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PERSPECTIVES 
IN MODERN HPLC

Michael W. Dong and Barry E. Boyes

Reversed-phase liquid chromatogra-
phy is the dominant mode in high 

performance liquid chromatography 
(HPLC) for quantitative analysis and is 
used in ~80% of all HPLC applications 
(1-3). Reversed-phase LC uses a hydro-
phobic stationary phase and a polar 
mobile phase and analytes are retained 
primarily by hydrophobic interaction. 
Most analytical methods for purity assess-
ments, quality control, and stability test-
ing of pharmaceuticals employ reversed-
phase LC with UV detection because of 
the excellent precision and reliability of 
the technique. Another reason for using 
reversed-phase LC in stability-indicating 
analyses is from a mass balance consid-
eration. The retention in reversed-phase 
LC is highly correlated to solutes’ log P or 
partitioning coefficients between water 
and octanol. Here, the weaker interactive 
forces of the solutes with the stationary 
phase give assurance that all impurities 
within the injected sample are eluted 
from the column at the end of the purg-
ing gradient, thus accounting for all the 
components in the sample (4). 

The role of the mobile phase in con-
trolling retention and selectivity in reversed-
phase LC for neutral and ionizable solutes 
has been discussed extensively in text-
books, and the reader is referred to them 
for a detailed discussion (1–3). Retention 
in reversed-phase LC can be predicted 
by the linear solvent strength model (5) in 

which the logarithm of the retention factor 
of the solute is inversely proportional to the 
percentage of the strong solvent. However, 
the model is complicated by interactions 
between solutes and the surrounding polar 
solvent molecules in the mobile phase, 
termed the solvophobic interactions model 
by Horvath and associates (6), and the role 
played by the absorbed monolayers of the 
strong solvents to the hydrophobic station-
ary phase (1). Also, there can be second-
ary interactions, such as those between 
basic functional groups undergoing ionic 
strength-dependent interactions with free 
residual silanols present on stationary 
phase surfaces, which can result in tailed 
peaks (7). 

In this installment, we present a brief 
overview of mobile phase fundamentals in 
reversed-phase LC and describe modern 
trends in their selection, as summarized in 
Table I. The highlighted trends focus on the 
stability-indicating analysis of pharmaceuti-
cals, including both small molecule drugs 
and biotherapeutics, increased UV and 
mass spectrometer (MS) detection sensitiv-
ity, and the attainment of symmetrical peak 
shapes for basic analytes. 

Fundamentals of 
Mobile-Phase Selection
In this section, we describe common selec-
tion criteria for the weak (aqueous) and 
strong (organic) mobile phases in reversed-
phase LC and their additives.

Overall Trends Towards
Simpler Mobile Phases
Although the column is the heart of a liq-
uid chromatograph, the mobile phase can 
be used to manipulate the retention and 
selectivity of the separation. The column is 
packed with a high surface area support of 
variable porosity onto which the stationary 
phase is bonded. The stationary phase pro-
vides retention, and, in conjunction with the 
mobile phase, differential migration of the 
solutes. During the method development 
process, separation of coeluted peaks can 
be fine-tuned with infinite combinations 
of mobile phase factors, including solvent 
type, pH, additives, and operating condi-
tions (such as temperature, flow rate, gra-
dient time).

Paradoxically, innovation in reversed-
phase LC centers on new instruments 
and columns while scant research efforts 
are placed on the development of newer 
reagents for mobile phases. Looking at the 
historical practice of HPLC, there appears to 
be a trend toward the use of simpler mobile 
phases for several practical reasons. 

First, improved column technologies 
have reduced the need for mobile-phase 
additives or buffers to improve peak shapes 
or column batch-to-batch reproducibility (8). 
Second, the use of simpler binary solvents 
with linear gradient segments increases 
method robustness through reduction 
of method transfer issues for regulated 
assays (9). Finally, the rapid emergence 

This installment provides an overview of the modern trends and best practices in mobile-phase selection for reversed-
phase liquid chromatography. In particular, we focus on selection criteria and rationales for enhancing analytical 
performance and ease of preparation.

Modern Trends and Best Practices in Mobile-Phase 
Selection in Reversed-Phase Chromatography

Michael
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M. W. Dong and B. E. Boyes, Modern Trends and Best Practices in Mobile-Phase Selection in Reversed-Phase Chromatography, LCGC North Am. 36(10), 752-767, 2018.
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of HPLC–MS as a standard technology in 
high-throughput screening, in-process con-
trol, bioscience research, and clinical diag-
nostics also favors the use of simpler HPLC 
methods and mobile phases (10).

Selection of Organic Solvent 
or Mobile Phase B in 
Reversed-Phase LC
Mobile phase B is the conventional term for 

the strong mobile phase (organic solvent) 
in reversed-phase LC used in pump blend-
ing and gradient elution. Similarly, mobile 
phase A is the weaker, aqueous mobile 
phase. 

Historically, the three most common 
reversed-phase LC organic solvent choices 
are acetonitrile, methanol and tetrahydro-
furan. The order of eluotropic strengths 
are methanol<acetonitrile<tetrahydrofu-

ran (1,2). For instance, a mobile phase of 
44% methanol:water was found to have 
equivalent elution strength of 35% aceto-
nitrile:water or 28% tetrahydrofuran:water 
for a reference application (11). These three 
solvents have distinctively different proper-
ties in terms of proton acceptor ability, pro-
ton donor ability, and dipole interactions 
(1,11). The selectivity differences of these 
three solvents in reversed-phase LC can be 
exploited effectively to develop optimized 
isocratic separations, as demonstrated by 
Glajch and associates with the aid of mod-
eling software (12). 

Most practitioners prefer acetonitrile 
because of its strong eluotropic strength, 
low viscosity (0.37 cP) leading to higher col-
umn efficiency, and good UV transparency 
(to 190 nm). Acetonitrile is an aprotic solvent 
and is a proton acceptor with capability for 
π–π interaction (3). 

Methanol is a protic solvent and func-
tions as a proton donor or proton acceptor. 
Methanol is less expensive but yields sig-
nificantly higher pressure (viscosity of 0.55 
cP) than acetonitrile particularly when mixed 
with water (for example, solution of 50% 
methanol:water has a viscosity of 1.62 cP) 
(11). Methanol has substantial UV end-ab-
sorbance below 210 nm. 

Tetrahydrofuran is rarely used in reversed-
phase LC, despite its strong solubilizing 
power and eluotropic strength. Toxicity and 
safety issues due to peroxide formation 
are problems preventing its widespread 
use except in gel permeation chromatog-
raphy. Thus, the choice of mobile phase B 
is effectively narrowed to acetonitrile and 
methanol.

Methyl tert-butyl ether can be a substi-
tute for tetrahydrofuran in low concentra-
tions because it has limited miscibility with 
water and does not form peroxides. Longer 
chain aliphatic alcohols such as ethanol, 
propanol, and butanol are not generally 
used because of their higher viscosities, 
with notable exceptions in separations of 
chiral compounds by normal-phase chro-
matography or in reversed-phase LC of 
larger proteins. Many publications have 
appeared in recent years using acetoni-
trile mixed with n- or i-propanol, or even 
n-butanol, which seems to be of benefit to 
improve mass recovery of some monoclo-
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FIGURE 1: A chromatogram of a “cocktail” of two water-soluble basic active pharma-
ceutical ingredients (opioids) and potential impurities and degradation product for a 
stability-indicating method of a combination drug product. Column: 150 mm x 3.0 mm, 
3.5-µm Waters XTerra MS C18; mobile-phase A: 20 mM ammonium bicarbonate, pH 9.1; 
mobile-phase B: acetonitrile; gradient: 3–50% B in 40 min, 50–80% B in 3 min; � ow rate: 
1 mL/min; temperature: 50 °C. Adapted with permission from reference 3.

TABLE I: A summary of modern trends in mobile-phase selection in reversed-phase LC

Overall Trends

• Simpler binary mobile phases and linear gradients
• Increased use of MS-compatible mobile phases 
• Reduced use of buffers and other additives

Selection of Mobile Phase A and Mobile Phase B

•  Mobile Phase A: Increased use of MS-compatible buffers at lower concentrations, bal-
anced-absorbance, high-pH mobile phases, and reduced use of non-volatile ion-pairing 
reagents. Use of phosphoric acid instead of phosphate bufer; elimination of TEA as a 
masking agent  

•  Mobile Phase B: Preferred use of acetonitrile for better separation ef� ciency and UV 
sensitivity 

Best Practices in Mobile Phase Preparation and Operating Conditions

•  Preference for simpler mobile phase preparation: elimination of membrane � ltration by 
using high-purity chemicals, and avoidance of dipping pH electrodes in mobile phase A 
during pH adjustments 

Newer Additives and Eluent Composition

•  New additives to replace or reduce tri� uoroacetic acid in reversed-phase LC of proteins 
and peptides

• Mixed acetonitrile/alcohol mobile phase organic modi� ers for protein separations
•  Addition of additives to enhance ionization of analytes during electrospray ionization 

(ESI) for MS detection
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nal antibodies (mAbs). Dimethyl sulfoxide 
has strong solubilizing power as a diluent 
but suffers from a very high viscosity and 
UV cutoffs (3), as well as incompatibility with 
specific polymeric materials (such as PEEK) 
used in some HPLC instruments.

The Use of Mobile Phase B 
Containing Water and Additives
One often sees HPLC methods with a stipu-
lated mobile phase B such as 95% acetoni-
trile in water. The rationale is to help mixing 
efficiency by making the two mobile phases 
more similar in viscosity and surface ten-
sion. The cons are the reduction of solvent 
strength of mobile phase B and an extra 
step in its preparation. With the improve-
ments of modern pumps and on-line mix-
ers, this additional step appears to be less 
beneficial. 

There is also a common practice to use 
the same levels of additives in both mobile 
phases A and B, such as 0.1% trifluoroacetic 
acid in acetonitrile when using 0.1% trifluo-
roacetic acid (TFA) in water as mobile phase 
A. Technically, there are no perceivable dif-
ferences between 100% acetonitrile or 0.1% 
trifluoroacetic acid in acetonitrile for sep-
aration reproducibility or elution order in 
reversed-phase LC except for reducing gra-
dient shifts with UV detection at low wave-
lengths (to be covered in a later section).

Mobile Phase A: 
pH Modifiers and Buffers 
As noted above, the weaker mobile phase 
in reversed-phase LC is termed mobile 
phase A which consists largely of water, 
often containing small amounts of modifi-
ers, buffers, or salts for controlling pH and 
ionic strength. Pure water can be used for 
the separation of neutral molecules. 

In pharmaceutical analysis, most drugs 
are ionizable, that is, acidic, basic, or zwit-
terionic. Thus, the pH of mobile phase A 
must be controlled, as it can have a dra-
matic effect on solute retention. Ionizable 
solutes can exist in ionized or nonionized 
forms depending on the mobile phase pH, 
and the ionized forms have significantly 
lower retention than the non-ionized forms 
in reversed-phase LC.

Table II lists the common mobile phase 
additives with their respective pKa and UV 

cutoffs. Volatile buffers are labeled with an 
asterisk are used for LC–MS applications. 
The additives can be an acidifying or basify-
ing agent or a buffer by the addition of its 
respective conjugate salt. 

Acidic additives
An acidic pH of 2–4 is used for most phar-
maceutical applications. The low pH sup-

presses the ionization of weakly acidic ana-
lytes, leading to higher retention (3). Basic 
analytes are ionized at low pH, though most 
basic drugs have sufficient hydrophobicity 
for adequate reversed-phase LC retention. 
An acidic pH also suppresses the ionization 
of acidic residual silanols to Si-O-ions, which 
can cause secondary interactions with basic 
analytes. 
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Commonly used acids are trifluoroacetic 
acid, formic acid, and acetic acid at con-

centrations of 0.05 to 0.1% v/v. In aqueous 
solutions, the pH values are: 0.1% trifluoro-

acetic acid (2.1), 0.1% formic acid (2.8) and 
0.1% acetic acid (3.2). These simple mobile 
phases at 0.1% v/v are prepared by pipet-
ting 1.0 mL of the acid into 1 L of purified 
water and can be used directly without 
further filtration. They are often used in 
LC–MS applications though their low ionic 
strengths may yield poor peak shapes for 
very basic drugs (7,13). 

The use of 0.1% phosphoric acid appears 
to be under-utilized because there is a tra-
ditional preference for phosphate buffer. It 
is readily prepared and is transparent down 
to 200 nm. This additive is useful for purity 
methods of raw materials or reagents using 
more universal detection at low UV. 

Buffers
Buffers are required to tightly control the 
pH of mobile phase A for critical assays. 
According to the Henderson-Hasselbalch 
Equation, buffers are most effective within 
±1.0 pH units from their pKa values (1,11). 
A buffer is prepared by mixing a weak 
acid with the salt of its conjugate base (or 
a weak base with the salt of its conjugate 
acid). 

Historically, the most common buffer 
used in HPLC is phosphate. Because phos-
phoric acid has three ionizable hydrogens, 
phosphate buffers make effective buffer 
systems at pH values around 2, 7, and 10 
respectively. It is UV-transparent to 200 
nm, but it is not volatile, and thereby not 
MS-compatible. It also suffers from poor 
solubility in acetonitrile, particularly at high 
concentration (such as 50 mM) causing pre-
cipitation problems during pump blending. 
Changing mobile phase B to 85% acetoni-
trile in water or methanol can alleviate this 
issue. 

Buffers of ammonium salts of volatile 
acids are used for the development of 
MS-compatible HPLC methods. A com-
mon MS-compatible buffer system is 20 
mM ammonium formate adjusted to pH 
3.7 with formic acid. This mobile phase 
appears to yield excellent peak shapes for 
most basic drugs and peptides on modern 
columns, and appears to help retention of 
many basic or zwitterionic analytes, particu-
larly as sample load increases (7,14). Higher 
concentrations can be used effectively to 
increase retention in reversed-phase LC by 

10mM ammonium hydroxide
methanol

Bases, Acids, Neutrals

1.    Thymine 
2.    Amiloride
3.    Doxylamine
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5.     2-Acetamidophenol
6.     Acetanilide
7.     Imipramine
8.     Demoxepam
9.     Suprofen
10.   Ketoprofen
11.   Hexanophenone
12.   Diflunisal
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FIGURE 2: A case study in column screening using acidic and basic mobile phases in 
the gradient separation of a test mixture consisting of 12 acidic (red), basic (blue) and 
neutral (black) drugs. Column: 50 mm x 3.0 mm, 2.5-µm Waters XSelect CSH C18; mo-
bile-phase A: 0.1% formic acid or 10 mM ammonium hydroxide; mobile-phase B: meth-
anol; gradient: 5–95% B in 8.22 min; � ow rate: 0.83 mL/min; detection: UV absorbance 
at 254 nm. Adapted with permission from reference 17.
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FIGURE 3: (a). A universal HPLC method using a sub-3-µm charged surface hybrid (CSH) 
column in the analysis of 12 new chemical entities (NCEs). Each peak is designated by 
its code name, retention time in minutes and [M+H]+ parent ion. Column: 50 mm x 3.0 
mm, 2.7-µm Cortecs C18+; mobile-phase A: 0.05% formic acid; mobile-phase B: aceto-
nitrile; gradient: 5–60% B in 2 min, 60–95% B in 0.5 min; � ow rate: 1.0 mL/min; detection: 
UV absorbance at 220 nm. (b) Comparative chromatogram of the same mixture using 
identical mobile-phase conditions on a C18 column showing peak tailing for four of the 
more basic NCEs marked with arrows. The C18 column yielded excellent symmetrical 
peaks for all NCEs when used with a buffered mobile-phase A (such as 20 mM ammoni-
um formate at pH 3.7). Column: 50 mm x 3.0 mm, 1.7-µm Waters BEH C18. Adapted with 
permission from reference 20.
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the “salting out” effect or the Le Chatelier’s 
Principle to drive solutes into the hydropho-
bic stationary phase (1,11). 

Basic Mobile Phases
Before the 1990s, silica-based columns 
could not be used with high pH mobile 
phases, because of the dissolution of silica 
support at pH values >8. The development 
of hybrid particles and improved bonding 
chemistries for silica particles has extended 
the usable pH range of these specific col-
umns to and range of 1–12 (2–10 at col-
umn temperatures >40 °C) (3,15-16). Typi-
cal high pH mobile phases are 0.05–0.1% 
ammonia, and 10–25 mM ammonium car-
bonate, or phosphate buffers. Compari-
sons of mobile phase buffers at elevated 
pH conditions revealed significant effects 
on silica solubility and expectations for sta-
bility under high pH and temperature con-
ditions (16). Important observations were 
that ammonium hydroxide is perhaps the 
safest choice and has good compatibility 
with ESI-MS detection. The advantages of 
using high pH separations include higher 
retention of water-soluble bases (for exam-
ple, for the analysis of opioid drugs, which 
traditionally require ion-pairing chroma-
tography), better peak shapes for basic 
analytes, and MS-compatibility (15). The 
disadvantages are the instability of some 
drugs in basic mobile phases and poten-
tial method robustness issues if the mobile 
phase pH is close to the pKa values of the 
basic analytes (for example, most amines 
have pKa values in the range of 8-10) (3,15). 

Figure 1 shows a chromatogram of a test 
mixture containing two active pharmaceu-
tical ingredients (APIs) spiked with process 
impurities and degradants for an MS-com-
patible stability-indicating assay of a combi-
national drug product (3). Note the excel-
lent peak shapes of all peaks under high-pH 
conditions without any peak splitting. The 
disadvantage of this method is its sensitiv-
ity to mobile phase pH which must be kept 
between 9.10 to 9.15 to prevent any peak 
co-elution (3,15).

Figure 2 further illustrates the effect of 
mobile-phase pH to dramatically alter the 
retention and elution orders of acidic and 
basic drugs (17). The use of column screen-
ing using mobile phase A at both acidic and 

basic pH has become a common practice 
in many laboratories for high-throughput 
screening and development of critical 
methods (3, 8-10).

Reduced Usage of Silanol-Masking, 
Ion-Pairing and Chaotropic Reagents
Prior to the 1990s, the primary complaint 
against silica-based HPLC columns was the 

difficulty in method transfer for quality con-
trol applications caused by batch-to-batch 
differences of raw silica support or bonded 
phase chemistry. The main cause of this 
non-reproducibility was the presence 
of active silanols, which are activated by 
metallic impurities (1,3). At that time, many 
bonded phases had such acidic silanols 
that basic solutes would not elute without 
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the use of silanol-masking reagent addi-
tives in the mobile phase (such as triethyl-
amine). Triethylamine was frequently used 
in drug analysis to yield better peak shapes 
and acceptable batch-to-batch reproduc-
ibility in regulated testing (18). 

Today, the popularity of high-purity silica 
supports, and the elimination of metal-
lic impurities in the base silica, leads to 
reduced silanophilic activities and much 
improved batch-to-batch reproducibility 
of bonded phases. The use of triethyl-
amine as an additive has generally been 
abandoned for several reasons. First, tri-
ethylamine may permanently alter the 
selectivity of the column. Second, it would 
overwhelm all MS signals in the positive 
ionization mode. Third, new column tech-
nologies using charged surface and other 
approaches provide a better solution to 
improve peak shape of basic analytes.

A fairly recent innovation has been the 
bonding of a positive charge (for example, 
an amine) to the surface of bonded phases 
(reviewed in Nawrocki, ref. 30), such as 
the case of charged surface hybrids (CSH) 
introduced by Waters in 2010 (13). These 
columns yields excellent peak shapes for 
highly basic drugs even in mobile phases 
with low ionic strengths (such as 0.1% for-
mic acid) as illustrated in Figures 3a and 3b 
showing comparative chromatograms of a 
test mix of 12 new chemical entities (NCEs) 
using a low ionic strength mobile phase 
A of 0.1% formic acid on columns packed 
with a CSH compared to those on a hybrid 
bonded phase (19,20). The CSH C18+ col-
umn shows excellent peak shapes for all 
NCEs while the other column displays con-
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FIGURE 5: A case study illustrating the potential issue of a ghost peak caused by dip-
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(b) sample run. The ghost peak was later identi� ed to be a preservative (sodium phenyl-
phenate) used in the pH calibration buffers. Adapted with permission from reference 3.
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FIGURE 4: Chromatograms illustrating gradient shift problems encountered during 
method development of a stability-indicating method for a drug substance using (a) 
0.1% tri� uoroacetic acid in mobile-phases A and B and (b) balanced absorbance mobile 
phases of mobile-phase A of 0.05% tri� uoroacetic acid in water and mobile-phase B of 
0.03% tri� uoroacetic acid in acetonitrile. (c) The UV spectrum of 0.05% tri� uoroacetic 
acid vs. water. Gradient: 25–65% B in 15 min; baseline shift: (a) 0.1 AU, (b) 0.002 AU; de-
tection: UV absorbance at 230 nm. Adapted with permission from reference 3.

TABLE II: Common HPLC buffers and their 
respective pKa and UV cutoff

Buffer pKa
UV Cutoff 

(nm)

Tri� uoroacetic 
acid*

0.3 210

Phosphate 2.1, 7.2, 12.3 190

Formic acid* 3.8 210

Acetic acid* 4.8 210

Carbonate* 6.4, 10.3 200

Ammonia* 9.2 200

*Volatile buffer systems, which are MS-compati-
ble. Data extracted from reference 3.
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siderable peak tailing for four of the more 
basic NCEs.

Another approach is to use an advanced 
coating technique to reduce the activities 
of the residual silanols. An added benefit of 
this approach is to yield columns usable at 
high pH (such as the Agilent Poroshell HPH-
C18) (20).

Ion-Pairing and Chaotropic Reagents
Ion-pairing reagents are detergent-like mol-
ecules added to mobile phase A to pro-
vide retention of acidic or basic analytes (1). 
Long-chain alkyl sulfonates (C5 to C12) com-
bine with basic solutes under acidic pH con-
ditions to form neutral “ion-pairs” that are 
retained in reversed-phase LC. Retention 
is proportional to the length of the hydro-
phobic chain of the ion-pairing agent and 
its concentration of the ion-pairing reagent. 
Note that trifluoroacetic acid has some 
ion-pairing capability and is commonly 
used in reversed-phase LC of proteins and 
peptides. The use of ion-pairing reagents 
has decreased somewhat in recent years, 
because of issues such as lower column effi-
ciencies, slow column equilibration, difficul-
ties in performing gradient analysis, and the 
lack of MS-compatibility (1,2). Also, several 
companies have produced specialty sur-
face-modified HPLC columns that reduce 
the need for ion-pairing reagents, by resolv-
ing the problem of “phase collapse” or 

“pore dewetting” at low or no organic sol-
vent reversed-phase LC mobile phase con-
ditions (3). Such materials can retain highly 
polar bases and acids, with less reliance on 
hydrophobic counterion additives, ensuring 
better compatibility with MS detection, and 
faster re-equilibration between separations.

Another class of additives used to 
increase retention and selectivity of basic 
analytes is inorganic chaotropic agents 
(such as PF6-, BF4-, ClO4- ions) that form 
neutral ion pairs under acidic conditions 
in reversed-phase LC (1,2). Chaotropes 
are better suited for gradient analysis can 
produce lesser baseline shifts, but are not 
MS-compatible.

Note that availability of high-pH-compat-
ible volatile mobile phases (such as ammo-
nium hydroxide), with suitable silica-based 
or hybrid columns, can offer a compelling 
alternative MS-compatible approach for 

the analysis of water-soluble basic drugs, 
and thereby reduce the utility of need for 
ion-pairing or chaotropic reagents for such 
separations (15).

Other Mobile Phase Additives 
for Chiral Separations and 
Ion Chromatography
It is possible to use a chiral additive as a 

pairing reagent to form a diastereomer, 
enabling chiral separations to be achieved 
on conventional reversed-phase columns 
(1). However, the availability of versatile 
and highly efficient chiral stationary phases 
(such as immobilized and chemically-modi-
fied polysaccharides) has reduced the need 
for these indirect methods for chiral sepa-
rations (1-3). 

Michael
Sticky Note
We needed to add back the entire paragraph.  I think John may have misunderstood Barry's instructions.A fairly recent innovation has been the bondingof a positive charge (for example, an amine) to the surface of bondedphases (30), such as the case of chargedsurface hybrids (CSH) introduced by Waters in 2010 (13).These columnsyields excellent peak shapes for highlybasic drugs even in mobile phases withlow ionic strengths (such as 0.1% formicacid) as illustrated in Figures 3a and 3bshowing comparative chromatogramsof a test mix of 12 new chemical entities(NCEs) using a low ionic strengthmobile phase A of 0.1% formic acid oncolumns packed with a CSH comparedto those on a hybrid bonded phase(19,20). The CSH C18+ column showsexcellent peak shapes for all NCEswhile the other column displays considerablepeak tailing for four of themore basic NCEs.
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Ion chromatography sometimes employs 
a mobile phase additive (such as 3 mM 
sodium phthalate) to perform ion chroma-
tography by conventional HPLC–UV equip-
ment with indirect photometric detection 
of the displaced complex (21). However, 
the widespread availability of improved 
ion chromatography instruments with sup-
pressed conductivity or MS detection has 
eliminated most of these approaches with 
limited applicability.

The Use of Balanced Absorbance Mobile 
Phases
During gradient analysis using mobile 
phases with UV detection at low wave-

lengths (such as <230 nm using MS-com-
patible mobile phases), substantial gradi-
ent baseline shifts are observed as a result 
of an imbalance of absorbance and refrac-
tive indices of mobile phases A and B. The 
magnitude and direction of the baseline 
shift are strongly dependent on detector 
flow cell design, wavelength, and mobile 
phase composition. These imbalances also 
can be attributed to the chromophoric shifts 
of the UV spectra of the additives (such as 
carboxylic acids) in the two very different 
solvent environments (3). The differences 
in the apparent absorbance (absorbance 
detector signal) and the inadequate mixing 
of mobile phase A and B solvents can also 

often be observed as a periodic (sinusoidal) 
baseline disturbance. Again, the magnitude 
of such baseline disturbances is a complex 
function of the on-line mixer design, vol-
ume, and apparent absorbance differences 
between pure mobile phase A and mobile 
phase B.

Figure 4a illustrates the gradient base-
line shift observed during method devel-
opment of a stability-indicating method for 
an NCE using mobile phase A (0.1% (triflu-
oroacetic acid) in water and mobile phase 
B (0.1% trifluoroacetic acid in acetonitrile) 
(3). Because of the absorbance of trifluo-
roacetic acid in the far UV region (200–230 
nm), significant baseline shift (~0.1 AU at 
230 nm) was observed. These baseline 
problems were substantially reduced by 
lowering the concentration of trifluoro-
acetic acid to 0.05% (see the UV spectrum 
in Figure 4b). Further reduction of the 
gradient shift to 0.002 AU at 230 nm was 
achieved by adjusting the concentration 
of trifluoroacetic acid in mobile phase B to 
0.03%, which has a similar apparent absor-
bance at 230 nm with 0.05% trifluoroacetic 
acid in water (Figure 4c).

When using UV-vis absorbance detectors, 
suitable adjustments of baseline properties, 
as described above, are required to achieve 
the highest levels of UV sensitivity. 

Modern Trends in 
Mobile Phase Preparation
Modern trends in mobile phase prepara-
tion include the use of lower buffer con-
centrations, the elimination of the filtration 
process, and pH adjustment procedure for 
buffers.

Lower Buffer Concentrations 
in Mobile Phase A 
Although 50 mM buffers are specified in 
many older methods, the modern trend is 
to use lower buffer strengths (such as 5–20 
mM), which provide sufficient buffering 
capacity in most applications (3). Lately, the 
use of modern columns with lower resid-
ual acidic silanol activities, or CSH mate-
rials, has allowed the use of simplified 
mobile phase A with low ionic strength 
such as 0.1% formic acid, while permitting 
good peak shapes for highly basic analytes 
(11,13,20)
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FIGURE 6: Formic acid (a), a mixture of formic acid with ammonium formate (b), tri� u-
oroacetic acid (c), and di� uoroacetic acid (d) were assessed as mobile phase modi� ers 
using UV and MS detection to measure intensities, retention, peak widths, and resolu-
tion. More details are available from reference 25. Comparisons of peptide separations 
with inline MS detection shows tri� uoroacetic acid strongly suppressed ionization, di-
� uoroacetic acid much less so, with formic acid or ammonium formate exhibiting high-
est signal, whereas tri� uoroacetic acid, di� uoroacetic acid, and ammonium formate 
show excellent peak shape. The example shown is for a mixture of 5 synthetic peptides, 
resolved in 10 mM of each acid or acid plus salt (in the case of ammonium formate). 
Column: 150 mm x 2.1 mm HALO Peptide ES-C18; � ow rate: 0.3 mL/min; temperature: 
60 °C, gradient: 2–47% acetonitrile in 40 min; detection: MS,(+)TIC 300–1800 m/z, 4 kV, 
with a Shimadzu MS-2020 SQ.
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Elimination of the Filtration Process 
Many laboratories have eliminated the fil-
tration process with 0.2 or 0.5 µm mem-
brane filters by using high-purity reagents 
(such as 99.995% ammonium formate 
from Aldrich, Cat# 516961), and HPLC-
grade solvents and water (22). The inter-
nal filters in most HPLC pumps (replaced 
during preventive maintenance programs) 
appear to be adequate to allow success-
ful routine HPLC operation without filter-
ing in most laboratories. This elimination 
of the filtration step can reduce potential 
mobile phase contaminations from the 
filtration process. Exceptions are mobile 
phases containing ion-pairing reagents 
and high-concentrations of salts, or when 
high-purity reagents are not readily avail-
able.

Similarly, the use of vacuum filtration for 
dissolved gas reduction in mobile phases 
has been largely superseded by in-line vac-
uum degassers which are standard on most 
modern HPLC systems.

Adjusting the pH of Mobile Phase A
Many analysts prepare buffers by dipping 
the pH electrode directly in mobile phase 
A and titrating the solution until the desig-
nated pH is reached. This practice can be 
problematic because trace contaminants 
adhering to the electrodes (such as pre-
servatives from the pH calibration buffers 
to allow room temperature storage) can 
cause substantial ghost peaks in gradient 
elution (see the example in Figure 5). To 
prevent such contamination, the analyst 
should dispense a small amount of mobile 
phase A into a vial (such as a scintillation 
vial) to check the pH and continue this iter-
ation until the correct pH is reached. The 
content of the vial should not be poured 
back into mobile phase A (3). With suitable 
care, the correct composition of mobile 
phase A can be maintained, with minimal 
risk of introducing contaminants that can 
readily appear in high sensitivity analyses.

Modern Trends in Gradient Methods
Modern trends in gradient methods 
include the use of simple binary mobile 
phases (such as 0.1% formic acid or 0.1% 
ammonia) with high-efficiency columns 
packed with superficially porous parti-

cles and low-silanophilic bonded phases 
(8). Robust stability-indicating methods 
for very complex pharmaceuticals can 
be accomplished by using multisegment 
binary linear gradients (23). Although 
quaternary pumps are widely used for 
method development, quality control 
methods that use ternary or quaternary 
mobile phases are rarely encountered, 

because of the difficulties with method 
reproducibility across different laborato-
ries or equipment platforms. For that mat-
ter, the use of concave or convex gradi-
ents is strongly discouraged, even though 
they are available in some systems. 
Method transfer can be less problematic 
with simplified methods using easily pre-
pared binary mobile phases. 
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Comments on the Stability 
of Mobile Phases
There are no universal guidelines or sci-
entific data on mobile phase stability 
after preparation. Obviously, fresh mobile 
phases can be prepared daily as needed, 
though this time-consuming process is 
neither a necessary or “green” practice. 
The shelf life of the mobile phase is diffi-
cult to generalize and is dependent on 
mobile phase composition, pH, storage 
container, storage conditions, and the sen-
sitivity of the separation to small changes 
in mobile-phase composition. The poten-
tials for growth of microorganisms (bacte-
ria, algae, molds) poses the greatest risks 
to system contamination and column lon-
gevity. The use of a scavenger column (for 
example, C18, 33 x 4.6 mm id, 10 µm) (24) 
can provide excellent protection against 
mobile-phase-borne particulates and con-
taminants). However, it does add system 
dwell volume and is rarely used in today’s 
laboratories. 

A common practice is to date all mobile 
phases and use aqueous buffers for one 

week, simple acidified water (such as 0.1% 
formic acid or trifluoroacetic acid) for 1–2 
months, and organic solvents for at least 
3 months. For weakly acidic buffered 
mobile phases or buffers at near neutral 
pH, storage of a concentrate (10–50X) can 
be useful. Depending on the specific buf-
fer, refrigeration (5°C) can permit the use 
of the concentrate for many months. This 
approach has worked well for acetate and 
formate buffers. In such cases, periodic 
checks of the pH and blank injections can 
verify the integrity and cleanliness of the 
mobile phase preparations. There may be 
standard operating procedures in some 
laboratories that stipulate reagent shelf life 
based on historical data. In any case, label-
ing of the preparation date is encouraged 
and required in many regulated laborato-
ries.

Newer Additives for Reversed-
Phase LC of Proteins and Peptides
Separation of proteins and peptides is a 
challenging application for HPLC requiring 
bonded phases with low silanophilic activ-

ity, specific mobile-phase additives to allow 
detection at low UV wavelengths (210–
220 nm), and higher column temperatures 
(>60 °C) to improve peak shapes, and mass 
recovery (2, 3).  

The traditional mobile phase A for 
protein and peptide separations is 0.1% 
trifluoroacetic acid, which has ion-pair-
ing capability for better peak shapes 
and offers reasonable UV sensitivity at 
210–220 nm for peptide bonds. Although 
trifluoroacetic acid is considered MS-com-
patible from the volatility standpoint, MS 
sensitivity is seriously compromised as a 
result of ion suppression when trifluoro-
acetic acid is used during the electrospray 
ionization (ESI) process. Trifluoroacetic 
acid is an excellent ion pair reagent with 
primary ϵ-amino lysine group, as well as 
the N-terminal α-amino group. In addition 
to supplying a strongly acidic modifier for 
reversed-phase LC separations, trifluoro-
acetic acid shows a favorable increment 
in retention of acidic peptides, because 
of the formation of an N-terminal amino 
ion pair, which is notably absent in formic 
acid mobile phases. Nevertheless, MS 
sensitivity will be impaired for protein and 
peptide detection using trifluoroacetic 
acid, when compared to formic acid alone, 
or compared to mixtures of trifluoroacetic 
acid and formic acid. The latter approach 
has some popularity, with the use of low-
ered concentration of trifluoroacetic acid 
in mobile phases A and B, in the presence 
of equal or greater concentration of for-
mic acid to act as a competitor to trifluo-
roacetic acid, during gas phase exchange 
in the ESI process (25,26).

Recent research by Boyes and associates 
has uncovered two promising additives that 
deliver a good compromise of performance 
for peak shape and MS sensitivity: difluoro-
acetic acid and 3-fluoropropionic acid (26). 
Figure 6 illustrates the comparative perfor-
mance of four mobile phase additives (for-
mic acid, ammonium formate/formic acid, 
trifluoroacetic acid, and difluoroacetic acid) 
in the HPLC–UV–MS analysis of a mixture of 
five peptides. The HPLC–UV and total ion 
chromatogram (TIC) data indicate that diflu-
oroacetic acid offers excellent performance 
in peak shape and sensitivity under UV and 
MS detection. 
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FIGURE 7: Comparison of the separation of a tryptic digest of enolase (50 picomoles) 
on the same column, using different acid modi� ers each at 10 mM concentration. The 
same separation and detection conditions were applied as described in Figure 6.
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Figure 7 shows comparative chromato-
grams in a peptide mapping application 
showing excellent performance in peak 
shape and MS sensitivity for 10 mM difluo-
roacetic acid  compared to those for formic 
acid, trifluoroacetic acid, and a mixture of 
formic acid and ammonium formate. Figure 
8 shows an example of a protein separation 
using trifluoroacetic acid compared to diflu-
oroacetic acid and formic acid in mobile 
phase A.

Anecdotal evidence suggests that the 
advantages of difluoroacetic acid as a 
replacement are more apparent for ESI 
signal intensities of peptides and smaller 
proteins, compared to larger proteins up 
to the size of immunoglobins. Regardless, 
difluoroacetic acid is much easier to flush 
from LC systems than trifluoroacetic acid, 
which requires special and time-consuming 
procedures to completely flush out of LC–
MS systems. Basically, trifluoroacetic acid 

appears more “sticky” towards compo-
nents in the LC system than difluoroacetic 
acid. Over more than six years of use, difluo-
roacetic acid has shown no negative effects 
on instrument performance in standard or 
capillary column separations.

Another approach that has emerged is 
the use of additives to mobile phase A to 
increase, or rescue, ionization efficiency 
lost to trifluoroacetic acid ionization sup-
pression. Dimethyl sulfoxide has been 
suggested as an additive for improving 
MS detection in high complexity or high 
sensitivity proteomic sample LC–MS anal-
yses (27,28). Several confirmatory exam-
ples are described for proteomics analysis, 
although some concerns remain about the 
long-term effects on LC–MS components, 
and the tendency of dimethyl sulfoxide 
(or impurities or break-down products) to 
accumulate in MS systems over time. Var-
ious weak “Brønsted” base compounds, 
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FIGURE 8: A comparison of a separation of an intact monoclonal antibody (Sigma/Millipore 
SILu Lite SigmaMAb) using di� uoroacetic acid compared to tri� uoroacetic acid and formmic 
acid as acidic mobile phase modi� ers in mobile phases A and B. For this mAb, mobile phases 
using formic acid exhibit poor retention and peak shape, compared to either tri� uoroacetic 
acid or di� uoroacetic acid mobile phases. Column: 150 mm x 2.1 mm HALO Protein 400 C4; � ow 
rate: 0.3 mL/min, temperature: 80 °C; gradient: 28–38% acetonitrile in 30 min.



768  LCGC NORTH AMERICA  VOLUME 36 NUMBER 10  OCTOBER 2018 WWW.CHROMATOGRAPHYONLINE.COM

shown to act as “supercharging agents” 
have been studied as mobile phase A 
additives to improve MS signal intensity 
of proteins resolved in reversed-phase LC, 
using trifluoroacetic acid modified mobile 
phase A (29). The addition of such com-
pounds does not hinder effective LC per-
formance and has been shown to restore 
signal intensities heavily suppressed by 
trifluoroacetic acid. The effect of these 
additives on MS system stability and main-
tenance are still unknown. 

Summary
In this installment, we present an overview 
of modern trends and best practices in 
mobile-phase selection and preparation in 
reversed-phase LC, with a focus on phar-
maceutical applications and increasing 
peak shape and detection performance by 
UV and MS. These trends include the use of 
simple acidic mobile phase A or low-con-
centration MS-compatible buffers with 
acetonitrile or methanol in binary mode, 
using broad linear gradient or multi-seg-
ment gradient methods for complex sepa-
ration, the elimination of the filtration pro-
cess and many less relevant mobile phase 
additives. Newer additives (difluoroacetic 
acid and 3-fluoropropionic acid) as alterna-
tives to trifluoroacetic acid for an increased 
MS sensitivity are suggested.
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