Raising the sensitivity benchmark
in diode array detection with
optical improvements

detector (DAD) has become the

industry-standard HPLC detec-
tor for method development in re-
scarch laboratories. While carly
DAD modcls lacked seasitivity,
continual design upgrades—-the use
of dual lamps, high-intensity light
sources, reference wavelength com-
peasation, and diode bunching—
steadily imProved sensitivity per-
formance.'*? Today, sensitivity
levels of many DAD:s rival those of
conventional absorbance detectors.
A benchmark noise level of %1 x
10"* AU/cm pathlength (10 pAU) is
generally thought to be the physical
limit in UV-VIS detection, a limit
imposed by short-term fluctuations
of the soarce, thermal flow noise
caused by flowing liquid in the flow
cell, and noise from the signa! proc-
essing electronics,

If reduction of background noise
is impractical with current techaolo-
gies, thea why not enhance seasitv-
ity (signal-to-noise ratio, or $/N) by
increasing signal? To do this, one
obvious approach extends the path-
length of the flow cell, thus increas-

IN RECENT years, the diode arrvay
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Figure 1 Schamaric diagram showing lo-
taf Intemal reflectance &t the coated, in-
temal cell wall of the LightPipe fow cell
with 50-rm pathlength.

ing the absorbance (or signal) as
govemed by Beer’s Law (where ab-
sorbance {A] = molar absorptivity
(€) x pathlength [b] X% concentration
[€})). Yet, for many years this ap-
proach for increasing sensitivity
proved intractable. Flow celis of
long pathlengths (>20 mm) and
large volumes (>10 pL) cause dele-
terious band broadening and unac-
ceptable loss of peak resolution.
Meanwhile, flow cells with smaller
diameters (<1 mm) result in signifi-
cant light energy loss through ab-
sorption or scatter by the internal
cell wall. The light energy emerging
from the flow cell is further reduced
by the exit optical slit.

This paper describes two key op-
tical developraents that overcome
this difficult dilemma in flow cell
design. The development of Light-
Pipe and BeamShapcer technologies
(Thermo Separation Products,
San Jose, CA) allows the extension
of pathlength with minimsl eaergy
loss. Their successful implementa-
tion in the SpectraSYSTEM®
UV6000LP (Thermo Separation
Products) results in a fivefold in-
crease in sensitivity and a two- to

o %

Figure 2 Schematic diagram diustrating
the use of BeamShaper technofogy con-
sisting of 19 tightly packed optical fibers.
The fibers transform the 0.5-mm circular
optical baam aexiting the fow cell into the

rectangular shape required for diode ar-
ray oetection,

fivefold improvement in detection
limits. Additional improvements
tbat enhance accuracy, linearity, and
ease of system validation are also
discussed. Finally, specifications
and performance evaluation data are
summarized and compared with
those of competitive roodels.

Flow cell pathlength extension with
minimal energy loss

LightPipe technology is respon-
sible for the system’s bigh sensitiv-
ity.*% Figure 1 illustrates the
patented PEEK™ flow cell design
(50 mm length, 0.5 mm id., and 10
uL volume) (patent 5, 608, 517,
Thermo Separation Products,
1997). Total internal reflectance is
achieved with a proprictary reflec-
tive inner wall coating. Compared
with a conventional 15-ul,, 10-mm
flow cell, the LightPipe flow cell
enhances the S/N by two- to five-
fold with similar peak dispersion.
PEEK, a biocompatible polymer as



Figure 3 Diagram of the optical system
i the UVGO0OLP showing the implemen-
tation of LightPipe, BeamShaper, and
validation titter wheel technologies.

—

Figure 4 Comparative UV-VIS spectra of
conventional holmium axide fiter (a) vs.
holmium oxx ic acid cuvelie
(b). The fquid cuvetie allows sutomated
wavelength calibration and verification in
bath UV and visible reglons.

well as a low thermal conductor, is
used as the cell end cap to eliminate
the need for troublesome inlet heat-
exchanger tubing (for the reduction
of thermal flow noise).

The flow cell employs the same
optical technology as the more fa-
miliar fiber-optic ransmission lines
used in communication and image
viewing applications, in which light
is conducted over long distances
with minimum energy loss. Snell's
Law defines the lateral reflection of
light energy in an optical fiber.
Briefly, it requires that a conduit be
lined or coated with a material with
lower refractive index than that of
the core material. In the case of the
LightPipe flow cell, the core mate-
rial is the colurnn effluent (usually 2
mixture of water and organic sol-
vent), while the cell wall is coated
with an amorphous polymer with a
loweér refractive index.*~ The condi-
tion required for total internal re-
flection is defined by the following
equation:

sin © < (1 %-n?)>? ¢4y

where 6 is the angie of the incident

Table 1

Summary of system's technological teatures

Design
LightPlpe with 50-mm pathiength and total
internal reflectance

BeamShaper with 19 bundled optical fibers to
eliminate the use of energy-wasting external siit

Dual deuteriumAungsten-halogen lamps

High-speed 512-element diode array at 20-Hz

scan rate

Encapeulated electronics for signal processing:
Intel 1960 processor with 20-bit A/D converter

Savitzky-Golay smoothing afgorithm

Built-in holmium-oxide hquid cuvente; opiional

filter whagl tar knearity verification

Use of optical filters, intarnal batfies, and
low-scatter grating to reduce siray light
PC1000 data managament software

Benefits
Noise at £3 x 10-* AUrom (6 pAY),
a sensitivity increase of fiveloid
Preserves both sensitivity and
spectral resolution
Wavelength range of 190800 nm
Provides 1.2-nm spectral resolylion
and compatibility to Fast LC
Reduces background electronic
naise; provides high signal
resolution for data precision
Produces high-quality specira for
spectral matching of race peaks
Easier and more accurate
wavelength calibration and linearity
verification
Extonds lingarlty range 1o >2AU

Used for data handling, single-point
system control, and alf spectral
manipulation tasks
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Figure § UV specwm of 8.8 ng benzene ﬂlustratmg the system'’s very good spoctral
performance.

resolution end sensitivity

light and n) and n; are the refractive
indexes of the mobile phase and the
polymer coating, respectively.

High sensitivity and spectral
resolution

The ideal shape for the light
beam from the source through the
flow cell is circular in cross-section.
Since the natural shape of the deu-
terium arc and the ideal flow cell
geoinetry are circular, the maximum
energy is transmitted through a cir-
cular optical beam. In a conven-

tional DAD, the circular beam is
timmed to a rectangular shape by a
mask-type slit for optimum disper-
sion by the grating onto the diode
array clements. While a narrow slit
is necessary for high spectral reso-
lution, a majoc fraction of the light
intensity (up to 80%) is thereby dis-
carded, resulting in significant sen-
sitivity loss. To alleviate this prob-
lem, some DAD models use a
programmable slit system ailowing
operation in either high-sensitivity
(wide slit width) or hxgh-resoluuon
(narrow slit width) mode?



Table 2
Specitications for UV6000LP versus competitive models
Specification SpectraSYSTEM Compatitive models’
UVE0QoLP typical range
Detector type §12-element PDA, 20 scans/sec  Simlfar
Light source Deuterium and wngsten/ Deuterium only, or
halogen lamps devterium and lungsten
lamps
Wavglength range 190-800 nm 190600 (800) nm
Spectral resolution 1.2 nm, digital 1~2nm
Noise® 3% 107° Al/cm (6 pAU) @ 110-50 x 10* AU/cm
254 nm (20100 pAL)
Drift* 1% 107 AUNY @ 254 nm 1-2x 107 Alvhr
Linearity® >2 AU <15% 1-2AU
Wavalength accuracy  tY nm -5 nm
Fiow cell LightPipe 50-mm pathlength, Pathiengths of 3-10 mm,
10-pL volume, pressure rating cell volumes 2-13 4L
1000 psi
Validation featlures * Automated calibration and * Verfication with holmium
verification of UV-VIS oxide filter in the visible
wavelgngths with holmium region only
oxidg cuvette
+ Optianal filter whee! for + None

linearity verification; automated
evaluation of noise and drift

*Measoremeat according w ASTM E1657-94,

Figure 8 Comparative chromatograms Hiustrating the detection seasitivily performance
of the UVG00OLP (top clromatogram) vs. that of a standard, single-wavelength UV/VIS
detector with conventional 10-mm flow ceill (bottorn chromatogram). A significant S/N
enhancement was found using identical sampie and chromatographic conditions.

Figure 2 illustrates the function
of a BeamShaper apparatus that uses
19 bundled optical fibers to teshape
the circular light beam exiting the
flow cell into a narrow rectangular
shape. A focusing grating spectrally
disperses this rectangular beam onto
the photodiode array (PDA) ele-

ment. This tighty packed fiber bun-
dle has minimal intecstitial space, re-
sulting in only minor encrgy loss.
The combination of LightPipe
flow cell and BeamShaper technolo-
gies provides maximum energy
transmission and high spectral reso-
lution to yield high-sensitivity LC

analyses with quality spectra. In con-
trast to the use of a programmable
slit or diode bunching,” high detec-
tion seasitivity and spectral resolu-
tion can be achieved simultancously
in a single chromatographic rua,

Performance and accuracy
improvements

Figure 3 shows the optical sys-
tem in the UY6000LP. Two high-
intensity lamps (deuterium and
tungsten-halogen) provide increased
light levels across the full UV/VIS
range of 190-800 nm. The source
lens focuses the energy combined
from both sources into the flow cell.
The exiting circular beam is trans-
fonned by the BeamShaper to a slit-
shaped beam and directed by a fold-
ing mirror to a concave grating, The
dispersed rectangular beam then im-
pinges on a high-speed 512-¢lerent
diode array, which provides a fast
scan rate (20 scans/sec) with 1.2-nm
digital resolution.

Electronic components for signal
processing are thermally encapsu-
lated and located on the optical
bench to reduce noise generated by
thermal or electromagnetic interfer-
ence. A powerful Intel 1960 micro-
processor (Intel Corp., San Jose,
CA) with 20-bit A/D coaverter pro-
vides high signal resolution for bet-
ter data precision. A sophisticated
Savitzky-Golay smoothing algo-
rithm® is used to produce low-noise
spectra for more accurate matching
of trace peaks.

Instead of solid holmium oxide
filters, a sealed cuvette filled with
6% holmium oxide in perchloric
acid solution (located in a standard
filter wheel) is used for automnated
wavelength calibration and verifica-
tion. Figure 4 compares the spectra
of these two holmium oxide refer-
ences. The liquid-filled cuvette pro-
vides nine sharp absorption bands in
the UV-VIS region (241-800 nm);
the solid filter provides only visible
reference wavelengths (361,412,
and 536 nm).

The system also features an op-
tional validation filter wheel, which
includes five cuvettes filled with
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Figure 7 3) Ctvomatogram of a trace-kevel PAH §ample run on a conventional photodi-
ode array detector. b) Chromatogram of the same trace-level PAH sample run on the
UVE000LP in seres after the photodiode array detector and under identical conditions.
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Figure 8 Analysls of race impurities (0.05%) ol & methyl paraben sample, an antimi.

crobial used in pharmaceutical products.

NIST-waceable K.CrQy solutions in
0.001 N perchloric acid (including a
blank cuvette). This device facili-
tates rapid verification of detector
linéarity and absorbance accuracy.’
Source and order selecting filters,
internal baffles, and a low-scatter
holographic grating reduce stray
light in the optical system (which
degrades linearity performance).
PC1000 software (Thermo Sepa-

ration Products) is used for data
handling, single-point contro! of the
eatire system, and all spectral ma-
nipulation including peak purity
evaluation and spectral library
matching. Table I summarizes the
technological features responsible
for performance and accuracy en-
hancement in the system.

The specifications of the system
are listed in ZTable 2 with compara-
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DIODE ARRAY DETECTION continued

tive data of competitive models. The
system exceeds the noise and drift
specifications of most competitive
models, while excelling in lincarity
performance and validation ease.

Performance evaluation data

Figure 5 shows a UV spectrum
for a sample of 8.8 ng benzene and il-
lustrates the very good spectral reso-
lution and sensitivity performance of
the system. The 1.2-am digital reso-
lution allows easy resolution of the
five-fingers pattern of the benzene
spectrum. The low-noise spectrome-
ter generates high-quality spectra at
trace levels for more accurate spec-
tral matching and identification. Fig-
ure 6 compares the detection sensi-
tivity of the system with LightPipe
flow cell with that of a high-sensitiv-
ity, single-wavelength UV-VIS de-
tector with a conventional 10-mm
flow cell. Figure 7 shows two chro-

matic hydrocarbon (PAH) sample run
on the UV6000LP and 2 conven-
tional DAD simultancously, under
identical conditions. A S/N ephance-
ment of five times was found. The
sample in Figure 8, run on the
UV6000LP, shows a trace impurity
peak (0.05%) eluting at the tail of the
major component, Both compounds
can be quantitated in a siogle run.

Summary and conclusion

This paper describes several tech-
nological improvements that allow
fivefold sensitivity enhancement in
PDA detection. A noise benchmark
of £3 x 107® AU/cm (6 pAU) is
achieved. Very good performance in
drift, spectral resolution, linearity,
and user convenience for validation
are maintained. Clearly, the syster is
most useful for pharmaceutical as-
says in which determipations of less
than 0.1% impurity levels are often
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