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a b s t r a c t

This paper reports unusual on-column degradations of aniline compounds on Waters XBridge Shield
RP18 column when ammonium hydroxide in water and acetonitrile were used as mobile phases in liquid
chromatography. The change of the level of on-column degradation of a model compound (Compound 1)
with time was observed in the first fifteen injections when started at 60 ◦C. During a subsequent cooling
program from 60 ◦C to 10 ◦C with a 10 ◦C interval, the levels of the degradation products of Compound 1
changed with the change of temperature and reached a maximum at 40 ◦C. The on-column degradation
of Compound 1 was observed when started at 10 ◦C in the first injection, however, the magnitude of the
change of the level of on-column degradation of Compound 1 with time in the first fifteen injections
was much smaller than that at 60 ◦C. During a subsequent heating program from 10 to 60 ◦C with a 10 ◦C
interval, the levels of the degradation products of Compound 1 increased with the increase in temperature
but without a maximum. The change of the degradation product levels of this model compound in the
heating process is not super-imposable with that in the cooling process, which demonstrates the degree of
the degradation also depends on the heating or cooling process. Column history studies demonstrated that

the on-column degradation of Compound 1 changed dramatically on the used columns at both starting
temperatures while the dependency of heating and cooling processes on on-column degradation still
existed. The unusual on-column degradation of Compound 1 on the used columns can be regenerated in
a very similar fashion with an acetic acid column-wash procedure, but is not identical to that on the new
column. Similar degradations of other commercially available aniline compounds were also observed
with this high pH aqueous mobile phase system.
. Introduction

High-performance liquid chromatography (HPLC) has been
idely used in pharmaceutical industry in drug substance and
rug product research and development. Reversed-phase liquid
hromatography (RPLC) is the most commonly used analytical
echnique in the industry. Although most basic pharmaceutical
ompounds have been separated on typical silica-based columns
sing acidic and/or neutral pH aqueous mobile phases in RPLC
1], the recent advancement in column technology provides more
pportunities to separate basic compounds at high pH aqueous
obile phases (pH > 9) as free-base forms without the concerns of

he dissolution of the regular silica supporting materials [2–10].
he separation of basic compounds as free-base forms results in

etter peak shapes, longer retention times, higher column effi-
iency and potentially better compatibility with mass spectrometry
MS) detectors. This separation mode also offers some flexibility of
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E-mail addresses: fwang@amgen.com (F. Wang), xiaol@amgen.com (X.-K. Liu).
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© 2011 Elsevier B.V. All rights reserved.

having secondary or potentially “orthogonal” methods to confirm
impurity profiles obtained at lower pH mobile phases. However,
some potential limitations of using high pH aqueous mobile phase
methods, such as fronting peaks, shorter column-life, and unex-
pected degradation products at different pHs, may occur under
certain conditions [10]. In one of the specific applications, it was
reported that an on-column dimerization phenomenon (structure
not shown) was observed on a particular column [10]. When that
particular column was washed with 0.5% acetic acid, the dimer dis-
appeared. They concluded that the on-column dimerization was
caused by the presence of residual metal iron at the head of the
column [10].

During the course of the development of an impurity method for
our aniline model compound, Compound 1 (Fig. 1 for structure), a
high pH aqueous mobile phase (0.1% of 28% ammonium hydrox-
ide (NH4OH) in water, pH ∼10.5) on Waters XBridge Shield RP18
column had been used to determine the impurity profile of the com-

pound. From our experience of impurity method development for
the same class of compounds, the major advantage of using high
pH aqueous mobile phase to separate aniline compounds and its
impurities is to minimize the effect of ionic strength of aqueous

dx.doi.org/10.1016/j.chroma.2011.04.004
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:fwang@amgen.com
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ig. 1. Structures of Compound 1, its potential degradation products and aniline
ompounds.

obile phases on the reproducibility of retention times when ion-
air reagents, such as perchloric acid or trifluoroacetic acid (TFA),
re used to increase the retention times of these compounds. Since
H4OH modified aqueous mobile phase is also compatible with
S detectors without ionization suppression from ion-pair reagent

uch as TFA, it also provides better sensitivity for impurity analy-
is than that of TFA modified aqueous mobile phase. Besides, both
ositive and negative ionization modes can be used with aqueous
H4OH mobile phase on MS detectors. During the application of

he method, the discrepancy of apparent purity (area %) of Com-
ound 1 from 95 to 99% was observed among different end-users.
nusually high level of the azo impurities (Fig. 1 for structures)

rom 1 to 3% of each impurity was observed when using this high
H method. Since these impurities are the potentially genotoxic,

t is a regulatory requirement to quantitatively analyze and track
heir clearance in the downstream chemical synthesis to ensure the
afety of human subjects in clinical trials [11]. Therefore, the ana-
ytical method must accurately determine these impurities without
enerating any ambiguity from artifacts by the method itself. The
rst step to ensure the reliability of the method will be the estab-

ishment of a well characterized reference standard with known
urity and impurity profile. In order to determine the true purity
f the standard in solid state, other analytical methods, such as
ifferential scanning calorimetry (DSC) and nuclear magnetic reso-
ance (NMR), were used to cross-check the purity of the standard.
he results from DSC and NMR indicate that the standard is rel-
tively pure in solid state (purity ≥99%). In order to confirm the
xistence of these impurities and levels in the reference standard
n the liquid solution, an HPLC method using neutral pH aqueous
obile phase with MS compatibility was also developed to check
he purity and to confirm the formation of the degradation products
if any) in the mixture of the basic mobile phase and acetonitrile as
he diluent. The results from the neutral pH aqueous mobile phase
1218 (2011) 3502–3510 3503

method matched the purity data from DSC and NMR. Neither azo
nor hydrazo impurity was observed in the reference material.

This paper reports the chromatographic studies of unusual on-
column degradations of aniline compounds on XBridge Shield RP18
column with high pH aqueous mobile phase. From the temperature
program studies as reported previously [12–15], we discovered
that the on-column degradation process of the model compound
depended on the history of the columns. To the best of the authors’
knowledge, this type of unusual on-column degradations has not
been reported. The magnitude of the change of the level of on-
column degradation of Compound 1 with time on the used columns
is much smaller than that of the new columns while the change
of the level of degradation with heating or cooling processes still
exists regardless the history of the columns. However, the change
of the level of the degradation with time on the used columns
can be regenerated by washing the column with 0.5% acetic acid
for 2 h at 40 ◦C. During the heating/cooling programs, the van’t
Hoff plots of retention and selectivity factors of Compound 1 are
super-imposable and independent of the thermal pathway, which
indicates that the conformations of the stationary phase and Com-
pound 1 remain the same. The column history has no impact on the
retention and selectivity factors of the degradation product peaks
of Compound 1 on the new, used and re-generated columns. Other
commercially available aniline compounds were also studied with
the same temperature programs. Similar on-column degradations
were also observed in the high pH aqueous mobile phase system.

2. Materials and methods

2.1. Chemicals

Compound 1 (Fig. 1 for structure) was synthesized by Chemi-
cal Process Research and Development Department at Amgen Inc.
(Thousand Oaks, CA, USA). All other aniline compounds (Fig. 1 for
structures) were purchased from Sigma–Aldrich (Milwaukee, WI,
USA). HPLC grade methanol (MeOH) and NH4OH (28% in water with
purity ≥99.99%) were purchased from Sigma–Aldrich (Milwaukee,
WI, USA). HPLC grade acetonitrile was purchased from J.T. Baker
(Philipsburg, NJ, USA). Ammonium carbonate was purchased from
Acros (Morris Plains, NJ, USA). Ammonium acetate (NH4OAc) was
purchased from MP Biomedicals (Morgan Irvine, CA, USA), respec-
tively.

2.2. Apparatus

All HPLC experiments were performed on an Agilent G1100
HPLC system with a standard column oven and a photodiode array
detector (Santa Clara, CA, USA). The system was controlled by Agi-
lent ChemStation software or Dionex Chromeleon Chromatography
Data System (Sunnyvale, CA, USA). A Thermo Finnigan LCQ Deca
(San Jose, CA, USA) with an electrospray ionization (ESI) source with
an Agilent HPLC system was used for LC/MS experiments. LC/MS
data were collected using Thermo Finnigan Xcalibur software (San
Jose, CA, USA). The positive mode of ESI source was operated
under typical conditions [16]. XBridge Shield RP18, C18 and Phenyl
(4.6 mm × 150 mm, 3.5 �m) columns were purchased from Waters
(Milford, MA, USA). Gemini NX C18 columns were purchased from
Phenomenex (Torrance, CA, USA). DSC experiments were per-
formed on a TA Instrument’s Q2000 DSC module (New Castle, DE,
USA). NMR experiments were performed on a Bruker 400 MHz

instrument (Billerica, MA, USA). Inductively coupled plasma (ICP)-
MS experiments were performed on a Perkin-Elmer Elan DRC II
instrument (Waltham, MA, USA). The normal operation conditions
of the Elan DRC II instrument were used in this application [17].
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Fig. 2. Overlays of chromatograms of blank, the first and third injections of Com-
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ound 1 standard solution at 40 ◦C. Chromatographic conditions: the same as Section
except that the gradient profile: 5% acetonitrile from 0 to 2 min, 5–90% from 2 to
5 min.

.3. Chromatographic conditions and column temperature
rograms

The aqueous mobile phases were prepared by the addition
f the chemicals into HPLC grade water. Samples were pre-
ared at ca. 0.5 mg/mL in 50% MeOH in water as diluent if
ot specified in the text. The flow rate was 1.0 mL/min. A
�L volume of each sample was injected. The HPLC condi-

ions for the high pH method on Waters XBridge Shield RP18
olumns: mobile phase: (A) 0.1% NH4OH in H2O, (B) acetoni-
rile; gradient program: 5–95% B in 15 min; column temperature:
0 ◦C; detection wavelength: 230 nm. The HPLC conditions for
he neutral pH method on Waters XBridge Shield RP18 column:

obile phase: (A) 25 mM NH4OAc in H2O (pH 6.9), (B) ace-
onitrile; the other conditions were the same as the high pH

ethod.
The column temperature programs were the similar as reported

reviously [12–15]. Heating and cooling temperature cycle pro-
ram: the column temperature changed from 10 to 60 ◦C by a 10 ◦C
nterval during the heating/cooling processes. After each tempera-
ure change, the column was equilibrated with the mobile phases
or 1 h before the injection of a compound. Unless it is otherwise
ndicated in the text, all the columns used in the studies were brand
ew columns.

. Results and discussion

.1. Discovery of unusual on-column degradation of Compound 1

The original RPLC method for the analysis of Compound 1 (Fig. 1
or structure), an aniline analog as an intermediate of a drug sub-
tance, was developed on an XBridge Shield RP18 column using
.1% NH4OH in water as the aqueous mobile phase. During the
ourse of the development of this intermediate (hydrogenation
roduct of its nitro starting material with palladium (Pd) on car-
on as the catalyst to produce Compound 1), some discrepancies
f the apparent purity of the compound were observed. With-
ut the awareness of the history of the columns, the apparent
urity of the compound could vary from 95% to 99% by area from
ay-to-day. The level of three major impurities, azo-1, azo-2 and
ydrazo degradation products (Fig. 1 for structures), varied from
.2 to 3% in routine operations (without multiple injections of the
eference standard solution for in-process analysis per industry
ommon practice). Fig. 2 shows the chromatograms of a blank,

he first and third injections of Compound 1’s standard solution
n a used XBridge Shield RP18 column using high pH aqueous
nd acetonitrile mobile phases at 40 ◦C with a gradient elution.
he first injection of the standard solution of Compound 1 (at
1218 (2011) 3502–3510

retention time of 9.23 min with the asymmetric factor of 1.02)
showed that the apparent purity of the compound was 99.9% with
no impurity above the reporting limit of the method (0.05%). At
the third injection of the same standard solution from the same
vial, the apparent purity of the main peak reduced to 97.5%. There
were five major impurities observed at 0.10% or above (Fig. 2).
LC/MS analysis demonstrated that two major impurities, at reten-
tion times of 11.1 and 13.6 min (with the asymmetric factors of
1.00 each), were the azo impurities at the levels of 0.60 and 0.83%,
respectively. The hydrazo impurity, at retention time of 11.9 min
(with the asymmetric factor of 0.83), was also observed at 0.19%.
Again, because of the potential genotoxic nature of these impuri-
ties, it is very critical for the analytical method to generate accurate
results without any ambiguity from artifacts such as the undesired
on-column degradations or decompositions in the diluent before
injections.

The change of the impurity levels with the change of the num-
ber of injections was confirmed by another sequence with 30
injections of the standard (prepared and used in the previous
day) and sample solutions in the next day on the same column
(data not shown). In that sequence, the first and last 6 injec-
tions were the same standard solution from two different vials
to bracket 18 injections of different sample solutions. The first
injection of standard solution showed the apparent purity of the
standard was 99.8% without any reportable impurities, which
indicates that the standard solution was stable over 24 h. At the
30th injection of the same standard solution from a different vial
(un-used), the apparent purity reduced to 92.4% with the azo impu-
rities at 1.7 and 2.3% (chromatograms not shown), respectively.
Obviously, these impurities, or more accurately, the degradation
products, were generated from the on-column degradations. The
level of the degradation impurities changed with the change of
time.

Since the unusual on-column degradation has not been reported
(to the best of the authors’ knowledge), we first tried to con-
firm the true purity and stability of the solid reference standard
using other orthogonal methods such as DSC [18] and NMR. From
DSC and NMR measurements, the data show that the apparent
purity of the solid standard is more than 99%. Secondly, in order
to confirm the source of the degradation by on-column reactions
in high pH aqueous and acetonitrile mobile phases, but not by
decomposition of the compound in the mixture of the mobile
phases, a standard solution of Compound 1 was prepared in the
mixture of 50% of 0.1% NH4OH aqueous solution with 50% ace-
tonitrile and injected into HPLC using 25 mM NH4OAc aqueous
mobile phase (pH 6.9, see Section 2 for details). The apparent
purity of this standard solution was larger than 99.8%. On-column
degradation was not observed by LC/MS over 10 injections of
the standard solution (data not shown). Therefore, we were quite
convinced that the azo impurities came from the on-column degra-
dations rather than that from the solution degradations. Since
the other degradation products’ structures have not yet been
elucidated and the potential co-elution issue of the hydrazo impu-
rity with another degradation product, we will only focus on
the chromatographic studies on the azo degradation products of
Compound 1 throughout the text. Unless it is specified in the
text, all the mobile phases used in the paper were 0.1% NH4OH
in water as mobile phase A and acetonitrile as mobile phase
B.

3.2. Effect of temperature programs on on-column degradation of
Compound 1 on XBridge Shield RP18 column
From our previous thermodynamic studies of the coated cellu-
lose and amylase chiral stationary phases (CSPs), we discovered the
thermally induced hysteresis of these CSPs when different heating
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Fig. 3. Effect of starting temperatures and subsequent cooling/heating programs on
the on-column degradation of Compound 1. The conditions: the same as Section 2
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from 10 to 50 ◦C by a 5 ◦C interval) or cooling (from 50 to 10 ◦C
y a 5 ◦C interval) programs applied on the phases [12–15]. While
hermal hysteresis of synthetic polymers caused by the conforma-
ion changes during the temperature programs is quite common
19], it is very rare for reversed-phase columns unless they were
eliberately modified before the application of temperature pro-
rams [20–22]. In order to study the thermodynamic effect on
he on-column degradation, similar heating (from 10 to 60 ◦C by
10 ◦C interval) or cooling (from 60 to 10 ◦C by a 10 ◦C interval)

rograms have been applied to XBridge Shield RP18 columns with
he high pH aqueous mobile phase. Fig. 3 shows the overlays of
hromatograms of Compound 1 on two brand new columns at dif-
erent starting temperatures. Fig. 4 summarizes the effect of column
emperature programs on the unusual on-column degradations.
tarting at 60 ◦C before the cooling program, the apparent purity
f Compound 1 was 99.6% from the first injection and decreased
o 96.6% in the fifteenth injection (Figs. 3 and 4A). Compared with
he apparent purity changes from the first to the third injections
f the same standard solution at 40 ◦C on the used column (with-
ut knowledge of the column history), the magnitude of reduction
f apparent purity at 60 ◦C is smaller (2.4% in the third injection
t 40 ◦C on the used column vs. 2.0% in the fifteenth injection at
0 ◦C on a brand new column). The levels of the azo degrada-
ion products were 0.00 and 0.04% in the first injection at 60 ◦C
Fig. 4B), which demonstrates that the degradation was nearly
ero at the beginning of the injections. With the increase in the
umber of injections, the levels of the azo degradation products

ncrease drastically at 60 ◦C (Fig. 4B). The effect of flow rates on on-
olumn degradation was also studies at 60 ◦C from 0.5 to 2 mL/min
y a 0.5 mL/min interval on a used column. The levels of the azo
egradation products changed from 0.83 and 1.71% at 0.5 mL/min
o 0.57 and 0.97% at 2.0 mL/min, respectively (data not shown).
bviously, the slower the flow rate, the longer the retention of

he compound on the entire column to generate more degrada-
ion products. We also evaluated the effect of gradient time on the
egree of on-column degradation on a used column. The levels of
zo degradation products increased from 0.16 and 0.25% to 0.29
nd 0.61% when gradient time changed from 5 to 120 min (data not
hown). Again, the increase in gradient time increases the expo-
ure time of the sample plug on the entire column. After cooling
he column from 60 to 10 ◦C (1 injection/temperature step (instead
f fifteen injections at 10 or 60 ◦C) after the column reached equi-
ibrium) (Fig. 3B), the overall apparent purity of Compound 1 in
he standard solution decreases with the decrease of the temper-
ture. It reaches a valley at 30 ◦C with a value of 95.5% (Fig. 4C).
hen the column temperature changes from 60 to 10 ◦C, the levels

f the degradation products increase with the decrease of col-
mn temperature first. Both peaks reach the maximum values at
0 ◦C. Then, they decrease with the decrease in column temperature
Fig. 4D).

Starting at 10 ◦C before the heating program, the apparent purity
f Compound 1 in the standard solution was 99.0% from the first
njection on a brand new column (but not 99.6% or above as the
rst injection at 60 ◦C, which is an indication of the decompo-
ition) and slightly decreased to 98.7% in the fifteenth injection
Figs. 3C and 4A). It was surprised to observe the on-column degra-
ation even in the first injection on this brand new column at the

ower temperature. Compared with the apparent purity changes
rom the first to the fifteenth injection of the same standard solu-
ion at 60 ◦C, the magnitude of reduction of the apparent purity
f Compound 1 is much smaller (Fig. 4A). The levels of the azo
egradation products changed from 0.13 and 0.32% in the first injec-

ion to 0.19 and 0.40% in the fifteenth injection (Figs. 3C and 4B),
espectively. Both indicate that the magnitude of the on-column
egradation at 10 ◦C is much smaller than that at 60 ◦C. After heat-

ng the column from 10 to 60 ◦C in the same fashion as the cooling
except: (A) effect of injection numbers on on-column degradation at 60 C; (B) effect
of cooling program on on-column degradation; (C) effect of injection numbers on
on-column degradation at 10 ◦C; (D) effect of heating on on-column degradation.

program, the overall apparent purity reduced from 98.6 to 96.5%
with the increase of column temperature (Fig. 4C). The levels of
two azo degradation products increased from 0.19 and 0.40% to 0.64
and 1.24% with the increase of the temperature (Figs. 3D and 4D).

The non-superimposable nature of all the curves in Fig. 4 indicates
that the on-column degradation depends on not only the time of
exposure to the mobile phases, but also heating and cooling pro-
cesses.
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Fig. 4. Summaries of starting temperatures and cooling/heating programs on on-
column degradation of Compound 1. The conditions: the same as Fig. 3. (A)
Comparison of starting temperature on apparent purity of Compound 1, column
temperature: 60 ◦C (filled diamond), 10 ◦C (filled square); (B) comparison of starting
temperature on the formation of azo degradation products, column temperature:
1218 (2011) 3502–3510

3.3. Effect of column history on the on-column degradation of
Compound 1

During the studies of thermal hysteresis on enantioseparation
of DHP compounds on the coated CSPs, the authors discovered
that the column history had profound impact on the chromato-
graphic behaviors of the probe compounds in normal phase
conditions [12–15]. Literature survey also shows that the adsorp-
tion/desorption hysteresis can occur under certain isothermal
conditions [23,24]. Since we have observed the thermal hysteresis
of the on-column degradation of Compound 1 on XBridge Shield
RP18 column (Figs. 2–4), it became very clear that the surface con-
ditions have profound impact on the on-column degradation in
RPLC as well. From the beginning, based on our previous experi-
ence, we only utilized all brand new columns to study the unusual
on-column degradation of Compound 1. Fig. 5 shows the effect
of column history on the on-column degradation at 60 ◦C and in
the subsequent cooling program. A used column with history of
two previous cooling sequences was used for this study. Start-
ing at 60 ◦C as in Fig. 4B (for the comparison purpose, the first
and the third injection sequences are plotted in Fig. 5), the lev-
els of the azo degradation products started at 0.86 and 1.46% in
the first injection on the used column, respectively. The levels of
the degradation products on the used column did not change with
the increase in the numbers of the injections at 60 ◦C (Fig. 5A).
The magnitude of the degradation on the used column is bigger
than that of the fifteenth injection of the brand new column at the
same temperature in the first sequence (Fig. 5A). Fig. 5B shows a
similar trend (but not super-imposable) during the cooling pro-
gram for both new and used columns. This indicates that once the
column experienced the mobile phases (even in the first injec-
tion sequence after 15 injections at the starting temperature on
a new column), the surface conditions of the column were no
longer considered as fresh any more. Therefore, the brand new
column after 15 injections of the standard solution in the first
sequence showed the same trend of the effect of temperature
programs as the used column. Fig. 5C shows the impact of col-
umn history on the on-column degradation of two azo peaks at
10 ◦C on the used column. The level of on-column degradation
of Compound 1 slightly decreases with the increase in the injec-
tion times, which is opposite to the trend of the new column
(Fig. 5C). The magnitude of the degradation on the used column
is much larger than that on a brand new column at 10 ◦C, which is
an indication of the accumulative effect on the on-column degra-
dation. Again, the levels of the degradation products in the first
and fourth heating sequences show similar trend (but not super-
imposable) on both new and used columns (Fig. 5D). Obviously,
for the used columns, the change of the level of the on-column
degradation with time does not have the same trends as the
new columns at both starting temperatures. The temperature pro-
grams still have impact on the degradation levels for the used
columns.

In order to study the effect of acetic acid wash on the on-column
degradation as previously reported [10], the used columns were

isocratically washed with a mixture of 90% of 0.5% acetic acid in
water and 10% of acetonitrile for 2 h at 40 ◦C before re-tested with
15 injections at 60 ◦C. Fig. 6 shows the effect of column wash on the
on-column degradation of Compound 1. The initial 15 injections of

azo-1 at 60 ◦C (filled diamond), azo-2 at 60 ◦C (filled square), azo-1 at 10 ◦C (filled tri-
angle), azo-2 at 10 ◦C (cross); (C) effect of temperature programs on apparent purity
of Compound 1, temperature programs: cooling from 60 to 10 ◦C (filled diamond),
heating from 10 to 60 ◦C (filled square); (D) comparison of temperature programs
on the formation of azo degradation products, temperature programs: azo-1 cooling
from 60 to 10 ◦C (filled diamond), azo-2 cooling from 60 to 10 ◦C (filled square), azo-1
heating from 10 to 60 ◦C (filled triangle), azo-2 heating from 10 to 60 ◦C (cross).
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Fig. 5. Effect of column history on on-column degradation of Compound 1. The con-
ditions are the same as Section 2 except column temperature. (A) Starting at 60 ◦C,
column history and compound names: azo-1 on the used column (filled diamond),
azo-2 on the used column (filled square), azo-1 on the new column (filled triangle),
azo-2 on the new column (cross); (B) cooling program: azo-1 on the used column
(filled diamond), azo-2 on the used column (filled square), azo-1 on the new column
(filled triangle),

Fig. 6. Effect of column-wash on on-column degradation of Compound 1. The con-
ditions: the same as Fig. 5 except the wash procedure. (A) Comparison of the used
column before and after column wash at 60 ◦C, azo-1 before the acid wash (filled
diamond), azo-2 before the acid wash (filled square), azo-1 after the acid wash (filled
triangle), azo-2 after the acid wash (cross); (B) comparison of the time-dependency

◦
of the washed and new column at 60 C, azo-1 on the new column (filled diamond),
azo-2 on the new column (filled square), azo-1 on the used column post the acid
wash (filled triangle), azo-2 on the used column post the acid wash (cross).

the standard solution on the used column before the column wash
showed a small degree of the change of the level of azo-2 degra-
dation product with time while not for azo-1 degradation product
(Fig. 6A). After the acetic acid wash, the change of the level of on-
column degradation with time was regenerated in the same fashion
as a brand new column, but the levels of degradation on the new
and re-generated column are not super-imposable (Fig. 6B). This
indicates that the reactive sites on the surface of the stationary
phase cannot be reproducibly re-generated as identical to those
on brand new columns. The impact of temperature programs on
the on-column degradation in cooling program before and after
the acid wash shows very similar trend, but not identical (data not
shown). The impact of temperature programs on the on-column
degradation in cooling program on the re-generated column is also
not identical to the brand new column (data now shown). The used
columns were also washed and re-tested with 15 injections of the

standard solution at 10 ◦C and with a subsequent heating program
as well. The unusual on-column degradations can be reproduced,
but not superimposable to those of the new columns (data not

azo-2 on the new column (cross); (C) starting at 10 ◦C, column history and compound
names: azo-1 on the used column (filled diamond), azo-2 on the used column (filled
square), azo-1 on the new column (filled triangle), azo-2 on the new column (cross);
(D) heating program: azo-1 on the used column (filled diamond), azo-2 on the used
column (filled square), azo-1 on the new column (filled triangle), azo-2 on the new
column (cross).
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is the reason that on-column degradation was never observed in
the neutral aqueous mobile phase with ammonium acetate buffer.
The application of the high pH ammonia aqueous and methanol

Table 1
Effect of starting column temperatures on on-column degradation of commercially
available aniline compounds at 15th injection on a used column.a

Starting at 60 ◦C Starting at 10 ◦C

% main peak % largest
degrada-
tion
peak

% main
peak

% largest
degrada-
tion
peak

4F-anailine 96.7 2.69 95.3 2.61
3F-anailine 99.2 0.25 99.2 0.21
2F-anailine 99.1 0.25 99.5 0.19
Aniline 97.9 1.24 97.4 0.87
4Cl-anailine 96.4 2.04 94.8 1.76
ig. 7. van’t Hoff plots of the azo degradation products of Compound 1 in cooling
rogram. The conditions: the same as Fig. 3B. van’t Hoff plots of retention factors,
ompound names: azo-1 (filled diamond), azo-2 (filled square).

hown). All these data indicate that the reactive sites on the sur-
ace of the columns are not reproducible at all, which in turn has a
rofound impact on the levels of the degradation products.

.4. Effect of temperature programs on chromatographic
ehaviors of Compound 1

Fig. 7 shows van’t Hoff plots of the azo degradation products dur-
ng the cooling program. From Figs. 3B and D and 7, the logarithm
f the retention factors of azo-1 peak of Compound 1 decreases
ith the decrease of temperature in a linear fashion (R2 = 0.97).

he logarithm of the retention factors of azo-2 peak increases with
he decrease in temperature first and reaches a maximum at 40 ◦C.
he van’t Hoff plot of retention factors of azo-2 peak is non-linear
R2 = 0.20) (Fig. 7). The van’t Hoff plot of the selectivity factors
f these two degradation products is linear (R2 = 1.00, data not
hown). The selectivity factors increase with the decrease in col-
mn temperature (data not shown). The heating van’t Hoff plots of
etention and selectivity factors of Compound 1 and degradation
roducts are super-imposable with those of the cooling van’t Hoff
lots (difference within ±2.0%, data not shown), which indicates
hat the retention behaviors of Compound 1 and the azo degrada-
ion products were under thermodynamic equilibriums as the most
eversed phase separations. As expected, the used columns show
he same retention behaviors in the cooling and heating programs
efore and after the acid wash as brand new columns (difference
ithin ±2.0%, data not shown). All the data indicate that neither

he temperature programs nor the history of the columns has any
mpact on the retention behaviors of the degradation products.

.5. Effect of temperature programs on on-column degradations
f other aniline compounds on XBridge Shield RP18 column

Table 1 shows the preliminary screen of the commercially
vailable compounds (purities ≥99.6% by GC per vendor’s certifi-
ates of analysis) with high pH aqueous and acetonitrile mobile
hases on a used column applying column-wash program before
he injection of each compound. The position of the substitution
fluoro- and chloro-) groups has a major impact on the magni-
ude of the degradation. The degree of the degradation is: 4Cl- and
F-anilines > aniline > 3Cl-aniline > 2Cl- and 2F-anilines. We sys-
ematically tested 4Cl- and 4F-anilines using the same temperature
rograms on new columns in order to demonstrate that this type of

n-column degradations occurs not only on our model compound,
ut also on the same class of compounds as well. Fig. 8 shows
he change of the level of on-column degradations of 4Cl- and 4F-
nilines with time at two different starting temperatures on new
1218 (2011) 3502–3510

columns. At the first injections of both compounds, the degrada-
tions were at minimum level for both compounds at 60 ◦C while
those were significant at 10 ◦C. With the increase of the injection
numbers, the degradation products increase at both temperatures
(Fig. 8A–D). The plots of the apparent purities of the main peak and
the largest degradation products vs. injection numbers are simi-
lar to Fig. 4A and B at both starting temperatures. However, the
magnitude of the change of the level of degradation of 4Cl-aniline
with time is much higher than that of 4F-aniline at both tempera-
tures (Fig. 8A–D). Interestingly, for 4Cl-aniline at the 15th injection
at 60 ◦C, the largest degradation peak (at retention time 15.9 min)
shows severe fronting (with the asymmetric factor of 0.78) while
not obvious (with the asymmetric fact of 0.95) in the 7th injection
(Fig. 8B). Similar temperature program effect on both compounds
was also observed during the heating/cooling processes (data not
shown).

Obviously, the conversion of aniline compounds to azo or
hydrazo pseudo-dimers involves the oxidation reactions. Litera-
ture search shows that the symmetric azo and hydrazo compounds
can be formed by the oxidizing reagents such transition metal
compounds, for example [25,26]. Aerobic oxidation of the aniline
starting materials can also produce the symmetric azo compounds
on gold nano-particles under certain oxygen pressure (a couple of
bars) [27]. We compared the impact of oxygen level in the mobile
phases on the degree of degradation of 4F-aniline on a used col-
umn without degasser (by-passing), with HPLC degasser and with
degasser plus helium sparging both mobile phases. There was no
significant change in the degree of degradations at both starting
temperatures (data not shown). It is also unlikely that the resid-
ual metal iron at the head of the columns plays a role since the
iron level in the packing materials is ≤2 ppm per vendor’s certifi-
cate of analysis. Since the synthetic process of manufacturing these
commercially available aniline compounds was not known from
the vendor, ICP-MS testing was conducted to monitor the potential
source of oxidation reagents from the transition metals in the ana-
lytes for the purpose of understanding of degradation mechanism.
The level of the transition metals in all these aniline compounds
(including Compound 1) was negligible (≤1 ppm, data not shown).
Therefore, it is also unlikely that the metal impurities in the analytes
have major impact on the potential formation of oxidation reagents
in the sample plugs to cause the on-column degradations. The on-
column degradations of the aniline compounds are more likely
caused by the oxidation reagent(s) formed by the complexation
between some elements on the surfaces of the XBridge station-
ary phases and ammonia at high pH aqueous mobile phase. That
3Cl-anailine 98.8 0.41 98.8 0.27
2Cl-anailine 99.4 0.13 99.3 0.22

a With 2 h column-wash before the injection of each compound. Other conditions:
see Section 2.
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Fig. 8. Effect of starting temperatures on the on-column degradation of 4F- and 4Cl-anilines The conditions: the same as Section 2 except: (A) effect of injection numbers on
on-column degradation of 4F-aniline at 60 ◦C; (B) effect of injection numbers on on-column degradation of 4Cl-aniline at 60 ◦C; (C) effect of injection numbers on on-column
d d 10 ◦
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egradation of the apparent purity of the main peaks of 4F- and 4Cl-anilines at 60 an
filled triangle) at 10 ◦C, 4Cl-aniline at 10 ◦C (cross); (D) effect of injection numbers
t 60 and 10 ◦C: 4F-aniline at 60 ◦C (filled diamond), 4Cl-aniline at 60 ◦C (filled squa

obile phases on XBridge Shield RP 18 columns did not generate
ny degradation product of Compound 1 on new columns with the
eating and cooling cycles (data not shown). No degradation prod-
ct of 4Cl-aniline was observed on Xbrideg Shield RP 18 column
hen 20 mM ammonium carbonate (adjusted to pH 10.2) aque-

us buffer and acetonitrile were used as the mobile phases (data
ot shown). In order to confirm that the XBridge packing materials
lay the key role in the degradations of the aniline compounds, we
lso performed the same heating/cooling temperature programs
n a Gemini NX C18 column using 4Cl-aniline as a model com-
ound. Starting at 10 ◦C, only one degradation peak grew from
.00% in the first injection to 0.32% in the 15th injection (chro-
atograms not shown). After the temperature changes, no further

ncrease in the numbers of degradation products and in the level
f the degradation peak was observed in three heating/cooling
equences (data not shown). We also conducted the same sys-
ematic studies on the other XBridge stationary phases, such as
Bridge C18 and Phenyl columns. Similar degradation trends were
bserved on these columns (data not shown). Per one of the review-
rs’ comments, we also conducted another control experiment with
oth heating first and cooling first temperature cycles on two new
olumns with an inert solute – toluene. After completed the first
emperature cycle on each column using toluene as the testing
ompound, a second temperature cycle was repeated on each used
olumn (without column wash) using 4Cl-aniline as the analyte. In

he first temperature cycles, the levels of the apparent purity and
mpurities of toluene did not change with the temperature cycles
nd starting temperature. No additional impurity of toluene was
bserved in the first temperature cycles. Essentially no change was
C 4F-aniline at 60 ◦C (filled diamond), 4Cl-aniline at 60 ◦C (filled square), 4F-aniline
column degradation of the single largest degradation peaks of 4F- and 4Cl-anilines
-aniline (filled triangle) at 10 ◦C, 4Cl-aniline at 10 ◦C (cross).

observed for the retention times of the main peak and impurities,
the asymmetric factors and column efficiencies of the toluene peaks
in the first and the last injections of each temperature cycle. During
the second temperature cycles on each used column, the same col-
umn history effect as described in Section 3.3 was observed when
4Cl-aniline was injected (i.e. as Fig. 5, data not shown). In conclu-
sion, the stationary phase does not change as the result of: (1)
exposure to the high pH mobile phase over time and/or (2) tem-
perature programs as evidenced by the chromatographic behaviors
of toluene analyte before and after the temperature cycles. The
reaction of the aniline analytes with the columns in the ammo-
nia modified aqueous and acetonitrile mobile phases produced the
artifacts of the on-column degradation products.

4. Conclusions

The unusual on-column degradations of aniline compounds
were observed with ammonia at a high pH aqueous mobile phase
and acetonitrile were applied on XBridge Shield RP18 column.
The positions of halogen groups on anilines have major impact
on the degree of degradations. The change of the level of the on-
column degradation of Compound 1 was more profound at both
10 and 60 ◦C when the column surface was either brand new
or re-generated. The on-column degradations belong to surface
reactions. Temperature programs, the composition of the aque-

ous mobile phases and column history have profound impact on
the degree of on-column degradation. The retention behaviors of
the degradation products of Compound 1 are independent of the
temperature programs, history of the columns and column wash.
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