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ABSTRACT 

The optical waveguide properties of fused-silica capillaries enable greater illuminated sample volume by axial illumination, as 
compared to cross capillary illumination. Several modes of light propagation inside these unique optical waveguides are described. A 
micro-LC flow cell featuring axial illumination with mobile phase elimination by nebulization has been developed and evaluated. This 
device was used in the construction and evaluation of laser-induced fluorescence and laser-based refractive index detectors. A summary 
of results from our studies and a survey of the various detection possibilities, theoretically compatible with axial illumination of 
capillary waveguides, are presented. 

INTRODUCTION 

While small-dimensional capillaries (l&250 pm 
inner diameter) provide high-efficiency separations, 
these capillaries generate extremely small path 
lengths when cross-capillary illumination is em- 
ployed. This results in very small probed volumes, 
hence very small analytical signals, complicating 
detection by photometric means. This problem can 
be largely overcome by axial illumination. Here, the 
entire sample band can be illuminated generating 
significantly higher detection efficiency. 

Axial illumination of fused-silica capillaries has 
recently been utilized as a technique for increasing 
detection capabilities in capillary separations. Sig- 
nificant increases in concentration sensitivities of 
absorption and fluorescence detection, due to the 
increased optical path length achievable with axial 
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illumination, have been shown. Grant and Steuer 
[l] first reported on an “extended path length” UV 
absorbance detector for capillary electrophoresis in 
1990. The measurement was based on indirect fluo- 
rescence which was spatially modulated by fluoro- 
phore displacement. Xi and Yeung [2] demonstrat- 
ed enhanced performance for absorption detection 
in open tubular capillary liquid chromatography. A 
lOOO-fold increase in pathlength was observed. Fur- 
ther, it was noted that the entire sample band could 
be illuminated, thus confining the detection region 
to the chromatographic band. Even with the very 
low flow-rates of open tubular capillary liquid chro- 
matography, optical distortions were observed as 
light was coupled into the capillary flow cell. Taylor 
and Yeung [3] described an axial-beam absorbance 
detector for capillary electrophoresis that was used 
to monitor the separation of bromothymol blue and 
bromocresol green. A red helium-neon laser was 
used for excitation. A conventional light source (ac- 
tually a commercially available UV-Vis absorption 
detector) and axial illumination has also been used 
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for absorbance detection in capillary electrophore- air (nl) 

sis [4]. Fluorescence detection in capillary zone elec- 
trophoresis, via axial illumination, has been report- 
ed by Sweedler et al. [5]. Axial illumination com- 
bined with the unique scanning capabilities of a 
charge coupled device detector resulted in concen- 
tration detection limits between 2 . 10w20 and 8 . am 

wall (ll2) 

lumen (n3) 

tography and capillary electrophoresis, to date, no 
effort has been documented for the coupling of ax- 
ial illumination with slurry packed capillary LC 
(micro-LC) [6]. The major impediment to this in- 
strumental achievement is solvent elimination with 
minimal optical distortion in this higher mobile 
phase flow-rate separation technique [7]. Flow-rates 
of 1 to 3 &min result in significant difficulty in ef- 
fectively coupling light into the exit capillary (wave- 
guide). The liquid droplet acts as a lens, defocusing 
the beam and modulating the light energy distribu- 
tion in the capillary. The mobile phase must be 
eliminated from the waveguide orifice to prevent 
distortions of optical coupling. 

This paper described our attempts in coupling ax- 
ial illumination with micro-LC. A unique, nebuliz- 
ing Ilow cell was designed and fabricated. The oper- 
ating chracteristics of this flow cell and the detec- 
tion performance of a laser-induced fluorescence in- 
strument and a laser-based refractive index detector 
are presented. 

THEORY 

Axial illumination of long capillary cells has been 
fairly extensively studied. Lei et al. [8] used 50-m 
capillary cell for calorimetry. Improvement in ab- 
sorbance of between 130 and 300 was reported for 
carbon disulfide solutions of phosphomolybdenum 
heteropoly blue. Dasgupta [9] reported wide dy- 
namic range and high sensitivity using a reflective 
helical cell. A decreasing non-linear dependance of 
effective pathlength with increasing solution absor- 
bance was noted. Tsunoda et al. [lo] have analyzed 
the optical transmission characteristics of long cap- 
illary cells where total internal reflection occurred at 
the outer wall surface. A borosilicate glass capillary 
showed better transmission than one with mirrored 

air 

Fig. 1. Ray diagram for light propagation in a capillary wave- 

guide. n,, nz and n3 are the refractive indices of air, wall and 
lumen, respectively. 0, and 0, are the angles subtended by light 
at the lumen-wall and wall-air interfaces, respectively. 0, is half 
the acceptance angle. 

walls. The importance of wall refractive index was 
noted which contributed to a subsequent paper de- 
scribing the use of poly(tetrafluoroethylene co- 
hexafluoropropylene) tubing (refractive index was 
almost identical to water) for such cells [ 111. Since a 
detailed analysis of light transmission in fused-silica 
capillaries is somewhat redundant and beyond the 
scope of this paper, we present a brief treatment of 
this topic, showing the relationship of mobile phase 
refractive index and effective optical pathlength in 
an axially illuminated capillary column/flow cell. 

When light is launched axially in the lumen of a 
circular fused-silica capillary, all light energy can be 
trapped inside the capillary if total internal reflec- 
tion at the wall/air interface occurs as shown in Fig. 
1. This is possible only if inequality 1, based on 
Sell’s law, is satisfied. 

sin 02 > n&z3 (1) 

The light energy distribution inside these capillary 
optical waveguides can be classified into three path- 
ways: (a) light energy distributed only in the wall of 
the capillary; (b) light energy distributed only in the 
lumen; and (c) light energy distributed in the wall 
and the lumen of the fused-silica capillary. These 
three pathways are illustrated in Fig. 2, using a clas- 
sical ray diagram approach. Pathways b and c, 
where light energy transmits across the medium in- 
side the lumen, is of prime importance when mak- 
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Fig. 2. Light propagation pathways in capillary waveguides. (a) 
Wall propagation; (b) lumen propagation; (c)combination prop- 
agation. 0, is any angle from the critical angle to 90”. m, X, a and 
b are distances, as shown. 

ing absorbance, fluorescence or refractive index 
measurements. 

Most of light energy will be distributed in’path- 
way b if 

n2 < n3 sin .p12 (2) 

where O2 is the range of angles from the critical 
angle to 90”. Here, n2 < n3, the refractive index of 
fused silica (n2 = 1.458) is less than that of the 
mobile phase. If ~1~ > n3 then light will traverse 
according to pathway c. It should be clear that most 
hydroorganic mobile phases will result in either 
pathways b or c. Pathway a explicitly occurs only 
when light is launched into the capillary wall. 

Only radiation which traverses the lumen will sig- 
nificantly interact with chromatographic analytes. 
The effective pathlength (Z,), defined as the total dis- 

tance travelled by light in the lumen, is an indica- 
tion of the light energy distribution inside a capil- 
lary optical waveguide. Z, is the product of the dis- 
tance that light travels in the lumen for one “stage” 
(see ref. 11) and the number of “stages”. We have 
chosen an optical window of 0.9 cm, which is the 
diameter of our photomultiplier tube. For pathway 
b, 1, is calculated using eqn. 3. 

Z, = nX = Z,/sin 02 (3) 

where X is the distance that light travels in the lu- 
men in one stage (see Fig. 2). Zr is the physical cell 
length, which depends on the imaged detector di- 
ameter. For pathway c, Z, is calculated using eqn. 4. 

1, = lp X/(A -tB) (4) 

where A is the ratio of (d,ni) to (cos 02n3) and B is 
the ratio of (2&n1) to (cos 03n2). 03 is shown in 
Fig. 1. d, and d, are the lumen and wall thicknesses, 
respectively. The derivation of eqns. 3 and 4 and the 
detailed interpretation of them are the subject of a 
future paper. 

The dependence of 1, on mobile phase refractive 
index is illustrated in Fig. 3. Since nl and n2 are 
fixed, I, varies with n3 for each pathway, as shown. 
For pathway b, effective pathlength varies linearly 
with lumen refractive index (n2 -C n3), while for 
pathway c, effective pathlength varies non-linearly 
with lumen refractive index (n2 > n3). Note the dis- 

Effective Pathlength (pm) 

l:c-~ 

7000 - 

5000- \ _ 

3000 1 
1.050 1.200 1.350 1.500 1.650 

Lumen Refractive Index 

Fig. 3. Variation of effective pathlength with lumen refractive 
index. (0) n,>n,; (+) n2<n3. 
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continuity in the plot. This occurs at the refractive 
index of fused silica, 1.458, where propagation 
pathway c sharply changes to pathway b. The rela- 
tive magnitudes of 1, approximate those of a solute 
band. These effective pathlengths correspond to il- 
luminated volumes of 100 to 500 nl, typically found 
in micro-LC. 

The variation of light energy distribution with lu- 
men refractive index is, in fact, more complicated 
than that described above. For both pathways the 
acceptance angle (the solid angle through which 
light is gathered into propagating modes in the wa- 
veguide) changes with n3, the lumen refractive in- 
dex. For pathway b, the acceptance angle increases 
from 9 to 25” when n3 goes from 1.468 to 1.5 10. For 
pathway c, the acceptance angle increases from 27 
to more than 90” when n3 extends from 1.359 to 
1.432. Thus, in pathway c much more light is cou- 
pled into the capillary than for pathway b. Remem- 
bering that typical mobile phase refractive indices 
are less than that of fused silica, pathway c repre- 
sents the situation for axial illumination detection 
in most chromatographic applications. Even 
though Z, decreases as the mobile phase refractive 
index approaches that for fused silica, for pathway 
c, the light gathering power increases tremendously, 
allowing more light to couple into the cell, resulting 
in greater light energy distribution in the lumen. 
This issue with also be treated in a separate, more 
detailed publication. 

By examining the above ray diagrams and plots it 
should be clear that axial illumination affords sever- 
al types of detection modes. If incident light is not 
absorbed by analyte, propagating light may be cou- 
pled out of the capillary for a measurement of lu- 
men refractive index. If exciting light is absorbed, is 
not reemitted as fluorescence, and is coupled out of 
the capillary a measurement of absorbance is ac- 
complished. Fluorescence is also measureable if this 
emitted light can be detected. The unique feature of 
these possibilities is the manner in which the analyt- 
ical signal is detected, i.e. how the light is coupled 
out of the capillary. We show, in this paper, the 
measurement of refractive index and fluorescence. 
Absorbance measurements have already been re- 
ported by Xi and Yeung [2]. 

EXPERIMENTAL 

Axial illumination micro-LCJtow cell 
The key component of our detection systems is a 

flow cell that permits axial illumination with simul- 
taneous mobile phase elimination by nebulization. 
Fig. 4 shows a drawing of the key features of this 
cell. Nebulization is based on the Babington princi- 
ple (see ref. 12). The capillary orifice is carefully 
positioned over the gas outlet as shown. The gas jet 
is formed by the conical-shaped polyurethane film 
that is compressed between the plastic manifold and 
the metal plate. The capillary (Polymicro Technol- 
ogies, Phoenix, AZ, USA), which has been stripped 
of its polyimide, is held against the plastic gas mani- 
fold with a glass plate. This assembly is positioned 
against a modified mirror mount (Newport Corp., 
Fountain Valley, CA, USA) with an aluminum 
clamp, as shown in Fig. 5. A spray barrier prevents 
contamination of optics. Using 100 p.s.i. (1 p.s.i. = 
6894.76 Pa) air, mobile phase flow-rates approach- 
ing 10 pl/min can be nebulized with this cell. Nei- 
ther the flow cell nor the nebulizing gas are heated. 

Laser-inducedfluorescence apparatus 
The laser-induced fluorescence apparatus was 

similar to that described previously [ 131. The instru- 
ment consisted of a Model 4220N (442 nm) helium- 
cadmium laser and a Model 33151 (325 nm) heli- 
urncadmium laser (Liconix, Santa Clara, CA, 
USA), a miniature photon-counting detector [ 141 
and suitable optics, as illustrated in Fig. 6. A 
quartz, f/1.5 plano convex lens (Oriel, Stratford, 
CT, USA) was used to focus the 325-nm laser beam 
onto the capillary orifice. A 10 x microscope ob- 
jective performed this function for the 442-nm laser. 
Fluorescent light was collected through the large 
opening, orthogonal to the capillary flow/excitation 
optical axis using an integrally-mounted cylindrical 
lens (f/1.5, Melles Griot, Irvine, CA, USA). The 
sampling rate for the data system was based on a 
counting gate time of 64 ms. 

Refractive index apparatus 
The refractive index detection apparatus consist- 

ed of the Micro LC flow cell, in somewhat modified 
form, and a helium-neon laser (Melles Griot, Ir- 
vine, CA, USA). The refractive index flow cell is 
shown in Fig. 7. Here, an optical fiber (200 pm core 
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Fig. 4. Functional drawing of nebulizing micro-LC flow cell. 

diameter, Polymicro Technologies) was optically 
coupled to the flow cell capillary using an optical 
coupling gel (General Fiber, Cedar Grove, NJ, 
USA). The distance between the contact/coupling 
point and the capillary orifice was about 2 cm. As 
shown in Fig. 8, a beam splitter (microscope slide) 
directed a portion of the helium neon laser beam to 

a reference fiber. A 10 x microscope objective fo- 
cused the laser beam onto the capillary orifice. The 
sample and reference fibers were optically coupled 
with miniature photocell detectors (S2007; Elec- 
tronic Goldmine, Scottsdale, AZ, USA). The out- 
put from each photocell was electronically connect- 
ed to a log ratio amplifier (AD757N; Analog De- 
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Fig. 5. Schematic diagram of fluorescence flow cell. 
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vices, Norwood, MA, USA). Analog output was 
recorded on a standard, laboratory strip chart re- 
corder. 

Micro liquid chromatography 
Our micro-LC system consisted of a Model 8500 

syringe pump (Varian, Walnut Creek, CA, USA) 
and a C14W microinjector (Valco, Houston, TX, 
USA) that was equipped with a lOO-nl internal 
loop. All injections were of the moving loop type 

[15]. 250 pm inner diameter fused-silica capillaries 
(Polymicro Technologies) were packed with a com- 
puter-controlled pump [ 161. Dynamic measure- 
ments of perylene were based on a reversed-phase 
separation, for which Spherisorb 0DS2 (5 pm) 
packing was used. For aflatoxin chromatography 
LiChrosorb SiOH (10 pm diameter) particles were 
used to pack the column. All packings were ob- 
tained from Alltech (Deer-field, IL, USA) and both 
micro-LC columns were 70 cm long. 
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Fig. 7. Drawing of refractive index flow cell. 
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vents, containing various proportions of ethanol (n 
= 1.359) and benzyl alcohol (n = 1.54) in order to 
achieve different refractive index values. Two solu- 
tions had refractive indices lower than fused silica 
and two solutions had higher refractive indices than 
fused silica. Table I shows the mean photon counts, 
after subtracting the blank (photon counts for solu- 
tion without perylene), obtained for the sixteen so- 
lutions. The blank spaces for lO-‘j A4 and lo-’ A4 
solutions are explained by the fact that lo-’ A4 so- 

CAL 

lutions (refractive index lower than that of fused 
silica) were too weak to be detected and the signal 
for lop6 A4 solutions (refractive index greater than 
that of fused silica) was so high that it saturated the 
PMT photocathode! 

Fig. 9 shows a series of signal versus concentra- 
tions plots of the 4 datasets listed in Table I. The 
slopes (sensitivities) are given in the caption. Notice 
that sensitivities increase with lumen refractive in- 
dex. The large difference in the slope values for so- 
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Fig. 8. Schematic of refractive index apparatus. BS = Beam 
splitter; FL = focusing lens; FC = flow cell; A = sample optical 
fiber; B = reference optical fiber; LRA = log ratio amplifier; CR 
= chart recorder; V = voltmeter; CC = chromatographic col- 
umn; I = microinjector. 

lutions which have refractive indices less than 1.458 
compared to those solutions with refractive indices 
greater than 1.458 can be attributed to the fact that 
when the lumen refractive index is less than the re- 
fractive index of the fused-silica wall, pathway c (re- 
fer to Fig. 2) is the dominant mode of light propa- 
gation inside the flow cell. Therefore, light energy is 
distributed in both the wall and the lumen of the 
fused-silica capillary flow cell. When the refractive 
index of the lumen is higher than that of fused silica, 
pathway b (see Fig. 2) is the preferred mode of 
propagation. In this case, almost all light energy is 
trapped inside the lumen, resulting in higher slopes, 
hence greater detection sensitivities. More light- 

TABLE I 

STATIC MEASUREMENTS OF PERYLENE 

Sl, S2, S3 and S4 are signal intensities for solutions of refractive 
index = 1.359, 1.432, 1.468 and 1.510, respectively. 

Concentration (M) Sl s2 s3 s4 

1.34 1o-9 10.4 15.4 

1.34 10-s 11.6 15.4 54.2 78.8 

1.34 lo-’ 46.1 103.3 590.6 851.8 

1.34 10-e 286 1047.3 

Signal (kHz) 

810 

810 

0 150 300 450 800 750 900 1050 1200 1350 

Concentration (x10-‘,M) 

Fig. 9. Response plots, static perylene measurements. n = Eth- 
anol, n3 = 1.359 (slope 0.204); + = ethanol-benzyl alcohol 
(3:2, v/v), n3 = 1.432 (slope 0.779); * = ethanol-benzyl alcohol 

(2:3, v/v), n3 = 1.468 (slope 4.40); 0 = ethanol-benzyl alcohol 
(1:4, v/v), n3 = 1.510 (slope 6.34). 

sample interaction occurs when lumen refractive in- 
dex is close to and higher than that of the wall. 

Dynamic evaluation 
In order to make dynamic measurements of pery- 

lene we connected the flow cell to a 70-cm long slur- 
ry-packed capillary column. An acetonitrile-water 
(96:4) mobile phase, with a refractive index of 
1.344, was passed through the column at constant 
pressure (3000 p.s.i.), which corresponded to a flow- 
rate of about 5 pl/min. Perylene solutions, varying 
in concentration from 1.31 . lo-* to 1.31 . 10m5 A& 
were injected onto the column using a 10-s moving 
loop technique. The volume injected was approxi- 
mately 80 nl. 

Perylene detection in the dynamic mode showed 
reasonable analytical figures of merit. The mini- 
mum detectable concentration and quantity (with 
signal-to-noise ratio 3) are calculated as 3.46 . 
10-i’ M and 1.38 . lo-i4 g, respectively, using the 
procedure described by Scott [ 171. The response in- 
dex (linearity) was calculated as 0.486 over the 
range cited above, therefore the linear range was 
less than 4 orders of magnitude. These are not quite 
as good as we have achieved in the past [13] due, 
mostly, to very low laser power (1.5 mW) delivered 
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to the cell with the microscope objective. Other fac- 
tors include low mobile phase refractive index and 
the small PMT photocathode area. Rationale, for 
the former is explained above. The influence of de- 
tector area is obvious when considering that less 
light, hence less illuminated volume, is detected 
with a small area photodetector. 

Aflatoxin micro-LC 
Aflatoxins are among the most potent carcino- 

gens known [18]. Aflatoxins Bl, B2, Gl and G2 are 
the commonly occurring aflatoxins in food prod- 
ucts. Subpicogram levels of these aflatoxins have 
been quantitatively detected using high-pressure 
liquid chromatography in conjunction with laser- 
induced fluorescence [ 191. The most potent of these 
aflatoxins, Bl, is the least fluorescent and its detec- 
tion at very low levels has been a challenge. It has 
been shown that the mobile phase plays an impor- 
tant role in fluorescence properties of these species. 
With mobile phases such as chloroform and dichlo- 
romethane Gl and G2 showed excellent fluores- 
cence but emission from Bl and B2 was markedly 
quenched [20]. One paper reported that the use of a 
mobile phase mixture consisting of toluene-ethyl 
acetate-methanol-formic acid (89:7.5: 1.5:2), gave 
the largest magnitude signals with the shortest over- 
all separation time [21]. Any changes in this “opti- 
mum” ratio changed both the chromatographic and 
fluorescence properties of the analytes. 

Since the refractive index of this unique mobile 

I I 

TIME (mid 

Fig. 10. Aflatoxin chromatogram. See text for details. 
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phase is very close to the refractive index of toluene 
(1.49), we found that it would be the most suitable 
for exploring the capabilities of fluorescence detec- 
tion with axial illumination. A 150~pm capillary 
yielded a flow cell volume of 159 nl, length = 0.9 
cm, and was used in the nebulizing flow cell for 
isocratic, normal-phase chromatography of aflatox- 
ins Bl, Gl and G2. Fig. 10 shows a typical chro- 
matogram of the mixture, at injected concentra- 
tions 6.4. 10w6, 7.8 . lO-‘j and 6.4. 10m6 M, respec- 
tively. The inset shows the three components near 
their detection limits. 

Prior to obtaining analytical figures of merit, we 
studied the effect of formic acid concentration on 
retention and detectability. When added in the pro- 
portions 0.3, 1 and 2% (v/v), we found that larger 
amounts of formic acid dramatically increased de- 
tection and decreased retention, especially at the 
2% level (data not shown). Levels higher than 2% 
were not attempted due to imcompatibilities with 
the syringe pump. 

Analytical figures of merit for the chromatogram 
of Fig. 10 are listed in Table II. These data show 
better concentration and mass detectability, com- 
pared to perylene. We attribute this to better laser 
focussing since the laser power at the entrance of 
the capillary flow cell was 6.5 mW, approximately 4 
times greater than the laser power attained in the 
perylene measurements. Also, the aflatoxin mobile 
phase refractive index was higher than the perylene 
mobile phase, allowing more light to interact with 
the analytes in the aflatoxin detection. 

Refractive index measurements 
Any light energy that propagates in the capillary 

wall can be coupled out of the tubular lightguide 

TABLE II 

ANALYTICAL FIGURES OF MERIT FOR AFLATOXINS 

MDC = Minimum detectable concentration; MDQ = mini- 
mum detectable quantity. 

Aflatoxin 

Bl Gl G2 

MDC 1.02 10-g M 1.45 lo-‘0 A4 3.7 lo-” M 

MDQ 5.05 10-14 g 7.56 IO-l5 g 1.94 10-15 g 
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and detected. The amount of light that propagates methanol-toluene mixture, with a refractive index 
in the wall will be strongly influenced by lumen re- of 1.408, were made and the signal was recorded. A 
fractive index, as seen in the Theory section. In this typical chart recording is shown in Fig. 11. The 
way, the axial illumination flow cell may be used for peak height was 0.06 RIU, which when added to 
refractive index measurements, provided that the 1.326 (methanol mobile phase) gives a measured 
analyte does not absorb at the analytical wave- value of 1.386. This is very reasonable, considering 
length. Several techniques have been used for cou- dilution on the column. The methanol-toluene 
pling light from optical lightguides [22]. The sim- peak represents detection close to the detection lim- 
plest approach is to provide a high index of refrac- it, due to significant baseline noise. Obviously, we 
tion pathway between capillary and optical fiber us- are less confident in these results, relative to the flu- 
ing coupling gel. A straightforward ratio measure- orescence measurements. We observed degraded 
ment, using a portion of the incident light as a column performance and unstable electronics, both 
reference, should suffice as a quantitative indication in the laser and the log ratio amplifier. The basic 
of refractive index. This is the first report of such a premise of a dynamic measurement, however, was 
measurement. Our preliminary results include eval- supported, namely that a transient signal could be 
uation of both static an dynamic operating modes. recorded accurately and reproducibly. 

Static evaluation. Axial illumination refractive in- 
dex measurements were made for air, methanol and 
ethanol, with the liquids being delivered to the flow 
cell with flow-rates of 10 pl/min. The measured sig- 
nals for air, methanol and ethanol were 0.0, 0.71 
and 0.90 V, respectively. Using the reference refrac- 
tive index values of 1 .OOO, 1.326 and 1.359 for these 
materials, we obained a response sensitivity of 0.38 
RIU/V, where RIU = refractive index unit. Un- 
fortunately, there was significant baseline noise, 
about f 0.015 RIU, in the methanol and ethanol 
cases. The noise for methanol was slightly larger 
than for ethanol, an observation that we attribute 
to fluctuations in the degree of evaporative cooling 
at the capillary orifice. There were also long term 
variations, presumably due to mobile phase flow in- 
stabilities. Flow and temperature effects have been 
observed to influence the stability of “on column” 
refractive index detectors [23]. 

CONCLUSIONS 

Dynamic evaluation. With a methanol mobile 
phase and reversed-phase column, injections of a 

We have demonstrated the successful coupling of 
micro-LC with axial illumination fluorescence and 
refractive index detection. The promise of signif- 
icantly enhanced concentration detectability was 
not realized in our studies, probably due to low mo- 
bile phase refractive index, low laser power (pery- 
lene fluorescence measurements), small area detec- 
tor and, to a certain extent, nebulization noise. 
Higher mobile phase refractive index would have 
given more light interaction with the lumen and 
larger signals. Since the detector area determines 
the detected volume, a larger detector area (e.g. that 
for a 25-mm diameter photomultiplier) would have 
resulted in larger detected volume and higher signal 
levels. Less nebulization noise would have yielded 
higher signal to noise values, throughout. Effective 
nebulization of mobile phase at the 5 and 10 pl/min 
flow-rate levels was achieved with our flow cell. De- 
spite these limitations, we have obtained reasonable 
results for both detection schemes. 

Time (min) 

Fig. 11. Refractive index chromatogram. s = 80-nl injection of 
toluene-methanol with refractive index 1.408; n = electronic 
noise spike. 

The most significant noise sources appeared to be 
related to nebulization and eletronics. Two possible 
contributions include refractive index perturbations 
at the liquid orifice of the capillary during nebu- 
lization and microbending losses from a “vibrat- 
ing” capillary. The Babington nebulization tech- 
nique was very effective, especially in being easily 
miniaturized and immune from problems such as 
residue formation and significant cooling. Alterna- 
tives to this approach would not likely be as effec- 



144 A. A. Abbas and D. C. Shelly / J. Chromatogr. 631 (1993) 133-144 

tive. Immobilizing the capillary in our flow cell was 
easily done, however some vibrations remained es- 
pecially in the refractive index flow cell. Operating 
the device at elevated, constant temperature would 
have been helpful in minimizing drift and some spu- 
rious low frequency noise. Refinements in both op- 
tics and electronics are needed to realize optimum 
performance. 

4 X. Xi and E. S. Yeung, Appl. Spectrosc., 45 (1991) 1199- 
1203. 

8 

Axial illumination is a versatile technique for de- 
tection in miniaturized liquid chromatographic 
methods. The technique has been demonstrated for 
absorbance detection [2], fluorescence and refrac- 
tive index measurements. Improvements in materi- 
als and fabrication techniques may result in more 
effective designs and higher performance. Techno- 
logical advances in the area of integrated optical 
devices may serve as a model. An exciting possibil- 
ity, whole column detection, using the axial illumi- 
nation technique may be demonstrated in the near 
future. 
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