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ION INTERACTION: THE ENERGETICS AND 
MECHANISM OF THE COMPETITIVE 

BEHAVIOR BETWEEN TWO SIMILARLY 
CHARGED MOLECULES. 2. TEMPERATURE 

EFFECT AND ENERGETICS 

Pierre R. Bedard and William C. Purdy* 
Department of Chemistry 

McCill University 
801 Sherbrooke Street West 

Montreal, Quebec, Canada H3A 2K6 

Tne competition brcween two molecules of similar polarity for 
adsorption sites on the stationary phase is discussed l n  liyht of 
the effects of temperature, ac*tonitrile and surfdctant 
(cyclohexylaminopropane sulfonic acid, CAPS) concentration on 
tne rdtention of the thyroid hormones (3,5-diiodo-thyronine, TL; 
3,3',5-triiiodo-thyroniner T3 and thyroxine, T4). The data drd 

enthalpy, entropy dnd heat capacity can be evaludted. The 
molecular motion of the analyte is raduced with an incredse in 
surfactant concentration as determined from entropy and heat 
capacity calculations. This effect does not result from micelle 
formation but rather from molecular interaction between the 
analyte and a few surfdctant molecules. A reduction i n  enthalpy 
from competitive and interactive behaviour is proposed. The 
compensdtion tenprrature is halt of WhdC is nor ina l  ly observed, 
whicn is related to the heat capacity effect dnd the data 
traatment. 

andlyZrd USlny d second-order POljnomlal from which the 

- I " ' " " " o c r r o !  
The rneryetics of the chromatographic process can be 

visualised as the energy Change between the solvation of the 

solute in the mobile phase and the stationary phase adsorption 
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2446 BEDARD AND PURDY 

( 1 - 3 ) .  At equilibrium, the Gibbs free energy describes the 

effect of temperature on equilibrium: 

G = R T In K (1) 

= H - T S  ( 2 )  

were G, R, T, K ,  H and S represent tho Gibbs free energy, 

the gas constant, the temperature in Kelvin, the equilibrium 

constant (K = 0 K', where (P is the phase ratio), the enthalpy 

and entropy, respectively. The van't Hoff equation results 

from the rsarrangement of the above equations and its usage has 

been demonstrated by Horvath et al. ( 4 )  within the solvophobic 

chromdtography framework: 

In k g =  I! - S - In Q) ( 3 )  
R T  

From thermodyndmic theory (l), this equation is valid only for a 

small temperature range. From a practical point of view, the 

equation is valid when the enthalpy, entropy and the phase ratio 

are assumed to be reasonably constant. This assumption is valid 

only if the heat capacity difference between the reactants and 

products is negligible. Deviation from linearity results when 

one or more of tnese assumptions is not obeyed. 

Non-linear van't Hoff plots have been described using the 

concept that a second energetic center is involved in tne system. 

These centers have been demonstrated to involve a set of "extra 

reversa phase adsorption equilibria" which significantly 

contributed to the overall energetics. These include a)the free 

silanols at the surface of the stationary phase ( 5 , 6 ) ,  b) a 

change in the conformation of the solute ( 7 )  and c) a change in 

the ionization of tne solute or the buffer ( 8 ) .  

This paper concludes a ssries ( 9 )  of two that has studied 

tne competion behaviour between two similarly charged molecules. 
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ION INTERACTION. I 1  2447 

Experimentally this consists of a study of the effect of a 

surfactant (CAPS) on the retention of some thyroid hormones at 

various temperatures. The focus (of this particular 

contribution) is on the energetics of tne competition betuleen the 

surfactant and the test solute, taking into account the earlier 

findings (9). A second-order polynomial is proposed for the 

analysis of the retention temperature data from which the 

enthdlpy, entropy and heat cdpacity can be determined. The 

particular problem of evaluating the phase ratio for tne entropy 

determination is discussed. Finally, some inferences about the 

events at the surface of the stationary phase are Groposed. 

EXPERIMENTAL 

Tho experimental set-up has been described previously ( 9 ) .  

No changes have been made unless specified. The mobile phase was 

pre-heated, which otherwise might have led to splitting or 

deformation of the peaks resulting from the non-homogenous 

temperature at the inlet of the column (10). The flow rate was 

monitoroil, since the viscosity cnange might affect the 

compressibi 1 i ty of the mob1 le phase. 

ESULTS AND DISCUSSION -- 
The andlySiS of the temperature-retention data resulted in a 

non-linedr van't Hoff plot. From a multiple enthalpic center 

point of view (as proposed by Horvath et al. (5-8)), two 

processes might readily be identified for the retention of the 

thyroid hormones. First, work i s  required to cross an 

electrostatic bdrrier, since both the analyte and the surface aro 

negatively charged. Second, the molecule undergoes hydrophobic 

interactions with the stationary phase. The summation of both 

processes results in a nonlinear temperature dependency as 
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BEDARD AND PURDY 2448 

ex9ressed by tne summation of van't Hoff equations. However, 

the exact value of the contributing enthalpies can only be 

evaluated from extrapolations (at the inflection point and at the 

intercept) of the plot and the usual assumptions described above. 

- A Different Perspective Proposed 

From thermodynamic theory (l), the entnalpy of the process 

can be evaluated more 

and temperature data: 

properly from the the equilibrium constant 

d(1nK) = H ( 4 )  
d(T) -i;2 

Tne Kate of cnange of the enthsllpy with respect to temperature 

arises from the heat capacity, which describes changes in 

deyrses of freedom (1.e. phase transition). Obviously the latter 

is not "practical". Another method has been proposed by Osborne 

et al. (11) and modified by Seelig and Oppenheimer (12): 

G = - K T I ~ K  = a 1  t a 2 ~  + a 3 ~ ~  ( 5 )  

whers a l ,  a2 and a3 are the coefficients tndt are evaluated 

using multiple linear regression. ~f "a3" 1s not significant, 

the result is J rearranged van'r Hoff ctqudtion. From tniS 

polynomial tne following thermodynamic quantities are evaluated: 

This third-order polynomial is different from the Taylor's series 

expansion, proposed by Hammers and Verschoor ( 1 3 1 ,  which 

resulted in the regression of five pardmeters and higher 

equations. Their criteria for selection are not sensitive in 

checking wheter all of the regressed parameters are significantly 
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ION INTERACTION. 11 2449 

different from zero or  significantly contribute to the overall 

fit (14). 

The temperdture dependency of the capacity ratio, k', for 

TO, T2, T3 and T4 has been determined for mobile phases 

containiny 12.5% acetonitrile with no, O.OO5M and 0.01M CAPS dnd 

15% acetonitrile with no CAPS (all pH 11.5 and 0.02M PO4)- Tne 

ddtd were analyzed using a multiple linear regression proyrdm. 

The problem, encountered before (15), of non-homogenous 

variance was not present as demonstrated by the distribution of 

the residuals (see figs 1 dnd 2). 

AS discussed dbOV2, it 1s necessary to evaludte whether O K  

not a given parameter is significant. At the onset, it was 

obvious thdt the intercept pdrameter WJS siynificant for all 

cdses. The data were analyzed to test the significance of "a2" 

dnd "d3" by assuming a value of zero. For the cdse of mobile 

phases containing 12.5% acetonitrile wlthout and with 0.005M 

CAPS, statistical and residual analysis of figures 1 and L show 

the adequacy of a second-order polynomial (note that d very 

slinilar pdttern is found for both T3 dnd T2). For tne Other 

conditions it can be demonstrated that either tne "a2" or the 

"djll term is not siynificant, in other words the equation is 

overdefined when the regression is performed witn three 

pdrameters. However, from a statistical point of view, both 

equations are valid (1. e. a 2  = 0 or a 3  = O). From 

thermodyndmic point of view, both equations describe the 

situation in similar terms: for one case the entropy dnd 

entndlpy dre independent of temperature and for the other a 

variation of l e s s  than 10% from 20 to 700 Celcius. 

The phase ratio term ( a s  1 n Q  ) is part of the "a2" 

pardmeter in equation 5.  Two assumptions are mdde: the phdSe 
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'. 
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10 80 
Tomporoturm in C 

F l G U R E  1. Quality Of fit for different temperature dependencres 
vs. Ln k ' .  The experimental conditions are stated in the 
e x p e r l m e n t a l  s e c t i o n  w l t h  0.0 4 CAPS and 12.5% ( V / V )  
acetonitrile. The temperature dependen y are: a) a1 + a 2  T + 

a3 ~2 ; b) al + aZ T; C )  a1 + a3 ~ 3 ,  raspactlvely; see 
text. 
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ION INTERACTION. 11 245 I 

10 80 
Temperature i n  C 

FIGURE 2. Qudlity of fit for different temperatura dependenies 
o n  L n  K'. T h e  e x p e r i m e n t a l  c o n d i t l o n s  a r e  s t a t e d  in t h e  
exo2rirnental s e c t i o n  w i t h  0.005 M CAPS and 12.5% ( V / V )  - 

T +  
d3 T2 ; b) a1 + a2 T; c) dl + a 3  T2, See 
acetonitrile. The temperature dependency are: a) a1 + 
text. 
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2452 B E D A R D  A N D  P U R D Y  

ratio does not significantly change with temperature and the 

ndrurdl l o g  of  the phase ratio is betNeen -3 and 3. Then the 

phase ratio contribution is not significant with respect to the 

VdlUeS O f  "a2". Except f o r  12.5% CH3CN wlth 0.01 M CAPS dnd 1 5 %  

CH3CN, two dpprOachS can be taken. 

I f  "d2" is zero, in whicn case the phase ratio is obviously 

absent, then the entropy dependency on temperaturs results in a 

Vdriatlon of  less tnan 10% over the temperature range o f  20 to 

70' C. However if"aj" is zero ,  the calculated entroples could be 

'TABLE 1 

Results from the Regression Analysis. The chromatographic 
conditions dre descrioed in the experimental section. The + / -  
values assocldted with al is the "standard error of the estimdte" 

gas constant. 
and with "-32" dnd "d3" is tne "standard e r r o c "  . Note "H" 1s the 

ir 

4 

4 

4 

4 

3 

3 

3 

3 

2 

2 

2 

2 

[CAPS1 / 
CH3CN 

no/12.5 

.005/12.5 

. 0 1/12.5 
no/15 

no/12.5 

.O 05/12.5 

.O 1/12.5 

no/14 

no/12.5 

.005/12.5 

. 0 1/12.5 
fl0/15 

23805+/-17 -131+/-17 0.185+/-0.026 

10587+/-12 -52.5+/-12 0.0667+/-.019 

3487+/-13 -9.06+/-.3i - 
3528+/-8.6 -9.26+/-.21 - 

23743+/-26 -134+/-26 0.1903+/-.040 

11484+/-13 -60 +/-14 0.079 +/-.021 

3129+/-13 -8.88+/-.31 - 
3120+/-15 -8.89+/-.36 - 

22589+/-30 -131+/-30 0.1910+/-.047 

12484+/-20 -72+/-21 0.1007+/--033 

1663+/-13 -4.9+/-.30 - 

r 2  

.997 

.998 

.996 

.998 

.9Y3 

.99a 

.9Y5 

.994 

.985 

.990 

.985 

2148+/-16 -6.55+/-.39 - .990 

F 

587 

602 

a78 

2008 

216 

485 

835 

616 

97.3 

97.0 

269 

284 
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ION INTERACTION. I 1  245 3 

offset by ds much as 4 0 %  (using the above assumptions). Botn can 

be demonstrated to be thermodyndinically valid. The results from 

botn cases a r e  tne same within experimental error. Tnis latter 

fact might indicate that the second of the above assumptions 

should contribute to the rasult by less than + / -  0.5. For the 

renaining discussions the phase ratio will be assumed to be 

insignificdnt for tnis specific set of condltlons.  he 

significant equation parametars are reported in table 1 with the 

relevant stdtistics and a summary plot in figurs 3 is presentdd. 

Extra-Thermodynamic Considerations 

The classical approach to extrd-thermodynamic analysis, 

wiiich includes entropy-enthdlpy compensation plots, has been 

described by Leftler and Grunwald (16). NoceGorthy is the caveat 

proposed by Krug, Hunter and Grieger (17,18) which will be 

addrassed later. Enthalpy-entropy compensation is typical Ly 

expressed as: 
H =  A (S) + B 

were A and B are the slope and the intercept, respectively. In 

otnrr similar analyses, tne nil v a l u e  for hedt capacity is 

yenerally assumed without being formally recoynised. The heat 

cdpdcity effact is explicitly accounted for in eqs 6,7 and 8 .  

Combining eqs (6)and (7) with eq(9) would result in the 

description tne compensation temperdture as: 

a l + a 3 ~ 2 = A ( - a 2 -  z ~ ~ T ) + B  ( 1 0 1  

wherz the slope parameter is a function of  the cornpensation 

temperature, TI. This yeild the following identities: 

A = T'/2 and B = a  1 + = 2 A  (11) 

Then it would bs expected that the observed compensation 

t2mperdture is half the value normally found in solvophobic 

chromatography. This finding and our results (the slopes ar2 
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2454 BEDARD A N D  PURDY 

10 80 
Tamparotura i n  C 

FIGURE 3. Summary of the findl result for the Ln k' dependency 
on temperature. The experimental conditions are stated in the 
experimental section with T4: a) O M ,  b) 0.005M, c) 0.01~; T3: 
d) O M ,  e) 0.005M,  f) 0.01M; T2: 4) O M ,  h) O . L ) O S M ,  1) 0.01M. 
See text. 
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ION INTERACTION. I 1  2455 

3 1 7 . 7  + / -  1) compare very well with the reported approximate 

value of b25 K (19). Otherwise the normally observed 

compensation tenperature would be averaged out dnd lead to other 

conclusions about the phenomenon observed. 

Tne compensation temperature is believed to oe the 

temperature where an increase (or decrease) in ST 1s exactly 

compensdted for by d decrease ( o r  incrr?ase) in H. These 

thermodynamic variations arise from modification of the inobile- 

pnase o r  of molecular substituents. In prdctice this is never 

observed due to other events of lesser importance that perturb 

the system and that cannot be predicted by simple theory. These 

secondary events are observed at the compensation temperature 

since tne main effect cancels (from compensation) itself out. 

Figure 3 describes this situation; at about 5 0 0  C, the free 

eneryy, for a given thyroid hormone, is the same (within 12%) 

for every CAPS concentration. Finally it is noteworthy that for 

d given concentration of Surfdctant, the entropy and enthalpy 

dependence on temperature are para1 lel for a1 1 thyrold hormones. 

Tne statistical compensation problem, discussed by Kruy, 

Huntdr and Grieger (17,18) had been originally explored by 

Leffler and GrUnWdld (16). Usiny different nethods, they came 

to similar conclusions. In the absence of extra-thermodynamic 

effects the corrslation coefficient between S and H was 0.998 far 

the temperature set used (20,50 and 700 C )  (17). This is an 

evdluation of the expected "randomness" in the absence of extra- 

thermodynamic effects; a lower value indicates that an important 

factor is not properly accounted for, while d larger value does 

not necessarily indicate d successful relationship. The 

correlation coefficients for the entropy-enthalpy plots of the 

individual hormones are larger than those computed for random 
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2456 BEDARD A N D  PURDY 

events. When the ragression is performed using all hormones 

and CAPS concentrations, the correlation (0.98) is smaller than 

expected for random variation alone. This probably results from 

the number of iodine atoms and their position on the thyronine 

backbone. A regression analysis of the intercept of the 

individual hormone entropy-enthalpy plot with respect to the 

number of iodine atoms ( r  = 0.997) confirms the significance of 

the iodine contribution. However this is only secondary to tne 

surfdctdnt for tne overdll control over k ' .  The free energy- 

enthdlpy plots, as recommended by Kruy et al. (17, 18), also 

produced correlation coefficients better than 0.999 in the 

temperature- [CAPS] plane. These findings suggest that the same 

fundamental mechanism leads to the adsorption of tne thyroid 

hormones and that this mechanism is germane with the concept of 

"Sol vopnobic ChrOmatOgrdphy". 

Contrdry to the recommendation of Krug et dl. (17, le), it 

was necessary to use the entropy-enthalpy plot for the 

determination of the compensdtion temperature. The experimental 

temperature and the compensation temperature were similar which 

would hdve resulted in unacceptably larye vdriances for the 

compensation temperature. Also considering t'he significant 

contribution of heat capacity, analysed in a similar manner as 

eq 10, the enthalpy-free enrrgy regression would have resulted in 

a slope equal to one. 

Molecular Interpretation 

A possible origin for the heat capacity eftect is a change 

in the level of ionization of the ionophore present. Modeling 

was performed with an IBM personal computer taking into account 

various concentrations of all species, their respective pKa 

dependency on temperature and using enthalgy, entropy and, when 
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ION INTERACTION. I I  2451 

available, heat capacity from various sources ( 2 0 - 2 3 ) .  The 

Concentration of f r e e  (non-ionizeu) CAPS did not cnange oy more 

than 10'6 ovar the chromatographically useful temperature range. 

Slmlldrly, the pH aid not Snlft by more tndn 0 .3  Units Over tne 

same range. Therefore the level of ionization of the phenol group 

o n  the ttiyr:Oid hormones would not cndnge. A n  example o f  tne 

graphic output is shown i n  figure ( 4 ) ,  not* the negligible 

effact of tne heat capacity. In tnis context tne hedt cdpacity 

observed in the ChrOmdtOgraphiC exp6riments is not the result of 

d change i n  ionization o f  the molecule present, but r~ould 

originate rather from a large change in molecular motion, larger 

tndn would be accounted far by molecular vicirdtions. Upon 

adsorption, d molecule would lose some degrees of freedom dua to 

numerous anchorage points. An increase in surrounding adsorbed 

surfactant would not affect the overall molecular motion of the 

dnalyte. Hence tne change in molecular motion, as monitored by 

the hedt cdpacity ( in fact the chromatographic experiment only 

monitors the net difference in tnerrnodynamic quantities betdeen 

that of the solutes in the mobile phase and the stationary 

pridse), can only origindte from phenomena in the mobile phase. 

As the CAPS concentration increases the molecular motion o t  

t;le thyroia hormones deCredSSS. The effact is the only mechanism 

that can be postulated to explain a reduction in molecular 

motion. Micelle formation is unlikely, considering the 

surfactant and acetonitrile concentrations used ( 2 4 ) .  The final 

analysis should explain that the tnerrnodynamic values for both 

the 12.5% CHjCN with 0.01M CAPS and 15% C H ~ C N  without CAPS d r e  

very similar. Botn CAPS and acetonitrile could complex with the 

hormone in a manner similar to that proposed by Gnanasambdnddn 

and Preiser (25) for alcohols and d dye. A concentration 
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2458 BEDARD A N D  PURDY 

0 60 
Temperature in  C 

FIGURE 4. Computer simulation on the effect of temperature on pH 
and CAPS ionization. The initial conditions are 0.02 phosphate, 
pH 11.5, 250 C and 0.005 CAPS (total). The thermodynamic data 
are those of ref 21 and 22 for phosphate and CAPS, respectively. 
Results a) Concentration of unionised CAPS, b) pH; using the 
same data but assuming that the heat capacity is negligible or 
zero, c) Concentration of unionised CAPS, d )  pH 
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ION INTERACTION. 11 2459 

increase in either, would produce a larger and stronger cage 

leading to lower molecular motion. Note that using a multiple 

enthalpic center point of view (as proposed by Horvath et al. ( 5 -  

8 ) ) ,  this cage production might readily be identified as the 

second enthalpic center. 

Competition f o r  the Stationary-Phase Sites 

The reduction in enthalpy has been partially described as 

due to a reduction in molecular motion. The non-temperdture- 

dependent portion of enthalpy 1s reduced with an increase of both 

CAPS and CH~CN. Adsorption of a normone results in desorption of 

the surfactant molecule (9). Energical ly, the net effect 

results from tne difference in enthalpy of adsorption of both the 

analyte and CAPS. The more surfactant molecules that are 

desorbed tne smdller is tne net difference. 

'td - HCd = HaC ( 1 2 )  

I n  tnls equation; Hta, Hca and Hoc are the enthalpy of 

adsorption of an horxone at [CAPS]=O, the enthalpy of a CAPS 

molecule and the enthalpy observed, respectively, and n is the 

number of desorbed surfactant molecules. Then i f  Hca = 

8K]/mole (141, up to 20 CAPS molecules should be desorbed for 

each nornone molecules ddsorbed. This seems unlikely on the basis 

of molecular size alone. But it can be explained considering the 

interactions between the analyte and the surfactant, which could 

result in significant changes in tne "effective" heat of 

adsorption of both molecules, as suspected in the previous paper 

(9). The acetonitrile reduces the energy of solvation in botn 

the stationary and mobile phase a s  expressed by a reduction of 

the interfacial tension (2,3). 
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COlJCLUS I OU 

BEDARD A N D  PURDY 

A different perspective f o r  the computation of entropy, 

enthdlpy and heat capacity for non-linear van't Hoff alots is 

proposed, vJhich results in an experimental and theoretical 

treatment tnat yields a temperature compensation nalf of whdt is 

normally expected. This is rationalized as a heat capacity 

effect arisiny from tne formation of a complex between a thyroid 

hormone and d combination of surfactant dnd acetonitrile 

molecules in the mobile phdse. 

The reduction in tne non-heat-capacity-dependent term of the 

enthalpy results from both desorption of the surfactdnt and ion- 

interaction. 
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