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(57) ABSTRACT 

A novel class of capillary electrophoresis probes and a 
method of employing the same are described. The novel 
class of capillary electrophoresis probes are comprised of 
one or more vinylogous carboxylic acid compounds or their 
derivatives. In another aspect of the present invention, a 
method of detecting ions in Water by capillary electrophore 
sis is provided Wherein: Water is introduced into a capillary 
?lled With an electrolyte Which contains UV absorbing 
species comprised of one or more vinylogous carboxylic 
acid compounds. An electric voltage is applied along the 
capillary to cause ions present in the Water to move along the 
capillary and separate. The ions displace the UV absorbing 
species and are detected indirectly by a UV/visible light 
photometric detector. 
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CAPILLARY ELECTROPHORESIS PROBES AND 
METHOD 

BRIEF DESCRIPTION OF THE INVENTION 

[0001] This invention relates generally to probes for cap 
illary electrophoresis and a capillary electrophoresis 
method. More particularly, the present invention relates to a 
class of novel capillary electrophoresis probes comprised of 
vinylogous carboxylic acid compounds and derivatives, and 
a capillary electrophoresis method employing the same. 

BACKGROUND OF THE INVENTION 

[0002] Ultrapure Water, that is Water With a loW concen 
tration of ionic species, is required in many industrial 
processes. For example, ultrapure Water is required in the 
processing of semiconductor devices to produce defect free 
devices. Other industries that requires ultrapure Water are the 
pharmaceutical, agricultural, chemistry and food industries. 
Ultrapure Water is also required in nuclear reactors, particu 
larly for the prevention of corrosion. The monitoring of ionic 
species in Water in light Water reactors (LWR) such as 
pressurized Water reactors (PWR) and boiling Water reactors 
(BWR), is essential to control corrosion. Monitoring of ionic 
species in nuclear poWer plants must be able to monitor very 
loW concentrations, in some applications at concentrations 
as loW as parts-per-trillion (ppt). 

[0003] Conductometric and photometric detection has 
been employed to detect the presence of ionic species in 
Water. Currently, virtually all nuclear plants use in-line Ion 
Chromatography (IC) for routine monitoring of ionic spe 
cies. The high cost of consumables together With the large 
sampling volumes that are required arid the long analysis 
times inherent to IC monitoring provides considerable 
incentive to develop alternative measuring or monitoring 
methodologies. 

[0004] One such alternative methodology is Capillary 
Electrophoresis (CE), Which employs 10 to 100 times loWer 
eluent volumes and provides an order of magnitude quicker 
measurement time (typically less than a three minute com 
pared to 15 to 30 minutes or more for IC). Further, CE 
requires three to six orders of magnitude less analyte sample, 
Which is particularly attractive to analysis of nuclear reactor 
Water given the escalating radiation Waste costs. CE is also 
capable of simultaneous transition metal cation separations 
not easily done by IC. A general discussion of CE can be 
found in the textbook Capillary Electrophoresis of Small 
Molecules and Ions, Peter Jandik, Gunther Bonn, 1993, 
Chapter 3 in particular. 

[0005] Much effort has been focused on the development 
of CE systems. Jones et al describes in US. Pat. No. 
5,566,601 a technique for separating, identifying and mea 
suring ions in solution by capillary Zone electrophoresis, 
Which provides improved sensitivity and resolution of ionic 
species. The method involves introducing a sample contain 
ing the ionic species into a narroW bore capillary ?lled With 
a carrier electrolyte containing a selected visible or UV 
absorbing anion or probe. An electrical potential is applied 
across the capillary column causing the ions to elute accord 
ing to their mobility. Both ultraviolet (UW) absorbing and 
UV-transparent ions can be detected and quantitated by 
UV/visible photometric monitoring. They suggest using as 
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the light-absorbing anion, one selected from molybdate, 
tungstate, ferrocyanide, ferricyanide, bromide, iodide and 
dichromate as examples. 

[0006] As has been discussed in the literature, one aspect 
of development of CE systems has focused on the selection 
of the probe used in CE. When detection of inorganic or 
small molecular Weight organic species (i.e. the “species of 
interest” or analyte) that lack appreciable absorbance, CE 
detection is typically performed by indirect detection using 
a background electrolyte (BGE) containing a UV absorbing 
speciesialso referred to as the probe. The UV transparent 
analyte is detected by displacement of the probe by the 
analyte. 

[0007] It is suggested that a number of factors are impor 
tant in selection of the probe. First the electrophoretic 
mobility (u) of the probe is considered and should be closely 
similar to the mobilities of the analytes of interest. Second 
the minium detectable concentration clim of the CE system 
is considered, and is established by the folloWing relation 
ship: 

Where cIn is the concentration of the probe, TR is the transfer 
ratio, and DR is the dynamic reserve Which is a measure of 
the ratio of the signal to noise for a given signal. The transfer 
ratio is the number of equivalents of the probe ions that Will 
be displaced by each equivalent of analyte ions. For 
example, a common probe pyromellitic acid, When totally 
ioniZed, has a transfer ratio of 0.25 for mono-valent ions, 
and 0.5 for divalent ions. The dynamic reserve is given by 
the relationship: 

Where e is the molar absorptivity of the probe, L is the path 
length of the light through the capillary, and AN is the 
absorbance noise level Which is a function of the detector 
Wavelength. Substituting for DR in Equation 2 into Equation 
1, the folloWing expression for the minimum detectable 
concentration is obtained: 

A general discussion of these principles and equations may 
be found in Capillary Electrophoresis of Small Molecules 
and Ions, Peter Jandik, Gunther Bonn, 1993, Chapter 3, and 
particularly at pages 134-150. 

[0008] Many probes have been taught in the prior art. For 
example, US. Pat. No. 5,128,005 teaches using a chromate 
ion. US. Pat. No. 5,156,724 teaches using a UV-absorbing 
amine or heterocyclic sulfate compound. US. Pat. No. 
5,104,506 teaches using a chromate salt and an alkyl qua 
ternary ammonium salt. Another probe Which has been used 
in the prior art for indirect detection in CE is the aromatic 
compound pyromellitic acid. 

[0009] In general, a number of criteria for a successful 
probe have been discussed in the prior art. Speci?cally, it is 
important for the mobility of the analyte to match the 
mobility of the probe. High molar absorbtivity of the probe 
is also important. The detector Wavelength at Which high 
molar absorbtivity is exhibited by the probe is another 
important criteria. For example, it is bene?cial for the 
detector Wavelength to be a value that minimiZes the AN, 
and Which avoids con?ict With absorbance bands of the 
analytes. Finally, the solubility of the anion probe is impor 
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tant When reverse electro-osmotic ?oW (EOF) modi?ers are 
used in order to avoid precipitation. For probes With loW 
molar absorbtivity, higher probe concentrations are required 
to obtain satisfactory minimum detectable analyte concen 
tration. The higher probe concentrations can result in poten 
tial problems by “probe induced” recipitation of the dynamic 
EOF modi?ers Within the capillary. A general discussion of 
these and other criteria can be found for example in James 
S. FritZ, Recent developments in the separation of inorganic 
and small organic ions by capillary electrophoresis; J. of 
Chromatography A, 884 (2000) 261-275; and Philip Doble, 
Miroslav Macka, Paul R. Haddad, Design of background 
electrolytes for indirect detection of anions by capillary 
electrophoresis, Trends in Analytical Chemistry, vol. 19, no. 
1, 2000, pgs 10-17. 

[0010] While much effort has been focused on the devel 
opment of probes, the prior art probes available to date are 
not entirely satisfactory. Contrary to the desired criteria as 
discussed above, it turns out that many of the prior art probes 
exhibit strong absorbance in the loW UV spectrum, i.e. the 
detection Wavelength, and this is the very region Where the 
analytes or species of interest also exhibit strong absor 
bance. This similarity in absorbance of the analytes of 
interest makes indirect detection of analytes dif?cult. Also, 
the absorbance noise is elevated at these loWer Wavelengths, 
thereby decreasing dynamic reserve. In addition, the mini 
mum detectable concentration clim is often too high for many 
applications in the semiconductor, nuclear poWer and other 
industries due mostly to loW molar-absorbtivity e at other 
Wise optimum detection Wavelengths. Further, multi-ioniZed 
probes such as pyromellitic acid have loW transfer ratios 
Which lead to higher minimum detectable concentrations. 
Additionally, such probes are typically useful in detecting 
only a small range of analytes, and are not applicable to a 
Wide range of applications. Accordingly, continued devel 
opment of improved probes and CE methods are of interest. 

SUMMARY OF THE INVENTION 

[0011] In general it is an object of the present invention to 
provide a class of novel capillary electrophoresis probes, and 
a capillary electrophoresis method employing the same. 

[0012] The inventors have discovered a novel class of 
capillary electrophoresis probes comprised of one or more 
vinylogous carboxylic acid compounds. In particular, viny 
logous carboxylic acid compounds of the present invention 
are de?ned as compounds containing one or more enol 
functional groups in conjugation With one or more carbonyl 
functional groups through one or more carbon-carbon or 
carbon-nitrogen double bonds. Preferably, the vinylogous 
carboxylic acid compounds of the present invention are 
cyclic compounds. The vinlyogous carboxylic acid com 
pounds of the present invention further include tautomers, in 
particular keto-enol tautomers. The vinylogous carboxylic 
acid compounds of the present invention further include 
compounds Where the aforementioned conjugation is 
obtained through one or more stabiliZed resonance forms of 
an aromatic compound. The vinylogous carboxylic acid 
compounds of the present invention may alternatively be 
cationic compounds, that is, positively charged by employ 
ing a positively charged group(s). In one example, the 
cationic compound includes cationic ester derivatives of the 
vinylogous carboxylic acid compounds. In another example, 
the cationic compound includes cationic amide derivatives 
of the vinylogous carboxylic acid compounds. 

Mar. 30, 2006 

[0013] In another aspect of the present invention, a 
method of detecting ions in Water by capillary electrophore 
sis is provided Wherein: Water is introduced into a capillary 
?lled With a background electrolyte having some Water 
Which contains UV absorbing species or probe comprised of 
one or more vinylogous carboxylic acid compounds. An 
electric voltage is applied along the capillary to cause ions 
present in the Water to move along the capillary and sepa 
rate. The ions displace the UV absorbing species and are 
detected indirectly by a UV/visible light photometric detec 
tor. 

[0014] In yet another aspect of the present invention a 
capillary electrophoresis apparatus is provided in Which a 
background electrolyte containing one or more probes or 
alternatively a combination of one or more probes and a 
buffer are placed in the capillary, and the one or more probes 
are comprised of one or more vinylogous carboxylic acid 
compounds. 

[0015] In a further aspect of the present invention, a kit 
containing one ore more reagents for preforming capillary 
electrophoresis is provided Wherein the one or more reagents 
include one or more probes comprised of one or more 

vinylogous carboxylic acid compounds. Alternatively, the 
reagents may also include one or more buffer solutions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The invention Will be more clearly understood 
from the folloWing detailed description When read in con 
junction With the accompanying draWings in Which: 

[0017] FIG. 1 is a schematic diagram of a capillary 
electrophoresis apparatus Which may be employed With the 
capillary electrophoresis probe and method of the present 
invention. 

[0018] FIG. 2 is a electropherogram shoWing the separa 
tion of ?ve anions by capillary electrophoresis (CE) using a 
squaric acid buffer according to one embodiment of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0019] The inventors have discovered a novel class of UV 
absorbing species or probes for use in capillary electro 
phoresis (CE) and a method employing the same. It should 
be understood that the terms probe and UV absorbing 
species are synonyms and may be used interchangeably 
throughout the present description. In particular, the capil 
lary electrophoresis probes of the present invention are 
comprised of one or more vinylogous carboxylic acid com 
pounds. The suitability of these compounds as probes in CE 
Was unexpected. In particular, vinylogous carboxylic acid 
compounds of the present invention are de?ned as com 
pounds containing one or more enol functional groups in 
conjugation With one or more carbonyl functional groups 
through one or more carbon-carbon or carbon-nitrogen 
double bonds. A general description of vinylogous carboxy 
lic acid compounds may be found in G. V. PereZ and Alice 
L. PereZ, Organic Acids without a Carboxylic Acid Func 
tional Group, J. of Chemical Education, Vol. 77, No. 7, July 
2006, pgs. 910-915. Preferably, the vinylogous carboxylic 
compounds of the present invention are cyclic compounds. 
Also it should be understood by those of skill in the art that 
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the vinylogous carboxylic acid compounds of the present 
invention include tautomers of other structures Which have 
undergone keto-enol tautomeriZation. Also, it should be 
understood by those of skill in the art that the vinylogous 
carboxylic acid compounds of the present invention include 
aromatic structures. As described further beloW, the vinylo 
gous carboxylic acid compounds of the present invention 
may be either anionic and cationic. This alloWs the detection 
of both anion and cation analytes. 

[0020] The vinylogous carboxylic acid compounds of the 
present invention are conjugated. Conjugation may take tWo 
forms. First, conjugation may occur through one or more 
carbon-carbon or carbon-nitrogen double bonds, i.e. linear 
conjugation. Alternatively, conjugation may occur through 
an aromatic system When one or more stabilized resonance 

structures of the aromatic compounds are vinylogous car 
boxylic acids. Linear and aromatic conjugation may also 
occur in compounds containing heteroatoms. When conju 
gation occurs through either an aromatic system or a hetero 

aromatic system, suitable compounds according to the 
present invention Will produce stabiliZed resonance struc 
tures. 

[0021] Representative examples of probes of the present 
invention comprised of vinylogous carboxylic acid com 
pounds include, but are not limited to the folloWing com 
pounds: 

[0022] 3,4-dihydroxy 3-cyclobutene-l,2-dione (squaric 
acid); 2,5-dihydroxy 1,4-benzoquinone; 4,5-dihydroxy 
4-cyclopentene 1,2,3-trione (croconic acid); 2-hydroxy 
2,4,6-cycloheptatrienone (tropolone); 6 hydroxy l tetral 
one and 5,5 dimethyl 1,3 cyclohexanedione (dimedone). 
These compounds are illustrated as: 

Oj iO 
HO OH 

O 
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-continued 

cH3 cH3 

O 

HO : % 
[0023] The inventive compounds include peripheral sub 
stitution Which does not alter the vinylogous carloxylic acid 
UV-chromophore as shoWn for the example below: 

0 

o O O o 

C6H5 
C6H5 0H 0 

0H 0H 

0 

H 

C6H5 

o 

[0024] Other examples of compounds Which ?t the de? 
nition of the present invention further include: 5,6 dihydroxy 
5 cyclohexene l,2,3,4 tetraone (rhodiZonic acid); 2 hydroxy 
1,4 napthoquinone; 3 oxogulofuranolactone; 2,2-dimethyl 
1,3-dioxane; 4,6 dione 4-ketobutyrolactam; tetrahydrofuran 
2,4-dione; 2,3 dihydroxy 2 cycloprofenegne (deltic acid) and 
uric acid. As described above, embodiments of the invention 
include tautomers, in particular keto-enol tautomers. One 
example of the keto-enol tautomeriZation equilibria in accor 
dance With the present invention is shoWn beloW: 

HO 

[0025] Also, as described above, one embodiment of the 
present invention includes conjugation through an aromatic 
structure Where the vinylogous carboxylic acid is one sta 
biliZed resonance form. One example of this is shoWn 
beloW: 
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HO 

[0026] Of particular advantage, the vinylogous carboxylic 
acid compounds of the present invention may alternatively 
be positively charged by employing a positively charged 
group. Examples of such cationic vinylogous carboxylic 
acid derivatives include cationic ester derivatives of the 
vinylogous carboxylic acid compounds. One example of 
such ester derivative compounds is an ester derivative of 
squarate, shoWn beloW as: 

[0027] X“ is ioniZable counter ion 

[0028] R+ is an organic cation group 

[0029] In another embodiment the cationic vinylogous 
carboxylic acid derivatives include cationic amide deriva 
tives of the vinylogous carboxylic acid compounds. One 
example of such amide derivative compounds is an amide 
derivative of squarate, shoWn beloW as: 

[0030] X- is ioniZable counter ion 

[0031] R+ is an organic cation group 

[0032] The probes of the present invention may be com 
bined With a buffer to provide the capillary electrophoresis 
background electrolyte (BGE). Alternatively, the BGE may 
include only the probe Without the buffer. When a buffer is 
used, examples of a suitable buffer for use With the present 
invention include, but are not limited to: tris base, amines 
and organic bases. The probes of the present invention are 
usually present in the BGE in a concentration in the range of 
about 2 to 5 mM, more usually in the range of about 2.5 to 
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3.5 mM. The BGE generally has a pH in the range of about 
7 to 10, hoWever it can be as loW as 2-3. 

[0033] The BGE may also include a dynamic electroos 
motic ?oW modi?er in addition to the probe; hoWever this is 
not necessary. A How modi?er acts to stop or reverse the 
electro osmotic ?oW EOF of the carrier electrolyte. 
Examples of suitable dynamic ?oW modi?ers for use With 
the present invention include cetyltrimethylammonium bro 
mide (CTAB) and didodecyldimethylammonium bromide 
(DDAB). The BGE may also include some organic solvent 
that is mixable With the Water of the buffer. Such solvents 
can be methanol, ethanol and acetone as examples. 

[0034] Of particular advantage, the present invention pro 
motes improved CE measurements, and alloWs the applica 
tion of CE to neW ?elds heretofore unavailable due to 
detection level limits. These neW industries include nuclear 
poWer Water chemistry and semiconductor processing Water 
chemistry applications, among others. Speci?cally, the viny 
logous carboxylic acid compound probes of the present 
invention possess mobilities (u) that are comparable to the 
analytes of interest. Their molar absorbtivity is high. The 
transfer ratio can be higher (i.e. SO42“ to PMA4_). The 
absorbance noise is loWer at higher Wavelengths, and ana 
lyte interference is loWer at the higher Wavelength. Further, 
the problems of EOF precipitation are absent. 

[0035] One example of anion analyte species of interest 
detected by the present invention include bromide, chloride, 
?uoride, nitrate, nitrite, sulfate, phosphate and the like 
including small molecular Weight organic anions. In an 
alternative embodiment, the vinylogous. carboxylic acid 
compound is positively charged and is suitable for detection 
of cation analytes such as Na", K", Mg”, and Ca +2, and 
small molecular Weight organic cations. 

[0036] Of further signi?cant advantage, the probes of the 
present invention exhibit high molar absorbtivities in the 
high UV spectrum region of the photometric detector. As 
described above in the Background, one of the unsatisfac 
tory aspects of prior art probes is their strong absorbtivity in 
the similar region of absorbance of the analytes. In contrast, 
the probes of the present invention exhibit higher molar 
absorbtivity in a higher UV region than most analytes and 
this provides for increased detection and sensitivity of the 
CE system. In general, the vinylogous carboxylic acid 
compounds of the present invention exhibit molar absorb 
tivity at Wavelengths of about 270 nm and higher. In one 
embodiment Where the probe is squaric acid (SQ), for 
example, SQ is found to exhibit high molar absorbtivity at 
a Wavelength of about 270 nm. In another example Where 
the probe is 2,5-dihydroxy l,4-benZonquinone (BZ), BZ is 
found to exhibit high molar absorptivity at a Wavelength of 
about 320 nm. As shoWn further beloW in the experiments, 
these Wavelength values are much higher than conventional 
probes such as pyromellitic acid (PMA) Which typically 
exhibit high molar absorbtivity at a Wavelength of about 214 
nm. It should be pointed out that it is not just the Wavelength 
value that is of signi?cance; it is the fact that the probes of 
the present invention exhibit high molar absorptivity at these 
higher Wavelengths. For example, PMA does shoW some 
molar absorbtivity at 270 nm, hoWever it is a fraction of its 
value and Will not provide the level of detection and/or 
sensitivity achieved by the present invention. For example, 
as shoWn beloW in the experiments, chromate, a conven 
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tional probe also exhibits molar absorbtivity at 270 nm and 
higher, but again its value is a fraction of that exhibited by 
the inventive probes at this Wavelength. The higher molar 
absorbtivity exhibited by the inventive probes at the higher 
detection Wavelength alloWs operation With greater dynamic 
reserve With higher molar absorbtivity since AN decreases 
With increasing Wavelength. As shoWn in Equations 1 and 2 
above, a greater dynamic reserve (DR) Will result in a loWer 
minium detectable concentration chm, and thus produces a 
more sensitive CE device and method. Further as described 
above, this higher detection Wavelength of the inventive 
probes is above the absorbing Wavelength of the analytes, 
and thus the inventive probes do not have the interference 
problems seen With prior art probes. 

[0037] The present invention may be carried out in an CE 
system such as that illustrated in the schematic diagram of 
FIG. 1. The CE system 10 includes tWo reservoirs 11, 12 
Which are ?lled With the same BGE solution as the capillary 
13 Which extends betWeen the tWo reservoirs. Ahigh voltage 
is applied along the capillary by a suitable voltage source 14 
. The capillaries generally have a small internal diameter, 
typically 5-100 micrometers, to permit heat dissipation. The 
capillaries are generally made of fused silica. Ions are 
separated on the basis of their net electrophoretic mobilities. 
A detector assembly, in the present invention a UV/visible 
light detector assembly, is placed along the capillary. The 
detector assembly generally comprises a source of light 17 
Which directs a beam through the capillary to a detector 18. 
The light is absorbed by the ions passing betWeen the light 
source 17 and the detector 18. The output signal is dependent 
on the degree of absorption of the light by the ions and the 
path length of the light through the electrolyte. The capillary 
is ?lled With the BGE containing the probes, and altema 
tively the probes and buffer, and ions are separated on the 
basis of their relative charge and hydration volume. In one 
embodiment, fused silica capillaries are employed, an elec 
trical double layer is produced at the capillary surface due to 
the attraction of positively charged cations in the BGE to the 
ioniZed silanol groups on the capillary Wall. In the presence 
of an electric ?eld, the cations in the diffuse portion of this 
double layer move toWard the cathode and drag the electro 
lyte bulk liquid With them, producing a cathodal electro 
osmotic ?oW. Alternatively, an anodal ?oW capillary may be 
used Which is prepared by either use of dynamic EOF 
modi?er static coating to produce an anodal electro-osmotic 
How. 

[0038] Most of the analyte ions of interest do not absorb 
light and they cannot be detected by the photometric detec 
tor. Thus, indirect photometric detection is used. The UV 
transparent analyte ions are detected as Zones of decreased 
absorbance or voids due to the displacement of the UV 
absorbing species of the probe by the UV-transparent analyte 
ions. This process of indirect photometric detection is Well 
knoWn; hoWever, as described above, the prior art probes 
used for indirect detection do not have a sufficiently high UV 
molar absorptivity to permit detection of analyte ions in the 
loW concentrations required for Water testing in applications 
Where ultrapure Water is required. 

[0039] We have found that in order to achieve detection of 
inorganic anions at very loW levels, for example as loW as in 
the 500 ppt ranges, the usual cathodal electro osmotic ?oW 
must be reversed, preferably Without the use of modi?ers in 
the BGE. In one embodiment of the present invention this is 
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accomplished by treating the inside surface of the capillary 
to mask the free silanol group by applying a coating. 
Reverse electro osmotic ?oW capillaries for use in the 
present invention are available from Metachem, Los Ange 
les, Calif. 

[0040] In an exemplary embodiment of the present inven 
tion, squaric acid (SA) is the preferred probe. Features 
making SA advantageous include: a) higher molar absorb 
tivity than pyromellitic acid at 270 nm, b) electrophoretic 
mobility comparable to loW formula Weight inorganic 
anions, c) double the transfer ratio for fully ioniZed squarate 
compared to fully ioniZed pyromellitic acid, and d) higher 
detector eavelength at peak absorbance. 

EXPERIMENTAL 

[0041] A Wide range of experiments Were performed to 
demonstrate the neW CE probe and method. The folloWing 
experiments are provided for purposes of teaching and 
illustration only, and are not intended to limit the scope of 
the present invention in any Way. Various aspects Were tested 
as shoWn beloW in the titled sections. 

CE System 

[0042] Experiments Were performed With the capillary 
electrophoresis apparatus. The apparatus included a 75 
micron capillary With an effective length of 35 cm and total 
length of 43 cm With positive Wall surface (anodal EOF). 
Squaric acid Was employed in a BGE, With added tris base 
and the concentration of the squaric acid Was 2.5 mM and 
giving a BGE pH of about 8.0. The BGE Was ?ltered 
through 0.45 micron membrane. Injections Were electroki 
netic (5 to 15 sec at —10 KV) and hydrodynamic (at 3-10 sec 
at 12 psi) With running voltage of —25 KV generating about 
11-12 uamps in all runs With a ?eld strength of 581 volts/cm. 
The capillary Was maintained at 250 C. Detection Was 
monitored indirectly With Wavelength set. for maximum 
absorbance at about 270 nim. 

[0043] Ion analysis Was performed using an analyte With 
5 anion salt matrix With each salt at ppb concentrations as 
shoWn beloW in Table 1: 

TABLE 1 

Analyte Compound Concentration (ppb) 

sodium chloride(Cl’) 160 
sodium bromide (Br’) 160 
sodium sulfate (SO4’2) 160 
sodium fluoride (F’) 80 
disodium phosphate (HPO4’2) 320 

[0044] The results of the analysis are illustrated in the 
electropherogram of FIG. 2, and shoW separation of all 
anions Within tWo-and-a-half minutes after injection, With 
peak signals considerably higher than the background. The 
test conditions Were: 2.5 mM tris squarate, pH=8, second 
hydrodynamic injection, —25 KV, 250 C., detector at 270 nm, 
current 7.1 uamps, using a Spectophoresis 1000 CE system. 
The elution order of the ions is Br“, Cl', SO4_2, F“ and 
HPO4_2. Although a baseline drift is observed, other results 
have shoWn stable baselines and this non-optimized method 
appears to be reproducible and robust. 

[0045] The CE probes and method of the present invention 
may be employed With any suitable type of CE system. 
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Given the teaching of the present invention, each CE system 
may be optimized using routine experimentation Within the 
skill of the art; and for example may include: a) optimizing 
capillary length and effective length for peak resolution to 
maximize separation, driving voltage With minimum current 
b) optimizing BGE concentration and capillary diameter for 
signal-to-noise, and examine effect of pH on BGE sensitivity 
c) optimizing electrokinetic injection voltage and voltage 
application time and hydrodynamic injection d) optimizing 
injection bulTer for transporting the analyte to the BGE 
interface via isotachophoretic stacking, e) employing 
bubble, “L” or “Z” cell detector geometries to obtain an 
increase in detector signal by a factor of 2 to 10, f) obtain 
positively identi?able standard peaks using single analyte 
bulTer standards g) eliminating carbon dioxide contamina 
tion from air by using on-line sample delivery from high 
purity Water source, and h) study the effect of counter ion of 
the probe. 

Experimental Mobilities 

[0046] The mobilities of certain vinylogous carboxylic 
acid compounds of the present invention Were experimen 
tally evaluated. Speci?cally, squaric acid and 2,5 dihydroxy 
1,4 benzoquinone, along With conventional probes, chro 
mate ion and pyromellitic acid, Were experimentally mea 
sured. These compounds represent a high calculated charge 
to mass ratio. A capillary having anodal EOF Was used. 
These compounds have coelectro-osmostic ?oW. Each com 
pound Was run in the presence of the neutral marker, benzyl 
alcohol. The bulTer of the present invention Was 20 mM tris 
chloride at pH=8.0. The sample bulTer for chromate and 
pyromellitic acid Was also 20 mM the tris chloride bulTer, 
pH=8. Since squaric acid and 2,5 dihydroxy 1,4 benzo 
quinone are acidic, each sample Was neutralized With 0.1 M 
NaOH to pH of 7.0. Prior Work shoWed that these tWo 
compounds electrophoresed poorly if the tris chloride bulTer 
Was used to dissolve the samples as the pH Was still acidic 
causing the injection front to deteriorate during the run. 

[0047] The mobilities Were calculated as folloWs: 

u°bs=eof+zfme 
Where utrue is the actual mobility of the probe under the 
stated conditions, the observed mobility uObs and eof Were 
measured by the equation: 

Where I is the effective length of the capillary, L is the total 
length of the capillary, V is the voltage across the capillary 
and t is the time in minutes for the samples to pass the 
detector WindoW. The eof is calculated by the same equation 
and the time is obtained from the neutral marker (benzyl 
alcohol) and the true mobilities are calculated as the differ 
ence betWeen uObs and eof. Mobilities have a negative sign 
by convention because the osmotic How and probe migration 
are to the anode for both. 

[0048] The true mobilities are shoWn in Table 2 as: 

TABLE 2 

true mobilities (cm2/volt sec) 

—7.96 X 10*4 
—6.12 X 10*4 
-5.45 X 10*4 

chromate 
pyromellitic 
squaric acid 
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TABLE 2-continued 

true mobilities (cm2/volt sec) 

2,5 dihydroxy -2.01 X 10*1 
1,4 benzoquinone 

[0049] Comparing the experimental probe mobilities With 
literature values can be used only in a general sense as the 
mobilities of the probes are a function of pH, bulTer, and 
bulTer ionic strength elTects. Abrief comparison is shoWn in 
Table 3, Where the probes are listed in decreasing order of 
mobilities. 

TABLE 3 

Inventors Experimental Sogal Haddad2 

chromate chromate chromate 
PMA PMA PMA 
squarate 
benzoquinone 

Sogal: Tomoyoshi Soga, Gordan Ross, J. of Chrom. A, 767 (1997), pgs. 
2234230; 
Haddad2: Philip Doble, Miroslav Macka, Paul R. Haddad, Trends in Ana 
lytical Chemistry, Vol. 19, No. 1 (2000) pgs. 10417. 
PMA is pyromellitic acid and benzoquinone is 2,5 dihydroxy 1,4 benzo 
quinone. 

[0050] As demonstrated by the above, the probes of the 
present invention exhibit sufficient mobilities for loW and 
high mobility anions, as Well has having the added advan 
tage of exhibiting high molar absorbtivities in the high UV 
spectrum region of the detector Where there is less interfer 
ence With other absorbing analytes and Where the detector 
shoWs more stable baseline producing a better signal to 
noise ratio. A comparison of the molar absorptivity and 
Wavelength values for probes of the present invention com 
pared to conventional probes are shoWn in Table 4 beloW: 

TABLE 4 

Probe Molar Absorbtivity (M’lcm’l) Wavelength (nm) 

squaric acid 26,942 270 
benzoquinone 30,347 320 
PMA 23,088 214 

2,577 270 
chromate 5,089 205 

4,5 85 274 
5,864 374 

trimesic acid 37,144 209 
ortho phthalic acid 13,812 208 

[0051] While some of the conventional probes have high 
molar absorbtivity it should be recognized as described 
above that it is high in the UV region Where interference Will 
occur With the absorbtion spectrum of the analytes. 

Evaluating Noise as a Function of Wavelength With Absorb 
ing Probes 

[0052] Three probes, tWo of the present invention and one 
conventional probe Were tested to evaluate noise of the 
detector. PMA at a concentration of 7.3 mg/ 100 of tris 
chloride (pH=8.0) Was pumped into a 75 micron capillary 
after the instrument Was zeroed With the bulTer only. The 
probe solution Was very sloWly passed through the solution 
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producing an absorbance of 0.02548. This baseline noise 
Was measured repeated With squaric acid and 2,5 dihydroxy 
1,4 benZoquinone. With similar absorbance magnitude as 
shown in Table 5: 

TABLE 5 

Wavelength (nm) Concentration 
Probe Measured Initial Absorbance (mg/ 100 ml) 

PMA 214 0.02548 7.3 
squaric acid 270 0.03187 3.6 
benzoquinone 320 0.03290 4.5 

[0053] The noise Was evaluated over a period of 15 
minutes by measuring the high and loW amplitude signal as 
a function of voltage. The noise for the conventional PMA 
probe is roughly tWice that of the inventive probes squaric 
acid and benZoquinone. These results con?rm that the cap 
illary detector as a spectrophotometer is less noisy at higher 
Wavelength in the UV region, and thus the inventive probes 
provide this additional advantage as they are used at the 
higher Wavelengths. 
Evaluating Detector Noise and Drift 

[0054] Experiments Were conducted to evaluate detector 
noise and drift at four Wavelengths. No probes Were used. A 
capillary Was ?lled With DI Water With very loW How to 
prevent any heating in the capillary WindoW. The absorbance 
Was set to Zero at 0.02 AUFS. The initial Wavelength Was at 
214 nm for seven minutes, and then set to 254 nm With 
automatic. Zeroing for another 7 minutes, and then reset to 
270 nm With automatic Zeroing for another 7 minutes, and 
?nally at 320 nm. At each Wavelength there Was a doWnWard 
drift of the absorbance as you go from 214 nm to 320 nm, 
but the drift decreased at each neW Wavelength setting. 

[0055] The evaluated noise at the four Wavelengths Was 
found at 214 nm to be tWice as high as at the 254, 270 and 
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320 nm Wavelength values. Thus, again the inventive probes 
Which exhibit high molar absorbtivity at the higher Wave 
lengths are being used at Wavelengths having less detector 
drift. 

[0056] As demonstrated by the above results, a useful 
improved probe for CE has been developed. In summary, the 
inventive probes exhibit mobility that substantially matches 
that of the ions of interest. The inventive probes exhibit high 
molar absorbtivity and higher transfer ratios Which provides 
great potential for improving sensitivity beyond the existing 
art; and further greatly expands the utility of CE to neW 
industries and applications requiring loWer minimum detect 
able analyte concentration. Further, the inventive probes 
alloW higher detection Wavelengths giving higher absor 
bance values Which provides the dual bene?t of loWer 
absorbance noise (AN) and less interference With the absor 
bance of the analytes. Finally, the inventive probes are less 
likely to adversely preciptiate anodal ?oW EOF modi?ers 
because their high molar absorbtivity alloWs their use at loW 
concentration. 

[0057] The foregoing description of speci?c embodiments 
and examples of the present invention have been presented 
for the purpose of illustration and description. While the 
present invention has been described With reference to a feW 
spcci?c embodiments, the description is illustrative and is 
not to be construed as limiting the invention. Various modi 
?cations may occur to those of ordinary skill in the art 
Without departing from the spirit and scope of the invention. 

1-90. (canceled) 
91. A probe for detecting anions in a sample using 

capillary electrophoresis, comprising; one or more vinylo 
gous carboxylic acid compounds. 


