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Abstract

The water-soluble vitamins, pyridoxine, riboflavin, and thiamine, were separated by reversed-phase liquid chromatography using hot or
s ctroscopy and
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uperheated water as the mobile phase and were detected using a range of detectors, including ultraviolet and fluorescence spe
ass spectrometry. By using deuterium oxide as the eluent, direct on-line nuclear magnetic resonance spectra could be obtained

pectral interference from the mobile phase. Some of the compounds showed deuterium exchange of alkyl-protons when sepa
emperatures.

2004 Elsevier B.V. All rights reserved.
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. Introduction

There has been an increasing interest in the application
f superheated water as a solvent-free mobile phase for
eversed-phase liquid chromatography[1–5], as an alterna-
ive to conventional organic-water eluents. Separations have
een demonstrated with a number of analytes, including phe-
ols [1,5], antioxidants[2], analgesics[6], barbiturates[7],
nd sulphonamides[8]. Most of the separations have been
arried out using polystyrene-divinyl benzene (PS-DVB) or
BD-zirconia[5] columns at temperatures varying from 100

o 220◦C and pressures up to 30 bar. The pH of the eluent
an also be controlled to increase selectivity[8].

The absence of an organic mobile phase offers particu-
ar advantages in detection, as there is virtually no back-
round signal in spectroscopic detection and both UV and
uorescence detection can be employed down to short wave-
engths[1,7]. In addition, by using deuterium oxide as the

∗ Corresponding author. Tel.: +44 1509222563; fax: +44 1509223925.
E-mail address:R.M.Smith@lboro.ac.uk (R.M. Smith).

mobile phase, it is possible to carry out on-line NMR sp
troscopy with negligible interference from the mobile ph
[6], which potentially has considerable advantages in
analysis of metabolites and biochemicals where struc
identification is required. Normally, for LC-NMR, with co
ventional organic-aqueous mobile phases, care must be
to suppress the signal due to the organic solvent as th
nal can overload the data system or the mobile phase
ponents have to be replaced by their deuterated equiva
(deuteromethanol or deuteroacetonitrile). Previous stu
have demonstrated the use of superheated deuterium ox
the LC-NMR (and LC-NMR-MS) of barbiturates[6], anal-
gesics[7] and of sulphonamides (when a specific deuter
exchange reaction of a methyl group occurred)[9] and in the
identification of the components of an extract of ginger[10].
Even more complex arrangements of spectroscopic dete
have proved to be possible including the application of on
LC-IR-UV (DAD)-NMR-MS to drugs[11] and ecdysteroid
present in plant extracts[12]. More recently, the combinatio
of LC using superheated water with ICP-MS has also b
demonstrated[13].
731-7085/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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The present study extends this approach to the superheated
or hot water separation with NMR spectroscopic and MS
detection of the water-soluble vitamins, which are of interest
because of their complexity and reports of thermal instability.

2. Experimental section

2.1. Chemicals

Pyridoxal hydrochloride was obtained from May and
Baker (Dagenham, England), riboflavin from BDH Chem-
icals (Poole, England), thiamine hydrochloride from Acros
Organic (Geel, Belgium) and 4-methyl-5-thiazole-ethanol
from Sigma–Aldrich (Gillingham, England). Deuterium ox-
ide was of 99.9% purity and was purchased from Fluorochem
(Old Glossop, England).

2.2. Superheated water chromatograph

The superheated water chromatographic system[1] con-
sisted of an LC-10AD Shimadzu pump (Kyoto, Japan), which
delivered water or D2O at 1.0 ml min−1 to the column through
a preheating coil made of a 100 cm× 0.01 in i.d. stainless
steel tubing. The column and preheating coil (1 m× 0.01 in)
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PEEK tubing to the flow cell of a Bruker DRX500 NMR
spectrometer (Bruker Biospin Ltd.) operating at 500.13 MHz
(1H) with a detection cell volume of 120�l [7]. For stop-flow
HPLC-1H NMR experiments, depending on analyte concen-
tration, 240–10,000 free induction decays (FIDs) were col-
lected over a spectral width of 8278 Hz into 16,384 data points
using an acquisition of 0.99 s using the NOESYPRESAT
pulse sequence (Bruker Biospin Ltd.). The residual water
resonance was suppressed using pre-irradiation during the re-
laxation delay of 2.0 s and mixing period of 0.10 s. The delay
time between UV detector and NMR spectroscopic detector
was approximately 33 s. The thiamine spectrum acquired in
the continuous-flow mode was collected using the follow-
ing parameters: the spectrum was acquired with 16 FIDs into
8192 data points over a spectral width of 8278 Hz, result-
ing in an acquisition time of 0.53 s. Water suppression was
achieved during the relaxation delay of 0.5 s and the mixing
time of 100 ms by application of the NOESYPRESAT pulse
sequence.

2.4. LC-NMR-MS

A T-piece junction was placed in the tubing leading to the
NMR spectrometer 30 cm before the magnet. The flow was
split through a second 3 m× 0.13 mm length of i.d. PEEK
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ere placed in a gas chromatographic oven (Series 104
nicam, Cambridge UK), whose temperature was contro
y a programmer/controller (Series 104, Pye Unicam, C
ridge UK). The samples were injected using a Rheo
125 valve (Cotati, USA) fitted with a 20�l sample loop tha
as mounted outside the oven. The analytes were sep
n either a PLRP-S (PS-DVB) (150 mm× 4.6 mm, Polyme
aboratories, Church Stretton UK) or a 5�m Novapak C18
150 mm× 4 mm, Waters, Milford, USA) column. A set
opper cooling fins (3 cm× 12 cm× 0.05 mm) was attache
o the tubing connecting the column to a Jasco UV/Vis
etector (Model 870, Tokyo Japan) operating at 254 nm
ressure at the outlet of the column was held above the b
oint of the water by either a Jasco back pressure regula
t 30 bar (Model 880/81, Tokyo, Japan) or a restrictor co
EEK tubing (3 m× 0.13 mm i.d.). The chromatograms w
ollected on a Model 3396A integrator (Hewlett–Packar

In initial studies, an SFM 25 fluorescence detector (K
ron, Zurich, Switzerland) fitted with an LC flow cell w
laced after the UV detector before the back-pressure

ator. The detector was operated at an excitation wavele
f 300 nm and an emission wavelength 430 nm. The s
as collected on a Model 3394 integrator (Hewlett–Pack

.3. LC-NMR spectroscopy

For the NMR studies, the fluorescence detector wa
laced by a Rheodyne 7125 injection valve, which coul
sed as a switching valve so that the flow was directe

her to a back pressure regulator (or a restrictor coil of
0.13 mm i.d. PEEK tubing) or via 3 m× 0.13 mm i.d. o
ubing to a Quattro LC mass spectrometer (Micromass
ltrincham, Cheshire, UK) fitted with a Z spray source ru
ing two cone voltages of 25 and 60 V in positive elec
pray mode. At 25 V, the mass range was scanned fro
o 450 amu over 1 s, with a 0.1 s interscan delay. At 60 V
ass range 35 to 450 amu was scanned, also over 1s
.1 s interscan delay. The capillary was at 3.45 kV and
ource block temperature was maintained at 80◦C. The des
lvation temperature was 150◦C. The nebuliser gas flow w
0 l/h, and the desolvation gas flow was 564 l/h.

. Results and discussion

The configuration of a superheated water chromatog
s similar to that of a conventional isocratic HPLC sys
1]. A gas chromatographic oven is used to heat the co
nd a preheating coil is placed between the injector an
olumn to ensure temperature control. Conventional H
V or fluorescence detector cells are used, as the pre

equired to maintain the superheated water as a liquid is
han 50 bar at 200◦C. The system back-pressure is contro
o that the water in the column is held in the liquid state
her by an electronically controlled back-pressure regu
r by a coil of capillary PEEK tubing. The pressures
loyed are not critical as the water under these condi

s barely compressible and changes in pressure have
ect on retention. The eluent is cooled before it reache
pectroscopic detectors to reduce refractive index flu
ions. Most of the work with superheated water has u
olystyrene divinyl benzene (PS-DVB) columns becaus
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Fig. 1. On-line stop-flow1H NMR spectrum of riboflavin. Separation conditions: column, PS-DVB; column temperature, 200◦C; mobile phase, deuterium
oxide at 1 ml min−1, back-pressure 15 kg cm−2.

their greater thermal stability compared to ODS-bonded silica
columns.

The vitamins under study are well known for their instabil-
ity towards heat and light. Hence, their stability at the higher
temperature conditions required for superheated water chro-
matography was of interest. Suitable separation conditions,
such column type, pH of eluent and elution temperature were
selected for each vitamin to provide a reasonable retention
time and resolution.

3.1. Pyridoxine

Pyridoxine (vitamin B6) is highly water soluble and in con-
ventional HPLC on an ODS column, typical conditions for
the separation of pyridoxine hydrochloride are 0.1 M phos-
phate buffer at pH 2.15 with 1.25 mM octanesulphonic acid
and 3% methanol[14]. When pyridoxine was examined with
superheated water at 180◦C on a PS-DVB column without pH
control or the use of an ion-pair reagent, the analyte eluted as
a single peak with a short retention time (2.94 min) and could
be readily detected using UV spectroscopic and fluorimetric
(317 nm excitation, 376 nm emission) detectors. There was
no evidence of analyte degradation and the separation con-
firmed that fluorimetric detection was achievable following
a superheated water separation.

3.2. Riboflavin

There have been many reports of isocratic and gradient
separations of riboflavin (vitamin B1) by HPLC on ODS
bonded reversed-phase columns, with mobile phases typ-
ically containing 13–25% acetonitrile in the mobile phase
at pH 2.7–4[15–18]. When riboflavin was examined in the
present study on a PS-DVB column using unbuffered super-
heated water as the eluent, it was eluted at 200◦C with a
retention time of 3.78 min (k = 2.78) and could be detected
by both UV and fluorescence (excitation 450 nm, emission
530 nm) detectors. Although the solubility of riboflavin in
water is low, there was no evidence of precipitation or loss
of the analyte when the eluent was cooled post-column be-
fore detection. The fluorescence detector gave a linear re-
sponse from 5 to 24 ng and an LOD of 3.6 ng on column. The
sensitivity was comparable to the value of 0.5 ng, reported
for an optimised separation on an ODS-silica column using
acetonitrile-pH 4 buffer (13:77) as the eluent[16].

Using deuterium oxide at 200◦C as the eluent with the PS-
DVB column, on-line1H NMR spectra could be obtained in
the stop-flow mode using an injection of 10�l of a 1 mg/ml
sample solution. The spectrum (Fig. 1) largely matched with
that reported for riboflavin in acidic deuterium oxide[19]. It
contained a dominant, broad peak at 4.6 ppm for the residual
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Fig. 2. On-line stop-flow1H NMR spectrum of peaks (tR = 3.77 min and 8.55 min) in the chromatogram of thiamine separated on a PS-DVB column at 160◦C
using a deuterium oxide phosphate buffer at pH 3.0. (a) Peak at 3.77 min. (b) Peak at 8.55 min attributed to 4-methyl-5-thiazole-ethanol.
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Fig. 3. On-line continuous-flow1H NMR spectrum of peak attR = 2.00 min in the chromatogram of thiamine separated on a PS-DVB column at 50◦C using
a deuterium oxide phosphate buffer at pH 3.0.

water (labelled as HOD) contained in the D2O mobile phase;
a peak at 1.95 ppm, which was attributed to a residual trace
of acetonitrile in the instrument from earlier studies; and a
further contaminant peak at 3.2 ppm, which was assigned to a
trace of residual methanol. The singlets at 2.35 and 2.45 ppm
were assigned to the aryl methyl groups, and the singlets at
7.85 and 7.9 ppm to the aromatic ring protons. A complex en-
velope of signals was observed in the region of 3.4–5.2 ppm.
By analogy with reported spectra of riboflavin and its deriva-
tives[20–22], the resonances at 4.30, 3.83 and 3.78 ppm cor-
responded to the C-2′, C-3′ and C-4′ protons on the ribityl side
chain, respectively. The multiplets at 3.58 and 3.72 ppm were
attributed to the non-equivalent geminal C-5′ protons. Simi-
larly, the multiplet at 5.01 ppm and the ‘doublet’ at 4.85 ppm
(J = 12.8 Hz) were assigned to the C-1′ protons.

3.3. Thiamine

Examination of thiamine (vitamin B1) was expected to
prove difficult in superheated water as it is reported to
be thermally and pH sensitive, and to decompose readily
generating 4-methyl-5-thiazole ethanol and up to 60 other
components[23–25]. On examination at 160◦C on a PS-
DVB column using a deuterium oxide phosphate buffer (pH
3), UV spectrophotometric detection showed a broad tail-
i k at
8 ere
t of a

pure standard of thiamine in deuterium oxide under ambient
conditions.

The peak at 3.77 min, captured in stop-flow mode, gave
a 1H NMR spectrum (Fig. 2a) which showed similarities to
that of the thiamine standard, however, only one of the ex-
pected two methyl signals could be detected at 2.4 ppm. It also
lacked the signal for the C-1 proton, adjacent to the thiazole
quaternary nitrogen atom, which is observed at 9.7 ppm in the
thiamine standard spectrum. Yet, the remaining protons were
clearly present, comprising the pyrimidine ring proton (a sin-
glet at 7.85 ppm), the singlet at 5.4 ppm for the CH2–N+-
protons and the triplets at 3.75 and 3.05 ppm representing the
–O–CH2–CH2–R-side chain. A small peak at 4.4 ppm was
identified as a solvent impurity. In a previous study, the LC-
NMR analysis of sulphamethazine, in superheated deuterium
oxide at 160◦C, highlighted deuterium exchange of the
methyl-protons on a pyrimidine ring[9]. Hence, the loss of the
signal for one of the methyl groups, as observed in this study,
suggests that deuterium exchange had also occurred here.

The mass spectral results of this peak were somewhat in-
conclusive as scanning through the chromatographic peak,
ions atm/z144 and 145 were detected initially, followed by
ions atm/z136, 137, 146, 147, and a cluster of ions atm/z
270–272. It was thus evident that the peak was not homoge-
neous, as the spectrum varied with increasing retention time.
D m-
b -
m lar
ng peak at 3.77 min and a second smaller tailing pea
.55 min. The1H NMR and MS spectra of these peaks w

hen obtained on-line and compared with the spectrum
irect injection of thiamine in deuterium oxide at pH 3, at a
ient temperature, gave a molecular ion atm/zof 265 and frag
ent ion atm/zof 144, which corresponds to the molecu
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ion of the parent and the thiazole ring, respectively, follow-
ing exchange of the hydroxyl hydrogen with deuterium. The
cluster of ions atm/z270–272 in the superheated water sepa-
ration suggests multiple deuterium exchange of five to seven
protons.

The second smaller peak, eluting at 8.55 min, gave a
stop-flow1H NMR spectrum (Fig. 2b), which suggested it
was the thermal decomposition product, 4-methyl-5-thiazole-
ethanol. Again, the spectrum lacked the signal for the C-
1 proton, reported at 8.5 ppm in the standard spectrum of
4-methyl-5-thiazole-ethanol[26]. When a sample of the
thiazole-standard was re-chromatographed under the same
analysis conditions (160◦C), it gave a sharp peak with a
similar retention time (8.27 min), with the corresponding1H
NMR spectrum identical to that obtained inFig. 2b. The on-
line analysis of the thiazole-standard by LC-MS produced a
molecular ion at anm/zof 147, corresponding to deuterium
exchange of the hydroxyl- and C1-protons, and the presence
of a deuterium adduct. Direct injection at ambient tempera-
ture produced a molecular ion atm/zof 146, confirming that
an additional deuterium exchange had occurred in the heated
LC system.

The tailing of the thiazole peak (8.55 min) at the higher
temperature implied that continuous thermal decomposition
was occurring during chromatography.
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column type and that the minimum temperature required for
elution is used. When detection is carried out by on-line1H
NMR and mass spectrometry, using D2O as the eluent, the
potential for deuterium exchange must be taken into account
when interpreting the spectra.
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