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Abstract

The retentive behavior of weak acids and bases in reversed-phase liquid chromatography (RPLC) upon changes in column temperature
has been theoretically and experimentally studied. The study focuses on examining the temperature dependence of the retention of various
solutes at eluent pH close to their correspondikg yalues, and on the indirect role exerted by the buffer ionization equilibria on retention
and selectivity. Retention factors of several ionizable compounds in a typical octadecylsilica column and using buffer solutions dissolved in
30% (v/v) acetonitrile as eluent at five temperatures in the range from 25 @Wwére carefully measured. Six buffer solutions were prepared
from judiciously chosen conjugated pairs of different chemical nature. Thgivalues in this acetonitrile—water composition and within
the range of 15-50C were determined potentiometrically. These compounds exhibit very different standard ionization enthalpies within this
temperature range. Thus, whenever they are used to control mobile phase pH, the column temperature determines their final pH. Predictive
equations of retention that take into account the temperature effect on both the transfer and the ionization processes are evaluated. This study
demonstrates the significant role that the selected buffer would have on retention and selectivity in RPLC at temperatures high@y than 25
particularly for solutes that coelute.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction such as the solvent type and composition, mobile phase pH,
chemical nature of the analyte and of the stationary phase is
Reversed-phase liquid chromatography (RPLC) continues quite understandablg]. However, the influence of tempera-
being the most extensively used mode of liquid chromatog- ture as a critical variable governing the retention mechanism
raphy. Thus, the proposal of a single approach that would has received much less attenti@-12].
explain retention and selectivity in RPLC as a function of Whenever the reversed-phase separation of weak
the most significant experimental variables would be highly acid—base electrolytes has been the target, mobile phase pH
appreciated. The basic aspects of RPLC retention have beeris usually the first trial. Models predicting that plots ofkin
extensively studied by several groups and a variety of differ- as a function of pH will be sigmoidal with an inflection point
ent retention models, including hydrophobic, partition and corresponding to thely, of the solute have been theoretical
adsorption models have been proposed to explain and pre-deduced and experimentally corroboraf2d]. These mod-
dict retention and selectivitfl]. Today, the dependence of els were subsequently extended to predict retention as a func-
the retention on a single or combined experimental variablestion of pH, ionic strength and solvent compositid4—17]
Rosts and Bosc[iL8] and Espinosa et dl19] have critically
*« Corresponding author. Fax: +54 2214254533, demonstrated that these sigmoidal functions refer always to
E-mail addresscastells@isis.unlp.edu.ar (C.B. Castells). the solvent system used as mobile phase, not tokheglues
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in water. All these studies were carried out under isothermal tor will be a function of the mobile phase pH according to
conditions. [13,14,16,18]

Horvath and coworkerR0] were the pioneers in conduct-
ing studies that revealed the combined influence of tempera-k = kiin + ka(Kagany/ari+)
ture and pH on the retention of weak electrolytes. More than 1+ (Kaganyan+)
a decade elapsed before analysts again focused on the temn this equationkya andka refer to the retention factors
perature effects over retention of ionogenic solyfds-27] of the fully protonated and the deprotonated forms of the
This was probably due to the fear in the potential damage to-ionogenic compound, angl is the activity of the hydrogen
wards the silica-based packings upon heating their columnsijon in the mobile phase. The standard states for Bgtand
with mobile phases containing buffers. Nowadays, the avail- pH are referred to the solutes infinitely diluted in the solvent
ability of chemically and thermally more stable chromato- mixture. By following the nomenclature recommended by
graphic supports should overcome this drawback and changgUPAC [33,34] for these quantitie$pH and3pK, represent
our perspective. On the other hand, from the point of view of pH and K5, respectively.
the complexity of real samples, the consideration of tempera-  Sinceay,+, is usually controlled by the relative concentra-

ture as another leading variable allows to add another degreeions of a conjugated pair, HB/B, E¢l) can be re-written
of freedom to optimize resolution of multiple peaks from a as:

sample.
Our goal in this series of studies is to evaluate the com- k = kiin & ka(Ka(any Kaouth)(me/ mte)

bined effect of pH and temperature on the selectivity of 1+ (Kagany Kaputh)(ms/mHs)

ionizable compounds when they elute with different buffers whereKy i) represents the buffer acidity constant amgk

in the usual RPLC mobile phases. In this particular study, andmg are the analytical molal concentrations of the acid

we focus on buffers that have the same pH in 30% (v/v) and its conjugated base, respectively.

acetonitrile—water and at 2& but quite different enthalpies The thermodynamic energies of transfafGy,, and

of ionization. AtG, along with the standard free energies of the ioniza-
Methanol-water and acetonitrile—water solvent mixtures tion of the analyteAGy ,,, and of the bufferAGy,, ¢, are

are, by far, the most used mobile phases in liquid chromatog-implicit in Eg. (2):

raphy. In a previous work we have discussed a simple ap-

)

()

: ) d—AGiia/RT]

proach to predict the effect of temperature on the retention of

ionogenic solutes as a function of the nature of the buffer in a +(mp/mup) d~CA/RT] d=(AGa@nAGqpun)/ RT]
mixture containing 50% (w/w) methanf#7]. In this paper, k=

~(AG3any AGqpun)/RT]
we shall extend these relationships to acetonitrile—water mo- L+ (ma/mrg)é e 3)

bile phases. However, to test the truthfulness of the previously

proposed approach we require information about dissociationWherey represents the chromatographic phase ratio.
constants () of the buffer substances and of the solutes ~ Any change intemperature will changlthe equilibrium
studied at different temperatures and acetonitrile—water com-Phenomena: the transfers of solutes A and HA from the eluent
positions. Measurements of acid—base equilibria of ionizable to the stationary phase and also the ionization constants of
compounds in acetonitrile—water mixtures are very scarce the solute and of the bufféta(an)andKa(ut and, as a direct
[28—32]and even more if we aimed at temperatures different consequence, the mobile phase pH.

from 25°C. Therefore, potentiometric measurements were ~ The effect of temperature on all these equilibrium pro-
conducted to obtain Ky values of those compounds used cesses can be explicitly taken into account by splitting the
to prepare buffer solutions at 25% (w/w) acetonitrile—water corresponding standard free energies into the enthalpic and
mixtures in the temperature range of 15280 This solvent  the entropic terms as:

{e[AtH,‘_"A/RT] O /R | (g /) & OHAF A Heany= Haou)/ RT] (AR +AS5 = AS50ur)/ K }
k=g

1+ (mg/mug) e~ (AHz@ny= A Hyouin)/ RTT (A3 any=ASapurm)/ R

(4)

Within a small range of temperature, enthalpies of each pro-

N 0 .
composition corresponds exactly to 30% (v/v) of the mixture cess can be considered constant, thus applying the logarithm

at2s'c. and differentiating with respectto (), the apparent enthalpy
of the chromatographic process ., can be estimated
2. Theory [20,22,27}
AHP — R dink \ [ AtHg + gwAcHy
2.1. Chromatographic retention of ionizable analytes app(@) = T\ dq1/1) ) (1+ gw)
For a monoprotic analyte, HA, with an acid-base equi- [w(g _ 1)(AHa(am)_ AlLla(buff))] (5)
librium ruled by an acidity constaita(any the retention fac- 1+ gw)(1+w)
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whereg=Kka/kya, the ratio between retention factors of both  3.2. Chemicals
forms of the solute, and) = [(mp/muB)(Ka@ny Ka(buff)]-
The g ratio is independent of the eluent pH; for a typical The solvents used were acetonitrile HPLC-grade (99.9%,
reversed-phase, Ogx 1 for neutral weak acids, angl>1 Mallinckrodt) and water purified by a Milli-® sys-
for cationic acids such as protonated amines. Expre¢Sjon tem (Simplicity 185, Millipore). Buffers were prepared
allows us to predict the trend in the retentive behavior of from the reagents p.a. grade or better: phosphoric acid
an ionogenic solute in a mobile phase system containing a(Merck, 85%), potassium dihydrogen phosphate (Merck p.a.
buffer B upon changes in column temperature. The changes>99.5%), disodium hydrogen phosphate (Merck, >99%),
in temperature will shift the eluent pH according to the sign 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris) (Baker
and absolute value af H,) . Atonce,A Hy,\will dictate z.a. >99.5%), hydrochloric acid (Merck, 25% in water), 1-
the own shift in the analyte acid—base equilibrium due to the aminobutane (Aldrich, >99.5%), glacial acetic acid (Merck
change in temperature, only. As a consequence of these tw@.a., 99-100%), sodium acetate anhydrous (Merck, >99%),
combined effects, the relative ratio between HA and A at the piperazine (Fluka, >99%). Solutes (reagent grade or better)
new temperature will determine the new retention factor. The were dissolved in 30% (v/v) acetonitrile—water mixtures.
first term in Eq.(5) reflects a weighted average between the
standard enthalpies of transfer of both HA and A from the 3.3. pky measurements
mobile to the stationary phase and considering that a unique
partition retention mechanism takes place their values are Acidic constants of the compounds used to prepare the
usually negative. The second term in the equation can bechromatographic buffer solutions were measured in 25%
either negative or positive depending on both ionization en- (w/w) acetonitrile—water over the temperature range of
thalpies and on theg(— 1) coefficient. In other words, the  15-50°C. At least five solutions containing different ratios
ionization enthalpies of the selected buffer would strongly between each component ofthe conjugate pairwere prepared,;
affect the dependence kbn temperature. the total molality was approximately 0.05 mofppH(7) was
carefully measured after thermal equilibrium of these solu-
tions and of the aqueous standards. The experimgumtall

3. Experimental values have been converted into fp# by subtraction of
_ the §-value, beings = —0.06 the obtained value for the used
3.1. Instrumentation acetonitrile—water mixture at 2&. Because of the lack of

8 values at different temperatures we assumed the constancy
A combined glass electrode, Ross Combination Electrode of this value with temperature based on previous results ob-
Orion 8102 SC, in a commercial pH-meter (Crison micropH  tained in methanol-water mixtures. Mixtures which contain
2002) was used faf,pH measurements of those buffer so- from 10 to 50% methanol which exhibitedsashift of 0.04
lutions prepared for determining ionization constantsjp pH units by raising temperature from 20 to BD[37]. The

The precision was estimated to be withtt©.01 pH units. Correspondin@pKa(T) were Computed by introduction of
Aqueous standards and buffer solutions were placed into acorrections for non-idealities as follows:

temperature-controlled bath and a thermometer calibrated at m 1)
+0.1°C was used for temperature readings. SPKa(T) = pH(T) — log <—X> —log ( > ) (6)
The HPLC operations were carried out in a Shimadzu LC- MHX yx(T)
10A instrument, equipped with helium degasser, LC-10AD wherem is the molality of speciesin solvent s at the equi-
pump, Sil-10A autoinjector, SPD-M10A diode array detector librium, andy;(T) refers to the activity coefficients afin
and computer-based Class-VP Chemstation. A wavelengthsolvent mixture at each temperature. Activity coefficients
maximum at 254 nm was chosen for detecting analytes andof uncharged compounds were considered to be unity and
at 200 nm for the dead volume marker (KBr). the molal activity coefficients of ionic species were calcu-
A150mmx 4.6 mm|.D. X-Terr® MS-C18 column (Wa-  lated from the ionic strength)(of the solution by using the
ters) was used for all the measurements. This silicon organic-Debye—Hickel equation:
inorganic hybrid material exhibits no silanol activity as )
demonstrated by the lack of retention of the catichwithin _logy; = ﬂ
the pH range 3-1[35,36] The column, along with a 20cm 1+ aoBV1

stainless steel capillary tube for preheating the incoming mo- wherez is the charge of théion, A andB are solvent- and

bile ph_asE, v;/]as immersed in a temﬁeratu.r(re] conhtrolled ther'temperature-dependent parameters, which can be estimated
mc|>.stat|c ath. Ttimperature was taken with a thermometer,,m the densities and dielectric constants of the medium at
calibrated at0.1°C. each temperature. The prodagB at each temperature was

pH measurements of F"Ob”e phase solutions Were €oN-gqimateq by following the Bates—Guggenheim convention
ducted with a Schott Blueline combined glass electrode, con- [34,38,39]

nected to a 702 SM Titrino pH-meter (Metrohm) with a pre-
cision of+0.01 pH units. (aoB)r = 1.5/ [(WeSp)/(5eWp)] 7 (8)

()
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Table 1 the extracolumn contributions could be non-negligible for the

Macroscopic properties of 30% (v/v) or 25.03% (w/w) acetonitrile—water less retained solutes, retention factqrsere calculated from
mixtures at several temperatures '

Temperature®C) Density,p Dielectric A aB ke — li — 1o (10)
(kg dm3) constantg " 10 — fex

;g gzgiég g;:‘;g 8:28;2 ig;g wheret; is the retention time measured at the peak maximum,
25 0.9454 67.95 06152 1570 toisthe elution time of the void volume marker afdis the

30 0.9418 66.24 0.6222 1567 time spent by the marker between the injector and detector
35 0.9379 64.58 0.6294 1.564  connected without column. Since this early eluted peak is
40 0.9341 62.96 06370 1562 highlytailed, the extracolumn and also the hold-up times were
45 0.9305 61.38 0.6450 1.560 S .

50 0.9273 50.84 06534 1558 takenatanacquisition sampling rate of 0.24 s, and they were

computed from calculation of the first statistical moment. All

_ ) results are the average of at least triplicate injections.
We, Wp, Se andSp denote the dielectric constants and the den-

sities of water and of the acetonitrile—water solvent mixture

at the given temperature, respectively. Thparameter can 4 Results and discussion

be computed fronf40]:
1.8246x 10°./50 4.1. Dissociation constants
e NP 9)

5o73/2

(%eT) TheZpKa(T) values of those organic and inorganic weak
A bibliographic search revealed very scarce data about theseacids, which were used to prepare buffer solutions in 30%
physical properties within a wide temperature rapje-46] (v/v) acetonitrile in water, were potentiometrically measured
From this data set the required values were interpolated orover the range of temperature from 15 to°&0 Eq. (6)
extrapolated and are reportedliable 1 was used to calculate tHipK, values from pH measure-

ments. In that equatiomy refers to the molality of once

3.4. Chromatography the equilibrium is reached, i.emx = m§ + my+ —mg-,

andmpx = myx —my+ + mg-, Wherem; are the analyt-
Mobile phase solutions were pre-mixed at a fixed acetoni- ical molal concentrations andy+ andmg-, the molality of
trile composition of 30% (v/v). This solvent content corre- protons and of solvent lyate anions, respectively. For all but
sponds exactly to 25.03% (w/w) of acetonitrile in water at phosphoric acid solutions, analytical molalities are signifi-
25°C. Buffer solutions were prepared at this solvent com- cantly higher than both:+ andmg- and thus, the substi-
position in the molal scale, thus independent of temperature,tution myx = m$ andmpx = my,y is a valid approach. For
by mixing the corresponding reagents. Concentrations, ionic $pKa1 of phosphoric acid onlyns was neglected, anat,+
strengths, the measurégH at room temperature and that was considered as,+ = 10‘3’“/7/.
corrected at the other experimental temperatures are reported The results ofpK, and the corresponding standard devi-
in Table 2 ations are presented Trable 3 Unfortunately, very few data
The chromatographic column was kept at the correspond-in acetonitrile—water mixtures have been reported in the lit-
ing temperature for at least 1 h before injection. The eluent erature, and most of them are data measured a€2%ve
flow-rate was 1 mL/min and the injection volume wagl5 have included those data into the table; all of them compare
The hold-up time was measured with potassium bromide or favorably with the values reported here.
uracil. Solute retention times at each temperature are the aver-  Standard enthalpies of ionization are presented at the bot-
age of three determinations. Their precision, as measured bytom of Table 3 We also included\\y H3 compiled from the
the relative standard deviation, was better than 0.6%. Sinceliterature. Within the temperature range of“85the com-

Table 2
Buffer solutions prepared in 25% (w/w) acetonitrile—water
Buffer solutions Concentrations (mmolal) lonic strength ‘?vagEg SPH(T)?
(mmolal)
31.2°C 37.00C 43.8°C 50.0°C
B1 H3POs—KH2POy 18.95, 5.98 B 242 244 245 247 2.49
B2 Acetic acid—sodium 16.42,7.68 v 495 495 495 495 4.95
acetate
B3 Piperazine—HCI 25, 40.05 55 .96 483 471 459 4.47
B4 KH2POs—NapHP Oy 11.1,13.9 53 B4 7.83 7.82 782 7.81
B5 Tris—HCI 25,17.3 1B 7.85 7.69 7.53 7.37 7.21
B6 Butylamine—HCI 39,145 18 1071 1050 1029 1008 9.87

a *pH(T) calculated from the correspondi§igk ; values measured in this work.
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Table 3

SPK4(T) values of weak acids used as buffer in 25% (w/w) acetonitrile—water mixtures at several temperatures

Temperature“C) H3POy Acetic acid Piperazine—2HCI Tris—HCI Butylamine—HCI
pKa1 pKaz

15 2.75 ¢0.01¢ 7.88 -0.01) 5.45 £0.01) 5.42 £0.01) 8.25£0.01) 10.70£0.02)

20 2.77 ¢:0.01) 7.88 {£0.01) 5.45 {-0.01) 5.31 {0.01) 8.10 £:0.01) 10.51 40.01)

25 2.79 ¢0.01) 7.86 £0.01) 5.45 £0.01) 5.20 £0.01) 7.96 £0.01) 10.32 £0.02)
2,76 7.79 5.40 10.4F

30 2.81 @-0.01) 7.85£0.01) 5.45 £0.01) 5.10 £0.01) 7.83£0.01) 10.14 £0.02)

35 2.83 (0.01) 7.84 {0.01) 5.45 {£0.01) 4.99 ¢0.01) 7.69 £0.01) 9.97 £:0.02)

40 2.85 @0.01) 7.83 £0.01) 5.45 £0.01) 4.89 £0.01) 7.56 £0.01) 9.80 £0.01)

45 2.86 (-0.01) 7.83 £0.01) 5.45 {£0.01) 4.79 £0.01) 7.44 £0.01) 9.64 £:0.01)

50 2.87 @0.01) 7.83 £0.01) 5.45 £0.01) 4.69 £0.01) 7.33£0.01) 9.47 £0.01)

SAHS (kJmol1) —6.3(0.2) 3.05 0.17) —0.34 (0.06) 37.240.3) 47.0 ¢0.1) 62.3 (0.1)

WAHS (kJmol1)d -7.9 4.1 -0.4 29.8 47.6 58

2 Values in parentheses are standard deviations.
b pKj values taken from the literatuf@8,55]

¢ Estimated from equations given [82].

d From refs[56,57}

pounds behave with a typical van't Hoff dependence. From stants: a group of them hav&pvalues close to the pH of the
these enthalpy values, itis clear that the mobile phase pH shiftbuffered mobile phases B2 and B3 atZ5(pH~ 5). In these

will be very dependent of the buffer type solution. Whereas buffer mobile phase solutions, these solutes will be partially
weak acid Kg's are almost independent of solution tem- ionized and, therefore, retention factors should reflect this
perature, amine salts become stronger acids in 30% (v/v)ionization statusk values are expected to be in between those
acetonitrile—water as the temperature is raised from 15 toat a pH larger and smaller than pH 5. A second group of so-
50°C. lutes have K5 values around pH 8, the pH of buffer solutions
B4 and B5. The solutes studied along with thédgpalues are
given inTable 4 The chromatographic data measured in all
buffer solutions are given ifable 5 Retention factor values

of solutes measured with mobile phases B2 and B3 aC25
are slightly smaller when using piperazine buffer (B3) than
acetic buffer (B2), even using exactly the same temperature,
solvent composition and pH (2&) in both cases. A possible
gxplanation of this observation is the more than seven-fold

4.2. Chromatographic results

Several methods for the measurement of the holdup time
have been proposgd7—-49} but they often lead to different
tp values. When working with a typical reversed phase sta-
tionary phase, the most reasonable method seems to be th
use of an ionic solute, such as NaplOr KBr, which are
not partitioned into the stationary phase. For the most ba-
sic mobile phase (B6) it was not possible to detect bromide Table 4 o _ ,
ions and in this case a very polar compound often Chosenﬁ/‘;\'/(;;bcaestin?t'rsi;o_cv'va;g?mcg(r:j;zztzt(géhe solutes in pure water and in 30%
as void volume marker, uracil, was used. Potassium bromide — s
was used for the rest of the mobile phases and the expected®"® Abbreviation  ;,pKa (25°C)"  ¢pKa

o\b

constancy of the hold-up time betyveen different buffer ol e— s1 221 (2: o(;)
ditions was not observed: the obtained values vary depfen.d|ngz_Metm’lbenzoiC acid P 301 464
not only on temperature but also on the buffer type. Similar 3_pethyibenzoic acid s3 4.21-4.24 4.98
behavior has been discussed previoj$h,50] In view of 3-Bromobenzoic acid S4 3.80-3.82 4.56
these discrepancies, the average oftthealues measured  Cinnamic acid S5 4.41 5.19
with KBr in different buffer solutions at each temperature 4-Amino-2-hydroxybenzoic = S6 3.66
was taken. Thus, dead time were 1.436 (SD =0.034), 1.4324_;2?hylan”me 57 508 473
(SD = 0.031), 1.427 (SD :0.027), 1.423 (SD = 0.026) and N-Ethylaniline S8 5.12 4.77
1.417 (SD=0.021) at 25, 31.5, 37, 42.5 and®60respec-  4-Ethoxyaniline S9 5.24 4.81
tively. These values are consistent with a column porosity of Benzimidazole S10 5.48
0.61, in good agreement with the column porosity estimated g,tE-anr]nethlylpyndme 5511; 7755 223 g;i
by Gritti and Guiochorjs1]. , , 4-N:t:82h§:g| S13 715 7.81

Chromatographic retention of a group of ionogenic ana- 5 g_pinitrophenol S14 3.69-3.71 3.72
lytes in an octadecylsilica reversed-phase column and using4-Aminopyridine S15 9.12
several buffer solutions in a solvent mixture containing 30% Codeine phosphate S16 8.21 7.91

(v/v) acetonitrile and at five temperatures was measured. So- 2 From refs[57,58]
lutes were chosen according to their acidic dissociation con- ° From refs[29,30,32,59]
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Table 5
Retention factors of solutes in six buffer solutions at five temperatures

Temperature®C)  Solute

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16

Buffer B1

25 228 411 455 742 481 084 016 0.19 0.24 0.07 343 649 321 566 - -

31.2 213 374 419 668 436 075 017 0.21 024 009 306 579 305 490 - -

37 198 348 386 6.09 400 068 0.17 0.22 024 0.09 269 526 272 432 - -

43 1.78 311 346 533 353 061 018 0.23 022 007 235 463 235 370 - -

50 165 285 315 482 322 055 016 0.24 021 0.06 210 417 209 326 - -
Buffer B2

25 1.13 187 251 203 285 048 236 6.98 1.48 052 - 6.15 331 091 013 040

31.2 1.03 171 225 178 255 046 235 7.03 152 050 - 551 290 0.79 010 0.35

37 1.00 168 224 176 252 045 243 7.32 161 053 - 536 279 077 0.11 0.36

43 089 150 180 155 221 042 236 7.04 161 051 - 473 239 067 010 0.32

50 079 131 171 131 187 038 220 6.59 157 048 - 409 206 055 007 0.29
Buffer B3

25 1.01 168 227 182 266 047 228 6.81 139 048 - 6.29 341 084 0.07 0.29

31.2 1.08 178 234 192 265 044 210 6.15 130 042 - 558 297 0.82 006 0.30

37 112 186 238 204 259 041 194 562 123 039 - 5.04 264 0.82 0.07 0.30

43 1.15 190 237 213 256 038 179 5.08 1.14 036 - 449 229 082 008 0.29

50 115 192 234 222 247 035 165 4.62 1.10 033 - 404 203 - 0.07 0.28
Buffer B4

25 013 012 020 037 030 054 343 1117 245 086 431 338 155 062 0.08 1.17

31.2 012 012 020 035 029 049 314 1020 230 080 421 281 126 057 008 131

37 012 012 020 034 027 046 293 942 218 075 411 239 105 051 0.09 1.46

43 011 011 019 031 026 042 272 8.60 206 069 398 199 084 048 0.09 1.60

50 012 012 019 031 025 040 253 7.88 194 066 384 170 070 044 011 174
Buffer BS

25 - 005 012 031 019 051 333 1075 238 08 440 3.00 129 042 018 153

31.2 - 0.07 012 030 019 049 3.05 977 224 079 411 3.00 129 040 017 143

37 - 0.07 014 029 020 045 285 9.05 213 075 388 298 129 038 016 1.38

43 - 0.08 014 028 021 043 264 8.26 196 070 363 292 127 036 015 1.28

50 - 0.08 015 027 022 041 247 759 191 066 343 283 124 033 015 1.22
Buffer B6

25 008 009 016 033 024 032 320 1075 227 078 - 062 025 093 030 230

31.2 008 008 016 031 023 033 297 984 216 074 - 057 024 090 029 233

37 0.07 008 015 030 022 034 275 9.03 205 070 - 051 022 087 028 235

43 006 008 014 028 020 034 255 8.15 193 066 - 046 021 0.8 027 237

50 0.06 007 013 026 019 034 238 7.44 1.83 063 - 041 020 0.84 027 238

difference inionic strength between both buffer solutions (see namic acid, 4-methylaniline and 4-ethoxyaniline). They were
Table 2. Under this hypothesis, a higher ionic strength leads eluted from an octadecylsilica column with a mobile phase
to an increase in the ratio ionized/neutral form of any analyte containing acetic-acetate buffé¢H = 4.95) in 30% (v/v)
at the equilibrium, independently if this change increases or acetonitrile and at three temperatures (25, 37 arfdC)0As
decreases the dissociation. An increase of the ionized/neutratan be observed, it is feasible to partially resolve these ana-
ratio implies a decrease in retention time in reversed phaselytes at 25'C, although resolution between 3-bromobenzoic
systems. By using Debye-tidkel equation, we can roughly and 2-methylbenzoic acid is lower than one. In this case,
estimate that the ionic strength difference (0.055 molal ver- an increase in column temperature from 25 tgG7eads
sus 0.008 molal) implies a reduction of about 15% in the to a lost of resolution due to a strong decrease in retention
activity coefficient of the ionic species, and therefore, the ra- of 3-bromobenzoic and of 2-methylbenzoic acid whereas
tio ionized/neutral form would be similarly affected. Even ethoxyaniline has practically the same elution time at both
though, analyzing the retention factor values of the solutes attemperatures. Similarly, retention of the other carboxylic
the equilibrium when using the basic pair of mobile phases acid, cinnamic acid, exhibits a strong dependence with tem-
B4 and B5, the behavior is not completely explained by the perature, and it is not separated from 4-methylaniline. A fur-
previous hypothesis. ther increase in temperature from 37 to*®8leads to coelu-

In Fig. 1, we show the superposed chromatograms of five tion of 3-bromobenzoic and 2-methylbenzoic acid which now
solutes (3-bromobenzoic acid, 2-methylbenzoic acid, cin- elute before ethoxyaniline.
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Acetic Buffer * pH=4.5 The behavior of the same five analytes running in the
same column but using piperazine—piperazine dihydrochlo-
ride buffer atj,pH = 4.95 in acetonitrile 30% (v/v) are
shown inFig. 2 The buffer solution was prepared by match-
ing the pH at 25C with the one of mobile phase B2.
Under this buffer condition, resolution is feasible at both
temperatures: 25 and 5@, although the elution order is
completely different. Thus, cinnamic acid, 4-methylaniline
and 4-ethoxyaniline behave as usually expected, i.e., re-
tention factors decrease as temperature is increased show-
ing an apparent negative enthalpy of transfer of solute
from the eluent to the stationary phase. On the other hand,
the solutes 3-bromobenzoic acid and 2-methylbenzoic acid
' present an anomalous behavior: the retention increase with
6 temperature.

Several studies previously indicated that amines can be
not “normally-behaved” in certain chromatographic sys-
tems|[4,27,52-54] Mao and Carr reported an increase in
retention factors of seven antihistamines in an ODS col-
umn which was heated from 30 to 40 when using

'l 40/60 (v/v) acetonitrile/phosphate buffer pH 7 as eluent
mixture. Similarly, Kirkland reported negative van't Hoff
| slopes with a change in the slope around®60in both
| a typical monomeric C18 and a bidentated silane station-
ary phases for trimipramingypK, = 9) in a (40/60) buffer
L phosphate fpH = 7)/acetonitrile eluent mixture. Bucken-
1 maier et al. also observed the increase in retention of four
\ amines from two C18 columns when eluted with phos-
i 85 phate buffer af,pH = 7.8 within the temperature range of
N 30-60°C. Since the increase in temperature leads to an
' ! amine K shift towards lower value$20,37] and, con-
0 1 2 3 4 5 6 comitantly, the ratio between the neutral and the cationic
Time (min) form of the solute will be larger, all these experimental re-
sults can be fully rationalized. However, under our exper-
! ﬂ imental conditions, the two amines 4-methylaniline and 4-
ethoxyaniline behaved as expected whereas 3-bromobenzoic

25°C

37°C

S4

“ and 2-methylbenzoic acids exhibited a somewhat unexpected
s9 Aos7 behavior.
H A symmetrical study in the basic pH range was conducted
S5 by using two thermodynamically different buffer solutions.
| : l ‘ One was prepared from dihydrogen phosphate and hydrogen
N phosphate salts which were dissolved in acetonitrile at 30%
% [ l (v/v) and pHwas regulatedpH = 7.84. The other solution
I l was prepared fronris base, which was also dissolved in
) R the same acetonitrile—water mixture, and pH was regulated
J D ) \ by adding a hydrochloric acid solution prepared in the same
A LN solvent mixture.
. - . x . . . We compare the elution times of two nitrophenols:
0 1 2 3 4 5 6 2-nitrophenol and 4-nitrophenol, and two amines: 2,4,6-
Time (min) trimethylpyridine and codeine at three temperaturésgn3.
Fig. 1. Influenceof'[emperatureonretentionandselec'[ivity.ChromatogramsThe solutes were injected lndl_\lldua”y' The mobile phase
of analytes eluted at 25, 37 and BD. Column: MS X-Terra c18  for these chromatograms contained buffer phosphpke=
(150 mmx 4.6 mm 1.D.). Acetic/acetate buffépH (25°C) = 4.95 in 30% 7.85 in acetonitrile—water. With the exception of codeine, the
(v/v) acetonitrile—water mixture, flow rat 1 mL/min. Injection volume: increase in column temperature caused less retention. A se-
5uL. Solute concentrations: 0.1 mg/mL. S€able 4for identification of lectivity crossover between codeine and 4-nitrophenol is ev-
the analytes. ident at a temperature between 25 and@7We compared

l

50°C ll
s2 \

%
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Buffer Piperazine/HCI pH=5 Phospate Buffer * pH=7.84
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Fig. 2. Influence of temperature on retention and selectivity. Chromatograms 2 ¢ ® 8
Time (min)

of analytes eluted at 25, 37 and 8D. Piperazine—HClI buffg}pH (25°C) =
4.95 in 30% (v/v) acetonitrile—water mixture. Other conditions and solute

references aBig. 1 Fig. 3. Influence of temperature on retention and selectivity. Chro-

matograms of analytes eluted at 25, 37 and®0 Dihydrogenphos-
phate/hydrogenphosphate buffgrH (25°C) = 7.84. Analytes: se@able 4
for nomenclature. Other conditions . 1
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TRIS Buffer (*, pH=7.85)
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Fig. 4. Influence of temperature onretention and selectivity. Chromatograms
of analytes eluted at 25, 37 and 0. Tris—HCl bufferj pH (25°C) = 7.85.
Other conditions as ifrig. 3.

these chromatograms with those obtained for these solutes

from the same column but with a mobile phase containing
a Tris—HCI buffer solution Fig. 4). In this buffer solution
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A more quantitative explanation of our results will be now
attempted. From the slopes of the van't Hoff plots the appar-
ent enthalpies of transfer of all solutes were estimated. Plots
were linear within this temperature range, i.e., the experi-
mental errors prevented us of searching for some non-linear
behavior. These results and the standard deviation of each
slope are presentediable 6 As the model predicts, the en-
thalpy of transfer of a fully protonated and of deprotonated
compound is independent of pH. This can be observed in
Table 6for solutes that were well-retained (subject to min-
imum errors in retention factors). Taking for comparison
the three anilines and benzimidazole, whokg pre close
to 5, and thus they will be as molecular bases in the three
buffers B4—B6, their enthalpies of transfer are quite similar
regardless of the buffer solution. On the other hand, simi-
lar enthalpies of transfer of 2- and 4-nitrophenol were mea-
sured in buffer solutions B1-B3, where the solutes are neutral
acids.

The experimental “apparent” enthalpies of transfer (slopes
of Ink with the reciprocal of temperature at the intermedi-
ate mobile phase pH) were compared with those predicted
from the retention of the neat HA and Aforms by apply-
ing Eq. (5). The results are gathered Tlable 7 the agree-
ment is quite good if we consider that in the calculations we
used the solute ionization enthalpies measured in pure water.
Other analytes could not be included since their ionization
enthalpies were not available. A significant remark is the fact
that the calculated enthalpies for the four benzoic acids in
the piperazine buffer predict exactly the trends observed in
the experimental chromatograms. ) offers a simple ex-
planation for the retention increase of this solute family, i.e.,
the high positive ionization enthalpy of piperazine implies

20 [
I
; (@]
I
|
10 | { o
I
0 o
I
}
op—— Qo
© A
A
A |
2 AA AA { A
T (e}
|
< 1ot %‘[
LB |
o |
I
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A \
|
I
I
-30 | 1 | |
-30 -20 -10 0 10 20
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Fig. 5. Calculated versus experimental apparent enthalpies of transfer for

the four solutes presented a decrease in retention factors ago|utes over all buffer conditions. Open circles correspond to mobile phases

temperature is increased.

B2 and B3 and open triangles to mobile phases B4 and B5.
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Table 6
Apparent enthalpies of transfer of solutes from the mobile phase to a C18 éolumn
Solute AHapp (kI mol1)®

B1 B2 B3 B4 B5 B6
Benzoic acid —10.6 (+0.5) —111 (£1.3) 42 (+0.8) —1.6 (£1.7) - —10.1(+1.7)
2-Methylbenzoic acid —117 (+£0.3) —10.8 (+1.6) 43 (+0.8) —2.2(+1.0) 131(+1.1) —7.0(x1.1)
3-Methylbenzoic acid —119 (+0.4) —126 (£2) 10 (+0.7) —2.9(£0.3) 70 (£1.2) —5.8 (+0.9)
3-Bromobenzoic acid —139 (+£0.4) —128 (+1.9) 65 (+0.2) —6.2 (+£0.9) —4.4(+0.3) —7.6(+0.2)
Cinnamic acid —13.0(£0.3) —126 (£2.0) —2.3(+0.4) —6.6 (+£0.4) 50 (+0.7) —6.6 (+0.6)
4-Aminosalicylic acid —138 (+£0.1) —6.9 (+1.2) —9.3(+0.2) —9.6 (+0.3) —6.9 (+£0.4) 22 (+£0.5)
4-Methylaniline 07 (£3) —1.7 (1.4) —10.3 (+0.1) —9.7 (40.1) —9.5 (0.1) —9.6 (0.1)
N-Ethylaniline 62 (+£0.9) —1.4 (+1.6) —12.3 (+0.1) —112 (+0.1) —11.2 (+£0.1) —119 (+£0.2)
4-Ethoxyaniline —45 (+1.6) 23 (+1.1) —7.4(£0.4) —7.4(£0.1) —7.5 (+0.5) —7.0 (0.2
Benzimidazole —8.0 (£6) —15 (+1.4) —111 (+£0.8) —8.7(+0.2) —8.1(+0.1) —6.9 (+£0.3)
2,4,6-Trimethylpyridine —159 (+0.3) - - —3.7 (£0.2) —8.1(£0.2) -
2-Nitrophenol —14.2 (+£0.2) —12.3 (+£1.5) —14.1 (+£0.1) —221 (+0.1) —1.8(+0.5) —6.6 (+£0.2)
4-Nitrophenol —14.4 (+1.3) —14.6 (+1.5) —16.4 (+0.2) —255 (+0.3) —1.3 (+£0.5) —155 (+0.2)
2,6-Dinitrophenol —17.7 (£0.2) —147 (£2) —1.3(+0.5) —10.8 (+0.6) —7.5(+0.5) —13.3 (+£0.4)
4-Aminopyridine - —16.2 (£5.4) 35 (£3.5) 93 (+£1.3) —6.6 (£0.9) —4.0 (£0.3)
Codeine phosphate - —9.1(£1.5) —1.3(£0.9) 126 (£0.4) —7.4(£0.2) 11 (£0.2)

@ Eluent: 30% (v/v) acetonitrile-buffer solutions. For buffer compositionsTsdxe 1
b Computed from the van't Hoff plots.

Table 7
Comparison of apparent enthalpies calculated with(&with experimental values
Solute A Hy (kJmol1)2 Buffer B2 §,pH = 4.95) Buffer B3 §,pH = 4.95)

First Second AHapp Second AHapp

Calculated Experimental Calculated Experimental

Benzoic acid ® —10.58 —0.47 —-110 —-111 165 5.9 42
2-Methylbenzoic acid —5.86 —1141 380 —-7.6 -10.8 282 168 43
3-Methylbenzoic acid 29 -1162 -0.33 -120 -126 17.9 6.3 10
3-Bromobenzoic acid —0.25 —13.03 —0.06 —-131 -128 235 104 6.5
Cinnamic acid 51 —1274 —-1.19 —139 —-126 129 01 -23
2-Nitrophenol 1904 —14.20 —0.04 —14.2 —-123 0.03 —14.2 —-141
4-Nitrophenol 1A5 —14.40 —0.04 —-14.4 —146 0.03 —14.4 -164
2,6-Dinitrophenol %1 —14.16 —-1.25 —154 —-147 547 -89 -13
4-Methylaniline 272° -9.39 744 -19 —-1.7 -3.11 —125 —-10.3
4-Ethoxyaniline 3Ur —6.88 948 26 23 -1.17 -80 -74

@ Enthalpy of ionization of solutes in water, taken fr¢®T].
b lonization enthalpy of aniline.

¢ lonization enthalpy of methoxyaniline.

d Refers to first and second term on the right-hand of(Bj.

a strong decrease in eluent pH with temperature raising. On5. Conclusions

the other hand, the acid base equilibrium of these analytes

in 30% acetonitrile is barely affected by temperature. Both  From a pair of buffer solutions controlling acidic mobile
facts lead to a highly positive second term in Es), which phase pH and a second pair controlling alkaline mobile phases
is not completely compensated by the negative term, which pH, we demonstrated the critical effect that a change in tem-
is not sensitive to the nature of the buffer. Calculated versus perature would have on the retention and selectivity of weak
experimental data were plottedfig. 5. In this plot the val- acids and bases as a function of the buffer nature used in
ues shown are indicated with circles when using the acidic the mobile phase. A quantitative expression for predicting
mobile phases B2 and B3, and with triangles when using the change in retention factors of these solutes as a func-
basic mobile phases B4 and B5. Predictions for a few sys- tion of buffer type was satisfactorily tested. The expression
tems are far from the experimental values; these experimentalindicates that when the enthalpies of ionization are similar
slopes correspond to data measured from very small retentiorfor both the buffer and the solute, or if th&pof the so-
factors which are prone to the largest experimental uncertain-lute is far from that of the buffer, then no special effects
ties. Despite these errors, the trends between estimated and/ould be expected. However, if the eluent pH is close to
experimental apparent enthalpies are correct in most of thethe (K, of the analytes and if their respective ionization en-
cases. thalpies differ significantly, an unexpected behavior of the
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