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SUMMARY 

The combined effects of pH (366.0) and octylamine hydrochloride concen- 
tration (O-5.0 mM) in methanol-water (20930) eluents were determined for hydro- 
cinnamic, trans-cinnamic, phenylacetic, frans-pcoumaric, rrans-ferulic, transcaffeic 
and vanillic acids; for phenylethylamine; and for phenylalanine. The effects are 
described by a simpIe ion-interaction model that does not require ion-pair formation 
in either phase and is not based upon classical ion exchange. The simplicity and 
generality of the mathematical forms of the model make it useful for predicting 
retention behavior. 

INTRODUCTION 

The tremendous success of reversed-phase high-performance liquid chro- 
matography (HPLC) employing hydrocarbonaceous bonded stationary phases is 
largely attributable to the rich variety of factors that can be adjusted in the polar 
mobile phase, e.g., pH, ionic strength, polarity, dielectric constant, hydrogen bonding 
capability, and concentration of surface active ions’. Although research is still being 
directed toward improvements in bonded phases2.3, most analysts do not have the 
necessary laboratory facilities to make direct chemical modifications of the station- 
ary phase; as a practicai matter, they are abIe to adjust only the composition of the 
eluent to improve their separations (. Thus, much current research is appropriately 
directed toward a fundamental understanding of how changes in eluent composi- 
tion affect the chromatographic separation process. 

The pHs9 and the concentration of surface-active ions*“-26 in the eluent are 
two factors that have each been shown to be especially useful for regulating the 
retention times of weak acids and weak bases. This paper presents the results of an 
experimental study designed to determine the combined effects of pH and surface- 
active ion concentration on the reversed-phase liquid chromatographic behavior of 
weak acids, weak bases and zwitterionic compounds. 

0021-9673/80/- /SO2.25 0 1980 Ekevier Scieniific Publishing Company 
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THEORETICAL 

Hy&ogen ion depen&nce 
In the absence of an intentionally added surface-active ion, the observed 

retention time (tR) of a weak acid or a weak base as a function of hydrogen ion 
concentration can be described by the relationship 

tR =fHed”A +iifA (0 

In eqn. 1, fHA is the retention time of the solute when it is completely in the proton- 
ated form, tA is its retention time when it is completely in the unprotonated form, 
and&, andf, are the fractions of compound in the protonated and unprotonated 
forms, respectively, for any intermediate condition4-8 

fHA = [H’] f K, (2) 

(3) 

where K, is the acid dissociation constant for the protonated form of the solute HA. 

Surface- active ion dependence 
Bidlingmeyer e? a1.25 have suggested that neither the “ion-pair” modelll*lb*lg.u 

nor the ‘Lion-exchange” mode117~20~23**4 adequately describes chromatographic phe- 
nomena observed in reversed-phase HPLC systems containing surface-active ions in- 
tentionally added to the mobile phase. Rather, they have proposed an ion-interaction 
mechanismZS which does not require classical ion-exchange “sites” or ion-pair 
formation in either phase. Important features of the ion-interaction model are that 
(a) adsorbed surface active ions (ion-interaction reagent, IIR) are responsible for 
a charged primary ion layer at the surface of the stationary phase; (b) the charged 
primary ion layer electrostatically attracts or repels solute ions of opposite or 
similar charge, respectively; (c) the charged primary ion layer does not exert an 
effect upon uncharged molecules; and (d) other differences in .distribution behavior 
can be explained by forces that are eluophilic (having an afhnity for the mobile 
phase), eluophobic (having an aversion for the mobile phase), adsorbopbilic (having 
an afhnity for the bonded stationary phase), and adsorbophobic. 

According to the ion-interaction model, the increased (or decreased) retention 
of a solute ion is proportional to the amount of charge in the primary ion layer; this, 
in turn, is proportional to the amount of adsorbed IIR; and the amount of adsorbed 
IIR is related to the concentration of IIR in the eluent by an adsorption isotherm 
such as the Freundlich isotherm 26*30. Thus, the effect of IIR on the retention of a 
solute ioa can be described by eqn. 4 

?p, = & + /9[IZR]“” (4) 

where t, is the retention time of the charged solute ion in the absence of intentionally 
added IIR, and @ and n zre parameters of the Freundlich isotherm. If the IIR and 
the solute ion are of opposite charge, then #? will be positive indicating an increased 
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retention of the solute ion caused by electrostatic attraction; if the IIR and the 
solute ion are of similar charge, then /? will be negative indicating a decreased reten- 
tion of the solute ion caused by ekzctrostatic repulsion. 

If an intentionally added surface-active ion is a weak base (e.g., octylamine 
hydrochloride), then the fractions of surface-active compound existing in the 
protonated form CfLls) and unprotonated form cfs) are given by 

where K, is the acid dissociation constant of the protonated form of the surface- 
active ion HS. Because it is the charged form of the IIR (HS in this case) that inter- 
acts with the charged solute, eqn. 4 may be rewritten as 

tR = r, + fHs(?[IIR]l'm (7) 

where @IR] represents the analytical concentration of the weak base ion-inter- 
action reagent. 

Combined eflects of pH and IIR 
In this paper, the ion-interaction mechanism is extended to include ef%ects 

caused by variations in the hydrogen ion concentration. For weak acid solutes that 
are uncharged in their protonated form (e.g., hydrocinnamic acid) and for ion- 
interaction reagents that are positively charged in their protonated form (e.g., 
octylamine) 

or 

That is, the fraction of weak acid that exists in the uncharged protonated form 
(j&J makes a contribution @HA) to the observed retention time that is independent 
of the concentration of IIR. However, the fraction of weak acid that exists in the 
negatively charged unprotonati form ua contributes to the observed retention 
time in two ways: a contribution (tA) that characterizes its retention time in the 
absence of ion-interaction reagent (ts in eqn. 7), and a contribution CfHsj3~ER]“n) 
that characterizes the proportionally increased retention time caused by the IIR 
that is present in its positively charged proton&d form. 

By analogous reasoning, for weak base solutes (e.g., phenylethylamine) and 
weak base ion-interaction reagents (e.g., octylamine) that are both positively charged 
in their proton&d forms, 
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EXPERIMENTAL 

Chromatog<aphic system 
The chromatographic system consisted of a Model $ooOA solvent delivery 

system (Waters Assoc., Milford, MA, U.S.A.), 5 cm x 4 mm I.D. Bondapak G8/ 
Parasil pre-column (Waters), 30 cm x 4 mm LD. PBondapak G, main column 
(Waters), and a Model SP8200, ultraviolet (UV) detector (Spectra-Physics, Santa 
Clara, CA, U.S.A.) operated at 254 nm. A Model 70-10 automatic sample injection 
valve equipped with a Model 70-01 pneumatic activator (Rheodyne, Berkeley, CA, 
U.S.A.) was used to inject 20-~1 volumes of samples. Precolumn and column 
temperatures were held at 25.0 f O.l”C by a Model FK constant temperature cir- 
culating bath (Haake, Saddle Brook, NJ, U.S.A.). Mobile phase flow-rate was 
maintained at 2.02 f 0.02 ml min-‘. The time equivalent of the void volume 
(to = 1.783 min) was determined by injecting 20 ~1 of water and measuring the time 
from injection to the first deviation from baseline. 

Additional instrumentation 
The Analog UV detector output was recorded by a Model 281 strip-chart 

recorder (Soltex, Encino, CA, U.S.A.). Simultaneously, the signal from the detector 
was digitized by a Model ADC-12QZ analog-to-digital converter (Analog Devices, 
Norwood, MA, U.S.A.) interfaced to a Model 9830A digital computer (Hewlett- 
Packard, Calculator Products Division, Loveland, CO, U.S.A.). Chromatograms 
less than 60 min long were digitized at 1-set intervals, longer chromatograms were 
digitized at Zsec intervals. Chromatograms were drawn from digized data on a Model 
9862A plotter (Hewlett-Packard). 

Experimental design 
A four-level, two-factor (42) factorial design27*28 was used to specify eluent 

compositions of 16 different mobile phases corresponding to all combinations of 
four pH values (3.6, 4.4, 5.2 and 6.0) and four concentrations of surface-active ion 
(0, 1.5, 3.0 and 5.0 mM). The experimental order of evaluating the eluents was 
randomized to minimize the confounding of time trends with factor effects2g. Data 
are not included for the combination pH 4.4 and 3.0 mM surface-active-ion con- 
centration because of discrepant results2’. 

Mobile piuses and samples 
Mobile phases were prepared by adding octylamine hydrochloride (Aldrich, 

Milwaukee, WI, U.S.A.) to 200 ml of HPLC grade methanol (Fisher Scientific, 
Chemical Manufacturing Division, Fair Lawn, NJ, U.S.A.) in a l-l volumetric flask. 
A lO-ml volume of 1 M acetic acid (Fisher) and 780 ml of distilled water were added; 
1 M HCIO, (Fisher) or 1 M NaOH (Fisher) was added dropwise until a glass electrode 
indicated the desired pH. The volumetric flask was then brought to volume with 
distilled water. 

Solutions containing individual solutes (Fisher; or Sigma, St. Louis, MO, 
U.S.A.) were prepared in methanol-water (2O:SO) at a concentration of approximately 
0.2 mg ml-r. 

Mobile phases and sample solutions were aspirated through 0.47~pm cellulose 
acetate Ghers (HAWO4700; Millipore, Bedford, MA, U.S.A.) and degassed in a Model 
ME4.6 ultrasonic bath (Mettler Electronics, Anaheim, CA, U.S.A.) before use. 
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RESULTS AND DISCUSSION 

Table I contains observed retention times for each of the nine solutes at 
each of the 15 combinations of pH and lJIIR]. Table I also contains the best non- 
linear least squares estimates of the parameters of corresponding mathematical 
models3’. The standard deviation of residuals (s) divided by the average retention 
time (fx) is a relative measure of the goodness of fit of the mathematical model to the 
experimental data. Fig. 1 .plots the experimental data and the fitted model (eqn. 9) 
for a representative solute, hydrocinnamic acid, and demonstrates the good agree- 
ment between the fitted model and the experimental data. Fig. 2 shows pseudo-three- 
dimensional p10t.s~~ of estimated retention time as a function of both pH and DIR] 
for all nine solutes. 

Weak acids 
In the absence of ion-interaction reagent (along the near left edge of the sur- 

faces in Fig. 2), each of the seven weak acids studied (hydrocinnamic, trapls-cinnamic, 
phenylacetic, trans-pcoumaric, trans-ferulic, transcaffeic, and vauillic acids) shows 
the usual efkct of PH. At low pH, each acid exists aImost completely in the protonated, 
uncharged form and has a relatively high affinity for the stationary phase and a 
relatively low afhnity for the mobile phase; this causes the acid to move slowly 
through the reversed-phase column. At high pH, each acid exists almost completely 
in the unprotonatcd, negatively charged form; the carboxylate group (and thus the 
entire molecule) is less adsorbophilic and more eluophilic which causes the charged 
molecule to move more rapidly through the column. At intermediate pH values, the 
retention time reflects the relative fractions of conjugate acid and conjugate base 
forms and the tR vs. pH relationship exhibits the usual sigmoidal behavio?. 

Fig. 1. EPCect of pH on retention time of hydrocinnamic acid at different levels of surface-active ion 
(octylamine hydrochloride) concentration.- 
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Fii. 2. Combined effecfs of pH and surface-active ion concentration (IIR) on the reversed-phase 
liquid chronzatograplzk behavior of weak acids, we& bases, and zwitterionic compounds. See text 
for discussicln. 

At low pH (along the far left edge of the surfaces in Fig. 2), the retention time 
of each of the seven weak acids is essentially independent of the concentration of 
ion-interaction reagent in the eluent. This supports the findings of Bidlingmeyer et 
al.= that the retention of uncharged molecules is not influenced by the presence of 
surface-active ions. S&ill= has recently shown a similar result for acetylsalicylic acid 
at pH 3-O. 

However, at high pH (along the near right edge of the surfaces in Fig. 2), the 
retention of each of the seven weak acids is clearly affected by the concentration of 
IIR; the rdationship between tR and @RI is described by a Freundlich-type equation 
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(eqn. 7). S~hill~~ has shown similar behavior for acetylsalicylic acid at pH 6.0. Pre- 
sumably, the negatively charged conjugate base form of the solute now experiences 
an additional electrostatic interaction with the positively charged primary ion layer 
created by the adsorbed surface-active ions25. 

In the presence of relatively large concentrations of IIR (W 5 mM; along 
the far right edge of the surfaces in Fig. 2), each of the seven weak acids shows an 
effect caused by pH that is essentially opposite to that exhibited in the absence of 
IIR. As the pH is increased, a greater fraction of the acid exists in the unprotonated, 
negatively charged conjugate base form which strongly interacts with the positively 
charged adsorbed @nary ion layer. This results in a net increase in retention time 
as the pH is increased. 

Inspection of the response surfaces in Fig. 2 shows that at high concentra- 
tions of IIR, the retention time of each of the seven weak acids begins to decrease 
again near the highest pH values shown (see also Fig. 1). A possible explanation 
for this “foldover” is that the concentration of hydrogen ions in the eluent is so low 
that the adsorbed ion-interaction reagent is becoming appreciably uncharged and 
thus contributes a lesser amount of positive charge to the primary ion layer. Al- 
though the mechanistic model (eqn. 9) does take this into account and does ade- 
quateIy fit the observed experimental data, estimated values of pK, are 7.0 -i- 0.3 (see 
Table I), approximately three log units more acidic than the value of 10.65 normally 
associated with octylamine”. It is not clear why the estimated values of pK, are so 
low, but a different chemical mechanism of the same mathematical form might be 
involved (e.g., deprotonation of exposed -S&OH groups on the surface of the 
stationary phase). 

Weak base 
The pK, of phenylethylamine, a weak ba, is 9.84 (ref. 3.5); over the pH range 

used in this study, phenylethylamine is expected to exist almost completely in its 
protonated, positively charged conjugate acid form (phenylethylammonium ion). 
Thus, in the absence of surface-active ions (see the near left side of the surface in 
Fig. 2), the retention of positively charged phenylethylammonium ion is relatively 
short and is relatively insensitive to changes in pH. 

In the presence of positively charged surface-active octylammonium ions, 
the positively charged phenylethylammonium solute ion is repelled by the octyl- 
ammonium ions on the surface of the stationary phase and the solute ion is eluted 
from the column very rapidly- Under some conditions, phenylethylamine elutes in less 
than the solvent void volume (see Table I); this effect has been observed previous- 
1P 25*25*36*37, and is attributed to a charge-exclusion phenomenon that makes some of 
the pore and interstitial volumes inaccessible to the charged solute. 

A large covariance between K, and K’ in the fitted model (eqns. 2, 3, 5 and 
10) prevented convergence. However, removing KS by setting fHs = 1 in eqn. 10 
allowed convergence. l?arameters of the fitted model (see Table I) suggest that the 
pK, of phenylethylammonium ion (or, alternatively, of octylammonium ion) is 
7.63, several log units more acidic than the accepted literature vdues3-‘~35. Again, it 
is not clear why the estimated pK, is so low; the observed effect is probably caused 
by a different chemical mechanism. The sign of the estimated value of p (-3.27) is 
negative, as expected. In this case, the exceptionally high value of n (14.02) is 



EJ?FECTS OF pH AND [SURFACE-ACIIVE EON-j IN RPLC 315 

probably more a measure of the etktiveness of electrostatic repulsion than a measure 
of the adsorption of HR. 

The pK, values of phenylalanine, a difunctional compound, are 2.16 and 
9.15 (ref. 38); over the pH range used in this study, phenylalanine is expected to 
exist almost completely in its zwitterionic form -an ion possessing one positive 
charge (-NH:) and one negative charge (-COO-), yet having a net overall charge 
of zero. As seen in Table 1 and Fig. 2, the retention of phenylalanine is relatively 
unatlkcted by the presence of snrface-active ions. Apparently the attractive and 
repulsive electrostatic forces that might exist between the positively charged primary 
ion layer and the -COO- and -NH,t groups are cancelled. Thus, the zwitterionic 
phenylalanine behaves as an uncharged molecule25. 

Because the zwitterion is not affected by the HR, the effect of deprotonated 
octylammonium is not observed, and fHs is set equal to unity in eqn. 10. The param- 
eters of the fitted model are given in Table I. The estimated pK, (2.22) is close to 
the accepted literature value of 2.16 (ref. 38). The values of #? and n are estimated 
with large imprecisions and should not be considered to be higfily significant. 

CONCLUSION 

This study has shown that the combined effects of pH and concentration of 
surface-active ions on the reversed-phase liquid chromatographic behavior of weak 
acids, weak bases, and zwitterionic compounds can be described by a simple ion- 
interaction model that does not require ion-pair formation in either phase and is 
not based upon classical ionexchange. 

The simplicity and generality of the mathematical forms of the model make it 
useful for developing future separation methods. 

ACKNOWLEDGEMENTS 

The authors thank B. Bidlingmeyer, V. Mohtashami, W. Price, Jr. and J. 
Stranahan for helpful discussions. This work was supported in pact by Grant E-644 
from the Robert A. -Welch Foundation. 

REFERENCES 

1 S. R. Bakalyar, Amer. Lpb., 10, No. 6 (1978) 43. 
2 K. Karch. I. Sebestian and I. Ha&z, L Chromutogr., 122 (1976) 3. 
3 M. C. Hemion. C. Picard and M. Caude. J. Chromafogr., 166 (1978) 21. 
4 K. Kasch, I. Sebestian, I. Hal&z and H. Engelhardt, J. Chrumutugr., 122 (1976) 171_ 
5 D. J. Pietrzyk and (3. H. Chu. Ad. Chem., 49 (1977) 860. 
6 Cs. Hotith, W. Melander and I. Molnir, Anal. Chem., 49 (1977) 142. 
7 S. N. De&g and M. L. H. TurofF, Am!. Chem., 50 (197s) 546. 
8 W. P. Price, Jr.. R. Edens. D. L. Hendrix and S. N. Deming, Anal. Biochem., 93 (1979) 233. 
9 W. P. Prim, Jr. and S. N. Deming, Anal. Chin Acfo, 108 (1979) 227. 

10 E. Farulla, C. Iacobelli-Turi, M. Ledem and F. Salvetti. J. Chromacogr., 12 (1963) 255. 
11 D. P. Wittmer, N. 0. Nuessle and W. G. Haney. Jr., Anal. Ckm., 47 (1975) 1422. 
12 S. P. Saod, L. E. Sartori, D. P. Wittmer and W. G. Haney, Anal. Chem.. 48 (1976) 796. 



316 ’ R. C. KONG, B. S&HOK, S. N. DEMING 

13 Paired-Ion Chromatography, an AI:ernative iu Zen Emhange. Waters Assoc.. word. MA, De- 
cember 1975. 

14, J. H. Knox and G. R. Laird. L Ctiromtogr., 122 (1976) 17. 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

J. H. Knox and J. Jurand, J. Chromtogr.. 125 (1976) 89. 
B. Franson, K.-G. Wablund, I. M. Jobmsson and G. S&ii, J. Chromatogr., 125 (1976) 327. 
J. C. Kraak, K. M. Jonker and I. F. K. Hubs, J. Chromfogr., 142 (1977) 571. 
C. P. Terweij-Green, S. Heemstra and J. C. Kraak, J. Croinofogr., 161 (1978) 69. 
Cs. Horv&b, W. Melander, I. Moln&r and P. Mom, Ati. Chem., 49 (1977) 2295. 
N. E. HoiTman and J. C. Liao, Anal. Chem., 49 (1977) 2231. 
E. Tom&son, T. M. Jefferies 2nd C. M. Riley, 1. Chronm~ogi., 159 (1978) 315. 
Cs. Horv~tb, W. Melander and I. MaIn& J. Chromatogr., 125 (1976) 129. 
P. T. Kissinger, Anal. Chem., 49 (1977) 883. 
J. L. M. van de Venne, J. L. H. M. Hendrikx and R. S. Deelder, J. Chromatogr., 167 (1978) 1. 
B. A. Bidlingmeyer. S. N. Deming, W. P. Price, Jr., B. Sachok and M. Petrusek, J. Chromatogr.., 
186 (1979) 419. 
R. S. Deelder, H. A. J. Linssen, A. P. Konijneadijk and J. L. M. van de Venue, J. Chromatogr., 
185 (1979) 241. 
G. E. P. Box, W. G. Hunter and J. S. Hunter, Statistics for Experiments. An Inrrodaction to 
Des&z, Dafa Analysis. and ModeI B&ding, Wiley, New York. 1978. 
M. G. Natrem. Experimental Smisrics, National Bureau of Standards Handbook 91. U.S. Govt. 
Printing Office. Wasbingtoa. DC, 1963. 
W. Mem?.enball, Inlroa’uceiic~ :o Linear IUodet% aad the Des&z and Anarysis of Experiments, 
Duxbuy, Belmont, CA, 1968. 
H. B. We&r, A Text&ook of Colloid Cbem&try, Wiley, New York, 1949, p. 49. 
R. O’Neill, Appl. Statist., 20 (1971) 338. 
S. N. Denting, Anal. Cfrem., 43 (1971) 1726. 
A. T. Melin, M. Ljungcrantz and G. Scbill, J. Chromarogr.. 185 (1979) 225. 
R. C. West (Editor), CRC Wandbook ufchemisrry andPhysics, CRC Press, Cleveland. 57th cd.. 
1976, p. D-148. 
2. Rappoport (Editor), CRC Handbook of Tabies for Organic Compocazd Identification, CRC 
Press, Cleveland, 3rd ed.. 1967. p. 438. 
P. A. Neddemeyer and L. B. Rogers, Anal. Chem., 40 (1968) 755. 
P. A. Neddermeyer and L. B. Rogers, Anal. Chem., 41 (1969) 94. 
Z. Rappoport (Editor), CRC Handbook of Tables for Organic Compound Identification, CRC 
Press. Clevehnd, 3rd ed.. 1967. p_ 429. 

26 

27 

28 

29 

30 
31 
32 
33 
34 

35 

36 
37 
38 


