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PREFACE

Chemical analysis is a key step in chemical product
developmeot, process control and research. Legal
regulations require chemical analysis for registration,
product safety etc. Growing fields for chemical analysis are
e.g. the environment sciences, biochemistry, or food
science.

Most chemical analysis systems coogist of at least two
stages, the separation stage, where the sample components
are spatially or temporally separated according to intrinsic
qualities of the sample compooents and, the detection
stage, where the guantity of the separated species is
measured. The scparation is obtained by means of
optimized interaction between the sample and a stationary
phase or a liguid where also fields can be applied to
influence the separatioo.

The detection stage can be designed to meet different needs
of which high sensitivity is probably the most
encountered. Detectors can also be designed to be universal
(i.e. not selective at ail) or, on the contrary, to selectively
detect only desired species (i.e. high selectivity) or, to
capture more than one information simultaneously in order
to enhance information of an incomplete separation.

Separation and detection form a pair of interdependent
items (like the hen and the egg). An improvement in one
stage immediately asks for a revision of the other stage!,
and hence their developments have to be considered in

paraliel,

An outstanding example of chemical analysis is capillary
elecirophoresis (CE) which was found in 1967 by
Hjertén2, However, the most prominent example of
chemical analysis systems is high performance liguid
chromatograpby (HPLC), which is applied in a vast
majority of separations and therefore is almost a synonym
to chemical analysis. The virtues offered by CE stem from
the low sample and solvent consumption, the high
separation efficiencies, the short separation times, the
simple and inexpensive operation and the high potential
for avtomation. Due to these advantages CE is now "the
trend” in analytical chemistry, replacing HPLC in various
applications and opening completely new fields. CE has
experienced a wremendous growth in the past ten years®.
Although the first instrument was introduced on the
market only six years ago, CE is already applied in about
10 % of all separations and one is about to speculate
whether CE could reach the same importance as HPLC.
The efforts in CE research are now mainly method
development. As many commercially available
instruments are working close 1o the physical limits, fewer
instrumental and more application developments are
reported now, The instrumental research in CE comprises
application of additional external ftelds, miniaturization,
hyphenation of different capillary segmems and aliemative
detection methods.
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Among varipus detection schemes used in CE, optical
detection is mainly preferred because it allows simple,
remote and contactless measerement, Due to its chemical
properties fused silica is the preferred construction material
for the separation capillaries and, as fused silica is
transparent in the UV/vis spectral range, optical detection
seems obvious, Other (than optical) detection methods are
well described in the literature and are reproduced in many
laboratories bnt until now they are not part of
commercially avaifable CE instraments.

As a majority of samples of analytical interest absorb in
the UV/vis spectral range, all available CE systems are
equipped with on-column absorbance detection. As oaly
alternative now, laser induced fluorescence (LIF) detection
has just become commercially available to CE
instruments.

However, for a minority of transparent samples, such as
carbohydrates, hydrocarbons, and single ions, various
experimental refractive index (R} detectors are devised for
CE, but less than a2 dozen applications are reporied.
Althongh RI detectors belong to routine equipment
{number two or three after absorbance) for HFLC, no
comparable device is on the market yet for CE. The
straightforward miniaturizatuon of existing HPLC detectors
was successful for CE absorbance detection but this
approach did not work for RI detection. Aliernative
methods such as indirec¢ absorbance detection or chemical
derivatizations were established for CE separation of
transparent samples, and RI detection was left aside.

The first aim of this work is therefore to develop capillary
RI detectors for CE. As these detectors are the key
elements in thermo-optical absorbance (TOA) detection,
the second aim is the application of these RI detectors to
design TOA deteciors.

The thesis comprises B chapters. Most of them are
publications, three are already published, two are accepted
and one is being prepared for publication. The list of
names of anthors below the titles of the publicadons
express the fact that its content is not the work of one
single person but rather represents she efforts of a whole

group.
Chapter 1 Introduction

A short summary of the capillary electrophoresis (CE)
separation principle is presented. Detection problems
related 1o CE are discussed. The problem associated to the
miniaturization of HPLC detectors adapted for CE is
discussed.



Chapter 2 "On-Column Laser-Based Refractive Index
Detector for Capillary Electrophoresis”

Bruno, A, E.; Krattiger, B; Maystre, F.;, Widmer, H. M.
Anal. Chem. 1991, 63, 2689-2697.

This paper demonstrates the first application of a refractive
index (RI) detector in CE. The detector was demonstrated
with a CE separation of underivatized sugars. Thermal and
electronical noise aspects are discussed in detail.

Chapter 3 "Laser-based refractive index detection for
capillary electrophoresis: ray-tracing interference theory”

Krattiger, B.; Bruno, A. E.; Widmer, H. M.; Geiser, M.;
Dindliker, R, Appl. Opt. 1993, 32, 956-965.

This pnblication presents a theoretical model which
explains the fringe patterns associated with side
illuminated capillaries. The model is applied to propose
optimizations of capillary Ri detectors.

Chapter 4 "Enbanced Refractive Index Detection for
Capillary Electrophoresis Using Flared Capillaries”

Saz, J. M.; Kratuger, B.; Bruno, A, E, Anal. Methods
Instrum, (in press 1994).

This publication describes a novel optical arrangement for
a RI detector based on a Wollaston prism. The detector is
nsed with flared and normal capillaries 10 detect sugars

separated by CE.

Chapter § "Hologram-Based Refractive Index Detector
for Capillary Electrophoresis; Separation of Metal lons™

Krattiger, B.; Bruin, G. J. M.; Bruno, A. E. Anal. Chem.
1994, 66, 1.

A detector is constructed using holographic optics and
laser diodes (LDs). A model is presented which predicts the
instrumental behavior. The detector is used in the CE
separation of small cations. Iis performance is compared
with that of indirect UV absorbance detection.

Chapter 6 "Hologram Based Thermo-Optical Absorbance
Detection in Capillary Electrophoresis; Separation of
Nucleosides and Nucleotides”

Krattiger, B.; Bruno, A. E,; Widmer, H. M.; Dindliker,
R. Anal. Chem. (submitted)

A TOA detector based on the hologram R! detector is
constracted. A model is presented to predict the detector
signal. A CE separation of a TOA detected mixture of
underivatized samples is demonstrated.

Chapter 7 "The Pigtailing Approach to Optical
Detection in Capillary Electrophoresis”

P2

Bruno, A. E.; Maystre, F.; Krattiger, B.; Nusshaum, P.;
Gassmann, E. Trends in Anal, Chem. 1994, 13, 190,

In this publication it is argued that detection noise can
sometimes be reduced by reduction of the number of
optical interfaces. A capillary RI detector is realized by
ghing an optical fiber directly onto the capillary. Pigtail
absorbance and fluorescence detectors based on light
emitting diodes (LEDs) are demonstrated in CE

separations.
Chapter 8 Conclusion of the Thesis

This chapter contains a summary of the work, suggestions
for instrumental improvements, remarks on the acceptance
of capillary RI detection as well as suggestions for further
studies.

This work was partially suppotted by ¢the CERS
(Commission pour I'Encunoragement de la Recherche
Scientifique), Project 2156.1.

Parallel 1o this work, which was mainly done at Ciba-
Geigy in Basle, profound theoretical calculations of the
fringe patterns ("Scattering of an off-axis Gaussian beam
by a dielectric cylinder nsing a rigorous electromagnetic
approach”)* were performed at the IMT in Neuchétel
completing the work of Chapter 3.
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Chapter 1. INTRODUCTION

Capillary Electropboresis: Capillary electrophoresis
(CE) is a separation technique for chemical analysis which
is based on the migration of electrically charged sample
(i.e. ions) in a elecwrolyte filled capillary which is
snbjected to an electrical field. Detailed information is
given by Lil; a schematic view of a CE system is shown
in Fig. 1.

; D
Capillary
f i
I _
PIIT} ] O
High Voltage
Figore 1. CE system. D: on-column detector

(absorbance, fluorescence, RI), I: inlet viel with buffer, O:
outlet vial with buffer, P: probe vial with sample.

Unlike a metallic solid, where the electric current is
governed by electrons, the current in liquids is due to the
migration of ions. The principle of ionic migration in an
electrolyte is sketched in Fig. 2,

E

Fg Fg

v——-—

Figure 2, Forces acting on a charged particle migrating
thraugh a liquid. The electrical field, E, is symbolized by
capacitor plates and the polarity sign. The particle has a

positive charge, q.

In an electrical field E, a particle which carries the charge q
is subjected to the force

Fg=qE . )
The particle is not accelerated permanenty (as ane could
guess) because a second opposite force, the Stoke's drag,

immediately builds up. The Stoke's drag, Fs, far laminar
flow is given by

Fs=6maRv @

where v is the velocity of the charged particle wich respect
to the buffer, 1 is the viscosity and R is the Stoke's

Il

radius. R represents the interaction between sample and
buffer and can be related to the geometrical radius of the
sample ion. After reaching the steady state, the two forces
are equal and one obtains from combination of Egs. (1) and
(2) the elecrophoretic mobility

v_.4q
Pee =E~ GmR * &)

which is the basic parameter of electrophoretic separations.
The average charge of the sample is depending oo the
buffer pH. Sample ions tend to be more negatively charged
for increasing pH and more positively for decreasing pH,
respectively. The electrophoretic migration velocity, v,
is given by

Ve =Hep E . @

As the different species carry different charges and/or
display different Stoke’s radii, they have different
electrophoretic mobilities. Due to their iadividual
propagation velocities they appear, after some time,

spatially separated.

This is not the only effect which governs CE. A pumping
effect, electroosmosis, is observed as an electric field is
applied along the buffer filled capillary, This
electroosmotic flow is superposed to the electrophoretic
motion of the sample and is the second driving effect (in
open tobe) CE. This pheoomenon is a consequence of the
usually negative surface charges on the capillary wall, The
uppermost silica atoms tend to bind OH" from the buffer
solution. As the net charge in the capillary cross-section
has to be zero, the buffer solution delivers thus positive
charges wbich concentrate np towards the negatively
charged capillary wall. The positive charges closer to the
wall are attracted and immobilized, but a distant, more
diffuse positive layer is mobile and pushed forward to the
negative pole by the electric field. As the diffuse layer
surrounds the bulk buffer solution like a jacket, it
transports, coupled by shear force, the entire buffer
solutioo to the cathode end.

/4
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Figure 3. Charge distribution inside a capillary. The
armws indicate the electroosmotic flow.

The velocity of the electroosmotic flow (EOF) is given by



_— ®

where € is the dielectric constant of the buffer and  the
zeta potential. The EOF can be controlled by the buffer
pH. At high pH the OH~ concentratioo at the wall
increases and thus also the negative surface charges are
enhanced. The increased charge density translates into
higher electroosmotic flows. On the other hand it is
possible to reduce the EOF by using low pH buffers. The
electroosmotic flow can also be controlled (¢.g. eliminated)
by coatings and even positive surface charges have been
reporied.

The two velocities add up to render the effective velocity
Velf = Vep + Voo - ©

As the buffer pH influences both, the electrophoretic and
the electroosmotic mobility, respectively, it is the most
important chemical parameter for optimizing a separation.

A detector is installed near the capillary end to indicate the
arrival of the species, which are identified according to
their migration times (Fig. 1).

The capillary inner diameter, the electric field, the capillary
length and the choice of the buffer solution affect the
separation efficiency, i.e. the relative sharpness of the
peaks. The best electropherogram results from the
optimization of these parameters,

CE can be performed either by simple self made equipment
as well as by using different commercially avaitable
systems (in the 40-80000% range) featuring auto
samplers and powerfut analysis software.

Detection: The basic detection methods in CE are
discussed by Lil. However some arguments concemning the
miniaturization of optical detectors are given below. Ina
standard HPLC separation system (Fig. 4) a pump/valve
unit pumps solvent through the column and the detector
cell, which is at the end of the line.

Pump/ g —}—=—= |
Valve Column F

1

| Il
P|l s W

Figure 4. HPLC system with hyphenated detector. D:
detector, F: fittings, P: probe vial, S: solvent vial, W:
waste vial.

To begin a separation, a minute amount of the probe
solution is m]ected by switching the injection valve. The
mjected plug is thus pressed through the column where it
is separated into its compounds which are detected after the

I2

colamo. As the flow is quite high, the elements of the
separation system are connected by tobes and fittings with
inner dimensions in the sub millimeter range. Their dead
volumes, which cause mixing effects, are small if
compared to the volumes of the eluting peaks and therefore
the hyphenadon of the column to the detector does not lead
to severe peak broadening.

HPLC absorbance detectors (Fig. 5a) are optimized to
return with 2 minimum of analyte a maximum in $/N.
The required volume for UV/vis detection is in the 1-10 pi
range. This volome can not further be reduced withont
decreasing drastically the S/N.

As in CE the inner cross sections and flow rates are at
least 2-3 orders of magnitude smatler than in HPLC, the
established HPLC detectors can not be applied because the
detection volumes are rather large. The entire capillary
volame (e.g. i.d =75 um, length = 1 m) is of the same
order than just the detectico volume of a HPLC absorbance
cell. An application of such a detector to CE would
therefore lead to mixed, indistinguishable peaks. Therefore,
and also to avoid peak broadening due to hyphenation, “on-
column” detection (Fig. 5b) is the straightforward
evolution step, imperative for CE.

a)
b) B C PD
75 pm

Figure S. Typical absorbance detection arrangements.
a) flow celf for HPLC and b) on-column detection for CE. L:
lens, ; input to flow cell from ¢column, W: output to waste,
PD: photo detector, B: ball lens, C: capillary.

CE separaticos are performed in capillaries having i.d.sin
the order of 5-100 pm, but mostly CE is performed in
50-100 pm capillaries, corresponding to 1-2 orders of
magnitode shorter detection paths than in HPLC. The
reduced probing paths translate in a deterioration of the
concentration detection sensitivity, which is one of the
major problems in CE,

Another problem of on-column absorbance detection, also
caused by the small capillary i.d., is the focusing of the
light sources onto the capiliary, Conventional light
sources, i.e. not lasers, can only be very inefficiently
focused to the small spots, and are not suited to properly
illaminate capillaries below 75 pm id.. For smaller
capillaries, moch light passes outside the fluid string
without gathering information from the analyte and the
amount which does is so small that its detection is limited
by shot noise leading to a reduction of the $/N ratio??. As
the illuminauing spot is larger than the capillary id., the



light is also scattered at the interfaces and adds noise to the
detection’.

Many efforts were nndertaken to improve the detection
stage in CE for the varions schemes. Geometric
conformations of the detection cell, without intersecting
the capillary, were devised. On the other hand the shape of
the Light was modified. The use of lasers gives well defined
small detection beams with intense irradiation for
absorbance or fluorescence detection. Absorbance detection,
however, relies frequently on the tunability of the Light
source, but in the most impertant UV range no adequate
tunable lasers exist. Therefore, the application of lasers is
limited to special cases.

In Fig. 6 a HPLC RI detector is displayed. The flow cell
consists of two (hollow) prisms. One prism is flushed
with eluent from the separation column where the other
contains, as a reference, the solvent. As the peaks elute
from the column, the RI difference refracts the beam
according o Snell’s law. The deflection, ¢, constitutes,
wpon calibration, the RI signal. The cell volumes are in
the 1-10 i range.

Figure 6. Flow cell of an Rl detector for HPLC. | input
from column, W: oulput to waste, S: solvent for refarance,

a: deflection.

Although successful for absorbance, the straightforward
miniaturization of an HPLC RI detector, while conserving
the principle, is not possible. The douoble prism
arrangement of a conventional HPLC RI detector is not
feasible for on-column detection within a 75 pum capillary,
To resolve this dilemina new principles were developed for
on-column RI detection for CE.
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On-Column Laser-Based Refractive Index Detector for

Capillary Electrophoresis

Alfredo E. Bruno,* Beat Krattiger, Franc¢ois Maystre, sod H. Michael Widmer
CIBA-GEIGY Ltd., Analytical Research, CH-4002 Basel, Switzerlund

The Intorference pattemn from side-fluminated capillary tubes
has been axplolted to develop a sensitive universal refractive
indox (R1) detector suitabla for nanoliter on-column capillary
separation lachniques. A 2-fold benefit is obteined by sur-
sounding the caplilary tube with a RI-matching fluid: the
tringe patiem Is simpiified, and thermal nokse Is reduced. The
key 10 RI datection in CE, provided that the Instrument de-
dvarn sufficiant sensitivity, has been found to be thermal
stabliity. A thermal stability of AT = 2.0 X 10~ °C is
achleved In a Peltler cooted RI cell having a highly symmetric
design almed to ansure tast thermat response from the ther-
moelactric system. The Ilnear dynamic range extends to
mora than 3 ordere of magnitude whh a typical RMS noise
level of 3 X 10~® R1U and baseline drifts of 2 X 10°° RIU K™
at t Hz. This is about 1 order of magntuda above the cal-
culated shot nolse llmit for these tube dimensions. These
nolse levels correspond %0 an angular deflection of the se-
lected fringe of 100 ared, which has been obtained by using
a large position-sensitive photodiode. Tha optical geometric
arrangemant of the photodiode, with respect to the fringa
width, has been optimized theoratically. A defabled descrip-
tlon of the Instrument and its nolse sources Is presentad, and
the technlque Is demongirated In CE In tha analysis of un-
dertvallzed carbohydrates using a 50-um tube.

INTRODUCTION

Capillary electrophoresis (CE) in undoubtedly the trend
in liquid-phase chemical analysis. Sevetal features inciuding
speed of analysis, high resolution, and efficiency account for
the present acceleration in the acceptance of this technique,
High electric fields are used in CE to force ionic solutas to
migrate through a buffer- or gel-filled capillary. The specias,
injected in minute amounts, are separated along the tube on
the basis of chsrge, size, or both (1, 2} and are subsequently
detected nesr the capillary end. The various forms of this
technique, capillary zone electrophoresis (CZE), isothacho-
phoresis (ITP), micellar electroosmotic chramatography
(MECC), and capillary gel electrophoresis (CGE), have been
successfully demnonstrated in the analysis of pharmaceuticals,
peptides, prateins, carbohydrates, oligonucleotidas, subcellular
structures, and even whole cells (3-10).

Various instrumental aspects contribute to the overall
performance in CE. Detection, being perhaps the most im-
portant one, is most conveniently carried out vsing optical
methods. The benefits observed when the inner diameter of
the capillary is reduced are compromised in the detection stage
when path length dependent optical schemes are used (11, 12).
There is therefore a growing demand to impruove the sensitivity
of known detection systems or to develop alternative ones.
Primarily because of their spatial coherence, lasers have ied
to the development of a series of novel capillary detectors
featuring impressive detection limits (I13).

*To whom correspondence should be addressed.

In order to preserve the spatial profile of tbe eluting sub-
stances achieved in high-perfarmance separations, only on-
column detection (11) is meaningful in CE. The most popular
detection scheme used in CE is UV /vis absorption (14-16).
It is accomplisbed by modifying a conventional absorbance
photometer using optical fibers or masking the optical path
with a pair of slits (11). However, nonlinear responses for
absorbance vs concentration curves are not uncommon (11).
These are due to stray light and/or changes in the refractive
index (RI) of the mobile phase due to solute concentration,
pressure gradients, etc., which alter the optical path and lead
to unwanted dynamic effects. For absorption measurements
in narrow-bore cepillaries, crossed-beam thermooptical (CB-
TO) absorption techniques (17) offer definite advantages. An
interesting feature of CBTO is that as tbe capillary’s diameter
is reduced, the pumped heat is more efficiently quenched at
the walls and high electric fields can be applied along the tube
for faster separations (12).

Laser-induced fluorescence (15) (LIF) is the most sensitive
detection method devised to date. However, because only a
few molecules of interest fluoresce at available laser lines,
rather complicated precolumn derivatizations (16} are re-
auired.

Much stricter conditions than those required for example
in liquid chromatograpby (HPLC), are to be met when de-
signing a detector for CE, Therefore, not all detection schemes
of standard use have been made availabie to CE. Bulk RI
detection, unavoidable when the substances of interest neither
absorb nor fluoresce, is a typical example. Joule heat poses
the major challenge in the development of a RI detector
suitable for CE. Since most applications require a sensitivity
below An = 107 RIU (R units, n is the RI of the mobile
phase) and the change in RI with the temperature (dn/d7T)
for mcet solvents is of the order of 10 RIU/K at room tem-
pernture, thermal stability becomes the limiting factor in the
quast for lower detection limits.

A Rl detector, whose operational principle is based on the
interference pattern arising from side-illuminated fused-silica
capillaries, demonstrated in HPLC by Bornhop and Dovichi
(18-20), has shown promising resuits. An insightful theoretical
analysis was later given by Synovec (21), and various refine-
ments, aimed to adapt the technique to CE, was subsequently
published (22-24).

The approach given by Chen et al. (22), to overcome thermal
fluctuations inside the capillary in CE, was to partially
modulate the electric fields in a so-called analyte velocity
modulation method. The sensitivity of this detector appears
to be comparable to those attained with other methods (23,
24), but much instrumental work and applications are awaited
to fully appreciate the benefits of this technique.

Pawliszyn (23, 24) proposed a concentration gradient dif-
ferential detector based on Schlieren optics which is rather
insensitive to thermal fluctuations inside the capillary suitable
for ITP. However, as, in this method, one obtains the first
derivative of the signal, it is necessary to integrate the output
signal to reconstruct the electropherogram, and the opticsl
arrangement needs to be optimized for each separation system.

0003-2700/91/0363-2689502.50/0 € 1991 American Chemical Society
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Figure 1. Capilary tube cross section and comesponding rey-tracing
diagram for four significant reys: (a) capillary surrounded with air. (b)
capiliary surrounded with RIMF. Reflections and refrections at the
different interfaces are indicated as arrows. The different » values of
the propapating media ere represented by the density of the pattern;
e.g. air [n = 1.00] has no associated pattern, water (7 = 1.333) has
a lightar dotted pattern, and fused silica (n = 1.467) and RIMF {n =
1.467) are representad by identical darker patterns.

In this contribution we describe a RI detector based on the
design originally proposed by Bornhop et al. {18-20). In the
present instrument we introduce the use of index-matching
fluids (RIMFs) and position-sensitive photodiodes (PSDs),
in conjuction with thermoelectric stabilization, integrated into
a compact, highly aymmetric RI cell design. A detailed
analysis of the noise sources, with emphasis in the shot noise
and the noise due to thermal fluctustions, is made and used
to improve the detector. In addition, we present a model to
study the interference pattern produced by the capiliary. The
improvementa obtained in the overall detector performance
are demonstrated in the CE separation of synthetic underi-
vatized seccharide mixtures. Considering their importance
in biochemistry, food science, etc., snger mixtures wers chosen
to demonstrate the new technique. Also, it hes been recently
shown (16, 25-28} that CE represents an alternative to other
traditional (29) and electrophoretic methods (30-32) used in
the analysis of sugars.

THEORY

Index-Matched Capillary Walls. The present detection
method takes advantage of the light interferences, typical of
side-illumination of liquid-filled capillary tubes by laser light
{18-20), to measure changes in the RI (An) of the effluents.
As in the case of optical fibers (33), when coherent light strikes
a cspillary transversaly, the light is scattered over 360° in the
plane perpendicular to the capillary axis. The resulting fringe
pattern is characteristic of the capillary dimensions, RI of the
propagating media (i.e. capillary wall and orifice), focusing
proparties of the beam, and light polerization. As shown in
Figure 1, depending on their incident position and angle, the
light rays either (i) are reflected at the outer capillary surface,
(ii) enter the cspillary, propagate through its wall, and emerge
without intercepting the inner bore, {iii} are reflected at the

Light Intensity

T
¢ ¢

1 1 1
Scatter“;ﬂg Angle [dea ‘0
Figure 2. (Top) forward scattering fringe pattemn of a water-filed siica
capillary having id. = 50 um and 0.d. = 365 pm side-lluminated with
a He~-Ne laser beamn. (Bottorn) Iringa pattern for the sarme capiliary
immersed in RIMF. The scatiering angle ¢ = 0° comasponds 10 the
optical axis. The residual high-fraquency intensity modulation In the
bottom figure is most Ekely due to a slight mismaich of the RIMF
caused by temperature differencas.

inner cspillary wall/liquid interface, or (iv) propagate through
both the capillary wall and bare. Hence, the interferenre
pattern is produced by four types of scsttered rays, and
therefore is rather complex, es shown in Figure 2 (top). Some
of the fringes change their position es a consequence of
changes in the RI of the effluent. The angular shift of the
fringes, due to refractions and changes in the optical path of
the rays (34), are used to measure the effluent’s An. Without
index-roatching fluid around the capillary, it is difficult to
select a sensitive fringe which also has a high contrast. In
addition, only a very small fraction of the total optical power
is available in every fringe and sharp fringes led to a narrow
dynamic range of the detector in question. It is thus desirable
to simplify the fring pattern in order to select the fringe which
shifts the most for a given An and to direct the optical power
into these fringes.

Simplification of the fringe pattern is achieved here by
immersing the fused-silica (FS) cspillary in a transparent
liquid (RIMF) baving tbe same index of refraction as the
capillary wall (i.e n = 1.4587 at T = 25 °C for A = 632.8 nm).
This technique is routinely used to measure the core dimen-
sions of optical fibere (33). In this way, the reflections and
refractions at the external capiliary wall (i.e. type i rays) are
eliminated according to basic optical principles (34). The
overall pattern is dominsted by interferences between the rays
of type iii and iv, as ilhistrated in Figure 1b. The total number
of refractions and reflections, indicated by arrows in the figure,
is dramatically reduced from 10 to 3, resulting in a much
simpler interference pattern, as shown in Figure 2 (bottom).

Modeling of the Interference Pattern. Computer sim-
ulations have been used to predict the fringe shifts per 4n
and thus to maximize the sensitivity of the instrument. The
profile of the whole interference pattern, for the simplified
case in which the capillary is immersed in RIMF and has an
i.d. greater than 30 um, can be quantitatively described by
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Figura 3. Measured and simulated interference fringes for antd. =
50 wm capillary itnmersad in RIMF. Fringes are arbitrarily labeled
starting with 7, which is the last welkdefined and easily identified fringe
from the optical axis.

Table 1. Shot Noise Limits for Different Fringes of the
Scattering Pattera®

fringeno. n-1 n-2 n-3

position 24 133 12 deg
ang shift =223 -200 -172 deg/an
4o 1.9 53 3.2 deg
Pogt 25+ 25+ 10* uW

Sun 34x10% 23xi0° 22x10° red
An,, 87x10® 66x10% 13x107

*These values are typical for an i.d. = 50 um i.d. capillary filled
with water and illuminated by a 22-mW He-Ne laser {x = §33 nm).
The detection bandwith is assumed to be B = 1 Hz. The values
quoted with an asterisk are measured data.

a ray-tracing model which does not take into account dif-
fraction effects.

In the present optical configuration the capillary behaves
as a pseudo Mach-Zehnder interferometer and the fringes are
thus the regult of interactions between two rays. The refererce
beam (ray iii in Figure 1b) strikes the wall/buffer interface
at an angle greater than critical {e,,; = 66°} and is totally
reflected. The sampling bearm (ray iv in Figure 1b) propagates
through the capillary bore where it is refracted twice at the
wall/buffer interfaces (Figure 1). Both rays propagate through
different optical paths, and as they recombine in the far field,
they form the observed interferences. Depending on whether
the optical path difference between the reference and sampling
ray is an integer multiple or an integer muitiple plus one half
of the wavelength, constructive and destructive interferences
oceur (33, 34, ,

A computer program based on classical optics (34) has been
developed and was used to select a priori the most sensitive
fringe to An, for a given capillary diameter, known polariza-
tion, and intensity distribution of the incoming beam, for each
ray. For each scattering direction the algorithm computes the
associated trajectories of both rays and thecefore cheir in-
tensities and relative phase differences. The far-field dis-
tribution is computed by making use of coherent superposition
of rays, assuming that the incident beam is a bundle of parallel
rays with a Gaussian intensity profile. A typical result of the
measured and computed interference patterns for a §0-um
capillary is shown in Figure 3, and significant results are
summarized in the upper part of Table I.

Thermal Analysis. Once the problems associated with
the selection of a monitoring fringe have been solved, the
thermal instability in the capillary is the imiting factor in the
quest for maximum detection sensitivity, at least in CE. In
this regard, an additional benefit is observed when surrounding

Table I1. Definitions (Reproduced from Reference 38) and
Values of Dimensionless Variables for o Fused-Silica
Capillary (i.d. = 50 xm snd o.d. = 365 um) Cooled by
Naturally Coavecting Air and by a Surrounded Liquid
{REMF} in Contact with a Thermoelectric Cooling System

convecting
air RIMF
¢ = (T- Tyl dimensionless temp 1102 40.20¢
AT\ 0.843* 366t
n=r/Ry dimensionless radial rf2s r/25
coordingte
AT = characteristic temp rise 0.64* 0.64¢
iopRzn;’ k
M= +/x;AT,, autothermal param 01724 0172
Big, = overall biot no. 0.055° 1.2
hoap/ R
f(0) 0457  0.96%

1 Computed with eq A-1, at r = 0 gm. *Computed with eq A-1,
atr =Ry, =25 um. ‘%= 1 §/mbyyo = 061 Wm? K-, E = 250
Vem), 9 = 0.046 K, from ref 38. *Typical value, taken from
ref 38. £Computed using eq A-2.

the capillary with RIMFs, i.e. the possibility to further stabilize
the temperature inside the capillary in the detection region.
Because the thermal conductivity coefficients of liquids are
about 20 times larger than that of air, the swrrounding RIMF
acts as an efficient heat sink.

The support buffer in the capillary, which has an associated
electrical resistance of R = U/[ dissipates a considerable
amount of hest, up to P = 1.3 W in the present case, resulting
in various negative side effects in CE. The thermal Joule effect
associated with CE and its consequences to column efficiency
have been thoroughly studied (35-40). Of relevance to ihis
study are a detailed knowledge of the temperature profile in
the capillary bare as a function of radial position and the total
difference in temperature between the center of the capillary
(hottest region) and its surrounding at the detection part of
the tube.

In the absence of the polyimide coating, which wag removed
in the detection region and under the assumption that the only
heat source is the electrical current circulating in tbe buffer
(e.g. there is no absorption of the laser light in the detection
volume), the wtal temperature change from the center of the
capillary to the surrounding thermal bath AT can be
subdivided into

ATy = AT, + AT, + AT,y (1)

where AT} is the temperature drop in the bore, AT, in the
wall, and AT,,, in the surrounding bath.

The temperacure distribution T(r) is known (35) to be
approximately parabolic across the bore and logarithmic across
the silica wall and in the immeraion bath. According to the
theory of Grushka et al. (36, 37), the temperature profile 7(r)
within the capillary satisfies

1d 47

kr i r ar E% (2)
where E is the applied electric field, k is the thermal con-
ductivity of the buffer, and « is its electrical conductivity.
Exact solutions to eq 2 in the capillary bore have most
recently been proposed in terms of the dimensionless variables
8, AT, A, n, Bi s, and AT, defined and computed in Table
IL, by Gobie and lvory (35). In this formalism, AT}, can be
obtained by integrating eq 2 with the appropriate boundary
conditions in the capillary bore {i.e. fromr = 0tor = R, in

Figure 1) and reads

&Tb = BQT"{ (3)

Details on the evaluation of the dimensioniess temperature
# and on the characteristic temperature raise, AT, are given
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Figure 4. Temperature profile as a function of the radial coordinate
in the capiflary bore and fused-slica wall {.d. = 50 um, o.d. = 365
£m) and sarrounding media for 5 capillary filed with an agueous solution
and immersed in RIMF (lower trace) and cooled by naturally convecting
air (upper trace). Both profiles have been computed as explained in
the text.

in the Appendix, and the results are reported in Table II. It
is found that AT, = 0.350 °C when the capillary is surrounded
by air and AT, = 0.165 °C when the capillary is sorrounded
by RIMF.

The temperature drop in the capillary wall AT, can be
computed with

_EIl1, R,
AT, = E;[;z: In R—b (4)

where I is the electrical current and %, is the thermal con-
ductivity of the capillary wall. Equation 4 has been derived
from eq 3 in ref 37, by ommiting the term representing the
temperature drop in the polyimide coating. Setting R, /R,
= 7.5 as well as the other experimental values (see Experi-
mental Section) in eq 4, it is found that AT, = 0.305 °C for
both cases considered—air- and RIMF-cooled capillaries.
Finally, to compute the temperature drop in the RIMF
bath, we follow the approach used by Nelson et al. (40) to
tackle a similar problem. Accordingly (40), AT, is given by

AT, = EI/2=hR,,, 3

where R,,, is the radius of the surrounding bath. Using the
values (40) of h = 2600 W m™2 K for RIMF, h = 70 Wm™
K-! for air and taking R,,, = 1 mm, one obtains AT, = 0.125
°C in the RIMF and AT,,, = 4.63 °C in air.

AT o (€@ 2} is computed vsing the values above for ATy,
AT, and AT,,,. Finally, the total temperature deop from the
center of the capillary to the surrounding media is, for the
RIMF-thermocooled case, AT, = 0.60 °C and, for the
natucally convecting air case, is AT,y = 5.29 °C. Adding to
these values the temperature at which the thermocooler op-

Table I11. Temperature Variations (°C) across a Capillary
Tube Cooled by Naturally Convecting Air and by a
Surrounded Liquid (RIMF) in Contact with a
Thermoelectric Cooling System®
ATy, AT, ATw ATew TU=0
air 0350 0305 461 5.286 30.28
RIMF 0165 0305 0125 0.595 25.60

¢ Capillary dimensions i.d. = 50 um and o.d. = 365 um, applied
electric field £ = 25- V em™), current = 57 zA.

|m:emlv-u-ul

Aarm
{hutores)

Houting

mm‘}‘ Peflier

Figure 5. Instrumental optomechanical arrangement of the capillary
refractive index detector.

Figure 6. PSD geometric arrangement used 1o measure the fringe
deflection angle &. The width of the PSD is w and the fringe angular
spread (spot size} is o. A null signal is produced when the center of
gravity of the fringe is centered on the PSD.

erates (i.e. typically 25 °C), one obtains the value of the
temperature at the center of the bore. For the RIMF-cooling
case it is found that at the center of the bore T(r = 0) = 25.60
°C and for the naturally convecting air-cooled case T(r = 0}
= 30.28 °C. A summary of the temperature calculations is
presented in Table II[. Temperature gradients and thus
thermal noise are localized in the neighborhood of the inner
and outer capillary wall interfaces (Figure 4).

Position-Sensitive Diode (PSD). A An in the capillary
bore results in an angular displacement of the scattering
fringes. The shift of a selected fringe is measured with a PSD
which, upon calibration, gives an electrical signal proportional
to An. Although most high-resolution position sensors are
huilt with dual photodiodes (23, 24), for this experiment, PSDs
were found 1o be quieter, especially at frequencies below 1
Hz; most certainly due to the fact that PSDs are made of a
single silicon chip and therefore their characteristics are
constant over the whole device (41-43). Moreover, state of
the art PSDs are known to have good linearity and low dark
current properties which make them attractive for applications
requiring very high resolution (44).

The optical zrrangement which has been used to measure
fringe shifts is shown in Figure 5. The light from one fringe
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is directed to the detector and forms an elliptical spot whose
center of gravity is centered on the detector (Figure 6). As
the spot moves across the active area, cutput currents [, and
Ig are generated which ere proportional to the distance be-
tween the location of the center of the spot and the end
contacts of the detector (44). To produce a signal with zero
output for a centered spot, which in addition cancels the
intensity fluctuations of the light (e.g. due to laser noise}, the
complementary cutputs currents of the detector are wired to
yield

In-Ig
I + I

The angular resolution of the detection scheme depends
on the width of the selected fringe as well as on the ratio of
the PSD width to the spot size. This ratio is given by the
distance from the capillary to the actual PSD location. In
order to determine the geometric configuration which would
render the highest sensitivity and to calculate the value of the
shot noise limited angular shift, the following analysis is made.

For g narrow light spot at a distance § away from the center
of the detector (Figure 6), the difference between the two
photocurrents, as obtained after the substraction in the PSD
circuit, is (43, 44)

2
Ia-Ig= I3} = sP‘,pt-u:é {7)

Vo) =

(6)

where v is the PSD width, P, is the total optical power within
the spot, and s is the spectral sensitivity of the detector (i.e.
s = 0.35 A W at A = 633 nm for the Hamamatsu $1352
employed (41)). If the light intensity is distributed over the
whole surface of the detector rather than on a point (Figure
6). the detector response can be calculated by adding the
contribvitinns of each point (49). For & normalized Gaussian
distribution having a width ¢ and with the center of gravity

at position &, it can be shown that
[--(‘1—3) ] o ®

wf?
29 1
13) = sP, f
oot -w,u‘z 0\; 2“

Furthermore, it can be verified that for small angular dis-
placements (i.e. § < w) around & = 0, the sensitivity can be
expressed as

g;G(ao)=

a3
%fﬂ 2
1{ @
sP xp[—-(-) ]d&—
* oy 211'[ 2«,‘0 2\e
' 1f2)?
o AE]] o
where a = 40/w is the cspect ratio of the spot size to the

detector width. Figure 7 shows that the behavior of the
sensitivity G end of the relative sersitivity o vary according
to eq 9. The curve for the relative sensitivity displays an
almost linear increase near zero followed by an exoonential
decay for large velues of the cspect ratio. These results
irdicate that in orcer 1o obtzin the best performarce, the PSD
must be operated at a distance from the capillary where the
selected fringe end the detector width leads to an aspect ratio
ofa =09 .

Shot Noise. Among 2ll the pheromena which limit the
smallest megsureble engalar shift, shot roise sets an u'timate
liznit which is given by the rature of light itself. The shot noise
limit therefore constitutes a valuable benchmark and allows
the determination of the margin left for the improvement of
the optical detactor.

To celculate the shot noise limit for the present optical
configuration, it is assumad that the zngular position of the

1.0
0.8
g
]
2064
o
o
H
]
E 04+
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""qu‘“w mmmmmmm
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o 1 2 3 4 5 6 7 8
Aspect ratio a = doiw
Figure 7. Theoretical sensitivity of a PSD detector for a Gaussian spot
as a function of finite width.

selected fringe moves sinusoidally about the center position
with an amplitude & and at a frequency Q. The expression
for the output detector signal can be derived from eq 9 as

It} = 5P,y 0375 sin (91 (10)

where the factor 0.37 arises from the evaluation of the max.
imum sensitivity (in eq 9). The corresponding signal power
is therefore

2
() = (ornsp.,,.t ) (1)

The power spectrum of the shot noise is known to be white
(t.e. flat) and its density (/,.?) is proportional to the optical
power reaching the detector (45). To take into account that
both the ({4 = Ig) and ([, + [g) outputs generate independent
noise contributions to the useful signal (eq 10), the total shot
noise power becomes

(Ial) = 4BesP,, {12)
where B is the detection bandwidth and e is the elementary

charge. Shot noise limited detection is reached when the signal
power (eq 11} equals the shot noise power {eq 12), i.e.

URYEE
o/ s Py

BeZ- —1.11 (13

Substituting in eq 13 typical values for this experiment (e.g.

=1Hz, s =0.35, and P, = 25 uW), one obtains (§/4),, =
1 X 108, Furthermore, eq 13 is used to compute the shot noise
limnits associated with various fringes employed in the present
measurements (Table 1). 1t is found that shot noise limits are
very similar for the last three fringes (n -~ L,n =2, and n -
3) with associated values which are only 1 order of magnitude
smaller than the measured noise value of An = 2.5 X 107 (see
Results). For optical powers below about 10 uW, the thermal
noise level of the electronics becomes comparable to the shot
noise, and therefore would set new detection limits.

EXPERIMENTAL SECTION

RICell. The best thermal stability in the cell is achieved when
the thermocooler system is set at a temperature slightly higher
than ambient. The resulting ca. | °C temperature gradient is
localized near the cell windows and is directly correlated to a n
gradient in the RIMF and fused silica 2ccording to their dn/dT
thermal coefficients. Small fluctuations in the temperature around
the exit air/window/RIMF interface, in contact with the envi-
ronment, introduce an additional source of noise if a flat exit
window 15 employed.

In 2 cell constructed with two plane parallel windows, the
incoming laser beam crosses the entrance air/window/RIMF
interface at 90°, and the n gradient does not alter the light.
propagating path {i.e. ro refraction). Hov-ever, at the exit window,
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Flgure 8. Ray path of a significant ray crossing a R1 cab fitted with
two flat windows {(a) and crossing a cell having a flat antrance window
but a cylindric exit window coaxially placed to the capillary axis (b).
Refractions are indicated as arrows.

the rays are scattered at all angles and the propagating ray is
refracted as it crosses this last interface, as illustrated in Figure
8a. Small fluctuations in the temperature around this interface,
which is in contact with the environment, cause the reys to change
their paths and introduce additional noise.

This source of noise was eliminated by replacing the fiat exit
window with a cylindrical one, placed coaxially with respect to
the capillary tube, as indicated in Figure 8b. In this optical
arrangement the scattered rays cross the exit window perpen-
dicularly, independent of their scattering angles, thus avoiding
refraction.

The design of the cell takes into account the effects discussed
above. The capillary tube and the flat entrance window are
mounted and sealed with a pair of “O" rings and screws whereas
the cylindrical exit window is epoxied to the cell body., The
capillary is coiled into a greave around the external part of the
aluminum block before it enters the chamber filled with RIMF
after crossing a region in contact with the Peltier element. The
Peltier element (Melcor, FC 06.6605L) is in contact with the
capillary tube 5 mm before it enters the chamber filled with RIMF.
A calibrated thermistor (ILX Lightwave DL 890884) is placed
on the opposite side of the thermocooler. in close contact with
the capillary tube in a small hole in the aluminum block. Both
elements are driven by a thermoelectric system (ILX Lightwave
Model LDT-5412). When no electrical current flows through the
buffer, the short-term thermal stability (r = 1 s) of the system
is better than 2 x 107 °C and has a typical drift of less than 1
X 102 °C kY,

A good RIMF should have a refractive index as close as possible
o the value of the FS, have a small dn/dT coefficient, nat be
photodegrade. and have a good transmittance. We employed a
commercial RIMF oil (Nos. 19562 and 19571, R. P. Cargille
Laboratories Inc., Cedar Grove, NJ) having n = 1.457] and drn/dT

= 3.86 X 10~ RIU K at 25 °C.

R] Detector. A diagram of the experimental setup is shown
in Figure 5 and has been constructed using commercial parts
(Spindler & Hoyer, Germany).

A very important aspect to be considered in the overall design
of the instrumnent is that the R1 detector measures An originated
not only at the capillary bore but at any point of the optical path
from the laser output coupler to the PSD. The laser {Uniphase
No. 1103P), optical isolator (constructed with a polarizing filter
and a A/4 plate, Dr. Steeg & Reuter, Germany, Nos. 011110 and
042005, respectively), focusing optics, and cell are therefore
mounted on four sliding stainless steel rods (S & H Na. 061216)
in contact with each other to prevent air flows in the beam path.
The laser beam has a diameter of 600 um and is focused into the
capillaty bore with a f = 40 cylindrical lens producing a beam waist
of ca. 23 X 600 zm in the capillary bore. The cell volume, defined
by the capillary i.d. and the beam waist, for a 50 um i.d. tube is
1.2 nL. The fringe selected for the measurernent is directed onto
the PSD (81352, 2.5 X 34 mm, Hamamatsu, Japan) using a mirror.
An autozero for the instrument is canstructed by feeding the
output of the PSD into a servo system {No. MMC-QR-030024-
02LD-00A, Maxon Motor, Switzerland) which drives the PSD to
the desired position by means of a DC motor {No. 2230F0112S,
Faulhaber, Germany).

Capillary Electropboresis. The Ce results reported here hove
been performed in an id. = 50 pm, o.d. = 385 pm fused-silica
capillary (Polymicro Technologies, Pheenix, AZ) where 5 mm of
the polyimide coating were removed for detection. The home-built
CE apparatus hes been previously described (10, 12). Data ac-
quisition was performed with the Nelson software package
(Perkin-Elmer, Switzerland) on an IBM AT computer.

The chemicals needed for the preparation of the electrolyte
solutions were purchased from Merck (Darmstadt, Germany) and
the carbohydrates from Fluka (Buchs, Switzerland).

RESULTS

The overall sensitivity of the RI detector depends mainly
on the size of the capillary tube employed and to a leas extent
on the fringe selected for the measurement. For the 50-um
capillaries and a time constant of r = 1 5 (B = 1 Hz) the
short-term RMS noise (i.e. “grass™)} is 2.5 X 10°® RIU corre-
sponding to a thermal stability of 2.5 X 10™ °C camputed with
the Nelson software (Figure 9). With only the inherent time
constant of the PSD amplifiers (i.e. < 1 ms), the noise level
rises to 1.8 X 10°? RIU. In both cases, the baseline drifts are
about 2 X 108 RIU h™'. These performances were obtained
using the RI detector in a flow mjection analysis mode (F1A)
under constant, pressure-inducad flow conditions using tbe
fringes labeled (n - 1} and (n ~ 2} in Figure 3 appearing at
24 and 16° from the optical axis. These fringes shift 210 =
10°/RIU (Table I). Combining this information with the noise
levels, it is found that the fringe deflection stability of the
apparatus is 100 n-radians (6 u-deg).

For the typical widths of the selected fringes, the optimum
working distance from the capillary for the PSD is approxi-
mately 28 cm {see Position-Sensitive Diode subsection). In
this position the minimum measured angular deflection of 100
nrad corresponds to a position resolution capability of 3 X 1072
um or 1 order of magnitude better than the manufactured
specification {41, 42), which is 1 um.

Unfortunately, in CE one cannot make full use of the above
reported sensitivities because of the heat produced by Joule
effect. The degrading effect that voltage and current have
in terms of baseline drift can be seen in Figure 10. Although
the short-term noise does not significantly degrade with in-
creasing £ and [, the baseline medium term drift (ie. 7 = 1
min) degrades at a rapid pace and, at currents higher than
80 pA, the noise reaches a level unacceptable for CE exper-
iments.

The linear dynamic range of the apparatus extends from
the achieved sensitivity up to 1073 RIU, which corresponds
to 4 orders of magnitude in the present case. This has been
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Figure $. Sensitivity performance of the RI detector operator in the
FIA mode with an id. = 50 um capillary. The peak corraspornds to
an injection of 0.5 ul of saccharose aqueous solution calibrated to
produce a An= 10 X 10 RIU.
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Figure 10. Degradation gf the baseline of the R1 detector in the CE
mode with incraasing voltage (£) and current (f).

determined frorm a double logarithmic plot of output signal
vs Rl constructed using saccharose solutions having concen-
trations ranging from 58 ¢M to 150 mM (2 X 1073% to 5%
w/v} operating the instrument in the FIA mode (R = 1.000).
The lowest measured detection limit for saccharose at S/N
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Figure 11. Electropherogram of a mixture of five underivatized sac-
charides. The peaks are identified as buffer (D), saccharose (1),
N-acetylighicosamine (2), cellubiose (3), impuwrity (4). M-acatyl
galactosamine (5). and lactose (6). Conditions: each 1% except for
saccharose, 0.5%:; buffer 100 mM tetraborate, pH 9.; capillary length
70 cm, 55 to detector; i.d. = 50 um; CE voltage, 14 kV; current, 50
#A; injection time 7 s at 12 kV; thermocooler temperature 27 °C;
interterence fringe, n - 2.

= 2is 10 uM. At An > 107 RIU, the fringe selected for the
measurement “walk away” from the PSD and strong devia-
tions from linearity are observed.

An electropherogram of a mixture of five underivatized
saccharides is shown in Figure 11. The first peak (0), ap-
pearing at ¢t = 16 min, results from the difference in the n
values of the buffer and the sample and serves as an elec-
troosmotic flow rate marker. The remaining peaks correspond
to saccharese (1), N-acatylgiucosamine (2), cellobiose (3),
N-acetylgalactosamine (5), and lactose (6); peak (4) is an
impurity. The injected volume is 6.6 nL. corresponding to 33
ng of saccharose and similar amounts for the other species.

Most sugars are neutral species and therefore not eligible
for CE. This difficulty can be overcome in borate buffers (25}.
Borate complexes sugars (44, 48) into two types of single
negatively charged species. The magnitude of the charge and
thus their electroosmotic mobility depend mainly on the
concentration of borate—bigher concentrations leading to
more stable complexes (25). Borate solutions (100 mM) were
employed as support buffers to ensure stable complexations
resulting in electrophoretic currents atypically high for an i.d.
= 50 pm tube. :

Six forms of sugar coexist in aqueons solutions, a- an
B-pyranoses and -furanoses, as well as the open-chain and
hydrated forms (see Figure 1 of ref 25), multiplying the com-
plexation possibilities. Only saccharase does not form com-
plexes and therefore appears as the sharpest peak in the
electropherogram (Figure 11). The broadening observed in
the remaining pesaks is due to the complexation effects rather
than to column overloading. For this reason saccharose was
chosen to determine the separation efficiency of the system
(47). The best theoretical plate nurnber, N, was obtained by
electrokinetically injecting 6 mM saccharose solutions for ¢
= 2sat E = -11 kV (ssccharose has an electrophoretic mo-
bility (25) of ey = 3.3 X 10 em? V-1 571), resulting in N =
1.6 X 105

Under identical FIA experimental conditions, a higher R
sensitivity is obtained with a 100-zm capillary than with the
50-pm capillary employed here, However, in CE the electric
current is proportional to the area of the capillary cross section
and therefore to the square of its radius (i.e. area = =R, and
I « Ry%). The current is expected to increase 4 times for a
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capillary twice the diameter, for identical voitages across the
capillary and under stable CE conditions. In the elec
tropherogram shown in Figure 11 the current derived with
a 50-um tube is 57 pA. For an i.d. = 100 um tube under
identical electric field the current would be 228 uA, a value
at which the buffer would have already boiled even before this
current value was reached (40). The choice of the capillary
dizmeter for the present experiments was thus the result of
a compromise between these two opposite factors.

DISCUSSION

A smooth temperature gradient inside the capillary bore
leads to a smaller temperature fluctuations in the buffer (see
Thermal Analysis subsection). This, in turn, corresponds to
small AT and AT, valuas as desired, and vice versa,
Therma! fluctuations are responsible for the observed noise
in the baseline, thus precluding the instrument to operate at
the expected shot noise limit. Larger turbulences in the optical
path, associated with large temperature gradients, are located
near the buffer/capillary wall and capillary wall/RIMF or air
interfaces as shown in Figure 4. In order to retain sufficient
sensitivity to be able to performn CE using RI detection, the
use of g very efficient and stabilized thermal bath at the
measuring region is imperative. Furthermore, it is apparent
from inspection of eq 4 that AT, decreases with smaller R,/ R,
rating for both cases studied, indicating that faster heat dis-
sipation is obtained when thick-wall capillaries are employed
(40).

Angular deflections slightly better than the here obtained
100 nrad have been achieved (24) through the use of quiet
¢lectronics and using a very stable LED light source in a test
bench with a bicell as PSD. However it will be very difficult
to realize these 2-fold improvements in a real system subject
to matarial expansions and mechanical vibrations and em-
ploying much noisier laser light.

A comparison betweean the present results (Figure 11}, ob-
tained without the use of RIMF, PSD, and thermocooling (e.g.
with an instrument ea that proposed by Dovichi et al. (18-20),
would have been interesting. However, no such information
exists in the literature and, from our experience, the S/N
ratios obtained under CE conditions witb such an experi-
mental setup were much worse than those shown in the
bottom trace of Figure 10 a5 a consequence of inefficient heat
dissipation, precluding the experiment 10 succeed. This most
likely explains the absence of this information in the literature.

The approach to achieve higher stability of the sugar com-
plexes given by Hoffstetter-Kuhn et al. (25) was to increase
column temperature using moderate concentrations of borate
(as compared to those here used, e.g. 60 mM) obtaining similar
separation efficiencies. Absorption detection at 180 nm wes
possible in this case because borate was found to induce a red
shift in the quartz UV absorption profile of the studied sae-
charides. To increase the temperature while retaining high
buffer cancentration and thus to profit from both complex-
ation mechanisms, our experimental setup would have to be
modified. Separation and detection, with the present inte-
grated cell design, can only be carried out at identical tem-
peratures. To realize different temperatures the separation
part of the capillary should be separated from detection as
usually done in other separation techniquas.

Admittedly, the chemical system selected to demonstrate
the instrumental capability was not the most snitable if one
considers that high buffer concentrations were required. For
a chemical system such as peptides or small ions, requiring
lower buffer concentrations in the separations or for hy-
phenation of this RI instrument to conventional and micro
HPLC (i.e. small or no Joule effects, respectively), the use of
larger i.d. capillaries (e.g. 75 or 100 xm) would be more ap-
propriate.

CONCLUSIONS

The present work extends the scope of RI detection to the
CE damain. The performance delivered by the described
instrument is comparable 0 or better than, in terms of sen-
sitivity and linesrity, that offered by alternative universal
methods such as electric field modulation (22), differential
methods (24), or indirect absorption or fluorescence techniques
(49) which were the goals of the present investigation.

The ultimate detection limits for this instrument, given by
the shot noise, have not been reacbed. Instrumental im-
provements and intensive application work aiming to approach
the theoretical Limits are now being undertaken.

It must be noted that the use of RIMFs to improve in-
strumental performance is not restricted to RI detection. It
has been proposed (50} that the use of RIMFs should also
benefit absorbance and fluorescence detectors employing
capillaries. Indeed, it has been just demonstrated that RIMF
is a very effective means to improve the sensitivity of
fluorescence detection in CE (51).
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APPENDIX

Dimensionless Parameters. In terms of J; (fori = 0, 1),
the Bessel functions of the first kind ¢ is given by (38)

) Jo(Am) — Jo(A) + Bi, J,(A)

" Y (&1

where the function f(}), representing the autothermal effect
(38), is given by

f(x) = Jy(A) - Jl()\) (A-2)

The Bi,, parameter appearing in the denominator of eq A-2
is the overall biot number defined in Table IT where, in ad-
dition, the computed values of 8, f()\), and Bi,, are reported.

The heat-transfer coefficient, h_,, for a bare capillary (i.e.
without the polyimide coating) can be evaluated using (35)

whete k., is the thermal conductivity of the wall and h, is the
surface heat transfer coefficient (k) and k,, = 1.5 W m™ K*L.
For liquid-cooled capillaries h, is so large that the last term
in the denominator can be neglected (35} and h,, = 3.0 X 104
Wm?K.
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Chapter 3 Laser-Based Refractive Index Detection
for Capillary Electrophoresis: Ray-
Tracing Analysis
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Laser-based refractive-index detection for

capillary electrophoresis:
interference theory

ray-tracing

Beat Krattiger, Alfredo E. Bruno, H. Michael Widmer, Martial Geiser, and René Dandliker

The fringe pattern observed in a far field after a laser beam illuminates a fused silica capillary immersed in
a refractive-index matching material and filled with an analyte fluid is exploited to develop a sensitive
optical detector for capillary chemical analysis. The inner capillary interface splits the laser beam into a
reflected bearn fan and a refracted beam fan, which, on overlapping in the far field, lead to interferences.
The intensity and the position of the fringes for capillaries with 250 ym = i.d. {inner diameter) = 25 pm
are well ceproduced by the presented model. The calculation predicts the fringe pattern for various
beam/i.d. geometric configurations and is used to optimize the performance of the nanoliter—picoliter
refractive-index on-column detection studied. It is found that the best contrast corresponds to a
capillary that is illuminated with a beamn waist of wq ~ i.d./12, which is off-center focused with an offset of
$ ~ id./2. For a given interference pattern, the fringes that are found to be more sensitive to An are
those that appear near the optical axis but still retain high intensity and contrast. The sensitivity
increases approximately linearly with the fringe number, and the maximal fringe number increases

proportionally with thei.d.

1. Introduction

The development of nanoliter-picoliter optical detec-
tors for capillary separation techniques, such as
capillary electrophoresis (CE), is gaining considerable
importance in chemical analysis. Indeed, CE repre-
sents the trend in fluid-phase chemical separation
sciences.! Several aspects, including speed of analy-
sis, high resolution, and efficiency account for the
acceptance of this technique.? High electrical fields
across the capillary ends force the ionic species to
migrate through a buffer-filled capillary. The differ-
ent species travel at different speeds according to
their charge, size, or both. However, the high resolu-
tion delivered by CE is often lost at the detection
stage, which is most conveniently done by optical
methods,? as a result of hyphenation with relatively
insensitive detectors.

Becanse the separation performance increases with
a reduction of the inner diameter (i.d.) of the capillary
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tube employed in CE separations, there is a growing
demand to upgrade low-volume detectors used in
high-performance liquid chromatography* (HPLC) or
to develop new detectors that are specifically suitable
for CE.* Refractive-index universal detection (i.e,
detection that responds to virtually all compounds),
which is the third most important detection choice in
HPLC after absorbance and fluorescence, has not
been made available to CE until recently and then
only in research laboratories (i.e., no commercial
refractive-index detector exists to date for CE).

An issue in the quest to develop nanoliter or
picoliter detectors for capillary techniques is that
sensitivity is compromised when the i.d. of the tube is
reduced. Primarily because of their spatial coher-
ence, lasers have led to the development of a series of
novel optical detectors that feature impressive detec-
tion limits. Dovichi® and Bruno et al.® have suc-
ceeded in developing an on-column laser-based refrac.
tive-index detector as well as various related thermo-
optical detectors that display sensitivities that are not
linear with respect to path length, as is the case in
absorption or fluorescence.

Further instrumentsl developments in the original
design’#8 of the refractive-index detector of Dovichi et
al. demonstrated in HPLC and flow injection analysis
(FIA) were made in our laboratory.¥ We demon-
strated the use of refractive-index capillary detection



in CE for the analysis of underivatized saccharides in
i.d. = 50-um tubes. This instrument featured refrac-
tive-index matching fluids (RIMF’s) and position-
sensitive photodiodes.

A far-field interference pattern is observed®-!! when-
ever a coherent light beam strikes a transparent
cylindrical object such as an optical fiber!® or a
capillary tube. The angular fringe displacement that
is due to changes in the refractive index in the core of
the capillary, An;, corresponds to phase shifts be-
tween the two recombining rays, the TIR (tatal
internally reflected} ray and the TP (transmitted
prohing) ray {Fig. 1) and constitutes the output signal
of the refractive-index detector. In a previous pa-
per? we demonstrated that, as in the case of step-
index fibers,'® the complex light-scattering pattern of
freestanding capillaries is greatly simplified after
their immersion in a matching material, which re-
sults in a geometric configuration siich as that shown
in Fig. 1. This translates into manifold benefits for
the performance of the CE detector. The number of
fringes is reduced and the light intensity in the
remaining fringes is larger than it would be otherwise.
In addition, the RIMF acts as a heat sink that reduces
the thermal noise associated with Joule heat in CE.

Here we present a theoretical model based on
geometric optics (ray tracing) that accurately repro-
duces recorded fringe patterns of capillaries with 250
pm = id = 25 pm. (Although CE is performed
with capillaries with i.d. < 100 pm we extended the
analysis to larger i.d.’s for those interested in using
the refractive-index detector for HPLC.) The model
is used to calculate the fringe shift as a function of the

Fringes
TIR-ray
Intensity distribution
TP-ray of incoming beamn
Waist
Offset

Fig. 1. tllustration of the optical arrangement of the refractive-
index detector for CE, which resembies a Young double-stit interfer-
ometric arrangement. The fringes, which are formed by the
coherent addition of the exiting TP and TIR rays, are represented
as moiré structures in the figure.

refractive-index change Ar; for a given capillary i.d.
and beam waist. The path-length dependence of the
fringe sensitivity as a function of id. and fringe
number is investigated to find geometric configura-
tions that should render higher instrumental perfor-
mance.

2. Theoretical Model

A. Introduction to Theory

As indicated by Watkins,!! because the capillary
dimensions considered here are much larger than the
illuminating wavelength, ray-tracing methods are
adequate todescribe the optical problems encountered.
These ray-tracing methods are simpler and easier to
implement than those based on wave theory. Be-
cause the capillary is immersed in an RIMF the outer
capillary wall is optically dissolved, as illustrated in
Fig. 1 of Ref. 9; the total number of reflections and
refractions is thus reduced from 10 to 3 as the
number of interfering fans is reduced from 4 to 2.
The optical device under investigation consists of only
a cylindrical string represented by the fluid-filled
capillary bore embedded in a large surrounding media
with the refractive index of fused silica. The illumi-
nation consists of a set of parallel rays that interact
with the fluid string in the capillary bore, in which the
following effects are considered (Fige. 1 and 2): .

(1) Snell’s refraction law is used to relate the ray
impact height x7e to the ray output angle a.

(2) Reflection law determines the dependency be-
tween the ray impact height atiz and emerging an-
glec.

(3) Depending on the impact height xpp, the TP
ray undergoes a phase change that is due to the
refractive index in the fluid string.

{4) The TIR ray undergoes a phase shift at the
reflection, depending on its angle of incidence, its
polarization, and on the refractive indices n; and n,.

() Because of the divergence lens and the mirror
effect of the capillary, both rays suffer an intensity
decrease, depending on their impact height and dis-
tance to the detector.

(6) The intensity of the TP ray is further de-
creased because of reflections of parts of the ray at the

TR

: bt
e =
Ees

L

Fig. 2. Geometric parameters used to describe the paths of the
TIR and the TP rays.
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two fluid string-fused silica interfaces. This inten-
sity decrease also depends on the polarization, the
angle of incidence, and on the refractive indices n; and
n,.

(7} Theilluminating beam has an intensity profile
{i.e., Gaussian) that defines the initial impact intensi-
ties for both rays.

The Anal aim is to calculate the interference pat-
tern in the far field J{a) as a function of the scattering
angie « while taking into account effects (1)-{7). To
simplify the formalism, we derive all equations as
functions of Hrp = xrp /R, which is the reduced height
with respect to the capillary radins B. It should be
noted that, unlike that of Watkins,!! the present
model now includes effects (4)(7).

B. Ray Tracing and Phases

Only the realistic case in which the refractive index »;
in the core is smaller than n, of the capillary wall and
the surrounding propagation media is considered
here (e.g., the use of aqueous buffers with n; = 1.332
and fused silica capillaries with n, = 1.457). The
laser beam, propagating in the z direction, strikes the
capillary from one side perpendicularly to the capil-
lary (the y axis); i.e. the discussion is restricted to a
two-dimensional system.

Depending on the entrance height, the capillary
core splits the incoming beam into a TP ray and a TIR
ray. As their original phases are altered, both rays
interfere subsequently in the far field. In other
words, the capillary acts (1} as a beam splitter, (2} asa
dephaser for the incoming rays, (3) as a diverging

the reduced impact height of the TP ray, and xp is
the impact for the incoming TP ray (see Fig. 2).

The necessary condition for the two beams TP and
TIR to interfere in the far field is that they be parallel,
i.e., that they emerge in the same direction « (Fig. 2.).
In this case the entrance height Hpg of the TIR ray is
related to the entrance height Hyp of the TP ray by

1
Hpg = N [(N? — Hpp?)V3(1 = Hyp?)V2 + Hpp?]. (2)
Using definitions (1a), (1b}, and Snell’s law, we find
that the refraction angle o = 29 (Fig. 2) is given by
of Hrp) = 2[aresin(Hyp /N) — arcsin{Hpp)]. (3}
From geometric considerations (Fig. 2) it can be
shown that the optical path lengths OP (ie., the

geometric path multiplied by the refractive index of
the propagating media) for the TIR and TP rays are

given by
2R
OPyg(N, Hre) =~ [(N = Hap)(1 = Hag?)!”?
+ Hpp(N? - Hp)'73), (4a)

OPp(N, Hrp) = 2RBn (N2 — Hyp®)'/% (4b)

According to the Fresnel equations for TIR,'? the
TIR ray undergoes a phase shift ¢, as a function of
the angle of incidence, namely,

. N2(1 _Nz) 1/2

®, = ~2arctan| = Heof(1 N2 — (N2 = Hyp D2 LA P (5a)
N1 - N?%) v

¢, = '2m(IHTP2[(1 - N2 —(N% - Hy?) 2~ 1] )’ =

mirror for the TIR ray, and (4) as a diverging lens for
the TP ray (see Figs. 1 and 5). The overall system
thus performs like a Young double-slit arrangement.

To simplify the analysis it is convenient to intro-
duce three reduced variables:

n;
N=—x<1, {la)
Xp
HTP=F’ 0 = Hyp < Hpgeo {1b)
XTIR
Hoyg = =’ Hegoy < Hyr < 1, (le)

where R is the capillary internal radius {i.e.,
R =1d./2), N is the reduced refractive index, Hyp is
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where the subscripts p and s refer to parallel and
perpendicular polarizations, respectively,
Introducing these additional phase shifts @, that
are due to the TIR, we find that the total phase
difference between the interfering rays is given by

2
= (OPyp — OPppg) — @, (6a)

\'P(H'rp, N) = N

which, by using Eqs. (4}, becomes

411'Rn¢ HTP - N
A N
x [(1— Hpp?) 2 — (N? - Hyp?) 3] - @, ..
(6b)

W(Hpp, N} =




C. Fringes and Sansitivity

Assuming that the amplitudes of the two emerging
rays are the same (constant for all scattering angles),
the far-field light intensity is simply proportional to
1 + cos() (Fig. 3). The fringes are conveniently
labeled by the fringe order

vy
m=g= (7)

where m = 0 corresponds to the outermost fringe
(0 = o) for which the phase difference is 0. The
magnitude of m increases toward the optical axis
(Hpp = 0) where the fringe labeled m,,,, appears (note
that m is negative and the subscript max refers to its
magnitude only).

The phase difference [Eq. (6b)] reaches its maxi-
mum value for emerging rays propagating along the
optical axis (i.e., Hyp = 0, a = 0) and its minimum for
rays striking at the critical angles where reflection
and refraction coincide (i.e., Hyp = H,,), which, from
Snell’s law and Eq. {1b) (Fig. 2) occurs at

Hypx = N. (8)

Atm = 0, the TIR and TP rays overlap at the capillary
interface and the distinction between the TIR and the
TP ray is no longer meaningful. The geometric path
difference and also the phase shift ® [Eqs. (5) and
(6b}] vanish at this point.

The maximum fringe number m,, occurs at V..
Taking into account that the phase shift & = -«
{Egs. (5)) and using Eq. (6a), we find that

Vo 2R{n; — n,) + 0.5 "9

Mmax = "5 = A @)

For illumination with A = 0.633 pm (He-Ne laser)

and for a 25-pm-i.d. capillary with An = n, — n, =

0.125 (water-filled fused silica capillary), one gets

Mma = =4, which indicates that a total of 5 fringes

are expected to occur, withm = 0, -1, -2, -3, and
=

o
e

ot
wn
1

Intensity [arb. vnits)
<

0.5
0.0- I
0 10 20 30 40 50
Scattering Angle {deg ]
Fig. 3. |deal fringe pattern (equal intensities of interfering rays!

versus scattering angle o for a water-filled capillary with i.d. = 100
pmand N =0.914.

As the current interferometric setup corresponds
to a device that is used for the measurement of
refractive-index changes, it is convenient to define an
instrumental sensitivity S, which is considered as the
differential change of the phase with refractive index
and normalized to the fringe width (AW = =), that is,

(10)

Neglecting the phase shift @, that is due te the
TIR, we derive the sensitivity S from Eq. (6b) as

4R (H.
S=5 l;%‘f (V% = Hye2 = (1 = Hrg?P)

(N — Hyp)
+ ml ' (113}

Equation (1la) indicates that as Hrp increases
aV¥ /3N decreases. The largest phase change for a
given AN (or An;} would then be observed for the
fringe appearing on the optical axis, as seen in Fig. 4,
which shows the dependence of S on the scattering

angle «. InFig. 4 the maximum value of S is then
4R
Smax = < {11b)

which indicates that, in the absence of a phase shift
that is due to the total reflection, the maximal
sensitivity to the capillary size increases linearly with
the capillary dimensions.

D. Ray Amplitudas

If the intensities of all interfering rays were the same,
the best monitoring fringe (tbe one used to track the
fringe shifts) for refractive-index detection would be
the one appearing near the optical axis. However,
fringe patterns reveal low fringe contrast in this

Lt
=
e

3

100

Sensitivity S Hringe/RIU)

<
4

1 o

c 2 4 6 & 10 12 14
Scantering Angle (deg]

Fig. 4. Sensitivity S as a function of scattering angle o for a
100-pm-i.d. water-filled capillary. § is maximum for axial rays,
where the longest possible optical path through the sample occurs.
RIU, refractive-index unit,
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region because the TIR ray carries low intensity
compared with the TP ray.

The TIR ray does not suffer amplitude losses
because of Fresnel’s formulas!? at the capillary inter-
face, but the TP ray is partially reflected at both

interfaces as it twice crosses the fused silica—flmid

string interface (effect 6.  The total amplitude trans-
missicas for both polarizations T, and T, can be
cormnputed by multiplication of the Individuat ampli-
tude transmission ooeﬂiclents given by the Fresnel
formulasi? as

4N2(N2 Hpp?/2(1 — Hyp? )42
Tp(Hyp) = [(NZ— Hep®)/2 + N¥(1 - Hﬂ2)1/2]2 . (20)
T,(Hpp) = 4(N2~ HTp 2/2(1 ~ Hoyp?)H2 o

[V~ He® % + (1 - Hr® P

In addition, the radius of curvature of the capillary
wall introduces a divergence effect in the (x, z) plane,
which also contributes to the attenuation of the
intensities for both rays. This effect can be ac-
counted for by invoking power conservation in tbe
beam before and after the capillary, ie., Poy = P,
where P is the total optical power over the whole cross
section. The geometric beam cross sections before
and after the capillary (see Fig. 5) are AxAy and
(Acuz)Ay, respectively, and power conservation thus
yields

LnAxdy = I, (Ocut)Ay (13)

The intensity attenuation D? for the rays in the far
field at a distance u from the capillary axis, if we take
into account the spreading of the rays, is given by

I 1 8x

Dr(Hrp) = 7 = |= == (14a)
1, 1 dxerp

Du¥Hre) = 7= = [=—== (14b)

The corresponding factor for the amplitude attenua-
tion is D. Because Dry? can be only positive and

A

! =z

Fig. 5. Intensity attenusation that is due to the curvature of the
inner cspillary wall.
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dxrw / dnis negative, only the absolute values are to be
coasidered. It can be shown that they can be written
as

| R (1= Hef) (N - Hrpy2
Dp?(Hrp) = 2u (1 - Hpp?2 — (N2 - Hﬂz)lﬂ’
(15a)
—_ 211/2
Dug{Hrg) = 2 L (15)

u

Finally, the complex amplitudes A associated with
both rays, in terms of Hyp, OP, T, and D, are given by

Arp = T(Hye)Drp(Hrplexpli OPrp(Hrp)), (16a)
A = Dym(Hrp)exp{iOPrr(Hre)). (16b)

The far-field light intensity I that is obtained by the
superposition of the two rays is given by12

I(N,Hrp) = |Arp + Arr|? = (Are)?

+{Arr)? + 2A7pAmip cos W(N, Hrp),  (17)
where tbe relative phase ¥ of the two rays is given by
Eq. (6b).

The weight of the two attenuation factors D and T
is different. Dyp and Dy strongly dominate over
the whole fringe pattern, whereas the influence of T'is
small and visible only for scattering angles greater
than a = 40°. For this reason T can be omitted in
the calculation unless the zero-order fringe (m = 0} is
investigated.

Typical fringe patterns, as the one shown in Fig. 6
for a 100-pm-1.d. capillary, have been calculated as a
function of the scattered angle o [Eq. (3)] by asing Eq
(17). In the figure, the intensitias associated with
both individual rays [the square of Egs. (16)] are also

10° ; |
] TIR beam
£
p]
ot
k)
fao
E “‘
2 “
= ; . TP beam
{ Coherent addition E
10" | - : - . !
0 10 20 30 40 50

Scattering Angle (deg ]
Fig. 6. Fringe pattern simulation for & 100-pm-i.d. fused silica
capillary filled with water, illuminated by a beam with & waist of
wo = 8.4 pm and an offset of s = 48 pm. The individual intensity
contributions of the TIR and TP rays are given as dotted curves.
Maximum fringe contrast is observed for equal mt.ensntles ata=
12° and a = 28°,



displayed. Highest contrast is observed wben the
individual inteusities are identical, ie., JAgp|Z =
|Arr|?, which occurs, in this case, at approximately
a=12°and o = 28°.

E. Gaussian Beams

Until now, the incoming rays were considered to have
uniform intensity. If the illumination is provided by
a laser, the intensity distribution in tbe beam ¢ross
section is essentially Gaussian. For a Gaussian in-
coming beam the initial ray amplitude Ag of the ray is
given by!3

Ac(H) = A, exp[-(HZ; 5)2] C(8)

where ¢ is an incoming offset parameter in the x
direction (see Fig. 1) and w, is the waist of the
incoming beam. ,

It is interesting to observe how the interference
pattern changes as the incoming beam waist w, or the
offset s varies (s = 0 corresponds to on-center iilumi-
nation and s = 0 corresponds to off-axis illumination).
In this way it is possible to make an @ priori predic-
tion regarding which geometric configuration would
render the highest fringe contrast. This is sbown in
Fig. 7, where tbe fringe pattern for a 100-pm-i.d.
capillary and a beam waist of wy = 8.4 pm for seven
different configurations, with offsets ranging from
s =0 pm to s = 60 pm, are simulated. Fors < 30

4 Intensity [a.u.]
{)I_lm 1:03\
[Opm f'q/\

. ) - - =

e
20um 1 /\

] - A - -
EAE AN

P = -
40uem Mi /\/\'\‘\’\_'—\

" . - - ) »

[-F.]

. . - - by P
60pm ::1/_,/\/\/\/\/\
Offset s Scattering Angle [deg]

Fig. 7. Fringe pattern simulations for 100-pm-id. capillary ilhumi-
nated by a beam with a waist wg = 8.4 pm for various beam offsets
ranging from s = O pm (0 s = 60 pm.

pm tbe whole beam cross section transverses the
capillary without suffering reflection losses. The
lens effect of the fluid string translates tbe beam
offsets into an angular deflection of the spot, whose
Gaussian beam profile is, although distorted, con-
served. If the beam offsets are furtber increased, 2
substantial part of the lLight is also reflected and
interference fringes are visible, as shown for s = 40
pm. An additional increase in the offset increases
the fringe contrast, because balance in the intensities
of the two outgoing rays is approached. Iu this case
it is apparent that an off-axis illumination of s =
id./2 = 50 pm gives the best illumination condition
(i.e., the highest fringe contrast) for the current
purpose. If the beam offset is further increased, the
contrast fades because ouly the faint inteusity of the
slope of tbe Gaussian beam profile now transverses
the center of tbhe fluid string, which reduces the TP
intensity with respect to the TIR intensity. Furtber-
more, the overall intensity decreases rapidly because
tbe mirror effect at the fluid string surface disperses
tbe beam strongly. Tbe Gaussian beam profile is
reproduced again, this time by tbe mirror effect, as
shown in the curved base line for s = 60 pm in Fig. 7.

3. Experimental Results

A. Experimental Setup

The experimental setup consists basically of a goniom-
eter with a photodetector attached to the rotating
arm (see Fig. 8) driven by a computer (a Macintosh
1Ifx with the LabView package for data acquisition
and Igor software for calculations). Tbe light source
is a linearly polarized He-Ne laser with 2-mW outpnt
power (Uniphase 1103P). An optical isolator, placed
immediately after the output coupler, is used to
deconple the laser resonator from retroreflections.
Spatial filtering was not necessary. The incoming
laser beam is focused by & 5x microscope objective
onto the cepillary, resulting in a spot size of 2w, =
16.8 pm. The fused silica capillarias investigated
(n.= 1457 at T = 25°C for A = 632.8 nm) had an
outer diameter of ~330 pm and inner diameters
ranging from 5 to 250 pm {Polymicro Technologies).

Detector on
rotation stage

- Microscope
objective

Beam = z-axis

Cell Tube
Isolator

Capillary
RIMF  with sample

Fig. 8. Experimental setup used to record the fringe patterns.
The capillary, which is immersed in RIMF, is concentric to the cell
tube and the x-axis translation corresponds to the beam offset 5.
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In all cases the protective polyimide coatings were
removed. The capillary is immersed in a cell filled
with RIMF? (e.g., Ciba-Geigy tindex match-
ing epoxy V.P. XW 396/397) and is mounted on a
two-dimensional translation stage. To allow a 360°
ohserving angle we made the cell from a glass tube
{9-mm diameter) with a flat polished entrance win-
dow (4.4 mm X whole tube length)to prevent cylindri-
cal aberrations on the beam waist (see Fig. 8 of Ref.
9). The conceatric arrangement of the capillary
within the cell tuhe permits all rays originating from
the capillary to cross the cell tube perpendicularly,
which, in turn, preserves the original direction of the
rays when returning to the air, where the detection is
performed. To guarantee perfect ceatering of the
capillary with respect to the cell tube, the fringe
patterns corresponding to two on-axis illuminations
from two perpendicular directions were recorded.
If both patterns are symmetric around the zero
deflection angle, the capillary is assumed to be cen-
tered. :

The angular distribution of the light intenaity is
measured by a standard Si p-i-n photodiode (BPW 34)
at z distance of 10 em away from the capillary (far
field). A set of slits is located in front of the photodi-
ode, 50 as to produce a view fiald of 1.1° and to prevent
perturbations that are due to background light from
the enviroameut.

B. Rasults

The measured fringe patterns are the same as these
employed in the refractive-index detector described in
Ref.9. A comparison between the calculated and the
measured fringe patterns is provided in Fig. 9, in
which the fringe pattern of a 100-pm-i.d. capillary as
well as the corresponding simulation ere plotted aa
functioas of the scattering angle. For the calcula-
tions we employed values given in the literature for
the refractive indices and measured values for the
beam waists. The beam offsets and i.d.’s were varied

Theory

Measurement

Intensity [arb. units]
=

10" +—
0 10 20 30 40 50

Scattering Angle [deg ]

Fig. 9. Experimental {solid curve) and simulated (dotted curve)
fringe patterns. Best fit is achieved for 2 simulation with id. =
105 pm, which is slightly outside production toleranca of the
capillary (error probably caused by imperfection of the cell win-
dow).
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ido=225um

Intensity {arb. uniis)
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Scattering Angle - Scattering Angle

Fig. 10. Recorded and simulated fringe patterns for capillaries

withid. = 50, 25, 15, and 5 pm illuminated by a beam with a waist

of wy = 22 pm and beam offsets of & = 36, 21, 19, and 0 um,

respectively.

(e.g., to account for the tolerance in the id. dimen-
sions) in order to obtain their best fit. The calcu-
lated and the recorded fringe patterns for capillanes
with i.d..= 50 pm down to 5 um are shown in Fig. 10.
Although the recording has not been done with the
same accuracy as the one displayed in Fig. 9, it is
apparent that the quality of the fit degrades with
smaller i.d.’s (see discussion Section 4).

4. Discusaion
Ignering interference effects, Synovec developed a
pure deflection ray-tracing model to predict the sensi-
tivity associated with a (TP) ray [see Eqgs. (28){32) in
Ref. 14). The presented model and the experimental
resuits indicate, at least for capillaries withi.d. < 250
pm, that the dominant effect is interference, not
deflection as previously proposed.38.14

The simulated fringe pattern shown in Fig. 9 for a
100-pm-i.d. tube mimics the recorded fringes over the
scattering region of interest (5° < a < 40°) within
experimental accuracy. As mentioned hy Watkins,!!
for angles a < §° the detector (shown in Fig. 8) is too
close to the optical axis, and interference configura-
tions other than those shown in Fig. 1 arise and lead
to discrepancies between theory and measnrement
(e.g., diffrection of incoming rays grazing to the
capillary bore). The intensity behavior on the oppo-
site side of the fringe pattern is dominated by the
intensity of TIR rays (Fig. 6). In this region, the
discrepancy between measurement and caleulation
observed in the fringe with m = 0 (Fig. 9) could he
related to deviations from the ideal TIR that is due to
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Gee 90

m=.]
20 Gy=-119

me.§

Intensity [arb. unins|

Detivative of Todensity

o £
147 187 199 40
T T T T

¢ 1¢ 20 30 - 40 50
Scallering Angle |deg|
Fig. 11. Sensitivity calculation performed with two fringe pat.
terns for a 100-pm-i.d. tube illuminated by a beam with wy = 8.4
wm for An; = 1.0 x 10-% refractive-index units. The first
derivative of the fringe pattern simulation is used to determine the
points of maximum intensity, and is shown in the lower trace.

surface effects (surface roughness leads to reflection
loss) or to diffraction effects (the TP ray crosses the
bore close to the interface and the optical path
differences have dimensions that are comparable to
those of A).

As predicted in Section 2 it is observed that the best
fringe contrast corresponds to off-center illumination
with a beam offset of s ~ i.d./2 = R. The beam
waist should be smaller than the bore radius of the
capillary, or more precisely, it should be in the range
of (xrir — x1p), €8, Wo ~ 1d./12. This permits a
greater degree of freedom when choosing the distribu-
tion of initial intensity for the two competitive rays by
variation of the offset parameters. Theinitial inten-
sity distributien sheuld be such that the exiting rays,
after suffering all losses, have equal intensity. This
is the condition that is required for enhancing the
contrast and thus the instrumental sensitivity of
capillary refractive-index detection.

The model fails to simulate the fringe pattern of
capillarias with i.d.’s that are smaller than 25 pm, as
shown in Fig. 10. This was expected, considering
that the current model is based entirely in geometric

optics and does not include diffraction effects. As
the dimensiouns of the i.d. approach those of A, it is
imperative to account for these effects. This kind of
correction to the current model would be necessary to
study interference patterns for small i.d. capillaries
used in thermo-optical absorption measurements.®
Taking into account that beam deflections are
measured® with a position sensitive detector, the
most significant parameter to judge instrumental
performance is the fringe eensitivity G;, which is
conveniently defined as the fringe angular displace-
ment A per refractive index change An‘ normalized

to the angular fringe width o:
2 Ao 19
f~ Ango (19)

For the ideal situation in which paraxial fringes
with maximum countrast are considered and the fringe
width o is taken at balf-maximum intensity (FWHM),
the fringe sensitivity reaches the thecretical vaiue of

G = -S. (20)

If the contrast is not maximum, the resulting fringe
width o is larger, which reduces the magnitude of G.
The magnitude of Gy has been determined numeri-
cally from the angular shift between two fringe
pattern simulations for two values of n; that differ by
a small amount, e.g., An; = 1.0 x 10-3 refractive-
index units, as shownin Fig. 11. For the most usual
case, in which the eclvent bas a refractive index
smaller than that of the fused silica {i.e., n; <n,), a
positive change in An in the bore (which is due to a
substance, to be detected, that is diseolved in the
solvent) translates into an angular shift toward the
optical axis and Gy is negative (dotted curve in Fig.
11). The{ringe positions and their angular shifts Aa
are more accurately determined from the zeros of the
derivative of the fringe pattern {also displayed in Fig.
11), whereas their associated FWHM o are obtained
graphically by drawing tangents to the slopes and
then measuring their separation. This procedure

Table 1. Computed Fringe Sensilivities G, As Defined in Eq. (19) for the Most Important Fringes for Capillaries:with 25 um s I.d. < 250 um :

25 50 xm’ 75 um 100 wm 250 xm
m o Angle Gy Angle Gr Angle Gy Angle Gr Angle Gy
-0 29.7 =16 355 ~-18 378 ~17 39.0 -13 42.0 =17
te Ie Ie Ie le
-1 144 =31 228 -48 271 ~55 29.7 -56 36.3 -6}
-2 8.1 —-34 16.0 =67 20.8 ~81 24.0 -90 323 -108
-3 4.4 -34 118 =81 16.5 =106 19.9 -119 29.3 =141
e
-4 1.8 ? 8.7 =102 13.3 -122 18.7 -134 26.8 -188
li, le
-5 b b ¢ c 109 =155 142 -172 c ¢
le, Low-contrast fringe; ii, low-intensity fringe.
*Value does not exist.
*Not evaluated.
20 February 1993 / Vol. 32, No. 6 / APPLIED OPTICS 963



Fringe Sensitivity G,

Fringe Number -m
Fig. 12. Fringe sensitivity Gras a function of fringe number m for

various capillaries (data from Table 1). The larger capillaries
display more fringes and, for equivalent fringes, higher sensitivi-
ties. The fringe number dependence can also be interpreted as the
path-length dependence of Gy,

was repeated for all the capillaries stndied and the
results are summarized in Table 1.

The dependeace of Gy oa the fringe number and on
the capillary i.d. is displayed in Fig. 12. It is noted
that the sensitivity increases as a function of the
fringe number. With an increasing fringe number
the fringes approach the optical axis, which corre-
sponds to longer TP paths throngh the fluid string
and thus collects larger phase difference changes for a
given variation of n;,. The fringe number depen-
deace of Gy can, therefore, also be interpreted as its

engtﬁ dependence.

The relative insensitive behavior (e.g., caustant G,
for a large angular region) for the 25-pm-i.d. capillary
is due to the low contrast associated with higher-
order fringes. Equivalent fringes for capillaries of
different sizes are generated from rays that strike the
wall interface at different angles, which explains the
observed behavior in the fringe sensitivities Gy of the
various capillarias studied.

In the described refractive-index detector, the fringe
displacement An is measured with a position-sensi-
tive photodiode whose resolving power is a function of
G; and the fringe intensity (see the shot noise and
position-sensitive photodiode sections in Ref. 9).
The selection of the most suitable fringe to be used in
the refractive-index detector (which is calied the
momtormg fringe in Ref. 9) is not trivial. 1n addi-
tion to it requires the inspection of the power

tec{mth each fringe. This is important to be
able to determine the expected instrumeatal noise
and thus predict the ultimate detection limit.

Furthermore, according to Eq. (11a), the maximum
value of ¥ /dn; corresponds to the fringe that ap-
pears closest to the optical axis. This fringe, how-
ever, is narrow for large capillaries and must be
widened by a lens or by a long path through free air to
reach the positioa-sensitive photodiode under opti-
mal geometric conditions.? This widening intro-
dnces additional noise by temperatnre variations in
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air {e.g., schlierea effects) and refraction at the lens
surfaces. However, paraxial fringes carry only a
fraction of the light power compared with lower-order
fringes. As a consequence of these counteracting
effects a recipe for the choice of the monitoring (best)
fringe cannot be easily formulated. . Asonly a rule of
thumbh, one should try to nse the fringes that appear
as close as possible to the optical axis, provided they
carry sufficient intensity and display high coatrast.

Equation (19) is also useful to predict the instru-
mental angular resolution required ia a refractive-
index detector with detection limits (i.e., noise level)
in the An; = 10-% refractive-index nunit range (which
is the typical valne of a good commercial refractive-
index detector for HPLC with a cell path length of 1
em and a cell volume of 10 pL). For a 100-pm-i.d.
capillary the corresponding fringe width (data from
Fig. 11) is o = 1.8° and G; = —119 when the fringe
order m = -3 is used, which indicates that the
position-sensitive photodetector should be able to
resolve angular spot shifts as small as Ax = 2 x 10-%°.
Commercial position-sensitive photodetectors are
quoted as delivering a resolution of 10-% and, by
using specific electronics, it is possible to improve the
quoted spot detection by almost 1 order of magni-
tude,®! which indicates that the construction of a
refractive-index detector suitahle for on-columa detec-
tion with a noise level of An; (noise} = 102 refeactive-
index unite is a realistic proposition, provided that
oae selects the proper monitoring fringe, a much
higher illuminating power, such as the one used in
Ref. 9 (to avoid operating at shot noise limit), and a
thermal stability of AT ~ 10-4°C within a detection
bandwidth of B = 1 Hz.
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fique), project 2156.1. We also thank P. Jordi for
fruitful discussions and mechanical help from his
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Wiithrich. For scientific discussioa we thank F.
Maystre and H. P. Herzig. This paper was presented
at the OSA Laser Applications to Chemical Analysis
Meeting, Salt Lake City, Utah, 1992.16
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ABSTRACT

A novel on-column refractive index detector suitable for capillary
electrophoresis, whose optical arrangement is based on a known
interferometric principlel, is described. In the present version the holographic
element is replaced by two conventional optical elements, a Wollaston prism
and a micrdscope objective. When using RI detection in capillary
electrophoresis the noise is dominated by Joule heat effects, therefore we
introduce the nse of flared capillaries to minimize its impact. Typical flared
capillaries have a three times larger diameter at the bubble, where optical
detection is performed, than at the separation section resulting in a large
enhancement in the instrumental sensitivity. The usefulness detector has been
demonstrated in the capillary electrophoretic separation of a mixture of
underivatized sugars resnlting in detection limits in the high pM range.

Key Words: Refractive Index, interferometry, capillary electrophoresis,
flared capillary, Wollaston prism, nnderivatized sugars.
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WolludonAMI; version : 12 July 1994 page=1



INTRODUCTION.

Recent instrumental improvements!-4 in refractive index (R1) detectors
for capillary electrophoresis (CE) are bringing this rather insensitive technique
closer to the useful realm. The most recent improvement was given by
Krattiger et al.1 who introduced the use of holographic optical elements in
optical detection for CE in a compact and highly sensitive RI detector which
was used with capillaries having inner diameters (i.d.s) as small as 5 um. The
holographic element, in this "on-axis” interferometric design3, divides the
initial beam into two focusing beams. One beam probes the capillary bore
through the middle whereas the second beam, propagating through the
capillary wall and refractive index matching (RIM) material, acts as the
reference beam in this double-slit Young interferometerS, Because in this
arrangement the probing beam propagates through the middle of the core the
fully available optical path length is used, as compared to e.g. the "off-axis"
designs2. 7, larger shifts of equally spaced fringes detected by a photo-diode

array (PDA) result in higher instrumental response.

Electrical currents produce Joule heat which is known to degrade
separation efficiency in CE due to band broadening and, when using RI
detection, it is the dominant source of noise due to schlieren effects in the
buffer2. Considering that these thermal effects are proportional to the cross
section of the capillary and also, that small i.d. tubes offer a higher surface to
volume ratio which facilitates heat dissipation through the capillary wall, the
use of smaller i.d. capillaries is preferred from the separation point of view.
However, as the decrease in optical path length is correlated with a reduction in
the sensitivity, the optimum capillary diameter is the result of a compromise
between detection and separation arguments.

The Rl detector presented here uses an optical arrangement identical to

that recently reported!. Howeves, the core of the interferometer, given by the
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holographic element in the previous designl, is realized here by means of a set
of conventional optical elements. The main novelty in the present arrangement
is the use of flared capillaries (Fig. 1) to enhance the instrumental sensitivity.
Flared capillaries, presently in use in conjunction with UV/vis detectors, allow
an increase in optical path lengths without compromising the benefits observed
in the separation efficiency associated to thinner capillaries. The performance
of this detector is evaluated using a synthetic mixture of underivatized sugars

as test sample.

THEORY
Principle of operation.

The optical confignration of this detector is identical to that of the
hologram-based RI detector described in Ref. 1. In the present version the
holographic element is replaced by two conventional optical elements, a
Wollaston prism® and a microscope objective (MO), arranged as shown in
Fig. 2. The diverging beam of a laser diode (LD), which is first collimated by
a lens within the laser module, is divided by the Wollaston into two
orthogonally polarized beams diverging by an angle d. The MO, placed at its
focal distance f from the Wollaston, makes both beams parallel and focuses
them. The capillary is placed also at the distance f from the MO (i.e., the
Wollaston and capillary are placed symmetrically with respect to the MO) in
such a way that its bubble intercepts the probe beam. The remaining beam, the
reference beam, propagates undisturbed by its side. Both beams, the probing
and reference beam, can, after passing a polarizer, recombine and mix in the
far field and, becanse they originate from the same coherent source, they build

a regularly spaced interference pattern as shown in Fig. 2.

Changes in the refractive index (An) in the bubble part of the capillary
modify the optical phase of the probing beam resulting in a lateral shift of the

interference pattern. These shifts are monitored by a PDA wired to produce a
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position sensitive output signall, 2 which, upon calibration, becomes the output
signal of the RI detector. The polarizer at 45°, placed before the PDA (Fig. 2),
ensures maximum contrast of the fringes. The capillary bubble is surrounded
with RIM material (n = 1,46) to eliminate unwanted reflection and refraction
at the optical interfaces2 as well as to allow an efficient removal of the Joule
heat produced in CE which is knownZ2 to contribute to the overall noise due to

schhieren effects in the buffer,

Beam diagnostic.

The beam waists (twice the spot size, i.e., 2 wp) of both beams, at the

focal point of the ten times MO employed (f = 17 mm), is estimated by

2Af
WO =" g (1

where d are the original beam diameters. The spot size is fifty times smaller
than the i.d. at the bubble (i.d. = 150 pm) implying that the entire probing
beam propagates through the capillary flare.

The beams after the MO, are separated by a distance D which is

approximately given by
D=fa, (2)

where « is the diverging angle of the Wollaston prism employed. In the
present case & =0.5° and thus D = 150 um which is about half the external
diameter of the capillary (o0.d. = 340 pum). The reference beam propagates
thus through the capillary wall without intercepting the core.

Instrumental respouse
As in the hologram based R1 detector!, the instramental respouse is

given by
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dU 4Ci.d K

= (3)
where dU/dn is the change in the voltage output per RI unit (RIU) change, K
the amplification of the electronic circnit (10 V in our case) and C the fringe

contrast given by>
Imax - lmin
C= Imax + Imin’ “)
In Eq. 4, 12y and 1y, refer to the maximum and minimum intensity
observed in the fringe pattem. In practice C is most easily determined by

noticing that

Umax T
(derived from Eq. 13 of Ref. 1) and by measuring the highest signal voltage,
Umax, as the PDA is scanned through the fringe pattern. The maximum signal
measured in our instrument was 6 V leading to a contrast of C = 0.94 which
is very close to the maximum (Cpax = 1) to be observed when 1,4, is zero
(Eq. 4). The instrumental response of our instrument is, as computed with
Eq. 3, dU/dn = 8.4 mV/uRIU

EXPERIMENTAL SECTION
RI Detector
The RI detector (Fig. 2) was assembled almost entirely with
commercially available components (Spindler & Hoyer, Germany). The
multimode LD, the driving electronics and the collimating lens are contained in
the laser module (LDM 135, Imatronic Inc., Batavia, IL). The LD lases at
672 nm and delivers 1 mW of output power. Precautions are taken to adjust

the LD chip parallel with respect to the capillary to minimize the effects of
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aberration. The Wollaston prism (PWQ30.10, Bernhard Halle Nachfl. GmbH
& Co., Berlin, Germany), MO (Spindler & Hoyer, Germany) and polarizer are

adjusted to produce the best fringe contrast.

The flared part of the capillary is introduced in a heavy wall fused silica
tube (i.d. = 1 mm, o.d. = 6 mm) and the empty space is filled with RIM
material (# 19569 and 19571, R.P. Cargille Laboratories Inc., Cedar Grove,
NJ, USA) to form the "detection cell”. One side of the heavy wall tube was
polished flat to form the "entrance window™ and it was monnted in an

aluminum body.

Only 14 of the 46 elements PDA (54111 series, Hamamatsu) are used to
detect 7 adjacent fringes. The odd and even numbered elements are wired
together (as shown in Fig. 4 of Ref. 1) and both channels are fed into a
position sensitive amplifier (Model 301-DIV, UDT, Hawthorne, CA)
delivering a signal proportional to the fringe shift which is rather insensitive to
light intensity fluctuations2. The LM and the detection cell are thermostatized
by temperature conirollers (Model LDT-5412, ILX Lightwave, Bozeman, MT)
using Peltier elements (Melcor, Trenton, NJ). The LabVIEW (National
Instruments, Austin, TX) and IGOR (WaveMetrics, Lake Oswego, OR)
software packages, running on a Macintosh IIfx ,were used for data acquisition

and analysis.

Capillary electrophoresis.

The flared capillary (Hewlett Packard, #G 1600-61-231) employed had
an i.d. of 50 um at the separation part and 150 um at the bubble (Fig. 1) and
a length of 60 cm (50 cm to the detector). The standard 50 pm-i.d. capillary
(Polymicro, Phoenix, AZ, USA), used for comparison purposes, had a length
of 75 cm (50 cm to detector). CE is performed at 8 kV and 10 kV with the

flared and standard capillary, respectively. Injection, in both cases, was
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hydrodynamically performed with a Prince CE system (Lauer Labs, Emmen,
The Netherlands). Chemicals were purchased from Merck (Darmstadt,
Germany) and Fluka (Buchs, Switzerland).

RESULTS AND DISCUSSION

The present RI detector is demonstrated with both a flared and a
standard capillary in the CE separation of a mixture of six underivatized
sugars. The corresponding electropherograms are shown in Figs. 3a and 3b.
Most sugars are neutral species and therefore not eligible for CE (see Ref. 9
for the pK and Ref. 10 for the mobilities of sugars). This difficulty is
overcome using borate buffers4 9-11, Borate complexes sugars into various
types of negatively charged species. The magnitude of the charge, and thus
their electroosmotic mobility, depends mainly on the concentration of borate.
Six forms of sugars coexist in aqueous solutions, - and - pyranoses and
furandse forms, as well as the open-chain and hydrated forms multiplying the
complexation possibilities. Saccharose and raffinose complexes into a single
species and therefore appear as the sharpest peaks in the electropherograms.
The broadening observed in the other peaks is due to the various complexes
associated with each type of sugar having similar mobilities (rather than to
column overloading). Optimal results were obtained with a 33 mM
borate/13.3 mM CAPS buffer (3-cyclohexylamino—]-propéne sulfonic acid) at
pH 9.4 where the current decreased by a factor of abont four with respect to a

100 mM borate buffer previously used? while efficiency is maintained.

Table 1 summarizes the S/N and the limits of detection (LOD) obtained
with the normal and flared capillary with the present RI detector from the
raffinose peak in the electropherograms shown in Figs. 3a and 3b. The
theoretical plate numbers, determined from the raffinose peak, are 60'000 and

130000 for the standard and flared capillary, respectively. The electrophoretic

WolludonAML; version : 12 July 1994 page=7



mobilities of the investigated sugars in the buffer employed are reported in
table 2.

Table 1: Signal, Noise and Limits of Detection obtained with the
standard and flared capillary. Peak height data from the raffinose peak in
Figs. 3a and 3b.

Standard Flared Flared

Capillary Capillary Standard
Signal [mV] 221 706 3.2
Noise [mV] 11.5 6.75 1.7
S/N 19 105 54
LOD [uM] 860 160 0.19

Table 2: Electrophoretic mobilities obtained with the standard and flared
capillaries obtained for various sugars in the borate/CAPS buffer
employed.

Standard Flared
[10-5 cn?2/Vs) [10-5 cm2/Vs]

SAC 3.65 3.56
NAG . 4.54 4.46
RAF 6.09 6.0]

MAL 7.14 6.99
LAC 8.86 8.73

RIB - 18.10

The mcrease in the capillary i.d. at the detection zone, offered by flared
capillaries when nsing RI detection, resnlts in a decrease in the overall noise
and an increase in the signal, leading to a five fold enhancement in the S/N.

Although the observed threefold increase in the signal is easily explained using
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Eq. 3, dealing with the instrumental response, a quantitative analysis to explain

the observed decrease in the noise is not straightforward.

There are vanious sources contributing to the overall noise. Schlieren
effect in the detection path caused by Joule heat is, in the present case, the
dominant source2 while the electronics, particles or bubbles in the buffer and
wavelength jitter contribute to a Jesser extent to the overall noise. With regards
to Joule heat there are a few factors that play a role in disstpating heat in the
presence of flared capillaries. Considering that FS has good heat conducting
property, and air a poor one, the rate of heat dissipation for naked capillaries
is mainly determined by the o.d. and the inner volume-to-surface ratio which
increases for smaller capillaries. In the case of capillaries having their outer
wall in contact with RIM materials the o0.d. can be considered as infinite and
the volume-to-surface plays a smaller role in determining the rate of heat
dissipation. It has to be noticed that the total electrical current (I) remains
constant along the capillary including the bubble. However, at the bubble, the
cross section is nine times higher, therefore the associated electrical resistance
(R) is nine times smalier than in the rest of the capillary and, the electric field
(E) should decrease also by the same amount (i.e. E = R * I). Because Joule
heat, and its associated schlieren effects, are caused by the electrical field, they

should also decrease explaining the observed reduction in the noise.

The separation efficiencies obtained from the electropherograms
displayed in Figs. 3a and 3b are rather similar. Although the bubble introduces
a small dead volume in the capillary, the smooth change in cross section (see
Fig. 1) should not alter the laminar flow, and peak broadening is not expected.
The small differences in the electrophoretic mobilities reported in Table 2 are

within the experimental error.
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CONCLUSION

The "on-axis" illumination configuration for the construction of
capillary RI detectors, based on commercially available optical elements, here
proposed provides more flexibility and is certainly easier to realize than the
configuration based ou holographic plates. One advantage offered by the
present arrangement is that light losses are very small at the Wollastou as
compared to those associated to a hologram given by the diffraction
efficiencies which are in the 10 - 30 % range. However, using multi-element
photo-detectors, light intensity is no longer an issue in the quest for higher
sensitivity. The major issue in this regard is thermal and mechanical stability3
which is better achieved using miniature optical components such as
holographic plates. Therefore, we believe that the best capillary RI detector
would be one based on "on-axis” illumination using a holographic element and
featuring a flared capillary. The LODs reported in table 1 are better than those
reported in Ref. 2 and comparable to what is obtained by other methods

provided that the sngars are not derivatized4, 10,
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FIGURE CAPTIONS

Fig. 1: Picture of the bubble of the flared capillary employed. The i.d.s at
separation part and bobble are 50 pm and 150 pum, and the o.d. are 310 pm
and 340 pm, respectively. |

Fig. 2: Diagram of the detector experimental set-np. LM: laser module, WP:
Wollaston prism, MO: microscope objective, C: capillary cell, P: polarizer,
F: fringe pattern, PDA: photo-detector array.

Fig. 3: Electropherograms of a mixture of sugars obtained with the RI
detector operated in conjunction with a) the bubble and b) the standard
capillaries. The peaks are identified as: SAC: saccharose, NAG: N-acetyl-D-
glucosamine, RAF': raffinose, MAL: maltose, LAC: lactose, RIB: ribose.
Electrical field of 10 kV and a current of 19 pA. The concentration of each
sugar is 8,3 mM and the electrophoretic conditions and buffer employed are
reported in experimental section.
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Chapter 5 Hologram-Based Refractive Index
Detector for Capillary Electrophoresis:
Separation of Metal Ions




. Reprinted from Analytical Chemisiry, 1994, 66.
Copyright © 1993 hy the American Chemica! Society and reprinted hy permission of the copyright owner,

Hologram-Based Refractive Index Detector for Capillary
Electrophoresis: Separation of Metal Ions

Beat Krattiger, Garard J. M. Bruin, and Aliredo E. Bruno’
Ciba Geigy Ltd., Corporate Analytical Research, 4002 Basle, Switzeriand

A novel refractive index detector suitable for capiillary sepa-
rations is presented and demonstrated in the capillary elec-
trophoretic separatiov of metal cations in 10-um-i.d. tubes,
‘The principle of the detector is interferometric; it features a
laser diode and, as the main optical element, a holographic
optical elemept which performs several optical functioms
allowing the use of capillaries with inner diameters as small
as 5 pm. In contrast to the “off-axis™ method, the use of
holographic plates permits probing of the capillary through its
center, where the optical path is larger and diffraction effects
are smalier. Withani.d. = 10 zm capillary the detector resolves
2 uRIU and covers a linear dynamic raoge of three to four
decades. Joule heat effects preclude the detector to operate
at its maximum sensitivity which is delivered in the absence of
electrical fields. For this reason, the use of smaller inner
diameter caplllaries and buffers having low conductivities is
recommended. Under field-amplified sample injection con-
ditions, the detection limits for the studied cations are in the
low nanomolar range. The performance of this detector is
compared with Indirect UV-absorption detection, which also
kelps to elucidate the mechanisms teading to refractive index
chenges jo ionic solutions.

Considering that holographic optical elements (HOEs)
could greatly simplify the consiruction of optical instruments
without compromising performance, their use is gaining
acceptance in analytical instramentation such as spectro-
graphs.’? The present investigation represents the first
application of HOEs (o on-celumn refractive index (R1)
detection for the analysis of transparent substances using
capillary electrophoresis (CE).

Optically dense compounds are most commonly detecied
by absorbance methods, and when the substances of interest

* Author 10 whom correspondence should be addressed.
(1) Tedescn,J. M.; Owen, H.; Pallister, D. M.; Morris. M. D. Anal. Chem 1993,
65, 441A.
{2) Bains, 5. Laser Focus Worid 1993, 29 (4), 15%.

0003-2700/94/0366-0001$04.50/0
© 1993 American Chemical Scciaty

emit, sensitive flucrescence methods (e.g., laser-induced
fluorescence, LIF) are recommended. For transparent sub-
stances, such as carbohydrates or small ions without chro-
mophoric groups absorbing above 200 nm, other schemes have
been devised which invelve either pre- and postcelumn
derivalization combined with LIF detection,? indirect UV
absorbance (IUV A)* or indirect fluorescence detection (1F),5
R1 detection,5? or amperometric detection methods.2 Rl
detection, together with JTUV A, IF, and amperometry, remain
as interesting options for these cases where derivatizations
are difficult or are not yet availahle for the substances of
interest.

The interest in developing universal RI detectors for
capillary separation techoiques is twofold. First, it is a
relatively simple technique, useful in the micro- te millimolar
range, which can be used with a wide spectrum of buffers, and
as shown in this study, it offers the possihility of miniatur-
ization. A second interest stems from the fact that capillary
R1 detectors can be readily used to perform sensitive absorption
detection in narrow-bore capillaries (i.d. £ 50 um) using
thermonptical (TO) methods®-1° as required, for example, in
the pharmaceutical industry for in vivestudies where chemical
derivatizations are not desired,

(3) {2) Cheng, Y.-F.; Wu, 5.; Chen, D.-Y.; Dovichi, N. J. Anal. Chem. 1990,
62, 496. (b) Zhao, J. Y.: Waldron, K. C; Miller, J.; Zhang, J. Z.; Marke,
M.; Dovichi, N. ). J. Cromarogr. 1991, 608, 239, (¢} Albin, M.; Weinberger,
R.: Sapp, E.; Moring. S. Anal. Chem. 1991, 63, 417.

(4) Bruin, G. ). M.; Asten van, A. C; Xu, X.; Poppe, H. J. Cromatogr. 1992,
608, 97.

(5) {(2) Kubr, W.G.; Yeung, E. S, Anol. Chem. 1988, 60, 2641, (b) Garner, T.
W.. Yeung, E. S. J. Cromatogr, 1990, 315, 639.

(6) gugg 3 E.; Krattiger, B.; Maystre, F; Widmer, H. M. Anal. Chem, 1991,

. 2689,

{7) Kratiiger. B.; Bruno, A. E: Widmer, H. M.: Geiser, M.; Déndliker, R. Appl.
dpt. 1993, 12, 956,

(8) Huang, X.; Pang, T.-K.: Gordon, M. J.: Zare, R. N. Ana). Chem. 1987, 59,
2747,

(9) (2) Botnhop, D. }.: Dovichi, N. J. Anaf. Chem. 1987, 59, 163 2. (b) Dovichi,
N_J.: Zatrin, F.; Nolan, T- G.; Bornhop, D. J. Spectrochim. Acia 1988, 435,
639, (c) Bornhop, D. J.; Dovichi, N. J. 4Anal. Chem. 1986, 58, 1986,
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Earlier versions of capillary RI detectors exploited the
interference fringe pattern characteristic of side “off-axis”
laser illuminated capillaries. The optical intecfaces of the
capillary split the illuminating beam into a reflected, a
refracted, and a transmitted beam fan which all overlap and
interfere in the far field, vielding a characteristic fringe pattern.
Changes in the RI of the streaming liquid in the capillary
shift the position of the fringes which, upon processing,
constitute the output signal. The off-axis method was
demonstrated hy Bornhop and Dovichi® in flow injection
analysis (FIA), in high-petformance liquid chromatography
(HPLC), and in CE nsing thermooptical detection in 50-um
tubes. Similar TO experiments were subsequently performed
by Bruno et al.}? with 25-um tubes using frequency-doubled
light from an Ar* laser. )

The off-axis method was demonstrated in CE hy Bmno et
al.® in the analysis of underivatized sugars in a 50-um-i.d.
capiflary. The experimental setup was cenceived 10 simplify
the fringe pattern, obtain a higher thermal stahility in the
capillary, and minimize the effect of laser noise in the output
signal. Such improvements were achieved mainly by using
refractive index matching (RIM) materials arosnd the
capillary and by using position-sensitive detectars (PSDs) to
mooitor fringe shifts. Under these experimental conditions,
Joule heat was ideotified as the main source of noise. For this
reason, and in order to maximize S /N ratios, it is recommended
that smail inoer diameter capillaries be used 2s much as
possihle.

Support from the theoretical side was given by Synovec
and Krattiger. Synovec!! provided a ray tracing analysis for
wide-bore capillaries (i.d. = 475 um) for the pure deflection
situation (i.e., absence of interferences and diffractions). More
recently, Krattiger et al.” provided the complete theoretical
analysis for the interference case in the absence of diffraction
effects for capillaries ranging from 25 to 250 pm. In this
study” it was shown that in the off-axis method the laser beam
does not probe the maximum optical path available, thus
resulting in a loss of sensitivity, and for capillaries with i.d.
< 10 um, diffraction effectsdominate the resultinginterference
pattern.

Another method for detection of RI changes in capillaries
was published by Pawliszyn.!? In this method onedetects the
RI gradient along the capillary, which renders the derivative
of the signal of interest and is thus more suitahle for
isotachophaoresis (ITP) rather than for capillary zone elec-
trophoresis (CZE). For proteins, in isoelectric focusing
experiments, the detection limits are comparable to those
obtained in UV absorbance.!2®

In this paper we demanstrate a RIdetector based, as in the
off-axis methed, on an interferometric operation principle.
The optical functions leading to interferences, performed by
the capillary in the off-axis mcdel, are instead performed by
a HOE in the present medel. Here, the sampling arm of the
interferometer crosses the capillary through its center where
the optical path is longer and diffraction effects smaller. The
performance of this detector is compared to [UVA detection

(11) Synovec, R. E. Anal, Chem, 1987, 59, 2877.

{12) (a) Pawliszyn, ). Anal Chem. 1988, 60, 2796, (b) Wy, ).; Pawliszyn, ). Ancl,
Chem, 1991, 64, 219. (c) Wu, ).: Pawliszyn, J. Anal. Cherr, 1992, 64, 224,
(d) Wu, ). Pawliszyn, L. Anal. Chem. 1992, 64, 2934,
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Flgure 1. (a) Overview of the hologram RI detector showing all optical
components and (b) details of the capillary cell. The caplilary (z axis)
and the eight-slement photodiode array can be displaced along the x
axis whereas the LD, colimating optics, and HOE can be adjusted

aiong y.

in a CE separation of small cations. These experiments also
help to elucidate the mechanisms leading to refractive index
changes in ionic solutions.

THEORY

Principle of Operstion. The principle of operation of the
present RI detector is similar to that of a douhle-slit Young!?
interferometer where the two arms are realized by means of
a HOE as indicated in Figure 1. Coherent light is provided
by the collimated outputof a laser dicde (LD) which is partially
deflected by the HOE placed at a given angle (=30°) with
respect to the illumination beam. This HOE acts as a set of
two nearly superimposed focusing lenses laterally displaced
by a distance D which is slightly larger than the capillary bore
radius plus the beam waist wy (D > (i.d./2) + wy) producing
an output like the one shown in Figure 2.

The capillary, glued between two parallel glass plates with
RIM glue, is placed at the focal point of the probing beam
while the reference beam propagates beside the capiilary bare
through the RIM gluc and capillary wall asindicated in Figure
1b. Both beam fans overlap in the far field, and as both
originate from the same wave, they interfere, leading to
regularly spaced fringes. RI changes (Any) in the capillary
bore induce phase changes in the prohing beam which, in
turn, translate into lateral shifts of the fringe pattern. Because
the fringes are equally spaced, shifts are conveniently mon-

(13) Born, M.; Wolf, E. ln Principles of Optics: Pergammon Press: New York,
1989.
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Figure 2. Typicat output {sofid ine) of a HOE at its focal points as the
first derivative of the cumulated intensity {dotted line) recorded using
the knife edge method. The spot separation In this case Is 14 um.

Figure 3. (a) Optical paths of the probing end reference rays. These
rays have a spot separation D and travel from the caplary cell to the
PDA where they recombine In P. {b) Geometric parameters used to
derive the path ditference  between two intarferng rays defining an
angle « with the optical axis (dotted (ine).

itored hy a photodiode array (PD A} wited to produce position-
sensitive detection® (PSD). Togather morelight atthe PDA,
the fringe pattern is compressed along the z dimension by a
cylindrical lens. As the fringes shift with Ang, the output of
the PSD electronic circuit constitntes, upon calihration, the
output signal of the RI detector.

Instrumental Response. The response delivered hy the
present instrument can be accurately predicted hy a simple
equation in terms of geometric parametersand fringe contrast,
This equation is derived by computing the fringe shifts as a
function of Ang combined with the mathematical deseription
of the optoelectronic response,

(a) Fringe Shifts. The expressions describing the optical
phases, gy and ¢, of the probingand referenceray, respectively,
in the meeting point P are derived with help of Figure 3,
where their corresponding propagation lengths are displayed.
Accordingly, the length difference f between the two rays is
given hy

f=Dsina ()
where D is the spot separation and « the angle between the

rays and the optical axis. Considering that for smatl angles
sin & = tan & ~ & and cos o = | (paraxial approximation),

4 i
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Figure 4. Diagram of the PDA (middle) showing its parallel wirlag of
the "a" and “b” PDA elements (top) and the perlodic fringe pattern
{bottom). The dotted arrows Indicate electrical connections.,

¢q 1 can be rewritten as

f=xD/L (2)
where x and L are the position of the [ringe and the distance
from the capiltary to the PDA, respectively. The PDA is
positioned at a distance L such that each fringe matches a
pair of PDA elements separated hy a spacing A (Figure 4).
For one wavelength difference between both rays x = A and
[ = Mfn, and the spacing becomes

A = Lh/n,D ®)
where npistherefractive indexof air. Theaccumulated phases
(number of wavelengths multiplied hy 2x) of the reference
and probing rays, ¢ and ¢ at P, (Figure 3) can be written
&s

0= %[ans + Ln) (4a)

¢, = %{(a —idyn +idac+ (L+fn) (@)

where both phases are identical at the entrance surface of the
cell (¢y = o = 0) and ng, ny, and n, are the refractive indexes
of the propagating media, i.e., glass, fluid in the capillary
bore, and air, respectively.

Interferences (constructive superposition of rays) at P
(Figure 3) are observed whenever the phases associated with
the probing and reference rays differ exactly hy 2=m

¢ = ¢, + 2wm (5)

where m is the fringe order. For m = 0 (zero-order fringe)
and hy substitution of eqs 4a and b into eq 5 it is found that
f(eq 2) can also be written as

f= (6)
|

This implies that the position x of the zero-order fringe, in
terms of #; and id., is given hy

x= %us ~np) (7a)
and the higher-order fringes are to be found at
_ Lid. Lmhg
x-—?pﬁ(ns—u,)+ D (7b)
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Figure 5, Recorded fringe pattern obtained with a HOE without capillary.
The envelope is the fit of the fringe maxima.
Using eq 3, eq 7b transforms into
Aid.
x= --V(:zs —-n)+mi (7¢)

Fringe shifts as a function of Any, whicb are independent
of the fringe order m and identical for all fringes, are readily
obtained by differentiating eq 7b witb respect to n;

dn, =" (%)
or by using eq 7c

dx _ Aid.

de, X 8b)

{b) PDA Response. The PDA output generated by a given
fringe shift x can be deduced from Figure 4. As can be seen
in Figure 5, the intensity distribution J(x*) along the coordinate
x of the interference [ringe pattern is well described by the
sinusoidal function??

Hx) = L1 + Coos gfx) ©)

where A is the period and .., is the average intensity
illuminating tbe elements of the PDA and C is the intensity
contrast!”® defined as

"w - ‘rrnin

T+

C= (10)

which takes the maximum value C = 1 if I, = 0.
The current iy, produced by each PDA element b (Figure

4) is simply

iy = ho I x) dx’ (11a)

where ¢ and h are the conversion efficiency and the height of
a PDA element, respectively, and [ is given by eq 9 which,
upon integration, leads to

o hed A 2C . 27w
iy, = 3 [l-l-?sm-i—x]

The expression for i, is identical to eq 11b except for the sign

(116}
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in the bracket, which is negative
_ hal A
j = 2oloerl
The electronic PSD circuit attached to the PDA produces

{1l¢)

(12)

asvoltage output, where Kis theamplification. The expression
which relates the PDA output with position x is obtained by
substitution of egs 11b and ¢ into eq 12 leading to
__2C
U=- - sin=x (13)
However, as the instrument is zeroed (i.e., I/ =0 V) before
each measurement, the signal change dUf in the electronics

output with fringe shift dx is more important than U and is
given as

dU_ 4CK 27

P e T (14)
For small values of x the PDA response (eq 14) can, to a good
approximation, be computed by

dU _ _4CK
ety (1%5)
which s independent of the total light intensity (7), conversion
efficiency {¢), and PDA element heigbt (), indicating that
the PDA response, for a given K and C, depends only on the
clement spacing A.
Tbe absolute detector output as a function of ny can be
obtained by substitation of eq 7¢ into eq 13
= 1 2C . 2md.,
= kX sin 22n, - 16)
Theinstrumental response (signal output per Any), R, defined
as

————— an
can therefore be calculated, for small deflections, by per-
forming this operation to eq 16 resulting in

_4Gd.K
*

Equation 18 is used to predict the response of the present
Rldetector. The maximum ackievable response corresponds
toa fringe contrast C = 1 (eq 10). For a set of typical values
suchas C=0.5,d = 10 um, X = 672 nm, and K = 10V, the
response of the instrument, as computed with eq 18,is R =
300 mV/mRIU. Forani.d.= 10 um capillary we measured
instrumental responses ranging from R = 240 to 420 mV/
mRIU, depending on the illumination conditions (e.g., LD
aberrations, HOE quality, etc.), and for a 5-um-i.d. capillary,
a response of 90 mV/mRIU was measured.

R (18)

EXPERIMENTAL SECTION

RI Detector. The diagram of the RI detector is shown in
Figure la. The LD (Told 9201, Toshiba) is driven by a
precision current source (Model LDX 3412, ILX Lightwave,
Bozeman, MT) and is mounted on a machined aluminum



block which also contains the HOE and a collimating lens
(from a CD player or a standard lens /' = 5 mm, diameter,
5 mm, plano-convex Spindler & Hoyer). HOEs have been
mannfactured according to standard photographic proce-
dures,! rendering deflection efficiencies ranging from 6% to
32%. To prevent drift caused hy humidity variations, the
HOE was sealed hy a glass plate on the emulsion side using
RIM glue.

The capitlary cells (see Principle of Operation), having
10-um capillaries fixed with UV-curing RIM glues (Nortand
Products Inc., New Brunswick, NJ) between two plates, are
ghued to an aluminum block as indicated in Figure 1. The LD
and capillary aluminum blocks are spring loaded on a single
ground aluminum plate by means of sliding guides for fine
adjustment with micrometer screws along the dimensions
indicated in Figure la. The sliding guides provide good
thermal contact to the ground plate to ensure a high
temperature stability of the LD and capillary by a single
temperature controller (LDT 5901B, ILX Lightwave) set to
room temperature using a Peltier element (Melcor, Trenton,
NJ) and a thermistor sensor. The PDA (Medel KOM 2045,
Siemens, Férth, Gertnany) is mounted on 2 translation stage
(Microbench, Spindler + Hoyer, Gottingen, Germany) to zero
the output of the iastrument before each measurement. The
PDA is wired in parallel to electronically combine the signals
of four fringes, thus averaging over their fluctuations {Figure
4). Its terminals are coopected to a PSD signal-conditioning
amplifier (Model 301-DIV, UDT United Detector Technol-
ogies, Hawthorme, CA). This type of electronics delivers a
signal which is zero when the intensity of each fringe is equalty
distrihuted on each pair of a—b PDA clements, and it is
insensitive ta light intensity fluctnstions.®

CE Apparatus. Injection, hydredynamically and electro-
kinetically, was performed at rcom temperature with a Prince
programmable ipjector system (Laucr Labs, Emmen, The
Netherlands). Electrokinetic injections were occasionally
performed manually in some RI-detected separations using
a high-voltagesupply (Medel HCN 14-20000, Fug Elektronik
GmbH, Rosenheim, Germany). Data acquisition and pro-
cessing in the R1 measurements was performed on a Macintosh
IIfx with the LahView (National Instruments) and Igor
(WaveMetrics, Lake Oswego, OR) software packages, re-
spectively. These separations were performed in a [0-um-
id., 80-cm-long (60 em to detector) polyacrylamide-coated
capillary under a separation voltage of 20 kV resulting in a
recorded current of 1.3 uA (otherwise stated). A UV—visible
detector (Modet 206, Linear Instruments, Reno, NV) operated
at a wavelength of 220 nm was used for the [UV A detection
experiments, and the data were acquired on an IBM P5/2
using Systern Gold (Beckman Inc).

Chemicals. The RI calihration solution was 0.0690%
sucrose in water, rendering An = 10~*RIU. Sample stock
solutions (10 mM) consisted of equally cancentrated CsCl,
KCl, BaCl,, NaCl, CaCl;, MgCly, MnCt,, LiCl, CoCl;, and
Zn(l; salts dissolved in water or separation buffer. MgCl,
was purchased from Aldrich (Steinheim, Germany) and MnCl,
from Merck (Darmstadt, Germany), and al! other chemicals
were from Fluka (Buchs, Switzertand).

The buffer solution was similar to the one used by Foret
et al. in the separation of lanthanides,!® and as for other
inorganic ion separation, ! JUVA detection was applied. For
optimum results in RI detection, the originally proposed
cancentrations of 30 mM acetic acid, 30 mM creatinine, and
4 mM hydroxyisobutyric acid (HIBA) were incteased to 100
mM aceticacid, 100 mM creatinine, and 4 mM HIBA having
a pH 4.67.

RESULTS

Instrumental Results. HOEs. Thedeflecting efficiency of
the HOEs ranged from 16% to 32% from batch to batch and
it did not degrade with time, exposure to light, or humidity
when sealed with a glass plate (see Experimental Section).
The spot widths (=2wp) and separations (D) were estimated
hy collecting the total amount of light that reaches a phatodiode
where the light is masked hy 2 knife blade located at the
focusing plane, whichis scanned by means of a stepping motor
(knife edge method). The recorded intensity appears as a
step function (Figure 2) which, upon derivation, renders the
deflected intensity profile. However, the spot widths thus
obtained represent only an upper limit due to stray light and
diffraction effects.

The actual width of the focal spots of the HOEs are better
determined from the interference pattern (Figure 5). The
envelope and fringe spacing define the spot widths and
separation, respectively. The numerical aperture (NA) of
the HOE is determined from the envelope as NA = tan 8,
where #is the emission angle of the envelope where its intensity
drops to 1/e2. For the HOE shown in Figure 5, NA = 0.36
and the beam waists (wy = A/xNA) for this HOE are 0.63
um, carresponding to a spot width of 1.26 um, i.e., & times
narrower than the id. of the capillary used with this HOE
{id. =10 um). Thedistance between the spotsin this method
is calculated with the helpofeq 2 as D = (fL/x) = 14,1 um,
where L=25mm, f*= A =675nmand x = A = 1.2 mm,
the measured fringe spacing. The spots retain the ¢ylindrical
aberrationsof the LD and the contrast (eq 10) decreases from
about C = 0.75 to C = 0.5 when the capillary inteccepts one
of the spots.

Linear Dynamic Range and Sensitivity. The deviation
from linearity, used to compute the linear dynamic range
(LDR) of this detector, is given by the difference between the
sinusoidal response function (see eq 13) and its tangent at x
=0. The theoretical LDRs (=RI working range/3-R1I noise)
and corresponding working ranges for different linearities are
reported in Table 1. Those values have beeo computed by
assuming 0.3-mV long-term noise (see Figure 4 in Chapter
1 of ref 18), 1-s time constant, and a response of 420 mV/
mRIU under no flow or electric current in the capillary. For
a 5% deviation of linearity, the LDR. covers close to four
decades (i.e., LDR = 6700 and the working range is 14.4
mRIU). The maximaldynamic range, where a signal voltage
can be related to a RI value, is larger than 15 000 for the
capillary employed. The sensitivity of the RI detector, at 3
times the noise, for 4 10-um capiltary, is =2 gRIU, depending
on the fringe cantrast (see Instrumental Response).

{14) Hjerién, S. J. Cromatogr. 1985, 347, 191.

(15) (a) Foret, F.; Fanali, S.; Nardi, A.; Bocek, P, Electrophoresiz 1990, 11, 780.
(b) Chen, M.; Cassidy, R. M. J. Chromatogr, 1993, 640, 425. {¢) Jacksan,
B. E.; Haddad, P. R. Trends Anal. Chem. 1993, 12, 231.
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Teble 1. LDR and Working Ranges for Diferent Linearity Deviations
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Figure 8. Rl-detected electropherograms of different concentrations
of metalions (standard sample) injected under identical FAST conditions
{2 kV/40 5} In & 10-um-l.d. capillary.

CE Separations of Metal Ions. Two mcedes of detection
have been carried out in order to compare the performance
of the RI detector in 10-um capillaries with that obtained
with standard [UVA detection in 50-um capillaries.

Ri Detection. The positively charged creatinine acts as
backgronnd electrolyte (and as UV-absorhing compound in
IUVA), and in comhination with acetate, it delivers good
huffering between pH 4 and 5. The separations were carried
out in polyacrylamide-coated capillaries, prepared according
to a method described by Hjertén,' in order to reduce the
electroosmotic flow almost o zero for increased resolution as
suggested hy Foret et al.l®8 Most separations have been
pecformed nnder field amplified sample injection (FASL)
working condition.’® Under these conditions, the electrokinetic
injection is performed from sample ions dissolved in liguids
having lower conductivity than that of the separation buffer.
Even for low sample concentrations, mostly sample ions are
attracted by the electric field emerging from the copillary
orifice, resnlting in a selective and efficient concentration of
sample ions into the injection plug. The amount of a thus
injected sample is proportional toits electrophoretic mohility,
the injection current, and the injection time. The injected
mass is therefore, within a wide range, rather insensitive to
sample concentration as shown in Figure 6.

The FASI separations shown in Figure 6 are performed
with the standard sampie dissolved in water covering five
concentrationdecades (10mM t00.1 uM) hut keeping constant
the injection parameters (2 kV during 40's). The peak shapes
are triangular, typical for column overload leading to field
distortions. The electropherograms are nearly identical over
3 orders of magnitude of sample coneentration undl it

{16) (a)Chien,R.-L.;Burgi, D. 5. J. Cromarogr. §991, 559,141 .(b) Chien, R-L.;
Burgi, D. 5. Anol. Cherm. 3992, 64 , 489A.
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Table 2. Detection Limits Obtalned Using AT and LUVA Detection for
Differant (njecting Modes”*

ion conco {(uM)
RI detection TUVA detection
(10-um capillary) {50-pm capillary)
i 2 3 2 5
¢lectrokinsamp  hydrodynamic  electrokin samp
inwater inbuffer sampin water inwater inbuffer
metal inj2kV/ inj2kV/ inj416 mb/ inj 5 kV/ inj5kV/
ion 403 60a i5s 53 Se
Cs* 0.1t 1000 1600 0.3 20
K+ < 0.01% 700 1000 03 20
Ba?* .11 700 BOO 013 12
Na*  <0.01* 300 200 013 12
Ca2* <001 300 200 ¢ 10
Mg2*  0.01-0t 130 200 018 9
Mn**  Q1-1 300 250 0.15 14
Li* 0.1-1 200 130 0.22 14
Co?* 0.1-1 300 1300 0.26 20
Zn** ¢.1-1 1000 2000 0.44 18

9 The order of the listed cations is according to the elution order.
RI detection: buffer 100 mM acetic acid/creatinine + ¢ mM HIBA,
pH 4.67; capiliary length 60 cm (80 cm total), TUVA detection: buffer
30 mM acetic ecid/creatinine, pH 4.97; capillary length 59.9 em (76.4
cm total). ® The values correspond to the upper limits because the
meagurement interferes with the oorreapo%ﬁon contant in
the HPLC grade water used, probably from the wall. ¢ Because
of e Ca®* impurity in the water, probably from the glass wall, detection
limits cannot be given for this cation.
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Flgure 7. CE separation of a 10 mM stardard sampie dissolved in

water detected with the hologram R1 detector: injection, 2 kV/20 §;

capillary, length 60 ¢m (80 om total), i.d. = 10 um; separation, U/ =

20 kv, I = 1.3 uA; RI detector response 420 mv/mRIY.

approaches 105 M, corresponding to 10 times the HyO+
concentration in neutral water {pH 7). At this low concen-
tration, a snbstantial amount of the injection current is taken
hy the highly mobile HyO*, which reduces the amplification
efficiency of the injection. As reported in Tahle 2, the limits
of detection for Mg?*, Mn2*, and Li* are lower than 0.1 xM
and the FASI mechanism is so efficient thatc K+, Na*, and
Ca?* impurities con be detected even in the HPLC grade
wateremployed. The electropherogramofa 10 mM standard
sample dissolved in water, injected under FASI conditions
stmilar to those used to record Figure 6 (injection time is 20
sinstead of 40s toincrease separation efficiency), is displayed
in Figure 7. The species are sepatated within 17 min, and the
theoretical plate number determined from the Li* peak is
=70 000.

1UVA Detecrion. In this detection mode it is impartant to
choose the concentration of the UV-absorbingion in the linear
part of its calibration curve.* Otherwise, the ITUVA signal



Absorbance JAU)

-800x10° 4 Li

L

00 200 300 400 SO0 600 700
Time {3)

Figure 8. 1UVA-detected separation of the standard sample, 1 mM
dissotved In buffer. The coated 50-um ¢apllary had a length of $9.8
cm (76.4 cm total): separation buffer, 30 mM creatinine/acetic ackl:
Injection, 5 kv/5 s; CE, 20 kV,

could decrease in spite of the fact that the replacement ratio
{defined as the ratio of the displaced amount of the absorbing
ion to the amount of sample in the sample zone) remains
constant. Buffer (100 mM creatinine/100 mM acetate
without HIBA) was first taken as background electrolyte
without affecting the separation order in the IUVA-detected
separations. However, for the abovemnentioned considerations
the UV absorbance exceeded the upper limit of linearity (=0.18
AU), resulting in lower detection response. The optimal
concentration consisted of 30 mM creatinine/30 mM acetate
inducing an absorbance of ~0.12 AU, which is close to the
upper limit of the calibration curve for creatinine. The lower
ioni¢ strength of this buffer, as compared to that used in the
Rl-detected separations, leads to somewhat higher electro-
phoretic mobilities and shorter separation times.

A separation of the standard sample, using this buffer
system, electrokinetically injected (3 kV/5 s), is shown in
Figure 8. Because the electrophoretic mohilities of most of
the metal ions are larger than the effective mobility of
creatinine, their peaks display a fronting shape. The higher
conductivity in the sample zones of these ions creates a lower
electric field in this zone which results in peak shapes with a
diffuse front and a sharp boundary at the edge.!” For these
reasons, the best-shaped peak corresponds to Zn?*, which has
an electrophoretic mobility and conductivity in its zone
comparahle to that of creatinine at pH 4.97.

The effect of concentration overload is the smatlest for
Zn?* and the largest for the early-eluting peaks, as can be
observed clearly in Figure 8. For the present injection
parameters, the limit of detection for the various metal ions
depends on the displacement response ratio and thus on the
positionin theelectropherogram. For instance, doubly charged
ions displace more creatinine than singly charged ones. The
LODs range between 2 X 105 M for Cs* and 9 X 10~ M for
Mg?*, as can be seen in Table 2. These values improve by
more than 1 order of magnitude (70 times for most of the
ions) under FASI conditions as reported in Table 2,

The concentration detection limits obtained with the same
sample using RI detection are also summarized in Table 2,

Table 3. Absolcie and Norrnakzed Limits of Detection (= Abs LOD-L4.)
Obdained with R1 and Thermooptical (TO) Detection

id. absolute normalized
(um) LOD («RIU) LOD (uRIU-um) application
500 0.6 300 RI/LC*
475 1.2 600 RE/LCI
50 4 200 RI/LC*
50 ~1 50 RI/CE®
25 2 50 TO/CE®
10 2 20 RU/CEe
3 10 50 static condn®
¢ This work.

where columnns 1-3 refer to RI detected whereas columns 4
and 5 refer to IUVA-detected separations. Because of the
different injection modes, injection amounts, and capillary
inner diameters, the RI values cannot be compared directly
to the IUVA values, The reason why FAS] seems to be more
efficient for the smaller capiliary is most likety related to the
different huffers employed.

DISCUSSION

The most obvious advantage of the present optical system
based on holographit interferometry, as compared to the off-
axis scheme,%? is that the capillary is probed at its center
where the optical path is as large as the inner diameter.
Furthermore, the fringe patterns resulting from a HOE display
regular spacing, allowing the use of multiple fringe detection
with PDAs. Four times (using an eight-element PDA) more
light at the PDA relieves the electronics and permits operation
at less critical conditions. Multiple-fringe detection averages
the pointing stability and schlieren effects (the reference and
probing rays propagate from the capillary tothe PDA through
air) at the fringes. The lack of linearity due to fringe
subsiructures (see Figure 5) is minimized. Theimprovements
translated in lower noise, allowing for the first time on-column
RI detection in 5- and 10-gm capillaries.

The smaller capillary used in conjunction with RIdetection
using the off-axis methed!® had anid. = 25 um. The fringe
sensitivity Gr (G = Ax/Adms, where Ax and s are fringe shift
and width, respectively) for such a fringe has been computed’
tobe Gy =34. This fringesensitivity corresponds toa response
(eq 18) of R = 340 mV/mRIV in the present formalism. For
the same capillary and contrast (C =0.5), the present detector
would render a response of R = 740 mV/mRIU, i.e., more
than twice the response. To produce a fair comparison, and
considering that the present R detector has been used only
with capillaries having id. < 10 gm, we reproduce the
sensitivities obtained with previous instruments in RI units
“normalized” to the path length (zRIU-um). The absolute
RI LODs are also included in Table 3. 1t ¢an be seen that
the normalized LODs for 10-um tubes are lower than those
obtained with a 5-um tube. Taking that into consideration,
we performed most of the measurements with the i.d. = 10
pm capillary.

Althoughihe R1and 1UV A measurements are notidentical
(IUVA detection was not possible in anid. = 10 xm tube),
in terms of capillary inner diameters and injection parameters

(17) Mikkers, F. E. P.; Everareris, F. M.; Verheggen, Th. P. E. M. J. Cromarogr.
1979, 169, 1.

{18} Scou, R. P. W. In Liguid Chromarography Deieciors; Elsevier: New York,
1986,
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it is appareat that the concentration LODs reported in the
second column of Table 2 and the electropherogram shown
in Figure 7 ohtained in 10-um capiilaries for RI detection are
=1 order of magnitude worse than those obtained with TUVA
detection in 50-um capiliaries reported in column 5 and the
electropherogram shown in Figure 8. The similarities in the
peak shapes and signs obtained with both methods (in both
cases the peaks correspond toa decrease in the signal) suggest
a similar mechanism in the generation of the ARI signals. In
this context, the displacement of the creatinine cation, which
is much larger than the metal cations, is believed to reduce
the RI vaiue in the sample zone leading to negative signal
peaks as ohserved (see Figures 6 and 7). This observation is
also supported by other RI-detected separations using a 100
mM borax buffer where negative and positive signal peaks
were obtained with the same sample as well as by the fact that
the intensities associated with each jon in the electrophero-
grams shown in Figures 7 and B are indeed quite similar. To
take fuil advantage of this observation and to increase
sensitivity the selection of the buffer is crucial.

CONCLUSION

As anticipatedi and here demonstrated, the use of HOEs
inconjunction with LDs resultsin a substantial mintaturization
and a simplification in the architecture of the iastrument
accompanied by improvements in its performance. Consid-
ering that the present RI detector performs at theroretical
limits and its performance is limited by the noise generated
in the capiliary, further instrumental improvements aimed at
gaining sensitivity seem no longer needed. Inthis regard, and

8 Anabtical Chemistry, Vol. 66, No. 1, January 1, 1994

as argued in the discussion section, the difference in molecular
refractivity between the sample and the background electrolyte
is the factor responsible for the RI signal in the case of ions.
Only the proper choice of 2 huffer might result in higher
sensitivities. A good buffer for RI detection should have low
conductivity to minimize Joule heat effects, and the huffer
ions should bave 2 large difference in molar refractivity
{including perhaps solvatization) with respect to that of the
sample.

The improvements made in the instrumentation in on-
column RI detectors, including the present one, have not helped
much in lowering the concentration detection limits but have
helped in the reduction of the mass detection limits (ie.,
injected amounts) and in the inner diameter of the capillary
employed. Thisimprovements should translateinlower LODs
in thermcoptical detection next to be undertaken in our
laboratory.
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Hologram Based Thermo-Optical Absorbance
Detection in Capillary Electrophoresis;
Separation of Nucleosides and Nucleotides.

B. Krattiger, A. E. Bruno*, H. M. Widmer, R. Déndliker+
Ciba-Geigy Ltd., Corporate Analytical Research, 4002 Basle, Switzerland
*Institute of Microtechnology, University of Neuchitel, 2000 Neuchitel,

Switzerland

Abstract

On-column thermo-optical absorbance (TOA) detection in capillary
electrophoretic separations of varions nncleoside and mono- and
diphosphate nucleotide mixtures absorbing at 257 nm is demonstrated in
the 20 um i.d. capillarics. The analytes are optically pumped by a
frequency doubled argon ion laser and probed by a laser diode or a HeNe
laser beam guided to the detection volume by a holographic optical
element. Absorption detection limits of 2.2 pAU using time constants of
0.3 s and 20 mW of UV power are obtained over a linear dynamic range
covering three to fonr decades. As higher pumping power is required to
enhance the thermo-optical sensitivity, photo-bleaching appears as a major
problem in the quest for lower detection limits for some of the substances
studied such as deoxyuridine and nridine. Concentration detection limits as
low as 50 nM for adenosine monophosphate, corresponding to a mass
detection limit of 0.4 fmole, and separation efficiencies np to 320 000
theoretical plates are measured. A theoretical model, which translates the
obtained TOA signals into absorbances, is proposed and describes the
TOA effect for smaller capillaries rather well.

* To whom correspondence should be addressed
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INTRODUCTION
Varions on-column optical detection methods have been devised for capillary
electrophoresis (CE). When the sample of interest contains a fluorescent
chromophore which coincides with a lasing line, laser induced flnorescence (LIF)
is undoubtedly the best choice. Using this method concentration detection limits
(LODs) as low as 10-10 M (0.2 am injected) for native bovine serum albumin
(BSA) have been reportedl. However, as the number of naturally fluorescent
samples is small, and the laser emission wavelengths are limited, this case should

be considered as an exception rather than the rule.

Concentration LODs in the 10-11 M range, or lower, are obtained in CE using
pre-column labeling with flnorescent tags and LIF detection. However, direct
derivatizations below the 10-7 M range have not been reported to date (the
impressive LODs reported have been always obtained by analysis of samples
which are first derivatized at high concentrations and then diluted to the low
levels reported). Furthermore, derivatization procedures are not always available
for the substance of interest or, are often rather tedious and, when available,
might lead to quantification problems because the extent of derivatization is not
always predictable. As the e]ecfrophoretic mobilities are often affected by the
labels, different incorporation of the tags into the sample leads to additional peaks

and decreased separation efficiency!ls 2.

The vast majority of substances of analytical interest absorb in the UV/vis range
and therefore absorbance detection is the most popular detection method in CE.
Due to the short absorbance paths the lower concentration LODs thus obtained
are, in the most favorable cases, in the UM range. This disadvantage can be
partially overcome by extending the optical path using flared capillaries, z-shaped
cells3, 4 or multi-reflection cellsS. Non-linearities in the calibration curves, due to

RI effects, are in these cases to be expected.
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To obtain high sensitivity and accuracy, while avoiding derivatization procedures,
the approach we follow is thermo-optical absorbance (TOA). In TOA detection?-9
an intense laser pulse irradiates repeatedly the sample with a wavelength matching
an absorption system in the sample. The amount of absorbed light, which is
converted by radiationless transitions into heat, rises the solvent temperature in
the illuminated region in a periodic fashion. As the refractive index (n) of a
material is a function of the temperature (T), those periodic changes in T
manifest in changes in the refractive index (An) which can be conveniently
monitored by a laser based capillary RI detector10-15 and easily decoded with a
lock-in amplifier. Because the thus recovered An signal is dependent, among
other parameters, on the extinction coefficient of the sample studied, the output

can be calibrated to produce quantitative absorption measurements.

Based on the geometric configuration of the pump and probe beams two types of
TOA schemes have been performed in conjunction with capillaries to date,
thermal lensing (TL) and crossed beam thermo optical (CBTO) configurations. In
TL., which has been used in high performance liquid chromatography (HPLC)7. 8,
16-18, the pump and probe beams are collinear and the former induces a RI
gradient across the probing path. In CBTO, first demonstrated by Yu and Dovichi
in CE19, the beams are "crossed” at 90° overlapping in the capillary lumen
defining a small detection volume?20: 21, This latter configuration (CBTO) is the
one we use here, however, we prefer to use the general term TOA, instead of the
specific CBTO term, to emphasize that the TOA effect is not related, at least in
the present case, to the geometric arrangement of the beams. The unavoidable Rl
gradient is, in the case of small i.d. capillaries, not required to observe the TOA
effect. Indeed, as argued in the theory section, it is the mean value of An across

the detection lumen which is responsible for the TOA signal.
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As a capillary RI detector for the TOA instrument we used the one based on a
holographic optical element recently reported by usi2. 13, The straightforward
optical design and enhanced performance of this RI detector made its integration
into a TOA device rather simple!S. To evaluate the performance of the
instrument and, considering the growing importance of DNA and RNA analysis,
varions CE separations of nucleosides and mono- and diphosphate nucleotides
have been chosen for the study. Native proteins have also been studied by TOA

and the results will be reported elsewhere.

THEORY
The principle of TOA detection in small capillaries, using the hologram based RI
detector, is depicted in Fig. 1 and 2 and, the time evolution of the temperature
for every pulse of light for two typical cases, is shown in Fig. 3. The heat
produced during each pulse of the pump beam warms up rapidly the analyte and
the surrounding fused silica (FS) of the capillary wall until the maximum
temperature Tg is reached (see Figs. 2 and 3). The temperature difference, AT,
induces a change in the locally persisting refractive index, An, which modifies the
phase of the probe beam (with respect to the reference beam) which is detected
interferometrically as explained in Ref. 12. Demodulation of the An signal with a

lock-in amplifier constitutes, upon calibration, the TOA signal.

The radial distributions of AT and An, which are correlated through the (dn/dT)
coefficients of the buffer and FS, are also displayed in Fig. 2 (bottom). The large
discontinuity in the An at the buffer/FS interface is due to the fact that the (dn/dT)
coefficient of the FS has opposite sign and, is eleven times smaller in magnitude
than the corresponding coefficient of the aqueous buffer (the dn/dT coefficients
are -1.07 10-4 K-1 and +9.5 10-6 K-1 for water and FS22. 23 at room
temperature, respectively). As the (dn/dT) of the FS is small as compared to that

of the buffer and, as the two adjacent probe and reference beams sense almost the
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same temperature along their paths through the FS, the phase changes gathered in
the path through the FS can be neglected.

Simple TOA Model: Dovichi? developed an elaborate mathematical formalism
needed to conmipute the AT and An profiles within the analyte for larger cells
under pure TL conditions where the heat generation is far from any wall.
However, for small i.d. capillaries, the temperature drops mainly across the FS
wall and not within the buffer. As the heat dissipates mainly through the wall (and
not by mass flow), the temperature raise is mainly determined by the thermal
resistance of the FS cell and not by the thermal properties of the buffer. For this
reason Dovichi's model can not be nsed here and thus we present a simple model

to predict AT and An inside smali i.d. capillaries for the pure TOA case.

As the heat source can be considered point-like (2 wo < 20 um where 2 wo is
the pump beam diameter) if compared to the outer capillary diameter (340 um),
and, as the heat dissipates isotropically, mostly through the FS wall, it is assumed
that the cell geometry is spherical; i.e. two concentric spheres, the inner one filled
with buffer and the outer one made of FS. The diameters of both spheres match
those of inner and outer diameters of the capillary. As it can be seen in Fig. 3 the
system reaches thermal equilibrium very rapidly (ca. 0.4 ms corresponding to
1/4 of the pulse width at the 314 Hz chopper frequency). The temperature profile
is, at this point, assumed to be constant across the buffer and to drop across the
FS wall as 1/2.

The overall TOA instrumental response, RToA, of the present instrument is the
signal voltage output from the lock-in amplifier (UTpa) caused by a given

absorbance, A, is

Utoa
RTOA= 4 (1a)

or, in the differential form,
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dUT
RTOA= —g4 > (1b)

where A is the product of pathlength (i.e. the i.d. of the capillary), concentration,

¢, and extinction coefficient, €,
A=1id. ce. (2)
(dUToAa/dA), Eq. 1b, can be mathematically decomposed as

@ E o

where UR] is the signal amplitude from the photodiode array (PDA) electronic
conditioner (i.e. before the lock-in amplifier). The first two terms in Eq. 3 are
related to the insaument. The third factor, (dn/dT), 1s the coefficient for the
buffer (reported above for water), and the last two terms correspond to the actual

TOA principle.

The first term in Eq. 3 is the lock-in amplification. It is the ratio of its efficiency,
H, for a given signal shape (which has to be determined experimentally) to the

sensitivity setting, S, (preset at S0 mV in most measurements)

dUT0A H
[ dURg J =75 )
For a chopping frequency of 314 Hz and a non-bleaching sample (e.g. using 1 %

acetone/water seolution), H was measured to be 4 V.

An expression for the second bracket in Eq. 3, which corresponds to the
instrumental response of the Rl detector, was already given elsewhere (Eq. 18 in
Ref. 12) and reads

) (3)

(dURI]_ 4 C Ki.d.
dn AProbe
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where C = 0.9 is the fringe contrast, K = 10 V an amplification constant of the
PDA conditioner and, Aprobe = 633 nm the probe HeNe laser wavelength. Using

these values, the RI response is (dUry/dn) = 1.14 mV/uRIU.

The last factor in Eq. 3, (dT/dA), represents the temperature change per
absorbance, i.e. the TOA effect. Assuming that the temperature at the fluid/FS
interface is the same as that of the fluid, the temperature excess AT across the FS
sphere having a thermal resistance R and conducting a total heat flow Peq( can be

computed as
AT = PHcat R. (6)

The power flow PHea; in the assumed stationary state equals the absorbed light

power, which is related to the absorbance A as

PHeat = 2.303-A-Pyv (7

and its substitution in Eq. 6 reveals
AT = 2.303-R-A-Pyv .. 8

The expression for (dT/dA) can be now obtained by taking the derivative of
Eq. 8 with respect to A

dT

dA—2303 RPUV 9

The thermal resistance, R, entering in Egs. 6, 8 and 9, can be computed by the

integration of thermal resistance shells over the FS sphere as

I'o

R = [z = e G - 10 10)

norZ T 4mC rj  To
ri
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where ¢ = 1.38 W/K/m is the thermal condnctivity of FS and, rj (=1.d./2) and
To (= 0.d./2) are the inner and outer radii of the sphere (and capillary),
respectively. According to Eq. 10, a sphere with i1.d. =20 um and

o.d. = 340 pum (present case), has a thermal resistance R = 5427 K/W. Using
Eq. 8, 1 #W of absorbed light would raise the temperature inside the capillary by
5.4 mK.

The analytical expression for RToA can now be given by substituting Eq. 10 into
Eq. 9 and then by sobstitnting Eqs. 4, 5 and 9 into Eq. 3 rendering

Ry - 4606 K H C Pyy (dny () . id.
TOA = ® S lPrQbeG dT " od

(11)

According to Eq. 11, for narrow bore capillaries, for which i.d.fo.d. < 0.1, the
TOA response is almost independent of both diameters (e.g. the last bracket
contributes to less than 6 % to RToA in onr case). We have measured RToa for
capillaries having 10 and 20 pm i.d.s at 10 mW pumping power and, within the

experimental accuracy, RTQA remains constant as indicated by the present model.

The theoretical estimate for the RToa nsing Eq. 11, for a lock-in sensitivity of
50 mV and a pump power of 10 mW, gives RToaA = 1.217 mV/uAU, whereas
the measnred valnes range from 1.0 to 1.4 mV/pAU for poor and good optical
adjustment, respectively. Althongh there are many reasons which conld explain
this discrepancy (the most obvions conld be that the model assumes a flat
temperature profile in the analyte) we prefer not to speculate abont it since the

model described above is rather simple.

EXPERIMENTAL
TOA Detector: The experimental set-up of the TOA detector is shown in
Fig. 4 and, the pumping scheme is shown in Fig. 1. 1t consists basically of a
capillary RI detector, identical to the one we recently described!12 and, as a pump

laser we nsed an intracavity frequency doubled Art laser emitting at 257 nm
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(laser model 2025-5, doubler model 395 B, Spectra Physics, Mountain View,
CA) as employed by Bruno et al.20. The frequency doubling system is stabilized
by a feed back system (Mod. 295, Spectra Physics) to produce less than 0.5 % of
intensity noise. The laser beam with a diameter of roughly 2 mm is focused by a
FS lens f = 16 mm (#06 3010, Spindler & Hoyer, Gottingen, Germany),
mounted on a 3-D translation stage (Microcontrole /Newport 3 MRN 03.5) to
adjust the pump beam to the capillary cell (Fig. 1). The numerical aperture (NA)
of the pump beam is therefore NA = 1/16 and the beam spot in the cell, 2 wo,
where the beam waist is wg = A/NA, is ca. 2.6 pum. The probe light source,
either a HeNe laser (Mod. 106-1, Spectra Physics) connected via a polarization
preserving single mode fiber (HB600, York Technology Inc., Chandlers Ford,
Hampshire, GB) or, a laser diode (D), first passes a collimator lens (f = 5 mm,
diameter = 5 mm, plano-convex, Spindler & Hoyer) and then the HOE (as in
Ref. 12). The TOA cell consists of a naked (i.e. polyimide removed) capillary
(Polymicro Technologies, Phoenix, AZ) glued between two microscope slides
with UV curing RI matching (RIM) glue (Norland Products Inc., New
Brunswick, NJ) as shown in Fig. 1 (the pump beam entrance and exit surfaces of
the capillary (Fig. 1) were kept free from RIM because the glue absorbs UV light
and photo-degrades to dark spots). The capillary cell was glued onto a properly
machined aluminum block for its temperature stabilization by means of a
Peltier/thermistor system (Peltier element from Melcor, Trenton, NJ, controller

from ILX Lightwave, Bozeman, MT).

The reference and probe beam positions of the R1 detector were adjusted with
respect to the capillary by monitoring the far field profile of the fringe pattemn
which, once optimized, illuminates an 8-element photodiode array (PDA) (KOM
2045, Siemens). The signal current from the PDA is analog conditioned by a
circuit wired to render position sensitive detection (Model 301-DIV, UDT,
Hawthome, CA) and fed into a lock-in amplifier (SR 530, Stanford Research
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Systems Inc.) operated at a time constant of 0.3 s and a sensitivity setting of

50 mV. The chopper (SR 540, Stanford Research Systems Inc.) for the pump
beam also delivers the phase reference for the lock-in amplifier. The TOA signal
output from the lock-in is acquired by a Macintosh IIfx computer using the
LabVIEW hard- and software package (National Instruments, Austin, TX) and,
the data was processed with the lgor program (WaveMetrix, Lake Oswego, OR).

Chemicals: The absorbance calibration solutiou consisted of 1 % (vol.) acetone
in water. Its absorbance at 257 nm was determined (Uvikon 720 LC, Kontron,
Switzerland) to be 1.265 AU/cm. The standard stock solutions of nucleosides and
nucleotides were prepared in water (except adenosine and guanosine, which were
dissolved in 0.1 M NaOH) and stored below -18 °C at a concentration of

5 mg/ml. Diluted samples were prepared each day in running buffer or in water.
The filtered (0.22 pm) buffer solutious (all were obtained from Fluka) were
vacuum degassed before use. The SDS buffer (pH 7.00) consisted of 20 mM
sodium dihydrogen phosphate, 20 mM sodium tetra borate and 50 mM sodium
lauryl sulfate and, the citrate buffer (pH 3.5) consisted of 20 mM sodium citrate.
The nucleosides studied were adenosine (A), deoxyadenosine (dA), cytidine (C),
guanosine (G), deoxyinosine (dI), deoxythymidine (dT), deoxyuridine (dU) and
uridine (U). The S-mono- and diphosphate nucleotides studied were AMP, CMP,
GMP, dTMP, ADP, CDP, GDP and dTDP. All these compouunds were purchased
from Fluka (Buchs, Switzerland). The extinction coefficients € at 257 nm of

both, nucleosides and nucleotides, are roughly € = 1041 mol-1 cm-1,

Capillary Electrophoresis: Capillaries were first rinsed with 0.1 M NaOH
for some minutes and, before sample injection, with 0.1 M HC|, followed by
water and buffer. CE was performed at room temperature applying
hydrodynamic injection at a pressure of 25 mb for 30 s, by an automated

injection system (Prince, Lauver Labs, Emmen, The Netherlands). Separations
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were performed in 20 pm i.d. capillaries having a total length of 75 cm and a
length of 50 cm to the detection point. The separation voltage was 30 kV
resulting in electrical currents of 6 pA for the SDS buffer and 3 pA for the
citrate buffer. Conventional UV detection was performed with an absorbance
detector (PHD 206, Linear Instruments, Reno, NV) using a time constant of

0.3 s under identical experimental CE conditions and capillary dimensions.

As nucleosides are uncharged in the pH region where they are stable, CE in
hydrophilic buffers is not possible, they are commonly separated by micellar
electrokinetic chromatography (MEKC)24. 25, The addition of surfactants to the
background electrolyte, suéh as sodium dodecyl sulfate (SDS), above a critical
concentration leads to micelles which allows separation of neutral species. Under
these conditions neutral nucleosides are separated according to their different
partitioning between the aqueous background electrolyte and the hydrophobic
interior of the charged micelles23, Although nucleotides, containing charged
phosphate groups, can be separated in hydrophilic buffers without the addition of
SDS, we chose here the same buffer system to display both, the nucleosides and

nucleotides species, in the same run.

RESULTS AND DISCUSSION
Noise Sources and Linear Dynamic Range: To investigate the contribution
of the various sources to the total TOA noise the sources were, in as much as
possible, isolated and, their individual contributions measured and determined
according to the procedure suggested by Scott26. Considered were contributions
to TOA noise from the lock-in amplifier, the PDA signal conditioner, the probe-
and pump lasers and, from the data acquisition. The results are summarized in
Table 1.

Fig. 5 shows the noise spectra measured at the PDA array for different probe

lasers. All lasers investigated display the highest noise at the lower chopper
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frequencies. Schlieren effects due to air turbulences contribute to the low
frequency noise. As the fringe position depends on the wavelength (Eq. 7b, Ref.
12), wavelength fluctnations translate into noise at higher chopping frequencies.
For LDs the high frequency noise originates from wavelength shifts due to mode
hopping which depends on the junction structure of the chip (gain guided, index
guided) and, on the operating conditions (current, temperature, optical feed
back)27. The index guided single mode LD model TOLD 9211 (Toshiba Inc.),
requiring a careful adjustment of the operating temperature and current,
manifests in lower noise than the gain guided multi mode LD model TOLD 9201,
as can be seen in Fig. 5. HeNe lasers, having high intensity fluctuations of about
1%, display almost no wavelength noise. As the intensity fluctuations are
referenced out by the divider in the PDA conditioning electronicsi2, the HeNe
laser rendered the lowest TOA noise and was therefore used in the CE separations
reported. The chopper frequencies were chosen to be different from the
harmonics of the 50 Hz line frequency to prevent aliasing effects. The lowest
noise from within a series of S randomly selected chopper frequencies was
obtained for the 314 Hz (Fig. 5) which therefore was selected for all subsequent
TOA measurements. The lowest, almost flat, trace in Fig. S represents the noise

due only to the electronics recorded by replacing the PDA by dumnmy resistors.

The TOA response is, according to Eq. 11, proportional to the pump power, but,
it was noticed that increasing the pump power does not result in a linear increase
in the S/N ratio. When nsing a transparent buffer system, a TOA measurement
should be background free as in the case of LIF in the absence of scattered light.
However, as it is here the case with the SDS buffer, small impurities, which
display weak absorption around 257 nm, couple the noise of the pump beam into
the final TOA baseline noise. In addition, buffer inhomogenities (e.g. bubbles,

dust) lead to baseline spikes, with peak heights increasing with pump power.
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High pumping powers are not always desirable, primarily because they might
canse photo-bleaching, saturation, and cell degradation21. The optimum pumping
power depends on the problem at hand. In the present case, the S/N ratio of the
UV laser output was determined to be constant (at ca. 250) between 4 and

20 mW. Considering that the frequency doubling system is difficult to stabilize at
powers higher than 20 mW over longer times, most measurements were

performed at 10 mW.

Table 1 also contains empirical formnlas to compute the different noise
contributions. In the last column, the expected noise contributions for the
separation shown in Fig. 6 are listed. The square root of the sum of the squares
of the individual components yields the expected total noise of = 3 mV which is
to be compared with the measured baseline noise of 5 mV reported in the same
table. The 2 mV discrepancy probably stems from buffer impurities absorbing at
257 nm or, turbulences m the cell due to Joule heat in CE which are not

accounted mn the evaluation.

TOA detection cells degrade by the high peak intensities of pulsed lasers28 (e.g.
10 ns pulse widths) which are in the 0.2 GW/em2. The chopped cw laser used in
our experiments delivers modest peak intensities of ca. 0.2 MW/cm? which are
rather harmless to the FS.cell. However, after a few days of operation, the FS of
the capillaries display brown stains in the UV path which increasingly add noise
due to increased background absorbance. For some buffer/sample combinations
we also observed a dark coating growing at the inner capillary surface leading
also to a monotonons increase of the baseline signal. These brown layers were

easily removed by rinsing the capillary with HCI.

The linear dynamic range (LDR) in the present instrument, which expands to
about 3-4 decades of TOA detection, is mainly given by the dynamic reserve of

the lock-in amplifier and, also by the sinnsoidal response of the Rl detector (Eq.
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16 in Ref. 12). Ignoring the limitations from the lock-in, the LDR would be close
to 70 000 at 5 % deviation from linearity. This is based on the present RI
detection limit of 0.1 pRIU and the 6.8 mRIU working range.

CE Separations: Fig. 6 displays the eleciropherogram of a mixture of four
nucleosides, dU, U, dl and dA, (50 pg/ml each) separaied in the SDS buffer in a
20 pm 1i.d. capillary. The electropherogram of the same mixture taken under
identical experimental conditions, but recorded using conventional UV
absorption, is shown in Fig. 7 for comparison purposes. The ca. 200 mV
baseline offset in the TOA recorded electropherogram is due to the slight
absorption of the SDS buffer and the capillary wall at 257 nm. Although the
TOA detected electropherogram displays a better S/N ratio and no drift as
compared to that recorded with the UV absorbance detector, the peak areas of the
dU and U species do not represent their actual injected concentrations due to
photo-bleaching. The relatively high UV intensitics needed in the TOA
measurements photo-degrade?!l- 29-31 these species resulting in a lower peak
height than those of the dI and dA species in spite of their similar extinction

coefficients and concentrations.

A quick diagnostic regarding to the observed photo-bleaching effects can be
obtained by looking at the time resolved traces shown in Fig. 3 for both
significant cases; namely dU and dl. dU, which strongly photo-degrades, has an
anomalous trace resulting in a smaller amplitude, whereas dl, which is photo-
stable displays a standard TOA trace20 with a larger amplitude. The anomalous
shape of the dU trace indicates that the amount of dU in the illuminated region
decreases with time, due to photo-dissociation decay, to a coustant value. This
constant value has contributions from the residual absorbance of the photo
fragments and is also related to the flow rate which repopulates the irradiated

region.
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The degree of photo-bleaching, as a function of increasing power for the dU and
dl species, coutinuously injected by pressure (5.7 bar), is depicted in Fig. 8.
Although below 1 mW of UV power the TOA signals of dI and dU are
comparable, as the power increases to 20 mW, the signal from dU is less than
one third of that from dI.

Fig. 9 shows the MEKC electropherogram of four nucleosides A, C, G and dT
and their monophosphate nucleotides (25 mM for all species diluted in water).
The migration order of the GMP, dTMP, AMP and CMP is mainly determined
by their charge. CMP, having a higher negative charge, and thus the fastest
electrophoretic mobility against the electroosmotic flow, appears as the last peak
in the electropherogram.

Diphosphates are not well separated in the SDS buffer becanse of their highly
negative electrophoretic mobilities of comparable magnitude to that of the
counteracting electroosmotic flow, lead to impractical long separation times.
However, the CE separation of negatively charged diphosphate nucleotides was
possible in a 20 mM sodium citrate buffer at pH = 3.5. The electropherogram of
a mixture of diphosphate nucleotides (30 pg/ml ADP, 50 pg/ml GDP,

100 pg/ml CDP, and 200 ug/inl dTDP) is shown in Fig. 10. Due to the low pH
the electroosmotic flow was small, the electric field was reversed and injection

was performed at the cathode.

The performances of both, the TOA and couventional UV absorbance detectors,
operated with 20 pm capillaries, were evaluated using a 1 % acetone/water
solution. The TOA detecior yielded a detection limit of abont 6.7 - 10-6 AU at
10 mW pumnp power and 2.2 - 10-6 AU at 20 mW pump power. These values
are to be compared with those obtained with the UV absorption instrument of

3 . 10-4 AU (which is about 6 times higher than the typical noise obtained with
75 pm tubes). The poor performance of the UV detector is related to the factS 32
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that a greai portion of the probing light propagates through the capillary wall
withont intercepting the 20 um bore. The TOA absorbance noises are thos abont
45 to 140 times smaller than those obtained by conventional absorbance when
used in conjunction with 20 pm capillaries. The present TOA noise levels
obtained in 20 tm capillaries are comparable with the valne of 2.5 - 10-6 AU
reported by Waldron and Dovichi?! in 50 um-i.d. capillaries using CBTO.

The present TOA absorbance noise is somewhat lower than the values reported by
Xue and Yeung3! of 10-5 AU in a 75 pum capillary using a laser based absorbance
detector equipped with a noise canceling electronics (corresponding to a
concentration LOD 25 times lower than that obtained with a commercial CE
system). The reported312 LOD for a dye with an extinction coefficient of

7.5 - 104 1 mol-! cm-! is 20 nM which is lower than that reported for TOA in
Table II for AMP of 50 nM. It must be noticed that the extinction coefficient of
the dye used by Xue et al. is about 7.5 times higher than that of AMP, the i.d. of
the capillary nsed by these authors312 is 3.2 times larger, onr data is not post-run
processed and, the definition26 we used to compute the LODs is more

conservative than the one nsed by Xue et al..

Electrophoretic efficiencies are not affected by photo-bleaching and, theoretical
plates of more than 300 000 have been calculated from the dA and dI peaks. The
corresponding concentration and mass LODs are listed in Table II. The LODs
obtained with TOA afe ca. 30 times lower for the photo-stable samples but only
2.4 times better for the photo-degrading samples. To determine the nltimate
concentration LODs the injection volume was increased which resulted in
additional band broadening degrading thus the separation efficiency. At the best
LOD obtained (AMP, see above) the separation efficiency still was 130 000

theoretical plates.
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CONCLUSIONS
For the CE separations performed in 20 pm capillaries using 10 mW pumping
power, TOA is about 30 times more sensitive than standard UV absorbance. For
the continnonsly injected samples (i.e. no electrical field) the enhancement was 45
times at 10 mW and 140 at 20 mW. For larger i.d. capillaries, these sensitivity
enhancement factors will be smaller. This, because on one hand the capillary
illumination in conventional absorbance is more efficient for larger i.d.
capillaries while, on the other hand, the heat in the TOA detector is less

efficiently removed.

To further improve TOA detection, beside e.g. enhancing the (dn/dT) coefficient
of the buffer, various noise sources should be improved; the most important one

being the background absorbance noise.

As we have shown here, the behavior of the TOA is similar to conventional
absorbance with regards to pathlength dependence for non-bleaching substances
(see APPENDIX), low mass LODs sbould be obtained with smaller-i.d.
capillaries, whereas larger i.d.s will lead to reduced concentration LODs. A
further improvement in the sensitivity of RI and TOA detectors could be
certainly obtained using flared capillaries!4. The use of flared capillaries should
combine an improvement in both detection limits, mass and concentration, at the

same time.

APPENDIX
1t 1s to be noticed that by introducing Eq. 2 into Eq. 1a one obtains

Utoa = RToA 1.d. Cc €, (12)

which indicates that, at least for capillaries having i.d. < 20 um where the RToA

remains constant, UToA is proportional to the i.d. as in the case of conventional
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absorbance. For the small i.d. capillaries investigated, and at moderated pumping
power (far from saturation), the TOA signal was experimentally found to be
proportional to the capillary i.d. as predicted by Eq. 12.

The concentration LOD can be evalnated nsing

ALOD
CLOD =g i d. ¢ ° (13)

where ALOD is the peak-to-peak noise in absorbance units, o is the dilution of the
sample due to peak broadening during the separation. The mass LODs are given
by
ri.d.2
MLOD =CLOD™ 4  linj» (14)
where linj is the injection plag length. The mass LOD can be given, in terms of

CLOD, by substituting Eq. 13 into 14 rendering

ArLop 1t i.d. Lip; .
MLOD =4 go - (15)

Considering that the A} Op are independent of the i.d. dimensions, the lower
concentration LODs are usnally obtained with larger 1.d.s whereas the lower mass
LODs with smaller i.d. capillaries. This simplified analysis explains why the most
impressive mass LODs are reported for CE (small i.d.) and, for HPLC (large

1.d.), the lower concentration LODs.
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Table I. Contribution of the individual noise sources to the total

measured TOA noise.

Noise Source Noise empirical relationships Noise ©
[mV] [mV]

Pump Laser 0.4 % of Baseline Signal 1
HeNe Probe Laser 24 /8 0.5
Signal Conditioner 100/S 2
Lock-In l]a 6 2b 4c 2
DAQ System 0.2 0.2
Calculated Total Noise d 3

‘| Measured Noise in CE - 5

The baseline signal and the sensitivity, S, are in mV units.

abetween S =100 mV and S =500 mV
bbetween S=10mVand S =50mV

Cbhetween S=ImVandS=5mV

d +/(0.004xBaseline Signal)2+(24/S)2+(100/S)2+(12,2b,4¢)2+0.22

¢ explicit values obtained from the empirical relationships using the
experimental parameters from the separation shown in Fig. 6
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FIGURE CAPTIONS

Fig. I: Detail of the TOA cell showing the optical arrangement of the pump,
probe and reference beams. The probing and reference beam are separated by
14 pm. Notice that the RIM glue is not part of the propagation path of the pump
beam.

Fig. 2: Steady state temperature and Rl profiles across the cell during a pump
pulse. The temperature excess, AT, is the temperature difference between sample
Ts and room temperature TR, i.e. AT = Tg - Tr. The AT and An radial

distributions are represented at the bottom of the figure.

Fig. 3: Time evolution of TOA signals corresponding to two nucleosides, dU
and dI. Although both substances should display approximately the same
absorbance, their corresponding TOA signals are rather different because dU
photo-dissociates whereas dlI is stable. High temperatures (top) correspond to low
RI. The signal of the dU trace corresponds to a temperature raise of ca. 1.0 K.
Concentration: 50 pg/ml each in SDS buffer, UV power: 20 mW, chopper
frequency: 100 Hz. The spiky artifacts in the middle of the heating periods are
from intensity transients from the mains rectifier of the pump laser power

supply.

Fig. 4: Experimental set-up of the TOA detector. PDA: Photodiode array. HOE:
Holographic optical element. KDP: Potassium dihydrogen phosphate frequency
doubling crystal. MO: Microscope objective.

Fig. 5: Noise spectra for different probe light sources. The data was obtained
from 5 selected chopping frequencies. TOLD 9201 and TOLD 9211 refer to the
Toshiba LDs whereas the HeNe trace shows the spectra for a HeNe laser after a
single mode fiber. The lowest trace displays the overall noise spectra due to the
electronics.

Fig. 6: MEKC clectropherogram of a mixture of nucleosides (dI, dU, U and dA)
detected by TOA in a 20 um i.d. capillary in SDS buffer at neutral pH. The
hydrodynamically injected (25 mb, 30 s) sample mixture (50 pg/ml of each
nucleoside) dissolved in buffer was separated at U = 30 kV resulting in 6 pA of
current. The dI peak corresponds to a temperature raise of ca. 190 mK.
Although the buffer was filtered and degassed, small bubbles are responsible for
the small spikes in the baseline.
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Fig. 7: Electropherogram of the same sample and separation as in Fig. 6
detected by a commercial UV/vis absorbance detector. The concentration LODs
are ca. 2.4 to 30 times higher than those obtained with TOA detection shown in
Fig. 6.

Fig. 8: TOA signal as a function of pumping power for two nucleosides, dU and
dl. Becanse dU photo-dissociates it is associated to a non-linear behavior, whereas
the stable dI gives a rather linear response to pumping power up to 20 mW (see
their corresponding TOA signals in Fig. 3). Both sample solutions were pumped
through the capillary by a pressure of 5.7 b. Concentration 50 pug/ml each in
SDS buffer. The chopper frequency was 500 Hz.

Fig. 9: MEKC electropherogram of a mixture of nucleosides and their
monopbosphates nucleotides detected by TOA in a 20 um i.d. capillary in SDS
buffer at nentral pH. Sample: A, C, G, dT, AMP, CMP, GMP and dTMP. The
sample is hydrodynamically injected (25 mb, 30 s) and the concentration is
25 mM for all species diluted in water. The species are separated at 30 kV
rendering an electrical current of 6 HA.

Fig. 10: Capillary electropherogram of a mixture of nucleotide diphosphates
separated in a 20 mM sodium citrate buffer at pH 3.5. The sample contained

30 pg/ml ADP, 50 pg/ml GDP, 100 pug/ml CDP and 200 pg/ml dTDP in water.
The hydrodynamically injected (25 mb/30 s) sample was separated at

30 kV/3 pA, but the electric field was reversed (cathode at injection vial).

TOA paper version: 16 June 1994, 2:12 PM, page =
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Chapter 7 The Pigtailing Approach to Optical
Detection in Capillary Electrophoresis.
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The pigtailing approach to optical
detection in capillary electrophoresis

Alfredo E. Bruno*, Frangois Maystre,
Beat Krattiger, Philippe Nussbaum
and Ernst Gassmann
Basel,Switzerland

A novel approach, called pigtailing, is pre-
sented for the construction of optical detec-
tors for capillary electrophoresis. Optical
components and procedures from other
fields, mainly telecommunications, are in-
corporated into these devices to give mini-
aturized detection systems. Suitable light
sources for the construction of pigtail absor-
bance, fluorescence, refractive index and
thermo-optical detectors are light-emitting
diodes (LEDs) and laser diodes. The best
optical components are gradient-index
lenses, optical fibers or diffractive optical
elements. These components are joined to
the capillary with refractive-index-matching
materials to avoid refraction and reflections
at the optical inferfaces and to reduce me-
chanical vibrations. These joints also facili-
tate fast thermal equilibrium. The per-
formance of absorption detectors depends
mainly on the brightness of the selected
LEDs. Two types of refractive-index capillary
detectors are described: one features a sin-
gle-mode polarization-preserving fiber
whereas the second uses a customized
holographic plate as the main optical ele-
ment.

Introduction
The miniaturization of instrumental techniques

for liquid-phase chemical separations usually pro-
vides many benefits, including more theoretical

*To whom comespondence should be addressed.

© 1994 Elsevier Science B.V, All rights reserved

plates, faster analysis times, and lower reagent
consumption. For these reasons, capillary electro-
phoresis (CE) represents an important trend in
analytical chemistry [1). Among the vanous in-
strumental features contnibuting to the overall per-
formance of CE undoubtedly the most important
one 1§ detection, which is usually performed by
optical methods. To preserve the spatial profile of
the eluting substances only on-column detection is
significant in CE [2]. Several arrangements suit-
able for on-column detection have been reported
for absarption [2,3], fluorescence (4], and refrac-
tive index (RI) detection [5,6]. There is, however,
a growing demand for improving the sensitivity of
these detection systems, reducing their detection
volume while retaining instrumental sensitivity
[7], or devising completely new detectors based on
novel principles and concepts.

In this article we present a general approach to
detection which we refer to as pigtailing. Pigtailing
takes advantage of the great amount of small opto-
electronic hardware, developed primarily for com-
munication purposes, such as gradient-index
(GRIN) micro lenses, optical fibers, holographic
optical elements (HOEs), laser diodes (LDs), light
emitting diodes (LEDs), and refractive-index-
matching (RIM) materials.

The pigtail concept

Most optical detectors make use of an optical
bench on which their components, which are made
of materials having rather different physical prop-
erties (e.g., thermal expansions, indices of refrac-
tion, or elasticity) are mounted. The ultimate sen-
sitivity delivered by these instruments is thus often
limited by the noise and dnft caused by thermal
expansion of these materials, vibrations and
schlieren effects in the light-propagation media.
Furthermore, owing to these mechanical prob-
lems, the noise sources which preclude some de-

0165-9936/94/507.00
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tectors from operating at their theoretical limits are
generated at the various optical interfaces where
reflection and refraction take place [3,5]. The noise
at the interfaces is more pronounced when they are
not flat, but have a curvature, as in the case of the
lenses or capillaries [5] shown in Fig. 1. [n addi-
tion, each interface is associated with Fresnel re-
flection losses which reduce the amount of light
reaching the photodetector. As a result of all these
effects, the more sophisticated and versatile the
detector in question, the more noise can potentially
reach the photodetector, as a consequence of the
greater number of optical elements required.

The pigtailing approach is meant to address
these problems. Accordingly. for those optical de-
tectors whose performance is affected by the
above-mentioned problems, one would expect
maximum instrumental performance when the
number of optical interfaces is reduced to the

Fig. 1. Cross section of a side-illuminated capillary
tube and corresponding ray-tracing of four signifi-
cant cases for (&) a capillary surrounded with air and
{b) a RIM fluid. Reflections and refractions at the
different interfaces are indicated by arrows. The
different n values of the various propagation media
are: air (n = 1.0), agqueous buffer (rr ca. 1.3), fused
silica and RIM material with identical n (n = 1.46)
(reprinted from ref. 5, with permission).
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minimum of two. This situation would correspond
to a detector in which the light, with the exception
of unavoidable cell interfaces, is always propa-
gated through a uniform medium which displays
no discontinuities in the refractive index (n). This
is most easily realized by choosing optical compo-
nents having a common n value close to that of
fused silica (n = 1.46) and connecting them by
means of RIM materials or by glass soldering
methods (not dealt with in this study) to eliminate
the optical interfaces.

The use of RIM matenials instead of air (n = 1)
between two glass-like elements reduces the re-
flections roughly (from the Fresnel formulae) by

2
(146 - n)
B-[————(n‘__l) ] M

For a matenal having a refractive index of, e.g., n;
= 1.50 this resuits already in a reduction by 156
times (i.e., B = 0.0064) in the reflection effects.

The above-mentioned problems of an optical,
mechanical and thermal nature, which might de-
grade the performance of the detectors in question,
are simultaneously addressed are by pigtailing.
Indeed, the glueing or soldering of components is
always accompanied by a more efficient use of the
illumination source and higher mechanical and
thermal stability. A pigtail detector is thus one in
which:

« light propagates with minimal refractions and
reflections

« the optical components are arranged into the
most rugged mechanical construction possible
and

¢ the components are placed in direct contact to
facilitate a fast thermal equilibrium.

The name, pigtail, is most commonly used for
LEDs or LDs whose output is delivered by an
optical fiber. In this regard, the word pigrailing is
used here to refer to the coupling of optical fibers.
GRIN lenses, capillary tubes, light sources, etc..
using RIM materials.

Examples
LED-based capillary absorption detector

LEDs are miniature, extremely stable (ca. 10-%),
solid-state light sources with a very long lifetime,
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whose intensity can be modulated with a wave of
any desired shape, and they require a low driving
power. They are very attractive sources for small-
volume absorption and fluorescence capillary de-
tectors in the visible region. There are LEDs emit-
ting in selective wavelengths from a wide range of
the spectral region, ranging from the infrared (A
ca. 1000 nm) down to the blue (A ca. 400 nm) with,
in some cases, a fairly narrow bandwidth [8]. The
light-power decreases very quickly as it ap-
proaches the blue region, and below A = 430 nm
they do not emit sufficiently to allow sensitive
measurements. The emission cut-off is at A = 400
nm (see Table 1 in ref. 8). This is perhaps the major
drawback of LEDs, as compared with conven-
tional sources. For comparison purposes we mea-
sured the output power of a typical red LED (Sie-
mens hyper-rot, A = 660 nm, LH 5424-Q0Q) with a
calibrated photodiode (PD). Driven by 10 mA it
delivered 1.5 mW of light power (quoted to deliver
320 mcd). More light intensity can be obtained
when the LEDs are operated by pulsed currents
[8]. There are also LED crystals that emit at two
different wavelengths. The color changes in these
LEDs are obtained by changing the direction of the
current. A recent publication [&] reviews the char-
acteristics of LEDs snitable for optical detection.
LED-based absorption detectors for flow injec-
tion analysis and high-performance liquid chroma-

trends in analytical chemistry, vol. 13, no. 5, 1994

tography using conventional cells have been re-
viewed in 1983 by Betteridge et al. [9], in 1988 by
Trojanowicz et al. [10] and, most recently by
Dasgupta er al. [8]. Some designs, such as these
shown in Fig. 8 of ref. 8 and Fig. 1 of ref. 11,
happen to conform to our definition of a pigtail
detector.

[mprovements over the past twenty years in the
design of LED-based photometric devices have
resulted in a reduction in the absorption noise
levels (a.n.) by three orders of magnitude. Be-
cause, th most cases, these detectors are shot-noise
limited, most of the improvements [8] are corre-
lated with the higher throughputs of new LEDs
and, to a lesser extent, the use of dual-beam con-
figurations, better cell designs, quieter power sup-
plies and more sophisticated processing electron-
ics [12,13].

Previous LED-based absorption detectors, in-
cluding those satisfying our pigtail definition,
have not been used in conjunction with small
capillaries. A diagram of the pigtail absorption
detectorusing a 100 pm [.D. capiliary that we have
developed for CE is shown in Fig. 2. The first stage
in the construction of LED-based absorption and
fluorescence detectors is the pigtailing of a sur-
face-emitting LED to a 1/2 pitch GRIN lens (we
nse SelFoc® GRINs from Nippon Sheet Glass,
Japan). In this way, the crystal of the LED, having

Jackel
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Fig. 2. Diagram of a capillary pigtail absorption detector. The naked capillary tube is masked by a set of steel
slits and glued to a Plexiglas mounting piece using UV-curing RIM glues. The slit is 50x500 um wide and has
a large channel of ca. 400 um to fit the capillary tube.
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a typical area of about 280x280 um, is imaged onto
the capillary bore.

The pigtailing of the LED is achieved by first
milling the Plexiglas body almost down to the
emitting crystal and then glueing the GRIN lens
with UV-curing RIM materials as indicated in Fig.
3. AGRIN lens is a cylindrical rod with a parabolic
RI distribution, whose RI is higher at its optical
axis and decreases toward its peniphery; light rays
thus propagate in a sinusoidal fashion through the
rod. A GRIN lens performs the same optical func-
tions as standard spherical lenses. However, what
makes them unique for pigtailing purposes is that
glueing does not disturb their lens properties. This
1S in contrast to conventional lenses whose focus-
ing is based on refractions at both curved inter-
faces.

More than 1 pW of light 1s measured at the exit
surface of the GRIN rod (first focal point) for a
typical green LED used to illuminate the capillary
tube. Then 50 pum wide slits select a portion of the
LED chip image where the naked capillary tube is
subsequently glued. A second GRIN lens, of 1/2 or
1/4 pitch, brings the light from the capillary to the
probe PD. A PVC jacket round the second GRIN
lens prevents scattered light reaching the probe
PD. Scattered light propagated through the Plexi-
glas housing is collected by an amray of PDs (Ste-
mens KOM 2057-L). The set of GRIN lenses also

193

separates the PDs from sources of heat which
contribute to drift in the output signal — namely,
the LED and, in CE, Joule heat. The anzlog elec-
tronic circuit is wired to produce absorbance as an
ourpul signal in a dual-beam arrangement. Zeroing
1s performed manually using a potentiometer.

The whole detector 15 glhied to an aluminum
plate and, when needed, thermostated using a
small Peltier and calibrated thermistor driven by a
thermo-electric system (ILX Lightwave model
LDT-5412). The total size of the detector is only
3.2x2.0x1.5 cm which could be funher reduced
without compromising its performance. The fixing
of all the components i1s camied out under the
microscope by means of micro-manipulators, us-
ing UV-curing RIMs at every positioning step. To
facilitate this process both Plexiglas bodies have a
set of parallel holes which accept sliding glass rods
of 3 mm diameter. The complete pigtail detectors,
including the Peltier and the electronics, fit into a
sealed 15x6x3 cm metal box.

With a green LED (Siemens HPGS066X) the
short-term noise level is about 1-10~3 a.u. for an
integration tume of 1 s and a feed-back resistance
of the curmrent-to-voltage amplifiers of 100 k€.
With blue LEDs, which are less brilliant (13], the
currents through the signal PD are less than | nA,
requiring feed-back resistance as high as 5 M,
and the absorbance noise levels are somewhat

Fig. 3. Photograph of a GRIN lens pigtailed to an LED (type T 1-3/4, diameter 5 mm; the GRIN rod is seen
distorted inside the LED due to the lens properties of the Plexiglas body).
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higher (ca. 5-10~ a.u.). Long-term drifts in the
baseline are extremely low.

LED-based capillary fluorescence detector

Laser induced fluorescence (LIF) is, to date, the
most sensitive detection method available for CE
{1]. Many researchers are shifting from gas to
solid-srate [14] lasers. There is an increasing ten-
dency to nse blue [15] excitation, using the sec-
ond-harmonic (415 nm) from near-infrared LDs
and, in the infrared of the spectrum [16], using the
fundamental emission from LDs. The secrets for
high sensitivity when employing LIF in conjunc-
tion with capillary tubes are to nse microscope
objectives with high numerical apertures, spatial
masks to restrict the field of view, to carefully
select the interference filters, to use high quantum-
yield PMTs with low dark currents, and optimize
the excitation-laser power to account for photo-
bleaching and saturation. The most difficult prob-
lem, once the above-mentioned aspects have been
taken care of, 15 the scattering of light from the
capillary walls. Fluorescence detectors which op-
erate without scattening light are known as back-
eround-free detectors, and the baseline noise 1s
dominated by the dark current of the PMT. Back-
ground-free detectors are not upcommon for gas-
phase detection but they are more difficult to real-
ize in the liquid phase, and it is even more difficult
in the presence of liquid-filled narrow-bore capil-
lary tubes. This 18 mainly becanse scattered hght
is produced at the four unavoidable optical inter-
faces in the measuring zone (see Fig. 1).

A few solutions have been proposed to mini-
mize the amount of scattered light. The most suc-
cessful approach consists of the elimination of ali
optical interfaces around the measuring zone in a
“windowless cell” design known as a sheath flow

cuvette {7] at the end of the capillary. Unfortu- -

naltely, the method is not particularly easy to tm-
plement and not all optical detectors can be con-
structed in such a way. However, the same
principles can be partially applied to at least elimi-
nate the outer capillary interface by immersing the
capiliary in RIM materials. This approach has been
taken by Kurosu eral. [17) and Bruno et al. [5,18].
Another approach, using optical fibers, is due to
de Bokx et al. [19]. In this case the excitation and
emission fibers were tapered into the capillary in
a design thatis fully consistent with the pigtailing
concept formulated here.

LEDs, instead of lasers or conventional arc
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lamps, have been used 1o induce fluorescence in
vanous devices [20] which give impressive sensi-
tivities. The high stability of LEDs translates into
very low noise, even i the presence of scattered
light, and thus to high signal-to-noise ratios.

None of these devices [20] has been used in
conjunction with small capillaries suitable for CE.
Using the same arrangement as in the absorption
detector (Figs. 2 and 3) for excitation, and multi-
mode optical fibers to collect emission, we con-
structed the pigtail capillary LED-based fluores-
cence detector whose design is shownin Fig. 4. To
further minimize scattering light arising from the
inner stlica-buffer interface, the collecting fibers
are conveniently placed at the back and at an angle
close 1o 45° with respect to both the optical exci-
tation axis and the captllary axis as indicated
in Fig. 4a. We employed a compact device
(Hamamatsu, HC120 series) as a PMT which in-
cluded the high voltage supply and the output
amplifier 1n the same unitand isdrvenbya 12 V
power supply. The electropherogram of 1073 M
rthodamine B in a 100 um 1.D. capillary 1s shown
Fig. 5. The limit of detection, as determined from
the figure, is 10~7 M (S/N ca. 2000).

LD-based capiliary RI detectors

The major issue in the quest for maximum sen-
sirivity in 1the construction of capillary Rl detectors
is thermal and mechanical stability [5]. Pigtailing
thus appears to be a tantalizing construction op-
tion. The first pigtail Rl detector, based on
schlieren effects, is due to Pawliszin [21]. This
detector features a LED as the light source pig-
tailed to a multimode fiber; a second fiber, placed
off-axis, was used for collection. The windows of
the cells are, as in the capillary fluorescence cell
design from de Bokx er al. [19], the ends of both
optical fibers. This RI detector s, however, not
suitable for CE.

We have demonstrated two types of capillary R
pigtail detectors [22] suitable for CE based on
interferometry [5,18]; one model features a single-
mode fiber whereas the second uses a holographic
element as the main optical element [6]. Both R}
capillary detectors are also suitable for thermo-op-
tical (TO} absorpiion {7.23].

"Off-axis" RI detector

In this design {5,18]. showa in Fig. 6, the capil-
lary acts as a heam spliver, a strongly divergent
lens, and a phase shifter leading to a broad fan of
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Fig. 4. Cross-sectional side viéw (@), of the LED-based pigtail capillary fluorescence detector; the four collecting
fibers are placed at an angle of ca. 45° with respect to the capillary and optical axis, as shown in the picture.
{b) The picture shows a top view before filling all cavities with RIM materials.

fonges on the other side of the capillary. These
fringes shift with a change in the Rl in the capillary
medium. Their lateral displacements are moni-
tored by a position-sensitive diode (PSD), which
after calibration, constitutes the output signal.
The main propagation medium is a single-mode
polarization-preserving fiber pigtailed at both
cnds; i.e. to the LD and capillary. Proper "off-axis"

illumination of the capillary is achieved by first
positioning the fiber end (from a commercially
pigtailed LD) with respect to the capillary and then
¢lueing 1t with fast UV-curing RIM glues. The
optimum offset of the fiber with respect to the
capillary is one in which the fringes display maxi-
mum contrast and high inensity [18). Because the
beam width at the capillary orifice depends on the
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Fig. 5. Electropherogram of 2-10™* M thodamine B
in a 100 um capillary, recorded with a pigtail fluores-
cence detactor featuring a green LED (Amax. = 560
nmy.

thickness of the capillary wall it is preferable to
use thin-wall capillaries. As in any interferometric
measurement, wavelength fluctuations translate
into signal noise, and therefore the LD and capil-
lary cell are temperature-stabilized by Peltier con-
trol units and quiet power supplies.

The noise obtained with this detector under
static conditions is abont 2 pPRIU in a 25 um
capillary. This sensitivity degrades under electro-
phoretic conditions because of Joule heat effects.
The linear dynamic range extends over about three
decades. The "off-axis" RI method can be nsed
with capillaries having 1.D. 215 pum; diffraction
effects starts to dominate the interference pattern
in smaller 1.D. capillaries [18].

PSD Divider/Amplifier

LD Control

Temp. Control

Fig. 6. Diagram of the pigtail "off-axis" Rl detector.
PE = Peltier element.
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Holographic Rl detector

HOEs are components nsed in optics to deflect
and to shape light beams. What makes HOEs
attractive for optical detection in small volumes is
that complex operations, which are difficult to
realize with conventional optical elements, are
readily incorporated into a single HOE. HOEs are
being refined and find application in varions opto-
electronic devices such as laser writers, FAX ma-
chines, and CD players, and in analytical chemis-
iry [24]). We demonstrated the nse of customized
HOE:s in the design of a Rl capillary detector [6).

The geometric arrangement of the HOE-based
R1 detector i1s shown in Fig. 7. The optical func-
tions, played by the capillary in the off-axis ver-
sion, are basically transferred to the HOE. The
HOE, placed before the capillary, acts as a super-
position of two lenses displaced by a predeter-
mined distance and thus transforms the incoming
single beam into two focussed spots with beam
waists of ca. 1 um. As in the off-axis RI detector,
the capillary is surronnded by RIM material to
eliminate the reflections and refractions at the
outer capillary wall. In the HOE version, in con-
trast to the off-axis version, the observed fringes
are equally spaced, allowing the nse of diode ar-
rays for their detection (see Fig. 7). The probing
am of the interferometer crosses the capillary

.

8 Elemem
Array

Fringes

Cyl. Lens

Capillary
Holder

Laser
Diode
Holder

Fig. 7. Diagram of the holographic refractive index
datactor.
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through the ceunter where the optical path, aud thus
phase changes, are larger.

This detector was demonstrated by Krattiger e¢
al. (6] for the CE separation of small cations in a
10 um LD. tube. The electropherogram of a mix-
ture of underivatized saccharides recorded with
the holographic RI detector in a 25 um LD. capil-
lary is shown in Fig. 8. The detection limits and
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r
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1000 1100 1200 1300 1400 1500 1600 1700
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Fig. 8. Electropherogram of a mixture of seven un-
derivatized saccharides recorded with the hologram
Rl detector, The pesks cotréspond to sucrose
(SAC), N-acetyl-D-glucosamine (NAG), raffinose
(RAF), maltose (MAL), N-acetyl-D-galactosemine
(NAD), lactose (LAC) and ribose (RIB). Each 7.3 mM
except for sucrose and raffinose which gre 3.6 mM
The buffer employed in this separation consisis of
50 mM borate with cyclohexylamino-propanesul-
fonic acid (CAPS) at pH = 9.4. The capiliary length
is 70 cm, 50 to detector; 1.D. = 25 um; electrical field
= 170 Viem (12 kV); current = 7.7 yA; hydrodynamic
injection 100 mbar during 6 s {i.e., injection plug ca.
1 mmy). The lirst two negative peaks sre due to the
two buffers end the negative peak st 1450 s is due
to an impurity.
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lineer dynamic range rendered by this RI detector
are comparzable to those delivered by the off-axis
version. However, the HOE version is more suit-
able than the off-axis design for capillaries having
1L.D.s €20 um.

Conclusions

The auzlogy between the pigtail spproach to
optical detection and other technologies such as
electronics aud digital computstion is rather obvi-
ous. In all cases, in order to achieve lower noise,
faster responses, smaller dnifts, etc., the rule is to
simplify the architecture of the device iu question.
The associated disadvantage is that in the process
one ends up by compromising instrumental versa-
tility for specificity.

Because radiance is more important than the
total light-output power for the illumination of
small surfaces, the use of edge-emitting, instead of
surface-emitting LEDs with a directional radiation
pattern, would be better suited for the construciion
of pigtail absorbance and fluorescence detectors.
However such LEDs are only available for wave-
lengths above 700 nm. Two-wavelength absorp-
tion end fluoresceunce pigtail detectors could be
constructed with single LEDs emitting at two
wavelengths., A more general possibility, for con-
structing multi-wavelength sbsorption pigtail de-
tectors, would be to use multi-element LED arrays
emitting at selected wavelengths which would cor-
relate with a photodiode array at the other side of
the capillary, in an architecture similar to the one
shown in Fig. 2.

Further developments of pigtail detectors will
follow advances in the development of LEDs and
LDs, mainly in 2 shortening of their emission
wavelengths and an increase in their power output.
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Chapter 8. CONCLUSIONS

Sommary: In Chapter 2 aRI detector based on the design
originally proposed by Bornhop and Dovichi! is described.
In this instrument, refractive index matching flaids
(RIMF) and position sensitive detectors (PSDs) are
introduced in conjunction with thermoelectric stabilization,
integrated into a campact, highly symmetric cell design. A
detailed analysis of the goise sources is made with
emphasis in shot noise and the noise due to thermal
fluctuations, and used to improve the detector. Considering
their importaace in biochemistry, food science, etc.
underivatized sugar mixtures were chosen to demonstrate
the new detection method in a CE separation,

Chapter 2 extended the use of RI detection 1o the CE
domain, The detector performance is based on the
advantage of immersing the capillaries in RIMF, which
greatly simplified the complex scattening patterns known
from previonsly reported experiments. The friage
intensities associated with naked capillaries were low and,
the behavior of the pattern was not predictable. With the
new set-up, fringe detection was easier because the fringes
are wider and carry higher intensities. The RIMF showed
also effective removal from the Jonle heat produced during
CE. The novelties related wo this chapter lead to 2 patent
application?,

in Chapter 3 a model is presented to predict the fringe
patterns of "off-axis" illnminated capillaries. The theory is
based on ray tracing and considers phases and intensities.

The calculated patiemns are compared W measured intensity
distributions and matching was found over a large angular
range. The model mimics well the interference patterns for
capillaries having i.d.s in the range from 20 to 250 um.
The results are used to improve "off-axis" RI detectors. It
was noticed that these Rl detectors are path length
dependent and larger i.d.-tub2s can produce higher
sensitivities.

In Chapter 4 a capillary RI detector based on a Wollaston
prism is reported. This detector is demonstrated in CE
separations of sngars with a flared as well as with a
standard capillary. The §/N ratio of the two cases are

compareq.

The bubble in the flared capillary showed greater potential
in improving the $/N ratio than expected, because two
beneficial effects are multiplied: First, the larger i.d. leads
to a longer probing path increasing the signal, and second,
the locally increased cross section at the deteciion Site
reduces Jonle heat generation and hence noise.

Chapter 5 demonsuates the use of holographic optical
elements (HOE) in an "on-axis” capillary RI detectors. The
fringe pattern is theoreucally explained 8s well as the
relation between s shift and the RI change in the analyte.

The combination of holographic opucs with LDs on the
instrumental side and the elegant FASI injection with
displacement detection on the analytical side allowed the
RI detection in capillaries with i.d.s as small as 5 um. To

Cl

explain the negative RI peaks, it is snggested that the
buoffer ions, which display a targe difference in the molar
refractivity with respect to that of the sample within the
zone, are depleted by the sampie. The novelties related w
this chapter lead w a patent application3.

Thermo-optical absorbance (TOA) detection based on the
hologram RI detector was presented in Chapter 6. 1t is the
first demonstration of a TOA detection of underivatized
sample in CE. The operating principle is explained and a
simple model is introdoced to predict the detector
performance. Stepwise noise analysis was performed for
each cumponent of the TOA detection system. The detector
is compared to conventional absorbance. The power
dependence of photo bleaching of the sample was

investigated,

The presented TOA detector operates under a different
principle than the previons thermal lensiag set-ups.
Therefore different properties are obtained. The present
detector shows enhanced sensitivity with capillary i.d.
whereas the sensitivity of thermal lensing detectors are
reported to be rather independent with path length,

Chapter 7 inttoduces a general cancept of detector design,
The pigtailing coacept claims that the detector properties
can sometimes be improved by gluing the optical
components with refractive index matching (RIM) glue and
by redocing the apmber the optical interfaces 1o a
minimnm. Among the various detectors built according to
this concept, there is also a capillary RI detector. This
*pigtail” RI detector is constructed by gluing an optical
fiber on the capillary. As the hologram RI detector is also
a “pigtail” detector, it is sketched along with CE
application. Other "pigtail” detectors were presented such
3s light emitong diode (LED) based flnorescence and
absorbance detectors.

The pigtailing construction principle is often applied in
optical engineering, it can even be found in nature in the
human eye. In this chaper this principle is applied to
detection in analytical chemistry. As it combiaes the
highest stability and the simplest construction, it will be
the ideal way for mass production of cheap disposable
analysis devices. The novelties related to this chapter lead
10 a patent application®.

Suggestions for Further Instrumeatal
Improvements: At the end of a work one knows about
the things which one pould have done better. Suggestions
for improvements can only be omitted for 2 perfect work
and, as this is not the case, some snggestions are presented
here,

Although the major contribuion to noise originated often
from buffer impurities and Joule heat, it is challenging to
further improve the detection systems to be prepared for
enhanced buffers. Because the intrinsic detector noise
{without noise due to separation) has often many
important contributing sources, improvements have to be
done at various points simultaneously.



Improvements of the capillary RI detectors are expected if
the optical path lengths of the probe and reference beams
are identical. In this case the fringe pattern would be
independent of the wavelength and therefore no poise is
expected to come from wavelength fluciiations associated
to laser diodes, which are preferred because of their small
size and good intensity stabtlity. This "white light"
interferometer approach could be achieved by adjusting the
Wollaston prism in Chapter 4 or by choosing the
optimum position of the photo detector array (PDA) in the
hologram detector described in Chapter 5.

Improvemeats would also be possible at the detection of

the fringe pattern. The PDA detection for the fringe shifts
was applied because these devices simplified the
experimenial set-up. Although the maximum amount of
light is collected here, whbich can help to reduce the noise,
the signal is not maximized with fringe shift. This could
be achieved by detecting only the slopes of the fringes.
This effect has been seen but not studied in detail,

The pigtailing concept was only partially applied for the
fiber based and the hologram detector because between the
cell and the position sensitive detector air was still the
propagation medinm, This space, being about 10 cm
long, bas to be filled with a transparent solid in order to
completely fulfill the concept.

Acceptance of Capillary RI Detection; There are
various reasons which explain why RI detectors are not
commercially available for CE. The first reason is a
dilernma of interdependence. On one hand, the oumber of
known applications is important for commercial success
when selling capillary RI detectors. On the other hand,
method development depends on the availability of
equipment. A second reason for the absence of capillary RI
detectors oo the market lies probably in the bad reputation
of Rl detection per se, which is claimed 10 be about 1-2
orders of magnitode less sensitive than absorbance
detection. In this context it seems completely weird to
epply an "insensitive" detection principle to CE, which
already suffers from its bad detection Limits due 1o the
short optical probing paths. This bad reputation of the RI
however, tums into a wrong prejudice if one thinks of
transparent samples. In this work we focused on the
instrumemal side and, although the new detectors are
always accompanied with analytical applications, one
application per detector is not enough. Other optimized
applications should be demonsirated in order to get out of
this dilemma and to defeat the prejudice. Another reason is
that the construction of capillary R1 detectors is not as
easy as of absorbance or fluorescence detectors. This
preblem, however, should mainly be eliminated now by
the present work.

Suggestions for other Studies: In CE method
development, normally a separation has to be optimized to
yield high efficiency, sensitivity, or speed. To avoid time
consuming experiments, in the case of absorbance,
computer simulations are carried out and the whole
electropherogram, incluoding peak heights and elution
limes, are predicted. Such an approach should be adapted
for RI detection in CE separations in order (o screen for
good buffers for optimized detection limits,

c2

Using the off-axis principle it is possible 10 choose the
position of the probing ray by choosing the monitoring
fringe. Observing a fringe at high scattering angles returns
the refractive index in the zone close to the inner capillary
surface while a fringe close to the optical axis reveals
mainly the bulk RI in the capillary lumen. Therefore, it is
possible to detect simultanecusly along different paths
when observing more than ooe fringe. This principle will
be most snitable to stndy temperature distributions across
the capillary during CE or the effect of coatings oo the
local sample concentration,

Previously, all capiliary RI detectors are primarily used in
conjunction with liqnid buffers in separations. Mayste et
al.’ used a RI sensor in the R1 equalizer set-up designed to
cancel RI fluctuations to enhance polarimetric detection in
HPLC. However, soch devices can be generally used as R1
sensors for various applications. One example One
example would be to use them with a gas inside, instead of
a liquid, to measure its RI changes. As the RI of a gas
depends on its density, pressure and temperature, these
capillary RI detectors are suitable for remote sensing of
any of these properties. To measure the pressure, one

‘capillary end has to be inserted 1o the measuring site,

while the other end has to be blocked. Assuming a
resolution of 0.1 pRIU (150 pum-i.d. capillary) a
resolution in pressure of 0.3 mb would be obtained when
working with air at normal conditions. This corresponds to
a resolution in density of 0.5 g/m?. Sensilive remote
temperagire sensing is possible via gas pressure.
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A novel approach, called pigtailing, is pre-
sented for the construction of optical detec-
tors for capillary electrophoresis. Optical
components and procedures from other
fields, mainly telecommunications, are in-
corporated into these devices to give mini-
aturized detection systems. Suitable light
sources for the construction of pigtail absor-
bance, fluorescence, refractive index and
thermo-optical detectors are light-emitting
diodes (LEDs) and laser diodes. The best
optical components are gradient-index
lenses, optical fibers or diffractive optical
elements. These components are joined to
the capillary with refractiva-index-matching
materials to avold refraction and reflections
at the optical interfaces and to reduce me-
chanical vibrationa. These joints also facili-
tate fast thermal equilibrium. The per-
formance of absorption detectors depends
mainly on the brightness of the selected
LEDs. Two types of refractive-index capillary
detectors are described: one features a sin-
gle-mode  polarization-preserving fiber
whereas the second uses a customized
holographic plate as the main optical ale-
ment.

Introduction
The miniaturization of instrumental techniques

for liquid-phase chemical separations usually pro-
vides many benefits, including more theoretical

*To whom comrespondence should be addressed.

© 1994 Elsevier Science B. V. All rights reserved

plates, faster analysis times, and lower reagent
consumption. For these reasons, capillary electro-
phoresis (CE) represents an important trend in
analytical chemistry {1]. Among the various in-
strumental features contributing to the overall per-
formance of CE undoubtedly the most important
one is detection, which is usually performed by
optical methods. To preserve the spatial profile of
the eluting substances only on-column detection is
significant in CE [2]. Several arrangements suit-
able for on-column detection have been reported
for absorption [2,3], fluorescence {4], and refrac-
tive index (R1) detection [5,6]). There is, however,
a growing demand for improving the sensitivity of
these detection systems, reducing their detection
volume while retaining instromental sensitivity
[7], or devising completely new detectors based on
novel principles and concepts.

In this article we present a general approach to
detection which we refer to as pigtailing. Pigtailing
takes advantage of the great amount of small opto-
electronic hardware, developed primarily for com-

~munication purposes, such as gradient-index

(GRIN) micro lenses, optical fibers, holographic
optical elements (HOEs), laser diodes (LDs), light
emitting diodes (LEDs), and refractive-index-
matching (RIM) materials.

The pigtail concept

Most optical detectors make use of an optical
bench on which their components, which are made
of materials having rather different physical prop-
erties (e.g., thermal expansions, indices of refrac-
tion, or elasticity) are mounted. The ultimate sen-
sitivity delivered by these instruments is thus often
limited by the noise and dnift caused by thermal
expansion of these materials, vibrations and
schlieren effects in the light-propagation media.
Furthermore, owing to these mechanical prob-
lems, the noise sources which preciude some de-

0165-9936/94/$07.00
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tectors from operating at their theoretical limits are
generated at the various aptical interfaces where
reflection and refraction take place {3,5]. The noise
at the interfaces is more pronounced when they are
not flat, bot have a curvature, as in the case of the
lenses or capillaries {S] shown in Fig. 1. In addi-
tion, each interface is associated with Fresnel re-
flection Josses which reduce the amount of light
reaching the photodetector. As a result of all these
effects, the more sophisticated and versatile the
detector in question, the more noise can potentially
reach the photodetector, as a consequence of the
greater number of optical elements required.

The pigtailing approach is meant to address
these problems. Accordingly. for those optical de-
tectors whose performance is affected by the
above-mentioned problems, one would expect
maximnm instrumental performance when the
nomber of optical interfaces is reduced to the

Fig. 1. Cross section of a side-illuminated capillary
tube and corresponding ray-tracing of four signifi-
cant cases tor (&) o capillary surrounded with air and
{b) a RIM fiuid. Reflections and refractions at the
different interfaces are indicated by arrows. The
different n values of the various propagstion media
are: air (n = 1.0), aqueous buffer (n ca. 1.3), fused
silica and RIM material with identical n (n = 1.46)
{reprinted from ref. 5, with permission).

191

minimum of two. This sitnation wonld correspond
to a detector in which the light, with the exception
of unavoidable cell interfaces, is always propa-
gated throngh a nniform medium which displays
no discontinnities in the refractive index (n). This
is most easily realized by choosing optical compo-
nents having a common n value close to that of
fused silica (» = 1.46) and cennecting them by
means of RIM materials or by glass soldering
methods (not dealt with in this study) to eliminate
the optical interfaces.

The nse of RIM materials instead of air (n = 1)
between two glass-like elements reduces the re-
flections roughly (from the Fresnel formulae) by

2
(146 — ny)
B=’: (= 1) :l _ M

For a material having a refractive index of, e.g., n;
= 1.50 this results already in a reduction by 156
times {i.e., B = 0.0064) in the reflection effects.

The above-mentioned problems of an optical,
mechanical and thermal natore, which might de-
grade the performance of the detectors in gnestion,
are simnltaneously addressed are by pigtailing.
Indeed, the glueing or soldering of components is
always accompanied by a more efficient use of the
illumination source and higher mechanical and
thermal stability. A pigtail detector is thus one in
which:

« light propagates with minimal refractions and
reflections

« the optical components are arranged intc the
most rugged mechanical construction possible
and

¢ the components are placed in direct contact to
facilitate a fast thermal equilibrinm.

The name, pigtail, is most commonly nsed for
LEDs or LDs whose output is delivered by an
optical fiber. In this regard, the word pigtailing 1s
nsed here to refer to the coupling of optical fibers,
GRIN lenses, capillary tubes, llght sources, etc.,
using RIM materials.

Examples

L ED-based capillary absorption detector

LEDs are miniature, extremely stable (ca. 1079),
solid-state light sources with a very long lifetime,
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whose intensity can be modulated with a wave of
any desired shape, and they require a low driving
power. They are very attractive sources for small-
volume absorption and fluorescence capillary de-
tectors in the visible region. There are LEDs emit-
ting in selective wavelengths from a wide range of
the spectral region, ranging from the infrared (A
ca. 1000 am)down to the blue (A ¢a. 400 nm) with,
in some cases, a fairly narrow bandwidth [8]. The
light-power decreases very quickly as it ap-
proaches the blue region, and below A = 430 nm
they do not emit sufficiently to allow sensitive
measurements. The emission cut-off is at A = 400
nm (see Table 1 in ref. 8). This is perhaps the major
drawback of LEDs, as compared with conven-
tional sources. For comparison purposes we mea-
sured the output power of a typical red LED (Sie-
mens hyper-rot, A = 660 nm, LH 5424-Q0) with a
calibrated photodiode (PD). Driven by 10 mA it
delivered 1.5 mW of light power (quoted to deliver
320 mcd). More light intensity can be obtained
when the LEDs are operated by pulsed currents
(8]. There are also LED crystals that emit at two
different wavelengths. The color changes in these
LEDs are obtained by changing the direction of the
current. A recent publication [8] reviews the char-
acteristics of LEDs suitable for optical detection.
LED-based absorption detectors for flow injec-
tion analysis and high-performance liquid chroma-
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tography using conventional cells have been re-
viewed in 1983 by Betteridge et al. [9), in 1988 by
Trojanowicz et al. [10] and, most recently by
Dasgupta et al. [8). Some designs, such as these
shown in Fig. 8 of ref. 8 and Fig. 1 of ref. 11,
happen to conform to our definition of a pigtail
detector.

Improvements over the past twenty years in the
design of LED-based photometnic devices have
resulted in a reduction in the absorption noise
levels (a.n.) by three orders of magnitude. Be-
cause, in most cases, these detectors are shot-noise
limited, most of the improvements {8] are corre-
lated with the higher throughputs of new LEDs
and, to a lesser extent, the use of dval-beam con-
figurations, better cell designs, quieter power sup-
plies and more sophisticated processing electron-
ics [12,13).

Previons LED-based absorption detectors, in-
cluding those satisfying our pigtail definition,
have not been wsed in conjunction with small
capillaries. A diagram of the pigtail absorption
detector using a 100 um 1.D. capillary that we have
developed for CE is shown in Fig. 2. The first stage
in the constnuction of LED-based absorption and
fluorescence detectors is the pigtailing of a sur-
face-emitting LED to a 1/2 pitch GRIN lens (we
use SelFoc® GRINs from Nippon Sheet Glass,
Tapan). In this way, the crystal of the LED, having
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Fig. 2. Diagram of e capillary pigtail absorption detector. The naked capillary tube is masked by a set of steel
slits and glued to a Plexiglas mounting piece using UV-curing RIM glues. The slit is 50x500 pm wide and has

a large channel of ca. 400 pm to fit the capillary tube.
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higher (ca. 5-10~% a.n.). Long-term drifts in the
baseline are extremely low.

LED-based capillary fluarascence detectar

Laser induced fluorescence (LIF) is, to date, the
most seasitive detection method available for CE
[1]. Many researchers are shifting from gas to
solid-state [14] lasers. There is an increasing ten-
dency to use blne [15] excitation, using the sec-
ound-harmonic (415 nm) from near-infrared LDs
and, iu the infrared of the spectrum [16], nsing the
fundamental emission from LDs. The secrets for
high sensitivity when employing LIF ia conjunc-
tion with capillary tubes are to use microscope
objectives with high numerical apertures, spatial
masks (o restrict the field of view, to carefully
select the interfereuce filters, to use high quantum-
yield PMTs with low dark currents, and optimize
the excitation-laser power to account for photo-
bleaching and saturation. The most difficult prob-
lem, once the above-mentioned aspects have been
taken care of, is the scattering of light from the
capillary walls. Fluoresceuce detectors which op-
erate without scattenng light are knowu as back-
gronnd-free detectors, and the baseline uoise is

dominated by the dark current of the PMT. Back-.

ground-free detectors are not uncommon for gas-
phase detection but they are more difficult to real-
ize in the liquid phase, and it is even more difficult
in the preseuce of liquid-filled narrow-bore capil-
lary tubes. This 1s maiuly because scattered light
1s produced at the four unavoidable optical inter-
faces in the measuriug zoue (see Fig. 1).

A few solutious have beeu proposed to mini-
mize the amount of scattered light. The most snc-
cessful approach cousists of the elimination of all
optical interfaces around the measuring zone in a
"windowless cell” design known as a sheath flow
cuvette [7] at the end of the capillary. Uunfortu-
nately, the method is not particularly easy to im-
plemeunt and not all optical detectors can be con-
structed in such a way. However, the same
principles can be partially applied to at least elimi-
nate the outer capillary interface by immersing the
capillary iu RIM materials. This approach has been
taken by Kurosu et al. [17] and Bruno et al. [5,18].
Auvother approach, using optical fibers, is due to
de Bokx ez al. [19]. In this case the excitation and
emission fibers were tapered iuto the capillary in
a design that is fully consistent with the pigtailing
coucept formulated here.

LEDs, instead of lasers or conventional arc
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lamps, have been used to induce fluorescence in
various devices [20] which give impressive seusi-
tivities. The high stability of LEDs translates into
very low noise, even in the presence of scattered
light, aund thus to high signal-to-noise ratios.

None of these devices {20] has been used in
conjunction with small capillaries suitable for CE.
Using the same arrangement as in the absorption
detector (Figs. 2 and 3) for excitation, and multi-
mode optical fibers to collect emission, we con-
structed the pigtail capillary LED-based fluores-
cence detector whose design is shown in Fig. 4. To
further minimize scattering light anising from the
inner silica-buffer interface, the collecting fibers
are conveuniently placed at the back and at an angle
close to 45° with respect to both the optical exci-
tation axis and the capillary axis as indicated
in Fig. 4a. We employed a compact device
{(Hamamatsu, HC120 series) as a PMT which in-
cluded the high voltage supply aud the. output
amplifier in the same unit and is drivenbya 12 V
power supply. The electropherogram of 10~* M
rhodamine B in a 100 um 1.D. capillary is shown
Fig. 5. The limit of detection, as determined from
the figure, is 10-7 M (S/N ca. 2000).

LD-based capillary Rl datectars

The major issue in the quest for maximum sen-
sitivity in the construction of capillary Rl detectors
is thermal and mechanical stability [5]. Pigtailing
thus appears (o be a (antalizing construction op-
tion. The first pigtail RI detector, based on
schlieren effects, i1s due to Pawliszin [21]. This
detector features a LED as the light source pig-
tailed to a multimode fiber; a second fiber, placed
off-axis, was nsed for collection. The windows of
the cells are, as in the capillary fluorescence cell
design from de Bokx et al. [19], the ends of both
optical fibers. This RI detector is, however, not
suitable for CE.

We have demonstrated two types of capillary RI
pigtail detectors [22] suitable for CE based on
interferometry [5,18]; one model features a single-
mode fiber whereas the second uses a holographic
element as the main optical element [6]. Both RI
capillary detectors are also suwitable for thermo-op-
tical (TO) absorption [7,23].

"Off-axis* Rl detector

In this design [5,18], showu in Fig. 6, the capil-
lary acts as a beam splitter, a strougly divergent
lens, and a phase shifter leading to a broad fan of
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Fig. 5. Electropherogram of 2.10~* M thodamine B
in a 100 um capillary, recorded with a pigtail fluores-
cence detector featuring & green LED (Amax. = 560
nm).

thickness of the capillary wall it is preferable to
use thin-wall capillaries. As in any intérferometric
measutement, wavelength fluctuations translate
into signal noise, and therefore the LD and capil-
lary cell are temperature-stabilized by Peltier con-
trol units and quiet power supplies.

The noise obtained with this detector under
static conditions is about 2 pRIU in a 25 um
capillary. This sensitivity degrades under electro-
phoretic conditions becanse of Joule heat effects.
The linear dynamic range extends over abont three
decades. The "off-axis" RI method can be used
with capillaries having 1.D. 215 pum; diffraction
effects starts to dominate the interference pattern
in smaller 1.D. capillaries [18).

PSD Divider/Amplifier

LD Control

Temp. Control

Fig. 6. Diagrém of ihe pigtsil "off-axis" RI detector.
PE = Peltier element.

trends in analytical chemisiry, vol. 13, no. 5, 1994

Holographic Ri detector

HOEs are components used in optics to deflect
and to shape light besms. Whst makes HOEs
attractive for optical detection in small volumes 1s
that complex operations, which are difficult to
realize with conventional optical elements, are
readily incorporated into a single HOE. HOEs are
being refined and find application in various opto-
electronic devices such as laser writers, FAX ma-
chines, and CD players, and in snalytical chemis-
try [24]. We demonstrated the nse of customized
HOE:s in the design of a RI capillary detector [6].

The geometric arrangement of the HOE-based
R1 detector is shown in Fig. 7. The optical func-
tions, played by the capillary in the off-axis ver-
sion, are basically transferred to the HOE. The
HOE, placed before the capillary, acts as a super-
position of two lenses displaced by a predeter-
mined distance and thus transforms the incoming
single beam into two focussed spots with beam
waists of ca. 1 pum. As in the off-axis RI detector,
the capillary is surrounded by RIM matenial to
eliminate the reflections and refractions at the
outer capillary wall. In the HOE version, in con-
trast to the off-axis version, the observed fringes
are equally spaced, allowing the use of diode ar-
rays for their detection (see Fig. 7). The probing
arm of the interferometer crosses the capillary

gl Y

8 Element
Array

Fringes

Cyl. Lens

Capillary
Holder

Laser
Diode
Holder

Fig. 7. Diagram ol the holographic refractive index
detector.
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through the center where the optical path, and thus-
phase changes, are larger. '

This detector was demonstrated by Krattiger ef
al. [6] for the CE separation of small cations in a
10 pm LD. tube. The electropherogram of a mix-
ture of underivatized saccharides recorded with
the holographic RI detector in a 25 um-1.D. capil-
lary is shown in Fig. 8. The detection limits and

60x10°
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a0 -
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LAC
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16 T T | T T T
1000 - 1109 1200 1200 1400 1500 1600 1700
Time (5)

Fig. 8. Electropherogram of a mixture of seven un-
derivatized saccharides recorded with the hologram
Rl detector. The peaks correspond to sucrose
(SAC), N-acetyl-D-glucosamine (NAG), raffinose
(RAF), maltose (MAL), N-acetyl-D-galactosaming
(NAD), lactose (LAC) and ribose (RiB). Each 7.3 mM
except for sucrose and raffinose which are 3.6 mM.
The buffar employed in this separation consists of
50 mM borate with cyclohexylamino-propanesul-
fonic acid (CAPS) at pH = 9.4. The capillary length
i$ 70 ¢m, 50 ta detector; 1.D. = 25 um; electrical field
=170 Vicm (12 kV); current = 7.7 pA; hydrodynamic
injection 100 mbar during 6 s (i.e., injection plug ca.
1 mmj}. The first two negative peaks are due to the
two buffers and the negative peak at 1450 s is due
to an impurity.
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linear dynamic range rendered by this Rl detector
are comparable to those delivered by the off-axis
version. However, the HOE version 1s more suit-
able than the off-axis design for capillaries having
[.D.s <20 pm.

Conclusions

The analogy between the pigtail approach to
optical detection and other technologies such as
electronics and digital computation is rather obvi-
ons. In all cases, in order to achieve lower noise,
faster responses, smaller drifts, etc., the rule is to
simplify the architecture of the device in question.
The associated disadvantage is that in the process
one ends up by compromising instrumental versa-
tility for specificity.

Becanse radiance is more important than the
total light-output power for the illumination of
small surfaces, the use of edge-emitting, instead of
surface-emitting LEDs with a directional radiation
pattemn, wobld be better suited for the construction
of pigtail absorbance and fluorescence detectors.
However such LEDs are only available for wave-
lengths above 700 nin. Two-wavelength absorp-
tion and fluorescence pigtail detectors could be
constructed with single LEDs emitting at two
wavelengths. A more general possibility, for con-
stracting multi-wavelength absorption pigtail de-
tectors, would be to use multi-element LED arrays
emitting at selected wavelengths which would cor-
relate with a photodiode array at the other side of
the capillary, in an architecture similar to the one
shown in Fig. 2.

Further developments of pigtail detectors will
follow advances in the development of LEDs and
LDs, mainty in a shortening of their emission
wavelengths and an increase in their power output.
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Hologram-Based Thermooptical Absorbance
Detection in Capillary Electrophoresis: Separation
of Nucleosides and Nucleotides

Beat Krattiger, Atfredo E. Bruno,* H. Michael Widmer, and René Dindliker?

Corporate Analytical Research, Ciba-Geigy Lid, 4002 Basle, Switzerfand

On-column thermooptical absorbance (TOA) detection in
capillary electrophoretic separations of various cucleoside
and mono- and diphosphate aucleotide mixtures absorb-
ing at 257 nm is demoustrated in 20 pm i.d. capillaries.
The analytes are optically pumped by a frequency-doubled
argon ion laser and probed by a laser diode or by a He/
Ne laser beam guided to the detection volume by a
holographic optical element. Absorptiot detectioa limits
of 2.2 AU using time coastants of 0.3 s and 20 mW of
UV power are obtained over a linear dynamic range
covering three to four decades. As higher pumping power
is required to enhance the thermooptical seasitivity,
pbotobleaching appears as a major problem in the quest
for lower detection limits for some of the substances
studied such as deoxyuridine and uridine, Concentratioa
detection limits as low as 50 nM for adenosine mono-
phosphate, corresponding to a mass detection Limit of 0.4
fmol, and separation efficiencies up to 320 000 theureti-
cal plates are measured, A theoretical model, which
translates the obizined TOA signals into absorbances, is
proposed and describes the TOA effect for smaller capil-
laries rather well.

Vadous on-column optical detection methods have been
devised for capillary electrophoresis (CE). When the sample of
interest contains a2 fluorescent chromophore that coincides with
a lasing line, laser-induced fuorescence (LIF) is undoubtedly the
best choice, Using this method, concentration detection limits
(LODs) as low as 1071 M (0.2 am injected) for native bovine
serum albumin (BSA) have been reported.! However, as the
number of naturally fluorescent samples is small, and the laser
emission wavelengths are limited, this case should be considered
as an exception rather than the rule.

Concentration LODs in the 10~ M range, or lower, are
obtained in CE using precolumn labeling with fluorescent tags
and LIF detection. However, direct derivatizations (samples are
first derivatized at high concentrations and then diluted to the
impressive low levels reported) below the 107 M range have not
been repotted to date. Furthermore, derivatization procedures
are not always available for the substance of interest or are often
rather tedious and, when available, often lead to quantification
problems because the extent of derivatization is not always

! Institute of Microtechnology, University of Neuchatel, 2000 Neuchitel,
Swirzerland.
(1) Lee. T. T.; Yeung, E. 8. /. Chromatogr. 1992, 595, 319325,
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predictable. As the electropharetic mobilities are often affected
by the labels, different incorporation of the tags into the sample
leads to additional peaks and decreased separation efficiency.!?

The vast majority of substances of analytical interest absorb
in the UV/visible range, and therefore, absorhance detection is
the most popular detection methad in CE. Due to the short
absarbance paths, the lower concentration LODs thus obtained
are, in the most favorable cases, in the micromolar range, This
disadvantage can be partially overcome by extending the optical
path by use of flared capillaries, z-shaped cells,*# or multireflection
celis.5 Nonlinearifies in the calibration curves, due te Rl effects.®
are to be expected,

To obtain high sensitivity and accuracy, while avoiding de-
rivatization procedures, the approach we follow is thermooptical
absorbance (TOA). In TOA detection,”"? an intense laser pulse
irradiates repeatedly the sample with a wavelength matching an
absorption system in the sample. The amoitit of absorbed light,
which is converted by radiationless transitions into heat, rises the
solvent temperature i the illuminated region in a perodic fashion.
As the refractive index (n) of a material is a function of the
temperature (T'), those periodic changes in T manifest in changes
in the refractive index (Ax) which are conveniently monitored
by a capillary RI detector'®1® and easily decaded with a lock-in
amplifier. Because A» signal is dependent, among other param-
eters, an the extinction coefficient of the sample studied, the

(2) Swaile, D. F.; Sepaniak, M. J. [ Lig. Chromatogr. 1991, 14, 869893

(3) Chervet, ]. P.; van Scest, R E. J.: Ursem, M. J. Chromatogr. 1991, 543,
439-449.

{&) Morng, 5. E.; Reel, R T. Anal Chem. 1993, 65, 3454—3459.

(5) Wang, T,; Aiken, ]. H.; Huie, C. W.. Hartwick. B. A Anal Chem. 1991, 63,
1372-1376

(6) Bruno, A E.; Gassmann, E.; Pericles, N.; Anton, K. Anal Chem. 1989, 61.
876.

(7 Dovichi, N. . CRC Cnit. Rev. Anal. Chem., 1987, 17, 357423

(8) Yeung. E. 5. Detectors for Liguid Ckromatography, John Wiley & Sons: New
York. 1986.

(9 (a) Fang, L. H.; Swotford, K. L. In Uitrasensitive Laser Spectroscopy; Klinger,
D. §., Ed.; Academic Press: New York. 1983. (b) Saz, J. M. DiezMasa, .
C. J. Lig. Chromatogr. 1994, 17, 499—-520. {c} W, J.: Odake, T.; Kitamori,
T.. Sawada, T. I. C. Anal Chem. 1991, 63, 2216—2218.

(10) Brunc. A E.; Krattiger, B.; Maystre, F.: Widmer. H. M. Anal, Chean, 1991,
63, 26692697,

{11} (2) Krattiger, B.; Bruno, A E.; Widmer, H. M,; Geiser, M.; Diindliker, R
Appl. Ot 1993, 32, 956—965. (b} Zimmermann, E.; Diindliker, R.; Krattiger.
B.; Souli. N, submitted for publication in J. Opt. Sor. A.

{12) Erattiger, B.: Bruin, G. j. M.; Brunc, A E. Aral. Chem. 1994, 66, 1.

{13) Brunc, A, E.; Krattiger. B. In Carbohydrate Anabysis, High Performance Liguid
Chromalography and Capillary Electrophoresis: El Rassi, Z., Ed.. Elsevier:
New York, 1994: Chapter 11, p 431.

{14) Saz, J. M. Krattiger, B.; Bruno, A E. Anal. Methods Instrum., in press.

(15) Bruno, A. E.; Maystre, F.; Knattiger, B.; Nussbaum, P.; Gassmann, E. Trends
Anal. Chem, 1994, 13, 190198,

Q003-2700/95/0357-012439.00/0  © 1994 American Chemical Society



r
Ty _'__"HW
Tk ) ;
An
Fised C nsed

Siliwa Amiyic Stlica

Figure 1. Delail of the TOA cell showing the optical arrangement
of the pump, probe, and reterence beams (top) and steady-state
temperature and Ri radial profites across the cell during a pump pulse
{bottom). The tempaerature excess. AT, is the lemperature difference
belween sample Ts and reom temperature Tr. The probing amd
relerence beam are separaled by 14 am.

ouiput can be calibrated to produce quantitative absorption
measurements.

Based on the geometric configuration of the pump and probe
beams. mainly three types of TOA schemes have been performed
in conjunction with capillaries to date: capillary vibration method
{CVL). thermal lensing (TL), and crossed-beam thermoonptical
{CBTO) configurations. The CVL method exploits the vibrations
of the capillary induced by the absorption of an intense pulsed
laser* In TL, which has been used™ %% in HPLC, the pump
and probe beams are collinear where the former induces a RJ
gradient across the probing path. In CRTO, demoustrated by Yu
and Dovichi in CE,* the beams are “crossed” at 90° overlapping
in the capillary lumen defining a smali detection volume. 22! This
latter configuration (CBTQ) is the one we use here: however, we
prefer to use the general term TOA, instead of the specific CBTO
term, to emphasize that the TOA effect is not relaled. at least in
the present case. to the geometric arrangement of the beams.
The unavoidable Rl gradient is, in the case of small inner diameter
capillaries, not required to observe the TOA effect. Indeed, as
argued in the Theory section. it is the mean value of Ax across
the detection lumen that is responsible for the TOA signal.

As a capillary RI detector for the TOA instrument we nsed
the one based on a holographic optical element.)#?® The straight-

(16) Nolan, T. G.: Dovichi, N. [, IEEE Circuils Devices Mag 1986, 2, 54— 56.

(17) Nolan. T. (i.: Bornhop, D. ) Dovichi, N. ). . Chramatogr. 1987, 384, 189—
195.

(18) Rosenzweig, Z.; Yeung, E. 8. Appl. Spectrose. 1993, 47, 1175-1179,

(19) Yu. M Dovichi, N, §. Mikrochim. Acta 1988, 111, 27-40.

(200 Brunn, A, E.: Paulus. A: Brenhop, [ . Appl Spectrose. 1991, 45, 462,

(211 Waldron, K. C.; Dovichi, N_ ). Anal. Chem. 1992, 64, 1396,
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Figure 2. Time evolution ot TOA signals for dU and dl. dU
pholodissociales whereas dl is stable. The signal ol the dU trace
corresponds to a temperature fse ol ~1.0 K; concentration 50 ug/
mi. each in SD§ buffer, UV power 20 mW, and chopper frequency
100 Hz.

forward optical design and enhanced performance of this Rl
detector made its integration's into a TOA device rather simple.
To evaluate the performance of the instrument, and considering
the growing importance of DNA and RNA analysis, various CE
separations of nucleosides and mono- and diphosphate nucleotides
have been chosen for the study. Native proteins have also been
studied by TOA, and the results will be reported elsewhere.

THEORY

The principle of TOA detection in small capillaries is depicted
in Figure 1. and the time evalution of the temperature during and
after a pulse of light for two typical cases is shown in Figure 2,
The heat produced during each pulse of the pump beam rapidly
warms the analyte and the surrounding fused silica (FS) of the
capillary wall until the maximum temperature Ty is reached (see
Figures 1 and 2). The heatinduced changes in the refractive
index, An. modifies the phase of the probe beam and is inter-
ferometrically detected. ¥ Demodulation of the An signal const-
tutes, upon calibration, the TOA signal.

The steady-state radial distributions of AT and A#n of the buffer
and FS are also displaved in Figure 1 (bottom). The large
discontinuity in the An at the huffer/FS iaterface is due to the
signs of the dn/dT coefficient of the FS, which has opposite sign
and is 11 times smaller in magnitude than the corresponding
coefficient of the aqueous buffer {i.e., —1.07 x 10-* and +9.5 x
10-8 K- for H-0 and FS%22 at 20 °C, respectively). As the dn/
4T of FS is small as compared to that of the buffer, and as both
beams propagate only 14 um apart, they sense similar tempera-
tures along their paths through the F5: the phase changes
gathered in the path through the FS are referenced.

TOA Model. Dovichi? developed a mathematical formalism
needed to compute the AT and An profiles within the analyte for
Targer cells under pure TL conditions where the heat generation
is far from the FS wall. However, for small inner diameter
capillaries, the temperature drops mainly across the FS wall and
not within the buffer; the temperature rise is mainly determined
by the thermal resistance of the FS cell and not by the 1hermal

(22) Weas1, R C.. Ed. CRC Handbook of Chemisiry and Physics: CRC Press. Inc.:
Boca Ratan, FL, 19831984,

(23) Landhold—Barnstein Zaklentoerte und Funktionen aus Physik, Chemic.
Astronomie, Geophysik, Technik, Springer Verlag: Berlin, 1976, 11. Band. 8.
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properties of the buffer. For this reason, Dovichi's model canriot
be used here and we present a simple model to predict AT and
An inside small innet diameter capillaries for the TOA case.

As the heat source can be considered pointlike 2wy < 20 um
where 24 is the pump beam diameter) if compared to the cuter
capillary diameter (340 #m), and as the heat dissipates isotropi-
cally, it is assumed that the cell geometry is spherical, ie., two
concentric spheres, the inner one filled with buffer and the auter
one made of FS. The diameters of both spheres match those of
inner and outer diameters of the capillary. As it can be seen in
Figure 2, the system reaches thermal equilibrium very rapidly
(~04 ms, corresponding to onefourth of the pulse width at the
314 Hz chopper frequency). The temperature profile is, during a
pulse, constant across the buffer and drops across the FS wall as
1/

The averall TOA instrumental respanse, Ryoa, of the present
instrument is the signal voltage output from the lock-in amplifier
(Uron) caused by a given absorbance (4) and is, in differential
form,

Rros = dUpop/dA o)

where A is the product of path length, concentration, ¢, and
extinction coefficient, ¢,

A=idce 2
(dl0s/dA) can be mathematically decomposed as

dUron _ (Ao ¢ g

94 W, \an Nar\da @

where Uy is the signat amplitude from the photediode array (PDA)
electronic conditioner. The first two terms in eq 3 are instru-
mental whereas the last two terms describe the actual TOA
principle (one is the dn/dT coefficient for the buffer above
mentioned).

The first term in eq 3 correspends to the lock-in amplification.
Tt is the ratio of its efficiency, H, for a given signal shape to the
sensitivity setting, S5, which was set to 50 mV in most measure-
ments and

dUpo/dUy = H/S @

Far a chopping frequency of 314 Hz, H was measured to be 4 V
using a 1% acetone/water solution.

An expression for the second parentheses in eq 3, which
comresponds to the instrumental response of the Rl detector, was
given elsewhere!? and reads

AU/ dn = 4CKLA./ A yope ®)

where C =0.9is the fringe contrast, K = 10 V is an amplification
constant of the PDA conditioner, and Aprte = 633 nmi is the probe
He/Ne laser wavelength. Using these values, the Rl response is
dUy/dn = 1.14 mV/uRIU.

The last factor in eq 3 (d7/dA) represents the temperature
change per absorbance, i.e., the TOA effect. Assuming that the
temperature at the fluid/FS interface is the same than that of the
flnid, the AT across the FS sphere having a thermal resistance R
and conducting a total heat flow Py can be computed as

AT = PyuR )

The pawer fiow Py, in the assumed stationary state equals the
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absorbed light power, which is related to the absorbance A as
Piea = 2.303AP (@)
and its substitution in eq 6 reveals
AT = 2.303RAPyy 8

The expression for d7/dA can be now obtained by taking the
derivative of eq 8 with respect to A

d7/dA = 2.303RFy )

The thermal resistance, R, entering in egs 6, 8, and 9, can be
computed by the integration of the thermal resistance shells as

’o dr 141 1
e wd )
where ¢ = 1.38 W/ (K:m) is the thermal conductivity of FS and #,
(= 1.d./2) and r, (= 0.d./2} are the inner and cuter radii of the
sphere, respectively. According to eq 10, a sphere with i.d. = 20
um and o.d. == 340 um (present case) has a thermal resistance &
= 5427 K/W. Using eq 8, 1 uW of absorbed light would raise
the temperature inside the capillary by 54 mK.
The analytical expression for Rroa can now be given by
substituting eq 10 inte eq 9 and then by substituting eqs 4, 5, and
9 into eq 3 rendering

g AT 18]

According to eq 11, for narrow-bore capillaries, for which i.d./
ad. < 0.1, the TOA respanse is aimost independent of bath
diameters {e.g., the last parenthesis contributes to less than 6%
t0 Ryoa in our case). We measured Ko, for capillaries having
inner diameters of 10 and 20 gm at 10 mW pumping power, and
within the experimental accuracy, Rros remains constant as
predicted by the present model.

The theoretical estimate for the Rroa, for a lock-in sensitivity
of 50 mV and a UV pawer of 10 mW, is Rroa = 1.217 mV/uAU,
whereas the measured values range from 1.0 to 1.4 mV/zAU
depending on the degree of optical overlap.

EXPERIMENTAL SECTION
TOA Detector, The experimental setup of the TOA detector

which realizes the pumping scheme shown in Figure 1 consists
basically of a hologram-based capillary RI detector!? and a pump
source, which is a frequency-doubled Ar* laser emitting at 257
nm? (laser Model 2025-5/395 B, Spectra Physics, Meountain View,
CA). The frequency-doubling system is stabilized by a feedback
system to produce less than 0.5% intensity ncise. The 2 mm wide
UV beam is focused by a FS lens f = 16 mm maounted on a 3-D
translation stage (Microcontrole 3 MRN 03.5). The numerical
aperture (NA) of the pump beam is therefore NA = 1/5 and the
beam spot in the cell Quy = 21/aNA) is ~2.6 um. The probe
light, provided by either a He/Ne laser (Model 106-1, Spectra
Physics) connected via a palarization preserving single-mode fiber
(HB600, York Technalogy Inc., Chandlers Ford, Hampshire, GB)
or a laser dicde (LD}, propagates through a collimator lens (=
5 mm, diameter 5 mm; Spindier & Hoyer) and a HOE.> The
TOA cell consists of a naked capillary (Polymicro Technologies,
Phoenix, A7} glued between two microscope slides with UV-curing
RI matching (RIM) glue (Norfand Products Inc., New Brunswick,



NJ) as shown in Figure 1b of ref 12 (the pump beam entrance
and exit surfaces of the capillary were kept free from RIM glue).

The capillary cell was glued onto a machined aluminum block’

for its temperatore stabilization provided by a Peltier/thermistor
system (ILX Lightwave, Bozeman, MT).

The far-field profile of the fringe pattern is monitored by an
eightelement PDA (KOM 2045, Siemens), which is analog-
conditioned by a position-sensitive circuit (Model 301-DIV, UDT,
Hawthome, CA) and fed into a lock-in amplifier (SR 530, Stanford
Research Systems Inc)) operated at a time constant of 0.3 s and
a sensitivity of 50 mV. The chopper (SR 540) for the pump beam
also provides the phase reference for the lock-in amplifier. The
TOA signal from the lock-dn is acquired by a Macintosh IIfx
computer using the LabVIEW package (Nafional Instruments,
Austin, TX), and the data were processed with the Igor program
(WaveMetrix, Lake Oswego, OR).

Chemicals. The standard stock solutions of nuclecsides and
nucleotides were prepared in water (except adenosine and
guanosine, which were dissolved in 0.1 M NaOH) and stored
below —18 °C at a concentration of 5 mg/mL. Diluted samples
were prepared each day in minning buffer or in water. The filtered
(0.22 um) buffer solutions (all from Fiuka) were vacuum degassed
before use. The sodium dodecyl sulfate (SDS) buffer (pH 7.00)
consisted of 20 mM sodium dihydrogen phosphate, 20 mM
sodium tetraborate, and 50 mM sodium lauryl sulfate, and the
citrate buffer (pH 3.5) consisted of 20 mM sodium citrate. The
nucleosides studied were adenosine (A), deoxyadenosine (dA),
cytidine {C), guanosine {G), deoxyinosine (dI), deoxythymidine
dT), deoxyuridine (dU), and uridine (UN). The 5-mono- and
diphosphate nucleotides studied were AMP, CMP, GMPF, dTMP,
ADP, CDP, GDP, and dTDP {from Fluka). The extinction
coefficients ¢ at 257 am of nucleosides and nucleotides, are ¢ =
~10¢ L mol1em™.

Capillary Electrophoresis, CE was performed at room
temperature by applying hydrodynamic irjection at a pressure of
25 mbar for 30 s by means of an automated injection system
(Prince, Lauer Labs, Emmen, The Netherlands). Separations were
performed in 20 ¢m i.d. capillaries having a total length of 75 cm
and a length of 50 cm to the detection point. The separation
voitage was 30 kV, resulting in electrical currents of 6 zA for the
SDS buffer and 3 pA for the citrate buffer. Conventional UV
detection was performed with an absorbance detecior (PHD 206,
Linear Instruments, Reno, NV) under identical experimental
conditions.

As nucleosides are uncharged in the pH region where they
are stable, CE in hydrophilic buffers is not possible; they are
separated by micellar electrokinetic chromatography (MEKC) 2%
The addition of surfactants to the background electrolyte, such
as SDS, above a critical concentration leads to micelles, which
allows separation of neutral species. Under these conditions,
neutral nucleosides are separated according to their different
partitioning between the aqueous background electrolyte and the
hydrophobic interior of the charged micelles,® Although nucle-
otides, containing charged phosphate groups, can be separated
in hydrophilic buffers without the addition of SDS, we chose here
the same buffer system to display both, the nuclecside and
nucleotide species, within the same run.
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Figure 3. Noise spectra for different probe light sources. The data
were obtained from five chopping frequencies. TOLD 9201 and TOLD
9211 are (Toshiba} LDs. The lowest trace displays the noise due to
the electronics (the POA is replaced with dummy resistors).

RESULTS AND DISCUSSION

Noise Sources and Linear Dynamic Range. To investigate
the contribution of the various sources to the total TOA noise
the sources were, in as much as possible, isolated, and their
individual contributions were measured and determined according
to the procedure suggested by Scott.?® Considered were contribu-
tions to TOA noise from the lock-in amplifier, the PDA signal
conditioner, the probe and pump lasers, and the A/D converter.

Figure 3 displays the noise spectra measured at the PDA amay
for different probe lasers. All lasers investigated display the
highest noise at the lower chopper frequencies. Schlieren effects
contribute to the low-frequency noise while the high-frequency
noise originates from wavelength shifts (eq b, ref 12) in the LDs
due to mode hopping and operating conditions.” The index-
guided single-mode LD Model TOLD 9211 (Toshiba In¢.) renders
lower noise than the gain-guided multimede LD Model TOLD
9201, as can be seen in Figure 3. He/Ne lasers, having higher
intensity fluctuations, display small wavelength jitter. As the
intensity fluctuations are referenced in the PDA conditioning
electronics,’ a He/Ne laser rendered the lowest TOA noise and
was therefore used in the CE separations reported here. The
lowest noise was obtained near 314 Hz (Figure 3), which was
selected for all measurements. The lowest, almost flat, trace
corresponds to the noise due to the electronics.

The TOA response is proportional to the pump power (eq 11),
but it was noted that increasing the pump power does not result
in a linear increase in the S/N ratio. When a transparent buffer
system is used, a TOA measurement should be background free
{as in LIF in the absence of scattered light). However, with the
SDS buffer, small impurities, which display weak abserption
around 257 nm, couple the noise of the pump beam into the final
TOA noise. High pumping powers might cause photobleaching,
saturation, and cell degradation?? The best S/N ratios were
observed between 4 and 20 mW, and most measurements were
performed at 10 mW,

The different noise confributions and empirical formulas used
to compute them are given in Table 1. The square root of the

{24) Ohms, ]. I, Analysis of Nucleic Acid Derivatives and Analogs by P/ACE
Systemn 2000 Using CE. Beclanan application note DS 73PA. 1990,
{25) Lecog. A F.; Montanarella, L.} Microcolumn Sep. 1993, 5, 105-118.

(26) Scott, R. P. W. Ligusd Chromatography Deteciors; Elsevier: New Yark, 1986,
(27) Petermann. K Laser Diode Modulation end Neise: Kluwer Academic Press:
Dordrecht, The Netherlands, 1991,
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Fable 1. Contribution of the Individual Noise Sources
to the Total Measured TOA Noise®

noise empirical noise
noise source relationships (mV) (mV)
pump laser 0.4% of baseline signal 1
He/Ne probe laser 24/8 0.5
signal conditioner 100/8 2
loclin 1624 4¢ 2
DAQ system 0.2 0.2
caled total noise f 3
measd noise in CE 5

2 The baseline signal and the sensitivity, S, are in millivolt units.
b Explicit values obtained from the empirical relationships using the
experimental parameters from the separation shown in Figure 4.
<Between § = 100 and 500 mV. I Between § = 10 and 50 mV.
¢ Between S = 1 and 5 mV./[{0.004 x baseline signal)? + (24/5)* +
{100/5)° + (1 24 49% + 0.2¢)172,

sum of the squares of the individual components vields the
expected total noise of ~3 mV, which is to be compared with the
measured baseline noise of 5 mV reported in the same table, The
2 mV discrepancy probabiy stems fram buffer impurities absorbing
at 257 nm or turbulences due to Joule heat in CE, which are not
accounted for in the evaluation.

TOA detection cells degrade by the high peak intensities of
pulsed lasers® delivering powers in the order of 0.2 GW/cm? or
higher. The chopped cw laser used in our experiments delivers
modest peak intensities of ~0.2 MW/cm?, which are rather
harmless 1o the FS cell. However, after a few days of operation,
and for some buffer/sample combinations, we abserved a dark
coating (which was removed by HCl) growing at the inner
capillary surface leading also to a monotonous increase of the
baseline TOA signal.

The linear dynamic range (LDR) in the present instrument is
mainly given by the dynamic reserve of the lock-in amplifier and
also by the sinuscidal response of the RI detector {eq 16 in ref
12). 1t covers abont three or four decades of TOA signal (~70 000
at 5% deviation from linearity for a detection limit of 0.1 #RIU and
6.8 mRIU working range).

CE Separations. Figure 4 displays the electrophercgram of
a mixture of four nucleosides, dU, U, dlI, and dA (50 ug/mL each),
separated in the SDS buffer in a 20 um id. capillary. The
electropherogram of the same mixture taken under identical
experimental conditions, but recorded using conventional UV
absorption, is shown in Figure 5 for comparison purposes. The
~200 mV haseline offset in the TOA recorded electropherogram
is due to the slight abscrption of the SDS buffer. Although the
TOA-detected electropherogram displays a better S/N ratio and
practically no drift as compared to that recorded with the UV
absorbance detector, the peak areas of the dU and U species do
not represent their actual concentrations due to phatobleaching.
The relatively high UV intensities needed in the TOA, as compared
to conventional absorbance measurements, photodegrade?!#9-31
these species, resulting in a lower peak height than those of the
dl and dA species in spite of their similar extinction coefficients
and concentrabons.

{28) Kentler, C. N.: Sepaniak, M. J. Anal Chem. 1987, 59, 1733,

(29) Jansson, M.: Roeraade, J.; Laurell, F. Anal. Chem., 1993, 65, 2766,

(30% Kuhr. W. G., Yeung, E. S. Anal Chem. 1988, 60, 26422646,

(31} (a) Xue. Y.: Yeung, E. 5. Anal. Chem. 1993, 65, 19881993, {b) Xue, Y.
Yeung. E. 5. Appl. Spectrose. 1994, 48, 502—506.
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Figure 4. MEKC elecirophsrogram of a mixture of nucleosides (d!,
duU, U, dA) detected by TOA in a 20 um i.d. capillary in SDS buffer al
neutral pH. The hydrodynamically injected (25 mbar during 30 s)
sample mixiure (50 zg/mt of each nuclecside) was dissolved in buffer
and was separated at {/ = 30 kV resuiting in 6 zA of currert. The di
peak corresponds to a temperature rise of ~190 mk,

Uil

Sigual IV]

T T T 1] [ T
o 100 ] wo 400 D0 00
Tme I3

Figure 5. Electropherogram of the same sample and separation
as in Figure 4 detected by a commercial UVivisible absorbance
detector. The cancentration LODs are ~2.4—30 times higher than
those obtained with TOA detection.

A quick diagnostic regarding to the observed photobleaching
effects can be obtained by looking at the timeresolved traces
shown in Figure 2 for both significant cases; namely, dU and dI
dU, which strongly photodegrades, has an anomalous trace
resulting in a smaller amplitude, whereas dl, which is photostable,
displays a standard TOA trace®™ with a larger amplitude. The
anomalons shape of the dU trace indicates that the amount of dUf
in the illuminated region decreases with time, due to photodis-
sociation decay, to a constant valne. This constant value has
contributions from the residual absorbance of the photofragments,
and its maguitude depends also on the flow rate, which repopu-
lates the irradiated region. The degree of photobleaching, as a
function of increasing power for the dU and dI species, continu-
ously injected by pressure (5.7 bar), is depicted in Figure 6.
Although below 1 mW of UV power, the TOA signals of dl and
dU are comparable; as the power increases to 20 mW, the signal
from dU is about one-third that from d1.

Figure 7 shows the MEKC electropherogram of four nncleo-
sides, A, C, G, and dT, and their monophosphate nucleotides (25
mM for all species diluted in water). The migration order of the
GMP, dTMF, AMP, and CMP is mainly determined by their
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Figure 6. TOA signal as a function of pumping power for two
nuclecsides, gU and di. Because dU photodissociates it is associated
with a nonlinear behavior, whereas the stable dl gives a rather linear
response 10 pumping power up te 20 mW {see their corresponding
TOA signals in Figure 2). Solutions were 50 za/mL each in $SD$ buffer
and were pumped by a pressure ot 5.7 bar. The chapper frequency
was 500 Hz.
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Fiwgure 7. MEKC electropherogram ot a mixture ot nucleosides and
their monophosphate nucleotides detected by TOA in a 20 um id.
capillary in SDS buffer at neutrsl pH. The sample is hydrodynamically
injected (25 mbar during 3¢ s}, and the concentration is 25 mM for
all species in water. The species are separated at 30 kV, rendening
an electrical current ot 6§ uA,

charge. CMP, having a higher negative charge, and thus the
fastest electrophorefic mobility against the electroosmotic flow,
appears as the last peak in the electropherogram.
’ Diphosphates are not well separated in the SDS buffer because
of their highly negative electrophoretic mobilities, of magnitude
comparable to that of the counteracting electroosmotic flow,
leading to impractical long separatiou times. However, the CE
separation of negatively charged diphosphate nucleotides was
possible in a 20 mM sodium citrate buffer at pH 3.5. The
electropherogram of a mixture of diphosphate nucleotides (30 ug/
mL ADP, 50 ug/mL GDP, 100 ug/mL CDP, 200 ug/mL dTDF)
is shown m Figure 8. Due to the low pH, the electroosmotic flow
was small, the electric field was reversed, and injection was
performed at the cathode.

The performances of both, the TOA and conventional UV
absorbance detectors, operated with 20 um capillaries, were
evaluated using a 1% acetone/water calibration solution which at
257 nm displays an absorbance of 1.265 AU/cm. The TOA
detector yielded a detection fimit of ~6.7 x 10~ AU at 10 mW
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Figure 8. Capillary electropherogram of a mixture of nuclectide
diphosphates separated in a 20 mM sodium citrate buffer at pH 3.5.
The sample contained 30 ug/mL ADP, 50 ug/mL GDP, 100 ugimL
CDP, and 200 ug/mL dTDP in water. The hydrodynamically injected
{25 mhbar during 30 s} sample was separated at U= 30 kV, rendering
a current of 3 A, The electric field was reversed, i.2., cathode at
injection vial.
pump power and 2.2 x 107¢ AU at 20 mW pump power. These
values are to be compared with those obtained with the UV
absorption instrument of 3 x 10~* AU {which is ~6 times higher
than the typical noise obtained with 75 sm tubes). A great portion
of the probing light propagates through the capillary wall without
intercepting the 20 pm bore8¥ resulting in a rather poor
performance in the case of the UV detector. The TOA absorbance
noises are thus ~45-140 times smaller than those obtained by
conventional absorbance when used in conjunction with 20 g
capillaries. The present TOA noise levels obtained in 20 xm
capillaries are comparable with the value of 2.5 x 107 AU reported
by Waldron and Davichi® in 50 um id. capillaries using CBTO.

The present TOA absorbance noise is somewhat lower than
the values reported by Xue and Yeung® of 10-5 AU n a 75 um
capillary using a laser-based absorbance detector equipped with
noisecanceling electronics {corresponding to a concentration LOD
25 times lower than that obtained with a commercial CE system}.
The reported®: LOD for a dye with ¢ = 7.5 x 10¢ L mal~ cm™!
is 20 nM, which is lower than that reported for TOA for AMP of
50 uM. It must be noted that the extinction coefficient of the dye
used by Xue et ab. is ~7.5 times higher than that of AMP, the
inner diameter of the capillary used by these authors3 is 3.2 times
larger, our data is not postrun processed, and the definition® we
used to compute the LODs is somewhat more conservative than
the one used by Xue et al.

For the CE separations performed in 20 tan capillaries using
10 mW pumping power, TOA is ~30 times more sensitive than
standard UV absorbance. For the continuously injected samples
(Le., no electrical field), the enhancement was 45 times at 10 mW
and 140 times at 20 mW. For larger inner diameter capillaries,
these sensitivity enhancement factors will be smaller. This,
becanse on one hand the capillary llumination in conventional
absorbance is more efficient for larger inner diameter capillaries,
while on the other hand, the heat in the TOA detector is less
efficiently removed.

Electrophoretic efficiencies are not affected by photobleaching,
and theoretical plates of more than 300 000 have been calculated

(32) Bruin, G, J. M.; Stegeman. G.; Asten, van A C.; Xu. X; Kraak, J. C.: Poppe,
H. . Chromatogr. 1991, 559, 163—-181.
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from the dA and dI peaks using moderate injections and 130 000
plates were reached at the best LODs. The LODs abtained with
TOA are ~30 tirnes lower for the phatostable samples but only
2.4 times better for the photodegrading samples.

Although the wavelength and power output provided by a
frequency-doubled Art laser system are convenient to perform
sensitive TOA measurements of biological substances, its size,
cost, and operation complexity do nat match the inexpensive, easy
to align, and highly miniaturized hologram-based RI detector
employed.? A salid-state laser system (e.g., a frequency-
quadrupled LD-pumped Nd/YAG laser) would have been more
campatible with the integrated R! detector used.
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Enhanced Refractive Index Detection for Capillary
Electrophoresis Using Flared Capillaries
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1. Introduction

Recent instrumental improvemcnts“"‘] in refractive
index (RI) detectors far capillary electrophoresis (CE) are
bringing this rather insensitive technique closer to the
useful realm. The tmost recent improvement was given by
Krattiger et al. 1 who introduced the use of holographic
optical elements in optical detection for CE in a compact
and highly sensitive RI detector which was used with
capitlaries having inner diameters (1.d. s) as small as Spm.
The holograpmc element, in this ‘on-axis’ interferometric
design®, divides the mmal beam into two focusing beams.
One beam probes the capillary bore through the middie
whereas the second beam, propagating through the
capillary wall and refractive index matching (RIM)
materizl, acts as the reference beam in this double-sht
Young interferometer”]. Because in this arrangement the
probing beam propagates through the middle of the core
the fully available optlcal path length is used; as compared
to, e.g. the ‘off-axis’ designs®l, Jarger shifts of equally
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Abstract: A novel on-column refractive index detecior
suitable far capillary electrophoresis, whose optical
arrangement is based on a known interierometric
principle, is described. In the present version the
haolographic element is replaced by fwo conventional
optical elements, a Wollaston prism and a
microscope objective, When using refractive index
detection in capillary electrophoresis the noise is
dominafed by Joule heat effects, so we have
introduced the use of flared capillaries to minimize
this effect. Typical flared caplllaries have a diameter
three times larger at the bubble, where optical
detection is performed, than at the separation
section resulting in g large enhancement in the
instrumental sensitivity. The usefulness of the
detector has been demonstrated in the capillary
electrophoretic separation of a mixture of
underivatized sugars resulting in detection limits in
the high pm range.

spaced fringes detected by a photo-diode array (PDA)
result in a higher instrumental response.

Electrical currents produce Joule heat™ which is
known to degrade separation efficiency in CE due to
band broadening and, when using RI detection, it is the
dommfant source of noise due to schlieren effects in the
buffer’¥, Considering that these thermal effects are

.proportional to the cross section of the capillary and

also that small i.d. tubes offer a higher surface to volume
ratio which facilitates heat dissipation through the
capillary wall, the use of smaller id. capillaries is
preferred from the separation point of view, However,
as the decrease in optical path length is correlated with a
reduction in the sensitivity, the optimum capillary
diameter is the result of a compromise between
detection and separation arguments.

The RI detector presented here uses an optlcal
arrangement identical to that recently reported!'].
However, the core of the intecferometer, given by the
holographic element in the previous designlli, is realized
here by means of a set of conventional optical elements.
The main novelty in the present arrangement is the use of
flared capillaries (Figure 1) to enhance the instrumental
sensitivity. Flared capillaries, presently in use in con-
junction with UV/vis detectors, allow an increase in
optical path lengths without compromising the benefits
abserved In the separation efficiency associated with
thinner capillaries. The performance of this detector is
evaluated using a synthetic mixture of underivatized
sugars as a test sample.

2. Theory

2.1. Principle of operation

The optical configuration of this detector is identical
to that of the hologram-based RI detector already

Analytical Methods and Instrumemation, Vol.| No.4, 203-207 (1993)
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Flgure 1. Plcture of the bubble ol the flered caplllary employed. The
I.d. al saparatlon part and bubble are 50 um and 150 um and the o.d.
are M0pm and 340 pm, respectively.

described!'l. In the present version the holographic
element is replaced by two conventional optical
elements, a Wollaston prism[3 and a microscope
objective (MQ), arranged as shown in Figure 2. The
diverging beam of a laser diode (LD), which is first
collimated by a lens within the laser module, 15 divided by
the Wollaston prism into two orthogonally polarized
beams diverging by an angle a. The MO, placed at its
focal distance f from the Wollaston prism, makes both
beams parallel and focuses them. The capillary is also
placed at a distance f from MO (i.e., the Wollaston prism
and capillary are placed symmetrically with respect to the
MO) in such a way that its bubble intercepts the probe
beam. The remaining beam, the reference beam,
propagates undisturbed by its side. Both beams, the
probing and reference beam, can, after passing through a
polarizer, recombine and mix in the far field and, because
they originate from the same coherent source, they build
up a regularly spaced interference pattern, as shown in
Figure 2.

Changes in the refractive index (An) in the bubble part
of the capillary modify the optical phase of the probing
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beam resulting in a lateral shift of the intecference
pattern. These shifts are monitored by a PDA wired to
produce a position sensitive output signal'® which,
upon calibration, becomes the output signal of the RI
detector. The polarizer at 45°, placed before the PDA
(Figure 2), ensures maximum contrast of the fringes. The
capillary bubble is surrounded with RIM material
(n = 1.46) 10 climinate unwanted reflection and refrac-
tion at the optical interfaces? as well as to allow an
efficient removal of the Joule heat produced in CE which
is known?! to contribute to the overall noise due to
schlieren effects in the buffer.

2.2, Beam diagnostic

The beam waists (1wice the spot size, 2wy) of both
beams, at the focal point of the ten times MO employed
(f = 17mm), is estimated by

20

W = d ) (l)

where d are the original beam diameters. The spot size

is fifty times smaller than the i.d. at the bubble

(i.d. = 150 um} implying that the entire probing beam
propagates through the capillary flare.

The beams after the MO are separated by a distance D
which is given approximately by

D= fa (2)

where o is the diverging angle of the Wollaston prism
employed. In the present case a=0.5° and thus
D =150 ym whbich is about half tbe external diameter
of the capillary (o.d. = 340um). The reference beam
thus propagates through the capillary wall without
intercepting the core.

2.3. Instrument response

As in the hologram based RI detector!!, the instru-
mental response is given by
dU 4Cid. K
i — ®)
where dU/ /dn is 1he change in the veltage outpui per RI
unit (RIU) change, X the ampilification of the electronic
cirltg}.lil (10V in our case} and C the fringe contrast given
by

Imax — Irnin

C .
Imax + "rnin

4)

LM

Figure 2. Dlagram of tha detector experi-

F PDA mental get-up. LM: laser module, WP:

Wolteston prism, MO: microscope objec-

tive, C: caplllary cell, P: polerizar, F:

""" ringe pettern, PDA: photo-detector

| = array.

]
.
[T ——
-—‘_N__‘N' '
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In equation (4), I, and [, refer to the maximum
and minimum intensity observed in the fringe pattern,
respectively. In practice C is most easily determined by
noticing that

Unnax™
2K

[derived from equation (13) of ref. [1]) and by measuring
the highest signal voltage, U/, ,,, as the PDA is scanned
through the fringe pattern. The maximum signal
measured in our instrument was 6V leading to a
contrast of C = 0.94 which is very close to the maximum
(Cmax = 1) to be observed when I, is zero, equation (4).
The instrumental response of our instrument is, as
calculated using equation (3), dU//dn = 8.4mV pRIU.,

C= (5)

3. Experimental
3.1. RI detector

The Rl detector {(Figure 2) was assembled almost
entirely with commercially available components
(Spindler & Hoyer, Germany). The multimode LD, the
driving electronics and the collimating lens are contained
in the laser module (LDM 135, Imatronic Inc., Batavia,
IL). The LD lases at 672 nm and delivers 1 mW of output
power. Precautions are taken to adjust the LD chip
parallel with respect to the capillary to minimize the
effects of aberration. The Wollaston prism (PWQ30.10,
Bernhard Halle Nachfl. GmbH & Co., Berlin, Germany),
MO (Spindler & Hoyer, Germany) and polarizer are
adjusted to produce the best fringe contrast.

The flared part of the capillary is introduced in a heavy
wall fused silica tube {i.d. 2 | mm, 0.d. = 6 mm) and the
empty space is filled with RIM material (#19569 and
19571, R.P. Cargille Laboratories Inc., Cedar Grove,
NI, USA) to form the ‘detection cell’, One side of the
heavy wall tube was polished flat to form the ‘entrance
window’ and it was mounted in an aluminum body.

Only 14 of the 46 elemenmis PDA (84111 series,
Hamamatsu) are used to detect seven adjacent fringes.
The odd and even numbered elements are wired together
{(as shown in Figure 4 of ref. [1]) and both channels are
fed into a position sensitive amplifier (Model 301-DI1V,
UDT, Hawthorne, CA) delivering a signal proportional
to the fringe shift which is rather insensitive to light
intensity fluctuations®. The LM and the detection cell
are thermostated by temperature controllers (Model
LDT-5412, ILX Lightwave, Bozeman, MT) using Peltier
elements (Melcor, Trenton, NJ). The LabView (National
Instruments, Austin, TX) and IGOR (WaveMetrics,
Lake Oswego, OR) software packages, running on a
Macintosh Ilfx, were used for data acquisition and
analysis.

3.2, Capillary electrophoresis

The fared capillary (Hewlett Packard, #G 1600-61-
231) employed had an i.d. of 50 um at the separation part
and 150um at the bubble (Figure 1) and a length of
60cm (50cm to the detector). The standard 50pm i.d.
capillary (Polymicro, Phoenix, AZ, USA), used for
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Flgun’; 3. Elsctropharograms of 8 mixiure of sugars obtained with tha
Rl detector opersiad n conjunction with {a} the bubbla and (b} the
standard capillarles. The peaks are idaniified as: SAC: saccharoge,
NAG: N-acetyl-o-glucosamine, RAF: raffinosa, MAL: maltose, LAC:
lactosa, RIB: riboge. Elecirical flald of 10kV and a current of 19 pA.
The concentration of sach sugar Iz 8.3mwn and tha electrophoretic
conditions and buffer employad ara raported In the Experimenta?
sactlon.

comparison purposes, had a length of 75¢m (50cm to
detector). CE is performed at 8kV and 10kV with the
flared and standard capillary, respectively. Injection, in
both cases, was hydrodynamically performed with a
Prince CE system (Lauver Labs, Emmen, The Nether-
lands). Chemicals were purchased from Merck (Darm-
stadt, Germany) and Fluka (Buchs, Switzerland).

4, Results and discussion .

The present RI detector is demonstrated with both a
flared and a standard capillary in the CE separation of a
mixture of six underivatized sugars. The corresponding
electropherograms are shown in Figures 3(a) and 3(b).
Most sugars are neutral species and therefore not eligible
for CE (see ref. [9] for the pK and ref. [10) for the
mobilities of sugars). This difficulty is overcome using
borate buffersl49-!l. Borate complexes sugars into
various types of negatively charged species. The
magnitude of the charge, and thus their electroosmotic
mobility, depends mainly on the concentration of borate.
Six forms of sugars coexist in aqueons solutions, a- and
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Table 1. Signal, noise and limits of detection obtained with
the standard and llared capillary. Peak height data from the
raffinose peak in Figuras 3(a} and 3{b).

Tabie 2. Electrophoretic mobilities obtained with tha
standard and flared capillaries obtained for various sugars
in tha borata/CAPS butter amployed.

Standard Flared Slandard Flarad
capillary capillary Flared/standard (105 em? v s {1075 em? vt g™
Signal/mv 221 706 3.2 SAC 365 3.56
Noise/mV 15 6.75 17 NAG 4.54 4.46
SiN 19 105 5.4 RAF §.09 6.01
LOD/pw 860 160 0.19 MAL 7.14 6.99
LAC B.86 B8.73
RIB _ 18.10

B-pyranoses and furanose forms, as well as the open-
chain and hydrated forms multiplying the complexation
possibilities. Saccharose and raffinose complex into a
single species and therefore appear as the sharpest peaks
in the electropherograms. The broadening observed in
the other peaks is due to the various complexes
associated with each type of sugar having similar
mobilities (rather than to column overloading). Optimal
results were obtained with a 33mm borate/13.3mm
CAPS buffer (3-cyclohexylamino-1-propanesulfonic
acid) at pH 9.4 where the current decreased by a factor
of about four with respect to a 100mm borate buffer
previously used while efficiency is maintained.

Table 1 summarizes the S/N and the limits of detection
(LOD) obtained with the normal and flared capillary
with the present RI detector from the raffinose peak in
the electropherograms shown in Figs. 3(a) and 3(b). The
theoretical plate numbers, determined from the raffinose
peak, are 60000 and 130000 for the standard and flared
capillary, respectively. The electrophoretic mobilities of
the investigated sugars in the buffer employed are
reported in Table 2.

The increase in the capillary i.d. at the detection zone,
ofiered by flared capillaries when using RI detection,
results in a decrease in the overall noise and an increase
in the signal, leading to a five-fold enhancement in the
S§/N. Although the observed three-fold mcrease in the
signal is easily explained using equation (3), dealing
with the instrumental response, a quantitative analysis
to explain the observed decrease in the noise is not
straightforward.

There are various sources confributing to the overall
noise. A schlieren effect in the detection path cansed by
Joule heat is, in the present case, the dominant
source while the electronics, particles or bubbles in
the buffer and wavelength jitter contribute to a lesser
extent to the overall noise. With regard to Joule heat
there are a few factors that play a role in dissipating
heat in the presence of flared capillaries. Considering
that FS has good heat conducting property, and air a
poor one, the rate of heat dissipation for naked
capillaries is mainly determined by the o.d. and the
inper volume-to-surface ratio which increases for
smaller capillaries. In the case of capillaries having
their outer wall in contact with RIM materials the o.d.
can be considered as mfinite and the volume-to-surface
plays a smaller role in determining the rate of heat
dissipation. It has to be noticed that the total electrical
current (f) remains constant along the capillary
including the bubble. However, at the bubble, the
cross section is nine times higher, therefore the
associated electricai resistance (R) is nine times smaller
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than in the rest of the capillary and, the electric Reld (E})
should also decrease by the same amount (i.e., £ = RI).
Because Joule heat, and its associated schlieren effects,
are caused by the electrical Feld, they should also
decrease explaining the observed reduction in the
noise.

The separation efficiencies obtained from the electro-
pberograms displayed in Figures 3(a) and 3(b) are rather
similar. Altbough the bubble introduces a small dead
volume in the capillary, the smooth change in ¢ross
section (see Figure 1) should not alter the laminar flow,
and peak broadening is not expected. The small
differences in the electrophoretic mobilities reported in
Table 2 are within the experimentai error.

5. Conclusions

The ‘on-axis’ illumination configuration for the
construction of capillary Rl detectors, based on
commercially available optical elements proposed here
provides more flexibility and is certainly easier to realize
than the configuration based on holographic plates. One
advantage offered by the present arrangement is that
light losses are very small at the Wollaston prism as
compared to those associated with a hologram, demon-
strated by the diffraction efficiencies which are in the 10~
30% range. However, using multi-element photo-
detectors, light intensity is no longer an issue in the
quest for higher sensitivity. The major issue in this regard
is thermal and mechanical stablhty” which is better
achieved using miniature optical components such as
holographic plates. Therefore, we believe that the best
capillary RI detector would be one based on ‘on-axis’
illumination using a holographic element and featuring a
flared capillary. The LODs reported in Table | are better
than those reported in ref. {2] and comparable with those
obtained by other methods provided that the sugars are
not derivatized®'%,
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On-Column Laser-Based Refractive Index Detector for

Capillary Electrophoresis

Alfredo E. Bruno,* Beat Krattiger, Frangois Maystre, and H. Michael Widmer
CIBA-GEIGY Ltd., Analytical Research, CH-4002 Basel, Switzerland

The Interference pattem trom side-llluminsted caplilary tubes
has been exploited Yo develop a sensitive universal refractive
index {R1) detector sulable for nenolitar on-column capillary
geparallon techniques. A 2-fold benetit Is obtalned by sur-
rounding the caplilery tube wilh 2 RI-matching fluld: the
fringe pattem is simpified, end thermal notse is reduced. The
key to RI detection In CE, provided that Yhe Instrument de-
livers sufficlent sensitlvity, has been found to be thermal
stebllity. A thermal stebilly of AT = 20 X 10 °C Is
achloved in 2 Peltler cooled R1 coll heving 2 highly symmetric
design elmed Yo ensure {28l thermal response from the ther-
moelectric system. The linear dynamic range extends to
more than 3 orders of magnhude with a typical RMS nolse
lavel 91 3 X 10~* RIU end baseline drifts of 2 X 10~* RIU b
at 1 Hz. This ks about 1 order of magnhude above the cal-
culalod shot nolse limit for these tube dimenslons. These
nolée levals correspond to an anguler deflection of the se-
lected fringe of 100 nrad, which hes been obtained by using
8 large poshion-sensitive photodiode. The opticsl geometric
arrangement of the photodiode, whh respect 1o the fringe
width, has been optimized theoretically. A detalled descrip-
tion of the instrument end Rs nolse sources ls presented, end
the tachnique ke demonstreted in CE In the anelysis of un-
derivatized carbohydratse using s 50-gm tube,

INTRODUCTION

Capillary electrophoresis (CE) in undoubtedly the trend
in liguid-phase chemical analysis. Several fzatures including
speed of analysis, high resolution, and efficiency account for
the present acceleration in the acceptance of this technique.
High electric fields are used in CE to force ionic solutes to
migrate through a buffer- or gel-filled capillary. The species,
injected in minute amounts, are separated along the tube on
the basis of charge, size, or both (I, 2) and are subsequently
detected near the capillary end. The various forms of this
technique, capillary zone electrophoresis (CZE), isothacho-
phoresis (ITP), micellar electroosmotic chromatography
(MECC), and capillary gel electrophoresis (CGE), have been
successfully demonstrared in the analysis of pharmaceuticals,
peptides, proteins, carbohydrates, oligonucleatides, subcellular
structures, and even whole cells (3-10).

Various instrumental aspects contribute to the overall
performance in CE. Detection, being perhaps the most im-
portant one, is most conveniently carried out using optical
methods. The benefiis observed when the inner diameter of
the capillary is reduced are compromised in the detection stage
when path length dependent optical schemes are used (11, 12).
There is therefore a growing demand to improve the sensitivity
of known detection systems or to develop alternative ones.
Primarily because of their spatial coherence, lasers have led
to the development of a series of novel capillary detectors
featuring impressive detection limita (13).

*To whom correspondence should be addressed.

In order to preserve the spatial profile of the eluting sub-
stances achieved in high-performance separations, only on-
column detection (11) is meaningful in CE. The most popular
detection scheme used in CE is UV /vis absorption (14-16).
It is accomplished by modifying 2 conventional absorbance
photometer using optical fibers or masking the optical path
with a pair of slits (11). However, nonlinear responses for
absorbance vs concantration curves are not uncommon {11).
These are due to stray light and/or changes in the refractive
index (RI) of the mobile phase due to solute concentration,
pressure gradients, etc., which alter the optical path and lzed
to unwanted dynamic effects. For absorption measurements
in narrow-bore capillaries, crossed-beam thermooptical (CB-
TO) absorption techniques (17) offer definite advantages. An
interesting fzature of CBTQ is that as the capillary’s diameter
is reduced, the pumped heat is more efficiently quenched at
the walls and high electric fields can be applied along the tube
for faster separations (12).

Laser-induced fluorescence {15) (LIF) is the most sensitive
detection method devised to date. However, because only a
few molecules of interest fluoresce at available laser lines,
rather complicated precolumn derivatizations (16} are re-
quired.

Much stricter conditions than those required for example
in liquid chromatography {HPLC), are to be met when de-
signing a detector for CE. Therefore, not all detection schemes
of standard use have been made available to CE. Bulk RI
detection, unavoidable when the substances of interest neither
abzorb nor flueresce, is a typical example. Joule heat poses
the major challenge in the development of a RI detector
suitable for CE. Since most applications require a sensitivity
below An = 107¢ RIU (RI units, n is the RI of the mobile
phase) and the change in RI with the temperature {dn/dT)
for most selvents is of the order of 107 RIU/K at room tem-
perature, thermal stability becomes the limiting factor in the
quest for lower detection limita.

A RI detector, whose operational principle is based on the
interference pattem arising from side-illuminated fused-silica
capillaries, demonstrated in HPLC by Bornhop and Dovichi
(18-20), has shown promising results. An insightful thenretical
analysis was later given by Synovec (21), and various refine-
ments, aimed to adapt the technique to CE, was subsequently
published (22-24).

The approach given by Chen et al. (22}, to overcome thermal
fluctuations inside the capillary in CE, was to partially
modulate the electric fields in a so-called analyte velocity
modulation method. The sensitivity of this detector appears
to be comparable to those attained with ether methods (23,
24), but much instrumental work and applications are awaited
to fully appreciate the benefits of this technigue.

Pawliszyn (23, 24) proposed a concentration gradient dif-
ferential detector based on Schlieren optics which is rather
insensitive to thermal fluctuations inside the capillary suitable
for ITP. However, as, in this method, one obtains the first
derivative of the signal, it is necessary to integrate the output
signal to reconstruct the electropherogram, and the optical
arrangement nseds to be optimized for each separation system.

0003-2700/91/0363-2689302.50/0 © 1991 American Chemical Society
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Figure 1. Capliiary tube cross section and corresponding ray-racing
diagram for tour significant rays: (a) copillary surrounded with alr. (b)
capillary surrounded with RIMF. Reflections and refractions at the
diftarent intertacas are indicated as amows. The dilferent o valuas of
the propapating media are represented by the density of the pattern;
o.g. air [# = 1.00] hes no assoclated pattern, water {n = 1.333} has
a lighter dotted pattern, and fused silica (» = 1.467) and RIMF (n =
1.467) are represented by identical darker patterns.

In this contribution we describe a RI detector based on the
design originally proposed by Bornhop et al. (18-20). In the
present. instrument we introduce the use of index-matching
fluids (RIMFs) and position-sensitive photodiodes (PSDs),
in conjuction with thermoelectric stabilization, integrated into
a compact, highly symmetric RI cell design. A detailed
analysis of the noise sources, with emphasis in the shot noise
and the noise due to thermal fluctuations, is made and used
to improve the detector. In addition, we present 2 model to
study the interference pattern produced by the capillary. The
improvements obtained in the overall detector performance
are demonstrated in the CE separation of synthetic underi-
vatized saccharide mixtures. Considering their importance
in biochemistry, food science, etc., sugar mixtures were chosen
to demonstrate the new technique. Also, it hes been recently
shown (16, 25-28) that CE represents an alternative to other
traditional (29) and electrophoretic methods {(30-32) used in
the analysis of sugars.

THEQRY

Index-Matched Capillary Walls. The present detection
method takes advantage of the light interferences, typical of
side-illumination of liquid-filled capillary tubes by laser light
(18-20), to measure changes in the R1 (An) of the effluents.
As in the case of optical fibers (33), when coherent light strikes
a capillary transversaly, the light is scattered over 360° in the
plane perpendicular to the capillary axis. The resulting fringe
pattern is characteristic of the capillary dimensions, Rl of the
propagaling media (i.e. capillary wall and orifice), focusing
properiies of the beam, and light polarization. As shown in
Figure 1, depending on their incident position and angle, the
light rays either (i) are reflected at the outer capillary surface,
(ii) enter the capillary, propagate through its wall, and emerge
without intercepting the inner bore, (iii) are reflected at the

Light Intensity

T
9 e

T L T
Scatterfromg Angle [deag‘i '

Figure 2. (Top) forward scatiering fringe pattem of a water-Tlled sillca
capillary having Ld. = 50 um and 0.d. = 365 um side-fluminated with
a Ho-Ne laser beam. {Botiom) fringe pattern tor the seme caplllary
immersed in RIMF. The scattering angls ¢ = 0° corresponds to the
optical axis. The residual high-frequency intensity modulation in the
bottorn figure is most likely due to a slight mismatch of the RIMF
caused by temperature differences.

inner capillary wall/liquid interface, or {iv) propagate through
both the capillaey wall and bore. Hence, the interference
pattern is produced by four types of scattered rays, and
therefore is rather complex, as shown in Figure 2 (top). Some
of the fringes change their position as a consequence of
changes in the RI of the effluent. The angular shift of the
fringes, due ta refractions and changes in the optical path of
the rays (34), are used to meesure the effluent’s An, Without
index-matching fluid around the capillary, it is difficult to
select a sensitive fringe which also hasz a high contrast. In
addition, only a very small fraction of the total optical power
is available in every fringe and sharp fringes led to a narrow
dynamic range of the detector in question. It is thus desirable
to simplify the fring pattern in order to select the fringe which
shifta the most f{or a given An and to direct the optical power
into these fringes.

Simplification of the fringe pattern is achieved here by
immersing the fused-silica (FS) capillary in a transparent
liquid (RIMF)} having the same index of refraction as the
capillary wall {i.e n = 1.4587 at T = 25 °C for A = 632.8 nm).
This technique is rowtinely used to measure the core dimen-
sions of optical fibers {(33). In this way, the reflections and
refractions at the external capillary wall (i.e. type i rays) are
eliminated according to basic optical principles (34). The
overall pattern is dominated by interferences between the rays
of type iii and iv, es illustrated in Figure 1b. The total number
of refractions and reflections, indiceted by arrows in the figure,
is dramatically reduced from 10 to 3, resulting in a much
simpler interference pattern, as shown in Figure 2 (bottom).

Modeling of the Interference Pattern. Computer sim-
ulations have been used to predict the fringe shifta per An
and thus to maximize the sensitivity of the instrument. The
profile of the whole interference pattern, for the simplified
case in which the capillary is immersed in RIMF and hes an
i.d. greater than 30 um, can be quantitatively described by
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Flgure 3. Measured and simulated imterference Iringes for an id. =
50 pm capilary immersed in RIMF. Fringes are arbitrarily labeted

starting with n, which is the last well-defined and easily identified fringe
from tha optical axis.

Table 1. Shot Noise Limita for Different Fringes of the
Scattering Pattern®

fringeno. n-1 n-2 n-3

position 24 16 12 deg
ang shift  -223 -200 -172 deg/an
40 717 5.3 3.2 deg
Py 25+ - 254 10" W

by 34x10% 23x10®* 22x10°% rad
an,, 87x10° 66x10% 73x10*¢

¢These values are typical for an i.d. = 50 um i.d. capillary filled
with water and illuminated by a 2.mW He-Ne laser (A = 633 nm).
The detection bendwith is essumed to be B = 1 Hz. The values
quoted with an asterisk ere measured data.

a ray-tracing model which does not take into account dif-
fraction effects.

In the present optical configuration the capillary behaves
as a pseudo Mach-Zehnder interferometer and the fringes are
thus the result of interactions between two rays. The reference
beam (ray iii in Figure 1b) strikes the wall/buffer interface
al an angle greater than critical (o = 66°) and is totally
reflected, The sampling beam (ray iv in Figure 1b) propagates
through the capillary bore where it is refracted twice at the
wall /buffer interfaces (Figure 1). Both rays propagate through
different optical paths, and as they recombine in the far field,
they form the observed interferences. Depending on whether
the optical path difference between the reference and sampling
ray is an integer multiple or an integer multiple plus one half
of the wavelength, constructive and deatructive interferences
occur {33, 34).

A computer program based an classical optics (34) has been
developed and was used to select a priori the most sensitive
fringe to An, for a given capillary diameter, known polariza-
tion, and intensity distribution of the incoming beam, for each
ray. For each acattering direction the algorithm computes the
associated trajectories of both raya and therefore their in-
tensities and relative phase differences. The far-field dis-
tribution is computed by making use of coherent superposition
of rays, assuming that the incident beam is a bundle of parallel
rays with a Gaussian intensity profile. A typical result of the
measured and comnputed interference patterns for a 50-um
capillary is shown in Figure 3, and significant results are
summarized in the upper part of Table I.

Thermal Analysis. Dnce the problems associated with
the selection of a monitoring fringe have been solved, the
thermal instability in the capillary is the limiting factor in the
quest for maximum detection sensitivity, at least in CE. In
this regard, an additional benefit is observed when surrounding

Table II. Deflinitions {Reproduced from Reference 38) and
Values of Dimencionless Variables for a8 Fused-Silica
Capillary (i.d. = 50 um and o.d. = 365 um) Cooled by
Naturally ‘Convecting Air and by a Surrounded Liquid
{RIMF) in Contact with a Thermoelectric Cooling Syatem

.

convecting
air RIMF
8=(T-Ty dimensionlesstemp 1.102° 40,200
AT, 0.843* 39.66%
n = rfRp dimensionless radial r/25 rj25
coordinate
AT = characteristic temp rise 0.64¢ 0.64¢
M().E2 RzBf k
A= vAT,y autothermal param 0.172¢ 0.172¢
Bigy = overall biot no, 0.055¢ 122
Roars/k
HEY) 0.457¢ 0.0684

*Computed with eq A-1, at r = 0 pm. *Computed with eq A-1,
ar= Rb = 25 um. ‘xo =] Sfm,kluzc" =061 W m™! K-—I. E =250
Vem' 9x = 0046 K, from ref 38. ¢ Typical value, taken from
ref 38. #Computed using eq A-2.

the capillary with RIMFs, i.e. the possibility to further stabilize
the temperature inside the capillary in the detection region.
Because the thermal conductivity coefficients of liquids are
about 20 times larger than that of air, the surrounding RIMF
acts as an efficient heat sink.

The support buffer in the capillary, which has an associated
electrical resistance of R = U/ dissipates a considerable
amount of heat, up to P = 1.3 W in the present case, resulting
in various negative side effects in CE. The thermal Joule effect
associated with CE and its consequences to column efficiency
have been thoroughly atudied {(35—-40). Of relevance to this
study are a detailed knowledge of the temperature profile in
the capillary bore as a function of radial position and the total
difference in termperature between the center of the capillary
(hottest region) and its surrounding at the detection part of
the tube.

In the absence of the polyimide coating, which was removed
in the detection region and under the assumption that the only
heat source is the electrical current circulating in the buffer
{e.g. there is no absorption of the laser light in the detection
volume), the total temperature change from the center of the
capillary to the surrounding thermal bath AT\, can be
subdivided into

ATy = ATy + AT, + AT, (1)

where AT, is the temperature drop in the bore, AT, in the
wall, and AT, in the surrounding bath.

The temperature distribution T(r} is known (35) to be
approximately parabolic across the bore and logarithmic across
the silica wall and in the immersion bath. According to the
theory of Grushka et al. (36, 37), the temperature profile T(r)
within the capillary satisfies

1d dT

kr dr r dr E% @
where E is the applied electric field, % is the thermal con-
ductivity of the buffer, and « is its electrical conductivity.
Exact salutions to ¢q 2 in the capillary bore have most
recently been proposed in terms of the dimensionless variables
8, AT . A, 1, Biga, and AT, defined and computed in Table
I1, by Gobie and lvory (35). In this formalism, AT\ can be
obtained by integrating eq 2 with the appropriate boundary
conditions in the capillary bore {i.e. fromr=0tor= R, in

Figure 1) and reads

aTb = ﬁAT,,f (3}

Details on the evaluation of the dimensionless ternperature
# and on the characteristic temperature raise, AT, are given
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Figura 4. Temperature profile as a tunction of the radial coordinate
in the capilary bora and fused-silica wall {i.d. = 50 ym, o.d. = 365
pm) and surrounding media for a capillary filled with an aqueous solution
and immersed in RIMF {lower trace} and cooled by naturally convecting
air (upper trace). Both praflles have been camputed as axplained In
tha fext.

in the Appendix, and the results are reported in Table 11. It
18 found that AT}, = 0.350 °C when the capillary is surrounded
by air and AT}, = 0.165 °C when the capillary is surrounded
by RIMF.

The temperature drop in the capillary wall AT, can be
computed with

AT, o E:IHR_b

where | is the electrical current and k,, is the thermal con-
ductivity of the capillary wall. Equation 4 has been derived
from eq 3 in ref 37, by ommiting the term representing the
temperature drop in the polyimide coating. Setting R,/R,
= 7.5 as well as the other experimental values (see Experi-
mental Section) in eq 4, it is found that AT, = 0.305 °C for
both cases considered—air- and RIMF-cooled capillaries.
Finally, to compute the temperature drop in the RIMF
bath, we follow the approach used by Nelson et al. (40) to
tackle & similar problem. Accordingly (40), AT,,, is given by

ATy = El/2xhR (5)

where R,,, is the radius of the surrounding bath. Using the
values (40Y of h = 2600 W m 2 X! for RIMF, h = 70 W m™?
K-¥ for air and taking R,,, = 1 mm, one obtains AT, = 0.125
°C in the RIMF and AT,,, = 4.63 °C in air.

AT a (8q 2) is computed using the values above for AT,
AT, and AT, .. Finally, the total temperature drop from the
center of the capillary to the surrounding media is, for the
RIMF-thermocooled case, AT, = 0.60 °C and, for the
naturally convecting air case, is AT,y = 5.29 °C. Adding to
these values the temperature at which the thermocooler op-

Ry
- 1l 1 ] (4)

Table 111. Temperature Variations {°C) across a Capillary
Tube Cooled by Naturally Convecting Air and by 2
Surrounded Liquid {RIMF) in Coniact with a
ThermoelecLric Conling Sysiem®

ﬁTb AT., &Twr ﬁTw T(r = 0}
air 0.350 0.305 4.631 5.286 30.28
RIMF 0165 0305 0125 0.595 25.60

2Capillary dimensions i.d. = 50 um and o.d. = 365 pm, applied
electric field E = 25- V em™, current = 57 uA.

/ Capilary Co |

He - Ne Laser Onticy

Tl Sevchor

Wi |

Radintor | PHiiler

Figure 5. Instrumental optomechanical arrangement of the capillary
refractive index detactor.

Figure 6. PSD geometric arrangement used to measura the fringa
deflection angle . The width of the PSO is w and the fringe angular
spread (spot size) is 0. A null signal is produced when tha center of
gravity ol the tringe is cantered on the PSD.

erates {i.e. typically 25 °C), one obtains the value of the
temperature at the center of the bore. For the RIMF-cooling
case it is found that at the center of the bore T(r = 0} = 25.60
°C and for the naturally convecting air-cooled case T'(r = 0)
= 30.28 °C. A summary of the temperature calculations is
presented in Table I11l. Temperature gradients and thus
thermal noise are localized in the neighborhood of the inner
and outer capillary wall interfaces (Figure 4).

Position-Sensitive Diode (PSD). A An in the capillary
bore results in an angular displacement of the scattering
fringes. The shift of a selected fringe is measured with a PSD
which, upon calibration, gives an electrical signal proportional
to An. Although most high-resolution position sensors are
built with dual photodiodes (23, 24), for this experiment, PSDs
were found to be quieter, especially at frequencies below 1
Hz; most certainly due to the fact that PSDs are made of a
single silicon chip and therefore their characteristics are
constant over the whole device (4/-43). Moreover, state of
the art PSDs are known to have good linearity and low dark
curtent properties which make them attractive for applications
requiring very high resolution (44).

The optical arrangement which has been used to measure
fringe shifts is shown in Figure 5. The light from one fringe
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is directed to the detector and forms an elliptical spot whose
center of gravity is centered on the detector (Figure 6}. As
the spot moves across the active area, output currents 1, and
I are generated which ere proportional to the distance be-
tween the location of the center of the spot and the end
contacte of the detector (44). To produce a signal with zero
output for a centered spot, which in addition cancels the
intensity fluctuations of the light {e.g. due to laser noise), the
complementary outputs currents of the detector are wired to
yield
- "B
I+ 1

The angular resclution of the detection scheme depends
on the width of the selected fringe as well as on the ratic of
the PSD width to the spot size. This ratic is given by the
distance from the capillacy to the actual PSD location. In
order to determine the geometric configuration which would
render the highest sensitivity and to calculate the value of the
shot noise limited angular shift, the following analysis is made.

For a narrow light spot at a distance § away from the center
of the detector (Figure 6), the difference between the two
photocurrents, as obtained after the substraction in the PSD
circuit, is (43, 44}

I~ Tp = 1) = 5Py 25 (M)

Vi) = (6)

where w is the PSD width, P, is the total optical power within
the spoy, and s is the spectral sensitivity of the detector (i.e.
s = 0.35 A Wlat A =633 nm for the Hemamatsu 351352
employed (41)). If the light intensity is distributed over the
whole surface of the detector rather than on a point (Figure
6). the detector response can be calculated by adding the
coniributions of each point (44). For a normelized Gaussian
distribution having a width a ard with the center of gravity
at position &, it can be shown that

wi?
fl
1(5)=3Pamf 26 1 exp[__(ﬁ a)]dﬂ ®
_w”w av o 2 [

Furthermore, it can be verified that for small angular dis-
placements (i.e. § « w) around § = 0, the sensitivity can be
expressed as

df
Esuc(aa)—
20!0
()]
expd ~-| - dé -
°°ta\/E[ Zo;a [ ANY

L))o

where a = dafw is the cspect ratio of the spot size to the
detector width. Figure 7 shows that the behavior of the
sensitivity G and of the relative sensitivity oG vary according
to eq 9. The curve for the relative sensitivity displays an
almost linear increase near zero followed by an exponential
decay for large velues of the aspect ratia. These resuits
indicate that i1 order ta abtzin the best performance, the PSD
must be operated at a distance from the capillary where the
selected fringe and the datector width leads to an aspect ratio
ofa = 09.

Shot Noise. Among 2!l the phenomena which limit the
smallest measureble angular shift, shot roise sets an ultimate
limit which is given by the nature of light itse!f. The shot noise
limit therefore constitutes a valuable benchmark and allows
the determination of the margin left for the improvement of
the optical cdetector.

To celculate the shot noise limit for the present optical
configuration, it is assumed that the engular position of the
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Figure T. Theoretical sensitivity of & PSD detector for & Gaussian spot

as & tunction of finite width.

selected fringe moves sinusocidally about the center position
with an amplitude 4 and at a frequency 2. The expression
for the output detector signal can be derived fram eq 9 as

I = sP‘,ptOB'}'}l;é sin (2¢) (10)

where the factor 0.37 arises from the evaluation of the max-
imum sensitivity {in eq 9). The corresponding signal power
is therefore

(e = (o 375P gy~ ) (1)

The power spectrum of the shot noise is known to be white
{i.e. flat) and its density (f,,%} is proportional to the optical
power reaching the detector (45). To take into account that
both the (I, - I} and (I, + [) outputs generate independent
noise contributions to the useful signal (eq 10), the total shot
noise power hecomes

(In?) = 4BesP, (12)

where B is the detection bandwidth and e is the elementary
charge. Shot noise limited detection is reached when the signal
power {eq 11) equals the shot noise power (eq 12}, i.e.

().

Substituting in eq 13 typical values for this experiment {e.g.
B =1 Hz, s = 0.35, and P, =25 xW), one obtains (§/0),, =
1 % 10°%. Furthermore, eq 13 is used to compute the shot noise
limnits associated with various fringes employed in the present
measurements (Table ). It is found that shot noise limits are
very similar for the last three fringes (n -1, n -2, and n -
3) with associated values which are only 1 order of magnitude
smaller than the measured noise value of An = 2.5 X 102 (see
Results). For optical powers below about 10 W, the thermal
naise level of the electronics becornes comparable ta the shot
noise, and therefore would set new detection limits.

EXPERIMENTAL SECTION

RI Cell. The best thermal stability in the cell is achieved when
the thermocooler system is set at a temperature slightly higher
than ambient. The resulting ca. 1 °C temperature gradient is
localized near the cell windows and is directly correlated taa n
gradient in the RIMF and fused silica according to their dn/dT
thermal coefficients. Small uctvations in the temperature around
the exit air/window/RIMF interface, in contact with the envi-
ronment, introduce an additianal source of noise if a flat exit
window is employed.

In & cell constructed with two plane parallel windows, the
incoming laser beam crosses the entrance air/window/RIMF
interface at 90°, and the n gradient does not alter the light-
propagating path (i.e. ro refraction). However, at the exit window,

BGQ; F.p.? 11 (13)
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the rays are scattered at all angles and the propagating ray is
refracted as it crosses this lsst interface, as illustrated in Figure
8a. Small fluctuations in the temperature around this interface,
which is in contact with the environment, cause the rays tachange
their paths and introduce additional noise.

This source of noise was eliminated by replacing the flat exit
window with a cylindrical one, placed coaxially with respect ta
the capillary tube, as indicated in Figure 8b. In this optical
arrangement the scattered rays cross the exit window perpen-
dicularly, independent of their scattering angles, thus avoiding
tefraction.

Tha design of the cell takes into account the effects discussed
above. The capillary tube and the flat entrance window are
mounted and sealed with a pair of “O” rings and screws whereas
the cylindrical exit window is epoxied to the cell body. The
capillary is coiled into a groove around the external part of the
aluminum block before it enters the chamber filled with RIMF
after crossing a region in contact with the Pellier ¢lement. The
Peltier element (Melcor, FC 06.6605L) is in contact with the
capillary tube 5 mm before it enters the chamber filled with RIMF.
A calibrated thermisior (ILX Lightwave DL 89%0884) is placed
on the opposite side of the thermocooler, in close contact with
the capillary tube in a small hole in the aluminum block. Both
elements are driven by a thermoelectric system (I1LX Lightwave
Model LDT-5412). When no electrical current flows through the
buffer, the short-term thermal stability (r = 1 s) of the system
ia better than 2 X 107 °C and has a typical drift of less than 1
X 102°C b,

A good RIMF should have a refractive index as close as possible
to the value of the FS, have a small dn/dT coefficient, not be
photodegrade, and have a good transmittance. We employed a
commercial RIMF oil (Nos. 19569 and 19571, R. P. Cargille
Laboratories Inc., Cedar Grove, NJ) having n = 1.4571 and dn/dT

= 3.86 X 107 RIU K at 25 °C.

RI Detector. A diegram of the experimental setup ig shown
in Figure 5 and has been constructed using commercial parts
(Spindler & Hoyer, Germany).

A very important aspect to be considered in the overall design
of the instrument is that the Rl detector measures An originated
not only at the cspillary bore but at any point of the optical path
from the laser output coupler o the PSD. The laser (Uniphass
No. 1103P), optical isolator (constructed with a polarizing filter
and a A/4 plate, Dr. Steeg & Reuter, Germany, Nos. 011110 and
042005, respectively), focusing optics, and cell are therefore
mounted on four sliding stainless stee] rods (S & H No. 061216)
in contact with each other to prevent air flows in the beam path.
The laser beam has a diameter of 600 gm and is focused into the
capillary bore with a f = 40 cylindrical lens producing a beam waist
of ca, 23 X 600 xm in the capillary bore. The cell volume, defined
by the capillary i.d. and the beam waist, for a 50 gm i.d. tube is
1.2 nL. The [ringe selected for the measurement is directed onta
the PSD (S1352, 2.5 X 34 mm, Hamamatsu, Japan) using a mirror.
An autazero for the instrument is constructed by feeding the
output of the PSD into a servo system (No. MMC-QR-030024-
02LD-00A, Maxon Motar, Switzerland) which drives the PSD o
the desired position by means of a DC motar (No. 2230F01123,
Faulhaber, Germany).

Capillary Electropboresis. The Ce results reported here have
been performed in an id. = 50 um, o.d. = 365 gm [used-silica
capillary (Polymicro Technologies, Phoenix, AZ) where 5 mm of
the polyimide coating were removed for detection. The home-built
CE apparatus has been previously described (10, 12). Data ac-
quisition was performed with the Nelson software package
(Perkin-Elmer, Switzerland)} on an IBM AT computer.

The chemicals needed for the preparation of the electroiyte
solutions were purchased from Merck (Darmstadt, Germany) and
the carbohydrates from Fluka (Buchs, Switzerland).

RESULTS

The overall sensitivity of the RI detector dependa mainly
on the size of the capillary tube employed and to a less extent
on the fringe selected for the measurement. For the 50-um
capillaries and a time constant of r = 1 s (B = 1 Hz) the
short-term RMS noise (i.e. “grass™} is 2.5 X 1078 RIU corre-
sponding to a thermal stability of 2.6 X 10™ °C computed with
the Nelson software (Figure 9). With only the inherent time
constant of the PSD amplifiers (i.e. r < 1 ma), the noise level
rises to 1.8 X 10°7 RIU. Tn both cases, the baseline drifts are
about 2 X 108 RTU h*'. These performances were cbtained
using the R1 detector in a flow injection analysis mode (FLA)
under constant, pressure-induced flow conditions using the
fringes labeled (n - 1) and (r - 2) in Figure 3 appearing at
24 and 16° from the optical axis. These [ringes shift 210 %
10°/RIU (Table I). Combining this information with the noise
levels, it is found that the fringe daflection stability of the
apparatus is 100 n-radians (6 p-deg).

For the typical widths of the selected [ringes, the optimum
working distance from the capillary for the PSD is approxi-
mately 28 cm (see Position-Sensitive Diode subsection). In
this position the minimum measured angular deflection of 100
nrad corresponds to a position resclution capability of 3 X 107
am or 1 order of magnitude better than the manufactured
specification (41, 42), which is 1 um.

Unfortunately, in CE one cannot make full use of the above
reported sensitivities because of the heat produced by Joule
effect. The degrading effect that voltage and current have
in terms of baseline drift can be seen in Figure 10. Although
the short-term neise does not significantly degrade with in-
creasing K and /, the baseline medium term drift (ie. r =1
min)} degrades at a rapid pace and, at currents higher than
60 ud, the noise reaches a level unacceptable for CE exper-
iments.

The linear dynamic range of the apparatus extends from
the achieved senaitivity up to 10-* RIU, which corresponds
to 4 orders of magnitude in the present case. This has been
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Figurs 10. Dagradation ot the basefine of the R1 detector in the CE
mode whh increasing voltage (£) and current {f).

determined from a double logarithmic plot of output signal
va RI constrocted using saccharose solutions having concen-
irations ranging from 58 uM to 150 mM (2 X 107*% to 5%
w/v) operaling the instrument in the FIA mode (R = 1.000).
The lowest measured detection limit for ssccharose at S/N
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Figurs 11. Electropherogram ot a mixture ot tive underivatized sac-
charides. The peaks are ldentified as bufter {0), saccharosa {1),
M-acatylglucosamine {2), celiubioss (3}, impurity {(4), N-acetyl
galactossming (5), and lactose {(8). Conditions: each 1% except for
saccharose, 0.5%; buffer 100 mM tetraborate, pH 9.; capillary length
70 cin, §5 to detector; i.d. = 50 um; CE voltaga, 14 kV: current, 50
uA; injection time 7 s at 12 kV; thermocooler temperature 27 °C;
interlerenca fringe, n - 2.

=2is 10 uM. At An > 107 RIU, the fringe selected for the
measurement “walk away” from the PSD and strong devia-
tions from linearity are observed.

An electropherogram of a mixture of five underivatized
saccharides iz shown in Figure 11. The firat peak (0), ap-
pearing at { = 16 min, results from the difference in the n
values of the buffer and the sample and serves as an elec-
troosmotic flow rate marker, The remaining peaks correspond
to saccharose (1), N-acelylglucosamine (2), cellobiose (3),
N-acetylgalactosamine (5), and lactose (6); peak (4) is an
impurity. The injected volume is 6.6 nL corresponding to 33
ng of seccharose and similar amounts for the other species.

Most sugars are neutral species and therefore not eligible
for CE. This difficulty can be overcome in borate buffers (25).
Borate complexes gsugam (44, 48) into two types of single
negatively charged apecies. The magnitude of the charge and
thus their electroosmotic mobility depend mainly on the
conceniration of borate—higher concentrations leading to
more atable complexes (25). Borate solutions {100 mM) were
employed as support buffers to ensure stable complexations
resulting in electrophoretic currents atypically high for an i.d.
= 50 um tube. -

Six forms of sugar coexist in aqueous aolutions, a- an
B-pyranoses and -furanoses, as well as the open-chain and
hydrated forms {see Figure 1 of ref 25), multiplying the com-
plexation possibilities. Only ssccharose does not form com-
plexes and therefore appesm as ihe sharpest peak in the
electropherogram (Figure 11). The broadening observed in
ihe remaining peaks is due to the comnplexation effecta rather
than to column overloading. For this reason saccharose was
chosen to determine the separation efficiency of the system
{(47). The best theoretical plate number, N, was obtained by
electrokinetically injeciing &6 mM saccharose solutions for ¢
= 25 at E = -11 kV (saccharose has an electrophoretic mo-
bility (25) of sty = 3.3 X 107¢ crn? V' g7Y), resulting in N =
1.6 x 105

Under identical FIA experimental conditions, a higher R1
sensitivity is obtained with a 100-um capillary than with the
50-um capillary emnployed here. However, in CE the electric
current is proportional to the area of the capillary cross section
and therefore to the square of its radius {i.e. area = 7R,? and
! « R;2). The corrent is expected to increase 4 times for a
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capillary twice the diameter, for identical voltages across the
capillary and under stable CE conditions. In the elec-
tropherogram shown in Figure 11 the current derived with
a 50-gm tube is 57 uA. For an id. = 100 pm tube under
identical electric field the current would be 228 pA, a value
at which the buffer would have already hoiled even before this
current value was reached (40). The choice of the capillary
diameter for the present experiments was thus the result of
a compromise between these two opposite factors.

DISCUSSION

A smooth temperature gradient inside the capillary bore
leads to a smaller temperature fluctuations in the buffer (see
Thermal Analysis subsection). This, in turn, corresponds to
small AT and AT, values as desired, and vice versa.
Thermal fluctuations are responsible for the observed noise
in the haseline, thus precluding the instrument to operate at
the expected shot noise limit. Larger turbulences in the optical
path, associated with large temperature gradients, are located
near the buffer/capillary wall and capillary wall/RIMF or air
interfaces as shown in Figure 4. In order to retain sufficient
sensitivity to be able to perform CE using Rl detection, the
use of a very efficient and stabilized thermal bath at the
measuring region is imperative. Furthermore, it is apparent
{from inspection of eq 4 that AT, decreases with smaller R, /R,
ratios for both cases studied, indicating that faster heat dis-
stpation is obtained when thick-wall capillaries are employed
(40).

Angular deflections slightly better than the here obtained
100 nrad have been achieved (24) through the use of quiet
electronics and using a very stable LED light source in a test
bench with a bicell as PSD. However it will be very difficult
to realize these 2-fold improvements in a real system subject
to material expansions and mechanical vibrations and em-
ploying much noister laser light.

A comparison between the present results (Figure 11), ob-
tained without the use of RIMF, PSD, and thermocooling (e.g.
with an instrument as that proposed by Dovichi et al. (18-20),
would have been interesting. However, no such information
exists in the literature and, {rom cur experience, the S/N
ratios obtained under CE conditions with such an experi-
mental setup were much worse than those shown in the
bottom trace of Figure 10 as a consequence of inefficient heat
dissipation, precluding the experiment to succeed. This mest
likely explains the absence of this information in the literature.

The approach to achieve higher stability of the sugar com-
plexes given by Hoffstetter-Kuhn et al. (25) was to increase
column temperature using moderate concentrations of borate
{as compared ta those here used, e.g. 60 mM) cobtaining similar
separation efficiencies. Absorption detection at 190 nim was
possible in this case because borate was found to induce a red
shift in the quartz UV absorption profile of the studied sac-
charides. To increase the temperature while retaining high
buffer concentration and thus to profit from both complex-
ation mechanisms, our experimental setup would have to be
modified. Separation and detection, with the present inte-
grated cell design, can only be carried out at identical tem-
peratures, To realize different temperatures the separation
part of the capillary should be separated from detection as
usually done in other separation techniques.

Admittedly, the chemical system selected to demonstrate
the instrumental capability was not the most suitable if one
considers that high buffer concentrations were required. For
a chemical system such as peptides or small ions, requiring
lower bhuffer concentrations in the separations or for hy-
phenation of this RI instrument to conventional and micro
HPLC (i.e. small or no Joule effects, respectively), the use of
larger i.d. capillaries {e.g. 75 or 100 xm) would be more ap-
propriate.

CONCLUSIONS

The present work extends the scope of R1 detection to the
CE domain. The performance delivered by the described
instrument is comparable to or better than, in terms of sen-
sitivity and linearity, that offered by alternative universal
methods such as electric field modulation (22), differential
methods (24), or indirect absorption or fluorescence techniques
{49) which were the goals of the present investigation.

The ultimate detection limits for this instrument, given by
the shot noise, have not been reached. Instrumental im-
provements and intensive application work aiming to approach
the theoretical limits are now being undertaken.

It must be noted that the use of RIMFs to improve in-
strumental performance is not restricted to R] detection. it
has been proposed (50} that the use of RIMFs should also
benefit absorbance and fluorescence detectors employing
capiBlaries. Indeed, it has been just demonstrated that RIMF
is a very effective means to improve the sensitivity of
fluorescence detection in CE (51).
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APPENDIX

Dimensionless Parameters. In terms of J; (for{ = 0, 1),
the Bessel lunctions of the first kind, & is given by (38)

2x
, JolAn) = Jo(A) + m:},(h)

8= 2 ) {A-1}

where the function {(}), representing the autothermal effect
(38), is given by

2\
Biw\

The Bi,, parameter appearing in the denominator of eq A-2
is the overall biot number defined in Table II where, in ad-
dition, the computed values of 9, {(A), and Bi , are reported.

The heat-transfer coefficient, h,,, for a bare capillary (i.e.
without the polyimide coating) can be evaluated using (35)

(A = Jy(x) -

Ji(A) (A-2)

where k., is the thermal conductivity of the wall and A, is the
surface heat transfer coefficient (k) and k, = 1.5 W m™ K-\,
For liguid-cooled capillaries h, is so large that the last term
in the denominator can be neglected (35} and A, = 3.0 X 104
WmZK,
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Laser-based refractive-index detection for

capillary electrophoresis:
interference theory

ray-tracing

Beat Krattiger, Alfredo E. Bruno, H. Michael Widmer, Martial Geiser, and René Dandliker

The fringe pattern chserved in a far field after a laser beam illuminates a fused silica capillary immersed in
a refractive-index matching material and filled with an analyte fluid is exploited to develop a sensitive
optical detector for capillary chemical analysis. The inner capillary interface splits the laser beam intoa
reflected beam fan and a refracted beam fan, which, on overlapping in the far field, lead to interferences.
The intensity and the position of the fringes for capillaries with 250 pm = i.d. (inner diameter} = 25 pm
are well reproduced by the presented model. The caleulation predicts the fringe pattern for various
beam/i.d. geometric configurations and is used to optimize the performance of the nanoliter—picoliter
refractive-index on-column detection studied. It is fonnd that the best contrast corresponds to a
capillary that is illuminated with a beam waist of wy ~ i.d./12, which is off-center focused with an offset of
s ~ i.d./2. For a given interference pattern, the fringes that are found to he more sensitive to 4n are
those that appear near the optical axis but still retain high intensity and contrast. The sensitivity
increases approximately linearly with the fringe number, and the maximal fringe number increases

proportionally with the i.d.

1. Introduction

The development of nanoliter—picoliter optical detec-
tors for capillary separation technigues, such as
capillary electrophoresis (CE), is gaining considerable
importance in chemical analysis. Indeed, CE repre-
sents the trend in fluid-phase chemicsl separation
sciences.! Several aspects, including speed of analy-
sis, high resolution, and efficiency account for the
acceptance of this technique.? High electrical fields
across the capillary ends force the ionic species to
migrate through a buffer-filled capillary. The differ-
ent species travel at different speeds according to
their charge, size, or both. However, the high resolu-
tion delivered by CE is often lost at the detection
stage, which is most conveniently done by optical
methods,? as a result of hyphenation with relatively
insensitive detectors,

Because the separation performance increases with
areduction of the inner diameter (i.d.} of the capillary
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tube employed in CE separations, there is a growing
demand to upgrade low-volume detectors used in
high-performance liquid chromatography* (HPLC) or
to develop new detectors that are specifically suitable
for CE3 Refractive-index universal detection (i.e.,
detection that responds to virtually all compounds),
which is the third most impertant detection choice in
HPLC after absorbance and fluorescence, has not
been made available to CE until recently and then
only in research lahoratories (i.e., no commercial
refractive-index detector exists to date for CE).

An issue in the quest to develop nanoliter or
picoliter detectors for capillary techniques is that
sensitivity is compromised when the i.d. of the tube is
reduced. Primarily because of their spatial coher-
ence, lasers have led to the development of a series of
novel optical detectors that feature impressive detec-
tion limits. Dovichi® and Bruno et al® have suc-
ceeded in developing an on-column laser-based refrac-
tive-index detector as well as various related thermo-
optical detectors that display sensitivities that are not
linear with respect to path length, as is the case in
absorption or fluorescence.

Further instrumental developments in the original
design™® of the refractive-index detector of Dovichi et
al. demonstrated in HPLC and flow injection analysis
(FIA) were made in our laboratory.® We demon-
strated the use of refractive-index capillary detection



in CE for the analysis of underivatized saccharides in
1.d. = 50-pmtubes. Thisinstrument featured refrac-
tive-index matching fluids (RIMF’s) and position-
sensitive photodiodes.

A far-field interference pattern is observed®-!1 when-
ever a coherent light beam strikes a transparent
cylindrical object such as an optical fiber'? or a
capillary tube. The angular fringe displacement that
i# due to changes in the refractive index in the core of
the capillary, An;, corresponds to phase shifts be-
tween the two recombining rays, the TIR ({total
internally reflected) ray and the TP {transmitted
probing) ray (Fig. I} and constitutes the output signal
of the refractive-index detector. In a previcus pa-
per? we demonstrated that, as in the case of step-
index fibers,!? the complex light-scattering pattern of
freestanding capillaries is greatly simplified after
their immersion in a matching material, which re-
sults in a geometric confignration such as that shown
in Fig. 1. This translates into manifold benefits for
the performance of the CE detector. The number of
fringes is reduced and the light intensity in the
remaining fringes is larger than it would be otherwise.
In addition, the RIMF acts as a heat sink that reduces
the thermal noise associated with Joule heat in CE.

Here we present a theoretical mode] based on
geometric optics {ray tracing) that accurately repro-
duces recorded fringe patterns of capillaries with 250
pm 2 i.d. = 25 pm. (Although CE is performed
with capillaries with i.d. < 100 pm we extended the
analysis to larger i.d.’s for those interested in using
the refractive-index detector for HPLC.) The model
is used to calculate the fringe shift as a function of the

Fringes

Intensity distribution

TP-ray of incoming beam

Waist
——

Offset
Fig. 1. Mustration of the optical arrangement of the refractive-
index detector for CE, which resembles a Young double-slit interfer-
ometric arrangement. The fringes, which are formed by the
coherent addition of the exiting TP and TIR rays, are represented
as moiré structures in the figure.

refractive-index change An; for a given capillary id.
and beam waist. The path-length dependence of the
fringe sensitivity as a function of 1.d. and fringe
number is investigated to find geometric configura-
tions that sheuld render higher instrumental perfor-
mance.

2. Thaoratical Modal

A. Intreduction to Theory

As indicated by Watkins,!' because the capillary
dimensions considered here are much larger than the
illuminating wavelength, ray-tracing methods are
adequate to describe the optical problems encountered.
These ray-tracing methods are simpler and easier to
implement than those based on wave theory. Be-
cause the capillary is immersed in an RIMF the cuter
capillary wall is optically dissolved, as illustrated in
Fig. 1 of Ref. 9; the total number of reflections and
refractions is thus reduced from 10 to 3 as the
number of interfering fans is reduced from 4 to 2.
The optical device under investigation consists of only
a cylindrical string represented by the fluid-filled
capillary bore embedded in alarge surrounding media
with the refractive index of fused silica. The illumi-
nation consists of a set of parallel rays that interact
with the fluid string in the capillary bore, in which the
following effects are considered (Figs. 1 and 2):

(1) Snell’s refraction law is used to relate the ray
impact height xp to the ray cutput angle o.

(2) Reflection law determines the dependency be-
tween the ray impact height xp1z and emerging an-
glea.

(38) Depending on the impact height x1p, the TP
ray undergoes a phase change that is due to the
refractive index in the fluid string.

(4) The TIR ray undergoes a phase shift at the
reflection, depending on its angle of incidence, its
polarization, and on the refractive indices n; and n,.

() Because of the divergence lens and the mirror
effect of the capillary, both rays suffer an intensity
decrease, depending on their impact height and dis-
tance to the detector,

(6} The intensity of the TP ray is further de-
creased because of reflections of parts of the ray at the

lnemning
waveiront

Fig. 2. Geometric parameters used to describe the paths of the
TIR and-the TP rays.
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two fluid string—fused silica interfaces. This inten-
sity decrease also depends on the polarization, the
angle of incidence, and on the refractive indices n; and
n,. 8,

(7) Theilluminating beam has an intensity profile
(i.e., Gaussian) that defines the initial impact intensi-
ties for both rays.

The final aim is to calculate the interference pat-
tern in the far field f{«) as a function of the scattering
angle « while taking into account effects (1)<(7). To
simplify the formalism, we derive all equations as
functions of Hrp = x1p /R, which is the reduced height
with respect to the capillary radius E. It should be
noted that, unlike that of Watkins,!! the present
model now includes effects (4)—(7).

B. Ray Tracing and Phases

Only the realistic case in which the refractive index n;
in the core is smaller than n, of the capillary wall and
the surrounding propagation media is considered
here {(e.g., the use of aqueous buffers with n; = 1.332
and fused silica capillaries with n, = 1.457). The
laser beam, propagating in the z direction, strikes the
capillary from one side perpendicularly to the capil-
lary (the y axis); i.e. the discussion is restricted to a
two-dimensional system,

Depending on the entrance height, the capillary
core splits the incoming beam into a TP ray and a TIR
ray. As their original phases are altered, both rays
interfere subsequently in the far field. In other
words, the capillary acts (1) as a beam splitter, (2} as a
dephaser for the incoming rays, (3) as a diverging

the reduced impact height of the TP ray, and x1p is
the impact for the incoming TP ray (see Fig. 2).

The necessary condition for the two beams TP and
TIR to interfere in the far field is that they be parallel,
i.e., that they emerge in the same direction « (Fig. 2.).
1n this case the entrance height Hyg of the T1R ray is
related to the entrance height Hyp of the TP ray by

1

Hyp = ﬁ [(N2

- Hyp®)V3(1 — Hpp?)'/% + Hpp?|. (2)

Using definitions {1a), (1b), and Snell’s law, we find
that the refraction angle « = 23 (Fig. 2) is given by

a{Hp) = 2[arcsin(Hyp/N} — arcsin(Hrp)].  (3)

From geometric considerations (Fig. 2) it can be
shown that the optical path lengths OP (i.e, the
geometric path multiplied by the refractive index of
the propagating media) for the TIR and TP rays are
given by

2Rn,
OPTIR{N» HTP) = T [(N - HTP)(l - H’I‘P2)l/2

+ Hyp(N? — Hpe?)V/?, (da)
OPrp(N, Hrp) = 2Rn,(N? — Hyp?)'/2, (4b)

According to the Fresnel equations for TIR,! the
TIR ray undergoes a phase shift @, , as a function of
the angle of incidence, namely,

N%1-N?)

1
b, =-2 arctan( N l

H’I‘P2[[1 N2 1/2 _

1/2
(N2 = Hppt) 2~ 1] ) (Ba)

N%1-N?%

b, = -—Zarctan([

Hop[(1 - N2 -

1/2
W Hg 1] ) o

mirror for the TIR ray, and (4) as a diverging lens for
the TP ray (see Figs. 1 and 5). The overall system
thus performs like a Young double-slit arrangement.

To simplify the analysis it is convenient to intro-
duce three reduced variables:

N=221 1
= ne = ] ( &)
XTp
HTP = f’ 0 = HTP = Hmax) (lb)
XTIR
Hpp = R Hy s Hip < 1, (1c)

where R is the capillary internal radius (i.e.,
R =1i.d./2), N is the reduced refractive index, Hrp is
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where the subscripts p and s refer to parallel and
perpendicular polarizations, respectively.
Introducing these additional phase shifts @, , that
are due to the TIR, we find that the tota] phase
difference between the interfering rays is given by

2m
V(Hqp, N) = ~ (OPrp — OPqg) — ®,,, (6a)

which, by using Egs. (4), becomes

4‘1TRR9 HTP -N
V(Hyp,N) = Y N

X [(1 ~ Hppt)V/2 — (N2 — Hyp?)' 2 - &, ,.

(6b)



C. Fringes and Sensitivity

Assuming that the amplitudes of the two emerging
rays are the same (constant for all scattering angles),
the far-field light intensity is simply propertional to
1 + cos(¥} (Fig. 3). The fringes are conveniently
labeled by the fringe order

_¥ .
m_211" ()

where m = 0 corresponds te the outermost fringe
(a0 = oax) for which the phase difference is 0. The
magnitude of m increases toward the optical axis
(Hrp = 0) where the fringe labeled m ... appears (note
that m is negative and the subscript max refers to its
magnitude only).

The phase difference [Eq. (6b)]‘reaches its maxi-
mum value for emerging rays propagating along the
optical axis (i.e., Hyp = 0, & = 0} and its minimum for
rays striking at the critical angles where reflection
and refraction ceincide (i.e., Hrp = H . ), which, from
Snell’s law and Eq. {1b) (Fig. 2) occurs at

Hpe = N. (8)

Atm = 0,the TIR and TP rays overlap at the capillary
interface and the distinction between the T1R and the
TP ray is no longer meaningful. The gecmetric path
difference and also the phase shift ® [Egs. (5) and
{6b)] vanish at this peint. :

The maximum fringe number ., occurs at ¥,
Taking into account that the phase shift = —x
[Egs. {5)] and using Eq. (6a), we find that

Vex 2R(7; — n,) + 0.5A
Mpax = 9 - Y ( )

For illumination with A = 0.633 pm (He-Ne laser)
and for a 25-pm-i.d. capillary with An = n, — n, =
0.125 (water-filled fused silica capillary), one gets
Mmax = —4, which indicates that a total of 5 fringes
are expected to oceur, withm =0, -1, -2, -3, and
-4,

¢
<

—
Lh
1

Intensity [arb. units]
<

0 10 20 30 40 50
Scattering Angle [deg )

Fig. 8. Ideal fringe pattern (equal intensities of interfering rays)
versus scatiering angle o for a water-filled capillary with i.d. = 100
pmand N = 0914,

As the current interferometric setup corresponds
to a device that is used for the measurement of
refractive-index changes, it is convenient to define an
instrumental sensitivity S, which is considered as the
differential change of the phase with refractive index
and normalized to the fringe width {(A¥ = 1), that is,

19¥

T mwon, an,oN

(10)

Neglecting the phase shift @, , that is due to the
TIR, we derive the sensitivity S from Eq. (6b) as

4R [Hry
- 4R A

(N - Huy) ] ‘
(N? = Hy) 2

s [IN? — Hyg?/* - (1 - Hip?)

+ {11a)

Equation (11a) indicates that as Hpp increases
a¥/aN decreases. The largest phase change for a
given AN (or An;} would then be cbserved for the
fringe appearing on the optical axis, as seen in Fig. 4,
which shows the dependence of S on the scattering

anglea. InFig 4 the maximum value of § is then
4R
Siax = 5y ! (11b)

which indicates that, in the absence of a phase shift
that is due to the total reflection, the maximal
sensitivity to the capillary size increases linearly with
the capillary dimensions,

D. Ray Amplitudes

1f the intensities of all interfering rays were the same,
the best menitoring fringe (the cne used to track the
fringe shifts) for refractive-index detection would be
the one appearing near the cptical axis. However,
fringe patterns reveal low fringe contrast in this

= 3004
& J
i-11
£ 2001
by
2
S 100
2
A
0 L B LI LI | L I T T
0 2 4 6 8 10 12 14

Scattering Angle [deg])

Fig. 4. Sensitivity § as a function of scattering angle o for a
100-pm-i.d. water-filled capillary. § is maximum for axial rays,
where the longest possible optical path through the sample occurs.
RIU, refractive-index unit.
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region because the TIR ray carries low intensity
compared with the TP ray.

The TIR ray dees not suffer amplitude losses
because of Fresnel’s formulas?? at the capillary inter-
face, but the TP ray is partially reflected at hoth

interfaces as it twice crosses the fused silica—~fluid

string interface [effect 6]. The total amplitude trans-
missions for both polarizations T, and T can be
computed by multiplication of the individual ampli-
tude transmission coefficients given by the Fresnel
formnlas!? as

4N?(N2 — Hpp?)/2(1 — Hyp?)/2
T,(Hpp) = [(N? = Hp9)7% + N¥1 ~ Hyp?) 2] ’

4(N? — Hyp?)'/%(1 — Hyp?)1/2
[((N% = Hpp®)V/2 + (1 — Hep?)V/2P

(12a)

T(Hrp)= (12b)

In addition, the radius of curvature of the capillary
wall introduces a divergence effect in the (x, z) plane,
which also contributes to the attenuation of the
intensities for both rays. This effect can be ac-
counted for by invoking power conservation in the
beam before and after the capillary, i.e., Py, = P,
where P is the total optical power over the whole cross
section. The geometric beam cross sections hefore
and after the capillary (see Fig. 5) are AxAy and
(Aau)Ay, respectively, and power conservation thns
yields

IinAxAy = Iout(Aau )AJ’ (13)

The intensity attennation D2 for the rays in the far
field at a distance i from the capillary axis, if we take
into acconnt the spreading of the rays, is given by

J.ou 1 apr
D1p*(Hrp) = T = v (14a)
1
Iou 1 6leR
Drg?(Hre) = 17— ‘= 7 e | (14b)

The corresponding factor for the amplitude attenua-
tion is D). Because Dng? can be only positive and

TIR beam __| 4%
1

X
TP beam_

h‘z

Fig. 5. Intensity attenuation that is due to the curvature of the
innex capillary wall.
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dxrr/de is negative, only the absolnte values are to be

considered. It can be shown that they can be written
as
: R (1 - Hpp?)V2 (N2 ~ Hpt)/2 '
Drp*(Hyp) = 5= == T: 172 _ (N2 = Nz’
2u (1 - Hpp?) {N? ~ Hyp?)
(15a)
1 — Hoo )72
(1~ Hy?)? 15h)

i

DTlﬁz(H TP) =

Finally, the complex amplitudes A associated with
both rays, in terms of Hyp, OP, T, and D, are given by

Arp = T{H1p}Dyp(Hrplexp[iOPrp(Hyp)], (16a)
Ang = Dyp(Hyp)exp[iOPrp(Hyp)). (16b)

The far-field light intensity I that is obtained by the
superposition of the two rays is given by!2 :

I(N,Hqp) = |Arp + ATIR' 22 (Aqgp)?
+ (Amp)P + 2Arp A cos WN, Hp),  (17)

where the relative phase ¥ of the two rays is given by
Eq. (6h). o

The weight of the two attenuation factors Dand T
is different. Dp and Dy strongly dominate over
the whole fringe pattern, whereas the influence of T is
small and visible only for scattering angles greater
than « = 40°. For this reason T can be omitted in

" the calculation unless the zero-order fringe (m = 0)1s

investigated.

Typical fringe patterns, as the one shown in Fig. 6
for a 100-pm-i.d. capillary, have heen calculated as a
fanction of the scattered angle a [Eq. (3)] by using Eq.
(17). In the figure, the intensities associated with
both individual rays [the square of Eqs. (16)] are also

10” 3
TIR beam
7y
210'1 aMEYLL
= ]
< ]
Elo‘za
ZH. ‘
. '3-.' .‘.
204 00 7 tpvim
i Coherent addition :
10.4 : ] g T ;' T T

0 10+ 20 30 40 50
Scattering Angle [deg ]

Fig. 6. Fringe pattern simulation for a 100-um-i.d. fused silica
capillary filled with water, illuminated by a beam with a waist of
wo = 8.4 um and an offset of s = 48 pm. The individual intensity
contributions of the TIR and TP rays are given as dotted curves,
Maximum fringe contrast is observed for equal intensities at o =
12° and o = 28°,



displayed. Highest contrast is observed when the
individual intensities are identical, ie., |[Arp|? =
|Amr|?, which occurs, in this case, at approximately
a=12°and o = 28°,

E. Gaussian Beams

Until now, the incoming rays were considered to have
uniform intensity. If the illumination is provided by
a laser, the intensity distribution in the beam cross
section is essentially Gaussian, For a Gaussian in-
coming beam the initial ray amplitude Ag of the ray is
given by!?

Ac(H) = A, exp[—(HR . 3)2] . (8

where s is an incoming offset parameter in the x
direction (see Fig. 1) and w, is the waist of the
incoming beam.

It is interesting to observe how the interference
pattern changes as the incoming beam waist w, or the
offset s varies (s = 0 corresponds to on-center illumi-
nation and s = 0 corresponds to off-axis illumination).
In this way it is possible to make an a priori predic-
tion regarding which geometric configuration would
render the highest fringe contrast. This is shown in
Fig. 7, where the fringe pattern for a 100-pm-id.
capillary and a beam waist of wy = 8.4 pm for seven
different configurations, with offsets ranging from
s =0 pmtos = 60 um, are simulated. Fors < 30

4 Intensity [a.u.]

Oum %\

10p1m V\
20um | req

30pm ;-:f K
40um ::; /V\'\,\'\A

] w0 F2d 30 w0 M
s
39x0
2%
60um | i /’—'\’\-/\/\/\_,\
o
- L} T L} T L}
o 1o 20 M an

Offset s Scattering Angle [deg]

Fig.7. Pringe pattern simulations for 100-pm-i.d. capillary illumi-
nated by a beam with a waist wo = 8.4 pum for various beam offsets
ranging from s = 0 um tos = 60 pm.

pm the whole beam cross section transverses the
capillary without suffering reflection losses. The
lens effect of the fluid string translates the beam
offsets into an angular deflection of the spot, whose
Gaussian beam profile is, although distorted, con-
served. If the beam offsets are further increased, a
substantial part of the light is also reflected and
interference fringes are visible, as shown for s = 40
pm. An additional increase in the offset increases
the fringe contrast, because balance in the intensities
of the two outgoing rays is approached. In this case
it is apparent that an off-axis illumination of s =
id./2 = 50 um gives the best illumination condition
(i.e., the highest fringe contrast) for the current
purpose. If the beam offset is further increased, the
contrast fades because only the faint intensity of the
slope of the Gaussian beam profile now transverses
the center of the fluid string, which reduces the TP
intensity with respect to the TIR intensity. Further-
more, the overall intensity decreases rapidly because
the mirror effect at the fluid string surface disperses
the beam strongly. The Gaussian beam profile is
reproduced again, this time by the mirror effect, as
shown in the curved base line for s = 60 pm in Fig. 7.

3. Experimantal Rasults

A. Experimental Setup

The experimentsl setup consists basically of a goniom-
eter with a photodetector attached to the rotating
arm (see Fig. 8) driven by a computer (a Macintosh
IIfx with the LabView package for data acquisition
and Igor software for calculations). The light source
is a linearly polarized He—Ne laser with 2-mW output
power (Uniphase 1103P). An optical isolator, placed
immediately after the output conpler, is used to
decouple the laser resonator from retroreflections.
Spatial filtering was not necessary. The incoming
laser beam is focnsed by a 5 X microscope objective
onto the capillary, resulting in a spot size of 2w, =
16.8 pm. The fused silica capillaries investigated
(n. = 1457 at T = 25°C for A = 632.8 nm} had an
outer diameter of ~330 wm and inner diameters
ranging from 5 to 250 wm (Polymicro Technologies).

Detector on
rotation stage

Microscope
objective

Beam = z-axis

— FaX

L[ | I

I

Fringes

[«

Laser
Cell Tube

Isolator

Capillary
RIMF  with sample

Fig. 8. Experimental setup nsed to record the fringe patterns.
The capillary, which is immersed in RIMF, is concentric to the cell
tube and the x-axis translation corresponds to the beam offset s.
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In all cases the protective polyimide coatings were
removed. The capillary is immersed in a cell filled
with RIMF?® (e.g., Ciba-Geigy transparent index match-
ing epoxy V.P. XW 396/397) and is mounted on a
two-dimensional translation stage. To allow a 360°
observing angle we made the cell from a glass tube
(9-mm diameter) with a flat polished entrance win-
dow (4.4 mm X whole tube length) to prevent cylindri-
cal aberrations on the beam waist (see Fig. 8 of Ref.
9). The concentric arrangement of the capillary
within the cell tube permits all rays originating from
the capillary to cross the cell tube perpendicularly,
which, in turn, preserves the original direction of the
rays when returning to the air, where the detection is
performed. To guarantee perfect centering of the
capillary with respect to the cell tube, the fringe
patterns corresponding to two on-axis illuminations
from two perpendicular directions were recorded.
If both patterns are symmetric around the zero
deflection angle, the capillary is assumed to be cen-
tered.

The angular distribution of the light intensity is
measured by a standard Si p-i-n photodiode (BPW 34)
at a distance of 10 cm away from the capillary (far
field}. A set of slits is located in front of the photodi-
ode, so as to produce a view field of 1.1° and to prevent
perturbations that are due to background light from
the environment.

B. Resulis

The measured fringe patterns are the same as those
employed in the refractive-index detector described in
Ref. 9. A comparison between the calculated and the
measured fringe patterns is provided in Fig. 9, in
which the fringe pattern of a 100-pm-i.d. capillary as
well as the corresponding simulation are plotted as
functions of the scattering angle. For the calcula-
tions we employed values given in the literature for
the refractive indices and measured values for the
beam waists. The beam offsets andi.d.’s were varied

Theory

Measurement

Intensity [arb. units]
>

W'
0 10 2 30 40 50

Scattering Angle [deg ]

Fig. 9. Experimental (solid curve) and simulated {dotted curve)
fringe patterns. Best fit is achieved for a simulation with id. =
105 pm, which is slightly outside production tolerance of the
capillary {error probably caused by imperfection of the cell win-
dow).

962 APPLIED OPTICS / Vol. 32, No. 6 / 20 February 1993

id. =25pm

[ntensity [arb. units]
Intensity [arb. units]
L

- 1 I\ T ¥
0 I'O 20 30 40 50 O 10 20 30 a0 5

Scanering Angle  Scatenng Angle

2 id.=15um £ 4 e

. W 5 Ld. = 5pm

) F-)

] £

2 =

2 2

H =

£ 1=

L] T ¥ s 1 ¥ ¥ -I-:;_I -------
0 10 20 30 40 30 0 10 20 30 40 50

Scaering Angle Scautering Angle

Fig. 10. Recorded and simulated fringe patterns for capillaries
with i.d. = 50, 25, 15, and 5 pm illuminated by a besm with a waist
of g = 22 um and beam offsets of s = 36, 21, 19, and 0 um,
respectively.

{e.g., to account for the tolerance in the i.d. dimen-
sions) in order to obtain their best fit. The calcu-
lated and the recorded fringe patterns for capillaries
with i.d..= 50 pm down to 5 pm are shown in Fig. 10,
Although the recording has not been done with the
same accurary as the one displayed in Fig. 9, it is
apparent that the quality of the fit degrades with
smaller i.d.’s {see discussion Section 4).

4, Discussion

Ignoring interference effects, Synovec!* developed a
pure deflection ray-tracing model to predict the sensi-
tivity associated with a (TP) ray [see Eqs. (28)-32) in
Ref. 14]. The presented model and the experimental
results indicate, at least for capillaries witbi.d. < 250
pwm, that the dominant effect is interference, not
deflection as previously proposed.36.14

The simulated fringe pattern shown in Fig. 9 for a
100-pm-i.d. tube mimics the recorded fringes over the
scattering region of interest (5° < a < 40°) within
experimental accuracy. As mentioned by Watkins,!!
for angles o < 5° the detector (shown in Fig. 8) is too
close to the optical axis, and interference configura-
tions other than those shown in Fig. 1 arise and lead
to discrepancies between theory and measurement
{e.g., diffraction of incoming rays grazing to the
capillary bore). The intensity behavior on the oppo-
site side of the fringe pattern is dominated by the
intensity of TIR rays (Fig. 6). In this region, the
discrepancy between measurement and calculation
observed in the fringe with m = 0 (Fig. 9) could be
related to deviations from the ideal TIR that is due to
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Fig. 11. Sensitivity calculation performed with two fringe pat-

terns for a 100-pm-i.d. tube illuminated by a beam with wy, = 84
pm for an; = 1.0 x 1073 refractive-index units. The first
derivative of the fringe pattern simulation is used to determine the
points of maximum intensity, and is shown in the lower trace.

surface effects (surface roughness leads to reflection
loss) or to diffraction effects {the TP ray crosses the
bore close to the interface and the opticsl path
differences have dimensions that are comparable to
those of A).

As predicted in Section 2 it is observed that the best
fringe contrast corresponds to off-center illumination
with a beam offset of s ~ i.d./2 = R. The beam
waist should be smaller than the bore radius of the
capillary, or more precisely, it should be in the range
of {xpp = x7p), €8., Wy ~ 1.d./12. This permits a
greater degree of freedom when choosing the distribu-
tion of initial intensity for the two competitive rays by
variation of the offset parameter s. The initial inten-
sity distribution should be such that the exiting rays,
after suffering all losses, have equal intensity. This
is the condition that is required for enhancing the
contrast and thus the instrumental sensitivity of
capillary refractive-index detection.

The model fails to simulate the fringe pattern of
capillaries with i.d.’s that are smaller than 25 pm, as
shown in Fig. 10. This was expected, considering
that the current model is based entirely in geometric

optics and does not include diffraction effects. As
the dimensions of the i.d. approach those of A, it is
imperative to account for these effects. This kind of
correction to the current model would be necessary to
study interference patterns for small i.d. capillaries
used in thermo-optical absorption measurements.$
Taking into account that beam deflections are
measured® with a position sensitive detector, the
most siguificant parameter to judge instrumental
performance is the fringe sensitivity Gy, which is
conveniently defined as the fringe angular displace-
ment Ao per refractive index change An; normalized

to the angular fringe width o
Ao
G = Ano (19)

For the ideal situation in which paraxial fringes
with maximum contrast are considered and the fringe
width o is taken at half-maximum intensity (FWHM),
the fringe sensitivity reaches the theoretical value of

G, = -S. (20)

If the contrast is not maximum, the resulting fringe
width o is larger, which reduces the magnitude of G;.
The magnmitude of Gy has been determined numeri-
cally from the angular shift between two fringe
pattern simulations for two values of n; that differ by
a small amount, e.g., An; = 1.0 x 10-3 refractive-
index units, as shown in Fig. 11. For the most usual
csse, in which the solvent has a refractive index
smaller than that of the fused silica (i.e., n; < n.), a
positive change in An in the bore (which is due to a
substance, to be detected, that is dissolved in the
solvent) translates into an angular shift toward the
optical axis and G, is negative {dotted curve in Fig.
11). The fringe positions and their angular shifts Aa
are more accurately determined from the zeros of the
derivative of the fringe pattern (also displayed in Fig.
11}, whereas their associated FWHM ¢ are obtained
graphically by drawing tangents to the slopes and
then measuring their separation. This procedure

Table 1. Computed Fringe Senalitivities G; As Dafinad In Eq. {19} for Lhe Most Important Fringes for Caplillariea with 25 um = Ld. = 250 um
25 pm? 50 um 75 pm 100 pm 250 um
m Angle Gy Angle Gy Angle Gr Angle Gr Angle Gr
-0 29.7 —18 355 -18 37.8 -17 39.0 -13 420 —17.
le _ le le : le le
-1 144 -3 22.8 -48 271 -55 29.7 -56 36.3 -61
-2 8.1 -34 16.0 -67 20.8 -8 24.0 -90 32.3 -108
-3 44 -34 118 -81 16.5 -106 19.9 -119 293 -141
le
-4 1.8 ? 8.7 -102 . 13.3 -122 16.7 -134 26.8 -188
li, le '
. =5 b b c c 10.9 -135 14.2 ~172 c c

%le, Low-contrast fringe; li, low-intensity fringe.

5Value does not exist.
“Not evaluated.
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Fig. 12. Fringe sensitivity Gras a function of fringe number m for
various cepillaries (data from Table 1). The larger capillaries
display more fringes and, for equivalent fringes, higher sensitivi-
ties. The fringe number dependence can alsobe interpreted as the
path-length dependence of Gy.

was repeated for all the capillaries studied and the
results are summarized in Table 1.

The dependence of Gy on the fringe number and on
the capillary i.d. is displayed in Fig. 12. It is noted
that the sensitivity increases as a function of the
fringe number. With an increasing fringe number
the fringes approach the optical axis, which corre-
sponds to longer TP paths through the fluid string
and thus collects larger phase difference changes for a
given variation of »;. The fringe number depen-
dence of G, can, therefore, also be interpreted as its
path-lengtﬁ dependence.

The relative insensitive behavior (e.g., constant Gy
for a large angular region) for the 25-um-i.d. capillary
is due to the low contrast associated with higher-
order fringes. Equivalent fringes for capillaries of
different sizes are generated from rays that strike the
wall interface at different angles, which explains the
observed behavior in the fringe sensitivities Gy of the
various capillaries stndied.

In the described refractive-index detector, the fringe
displacement An is measured with a position-sensi-
tive photodiode whose resolving power is a function of
Gy and the fringe intensity (see the shot noise and
position-sensitive photodiode sections in Ref. 9).
The selection of the most suitable fringe to be used in
the refractive-index detector (which is called the
monitoring fringe in Ref. 9) is not trivial. In addi-
tion to Gy, it requires the inspection of the power
associated with each fringe. This is important to be
able to determine the expected instrumental noise
and thus predict the ultimate detection limit.

Furthermore, according to Eq. (11a), the maximnm
value of ¥ /dn; corresponds to the fringe that ap-
pears closest to the optical axis. This fringe, how-
ever, is narrow for large capillaries and must be
widened by a lens or by a long path through free air to
reach the position-sensitive photodiode under opti-
mal geometric conditions.® This widening intro-
duces additional noise by temperature variations in
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air (e.g., schlieren effects) and refraction at the lens
surfaces. However, paraxial fringes carry only a
fraction of the light power compared with lower-order
fringes. As a consequence of these counteracting
effects a recipe for the choice of the monitoring (best)
fringe cannot be easily formulated. As only a rule of
thumb, one should try to use the fringes that appear
as close as possible to the optical axis, provided they
carry sufficient intensity and display higb contrast.

Equation (19) is also useful to predict the instru-
mental angular resolution required in a refractive-
index detector with detection limits {i.e., noise level)
in the An; = 10-8 refractive-index unit range {which
is tbe typical value of a good commercial refractive-
index detector for HPLC with a cell path length of 1
cm and a cell volume of 10 pL). For a 100-pm-id.
capillary the corresponding fringe width (data from
Fig. 11) is ¢ = 1.8° and G; = —119 when the fringe
order m = —3 is used, which indicates that the
position-sensitive photodetector should be able to
resolve angular spot shifts as small as Aa = 2 x 10-5°,
Commercial position-sensitive photodetectors are
quoted as delivering a resolution of 10-% and, by
using specific electronics, it 1s possible to improve the
quoted spot detection by almost 1 order of magni-
tude,®1® which indicates that the construction of a
refractive-index detector suitable for on-calumn detec-
tion with a noise level of An,; (noise) = 10-9 refractive-
index units is a realistic proposition, provided that
one selects the proper monitoring fringe, a much
higher illuminating power, such as the one used in
Ref. 9 (to avoid operating at shot noise limit), and a
thermal stability of AT ~ 10-4°C within a detection
bandwidth of B = 1 Hz.
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