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Abstract

Retention parameters of 45 different barbituric acid derivatives were determined on an amide embedded RP silica
column (Discovery RP-AmideC16) using non-buffered water—acetonitrile eluent systems. Linear correlation were
calculated between the logarithm of the capacity factor and the acetonitrile concentration in the eluent. To determine
the retention behavior of barbituric acid derivatives, stepwise regression analysis (SRA) and principal component
analysis (PCA) followed by two-dimensional nonlinear and modified nonlinear mapping was used. It can be
concluded, the retention of barbituric acid derivatives are governed mainly by the steric parameters of the
substituents. Principal component analysis indicated that the barbituric acid derivatives have mixed retention on this
amide embedded RP silica column in water—acetonitrile eluent. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The application of silica or silica based sup-
ports in reversed-phase high performance liquid
chromatography (RP-HPLC) is limited by the low
stability of silica at high pH values [1] and by the
undesirable electrostatic interactions between the
polar substructures of solutes and the free silanol
groups not covered by the hydrophobic ligand of
the support. This necessitated the search for other
than silica support as alumina [2], octadecyl or
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polymer coated alumina [3,4], titana or polymer
coated titana and zirconia [5,6], porous graphitic
carbon [7] and various polymer based supports
[8]. Such supports are still not generally used
owing to their price and uncleared retention
mechanisms. Using silica based phases have to
decrease or eliminate the effect of residual acidic
silanol groups. Partial solution for problem men-
tioned above consist of end-capping [9,10], intro-
duction of bulkier substituents on the silica atom
of the silanol reagent in the place of methyl
groups [11,12], use of bidentate ligands [13] or
mixed trifunctional silanes [14], and addition of
buffers or various additives to the eluent to mask
the effect of the silanol groups [15,16].
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A totally different approach to minimize the
effect of residual silanol groups is to generate a
functionality on the modified reversed phase silica

Table 1
The calculated AFs and N values and theirs standard devia-
tions S(AFs), S(N), respectively

No. AF; S(AFs) N S(N)
1 _ _ _ _
2 1.27 0.62 421 87
3 2.14 0.29 3015 2015
4 1.33 0.25 4192 6317
5 1.52 0.36 513 78
6 1.58 0.50 906 290
7 2.20 0.65 1067 407
8 1.55 0.57 869 476
9 1.95 0.82 1071 394

10 1.15 0.26 819 216

11 1.40 0.47 1190 253

12 1.86 0.35 1370 372

13 1.98 0.51 2517 968

14 1.99 0.50 1841 605

15 1.75 0.29 831 419

16 1.82 0.43 860 333

17 - - - -

18 1.93 0.47 1113 557

19 1.64 0.49 795 276

20 0.96 0.39 236 84

21 1.18 0.13 599 236

2 1.37 0.44 1246 479

23 1.74 0.29 1362 391

24 2.00 0.45 1473 643

25 1.55 0.33 714 244

26 1.65 0.54 1194 387

27 0.89 0.09 371 155

28 1.99 0.91 3415 101

29 1.94 0.58 2126 375

30 1.56 0.51 956 763

31 - . - .

32 - - - -

33 1.85 0.44 2566 651

34 1.28 0.43 1500 460

35 1.36 0.61 1929 457

36 1.83 0.72 2871 722

37 2.05 1.38 1676 348

38 1.93 0.34 2657 485

39 1.74 0.63 2123 595

40 1.47 0.75 1508 538

41 1.80 0.58 2457 343

4 1.68 0.36 1346 480

43 1.42 0.81 561 247

44 1.20 0.22 576 150

45 1.38 0.40 482 164

surface. Internal polar groups [17] as amide [18]
or carbamate [19] groups can react with the resid-
ual silica silanols through electrostatic or hydro-
gen bonding interaction, resulting to weaken the
interaction between the polar analytes and the
silanol groups. Columns with embedded amide
groups were first introduced by Supelco who re-
cently produced a version of the original phase
based on pure octadecyl coated silica [20]. Such
amide embedded columns have an excellent reso-
lution of polar compound and different elution
profiles compared to C18 phases. There are lot of
articles in the literature dealing with the elucida-
tion of relationships between the retention
parameters and the molecule structure. However,
most of these articles discussing the retention
mechanisms of the traditional reversed-phase and
the adsorption columns. Since the amide embed-
ded columns have been introduced for few years,
to the best of our knowledge the relationships
between the retention parameters of analytes on
this specific stationary phase and their physico-
chemical parameters has not been studied in
details.

The aim of this paper was to determine the
retention behavior of different barbituric acid
derivatives on amide embedded silica column in
acetonitrile-water eluent systems using different
mathematical statistical methods: stepwise regres-
sion analysis (SRA) and principal component
analysis (PCA) followed by two-dimensional non-
linear and modified nonlinear mapping
techniques.

2. Experimental

The silica column with embedded amide groups
(Discovery RP-AmideC16, 125 x 4.6 mm I.D.,
particle size 5 um) was received as a present from
Supelco (Bellafonte, USA). The HPLC system
consisted of a Waters LC Module I and Waters
746 integrator (Waters, Milford, MA). The flow
rate was 0.8 ml min—! and the detection wave-
length was set to 240 nm. Mixtures of non-
buffered acetonitrile-water were used as eluents,
acetonitrile concentration ranged from 30 to 55
v/v (minimum at five different concentrations).
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Table 2
Results of linear regression between the logarithm of capacity factor and acetonitrile concentration (C) in the eluent

No. log ko x 10? S(log ky) x 10? bx10? S(b) x 102 r
1 231.27 47.66 —6.87 5.94 0.8559
2 Not significant
3 226.77 0.56 —3.37 0.17 0.9990
4 204.17 1.36 —3.47 0.39 0.9994
5 21.10 2.79 —1.27 2.16 0.9824
6 161.28 3.07 —3.09 0.99 0.9963
7 148.71 3.45 —2.94 1.17 0.9949
8 101.14 4.03 —2.30 1.73 0.9887
9 146.19 3.48 —2.87 1.21 0.9945
10 187.75 1.40 —3.07 0.45 0.9923
11 186.29 1.18 —3.03 0.39 0.9944
12 192.62 1.50 —3.16 0.47 0.9917
13 230.74 1.00 —345 0.29 0.9969
14 212.54 1.30 —3.36 0.38 0.9945
15 106.95 10.53 —2.74 3.65 0.9488
16 120.36 3.15 —2.58 1.21 0.9944
17 Not significant
18 130.96 3.09 —2.64 1.17 0.9949
19 117.09 3.52 —2.56 1.37 0.9930
20 —6.93 5.24 —0.99 4.79 0.9097
21 100.01 6.10 —2.28 2.61 0.9741
22 245.37 3.18 —4.13 0.76 0.9822
23 264.55 3.26 —4.39 0.73 0.9800
24 183.36 3.56 —3.34 1.06 0.9958
25 107.14 4.59 —2.59 1.75 0.9884
26 159.69 2.44 —3.06 0.80 0.9976
27 251.58 7.10 —4.54 1.54 0.9860
28 331.58 0.16 —4.71 0.03 1.0000
29 227.75 0.44 —3.44 0.13 0.9994
30 151.50 6.22 —3.05 2.02 0.9890
31 Not significant
32 Not significant
33 280.04 0.30 —4.15 0.07 0.9998
34 231.95 0.48 —3.80 0.13 0.9994
35 316.83 1.79 —4.85 0.37 0.9950
36 315.01 0.10 —4.60 0.02 1.0000
37 180.16 0.75 —2.83 0.26 0.9974
38 240.63 0.40 —3.62 0.11 0.9995
39 233.02 1.14 —3.61 0.32 0.9963
40 253.30 3.25 —4.46 0.73 0.9980
41 245.70 0.01 —3.74 0.00 1.0000
42 474.90 16.84 —8.77 1.73 0.9029
43 —15.94 1.99 —0.71 2.72 0.9718
44 29.21 2.69 —1.35 1.96 0.9854
45 —6.44 0.82 —0.75 1.09 0.9955

log k =log ky+bC. S(log k) and S(b) are the standard deviations of the log k, and b values, respectively.

Nonbuffered eluents were used because the shapes (21-23 °C). The barbituric acid derivatives (Fig.
of the peaks were sufficient on this column. The 1) were dissolved in methanol at the concentration
experiments were carried out at room temperature of 0.1 mg ml~"'. The retention time, asymmetric



916 A. Jakab et al. /J. Pharm. Biomed. Anal. 27 (2002) 913-921

(0]
R R4
7~
R2 /L
(o) T X
R3

No. R1 R2 R3 R4 X
1 H H H H O
2 methyl methyl H H (6]
3 3-penthyl methyl H H (6]
4 methyl 1-methylpenthyl H H (6]
5 ethyl ethyl H H (6]
6 ethyl 1-methylbutyl H H (0]
7 ethyl 3-methylbutyl H H (0]
8 ethyl 1-methylpropyl H H (0]
9 ethyl n-penthyl H H (6]
10 buthyl 1-methylpropyl H H (6]
11 buthyl 1-methylbutyl H H (6]
12 buthyl 3-methylbutyl H H (6]
13 ethyl n-octyl H H O
14 ethyl 3-dimethyloctyl H H (6]
15 allyl i-propyl H H (6]
16 allyl i-butyl H H O
17 allyl 1-methylbutyl H H (0]
18 methyl cyclohexenyl methyl H (6]
19 allyl cyclopentenyl H H (6]
20 ethyl 1-cyclohexenyl H H (0]
21 ethyl ethyl H H S
22 ethyl 1-methylbutyl H H S
23 allyl 1-methylbutyl H H S
24 ethyl 1,3-dimethylbutyl H H (6]
25 ethyl phenyl H H (6]
26 ethyl ethyl phenyl H (6]
27 ethyl ethyl benzoyl H (6]
28 ethyl ethyl benzoyl benzoyl (0]
29 ethyl ethyl p-Cl-benzoyl H (0]
30 ethyl ethyl Pp-NO»-benzoyl H (0]
31 ethyl phenyl p-NO,-benzoyl ~ p-NOr-benzoyl O
32 ethyl phenyl phenyl H (6]
33 ethyl phenyl benzoyl methyl (0]
34 ethyl phenyl p-NH,-benzoyl methyl (6]
35 ethyl phenyl 0-NO,-benzoyl methyl (0]
36 ethyl phenyl p-NO,-benzoyl methyl (6]
37 ethyl phenyl m-NO,-benzoyl methyl (6]
38 ethyl ethyl p-NO,-benzoyl methyl (6]
39 ethyl ethyl benzoyl methyl (6]
40 methyl phenyl benzoyl H (0]
41 methyl phenyl benzoyl methyl (0]
42 ethyl phenyl benzoyl H (6]
43 ethyl methyl H H (0]
44 ethyl propyl H H (0]
45 methyl methyl methyl H [6)

Barbituric acid derivatives were synthesized by Professor J. Bojarski (Academy of Medicine, Krakow,

Poland) and co-workers.

Fig. 1. Chemical structure of barbituric acid derivatives.



A. Jakab et al. /J. Pharm. Biomed. Anal. 27 (2002) 913-921 917

factor and the theoretical plate values of each
compound in each eluent were determined three
times.

The asymmetry factors (AFs;) were calculated
according to AF;= B/A, where A and B can be
measured by drawing a perpendicular line from
the apex of the peak to the baseline and measure
the front (A4) and back (B) widths of the peak at
5% height. The number of the theoretical plates
were calculated according to N =16(z,/t,) for-
mula, where ¢, is the retention time and ¢, is the
band width measured at the baseline. The N
values were taken into calculation because the N
values are depending on the structure of the
molecules and the property of the stationary
phase, because of that there are several methods
and analytes used for testing the columns and
calculating the N value [21].

Linear correlation was used to describe the
dependence of the log k value on the concentra-
tion of acetonitrile.

log k =log ky+ bc €))

where log k is the logarithm of the capacity fac-
tor; ¢ is the acetonitrile concentration in the elu-
ent (vol%). logk, and b are constants to be
determined by the least square method. The log &,
is the logarithm of the capacity factor extrapo-
lated to zero concentration of the organic compo-
nent in the mobile phase (related to molar
lipophilicity) [22] and b is the change of the log k&
value caused by a unit change (1% vol) in the

Table 3

organic mobile phase concentration (related to the
specific hydrophobic surface area in contract with
support [23].

The overwhelming majority of quantitative
structure—retention relationship (QSRR) studies
employ linear, nonlinear, multilinear or other
multivariate methods where the dependent vari-
able is generally one selected retention parameter.
This methods can be successfully used for the
elucidation of the relationship between one reten-
tion parameter and any number of physico-chemi-
cal characteristics. However, these methods are
unsuitable for the assessment of relationships be-
tween more than on retention parameters and
physico-chemical characteristics.

To find the physico-chemical parameters of the
barbituric acid derivatives significantly influence
their retention parameters (logk,, b, AFs, N,
log k,/b) stepwise regression analysis (SRA) was
used. In the common multivariate regression anal-
ysis the presence of independent variables which
exert no significant influence on the dependent
variable lessens the significancia level of those
independent variables which do significantly influ-
ence the dependent variables. To overcome this
difficulty the SRA automatically eliminates from
the selected equation the insignificant independent
variables. The physico-chemical parameters in-
cluded in the calculation were: = = Hansch—Fuji-
ta’s constant characterizing hydrophobicity; H-Ac
and H-Do are indicator variables for proton ac-
ceptor and donor properties; M-Re is the molar

Effect of various physico-chemical parameters of barbituric acid derivatives on their retention parameters on RP AmideC16 column

2 Parameters®

a b, X Su1 b, (%) b, X Sp by (%) r? F n
log(k,) 0.51 0.06 M-Re 0.01 67.34 —0.28 B, 0.13 32.66 0.4969 18.76 41
b —0.035 0.006 Es 0.001  57.22 0.007 Bl  0.002 42.78 0.3202 8.95 41
log(ky/b) —14.12 10.68 Bl 4.17 38.30 —8.75 B4 212 61.70 0.5095 19.74 41
N —26.38 138.5 B4 30.18 - - - - - 0.3505 21.05 41
AF 1.10 0.13 b 0.05 - - - - - 0.1813 7.75 37

2 Results of stepwise regression analysis: y = a+b,x; +b,x,.

® a4 = intercept; b, and b, = regression coefficients; S,; and S, = standard deviation of regression coefficients b, and b,; b; (%) and
b, (%) = path coefficients (dimensionless numbers indicating the relative impact of the individual independent variables on the
dependent variable); r? = coefficient of determination (indicates the ratio of variance explained by the independent variables);
F = calculated value of the Fisher significance test; n = number of the barbituric acid derivatives were included in calculation.
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Fig. 2. Two-dimensional nonlinear map calculated from the
original PC loadings (A) and from the absolute values of PC
loadings (B). Number of iteration: 23 (A), 62 (B); maximum
error: 4.7-10~3 (A), 5.05:10~> (B). For symbols see in the
text.

refractivity; F and R are the electronic parameters
characterizing the inductive and resonance effects;
o = Hammett’s constant, characterizing the elec-
tron withdrawing power; Es is Taft’s constant,
characterizing steric effects; B, and B, are the
Sterimol’s width parameters determined by dis-
tance of the molecule at their maximum point

perpendicular to attachment. SRA was carried
out five times. The dependent variables were the
different retention parameters (log ko, b, AFs, N,
log k,/b) separately and the independent variables
were the physico-chemical parameters of the bar-
bituric acid derivatives. The acceptance level for
the individual independent variables was set to
95% significance level.

Principal component analysis (PCA) was used
to find the similarities and dissimilarities between
the chromatographic parameters and peak charac-
teristics of Dbarbituric acid derivatives. The
parameters of Eq. (1) (logk, b), AFs and N
values were considered as variables and the barbi-
turic acid derivatives were the observations. The
two-dimensional nonlinear maps [24] of PCA
variables and loadings were also calculated. Al-
though PCA reduces the dimensionality of the
original data matrix the resulting matrixes of prin-
cipal component (PC) loadings and variables are
sometimes even multidimensional. As the capacity
of human brain to evaluate data distributed in
multidimensional space is limited, the dimensions
of the matrixes of PC loadings and variables can
be reduced two by nonlinear mapping technique.
Both traditional nonlinear mappings take into
consideration the positive and negative signs of
the correlations by constructing the corresponding
maps. Necessarily, the variables with strong nega-
tive correlation are far from each other on the
map. Theoretically, this discrepancy can be
avoided by using only the absolute values for the
constructing of the map [25].

3. Results and discussion

Each barbituric acid derivative showed more or
less symmetric peak in the eluent systems. The
lists of the averaged AF; and N values for each
barbituric acid derivatives are shown in Table 1.
The relationship between the log k& and the aceto-
nitrile concentration was linear at each barbituric
acid derivative and the correlation coefficient in
most cases was above 0.99 (Table 2) proving the
applicability of the Eq. (1). The slope and the
intercept values of the barbituric acid derivatives
differ in most cases, suggesting that the molecules
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can be successfully separated on this column in
water—acetonitrile eluent system. The standard
deviation values are low, showing the good
reproducibility.

Significant linear correlation was found be-
tween the slope (b) and the intercept (log k) value
of Eq. (1).

log kg = —61.88b—22.65, r=0.9143, n=41,
7’999, A 04896 (2)

Eq. (2) indicates that the barbituric acid deriva-
tives can be considered as a homogenous series of
compounds.

Stepwise regression analysis found significant
relationship between the chromatographic and
physico-chemical parameters of the barbituric
acid derivatives (Table 3). The selected structural
descriptors including in the equations account for
relatively low ratio of change these parameters
(see r? values in Table 3) but the equation are
significant. These descriptors can not be explained
properly the change of the chromatographic
parameters, this indicating that other structural
descriptors not including in the SRA calculations
may have not negligible impact on the log k,,
log ko/b, b, N and AFs values. The results indi-
cated that the steric effects have the great influ-
ence on the retention parameters and that the
effect of the electronic parameters is negligible.
This finding can be explained by the presence of
polar interaction between the analyte molecule

Table 4

and the embedded amide group placed in the
stationary phase. It can be established that proper
size and shape of the barbituric acid molecule
have the major influence for reaching to the em-
bedded amide groups among the hydrophobic
alkyl chains and for interaction with them.

Three principal components explain the major-
ity of variance indicating that the four original
variables can be substituted by three background
(abstract) variables with only 0.88% loss of infor-
mation. Unfortunately PCA does not prove exis-
tence of such background variables as concrete
physico-chemical entities, but only indicate their
mathematical possibility. The two-dimensional
nonlinear maps calculated from original PC load-
ings are shown in Fig. 2. Maps show marked
differences in the distribution of variables indicat-
ing the considerable impact of the modification of
the mode of calculation. The log k, value is far
away from the b value on the map A calculated
from the original PC loadings (Fig. 2A). How-
ever, the data in Table 4 clearly show the negative
relationship between the log k, and b value. This
finding support our previous theoretical conclu-
sions that the information contained in the two-
dimensional nonlinear map may be misleading
when both negative and positive correlation occur
between the variables. The distribution of vari-
ables on the map B calculated from the absolute
values (Fig. 2B) corresponds to the data in Table
4,

Similarities and dissimilarities between chromatographic parameters and peak characteristics of barbituric acid derivatives on

RP-AmidC16 column

Parameter No. of principal component
1 2 3
log k, 0.95 —0.29 0.02
b —0.87 0.38 0.28
AFs 0.55 0.72 0.42
N 0.69 0.30 0.65
Eigenvalue Variance explained (%) Total variance explained (%)
243 60.81 60.81
0.85 21.24 82.06
0.68 17.07 99.12
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Fig. 3. Distribution of barbituric acid derivatives according to their retention behaviour on RP-AmidC16 column. Two-dimensional
nonlinear map calculated from the original PC variables (A) and from the absolute values of PC variables (B). Number of iteration:
209 (A), 149 (B); maximum error: 7.55-10 3 (A), 1.00-10 —3 (B). Numbers refer to barbituric acid derivatives are shown in Fig. 1.
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Barbituric acid derivatives do not form separate
clusters either to the bulkiness of the substituents
or according to the hydrophobicity of the sub-
stituents. This results confirmed by the results
obtained by SRA, indicating a mixed retention
mechanisms of barbituric acid derivatives on Dis-
covery RP-AmideC16 column (Fig. 3A,B). That
means not only the hydrophobicity but the steric
parameters of the substituents influencing on the
retention behavior.

It can be concluded from our data that barbi-
turic acid derivatives can be well separated on
Discovery RP-AmideC16 column using non-
buffered acetonitrile—water as eluent. Use of dif-
ferent mathematical statistical methods the
absolute values of principal component loadings
for the calculations of two-dimensional nonlinear
maps prevents the occurrence of error originated
from the different signs of the variables. Stepwise
regression analysis indicated that the retention
parameters of barbituric acid derivatives are
mainly governed by the steric parameters of the
substituents. Principal component analysis fol-
lowed by two-dimensional nonlinear mapping elu-
cidated that the barbituric acid derivatives have
mixed retention on Discovery RP-AmideC16
column.
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