™'); FS, HB, ES, VW: final structure,
hydrogen bonding, electrostatic energy, van der Waals energy of complexes of compound and model pentyl phase (1) and octyl-phase (2).

Table II: Molecular properties of acidic drugs and model methanol phase

FS? HB? ES? Vw3 log k, log k,
1 Ammoxicillinum 15.8237 -82.215 -4.334 25.223 -1.126 -0.945
2 Barbital -103.7341 -85.181 -93.974 24.660 -1.574 -2.184
3 Benzoic acid -44.5033 -72.340 -21.340 28.528 -0.048 -0.471
4 Chloamphenicol -16.6174 -80.336 8.426 29.895 -0.078 -0.049
5 Furosemide -34.3413 -79.237 -18.919 24.474 -0.154 -0.029
6 Ibuprophen -44.8607 -67.032 -20.252 23.871 1.263 1.429
7 Indomethacin -57.9789 -73.620 -31.658 26.020 0.882 1.318
8 Iopanoic acid -31.1429 -68.602 -11.130 26.506 1.404 1.701
9 Mefenamic acid -31.1087 -66.663 -26.136 34.907 1.404 1.704
10 Nalidixiric acid -70.7731 -72.999 -56.329 31.645 0.035 0.160
11 Naproxen -61.2141 -71.250 -20.143 24.754 0.609 0.793
12 Nicotinic acid -53.7529 -80.020 -26.305 25319 -1.030 -1.013
13 Phenylbutazone -14.7741 -63.096 -28.932 37.119 0.837 1.155
14 p-Hydroxylbenzoic acid -47.9586 -74.425 -22.517 29.209 -0.099 -0.504
15 Probenecid -40.7448 -72.894 -19.713 24.291 0.586 0.721
16 Salicylic acid -47.7483 -73.717 -22.732 28.681 -0.207 -0.121
17 Sulfamethoxazole -33.9446 -73.896 -12.604 24.069 -0.677 -0.661
18 Tolazamide -46.4798 -72.396 -32.528 22.660 0.461 0.560
19 Tolbutamide -69.9539 -71.918 -44.747 18.580 0.407 0.520
20 Warfarin -52.9162 -65.768 -22.272 27.938 0.759 0.915

Methanol-phase -1.7160 -46.017 -13.695 26.690

FS, HB, ES, VW: final structure, hydrogen bonding, electrostatic energy, van der Waals energy of complexes of compound and model methanol
phase (3): log k, and log k,: log k measured using pentyl- and octyl-columns.

Results

Construction of model pentyl- and octyl-bonded phases

A large size polycyclic aromatic hydrocarbon was con-
structed as a model carbon phase, and the retention mechanisms
of carbon columns were elucidated®. A silica gel model phase
was used for the quantitative explanation of normal-phase liquid
chromatography™. However, the construction of bonded-phases
was not simple. Different model phases had to be constructed
to improve the correlation between log k and the calculated MI
energy values'?. First, a simple, flat alkyl-phase bonded with a
polycyclic hydrocarbon was constructed and used to study the
retention mechanisms of phenolic compounds. Those structures
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are basically flat; therefore, a one-sided interaction with the flat
model phase was used for the quantitative explanation of reten-
tion of phenolic compounds in reversed-phase liquid chromatog-
raphy. Such simple model phase was not practical for the quan-
titative explanation of the retention mechanisms of acidic drugs.
Therefore, a complicated alkyl-bonded silica gel phase was con-
structed. The stereo structure was not homogencous; therefore,
the docking of drugs required good artistic eyes and chemical
institution to decide the initial position before docking®. The
polysiloxane phase was not homogeneous. Two types of silox-
ane rings consisted with three SiO, molecules. The bonded alkyl
chains formed a ridge. Further study was carried out to build a
homogeneous phase. Construction of a polycyclic carbon phase
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was simple; however, the atomic distances between the carbons
that bind with alkyl-chains were too short when compared to
atomic distances of the polysiloxane phase. The polycyclic sili-
cone phase did not match the polycyclic siloxane phase.

The basic structure is the same as that of a polycyclic
carbon phase. Once the basic phase was constructed, lead at-
oms were locked and bonded with alkyl groups. A model pen-
tyl-bonded phase is shown in [Figurel] where benzoic acid is
docked within this phase. The model phase was constructed us-
ing 419 carbon atoms, 952 hydrogen atoms, 90 oxygen atoms
and 190 lead atoms including 81 pentyl and 9 methyl groups.
Practically, such a dense alkyl-bonded phase cannot be synthe-
sized. Alkyl-trichlorosilicone is used as a silyl reagent for the
surface polymerization of alkyl groups, but the carbon content of
the final products did not indicate poly-alkyl-bonded silica gels.
It might be partly polymerized, and all silanol groups were not
bonded with the silyl reagent. Alkyl-monochlorosilane has two
methyl groups whose steric hindrance also interrupts the silyla-
tion of neighboring silanol groups. The existence of free silanol
groups is easily observed from the chromatographic behavior of
basic compounds such as pyridine®. Therefore, a valley shape
alkyl-bonded phase was constructed by the replacement of pen-
tyl groups with methyl groups for a practical use as a model
phase of an alkyl-bonded porous silica gel.

Figure 1: Figurel. Model pentyl-phase with docked benzoic acid
Atomic size of the model phase is 20% of original size.

A model octyl-bonded phase was also constructed. The
first model was similar to the pentyl-bonded phase. However,
this model demonstrated stronger MI with a longer molecule
like phenyl butazone than small molecules and ball-type mole-
cules. Therefore, a new model was designed that demonstrates
the limited access of longer molecules and the reasonable access
of ball-type molecules. The model phase is shown in [Figure 2]
with benzoic acid docked inside the hole. The model phase was
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constructed using 473 carbon atoms, 1146 hydrogen atoms, 133
lead atoms, 60 oxygen atoms, and 63 silicone atoms including
58 octyl, 3 methyl and 2 ethyl groups.

Figure 2: Model octyl-phase with docked benzoic acid
Atomic size of the model phase is 20% of original size.

Figure 3: Model methanol-phase with docked benzoic acid
Atomic size of the model phase is 20% of original size.

Construction of model methanol phases

It was difficult to construct a completely solvated phase
using this computer software. A molecular dynamics program
can demonstrate that a solute exists within solvent molecules;
however, optimization of the structure did not produce a repro-
ducible conformation. Therefore, a model solvent layer was con-
structed similar to the acetonitrile phase constructed beforel.
The flat methanol model phase did not demonstrate a good sol-
vation model. Therefore, two flat methanol model phases were
located to build a V-shape valley. The phase was constructed
with 72 carbon atoms, 72 oxygen atoms and 283 hydrogen at-
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oms. There were 72 methanol molecules in total. The carbon
atoms were locked to hold the basic structure. The structure is
shown in [Figure 3] with benzoic acid.

Calculation of Molecular Interaction (MI) energy values
The MI energy value (kcal mol!) was the sum of a sol-
ute and model phase energy values minus a complex energy val-
ue. MI energy value of the final (optimized) structure (MIFS),
hydrogen bonding (MIHB), electrostatic (MIES), and van der
Waals (MIVW) can be calculated using the following equations.
MIFS = FS(molecule A) + FS(molecule B) — FS(molecule A and
molecule B complex),
MIHB = HB(molecule A) + HB(molecule B) — HB(molecule A
and molecule B complex),
MIES = ES(molecule A) + ES(molecule B) — ES(molecule A
and molecule B complex),
MIVW = VW(molecule A) + VW(molecule B) — VW(molecule
A and molecule B complex). The relative MIHB, MIES, and
MIVW values indicate the contribution level.

The calculated Final Structure (FS), Hydrogen Bond-
ing (HB), Electrostatic (ES), and Van Der Waals (VW) energy
values of complexes with the model pentyl- and octyl phases
are summarized in [Table I] with the molecular properties of the
acidic drugs. MI energy values calculated using the methanol
phase is given with log & values measured on both pentyl- and
octyl-bonded silica gel columns in the [Table II]. Chromatogra-
phy was performed in solution of pH 2; therefore, all compounds
except salicylic acid were eluted in the molecular form.

MIVW calculated using the model pentyl-phase and MIHB
calculated using the model methanol-phase were related with
log k values measured using the pentyl-phase, and the results
are given by the following equations, and shown in [Figure 4].

MIVW! =3.360 log k£ + 19.910,r=0.611, n =20

MIHB? = -3.284 log k +23.507, r = 0.827, n = 20,

MIVW'! — 2MIHB?® = 11.631 log k — 27.256, r = 0.950,
n = 20.

Figure 4: Correlation between molecular interaction energy values and
log k values for pentyl-phase, Compound numbers: see Table 1.
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The correlation coefficient for MIVW in this re-
versed-phase system was poor (r = 0.611, n = 20). The r values
for MIHB energy in the model methanol phase was acceptable
(r = 0.870, n = 20). The combined MIVW and MIHB values
correlated with log & values and the r value was 0.950 (n = 20).
The results indicate that the solvent effect significantly influ-
enced reversed-phase liquid chromatography when using the
pentyl-bonded silica gel column.

A similar approach was adopted for log k values mea-
sured using the octyl-bonded silica gel column. The relation be-
tween MIVW and log k and that between MIHB and log & values
are given by following equations, and shown in [Figure 5].

MIVW?2=5.150 log k +27.996, r = 0.612, n = 20,

MIHB? = -3.284 log k + 23.507, r = 0.827, n = 20,

MIVW?2 -MIHB? — 0.5 MIES® = 15.119 log k — 44.128,
r=0.947, n = 20.

The contribution of the hydrophobic interaction
(MIVW) is not significant (r = 0.612, n = 20), but solva-
tion (MIHB) mainly contributed (r = 0.827, n = 20) in the re-
versed-phase. The combined (MIVW + MIHB) value correlated
with log £ values at r = 0.945 (n = 20) explained the octyl-bond-
ed silica gel column. Addition of MIES calculated using the
model methanol-phase improved the r value slightly (r = 0.947,
n =20). It seemed that MI values of indomethacin were outliers,
as shown in [Figures 4 & 5]; the reason for this is not clear. The
above results were recalculated. The r values improved from
0.950 to 0.964, and from 0.947 to 0.970 (n = 19) for the pentyl-
and octyl-bonded phases, respectively.

Figure 5: Correlation between molecular interaction energy values and
log & values for octyl-phase, Compound numbers: see Table 1.

Discussion

Designing a model phase is a critical process in silico
chromatography for easy docking. A simple flat model worked
well for flat molecules because one-sided MI indicated the rela-
tive MI. In general, a molecule should at least be sand-witched. A
valley- type model phase was easily constructed; however, lon-
ger shaped molecules demonstrated higher MI energy than short
and ball-shaped molecules, which demonstrated low MI energy
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values. A hole-type model was being considered as porous silica
gels could be constructed; however, the hole-size was critical. A
larger hole accepted a variety of compounds; however, such a
hole was suitable for larger molecules but not smaller molecules.
A smaller hole was not suitable for larger molecules, especially
longer molecules. The octyl-phase on the above model had a
moderate-sized hole; therefore a longer molecule (phenylbuta-
zone) docked well as other molecules did, but the hole was too
small for indomethacin. A large hole suitable for indomethacin
was too large for smaller molecules. A valley-type model phase
like the pentyl-phase was constructed; this model was suitable for
phenylbutazone, but not for others. The valley-type pentyl-phase
worked fine except for indomethacin. Many compounds were
not covered inside the valley and parts of certain molecules were
free from contact. These model phases are more homogeneous
than previously proposed models?, and the docking process was
easier. However, further study of the feasibility of these model
phases is required to build an auto-docking system.

Conclusion

Computational chemical analysis has been applied
to the study of molecular interactions; however, some authors
reported modeling without quantitatively analyzed their chro-
matographic data. Further, the prediction of solubility has not
been achieved even in water. When the prediction of solubility
is achieved, the precision of the retention time prediction will
be improved using a similar computational chemical program.
The above approach was a one-step improvement over previ-
ous results. As a complementary approach to these technological
advances, computational chemical analysis is a promising tech-
nique with the potential to analyze the mechanisms of molecular
interactions between analytes and solid phases. Especially given
the feasibility of modeling the three-dimensional structures of
biological macromolecules, this technology can be easily ap-
plied to study the retention mechanisms in chromatography for
a variety of model phases. Additionally, theoretical calculations
can provide significant insight into organic reaction mechanisms
in chromatography. This method, revealing a high correlation
coefficient between the measured capacity ratios and the sum of
theoretically calculated molecular interaction energy and molec-
ular property will open the possibility for the quantitative analy-
sis of chromatographic retention mechanisms.
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