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Abstract

The knowledge of the acid–base equilibria in water–solvent mixtures of both common buffers and analytes is necessary in
order to predict their retention as function of pH, solvent composition and temperature. This paper describes the effect of
temperature on acid–base equilibria in methanol–water solvent mixtures commonly used as HPLC mobile phases. We

s s s 0¯measured thed-correction parameter (d 5 pH2 pH5E 2 log g ) between two pH scales: pH measured in the solventw s j w H
sconcerned and referred to the same standard state, pH, and the pH measured in that solvent mixture but referred to water ass

sstandard state, pH, for several methanol compositions in the temperature range of 20–508C. These determinations suggestw

that thed-term depends only on composition of the mixture and on temperature. In water-rich mixtures, for which methanol
is below 40% (w/w),d-term seems to be independent of temperature, within the experimental uncertainties, whereas for
methanol content larger than 50% (w/w) thed-correction decreases as temperature increases. We have attributed this
decrease to a large increase in the medium effect when mixtures have more than 50% methanol. The pK of five weaka

electrolytes of different chemical nature in 50% methanol–water at 20–508C are presented: the effect of temperature on pKa

was large for amines, pyridine and phenol, but almost no dependence was found for benzoic acid. This indicates that buffers
can play a critical role in affecting retention and selectivity in HPLC at temperatures far from 258C, particularly for
co-eluted solutes.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction on manipulating experimental conditions such as the
mobile phase composition, mobile phase type,

Temperature plays a significant role in all chro- stationary phase type and mobile phase pH for
matographic techniques. Although it is recognized as separation of acidic and basic analytes. Considera-
the most relevant parameter in GC, many separation tion of temperature higher than ambient for optimiz-
scientists have traditionally disregarded temperature ing resolution in typical reversed-phase separations
in LC. As a consequence, current method develop- has been rather scarce[1–8]. Exceptions to this trend
ment strategies for optimizing resolution are based have been chiral separations, where usually tempera-

tures below ambient favor molecular shape recogni-
tion [9,10], ion-exchange chromatography, especially*Corresponding author. Fax:154-221-427-1537.
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raphy [11]. In a recent publication, Greibrokk[12] First, we are aware of the importance that tempera-
clearly stated the reasons for fearing of the use of ture has in liquid chromatographic separations. With-
elevated temperatures as a usual controlling variable in this context, the acid–base equilibria of weak
in RPLC: mainly, reduced column life time, lack of electrolytes in usual chromatographic mobile phases
ovens in common instruments, and loss of efficiency behave unpredictable as temperature is far from
due to poor viscous heat dissipation. Today, most of 258C. We strongly believe that this issue was
these reasons can be argued: column technology has underestimated mainly because of the very scarce
significantly improved, most commercial instruments information about the ionization enthalpies of these
have column temperature control and narrower col- weak electrolytes in solvent mixtures. But, since the
umns are more often used. interest in temperature influence in HPLC has been

Elevated temperatures increase solute solubility increasing among separation scientists during the last
and diffusivity, whereas they decrease solvent vis- years, it is necessary to address ourselves to this
cosity, significantly improving the kinetics of the topic. We hope to install the discussion, and as more
partition process, and as a consequence, peak shape data can be collected, we expect to be able to
and column efficiency. But, temperature has also a re-formulate predictive models of retention of ana-
large effect on the thermodynamics of the retention lytes in RPLC, in which temperature and pH of the
process, affecting retention factors, selectivity and mobile phase would be experimental variables. The
total analysis time. Now, when temperature in second and more immediate objective was to explore
combination with pH are introduced as variables to the magnitude of the effect that temperature has over
adjust selectivity towards acidic and basic com- acid–base equilibria of buffer solutions in methanol–
pounds, one must evaluate the effect that temperature water mixtures and over the pK of a number ofHA

has on the pH of the mobile phase. This means that, weak electrolytes chemically different in these aque-
it is critical the knowledge of the exact nature of ous–organic solvents.
buffer dissociation in organic solvent–water mixtures
at temperatures different from ambient when they are
used as mobile phases in liquid chromatography 2 . Theoretical
varying column temperatures.

Retention of basic and acidic analytes strongly 2 .1. Acid–base equilibria in aqueous–organic
´depends on the pH of the eluents. Roses et al. solvents

[13,14] developed a model to relate the retention of
acidic solutes with the true pH of the mobile phase. The dissociation equilibrium for an acidic com-
The equations derived take into account the effects pound HA in a given solvent (s) can be expressed as:
of activity coefficients and the presence of other ions

1 2HA↔H 1Ain the mobile phase and mobile phase composition.
These equations have been successfully applied toIn this equilibrium, we assumed ion association to be
predict retention of several analytes, using both negligible, which is reasonable for solvent mixtures
methanol–water[15,16] and acetonitrile–water mix- of relatively high dielectric constant. The standard
tures[17,18] as eluents. However, their studies were free energy of the dissociation of HA in the system,
essentially conducted under isothermal conditions. can be referred to the aqueous standard state:

In their seminal studies on reversed-phase re-
s 0 s s 0 s 0´tention, Horvath et al.[1,19,20] stated the influence D G 5 2RT ln K 5D H 2T D S (1a)w w HA w w

that temperature has on the acid–base equilibrium of
or to the solvent mixture standard stateweak electrolytes commonly used as buffers; and as

s 0 s s 0 s 0a consequence, on the chromatographic retention ofD G 5 2RT ln K 5D H 2 T D S (1b)s s HA s s
acidic and basic solutes. However, these experiments

0 0 0were conducted using pure water as mobile phase, whereDG , DH and DS are the standard Gibbs
which is rarely used in RPLC methods. free energy, enthalpy and entropy for the dissociation

The aim of this preliminary study was double. equilibrium of HA in the solvent mixture (s) (left
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hand superscript) referred either to water (w) or to enthalpy of transfer of one mole of (i) in its standard
the solvent mixture (s) (left hand subscript) as state from water to the solvent mixture. In Eq. (4),
standard state solvent for the activity coeficients, and we assumed that enthalpies are temperature-indepen-
K is the acidic dissociation constant referred to dent. By re-arranging Eq. (4),HA

water,
s 0 s 0 0 0 0

D H 5D H 2 DH 2DH 2DH (5)f gs w t,HA t,H t,As sa aw H w As ]]]K 5 (2a)sw HA This expression indicates that the change inK asa HAw HA

temperature changes both in water and in solvent
or to the solvent mixture mixtures will be the same only when the term

s s bracketed in Eq. (5) is zero. Otherwise, the dissocia-a as H s As ]]]K 5 (2b)s tion of HA as temperature is changed will bes HA as HA different in different solvent compositions and, as a
consequence, the pH of organic solutions buffered bya is the activity of a specie (i) in the correspondingi

HA will change differently from pH in water.solvent reference scale. Thus,K depends on theHA

choice of the standard state and the associated choice
of how concentrations are expressed. In a molal 2 .2. Determination of pH in aqueous–organic
scale, the activities are related to molality of (i) in mixtures
the equilibrium,m , through the corresponding ac-i

s s s stivity coefficient,g , by a 5m g and a 5m g ,i w i i w i s i i s i Mobile phases in reversed-phase liquid chroma-s sin which g and g are unity at infinite dilution ofs i w i tography (RPLC) are, in general, mixtures of an
(i) in the organic mixture and in water, respectively. aqueous buffer and an organic solvent. There are

By combining Eqs. (1) and (2), and substitutingai three methodologies to determine the pH of a buffer
by m g ,i i solution to be used as eluent in RPLC: (i) measure-

s ment of aqueous pH buffer before mixing it with theKw HAs 0 s 0 0 w]]D G 2D G ;DG 5RT ln s organic modifier ( pH); (ii) measurement of the pHs w t wKs HA of the RPLC buffer after mixing using a pH elec-
s 0 s 0 sg g trode system calibrated with aqueous buffers ( pH);w H w A w]]]5RT ln (3)s 0 and (iii) measurement of the pH after mixing andgw HA

calibrating the electrode system with reference buf-
s 0 s s sIn this expression, g (5 g / g ) represents the fers prepared in the same solvent mixture ( pH). Thew i w i s i s

primary medium effect. This quantity is fixed by the notation adopted in this work is that recommended
wGibbs energy of transfer of one mole of the species by IUPAC [15,21,22]. Although the pH measure-w

(i) in question from the standard state in water to the ment is widely used in chromatographic practice, its
0standard state in the organic solvent.DG stands for use can mislead the interpretation of retention oft

the change in the standard Gibbs free energy of weak electrolytes[7,17,18].
1 2 stransfer of the three species, i.e., H , A and HA The other thermodynamic quantities, pH andw

sfrom the aqueous to the aqueous–solvent system. pH, are two different ways to define the activity ofs
1Now, at constant pressure, the effect of tempera- H ions in solvent mixtures depending on the chosen

ture can be obtained from the van’t Hoff equation as: standard state, namely:
s s 0 s sd ln K D H pH5 2 log m g (6a)s HA s w H w H]]] ]]; 2 Rd(1 /T )

and
1 0 0 0 0]5 2 DH 2DH 1DH 1DH s s s s 0f gt,HA t,H t,AR pH5 2 log m g 5 pH1 log g (6b)s H s H w w H

(4)
Now, the operational pH quantities, measured with

0whereR is the gas constant andDH represents the electrochemical cells, have to include the liquidt,i
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junction potential; they are related through the 3 .2. Chemicals
parameterd by [23–25]:

Methanol was HPLC-grade (Merck) and waters 0 s s¯d 5E 2 log g 5 pH2 pH (7)j w H w s was purified by a Milli-Q plus system from Milli-
pore. The following reagents, p.a. or better, werethis d-term includes the primary medium effect and
used without purification: hydrochloric acid (Merck,¯the residual liquid-junction potential errorEj 25% solved in water), succinic acid p.a. (Merck,s w(5 E 2 E ), which results from the difference inj j .99.5%), glacial acetic acid (Merck), sodium chlo-potential across the junction dilute bufferuuKCl satu-
ride (Merck,.99.5%), potassium dihydrogen phos-rated between aqueous standard and solvent buffers;
phate (Merck,.99.5%), disodium hydrogen phos-Ē is expressed in pH units. The primary mediumj phate (Merck, .99%), tris(hydroxymethyl)-1effect for the transfer of the H ion from water to the
aminomethane (Baker), sodium hydroxide (Merck,s 0solvent considered,g , is a thermodynamic quanti-w H .99%), potassium hydrogen phthalate (Carlo Erba,ty that depends only on the solvent composition and
.99%), 4-aminopyridine (Aldrich,.99%), sodiumon temperature. So, inasmuch as the liquid-junction
acetate (Carlo Erba,.99%), phenol (Carlo Erba,s spotential in the practical measurement of pH or pHw s .99.5%), butilamine (Aldrich, 99.5%),N,N-di-appears to depend only on the composition of the
methylaniline (Merck,.99%), benzoic acid (Merck,methanol–water solvent and temperature, the differ-
.99.95%) and pyridine (Merck,.99.5%).ence (d ) between these two operational quantities

Sodium hydroxide and hydrochloric acid stockshould be a constant characteristic of each solvent
solutions were standarized by potentiometric titra-mixture and temperature. Values ford-parameter
tions against potassium hydrogen phtalate and borax,have been measured for several mixed solvents at
respectively.25 8C. These determinations have already been car-

ried out by using either hydrogen electrodes[23,26]
and combined glass electrodes as indicator electrodes

3 .3. Determination of d-parameter[15,16,18]. It has been fully demonstrated thatd-
value is constant independently of the buffer solution

In all cases, molal solutions were prepared byat a given solvent composition. The practical signifi-
weighting the analyte, methanol was added to yieldcance of this relationship can be appreciated: the
the final percentage desired, and then, water wass ssimplest means of obtaining pH is to measure pHs w added to the final weight. All the solvent com-with aqueous standards and subtract the appropriate
positions in this paper are given as weight per-value ofd for the particular solvent composition and
centages of methanol because this magnitude doestemperature. However, to the best of our knowledge,
not change with temperature. Solution concentrations

d-values at temperatures different from 258C are not
and solvent compositions are summarized inTable 1.available.
The electrode was standarized at each temperature
between 20 and 508C, by using aqueous potassium
hydrogen phtalate, potassium dihydrogen phosphate–

3 . Experimental disodium hydrogen phosphate and borax buffers[27]
kept at that temperature. The pH of each solution
was measured immediately after calibration of the3 .1. Instrumentation
electrode system. This gave a direct measurement of

sthe pH (T ) value of each solution beingT thepH measurements were carried out on a commer- w

temperature of the solution. Higher reproducibility incial pH-meter (Crison micropH 2002) provided with
s pH measurements was achieved if, after standariza-a combined glass electrode, Ross Combination Elec- w

tion in the aqueous medium and before immersingtrode Orion 8102 SC, with a precision of60.002 pH
the glass electrode into the solutions, the electrodeunits. The solutions were placed into a temperature-
was moved to a hydroalcoholic medium. All mea-controlled bath. A calibrated thermometer at60.18C
surements were made by triplicate.was used for temperature readings.
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T able 1
Solution concentrations and methanol–water compositions

Solution Molal concentrations, % MeOH
C (w/w)a

A1 Hydrochloric acid 0.1 0–81.1
A2 Hydrochloric acid 0.01 0–84.0
A3 Hydrochloric acid 0.001 0–84.2
B Potassium Hydrogen Phtalic Acid 0.05 10–84.2
C Acetic Acid/Sodium Hydroxyde 0.0504/0.0348 0

0.0299
0.0249
0.0199
0.0149

D1 Acetic Acid/Sodium Acetate/Sodium 0.05/0.05/0.05 50.02
Chloride

D2 Sodium Hydrogen Succinic Acid/Sodium 0.05/0.05 49.88
Chloride

D3 Potassium Dihydrogen Phosphate 50.12
0.02 m/Disodium Hydrogen Phosphate
0.02 m/Sodium Chloride 0.02 m

D4 Tris 0.05 m/HCl-Tris 0.05 m 49.91
D5 4-Aminopyridine 0.06 m/4-AmPyr.HCl 49.89

0.06 m

Thed quantity for each buffer at a given tempera- 4 . Results and discussion
sture was estimated from the difference between pHw

s(T ) and pH (T ) values of the same solution at this 4 .1. d-parameter in methanol–water mixturess
stemperature. pH (T ) values were obtained from thes

literature or calculated for the strong hydrochloric Molal activity coefficients (g ) have been consid-
s sacid solutions (see below). ered for theoretical pH (T ) (5 2 log g m ) calcu-s s H H

lations. As the molal ionic strength (I) was kept
213 .4. pK (T) determinations below 0.1 mol kg , these activity coefficients havea

¨been calculated by using the Debye–Huckel equa-
For K (T ) determinations, at least five solutions tion:a

of the weak electrolyte, varying the ratio between the
components of the conjugate pair in the corre-
sponding methanol–water mixture were prepared.
s T able 2pH (T ) of these solutions were carefully measuredw

s pK values of acetic acid in water between 20 and 508Caas indicated above, then pH (T ) was calculated, ands
Temperature pKa Literaturefinally correction for non-idealities were made in the

a bs (8C) (T ) valuescomputation of the corresponding pK (T ). In orders a

20 4.737 (0.005) 4.756to validate this experimental methodology, the pKa
25 4.745 (0.003) 4.756(T ) of acetic acid in water was obtained by measur-
30 4.752 (0.004) 4.757ing the pH of buffer solutions in the temperature
35 4.760 (0.003) 4.762

range of 20–508C. Corrections for activity coeffi- 40 4.761 (0.002) 4.769
cients were introduced and the pK (T ) were com- 45 4.767 (0.002) 4.777a

50 4.774 (0.003)pared with the literature data inTable 2.The results
awere well within the experimental uncertainty, i.e. Standard deviations are in parenthesis.
b60.005 pK units. Refs. [41–43].a
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]2 s measured by several other authors.Values reported asAz rIœ
]]]2 logg 5 (8) function of % (v/v) methanol were converted to the]Œ11Ba I0 % (w/w) scale[16]. d-values slightly increase as the

methanol content increases up to about 70%, atswherez is the charge of the ion,r is the density of
higher MeOH percentd-values decrease and become

the solvent mixture,A and B are two fundamental
strongly negative for mixtures with less than 10%

solvent- and temperature-dependent constants.a0 water. The agreement and consistency between data
stands for the ion-size parameter, which is assigned a

measured in this work with values from different
value fixed by the Bates–Guggenheim convention

sources is quite reasonable. Some of the data points
extended to solvents of relatively moderate permit-

included in Fig. 1 correspond tod parameter ob-
tivities. This convention implies that, at each tem-

tained with a hydrogen electrode as indicator elec-
perature T, the producta B can be estimated as0 trode[23,26],while other points have been measured
[15,22,28]:

by using a glass electrode[15,16,32]. The com-
w s s w 0.5 parison between values obtained by means of these(a B) 5 1.5[( ´ r) /( ´ r)] (9)0 T T two cell types indicates that the replacement of the

w w s s hydrogen electrode with a glass electrode has not´, r, ´ and r denote the dielectric constants and
detrimental consequences on the hydrogen activitythe densities of water and of the methanol–water
measurements. Bates has early recognized that thesolvent mixture at the given temperature, respective-
use of a glass electrode is often unimpaired atly. Dielectric constants at different temperatures and
methanol contents below 90%[23], since the liquid˚ ¨solvent compositions have been taken from Akerlof
junction potential is quite reproducible. The recent[29]. It was observed linear relationships between

2 edited Compendium of Analytical Nomenclature alsopermittivities and temperature (R .0.994) for all
allows the use of a glass electrode as hydrogenmethanol–water compositions, and between permit-
activity sensor [21]. The plots of d-term versustivities and solvent compositions. The consistency
methanol compositions at all other temperaturesfor the series of experimental´ values, allowed us to
follow quite similar trends: a very small increase atfit all data to a single equation with a standard error
low methanol content to reach a maximumd-valueof 0.13:
between 50 and 64% MeOH and then a very abrupt

´ 5 87.520.519w 2 0.339t 10.0007tw decrease to become negative at MeOH percentagesMeOH MeOH

larger than 80%.2
1 0.00001tw (10)MeOH Table 3 gathered thed-quantities obtained from

hydrochloric acid at different methanol–water com-where t is temperature (8C) andw is methanolMeOH positions and at several temperatures. The range ofcontent (% w/w). Densities have been taken from
methanol composition studied cover 0–84% (w/w),Ref. [30], values at 508C have been estimated by
and the temperature ranged from 20 to 508C.extrapolation. TheA-parameter has been computed

The available quality of potassium hydrogenfrom [31]
phthalate led to adopt its solutions, at the specified

216 3 / 2 concentration of 0.05 mol kg , as the referenceA5 1.82463 10 /(́ T ) (11)
value pH standard both in aqueous[33] and aque-
ous–methanol solvents[22,34]. These reference pHEq. (8) requires the knowledge of the ionic strength,
values, at different temperatures between 283.15 andwhich in turn requires preliminary knowledge of the
313.15 K, and at 10, 20, 50, 64 and 84.2% (w/w)molality of hydrogen and of lyate ions in that
methanol–water mixtures, were determined with ansolvent. To solve this, an iterative calculation scheme
electrochemical cell without liquid junction. Mussiniprovided theI andg values. Typically, two iterations
et al. applied a multilinear regression scheme tosuffice.
these data in order to get a continuous function of pHFig. 1 shows the plot ofd values at 258C
as a function of methanol composition and tempera-determined in this study as a function of solvent
ture in the range of 10–408C [34]. From thecomposition. We also includedd-values previously
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Fig. 1. Variation ofd-parameter at 258C with the methanol–water composition. (s): 0.001 molal hydrochloric acid; (n): 0.01 molal
hydrochloric acid; (�): 0.1 molal hydrochloric acid; (h): potassium hydrogen phthalate 0.05 m; (,): Buffer solutions D1–D5 (seeTable 1).
Literature data: (d): taken from Ref.[23]; (♦ ): taken from Ref.[32]; (m): taken from Ref.[26]; (j): taken from Refs.[15,16].

sproposed equation, we estimated the pH (T )of made by following the proposed Clarke and Glews

potassium hydrogen phtalate at the same methanol equations[39], taking 298.15 K as the reference
composition and temperature that the corresponding temperature.Table 5 shows thed-values obtained
s spH (T )had been measured. Values at 45 and 508C from subtracting pH (T ) from the correspondingw s

swere calculated by extrapolation.Table 4shows the experimental pH (T ).w

results ofd-parameters obtained from the subtraction FromTables 3–5is clear thatd-quantity is almost
of these two quantities at different solvent com- constant, independently of the buffer solutions and
positions and temperatures.d-values at 25 and 408C their pHs, but it is dependent on the solvent com-

scould also be obtained from experimental pH (T ) position and also on the solution temperature. Ins

previously published[34]. Table 6,the averaged-parameters at each methanol–
sSo far, pH (T ) data are available for a few typical water compositions are gathered. The standard devia-s

buffers (acetate, succinate, hydrogen phosphate, 4- tions were lower than 0.03d-units. Thus, at metha-
aminopyridine and tris-(hydroxymethyl)amino- nol compositions range from 10 to 30%,d-values are
methane in 50% methanol–water mixtures over the statistically equal independently of temperature, but
limited temperature range of 10–408C [23,35–37]. as methanol percent increases above 50%,d-correc-
spH (T ) of solutions D1 and D4 (Table 1) at 45 and tion term clearly decrease as temperature increases,s

50 8C were calculated from the corresponding ioniza- and this decreasing is more pronounced as the
tion constants at these temperatures, which in turn methanol volume increases.Fig. 2 shows this depen-
were computed from the thermodynamic functions dence.

scompiled by Bates[38]. pK (T ) calculations were Sinced-values are the algebraic sum of two terms,s a
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T able 3
Determination ofd-parameter for hydrochloric solutions at several temperatures

% MeOH Temperature (8C)
(w/w)

20.0 25.1 30.0 35.0 40.0 44.9 50.0

Hydrochloric acid 0.001 molal
0 0.00 20.01 20.01 0.01 0.00 0.00 0.00
9.992 20.03 20.01 20.02 0.00 20.01 20.01 0.00

20.01 20.02 0.00 20.01 0.01 0.00 0.01 0.01
30.01 0.03 0.05 0.05 0.05 0.04 0.04 0.04
49.99 0.13 0.12 0.11 0.10 0.09 0.08 0.07
64.00 0.14 0.14 0.10 0.10 0.08 0.06 0.05
84.18 20.17 20.20 20.22 20.22 20.23 20.25 20.26

19.9 25.2 29.9 35.2 39.8 44.8 50.0
Hydrochloric acid 0.01 molal
0 0.02 0.02 0.03 0.04 0.02 0.02 0.03
9.991 0.04 0.03 0.03 0.03 0.02 0.02 0.04

20.00 0.04 0.04 0.04 0.05 0.04 0.05 0.06
29.99 0.08 0.07 0.07 0.08 0.06 0.07 0.08
50.00 0.18 0.15 0.16 0.16 0.13 0.13 0.13
64.01 0.12 0.15 0.16 0.16 0.12 0.11 0.10
84.05 20.07 20.13 20.15 20.16 20.18 20.20 20.22

20.1 25.2 30.0 35.2 40.0 44.8 50.0
Hydrochloric acid 0.1 molal
0 0.04 0.04 0.02 0.02 20.01 0.01 0.00

10.01 0.02 0.04 0.01 0.02 20.01 0.01 0.01
20.01 0.03 0.05 0.02 0.03 0.01 0.02 0.02
30.02 0.06 0.08 0.05 0.06 0.03 0.04 0.05
50.01 0.15 0.16 0.12 0.12 0.10 0.09 0.08
63.97 0.16 0.16 0.12 0.11 0.07 0.06 0.05
81.13 20.08 20.12 20.12 20.13 20.15 20.17 20.19

0 0the effect of temperature on these two terms in- 2DG 5 nFE . Hence, the medium effect for strong
dividually is worthy of attention. Standard free electrolytes as HCl can be obtained from the expres-
energies and electrode potentials are related by sion:

T able 4
d-Parameter for potassium hydrogen phtalate solutions at several temperatures

% MeOH Temperature (8C)
(w/w) a a20.0 25.0 25.0 30.0 35.0 40.0 40.0 45.0 50.0

10 20.03 20.02 20.02 20.01 0.00 0.01 20.01 0.02 0.03
20 0.00 0.00 0.00 0.01 0.02 0.03 0.03 0.04 0.05
30 0.06 0.06 0.07 0.07 0.08 0.09 0.09
50 0.17 0.15 0.15 0.15 0.16 0.15 0.14 0.14 0.14
64 0.16 0.15 0.14 0.15 0.14 0.13 0.10 0.13 0.12
84.2 20.08 20.17 20.15 20.16 20.16 20.18 20.20 20.19 20.20

a s sCalculated by subtraction of experimental pH (T ) of pH (T ).s w
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0 s 0 s 0 s 0T able 5 DG 5D G 2D G 5RT ln gt,HCl s HCl w HCl w HCl
d-Parameter for buffer solutions at 50% (w/w) methanol

w 0 s 0
a 5F( E 2 E ) (12)Solutions Temperature (8C)

b w 0 s 020.0 25.0 30.0 35.0 40.0 45.0 50.0 where E and E are the standard e.m.f. of the cell
D1 0.11 0.12 0.13 0.13 0.12 0.10 0.09

PtuH (1 atm)ubuffer solution (in w or in s),2D2 0.14 0.14 0.12 0.12 0.12
2D3 0.15 0.14 0.14 0.15 0.13 Cl (m )uAgCl, AgClD4 0.13 0.10 0.10 0.10 0.09 0.09 0.08

D5 0.14 0.12 0.12 0.10 0.09 in water or in solvent mixture, respectively and
s 0a SeeTable 1. g stands for the transfer mean activity coeffi-w HCl

b s 0Calculated from Ref.[38]. See the text. cient. InTable 7,we show the values of logg atw HCl

T able 6
Averaged-correction term at each methanol–water composition and temperature

MeOH% Temperature (8C)

20 25 30 35 40 45 50

10 0.00 0.01 0.00 0.01 0.00 0.01 0.02
20 0.01 0.02 0.02 0.03 0.02 0.03 0.04
30 0.06 0.06 0.06 0.07 0.05 0.06 0.07
50 0.14 0.13 0.13 0.13 0.11 0.11 0.10
64 0.17 0.15 0.13 0.13 0.10 0.09 0.08
84.2 20.10 20.15 20.17 20.17 20.19 20.20 20.22

 

Fig. 2. Averaged-values as a function of temperature. Methanol–water mixtures: (m): 50% (w/w) methanol; (d): 64% (w/w) methanol
and (♦ ): 84.2% (w/w) methanol.



50 C.B. Castells et al. / J. Chromatogr. A 1002 (2003) 41–53

T able 7
0 mAs s sTransfer activity coefficient of hydrochloric acid (logg ) inHCl ]]pK (T )5 pH(T )2 log 2 logg (T ) (13a)s a s s AmMeOH–water mixtures at three temperatures HA

aMeOH Temperature (8C) Slope or
%(w/w)

10 25 40 mBs s s]]pK (T )5 pH(T )2 log 1 log g (T ) (13b)0 0 0 0 s a s s HBmHB10 0.142 0.123 0.106 106
20 0.263 0.235 0.211 155 depending on the acidic or basic nature of the
39.14 0.447 0.435 0.424 71.1

compound. The first term on the right of Eq. (13)43.3 0.484 0.480 0.477 20.9
was obtained by subtracting the correspondingd-50 0.545 0.560 0.573 281.1

sterm from the measured pH (T); the second is64 0.735 0.787 0.845 2324 w
70 0.849 0.934 1.011 2477 known and, the third term was calculated. Note that,
84.2 1.414 1.527 1.629 2637 m in Eqs. (2) and (13) stands for the molality of (i)i90 1.835 1.936 2.028 2571

once the equilibrium has been reached. By making a94.2 2.251 2.327 2.397 2431
mass balance,

a s 0Slope of the regression logg vs. (1/T ).w HCl
0 0m 5m 1m 2m ¯m (14a)A A H S A

several MeOH–water compositions and at three
andw 0 s 0temperatures calculated fromE and E taken

0 0from Ref. [37]. The values clearly show that at m 5m 2m 1m ¯m , (14b)HA HA H S HA
MeOH content below 40%, the transfer activity

0coefficient slightly decrease as temperature increases,where m refers to the analytical molal concen-i

the trend reverts above 50% MeOH in the mixture, trations, much larger than bothm and m in theseH S

and the slope becomes strongly negative in methanol buffer solutions, and hence, the approximationm ¯i
0rich media. Thus, the significant increase in the m was made. In methanol–water mixtures twoi

2 2 2energy of transfer of hydrochloric acid as tempera- different lyate ions (S ) may exist OH and MeO ,
ture increases can be the possible explanation for them stands for the contribution of the two ions, i.e.s

reduction ind-parameter with temperature in metha- m 5m 1m . The solute concentrations used ins OH MeO

nol rich solvents. these experiments have been low enough so that
On the other hand, residual liquid junction po- molal activity coefficients could also be approxi-

¨tential is expected to largely depend on temperature. mated by the Debye Huckel limiting law. The
¯Bates [25] has shown that the pattern betweenE logarithm of the activity coefficient of unchargedj

values arising at the interface of KCl (saturated) molecules can be neglected since its absolute mag-
aqueous buffers and temperatures between 10 andnitude is well below those of ions.

s45 8C were different depending on their chemical In Table 8, we present the pK (T ) results. Wes a
scharacteristics, but all of them varied less than 0.015 included the few pK data obtained from literatures a

pH units. Therefore, its incidence is expected to play for comparison. With the exception ofN,N-dimethyl-
a minor role in the magnitude ofd-parameter. aniline, that shows a discrepancy with literature data

of about 0.15 pK units, the agreement between thesea

results and those from literature is quite acceptable.
4 .2. Dissociation constants of weak acids In Fig. 3, the plots of pK of these compounds as aa

function of 1/T are presented. In the range of
Acid–base equilibria of benzoic acid, phenol,n- experimental temperatures, plots are linear. How-

butylamine, N,N-dimethylaninile and pyridine in ever, the slopes of these lines are quite different. In
50% (w/w) methanol–water between 20 and 508C Table 8,we have included the ionization enthalpies
have been studied. All these compounds are weak estimated by the van’t Hoff plots, i.e., assuming that

s 0electrolytes of type 1-1. From Eq. (2b), pK DH is independent ofT within the temperatures a
s(52log K ) was calculated as: range. A more sophisticated approach[39], whichs a
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T able 8
spK values of weak acids in 50% methanol–water at several temperaturess a

aTemp. Benzoic acid Phenol Butylamine Pyridine N,N-Dimethylaniline
(8C) bexp. lit. exp. lit. exp. lit. exp. lit. exp. lit.

c,19.58 c20 5.434 11.05 10.05 4.14 4.32 4.36 4.54
(0.003) (0.02) (0.02) (0.02) (0.009)

c c c c,248C c25 5.425 5.37 10.97 10.91 9.89 9.94 4.08 4.24 4.28 4.42
c(0.005) 5.23 (0.03) 10.96 (0.03) (0.02) 4.14 (0.01)

30 5.418 10.90 9.68 4.02 4.21
(0.005) (0.01) (0.03) (0.02) (0.009)

35 5.414 10.82 9.53 3.96 4.00 4.11
(0.005) (0.02) (0.04) (0.01) (0.01)

40 5.419 10.73 9.36 3.91 4.03
(0.009) (0.01) (0.03) (0.02) (0.01)

45 5.421 10.67 9.23 3.85 3.97
(0.007) (0.02) (0.03) (0.02) (0.005)

50 5.421 10.63 9.10 3.81 3.89
(0.008) (0.02) (0.03) (0.01) (0.01)

s 0
D H 0.6 26.3 58.4 20.1 28.3s s

kJ/mole (0.3) (0.8) (1.3) (0.3) (0.5)

w 0 d
D H 0.4 22.6 57.8 19.8w w

kJ/mole
a Standard deviations in brackets.
b Taken from Ref.[44].
c sCalculated by interpolation of pK vs. methanol molar fraction data.s a
d Taken from Ref.[45].

takes into account heat capacities of ionization, was accuracy. In this case, where the correction termd
s salso tested. However, the precision in the experimen- was accessible, the equation pH5 pH2d offered as w

stal data prevented of obtaining significant heat possible and quite simple route to pK values.s a

capacities; total standard deviations were also larger From a chromatographic point of view, it is rather
than those obtained by a single linear approach. At evident that ionization of benzoic acid in MeOH–
the bottom of this table, the ionization enthalpies in water (carboxylic acid) has a very small dependence

w 0water, D H , are given. Ionization enthalpies of with temperature. So, it is expected that the ratiow
sthese five compounds are quite different. pK of between anion and undissociated molecule woulds a

benzoic acid is far less dependent of temperature kept practically constant when the temperature of its
sthan the four other determined pK -values. Paabo et solution is changed. On the other hand, dissociations a

s 0al. found very lowD H at 258C for ionization of equilibria of phenol, pyridine and primary ands

acetic acid and of dihydrogen phosphate in 50% tertiary aliphatic amines studied in this work have a
methanol–water[40]. strong dependence with temperature, even in the

When the objective is the acquisition of thermo- narrow range evaluated here. pK ’s of butylaminea

dynamic data, the use of operational pH measure- decrease up to almost one unit from 20 to 508C,
ments is questionable. Entirely apart from ex- indicating that its useful range as a mobile phase
perimental uncertainties in the use of the pH cells buffers at temperature different from 258C, will be
(glass electrode errors, residual liquid-junction po- shift from that at room temperature by one pH unit,
tentials, etc.), in these determinations one is includ- and as a consequence, the ratio between the conju-
ing a non-thermodynamic step that is clearly un- gated pairs of any acidic or basic analyte will be
necessary to the measurement. It can only be jus- strongly affected by this pH shift. Prediction of
tified on the basis of simplicity at some sacrifice of chromatographic retention of these weak electrolytes
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sFig. 3. pK (T ) for benzoic acid (s), phenol (.), n-butylamine (h), pyridine (♦ ) andN,N-dimethylaniline (m) in 50% methanol–waters a

solvent mixture vs. 1/T.

is still more complicated since temperature will very different for different weak acids: pK ’s ofa

change both the ionization equilibrium of the buffer benzoic acid practically does not change, whereas
solution (pH of the buffer) and also its own ioniza- those forn-butylamine decrease about one pK
tion degree (pK of the analyte). unit in this temperature range. These differencesa

in ionization enthalpies between different acidic
compounds are close to those found in 100%

5 . Conclusions water.
Further emphasis will be directed towards the study

This fundamental work provides useful back- of the effect that these variables have on retention
ground information about the influence of tempera- and on selectivity. We have demonstrated that tem-
ture in acid–base equilibria of common compounds perature plays an important role on dissociation
in LC separations. The main remarks are as follows: constants of acidic and basic compounds in solvent
1. d-correction term depends on both methanol– mixtures and thus, this information would be in-

water composition and temperature when the cluded in separation optimization strategies. This
methanol is larger than 50% in the mixture. For preliminary study is presented with the hope that it
rich-water mixtures, temperature does not affect may tackle the basis for further fundamental studies
the d-parameter. of acid–base equilibria of critical importance in the

2. Thesed-values could be successfully used to context of HPLC systems.
scalculate the pK of acidic compounds in 50%s a

methanol–water composition and in the range of
s20–508C, from measurements of pH of the A cknowledgementsw

buffers solutions. The results agreed very well
with the very scarce data found in literature. We are thankful for joint financial support from

3. The dependence of pK with temperature was MCYT of the Spanish Government and FEDER ofa
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