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Standard approaches to development of liquid chromatography-mass spectrometry (LC-MS)
methods, either ion-pairing or reversed-phase liquid chromatography, have been through trial
and error or intentional variation of experimental factors. These approaches to method
optimization fail to take into account interactions between experimental factors and therefore
the results may not be optimal for the combination of experimental factors. Another approach
to optimization is through the use of chemometrics. Chemometric approaches can be more
efficient than trial and error or intentional variation because chemometrics make use of
multivariate designs; experimental factors are varied simultaneously at the various levels.
Therefore chemometrics can take into account interactions between factors. The goal of this
study was to develop a generic ion-pair LC-MS method for the analysis of acidic compounds
using a chemometric approach called design of experiments (DOE). Four acidic compounds
which cover three classes of acidic functional groups: 1-naphthyl phosphate (1), 1-naphthale-
nesulfonic acid (2), 2-naphthalenesulfonic acid (3), and (1-naphthoxy)acetic acid (4) were used
as model compounds to develop the generic method. This study illustrates that LC-MS
conditions can be optimized efficiently with minimal amount of experimentation using a

chemometric approach to experimental design.
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MS) has become a routine technique in most

analytical laboratories, especially in the pharma-
ceutical industry. Drug discovery today requires high
throughput analytical techniques, such as LC-MS and
LC-MS-MS [1, 2] for in vitro and in vivo assays for the
many chemically diverse compounds being studied. A
particular area of interest is the analysis of compounds
with only one ionizable group which is acidic. The
analysis of acidic compounds using reversed-phase LC
often requires the use of nonvolatile buffers or ion-
pairing (IP) agents [3]. Additives such as tetraalkylam-
monium salts, phosphates, and sulfuric acid [4-6] have
been used to improve retention, peak shape, and to
buffer the LC mobile phase. The use of many of these
additives have generally been ruled out when liquid
chromatography is coupled to a mass spectrometer
because of the nonvolatility of the additives, resulting in

Liquid chromatography-mass spectrometry (LC-
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suppression of ionization. However, some nonvolatile
salts have been successfully used for IP-LC-MS. Cetyl-
trimethylammonium chloride has been used for the
analysis of N-nitrosoamino acids [7] and low concentra-
tions (50-500 mM) of tetrabutylammonium bromide
has been used for the analysis of cyclic nucleotides [8].
A solution to the compatibility issue has been to use
more volatile amines, such as dimethylhexylamine,
which has been used in the analysis of a metabolite of
clodronate [9]. There have been methods developed for
the analysis of oligonucleotides and nucleotides by
LC-MS using a 1,1,1,3,3,3-hexafluoro-2-isopropanol-
triethylamine as the ion-pairing agent [10, 11]. How-
ever, hexafluoroisopropanol is highly corrosive, rela-
tively expensive and must be handled with care.
Standard approaches to development of LC-MS
methods, either ion-pairing or reversed-phase liquid
chromatography, have either been through trial and
error or intentional variation of experimental factors
[12, 13]. The intentional variation approach or the one
factor at a time (OFAT) method entails varying one
experimental factor with the remaining factors held
constant. This method provides an estimate of the effect
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of a particular factor at selected fixed conditions of the
other variables. However, for such estimates to be valid,
it is necessary to assume that the effect of that single
experimental factor is the same over the entire range of
the other factors [14]. This method of optimization fails
to take into account interactions between experimental
factors and therefore the results may not be optimal for
the combination of experimental factors. Another ap-
proach to optimization is through the use of chemomet-
rics [15]. Chemometric approaches can be more efficient
than an OFAT method because they make use of
multivariate designs [14]; experimental factors are var-
ied simultaneously at the various levels, which will take
into account interactions between factors. With a
chemometric approach, a more complete picture of the
response(s) is possible.

The goal of this study was to develop a generic
ion-pair LC-MS method for the analysis of acidic com-
pounds using a chemometric approach called design of
experiments (DOE). Four acidic compounds which
cover three classes of acidic functional groups, 1-naph-
thyl phosphate (1), 1-naphthalenesulfonic acid (2),
2-naphthalenesulfonic acid (3), and (1-naphthoxy)acetic
acid (4) were used as model compounds to develop the
generic method. Through the optimization of the aque-
ous LC mobile phase, a generic ion-pairing LC-MS
method was developed for the analysis of acidic com-
pounds.

Experimental
Chemicals

HPLC grade water was obtained using a Millipore
MilliQ system (Bedford, MA). HPLC grade acetonitrile
was obtained from EM Science (Gibbstown, NJ). Trieth-
ylamine (TEA) and propionic acid were obtained from
Anachemia Chemicals (Rouses Point, NY). The naph-
thalene derivatives studied as well as trifluoroacetic
acid and acetic acid were purchased from Aldrich
Chemical Company (St. Louis, MO). Formic acid was
obtained from BDH Inc. (Toronto, Ontario, Canada).

Instrumentation

Mass spectral analyses were performed with a Micro-
mass Quattro LC triple quadrupole mass spectrometer
(Manchester, UK) equipped with an orthogonal Z-spray
electrospray interface. The system was operated in
negative ion electrospray mode. MS data were acquired
using single ion monitoring (SIM) mode, with a dwell
time of 0.3 s per mass. HPLC separations were per-
formed with a Waters Alliance 2690 Separations Mod-
ule (Milford, MA). Chromatography was carried out
using a Phenomenex 5 um particle, 100 A pore size
Luna C18 reversed-phase column, 50 mm X 4.6 mm i.d.
(Torrance, CA). A linear gradient, from 5 to 45% organic
solvent (acetonitrile) in 10 min, at a flow rate of 1.00
mL/min was used, the flow was split using a Valco tee
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Experimental Design

Step 1
{Deﬂne Problem Using Factors, Responses and Rangei]

Ranges for Factors

Factors
[TEA], pH, Acid Type [TEAJ: 1 to 100 mM

pH:
Acid Type: Acetic, Formic, Propionic, TFA

Responses Ranges for Responses
Peak Height, Peak Area, Retention Time | | Peak Height, Peak Area > 100
Theoretical Plates [ Retention Time 1to9 min
Theoretical Plates >1000

Step 2
General Response Surface
Defined by the number and type of factors|

Fractional Factorial Design
Necessary for Categorical Factors (see text)
Define - as low level, Define 0 as mid level

Define + as high level

SeeTable 1 L

Experimental Design for Response Surface
Two Continuous Factors
One Categorical Factor (4 levels: acid type)

See Figure 4

Step3
Factor Determination
Based of Results from Step 2
Elimination of Categorical Factors

Main Effect Observed for [TEA]
No Trend Observed for pH

OFAT Design for pH Optimization
Vary pH while maintaining [TEA]
for each level of categorical factor

SeeTable 4 ‘ See Figures 5,6,7,8and 9

Step4 1
Final Optimization
Focussed Response Surface

Based on Data from Steps 2and 3

Fractional Factorial Design| _
(AsinStep 2)
[Seetaties |{seerime 0
Figure 1. Flow chart summarizing the optimization strategy
used to develop generic LC-MS conditions for acidic compounds.

(Houston, TX), with 200 uL/min going to the mass
spectrometer. The aqueous mobile phase was prepared
by adding acid to aqueous solutions of triethylamine
until the desired pH was reached. The exact composi-
tion of the aqueous mobile phase was determined by
the experimental design described below.

Experimental Design

There are several steps required for using the design of
experiment approach for optimization, the steps taken
to develop the generic LC-MS method is outlined in
Figure 1.

Factors

Three experimental factors chosen for optimization
were concentration of ion-pair reagent (Factor A), solu-
tion pH (Factor B), and acid used for pH adjustment
(Factor C). Concentration and pH are continuous fac-
tors, which can be varied continuously. Concentration
of triethylamine (ion-pair reagent chosen) was varied
between 1 and 100 mM and solution pH was varied
between pH 4 and 10. Acid type used for pH adjust-
ment is a categorical factor, which has discrete levels,
such as on or off. Four acids were chosen to adjust the
pH, which were formic, acetic, propionic, and trifluoro-
acetic acids. For each of the acids chosen to adjust pH,
a different response surface can be generated for vari-
ous combinations of pH and concentration.
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Responses

Four responses were used to judge the effect of modi-
fying the LC mobile phase on both LC performance and
MS response. LC performance was evaluated using the
number of theoretical plates and the retention time for
each compound. The number of theoretical plates for a
gradient elution can be determined using the following
equation

N = 16[(2.3b + 1)Gt,/2.3bW]? 1)

where b is the gradient steepness parameter, G is the
band compression factor, ¢, is void time and W is the
width of the peak at the baseline. The gradient steep-
ness parameter is defined by

b=t (AD)S/t @)

where A® is the change in the percentage of organic
solvent from the start to finish of the run and S is an
analyte specific parameter and tg is gradient length
time. For all compounds, S was assumed to be 4 because
for most low molecular weight compounds (<500 Da),
S = 4 [3]. The band compression factor is described by

G2=[1+p+ @*/3)/11 +p]? 3)

where p = 2.3k,b/(k, + 1), and k, = k (isocratic) of the
analyte under the conditions at the start of the gradient.
For all LC aqueous mobile phases, k, was assumed to be
large for each and therefore, p = 2.3b. Theoretical plates
were chosen as a LC response because the greater the
number of theoretical plates, the better the peak shape,
that is the narrower the peaks. Absolute retention time
(RT) was chosen as the second LC response because
capacity factor (k) can not be used. For a gradient
elution, the effective value of k (k*) for different com-
pounds will be about the same, unlike for isocratic
elutions were each compound has a very different k [3].

Like LC performance, two responses were used to
determine MS response; total peak area and peak
height. Total peak area or peak height alone are not
good measures of MS response because a wide peak
and a sharp peak have very different MS sensitivities.

Optimization Strategy

There were three stages to the optimization once the
factors and responses were defined: general survey of
the response surfaces, factor determination, and opti-
mization. To survey the experimental factors, a main
effects only design was chosen because of the complex-
ity of the system chosen to optimize; two continuous
factors, one categorical factor with four levels, four
responses for four compounds. However, less informa-
tion is gained by a main effects design because it
assumes that the interactions between experimental
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Table 1. Main effects only experiment design

Run Factor A? Factor BP Factor C°
1 0 0 1
2 + - 2
3 - + 3
4 0 0 2
5 + + 1
6 + + 4
7 0 0 3
8 + - 3
9 0 0 1
10 - - 4
11 - + 2
12 0 0 4
13 - - 1
14 0 0 1
2Factor A is the concentration of TEA where — = 5 mM, 0 = 50 mM,
+ = 100 mM. %PFactor B is solution pH where — = pH 4,0 = pH 7, +

= pH 10. %°Factor C is the acid used to adjust pH where 1 = acetic acid,
2 = formic acid, 3 = trifluoroacetic acid, 4 = propionic acid.

factors are not as important as the main effects [13]. An
advantage of the main effects design chosen (Table 1) is
that it only required 14 runs, including controls. In the
main effects design, each run represents a different
composition of the aqueous mobile phase. For example,
in run 3 in Table 1, the LC aqueous mobile phase
consisted of 5 mM TEA, pH 10 and TFA was used to
adjust the pH of the solution. The main effects design
was generated using a modified fractional factorial
27D design, given in Table 2. A design surface is
typically generated using a full factorial design, for
example with three factors, a 2° design is used which
takes into account all combinations of the three factors.
However, a full factorial design can be fractionated to
exclude higher order effects and therefore reduce the
number of experiments [16]. This fractionation is possi-
ble because of the geometry of a designed experiment.
In the general survey, a full factorial or a fractional
factorial design was not possible because of the cate-
gorical factor with four levels. The 2*~" design was
modified as follows: Factors A and B in Table 1 corre-
spond to Factors A and B in Table 2. The pairing of
Factors D and E in Table 2 determined the value of
Factor C in Table 1. When Factors D and E are both +,
Factor C gets the value of 1. When Factor D is 1 and E
is —, Factor C gets the value 2. When Factor D is — and

Table 2. The 4 column, 2%~ design used to generate the main
effects design given in Table 1

Run Factor A Factor B Factor D Factor E
1 — — — —
2 + — +
3 - + - +
4 + + - —
5 - — + +
6 + - + -
7 - + + —
8 + + + +
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Table 3. Experimental design used for optimization of LC-MS
conditions

Run Factor A? Factor BP

1 0 _

2 0 +

3 + —

4 + +

5 0 0

6 - _

7 - +

8 - 0

9 + 0
2Factor A is the concentration of TEA where — = 1 mM, 0 = 10.7 mM,

+ = 22.5 mM. %PFactor B is the solution pH, which is functional group
dependent, thatis — = pH 9, 0 = pH 9.5, + = pH 10 for 1, 2 and 3 and
— =pH4,0=pHA4.8, + = pH 5.5 for 4.

E is +, Factor C gets the value 3, and when Factors D
and E are both —, Factor C gets the value of 4. The
modified 2¢~ design was then randomized to remove
any experimental bias, and center points were added
for each of the values of Factor C. Included in the main
effects design were 3 replicates, runs 1, 9, and 14 in
Table 1, which acted as controls.

Another possible route to survey the response sur-
faces is to separate the levels of the categorical factor
into independent experiments. This would result in
four different experimental designs, for example, pH
and concentration of TEA would be varied simulta-
neously and acetic acid would be used to adjust the pH
for each of the combinations. Therefore, four fractional
factorial 2@~V designs are necessary, which would
require a total of 20 runs, 5 runs per design.

Due to the design of the general survey, it was
necessary to probe the effect of pH and acid type
using several OFAT experiments. To survey the ef-
fects of pH on MS response and LC performance, the
TEA concentration was held constant at 22.5 mM, the
midpoint of the optimal MS response range, while the
pH was varied from pH 4 to 10. To address the
question of the acid type used to adjust pH, each of
the acids was used in separate OFAT experiments.
This resulted in three OFAT experiments, each con-
sisting of 5 runs. The information gained from the
OFAT experiments eliminated all but one level of the
categorical factor as well as narrowing the pH range
for optimization.

For the final optimization of the LC aqueous mobile
phase, a modified 267" factorial design with center
point (Table 3) was used. The off-corner points were
added to the experimental design to cover as much of
the surface as possible, enabling the reduction of exper-
imental runs required for optimization. This approach
avoids the more time-consuming iterative approach,
where a large response surface is optimized into suc-
cessively smaller response surfaces until the optimal is
obtained.
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Figure 2. Separation achieved using 50 mM TEA, pH 7.0 using
acetic acid to adjust pH of solution. 1 = 1-naphthylphosphate, 2 =
1-naphthalenesulfonic acid, 3 = 2-naphthalenesulfonic acid, and 4
= (1-naphthoxy)acetic acid.

Results and Discussion

Generic LC-MS conditions were developed using a
mixture of the four acidic compounds, and a typical
separation achieved using TEA as an ion-pairing agent
for 1, 2, 3, and 4 is given in Figure 2. Full scan mass
spectra corresponding to the LC-MS data given in
Figure 2 is shown in Figure 3. Data acquired for the
optimization was collected using SIM.

General Survey of the Response Surfaces

The main effects design was chosen to survey the
response surfaces and to determine if pH or concentra-
tion affected the responses more. A main effect is
determined by averaging the effect of changing an
individual factor when all other factors are held con-
stant. For example, to determine the effect of concen-
tration on peak area, the peak area when the TEA
concentration was high (100 mM) is averaged, regard-
less of the pH or acid used, which can be denoted as
Factor A". The peak area when the TEA concentration
was low (5 mM) is also averaged regardless of pH or
acid used, which can be denoted as Factor A~. The
effect of TEA concentration on peak area can be deter-
mined by eq 4:

Factor A oo = Factor A" — Factor A~ 4)

Similar calculations are performed to determine the
effect of solution pH (Factor B) on peak area. This is
possible because there is a general symmetry in the
experimental design. The main effect, that is, if solution
pH had a greater effect on peak area than concentration,
is determined by the following

Main effect = Factor A, — Factor Bggfect 5)

effect

If concentration has a greater effect on peak area, the



6 SETO ET AL.

100+

o O93 s 413

LA
450

381
200 425

X5 30 375

100+

)

J Am Soc Mass Spectrom 2002, 13, 2-9

255

233 "\ 265 P88 G1S327 534343367 SHT 301 429 449
215 250 275 300 325 350 315 400 45 450
100 2
_OH

@) Y

|

R 0

P

225 250

29

Figure 3. Full scan mass spectral data for (a) 1-naphthylphosphate, (b) 1-naphthalenesulfonic acid,
(c) 2-naphthalenesulfonic acid, and (d) (1-naphthoxy)acetic acid.

result from eq 5 would have a positive value. If pH has
a greater effect on peak area, the result from eq 5 would
have a negative value.

The main effects for all responses are summarized
for each compound in Table 4. Concentration of ion-
pairing reagent has the greater effect on MS response
(peak height and peak area) than pH for all compounds.
The change in peak height going from 100 to 5 mM TEA
is greater than the change in peak height going from pH
10 to 4, therefore concentration has the greater effect on
peak height than pH. Concentration of TEA and pH did
not seem to affect the LC performance (number of
theoretical plates and retention time), except for 4,
where pH has an effect on the number of theoretical
plates.

Along with determining main effects, the main ef-
fects experimental design also provides insight into the
response surfaces. Figure 4 illustrates the peak height
response surface for 3. The greatest MS response oc-
curred at a lower concentration of TEA (5 mM). The
worst MS response occurred at a higher concentration
of TEA (100 mM). Table 5 summarizes the greatest and
worst LC performance and MS response for each com-

Table 4. Main effects for each compound categorized by
response

LC performance MS response

Compound RT N Area Height
1 No effect No effect concentration concentration
2 No effect No effect concentration concentration
3 No effect No effect concentration concentration
4 No effect pH concentration concentration

pound. To determine the greatest/worst performance
and response, several compromises were made. For the
best LC performance, a compromise between the num-
ber of theoretical plates and retention time was used;
retention time was sacrificed for a greater number of
theoretical plates. For best MS response, peak area was
sacrificed for a greater peak height.

From the response surfaces, it was evident that TFA

10 ™ 100

Figure 4. Peak height response surface for 3. The concentration
of triethylamine was varied between 5 and 100 mM, pH was
varied between 4 and 10 and four different acids were used to
adjust the pH. The greatest response occurred at low concentra-
tion of TEA.
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Table 5. Summary of the best and worst LC performance and MS response according to compound

LC performance

MS response

Compound Best performance Worst performance Best response Worst response
1 100 mM TEA, pH 4 100 mM TEA, pH 4 5 mM TEA, pH 10 100 mM TEA, pH 5
(formic acid) (trifluoroacetic acid) (formic acid) (formic acid)
2 50 mM TEA, pH 7 5 mM TEA, pH 4 5 mM TEA, pH 4 100 mM TEA, pH 4
(trifluoroacetic acid) (acetic acid) (acetic acid) (trifluoroacetic acid)
3 50 mM TEA, pH 7 50 mM TEA, pH 7 5 mM TEA, pH 10 100 mM TEA, pH 4
(trifluoroacetic acid) (acetic acid) (formic acid) (trifluoroacetic acid)
4 50 mM TEA, pH 7 100 mM TEA, pH 4 50 mM TEA, pH 7 100 mM TEA, pH 4

(acetic acid)

(trifluoroacetic acid)

(acetic acid) (trifluoroacetic acid)

should not be used to adjust pH because TFA gave the
majority of the worst MS response and LC performance
(see Figure 4 and Table 5). In order to optimize MS
response, lower concentrations of TEA must be used.
As for optimal pH for MS response, there is no general
trend observed. There was a general trend for optimal
LC performance, the concentration of TEA ranging
from 5 to 100 mM.

The effect of LC modifiers on MS response was also
determined using the main effects design. The MS
parameters, cone voltage and capillary voltage, were
optimized for each compound at the various mobile
phase conditions which are described in Table 1, ex-
cluding those containing TFA. Regardless of LC mobile
phase composition, the MS response for 1 and 4 increased
with optimization of the MS parameters, and the MS
response for 2 and 3 did not vary greatly with optimiza-
tion of the MS parameters. These results indicate that
optimization of the MS parameters is neutral with respect
to the LC modifiers, even at high concentrations of TEA.
In other words, the gain in sensitivity obtained by tuning
at each mobile phase condition is minimal.

Factor Determination

A great deal of information about the response surfaces
was obtained from the main effects experiment, such as
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Figure 5. Effect of type of acid to adjust pH on absolute retention
time of 2. Concentration of triethylamine held constant at 22.5
mM, pH varied between 4 and 10.

TFA should not be used to adjust pH, concentration is
the most important factor for MS response, and lower
concentrations of TEA are needed for optimal MS
response. However, there still remain two obstacles to
optimization, the three remaining levels of the categor-
ical factor and the optimal pH range. Therefore, three
OFAT experiments were employed to address the is-
sues of pH and the level of the categorical factor,
described bove.

LC performance for Compound 1 followed distinct
trends; the number of theoretical plates increased with
increasing pH and the retention time for 1 decreased
with increasing pH.

Unlike Compound 1, the type of acid chosen to
adjust the pH of the solution also had an effect on the
number of theoretical plates for Compounds 2 and 3.
The number of theoretical plates did not very greatly
over the pH when propionic acid and acetic acid were
used to adjust pH. However, with acetic acid there was
a marked decrease in the number of theoretical plates at
pH 5.5. When formic acid was used to adjust the pH, the
number of theoretical plates decreased with increasing
pH. The retention time for Compounds 2 and 3 de-
creased with increasing pH.

For Compound 4, the number of theoretical plates
decreased with increasing pH when propionic acid was
used, increased with increasing pH when formic acid
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Figure 7. Effect of pH on peak area of 1, 2, 3, and 4. Triethyl-
amine concentration was held constant at 22.5 mM, formic acid
was used to adjust pH and pH was varied between 4 and 10.

was used and did not vary greatly as pH increased
when acetic acid was used. The effect of pH and acid is
illustrated in Figures 5 and 6 for 2. As for the other
compounds, the retention time for Compound 4 de-
creased with increasing pH.

For Compounds 1, 2, and 3 the MS response in-
creased with increasing pH, with a maximum response
occurring around pH 10 (Figures 7 and 8). However, for
4, MS response decreased with increasing pH, with a
maximum response occurring around pH 4 (Figures 7
and 8). In all cases, MS response was more dependent
on pH than on the acid used to adjust pH. Since MS
response was considered the more important of the two
responses, the pH ranges chosen for optimization were
between pH 4 and 5.5 for 4 and between pH 9 and 10 for
1, 2, and 3.

To determine which acid was best to adjust pH, the
MS responses of each compound were compared at
their optimal pH; for 1, 2, and 3 the responses were
compared at pH 10, while the responses for 4 were
compared at pH 4. Propionic acid gave the greatest MS
response followed by formic acid and acetic acid, as

L —— e

H g
.—|_
RS

Relative Peak Height

g

100

1 2 3
Compound

®WpH4 OpH55 @pH7 O pHY mpH 10]
Figure 8. Effect of pH on peak height of 1, 2, 3, and 4. Triethyl-

amine concentration was held constant at 22.5 mM, formic acid
was used to adjust pH and pH varied between 4 and 10.
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Figure 9. The effect of acid used to for pH adjustment of the MS
response (peak height and peak area) of 1. Concentration of
triethylamine held constant at 22.5 mM, pH held constant at 10
and adjust type used to adjust pH was varied.

illustrated in Figure 9 for 1. There was on average 37%
increase in peak height and a 19% increase in peak area
by switching from acetic acid to propionic acid to adjust
the pH.

Optimization of LC-MS Conditions

From the main effects design, the optimal concentration
range for TEA was determined along with the elimina-
tion of one level of the categorical factor. From the
OFAT experiments, the optimal pH ranges as well as
which acid used to adjust pH would give optimal MS
response (propionic acid) were determined. LC-MS
conditions were optimized for 1, 2, and 3 between
1-22.5 mM TEA, pH 9-10 and using propionic acid to
adjust pH. LC-MS conditions were also optimized for 4,
but between 1-22.5 mM TEA, pH 4-5.5 and using
propionic acid to adjust pH.

Both the optimal MS response and LC performance
for 4 occurred between 1-10 mM TEA and pH 4-4.8
(not shown). The results indicate that carboxylic acid
containing compounds should not be analyzed using
ion-pairing liquid chromatography; instead, reverse-
phase liquid chromatography using acidic mobile phases
is appropriate, as demonstrated previously [12, 17].

The optimal MS responses for 1, 2, and 3 occurred
between 1-10 mM TEA and pH 9.5-10, while the
retention of the compounds occurred between 11-22.5
mM TEA and pH 9-9.5, and the greatest number of
theoretical plates occurred between 1-10 mM TEA and
pH 9.5-10. Figure 10 illustrates the response surfaces for
1. Optimal MS response occurred around 1 mM TEA,
however 1 is not retained on column. At higher concen-
trations, between 11-22.5 mM TEA, the 1 is retained the
most, however MS response has decreased compared to
the response between 1-11 mM TEA. The ideal condi-
tions for a generic method, compromising both LC
performance and MS response are between 11-22.5 mM
TEA, between pH 9.5-10. The generic LC-MS conditions
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Figure 10. Response surfaces for 1 after final optimization. pH is
represented on the vertical axis and concentration of triethylamine
on the horizontal axis. The chart on the left represents MS
response while the chart on the right represents LC performance.
Top left corner represents the LC mobile phase of 1 mM TEA-
propionic acid, pH 10. The center point represents the LC mobile
phase of 10.8 mM TEA-propionic acid, pH 9.5. The bottom right
corner represents the LC mobile phase of 22.5 mM TEA-propionic
acid, pH 9. The X represents the generic LC conditions developed,
12.5 mM TEA-propionic acid, pH 9.8, for the analysis of acidic
compounds excluding carboxylic acids.

developed for use in the laboratory contain 12.5 mM
TEA, pH 9.8 using propionic acid to adjust the pH.

Conclusions

A generic ion-pairing liquid chromatography method
has been developed for the analysis of acidic com-
pounds, excluding compounds containing carboxylic
acid functional groups, using a chemometric approach.
Optimal generic conditions contain between 11 and 22.5
mM TEA, between pH 9.5 and 10, and propionic acid
was used to adjust the pH. The generic method used in
the laboratory contains 12.5 mM TEA, pH 9.8 using
propionic acid to adjust the pH. Several steps were
required to determine these generic conditions (Figure
1). A main effects only design was first used to survey
a large area of the response surfaces. Then several
OFAT experiments were used to narrow the experimen-
tal ranges for optimization. Optimization was then
finally achieved using a modified factorial design. This
study illustrates that LC-MS conditions can be opti-
mized efficiently with minimal amount of experimen-
tation using a chemometric approach to experimental
design.
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