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SUMMARY

Methanol-water compositions were used to empirically predict the retention
of unknown hydroxyl aromatic compounds at different mobile phase compositions
on a uBondapak C,5 column. A single experimental &k’ value was needed to predict
k’ values at other mobile phase compositions for an unknown compound. The
method of predicting retention was based on two linear relationships derived from
the experimental data. A linear relationship was obtained from plots of log £’ as a
function of the volume fraction of methanol in the mobile phase for standard hy-
droxyl compounds. Then a linear relationship was obtained by plotting the slope as
a function of the intercept from the slope and intercept values derived from the log
k'’ plots. Together, the two linear relationships permitted the prediction of retention
at different mobile phase compositions for compounds structurally similar to the
original data set.

INTRODUCTION

The exact mechanism governing solute retention in reversed-phase high-per-
formance liquid chromatography (RP-HPLC) is of considerable research interest. A
number of aspects have been considered for solute retention in RP-HPLC-17_ At
present, the most widely accepted mechanism and most extensive treatment for solute
retention in RP-HPLC is the solvophobic (hydrophobic) model developed by Hor-
vath and co-workers!:4-5:18720_ The solvophobic model is a rigorous thermodynamic
model which accounts for both mobile and stationary phase interactions. However,
it is assumed that mobile phase interactions predominate in the RP-HPLC retention
mechanism. '

The consequence of such a rigorous model, although important, is the intro-
duction of several physical parameters which are unknown and difficult to ascertain.
For such models, this limits their practical application for predicting solute retention.
As a result, a number of approaches have been developed which are to varying
degrees less theoretical. These approaches have implemented a variety of factors
including interaction indices?'~24, quantitative structure—retention relationships2 527,
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molecular connectivity?, solubility parameter” °, hydrophobicity?#, molecular struc-
tural features2°—32 and carbon chain length33.34, among others, for the prediction of
retention in RP-HPLC.

In this work, we present an empirical method for predicting solute retention
based on slope-intercept relationships. The prediction of retention for a number of
mono- and dihydroxyl aromatic compounds using RP-HPLC is described. Linear
relationships were obtained for log k* as a function of the volume fraction of meth-
anol in the mobile phase. In addition, a linear relationship was obtained by plotting
the slope as a function of the intercept for the slope and intercept values obtained
from the linear log k' relationships. Combined, the two linear relationships allow the
prediction of retention at most mobile phase compositions for unknown compounds
which are structurally similar to the original data set.

EXPERIMENTAL

High-performance liquid chromatography

The liquid chromatograph used was a Waters Assoc. (Milford, MA, U.S.A.)
Model ALC/GPC 244 equipped with a Model 6000A pump controlled by a Model
680 Automated Gradient Controller operating in the isocratic mode. A U6K injector,
a dual channel free standing UV detector set at 254 nm and 280 nm, a dual channel
10-mV strip chart recorder, and a Hewlett-Packard Model 3390A integrator were
also used with the liquid chromatograph.

Columns

The column investigated was a 30 cm x 3.9 mm L.D. prepacked C;g column
obtained from Waters Assoc. The C, 3 column was packed with gBondapak C,5 and
consisted of octadecyl groups chemically bonded to Waters 10-um porous silica.

Reagents

HPLC-grade methanol was obtained from Fisher Scientific (Pittsburgh, PA,
U.S.A)) and was prefiltered through a Millipore (Bedford, MA, U.S.A.) type FH
0.5-um filter. Distilled water was prefiltered through a Millipore Milli-Q water puri-
fication system. The binary solvent mixtures were degassed by stirring overnight. The
hydroxyl aromatic standards were obtained from commercially available sources and
were purified when necessary.

Chromatographic systems
Reversed-phase, uBondapak Cyg with methanol-water mobile phases at 1.0
ml/min.

Hydroxyl aromatic standards

Solutions of 1-12 mg/m! of the hydroxyl aromatic standards were prepared in
2-propanol, chloroform or tetrahydrofuran depending on the solubility of the indi-
vidual standards. The retention volumes of the hydroxyl standards were determined
by injecting 1.0-6.0 ul of the standard solution onto the chromatographic systems
described above. Peak splitting was observed for 99+ % 1,4-dihydroxybenzene when
it was injected onto the above chromatographic systems. The peak splitting was not
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studif;d further and the largest peak obtained was used to determine the capacity
factor for this compound. The capacity factor k' was calculated by k' = (Vx —
Va)/Vu, where Py is the retention volume (ml) and V) is the column void volume
(ml). The column void volume was obtained by eluting methanol and was determined
to be 2.80 ml for the yuBondapak C,g column using the UV detector.

Computer

Calculations and plots of data were obtained with a Hewlett-Packard Model
87 computer programmed in BASIC and equipped with a Model 82908A 64K Ex-
pansion Memory Module, a Model 82901M Flexible Disc Drive, and a Model
82905B Printer.

RESULTS AND DISCUSSION

For reversed-phase chromatographic systems it was shown by Schoenmakers
et al.3% that log k' behaves as a quadratic function of the volume fraction of the
organic modifier (¢n).

log k' = A¢% + By, + C e

A similar equation in terms of mole fraction of the organic modifier was derived
earlier3s. The coefficients 4, B, and C have been defined previously®S. Snyder et al.3”
have pointed out that for most practical applications eqn. 1 can be simplified to

logk' = log ky — S¢m 2

where log k,, (C) is the log of the capacity factor in pure water and the constant §
(B) is related to the strength of the organic modifier3”. However, researchers have
experimentally found that a linear relationship exists between the slope (S) and in-
tercept (log k) terms of eqn. 2 for a given data set and certain chromatographic
systems38~4°, This is illustrated by eqn. 3.

= —plogky — ¢ (3)

The coefficients p and g are the linear regression coefficients for the slope and inter-
cept, respectively, for eqn. 3. The significance of eqn. 3 is that coupled with eqn. 2
a means of empirically predicting retention at most mobile phase compositions for
unknown compounds is at hand. The general equation for predicting k” values for
an unknown compound at different mobile phase compositions in terms of the vol-
ume fraction of the mobile phase (¢,,) is obtained by substituting eqn. 3 and eqn. 2
and is shown by eqn. 4

logk’ = (1 + pew)C + qPm @

where C is log k. Eqn. 4 has been defined and discussed earlier*!. To predict the
retention for an unknown compound at different mobile phase compositions, a single
experimental determination of k' at a given composition is needed. This leaves a
single unknown in eqn. 4, the intercept value C for a given compound, since p and
g are known from a standard data set.
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Prediction of retention for hydroxyl aromatic compounds

Twenty-one monohydroxyl and fourteen dihydroxyl aromatic compounds
were investigated with a uBondapak C, g column with several methanol-water mobile
phase compositions. Table I gives the compounds investigated and the chromato-
graphic data. Table II gives the least-squares slope and intercept values from log &’
vs. ¢y plots (eqn. 2) and the corresponding linear correlation coefficients for all the
compounds. Table IIT gives the least-squares slope and intercept values from the
slope—intercept graphs of the data in Table II using eqn. 3 for various sets of com-
pounds. Fig. 1 shows the graph of the slope and intercept values obtained from eqn.
2 for the monohydroxyl aromatics. The straight line in Fig. 1 is defined by eqn. 3.
In addition, it is apparent from Table III that mono- and dihydroxyl aromatics

TABLE It

SLOPE, INTERCEPT AND CORRELATION COEFFICIENT VALUES ON pBONDAPAK C,g
FROM LOG &’ vs. 9, GRAPHS

Compound No. Slope Intercept Correlation coefficient
1 —2.75 1.81 0.992
2 —3.28 2.35 0.993
3 —-5.75 4.81 0.988
4 —4.94 3.96 0.995
5 —4.51 3.70 0.997
6 —4.17 3.39 0.996
7 —4.71 4.04 0.996
8 —4.43 339 0.992
9 —-3.54 271 0.996

10 —-5.32 4.80 0.994

1 —3.80 3.09 0.994

12 —3.76 3.05 0.995

13 —-1.93 1.04 0.994

14 —2.52 1.63 0.994

15 —2.64 1.71 0.993

16 -2.92 1.83 0.992

17 —-3.12 221 0.996

18 —3.48 2.72 0.996

19 —2.31 1.45 0.996

20 —2.89 2.06 0.996

21 —3.57 2.94 0.996

22 —2.83 1.73 0.991

23 —3.61 2.00 0.997

24 —1.85 0.53 0.997

25 —2.03 0.42 0.998

26 —1.56 0.37 0.996

27 —3.34 1.83 0.995

28 —3.10 1.50 0.996

29 —335 1.81 0.998

30 -3.16 1.78 0.998

31 —2.75 1.24 0.990

32 -3.18 1.58 0.996

33 —4.39 2.34 0.997

34 —1.94 0.48 0.993

35 —2.44 0.86 0.998
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TABLE 111

SLOPE-INTERCEPT REGRESSION DATA AND CORRELATION COEFFICIENT VALUES FOR
DATA IN TABLE I

4 q r
All compounds —0.822 —1.49 0.963
Monohydroxy! 0947  —099 0992
Dihydroxyl ~1.05 —1.40 0.979
Monohydroxy!* 0943  —0.998  0.991
Dihydroxyl** —1.00 —1.48 0.978

* Monohydroxyl “unknowns” deleted (1, 2, 6, 7, 8, 13, 18 and 19).
** Dihydroxyl “unknowns” deleted (23, 26, 27, 30 and 31).

should be considered separately, in terms of eqn. 3, since better linear correlation
coefficients are obtained when they are not grouped together. This result may be
attributed to the slope values in Table 1T being dependent on both the chromato-
graphic system and the solutes under study?®. In addition, it should be emphasized
that Schoenmakers et a/.3® have shown that no correlation existed for eqn. 3 when
acetonitrile-water mobile phases were used.

On the basis of the results presented in Table III, eqn. 4 should give accurate
prediction of retention at essentially any mobile phase composition for unknown
compounds that are similar to the original data set. Predicting the retention of an

-1.80
-2.80
@
w
W -3.80
=]
o)
w
-4.80
-5.80 1 1 1 W
1.00 2.00 3.00 4.00 S.D0
INTERCEPT (G

Fig. 1. Graph of slope and intercept values obtained from eqn. 2 for monohydroxyl aromatics.
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unknown compound at different mobile phase compositions requires a single deter-
mination of log £’ at a given mobile phase composition for the unknown. Conse-
quently, substitution of the experimental values for log k" and ¢,, into eqn. 4 leaves
a single unknown; the intercept value, C, which is readily calculated and apparently
unique for a given compound. Eqn. 4 can be used to predict log k' values at different
@m values for an unknown using the p and ¢ values obtained as defined in Table ITI.
Furthermore, the intercept value, C, can be used to obtain the slope for the unknown
via eqn. 3 and therefore the calculated linear log k' relationship for the unknown
(eqn. 2).

Eqn. 4 was used to predict the retention of eight “unknown” monohydroxyl
compounds. The “unknown” compounds were the hydroaromatic and aliphatic al-
cohol types listed in Table 1 (compounds 1, 2, 6, 7, 8, 13, 18 and 19). These com-
pounds were chosen because they are generally far less acidic than hydroxyl aromatic
compounds and thus should challenge the predictive method to a greater degree.
These compounds were omitted from the least-squares slope-intercept plot in Fig.
1. The values for the slope (p), intercept (g9) and correlation coefficient with these
compounds omitted are shown in Table III. The above values for the slope (p) and
intercept (g) were used in eqn. 4 to predict k' at a @m of 0.60 from k' at a ¢,, of 0.70
and vice versa for the “unknown” compounds. This situation represents predicting
k' values from both compositional extremes investigated. The experimental k' values
at a @p of 0.70 and 0.60 were obtained from Table 1. Table IV shows the results of
predicting £ values for the “unknowns” at both compositional extremes investigated.
The results in Table IV show a very good correlation between the predicted k' values
(kprea) and the experimental k' values (k,, ) calculated from the linear regression

TABLE IV

COMPARISON OF ki, AND k.. VALUES FOR UNKNOWN MONOHYDROXYL COM-
POUNDS ON uBONDAPAK C;,

S, = Standard error of estimate**,

Compound No. k' (Qn = 060) fromk’ (@n = 070} k' (¢m = 0.70) fromk’ (¢n = 0.60)
ki b Relative feb el Relative
- " error error
1 1.44 1.45 0.69 0.77 0.79 ?g(;
2 243 2.35 3.29 1.14 1.16 2.73
6 7.65 7.85 2.61 2.93 285 7.46
7 16.6 18.2 9.64 5.63 5.?1 8.16
8 ' 5.43 4.81 11.3 1.96 2.12 4'03
13 0.76 0.80 5.26 0.49 0.47 6.74
18 4.29 4.57 - 6.53 1.93 1.80 2.99
19 1.14 1.19 439 0.67 0.65 .

Average 5.46 Average 4.56

Kiea = (092 0.02) klpp + 0.10 £ 0.06

Kirea = (109 & 0.04) ki — 0.34 £ 029 S, = 0.11 and r = 0.998

S. = 0.58 and r = 0.996

* Values obtained from linear regression data in Table It
** Values obtained from eqn. 4.
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data in Table II for the “unknown” compounds. For the “unknown” compounds,
the average relative error was less than 5.5% for the predicted k* values at all values
of ¢, investigated. In terms of predicted retention volumes, the average relative error
was less than 6.1% for the predicted &’ values at all values of ¢, investigated. The
individual relative errors for all “unknowns” were less than 12.5% in terms of re-
tention volumes. However, the relative error for an individual compound depends on
the composition (@) at which log k' was experimentally determined. For example,
predicting k' at a ¢, of 0.60 from &’ at a ¢ of 0.70 resulted in a 9.64% relative

TABLE V

COMPARISON OF k.,, AND kjp,.g VALUES FOR TWO UNKNOWN MONOHYDROXYL COM-
POUNDS AT ALL VALUES OF ¢,

O Compound 1 Compound 8
klLp* L red™™ Relative error fhep™ red™ Relative error
k' (@m) from k" (¢m = 0.70)
0.70 0.77 0.79 2.06 1.96 1.85 5.61
0.675 0.90 0.92 .11 2.52 2.29 9.13
0.65 1.05 1.07 1.90 3.26 2.83 13.2
0.625 1.23 1.25 1.62 4.20 3.70 119
0.60 1.44 1.45 0.69 5.43 4.81 9.64
k' (@n) fromk' (@n = 0.675)
0.70 0.77 0.75 2. 1.96 2.09 6.63
0.675 0.90 0.88 222 2.52 2.60 3.17
0.65 1.05 1.02 2.86 3.26 3.25 0.31
0.625 1.23 1.18 4.07 4.20 4,04 3.81
0.60 1.44 1.37 4.86 543 504 7.18
k' (@) fromk' (pm = 0.65)
0.70 0.77 0.75 2.60 1.96 2.19 11.7
0.675 0.90 0.87 333 2.52 2.74 8.73
0.65 1.05 1.01 3.81 3.26 343 521
0.625 1.23 1.17 4.88 4.20 4.28 1.90
0.60 1.44 1.36 5.56 5.43 5.35 1.47
k' (on) from k' (@n = 0.625)
0.70 0.77 0.80 3.90 1.96 2.21 12.8
0.675 0.90 0.93 3.33 2.52 2.76 9.52
0.65 1.05 1.09 3.51 3.26 3.45 582
0.625 1.23 1.27 3.25 4.20 432 2.86
0.60 1.44 1.48 2.78 5.43 5.41 0.37
k' (@n) fromk' (pm = 0.60)
0.70 0.77 0.79 2.06 1.96 2.12 8.16
0.675 0.90 0.92 1.11 2.52 2.65 5.16
0.65 1.05 1.07 1.90 3.26 3.30 1.23
0.625 1.23 1.24 0.81 4.20 4.12 1.90
0.60 1.44 1.45 0.69 543 5.14 5.34
Average 2.70 Average 6.11

* Values obtained from linear regression data in Table II.
** Values obtained from equation 4.
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error for compound 8, whereas predicting k* at a ¢, of 0.60 from k’ at a ¢,, of 0.625
resulted in 0.37% relative error (see Table V). In general, for all the compounds
investigated a lower relative error resulted when predicting &’ values at high ¢,, values
from &' values at low ¢,, values. Table V shows the relative error to be expected for
predicting k&’ values at all of the ¢, values investigated from k' values for each
respective ¢n, value for two typical compounds. Table V clearly shows that the rel-
ative error for each determination depends on the ¢,, value at which &k’ was experi-
mentally determined.

In addition, it was generally observed that the best prediction of k&’ values for
the monohydroxyl “unknowns™ was obtained for adjacent compositions. Table VI
shows the results of predicting k” at a ¢, of 0.60 from k' at a ., of 0.625, the next
lower (adjacent) value of ¢n in Table I. The results in Table VI are improved in
relation to the comparable results shown in Table IV. The data for the dihydroxyl
compounds in Table VI are discussed below.

Analogous to the previous discussion, eqn. 4 was used to predict the retention
of five “unknown” dihydroxyl compounds. The “‘unknowns” were compounds 23,
26, 27, 30 and 31 with the hydroxyl groups ortho, meta or para to one another or
substituted on separate aromatic rings. Table II1 gives the slope (p) and intercept (g)
values from the slope-intercept plot with the above compounds deleted. These values
were used to predict k' at a ¢, of 0.30 from k' at a ¢, of 0.70 and vice versa for the
“unknown” dihydroxyl compounds. The experimental k£’ values at a ¢, of 0.70 and
0.30 were obtained from Table 1. Table VII shows the results of predicting k&’ values
for the dihydroxyl “unknowns” at both compositional extremes investigated. It is
evident from Table VII that predicting &* values at low ¢, values from &’ values at
high ¢, values for the dihydroxyl ‘“‘unknowns™ leads to substantial relative error.
The result in this case is apparently caused by the extremely small k' values at ¢,

TABLE VI

COMPARISON OF k., AND kj.s VALUES PREDICTED FROM ADJACENT COMPOSITIONS FOR
MONQ- AND DIHYDROXYL UNKNOWNS ON uBONDAPAK Ci;

Monohydroxyl k' (om = 0.60) from k' (¢ = 0.625) Dihydroxyl k' ((om = 0.30) fromk' (¢, = 0.40)

compound
compound ki red Relative kixy® red Relative
error error
i 1.44 1.48 2.78 23 8.29 7.02 153
2 2.43 2.44 0.41 26 0.80 1.00 25.0
6 7.65 7.75 1.31 27 6.65 5.57 16.2
7 16.6 17.5 5.42 30 6.82 6.75 1.03
8 5.43 5.41 0.37 31 2.58 2.38 7.75
13 0.76 0.78 2.63 Average 13.1
18 4.29 4.52 5.36
19 1.14 1.18 3.51
Average 2.72 )
1rea = (105 & 0.01) keyp — 0.09 + 0.07 kiea = (0.84 & 0.08) ki, + 0.31 £+ 0.43
S. = 0.14 and r = 0.999 S. = 0.48 and r = 0.988

* Values obtained from linear regression data in Table II.
** Values obtained from eqn. 4.
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TABLE VII
COMPARISON OF k.,, AND k;.s VALUES FOR UNKNOWN DIHYDROXYL COMPOUNDS

Compound No. k' (@n = 030) fromk’ (@, = 070) k' (¢n = 0.70) fromk’ (¢, = 0.30)
kixp™ red " Relative klep* pred Relative
error error

23 8.29 5.99 27.7 0.29 0.35 20.6

26 0.80 2.02 153 0.19 0.14 26.3

27 6.65 7.55 13.5 031 0.34 9.68

30 6.82 10.9 59.8 0.37 0.34 8.10

31 2.58 3.11 20.5 0.20 0.23 15.0
Average 54.9 Average 15.9

kprea = (0.87 £ 0.40) k¢, + 1.53 £ 232 kprea = (1.12 = 0.45) keyy — 0.02 £+ 0.13

Se = 2.56 and r = 0.780 S, = 0.07 and r = 0.819

* Values obtained from linear regression data in Table IL.
** Values obtained from eqn. 4.

equal 0.70 (see Table I) which are close to the column void volume and thus lead to
a significant error in predicted &' values. However, the converse shows reasonable
relative errors in view of the small k£’ values as shown in Table VII. In fact, the
average relative error for predicting k' values for the dihydroxyl “unknowns” is less
than 16% (3.2% in terms of retention volume) if the predicted &k’ values are calculated
from k’ at a ¢, of 0.30. Therefore, the experimental k' values should be well away
from the column void volume for accurate prediction of retention. However, the
predicted k£’ values at a ¢, of 0.70 calculated from k' values at a ¢, of 0.30 are
generally not that analytically useful since they are less than one. Table VI shows the
results of predicting &' at a ¢, of 0.30 from k£’ at a ¢, of 0.40, the next lower
(adjacent) value of ¢, in Table I. The results in Table VI show good agreement
between the k.., and kp.q values with an average relative error in &’ of 13.1%. In
terms of retention volumes (V) the average relative error was 9.10% for this case.
The individual relative errors for all dihydroxyl “unknowns” were less than 14% in
terms of retention volumes. In general, the best prediction of &’ values for the di-
hydroxyl “unknowns’ was achieved for adjacent compositions. This was also con-
cluded earlier for the monohydroxyl “unknowns”.

CONCLUSIONS

Overall, it is apparent that the empirical method of predicting retention gives
very good estimates of retention for monohydroxyl aromatic compounds but some-
what poorer estimates for dihydroxyl compounds chromatographed on pBondapak
C.s with methanol-water mobile phases. It appears that the method is best suited
for individual compound classes with 1 < &’ < 10. More work is required to deter-
mine the generality of the method. However, additional work in this laboratory has
shown that the method described is also applicable to cyanopropyl bonded phases
and to nitrogen containing compounds chromatographed with methanol-water mo-
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bile phases. On the other hand, it appears that the method may fail for
acetonitrile-water systems as discussed earlier38,

In practice, the empirical method presented here could be used for the predic-
tion of retention of unknowns in complex mixtures of structurally similar com-
pounds. This could possibly aid in the development of separation methods and char-
acterization techniques for complex mixtures such as coal liquids. Furthermore, the
relationships presented here could be used to determine the optimal shape of the
solvent gradient used in gradient elution?® and to estimate isocratic retention from
gradient clution data*?. Consequently, the relationships discussed here would be use-
ful in the determination of optimal mobile phase conditions of complex hydroxyl
aromatic mixtures*® and probably other mixtures.

Jandera?#+5 has discussed slope—intercept relationships and other relation-
ships for predicting retention of homologous series and the use of homologous series
as calibration standards for predicting the retention of other types of compounds.
The method presented in this work does not depend on a set of homologous series,
but does depend on structurally similar compounds. Additional work would be need-
ed to determine if a homologous set of compounds would improve the predictive
accuracy of the method discussed in this paper.
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