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SUMMARY 

Capacity factors for 28 ttwn$-cinnamic. hydrocinnamic, phenylalkylcarboxylic 
and benzoic acids were determined at nine combinations of pH (3.4,4.7,6.0) and ion- 
interaction reagent concentration (0,2-O, 4.0 m&1 octylamine hydrochloride) in meth- 
anol-water (30:70) eluents at 25.O”C. An ion-interaction model was fit to capacity 
factor data for each of the solutes. Correlation coefficients were calculated among 
estimated model parameters, carbon number, Go._,, and n values. For the 28 aromatic 
monocarboxylic acids studied, the Hanunett Go.,, values correlate with estimated pK, 
values only. Other correlations suggest that the increased retention resulting from 
the addition of surface-active ion-interaction reagent to the eluent is caused by elec- 
trostatic effects at the stationary phase surface. 

INTRODUCTION 

Bidlingmeyer et al.’ have suggested that neither the “ion-pair” model’-5 nor 
the “ion-exchange” model- adequately describes chromatographic phenomena ob- 
served in reversed-phase high-performance liquid chromatographic (HPLC) systems 
containing surface-active ions intentionally added to the mobile phase. Rather, they 
have proposed an ion-interaction mechanism’ 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 
esert an effect upon neutral molecules; and (d) other differences in distribution bc- 
havior can be explained by forces that are eluophilic (having an affinity for the mobile 
phase), eluophobic (having an aversion for the mobile phase), adsorbophilic (having 
an affinity for the surface of the stationary phase) and adsorbophobic. 

as 

This ion-interaction model was expressed in quantitative form by Kong et N/.‘” 

k' = fHA k;lA + fA (k:, + f&p [IIR]t’“) (1) 

where k’ is the observed capacity factor; fHA andfA are the fractions of a weak organic 
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acid in its protonated and unprotonated forms, respectively; kHA and ka are the 
capacity factors of the weak organic acid in its protonated and unprotonated forms, 
respectively;& is the fraction of IIR in its protonated, positively charged form; FIR] 
is the concentration of IIR in the ehtent; and j? and N are parameters of the Freundhch 
adsorption isotherm. The adequacy of the model was verified experimentally using a 
positively charged IIR (octylamine hydrochloride) and positively charged, negatively 
charged, uncharged and zwitterionic solutes. 

A recent paper by Knox and Hartwick” further confirms the appropriateness 
of the ion-interaction model. They concluded that the degree of retention is directly 
related to the surface charge arisin, m from the adsorbed IIR and is relatively in- 
dependent of the hydrophobic part of the IIR. 

This paper presents the results of an experimental study designed to investigate 
the effect of molecular structural parameters on tbz electrostatic interaction of charg- 

TABLE I 

SOLUTE STRUCTURES AND PROPERTIES 

No. Compound slnIclure cPm P C No. 

TCA series 
1 zrun.+Cinnamic acid (TCA) 
2 p-Cl-TCA 
3 m-Cl-l-CA 
4 p-F-TCA 
5 m-F-TCA 
6 p-CH,-TCA 
7 nr-CH,-TCA 
8 p-CH,O-TCA 
9 m-CH,O-TCA 

10 p-NO,-TCA 
11 m-NO,-TCA 

HCA series 
12 Hydrocinnamic acid (HCA) 
13 p-CI-HCA 
14 m-Cl-HCA 
15 p-F-HCA 
16 m-F-HCA 
17 p-CH,-HCA 
18 m-CH,-HCA 
19 p-CH,O-HCA 
20 nz-CH,O-HCA 

PAA series 
21 5-Phebjlvalerlc acid 
22 4-Phenylbutyric acid 
12 3-Phenylpropionic acid 
23 2-Phenylacetic acid 
24 m-Cl-Z-phenylacetic acid 
25 I-Phenylformic acid 

BA series 
25 Benzoic acid (BA) 
26 p-CH,-BA 
27 p-C,HS-BA 
28 nz-Cl-BA 

/c=c\ 
H COOH 

&H,CH,COOH 

cb(CH,),COOH 
WH,),COOH 
&CH&COOH 
+CH,COOH 
m-Cl-@CH,COOH 
+COOH 

+COOH 0.00 0.00 7 
p-CH,-t$COOH -0.17 0.60 8 
p-C2H5-+COOH -0.15 1.10 9 
m-Cl-@JOOH 0.37 0.77 7 

0.00 0.00 9 
0.23 0.73 9 

0.37 0.77 9 
0.06 0.15 9 

0.34 0.22 9 
-0.17 0.60 10 
-0.07 0.52 10 
-0.27 -0.03 10 

0.12 0.12 10 
0.78 0.22 9 
0.71 0.11 9 

0.00 0.00 9 
0.23 0.73 9 
0.37 0.77 9 
0.06 0.15 9 
0.34 0.22 9 

-0.17 0.60 10 
-0.07 0.52 10 
-0.27 -0.03 10 

0.12 0.12 10 

- 
- 
- 
- 
- 
- 

- 11 
- 10 
- 9 
- 8 
- 8 
- 7 
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ed solute molecules with the charged stationary phase surface_ The study involved 
the 28 weak organic acids listed in Table I, subdivided into four groups: truns- 

cinnamic acids (TCA series), hydrocinnamic acids (HCA series), phenylalkylcarbox- 
ylic acids (PAA series) and benzoic acids (BA series)_ Molecular structural param- 
eters are also listed in Table I: the Hammett substituent constant (~r,$~, the 
Hansch solubility parameter (rc) i3 and the number of carbon atoms in the molecule 
(C No.). 

A recent, comprehensive, semi-empirical study by Riiey et al.” of functional 
group behavior in “ion-pair” reversed-phase systems was interpreted assuming ion- 
pair formation in the mobile phase followed by distribution to the stationary phase; 
their results are therefore not generally applicable to the present study. 

EXPERIMENTAL 

Chromatograpftic system 

The chromatographic system consisted of a Model 6000 A solvent delivery 
system (Waters Assoc., Milford, MA, U.S.A.), 5 cm x 4 mm I.D. Bondapak 
C,,/Porasil pre-column (Waters), 30 cm x 4 mm I.D. PBondapak C,s main column 
(Waters) and a Model SP8200 ultraviolet (UV) detector (Spectra-Physics, Santa 
Clara, CA, U.S.A.) operated at 254 nm. A Model U6K universal liquid chromato- 
graphic injector (Waters) was used to inject - 3- to S-p1 volumes of samples. Pre-column 
and column temperatures were held at 25.0 + O.l”C by a Model FK constant tem- 
perature circulating bath (Haake, Saddle Brook, NJ, U.S.A.)_ Mobile phase flow-rate 
was maintained at 2.02 + 0.03 ml min-‘. The time equivalent of the void volume (to = 
1.728 min) was determined by injecting 20 ~1 of water and measuring the time from 
injection to the first deviation from baseline. 

Additional instrumentation 

The analogue UV detector output was recorded by a Model 281 stripchart re- 
corder (Soltex, Encino, CA, U.S.A.). Simultaneously, the signal from the detector 
was digitized by a Model ADC-1242 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 digi- 
tized at 2-set intervals. Retention times were determined by numerical treatment of 
the digitized chromatograms. Data analysis programs were written in BASIC lan- 
guage and used double-precision arithmetic throughout. 

Experimental design 

A three-level, two-factor (3”) factorial design’s*‘6 was used to specify eluent 
compositions of nine different mobile phases corresponding to all combinations of 
three pH values (3.4,4.7 and 6.0) and three concentrations of surface-active ion (0,2-O 
and 4.0 m&1). The center combination (pH 4.7, 2.0 rnll4 IIR) was replicated. Mean 
retention times were used to calculate the capacity factor for each solute. The expcri- 
mental order of evaluating the eluents was randomized to minimize the possibility of 
confounding time trends with factor effects”. 
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Mobile phases and samples 
Mobile phases were prepared by adding octylamine hydrochloride (Aldrich, 

Milwaukee, WI, U.S.A.) to 600 ml of HPLC grade methanol (Fisher Scientific, Chem- 
ical Manufacturing Division, Fair Lawn, NJ, U.S.A.) in a 2-l volumetric flask. A 
20-ml volume of 1 M acetic acid (Fisher) and 1370 ml of distilled water were added; 1 
M HClO, (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 
distil!ed water. 

Solutions containing individual solutes were prepared in methanol-water 
(30:70) at a concentration of approximately 0.2 mg ml-‘. 

Mobile phases and sample solutions were aspirated through 0.47~pm cellulose 
acetate filters (HAW04700; Millipore, Bedford, MA, U.S.A.) and degassed in a 
Model ME4.6 ultrasonic bath (Mettler Electronics, Anaheim, CA, U.S.A.) before 
use. 

Pffrarneter estimation 
A non-linear least squares simplex algorithm similar to that described by 

O’Neill’* was used to fit the model expressed by eqn. 1 to capacity factor data at each 
of the nine factor combinations of pH and [IIR] for each of the 28 soiutes. Estimated 
parameters were the pK, of the solute, k&, ki, /3, IZ and pK,. Conversion was verified 
by examination of the sum of squares of residuals divided by the average capacity 
factor” and by inspection of plots showing both the capacity factors and the fitted 
model. 

Coejjicient of correlation 
The first-order linear model 

was fit to sets of paired data, where ~~~ and _Q are the two numerical quantities being 
correlated, PO and 8, are the intercept and slope, and ri is a residual_ The coefficient of 
correlation (r) was calculated as the square root of the ratio of the sum of squares due 
to the factor as it appears in the model (the sum of squares due to regression) divided 
by the sum of squares corrected for the mean I9 For some sets of data, a different . 
model was later used to express a first-order relationship constrained to pass through 
the origin. 

yi = PI xi + ri (3) 

The statistical significance of the coefficient of correlation may be obtained 
from the Fisher F ratio” 

3 
4l.v-2, = 

(12 - 2) 

(1--)x 1 
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RESULTS AND DISCUSSION 

Table II contains capacity factors for each of the 28 solutes at each of the nine 
combinations of pH and [IIR]. Table III contains the best non-linear least squares 
estimates” of the parameters of the mathematical model of eqn. 1. In all cases, the 
standard deviation of residuals divided by the average capacity factor showed an 
excellent fit of the mathematical model to the experimental data”. 

TABLE II 

SOLUTE CAPACITY FACTORS 
-~ 

No. PH 

3.4 4.7 6.0 
- 

[ IIR j (nd4) 

0 z 4 0 2 4 0 2 4 
-~ 

TCA series 

1 
1 
3 
4 

2 
7 
8 
9 

10 
11 

HCA series 
17 
13 
14 
15 
16 
17 
18 
19 
20 

PA A series 
21 
22 
12 
23 
24 
25 

BA series 
25 
‘6 
17 
28 

7.73 7.37 7.32 4.15 6.88 8.40 1.54 426 6.77 
11.08 21.46 21.44 11.12 20.89 26.33 3.05 13.71 20.53 
20.49 21.30 ‘I.25 10.16 20.49 26.35 2.80 13.56 19.93 

8.52 8.69 9.22 4.86 8.46 10.42 1.26 5.47 9.08 
8.89 9.22 9.22 4.51 8.87 11.31 1.21 5.73 9.2 1 

18.70 18.72 18.52 11.44 17.08 20.21 2.69 IO.37 16.35 
18.27 18.55 18.37 11.40 16.96 20.56 2.53 10.45 16.79 
10.64 10.56 10.34 6.87 9.58 10.63 I.41 5.X Y.05 
10.73 IO.57 10.76 5.87 9.54 11.87 1.59 5.78 9.17 
6.75 7.30 7.39 4.01 7.24 9.59 I.01 4.56 7.34 
6.55 7.01 7.06 2.91 7.19 9.47 1.01 4.65 9.68 

4.65 
13.89 
13.50 
5.91 
5.96 

11.29 
10.86 
5.69 
5.80 

12.17 
10.12 
4.65 
1.10 
5.80 
2.68 

2.68 2.77 7.75 1.25 2.44 3.06 0.20 I .42 
6.52 6.55 6.48 3.66 5.59 6.67 0.69 3.06 

15.19 15.21 15.08 8.55 12.85 15.45 1.78 7.16 
7.73 8.92 9.25 2.60 7.24 10.09 0.69 4.61 

4.73 4.64 
14.19 14.12 
13.71 13.72 
6.02 5.98 
6.12 6.02 

11.51 11.41 
10.93 10.86 
5.70 5.59 
5.86 5.81 

22.09 ‘I.73 
10.17 9.96 
4.73 4.64 
2.21 2.21 
6.53 6.69 
2.77 2.75 

3.35 4.96 5.78 0.57 3.81 5.94 
9.69 15.63 18.69 3.06 11.19 19.26 
9.35 15.07 18.49 7.93 11.04 17.62 
4.19 6.54 7.74 1.40 5.02 10.6-I 
4.15 6.67 7.99 1.37 5.17 9.86 
8.39 11.94 13.79 1.49 s.7s l-t.17 
7.92 Il.49 13.33 1.41 8.4-r 13.46 
4.14 5.87 6.66 1.08 4.04 6.17 
4.18 6.19 7.17 1.13 4.49 6.87 

17.31 ‘1.50 25.24 5.66 16.54 z-t.3 I 
7.71 10.40 11.78 2.48 7.74 11x3 
3.35 4.96 5.78 0.87 3.81 5.94 
1.1s 1.55 3.24 0.38 1.84 2.95 
3.04 7.70 10.39 0.99 5.78 9.65 
1.25 2.44 3.06 0.20 I .42 1.3 I 

2.3 1 
_ -- 
3.33 

II.44 
7.78 
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TABLE III 

ESTIMATED PARAMETERS 

TCA series 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

HCA series 
12 
13 
14 
15 
16 
17 

18 
19 
20 

PAA series 
21 
22 
12 
23 
24 
25 

BA series 
25 
26 
27 
28 

4.68 
4.64 

. 4.58 
4.72 
4.61 
4.85 
4.86 
4.95 
4.69 
4.74 
4.44 

5.08 
4.98 
4.96 
5.06 
5.00 
5.10 
5.08 
5.11 
5.07 

5.22 
5.16 
5.08 
4.75 
4.56 
4.60 

4.60 
4.7% 
4.76 
4.21 

7.40 1.23 
21.56 2.19 
21.28 2.07 

8.92 0.84 
9.22 0.86 

18.88 1.51 
18.61 1.33 
10.65 0.56 
10.98 1.11 
7.17 0.66 
6.93 0.82 

4.68 0.39 
14.04 1.98 
13.61 1.92 
5.97 0.84 
6.03 0.87 

11.42 1.32 
10.90 1.36 
5.68 0.46 
5.83 0.55 

22.04 2.90 
10.09 1.33 
4.68 0.39 
2.16 0.17 
6.26 0.78 
2.80 0.09 

2.80 0.09 
6.65 0.32 

15.46 0.97 
9.06 0.54 

2.51 1.14 6.26 
10.76 1.41 6.25 
11.12 1.48 6.24 
3.58 1.18 6.39 
4.23 1.28 6.30 
6.73 1.22 6.37 
6.95 1.19 6.35 
3.45 1.34 6.48 
3.71 1.19 6.32 
3.80 1.22 6.12 
3.53 1.27 6.26 

2.81 1.29 6.37 
8.76 1.25 6.31 
9.63 1.42 6.25 
2.02 0.79 6.84 
2.62 0.92 6.58 
5.73 1.15 6.36 
5.67 1.18 6.32 
3.11 1.31 6.26 
3.52 1.32 6.26 

11.28 1.29 6.30 
4.99 1.21 6.36 
2.81 1.29 6.37 
1.60 1.36 6.25 
4.36 1.26 6.33 
1.15 1.33 6.33 

1.15 1.33 6.33 
1.68 1.01 6.55 
4.63 1.20 6.37 
3.37 1.25 6.37 

- 

Correlation matrices 
Tables IV-VII give correlation matrices for ten numerical quantities associated 

with the TCA, HCA, PAA and BA series of compounds, respectively. In addition to 
these ten quantities, 15 other quantities were also investigated, resulting in a total of 
300 painvise correlations for each series of compounds. The additional 15 quantities 
were n and pKHs from eqn, 1, the sum of squares of residuals for the fitted model, the 
gram molecular weight of the solute, G+ and G-, and the capacity factors at each of 
the nine experimental factor combinations. Tables IV-VII show only the 45 most 
interesting or significant correlations. 

Relationship between pK, and ap*,, 
Tables IV, V, and VII show that in the TCA, HCA, and BA series, pK, is 

highly correlated with bp,m only, and that G,,, is highly correlated with pK, only. 
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TABLE IV 

CORRELATION MATRIX FOR TCA SERIES 

Coefficients of correlation (r) expressed as percent. 

PK, - 
k;, - 
log k;, - 
k:, - 
log k:, - 
B - 
logB - 
0p.m - 

- 
: No. - 

17 24 20 22 II 4 (96*) 7 73 
- 99 (87) 83 93 95 30 93 26 
- - 83 79 92 38 (89) 34 
- - - 98 

(:x) 
85 9 87 10 

- - - - 83 79 13 83 6 
- - - - - 98 0 9.5 7 
- - - - - - 1 97 2 
- - - - - - - 2 68 
- - - - - - - 2 

l p-NO,-TCA excluded; r = 74 when included. 

Values of bp,m are not available for the PAA series (see Table VI), but pK, is highly 
correlated with the number of carbon atoms, as is expected for this homologous 
series’ t. 

Fig. 1 shows plots of pK, vs. Go,,, and the corresponding best two-parameter 
least squares straight lines (eqn. 2) for the TCA, HCA and BA series. The compound 
p-N02-TCA was not included in the regression for the TCA series. The exceptionally 
good fit for the BA series suggests that the pK, values are being determined suf- 
ficiently precisely by this chromatographic technique to almost exactly reproduce the 
defining relationship of the Hammett equation 22. Further, the relative slopes of the 
three regression lines (e in the Hammett equation) of 0.50, 0.24 and 1.05 in 30 “/, 
methanol at 25°C for the TCA, HCA and BA series, respectively, are in good agree- 
ment with corresponding literature values of 0.42, 0.24 and 1.00 in water at 25°C”. 

Relatiomhip between log k;iA and IT 
Tables IV, V and VII show excellent correlation between log X-n, and the 

TABLE V 

CORRELATION MATRIX FOR HCA SERIES 

Coefficients of correlation (r) expressed as percent. 

PK, k&z, Iog k&, k:, log k> p 

PK, - 
kk - 
log k;, - 
k:, - 

log k:, - 

B - 
IogB - 
~p.m - 

- 

f No. - 

55 50 65 63 50 (92) 60 72 
- 99 

(GY) 
94 95 95 30 98 6 

- - 96 95 93 93 27 (98) 1 
- _ - 98 (92) 88 47 98 24 
- - - - 84 80 46 97 18 
- - - - 98 39 92 13 
- - - - - - 28 91 4 
- - - - - - - 41 70 
- - - - - - - 12 
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TABLE VI 

CORRELATION MATRIX FOR PAA SERIES 

Coefiicients of correlation (r) expressed as percent. 

PY - 68 70 67 68 64 66 - - 92 
x_;, - - 95 (100) 87 99 91 - - 
log k;, - - - 95 95 95 97 - - (Sk) 
k:, _ _ - _ 90 (99) 93 - - 89 
log x_;, - - - - - 90 99 - - (9F) 
jj - - - - - - 94 - - 87 
logB - - _ - - - - - - 89 

bp.m - - - - - - - - - - 
- - - - - - - - - - 

&Jo. - - - - - - - - - - 

* I-Phenylformic acid (BA) and nt-Cl-2-phenylacetic acid excluded: r = 89 when included_ 
** nr-Cl-Sphenylacetic acid excluded; r = 90 when included. 

Hansch hydrophobic parameter TC. These relationships are shown in Fig. 2. The slopes 
of the two-parameter straight lines (eqn. 2) are 0_60,0.59 and 0.67 for the TCA, HCA 
and BA series, indicating that the solubility parameter effect is approximately con- 
stant for each subset of compounds. 

Relationships between log kkA or log k> and C No. 
Linear free energy relationships predict a high degree of correlation between 

either log kuA or log ki and the number of carbon atoms in a homologous series. 
These correlations are evident in Tables VI and VII for the phenylalkylcarboxyhc 
acid series and the benzoic acid series. In each series, methylene groups (CH,) are 
added either between the phenyl ring and the COOH group (PAA series) or in the p- 

TABLE VII 

CORRELATION MATRIX FOR BA SERIES 

Coefficients of correlation (r) expressed as percent. 

pK, k;IA ~ log kk, k:, logk:, /3 log B ~P.rn IL C No. 

- 13 3 8 3 19 (100) 3 70 
- - 96 (109) 94 

i: 
95 13 79 

- - - 96 100 
- - - - 94 

(;:) 95 3 (12) (loo*) 
96 9 94 76 

- - - - - 92 96 3 100 (loo**) 
- - - - - 99 11 91 62 
- - - - - - 19 94 56 
- - - - - - - - 4 71 
- - - - - - - - - 71 

* m-Cl-BA excluded; r = 72 when included. 
*Ir m-Cl-BA excluded; r = 67 when included. 
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0.0 0.!i I .0 

5l6Mfl 

Fig. 1. Correlation plots of pK, vs. co.,, for TCA. HCA and BA series. p-NOL-TCA not included in 
regression. Regressions are significant at the following levels of confidence: TCA = 99.9991 y/& HCA = 
99.95 “/,. BA = 99.9995%. 

position on the phenyl ring (BA series). These relationships are shown in Fig. 3; the 
two-parameter straight lines (eqn. 3) ignore nz-Cl-BA and JJr-Cl-?-phenylacetic acid 
(and benzoic acid in the plot of log kn, for the PAA series). 

The effects of adding methylene groups appear to be different for each con- 
-jugate acid-base species and for each series of compounds. Adding a methylene group 
between the phenyl ring and the COOH group (PAA series) causes an increase in 
capacity factor of 0.34 log units for the conjugate acid species and 0.40 log units for 
the conjugate base species. Adding methylene groups to the p-position (BA series) 
causes an increase in capacity factor of 0.37 log units for the conjugate acid species 
and 0.52 log units for the conjugate base species. 

Rehiomiiip between kkA urd k> 
Tables IV-VII all reveal a high correlation between estimated values of k;iA 

and X-X_ These correlations are shown in Fig. 4 where the single-parameter regression 
line of eqn. 3 is plotted. 

The high degree of correlation between kh, and ki is expected from linear free 
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Fig. 2. Correlation plots of log kk vs. IL for TCA, HCA and BA series. Regressions are significant at the 

following levels of confidence: TCA = 99.97 %, HCA = 99.9997 %, BA = 99.90 %_ 

energy relationships_ For an unionized weak organic acid, RCOOH, Martin’s equa- 
tionz3 predicts 

RTln I&, = Ap, + APCOO, (5) 

where R is the gas constant, T the temperature in “K, Km, the partition coefficient fo; 
the unionized solute and Ap is the differential chemical potential -the free energy 
required to transport one mole of a given group (R or COOH) from the stationary 
phase to the mobile phase. Similarly, for an ionized weak organic acid, RCOO-, 

RT In K, = Ap, + Ap,,,- (6) 

where KA is the partition coefficient for the ionized solute. Subtraction of eqn. 6 from 
eqn. 5 gives 

&A RTln- = 
GA 

Kt 
RT In k’ = Ap,-,, - AP~OO- = AAPcoow 

A, 
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7 0 9 I0 II 

f CflfWlN5 

Fig. 3. Correlation plots of fog k&, or log kk vs. C No. for PAA and BA series. m-Cl-BA and n&I-2- 
phenylacetic acid not included. BA not included in log k,, regression for PAA series. Regressions are 
significant at the following levels of confidence: PAA (log k&*) = 99.9994 %, PAA (log k’J = 39.95 %, BA 
(log kk) = 99.5 %. BA (log k;) = 97.5%. 

where AAPCOOO, is the change in differential chemical potential associated with the 
ionization process. Thus, 

4i.t 
- = exp WkootH, h-a 

IRT) (8) 

If it is assumed that Ap, is the same for both the unionized and ionized species, 
the relative slopes in Fig. 4 suggest that AApCOO~H~ for a series decreases in the order 
BA > TCA > HCA z PAA. Alternatively, it could be assumed that AApcoocH, is a 
constant in which case the relative slopes in Fig. 4 would suggest that 

AAPR = APa(unianizcd) - ArGtionized) (9) 

for a series decreases in the same order. It is possible that both of these assumptions 
are partially correct because of resonance interaction between the COOH and/or 
COO- groups and the phenyl ring: the interaction would be greatest in the benzoic 
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Fig. 4. Correlation plots of kh vs. ki. Straight line relationships are constrained to pass through the origin 
(eqn. 3). Correlations are significant at the following levels of confidence: TCA = 99.95x, HCA = 
99.9988 %, PAA = 99.998 %, BA = 99.8 %. 

acid series where the carboxylic acid group is attached directly to the phenyl ring; in 
the tl-ails-cinnamic acid series, a more distant resonance interaction is possible 
through the conjugated methylene group; in the hydrocinnamic acid series and in the 
phenylalkylcarboxylic acid series, resonance interactions with the phenyl ring are not 
possible. 

Relationship between k> and B 
The correlations between k; and /3 (see Tables IV-VII) are all highly signifi- 

cant. These high correlations are seen in Fig. 5 which plots each of the four subsets of 
data as well as the composite %-point set_ The best least squares straight lines drawn 
in Fig. 5 are constrained to pass through the origin (eqn. 3). 

The parameter p is a measure of the physicochemical interaction between a 
negatively charged solute ion and the adsorbed positively charged IIR (octylamine 
hydrochloride). It is evident from Fig. 5 that the interaction is approximately the 
same for each of the subsets and for the composite set -the slopes are TCA = 0.207, 
HCA = 0.216, PAA = 0.242, BA = 0.188 and ALL = 0.217. Thus, the proportional 
increase in the retentioil caused by the presence of surfactant in the system is ap- 
proximately constant for each of the negatively charged solute ions. 
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Fig. 5. Correlation plots of X-i vs. /r. Straight line relationships are constrained to pass through the origin 
(eqn. 3). Correlations are significant at the following levels of confidence: TCA = 99.987:4. HCA = 
99.967”. PAA = 99.991 “/,. BA = 97.9x, ALL = lOO.0000~~. 

CONCLUSIONS 

In this study it has been demonstrated that Hammett Go,,, values correlate with 
estimated pK*, only, for the 28 aromatic monocarboxylic acids-studied. and that the 
ion-interaction effect B correlates with k; with slope independent of the solute series. 
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These results suggest a purely electrostatic interaction between the adsorbed solute 
ions and the primary ion layer of adsorbed IIR on the surface. This conclusion is 
consistent with-and lends support to the original ion-interaction model of Bidling- 
meyer et al.’ and its refinementsr”*“. 
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