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Abstract

Separation of synthetic inorganic polymers of condensed phosphates was carried out by capillary gel electrophoresis with
indirect photometric detection. Pyromellitic acid was employed as ultraviolet (UV) absorbing background electrolyte and
absorbance of UV was measured at 254 nm. The separation of condensed phosphates in 12% (w/v) linear polyacrylamide gel
was found to be mainly dependent on the size of the separands, but charge-to-size ratio played a part in the migration
behaviour of orthophosphate and metaphosphates. The results presented in this paper demonstrate that the combination of
capillary gel electrophoresis with indirect photometric detection provides a highly efficient and universal method which
should be useful for the characterization of nonabsorbing ionic polymers. [0 1998 Elsevier Science BYV.
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1. Introduction

Condensed phosphates is a generic term for al
phosphate polymers resulting from the elimination of
water between orthophosphoric acid molecules or
orthophosphate salts. Examples are linear polyphos-
phoric acids.

H(n—1)+2P(n—1)03(n—1)+1 + H3PO4 - Hn+2Pn03n+1 +

H,O (1)
Polyphosphates derived from linear polyphosphoric
acids are linear polyanions of P02~ (effective
charges of polyphosphates in solution depend strong-
ly on pH). The use of condensed phosphates can be

found in many industries such as detergents, foods,
fertilisers and metal treatments [1]. They are very
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interesting materials from the viewpoint of elec-
trolyte solution chemistry because of negative
charges on their relatively compact molecules [2].
During their manufacture as either the acid or sdlt,
control of the final mixture is both an art and a
science.

In a particular application, the usefulness and
effectiveness of atypical polydisperse polymer often
strongly depend on its molecular mass distribution.
But characterization of chain length distributions of
condensed phosphates is a chalenging problem. To
determine number-average chain length (n) of con-
densed phosphates, the most common method is at
present pH titration [3]. Other methods, such as *'P
NMR (nuclear magnetic resonance), are also reported
to be useful in the determination of number-average
chain length (n) [4,5]. Separation methods which
can determine chain length distributions of con-
densed phosphates include paper chromatography
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[6], ion chromatography [5,7—12], and isotachophor-
esis [13,14]. Nevertheless, most of the above meth-
ods can only separate polyphosphates of a range of
short chain lengths much less than ten. Some ion
chromatographic methods were able to separate
polyphosphates of chain lengths of severa tens, but
they usualy required long separation time and
involved a time-consuming process for equilibrating
the column due to the use of gradient elution
[5,8,12].

Capillary eectrophoresis (CE) emerged as a high-
performance separation technique due to the fact that
high area-to-volume ratios of small capillaries can
efficiently dissipate the Joule heat generated during
electrophoretic processes, and therefore high voltage
can be applied to produce rapid and highly efficient
separations [15,16]. Versatility of CE can be readily
realised by using different electrophoretic media
without changing basic experimental set-up. Use of
gel-filled capillaries established another mode of CE
[17,18], capillary gel electrophoresis (CGE), which
renders size-dependent characteristic to the sepa
ration of ionic polymers. CGE was demonstrated to
be a separation technique of extremely high sepa-
ration efficiency in terms of theoretical plate number.
For example, over millions of theoretical plates were
achieved in CGE separation of oligonucleotides
[19,20], which was attributed to the focusing of the
sample plug at the injection end of gel-filled capil-
laries and dlow diffusion of analytesin gels. To date,
the applications of CGE for the separation of poly-
disperse polymers, with both crosslinked and linear
gels, have been amost exclusively for biopolymers
[18-26]. Few reports have been made on the CGE
separation of synthetic polymers of other materials
[27,28]. In fact, there has been very little work done
so far on the separation of synthetic polymers by any
other modes of CE [28-36]. The CE separation of
polyphosphates were not achieved beyond tetrapoly-
phosphates [31-33] until most recently when Stover
[36] reported that polyphosphates up to chain lengths
of ca. 30 were separable in buffers containing a
cationic electroosmotic flow (EOF) modifier which
played arole in ion-pairing with the polyphosphates.

To detect nonabsorbing ions, either cations or
anions, indirect UV detection based on the displace-
ment of UV absorbing co-ions in the background
electrolyte by the nonabsorbing ions was the most

common method in use [37—42]. Our previous study
showed chromate to be unsuitable as the UV absorb-
ing co-ion for detection of polyphosphates because
mismatch of high mobility of chromate with low
mobilities of polyphosphates resulted in severely
tailing peaks [33]. Pyroméllitic acid was reported to
be a better UV absorbing background electrolyte in
CE for the separation and the detection of ortho-
phosphate and polyphosphates [36,42].

To the authors' knowledge, there has been neither
any studies on CGE separation of inorganic synthetic
polymers, nor any reports on the feasibility of
exploiting the combined advantages of the univer-
sality of indirect UV detection and the high ef-
ficiency of CGE, although each of their merits has
been well recognized. In this paper we report the
results of the separation of condensed phosphates by
using linear polyacrylamide gel-filled capillary with
indirect UV detection. These results are compared
with those obtained in other types of electrophoretic
media.

2. Experimental
2.1. Chemicals

Polyphosphoric acid (sodium salt), tripolyphos-
phate pentasodium salt, trisodium trimetaphosphate,
tetrapolyphosphate hexaammonium salt, pyromellitic
acid (PMA) and methylcellulose (viscosity of 1500
centipoises for 2% agueous solution at 25°C) were
products of Sigma (St. Louis, MO, USA). Cetyl-
trimethylammonium bromide (CTAB) and sodium
pyrophosphate were purchased from Aldrich (Mil-
waukee, Wi, USA). Tris(hydroxymethyl)
aminomethane (Tris), acrylamide and N,N,N’,N’-
tetramethylethylenediamine (TEMED) of electropho-
resis purity reagent were obtained from Bio-Rad
(Richmond, CA, USA). Ammonium persulfate
(APS) was obtained from J.T. Baker (Phillipsburg,
NJ, USA). Disodium hydrogenphosphate anhydrous
and 3-(trimethoxysilyl)propylmethacrylate were sup-
plied by Fluka (Buchs, Switzerland). Other chemi-
cals used were of analytical grade. Deionized water
used throughout the experiments was prepared with a
Milli-Q system (Millipore, Bedford, MA, USA).

CE buffers consisted of 5.0 mM pyromellitic acid
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and 20 mM Tris and had a pH of 7.2. To suppress
cathodic EOF in bare fused-silica capillaries, 0.02
mM of CTAB was added into the above buffer.
Polyacrylamide coated capillaries and linear poly-
acrylamide gel-filled capillaries were prepared by
following Hjerten's procedure [43]. Solution ob-
tained by dissolving 0.4 g acrylamide in 10 ml water
was used for the preparation of the coated capillaries
and solution obtained by dissolving 1.2 g acrylamide
in 10 ml buffer consisting of 5.0 mM pyromellitic
acid and 20 mM Tris (pH=7.2) for the linear
polyacrylamide gel-filled capillaries.

2.2. Apparatus

CE was performed with a laboratory-built CE
system, equipped with a Spellman CZE1000R power
supply with dual polarities (Spellman, Plainview,
NY, USA) and a Linear UVIS 200 detector (Linear
Instruments, Reno, NV, USA). Electropherograms
were recorded with a HP 3390A integrator (Hewlett-
Packard, Avondale, PA, USA) connected with a
switch for changing the polarity of the input signal.
Polyamide coated fused-silica capillaries of an inner
diameter (1.D.) of 50 wm and an outer diameter
(O.D) of 362 pm (Polymicro Technologies,
Phoenix, AZ, USA) were used. The total length (L,)
was ca. 40 cm and the effective length (L,) was 30

cm as specified in Figure captions. On-column
indirect UV detection was conducted at 254 nm.
Temperature was maintained at 25+1°C.

3. Results and discussion

No peak was observed within 35 min of run time
when separation of polyphosphoric acid (sodium
salt) was conducted at a positive polarity of 7.8 kV
in an electrophoretic buffer of 5.0 mM PMA and 20
mM Tris at pH=7.2. It might be due to the fact that
EOF could not adequately overcome the mobilities
of the phosphate and polyphosphates under the above
conditions. Then, the separation was performed in
the same electrophoretic media, but in capillaries
with polyacrylamide coating for suppressing the EOF
and with the power supply operated at reverse
polarity. A typical electropherogram is shown in Fig.
1. The peak of orthophosphate was identified by
spiking the sample solution with orthophosphate
standard and was found to be overlapping with the
peaks of some of the slowest migrating polyphos-
phates. This result implies that the mobility of
orthophosphate under this set of experimental con-
ditions was very low. The fast migrating peaks were
identified to be trimetaphosphate, tripolyphosphate,
pyrophosphate and tetrapolyphosphate. It is worth
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Fig. 1. Separation of polyphosphoric acid (sodium salt) in electrophoretic buffer of 5.0 mM PMA and 20 mM Tris (pH=7.2) inside a
polyacrylamide coated capillary. Sample: polyphosphoric acid (sodium salt) 1.0 mg/ml; hydrodynamic injection: 5.0 cm for 10 s; detection:
254 nm; separation voltage: —7.8 kV; L,=40.0 cm and L,=30.0 cm. Pesks: A = orthophosphate (overlapped with some polyphosphates);
B = pyrophosphate; C=tipolyphosphate; D = tetrapolyphosphate; M = trimetaphosphate. For other experimental conditions see Section 2.
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noting that the migration orders of these polyphos-
phates of short chain lengths could be correlated with
the charge-to-size ratios of the separands. The
merged peaks of polyphosphates indicated the simi-
larities in the mobilities of these polyphosphates in
spite of the differences in their chain lengths. Fig. 2a
and Fig. 2b show typical electropherograms for

polyphosphoric acid (sodium salt) obtained in an
electrophoretic buffer of 5.0 mM PMA and 20 mM
Tris containing 0.02 mM CTAB as EOF modifier
(pH=7.2). These electropherograms are generaly
similar to that in Fig. 1, but the orthophosphate was
better separated from polyphosphates in Fig. 2a and
b. The results obtained showed that orthophosphate
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Fig. 2. Separation of polyphosphoric acid (sodium sat) in electrophoretic buffer of 5.0 mM PMA and 20 mM Tris containing 0.02 mM
CTAB as EOF modifier (pH=7.2). () Electrokinetic injection: —1.5 kV for 10 s. (b) Hydrodynamic injection: 5.0 cm for 10 s. For
identification of peaks A, B, C, D and M refer to Fig. 1. Other experimental conditions as in Fig. 1.
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and polyphosphates up to tetrapolyphosphate could
be separated by free solution capillary zone electro-
phoresis, but the separation of polyphosphates of
greater chain lengths could not be achieved readily
by this method.

Fig. 3 shows a typica electropherogram for
polyphosphoric acid (sodium salt) obtained in an
electrophoretic buffer of 5.0 mM PMA and 20 mM
Tris containing 1% methylcellulose (pH=7.2). Such
entangled methylcellulose solution was reported to
be a useful aternative size sieving medium for
electrophoretic separation of DNA fragments [44]. It
is seen that there are only two narrow peaks in the
electropherogram and al the other peaks are lumped
together in Fig. 3. The poorer resolution might be
attributed to the heterogeneity of the electrophoretic
medium. No size sieving effect was observed in the
separation of polyphosphates in the electrophoretic
medium containing 1% methylcellulose. It implies
that mesh size of 1% entangled methylcellulose was
too large for separating the polyphosphates [45].

Finally, the separation of polyphosphoric acid
(sodium sat) was carried out in linear poly-
acrylamide gel-filled capillaries. Fig. 4 shows a
typical electropherogram obtained for the separation
of polyphosphoric acid (sodium salt) in the linear
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polyacrylamide gel-filled capillaries, which were
prepared by polymerisation of 12% (w/v) acrylamide
solution containing 5.0 mM PMA and 20 mM Tris
(pH=7.2). It is observed that there are about 30
peaks in the electropherogram. Compared with Figs.
1-3, the best separation of the polyphosphates could
be obtained by employing the conditions described in
Fig. 4. It is interesting to note the migration order of
trimetaphosphate, pyrophosphate, tripolyphosphate,
orthophosphate and tetrapolyphosphate in the gel
medium and to compare them with that in Fig. 1. In
Fig. 4, migration time increased from pyrophosphate
to tripolyphosphate and then tetrapolyphosphate, but
orthophosphate shows longer migration time than
pyrophosphate and tripolyphosphate, whereas tri-
metaphosphate migrates faster than orthophosphate
and all linear polyphosphates. These results indicate
that the separation of the linear polyphosphates is on
the basis of their size and that the entire separation
pattern of the condensed phosphatesis not solely size
dependent since the charge-to-size ratios play a
significant role in the migration behaviour of ortho-
phosphate and metaphosphates. Quantitative analysis
of each component in the polyphosphates requires
correction for the bias generated by the electrokinetic
injection besides the consideration of differences in

3
MIN

10

Fig. 3. Separation of polyphosphoric acid (sodium salt) in electrophoretic buffer of 50 mM PMA and 20 mM Tris containing 1%
methylcellulose (pH=7.2). Electrokinetic injection: —1.5 kV for 5 s; L,=39.0 cm and L,=29.5 cm. Other experimental conditions as in

Fig. 1.
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Fig. 4. Separation of polyphosphoric acid (sodium salt) in a linear polyacrylamide gel-filled capillary. The linear polyacrylamide gel was
prepared by polymerisation of 12% (w/v) acrylamide solution containing 5 mM PMA and 20 mM Tris (pH=7.2). Electrokinetic injection:
—4.5kV for 5 s. Separation voltage: —8.4 kV; L,=40.0 cm and L,=31.0 cm. For identification of peaks A, B, C, D and M refer to Fig. 1.

Other experimental conditions as in Fig. 1.

the detection response for polyphosphates of differ-
ent chain lengths. Study on quantitation of each
component in the polyphosphates will be performed
in our future work.
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