
R.AWD SCANNING DIODE ARRAY -4s A MULTI-WAVELENGTH DETEC- 
TOR IN LIQUID CHROrveATOGRAFNY 

SUMMARY 

A new diode array detector for liquid chromatography is described. The iow- 
vohnne flow cx9.l ofthe detector and the real time signal averaging of the spectra allow 
operation at O.CiO5 a.u.f.s. with noise levels of 0.0~05 a.~. peak to peak. Since the de- 
tection is done over a large range of wavelengths, the detector allows identification of 
various solutes and peak deconvolution. The paper demonstrates how first derivative 
spectra can be gainfully utilized in a unique way to maximize the information obtained 
from the detector. 

Detector development is one of the areas of greatest activity in high-pressure 
liquid chromatography (EC). In gas chromatography (GC) the analyst is aided by 
several sensitive and universal detectors in addition to many selective ones. Unfor- 
tunately, the same is not entirely true in LC. The Liquid mobile phase, which makes 
possible many separations unattainable in GC, creates problems in the detection of 
eluted components. The two most conxnonly used LC detectors are refractive index 
(RI) and tied-wavelength ultraviolet (UV) monitors. The RI detector is fairly uni- 
versal, but relatively insensitive. The UV detector, while having the capability of 
being sensitive, is limited to detecting species which absorb at the particular wave- 
length of the defector, and is limited to mobile phases which are transparent in that 
region. 

A large number of other LC detectors have been developed using a variety of 
principles, such as dielectric constant’, electrical conductivityz, dens&p, polarogra- 
ph$, redisactivity5, heat of adsocptio&, movtig wire flame ionization’, electrochem- 
ic&~g, spray impacPa, electron capture lx disk conveyor flame ionizatiorP, infrared , 
adsorptio@, BnorescencP, photo-ionization14, atomic absorption”, and mass spec- 
trometry (MS)16-‘8. The UV monitor, however, is still one of the most widely used 
detectors. In genera;, these defectors operate at one or two wavelengths. This is also 
true w&h the variable-wavelength units now available on the market. 

The attractiveness of UV detectors can be increased manyfold if the analyst 
is not limited to one wavelength, and if the the entire spectrum of the solute can be 
ob&@.ined. For modern high-efliclent LC this requires a fast scanning spectrometer. 



The ability of monitoring complete spectra throughout the chromatogram could 
greatly facilitate identification of the components, and improve quantitative deter- 
mination by allowing each solute to be measured at its optimum wavelength. Decon- 
volution of poorly resolved pe&s can also be accomplished. 

Several types of rapid scanning spectrometers have been deveioped in recent 
years, primarily for the purpose of recording the spectra of transient intermediates 
in rapid rea&tions19_ Several of these instruments can be suitable as LC detectors. 

Denton et akzo have recently reported the use of an oscillating mirror rapid 
scanning spectrometer as an LC detector, and the advantages of recording complete 
spectra were clearly demonstrated. However, the noise levels below 250 run were 
fairly high (from i- 0.05 to f 0.2 a-u.), and the fow ceil was rather large (87 pi). 
Since single-wavelength LC detectors typically have noise levels several orders of 
magnitude less than this, tK-oscillating mirror detector would appear to be unsuitable 
for many LC investigations. In addition, the price of the spectrometer alone is quite 
high. 

Rapid scanning spectrometers with integrating array detectors, such as vid- 
icons or solid state diode array~~~*~’ have the abiIityto give improved signal-to-noise 
ratios (S/N) by virtue of the multiplex advantage. In addition, such spectrometers 
have no moving parts. Although these devices are several orders of magnitude fess 
sensitive than photomultipliers, overall improvements in S/N can be achieved, es- 
pecially in W-visible absorption, where light levels are relatively high and absolute 
sensitivity is of secondary importance. photodiode arrays in 
conjunction 

absorbance sensitivities Literature. 
The purpose of this preiiminary 

comparable to single-wavelength 
derivative of the 

with respect to the (i-e., dA/d;l,), at a given wavelength, 
described. the experiments 

hmzmentation 
Diode array spectrometer. Since absorbance sensitivity was of p~knary impor- 

tance, the design of the spectrozneter was kept relatively s*hnple. A singIe Reticon 
(Sunn_wale, Calif., U.S.A.) 2564ement photo&ode array (RL256ECf17) was used. 
The control circuits (RC200/204) and signal-processing circuits (CASH-IB-1) were 
also obtained from Reticon and used without modification. The signal-processing 
circuits produce a sampled and held box car output which can easily be synchronized 
md sampled by an on-line minicomputer. 

The deuterium lamp light source was powered by a SchoeEef (Westwood, pd.J., 
U.S.A.) LPS 301 power supply, operated at 30 W and connected to a Sola (Elk Grove, 
Ill., U.S.A.) constant line voltage transformer. Radiation from the lamp is collimat- 
ed, passed through one side of a flow cell, and imaged onto the entrance srit of the 
pslychrometer. The polychrometer was buiit 51 house, aad is of a Ckerny-Turner 



design with a focal length of 100 mm, and a 1200 Lines/mm grating blazed for 240 run 
(Edmund, Barrington, N-J., U.S.A.). A 1 IO-mm range (about 220-330) is imaged onto 
the~active area of the array (f3 mm). An entrance slit width of 0.5 mm was used, 
giving an overall resolution of approximately 5 nm. If desired, a spectral range larger 
than 110 ML can be obtained. 

The spectrometer is interfaced to a Data General (Southboro, Mass., U.S.A.). 
Nova 11 computer with a L6K core memory and three magnetic tape cassette drives. 
Data are acquired and output through a high-speed (200 ?K.EZz) interface with a 12- 
bit, S-channel analog-to-digital converter and two 12-bit digital-to-analog converters 
(ADAC ModeI Xl&DGC-S-DI-APG-A-DMA). Programs were written in BASIC 
with assembly language subroutines for data acquisition and display. 

The control circuits of the diode array were adjusted to produce a spectrum 
in 2.6 msec with a 11.7-c delay between each spectrum. During the 11.7~msec 
period the previously digitized spectrum added to a running sum buffer, allowing 
spectra to be ensemble averaged at a rate of 70 spectra/set. Although each spectrum 
produced by the diode array contains 256 points, only 128 points from aiternate diodes 
were saved on tape. ms aliows a larger number of spectra to be recorded, at a 
higher rate, without any signikant loss in resolution. The transfer of a 12%point 
spectrum (double precision words) to the cassette tape requires 1 see, and limits the 
maximum data rate of the present system. For most of this work spectra were re- 
corded at an overah rate of one composite spectrum every 2 set: 1 second to digitize 
and average 70 spectra and 1 set to store the averaged spectra on tape. A slower 
data rate of one spectrum every 3 set was a!so used and allowed averaging of 140 
spectra_ Migher data rates could be achieved with a faster mass storage device such 
as a disc. A maximurn of 332 averaged spectra can be stored on tha cassette tapes per 
experiment. The third cassette is used to hold the BASIC interpreter and programs. 

Ctrromrrk~gr&~ic equipmePrt_ A Tracer (Austin, Texas, U.S.A.) Model 5000 
pneumatic amplifying pump was used in this study. The column used was 250 x 

3 mm LD. stainkss steel packed with Partisil 10 (Whatman, Clifton, N.J., U.S.A.). 
The cohrmn output was connected to an g-p1 LDC (Laboratory Data Control, Riviera 
Beach, Fla., U.S.A.) flow cell. Only one tlow cell was used. The second was blocked 
so that no radiation passed through it. Jnjections were made with a lO-,EJ high- 
pressure syringe (Precision Samplin,, = Baton Rouge, La., U.S.A.) via an injector fab- 
ricated from a SwageIok Union T and a PTFE-lined septum. The pump was operated 
at pressure ranges of 800-1600 p.s.i. corresponding to flow-rates of 0.53-1.30 ml/mm. 

Friar to the injection of the sample, a spectrum ;s recorded with the light beam 
blocked. This spectrum is subtracted from all subsequent spectra to correct for the 
kite dark current of the diodes. A reference spectrum of the mobile phase is also 
recorded at the beginning of each experiment and used for the calculation of absor- 
bance for the data spectra.. FulEsc& absorbance is specified by ‘he operator via a tele- 
type. The chromatogram at a desired singfe wavelength is displayed in real time on a 
storage oscihoscope. At the completion of an experiment any one of a number of data 
processing programs can be used to display absorbance or Grst derivative spectra at 
selected times, or a pseudo three-dimensional chromatogram (i.e., time verszcs wave- 
Iengtb verm absorbancej. Chromatograms at additional single wavelengths can also 



be displayed either in absorbance or dA/dA tits. Deriv&ive spectra are generated 
*&.h a 9-point quadratic/cubic least squares smoot’hing fiction*‘. AlI absorbance 
spectra znd chrom2to~ms can be smoothed with 2 9-point quadratic/crrbic feast 
squzres function after acquisition of the entire record, to further reduce noise. The 
known absorption peaks of a hohniti oxide filter were used to calibrate the spec- 
trometer in the wavelength axis. 

Reagents 
In one study the mobile phase was spectra-analyzed heptane and the solutes 

were benzene, benzyl chloride, and anisole. These were purchased from various 
sources 2nd were of reagent grade. The solutes were mixed in a 2: L :I (benzene- 
benzyl chloride-anisole) r&i0 and diluted as needed with the mobile phase. Table I 
shows the amour&s of e2ch soiute at the two dilutions used in the experiments; 1 or 
2 ~1 of each mixture were icjected. 

FABLE I 

AMOUNTS OF EACH SOLUTE IN HEPTANE (i&A) 

So hte Dilution 

I :250 I :i500 

Benzene 176 29 
Benzyl chloride 110 18 
Anisole 100 17 

UV-absorbing amino acids were also used as solutes, with distilled dionized 
water 2s the mobile phase. Phenylalanine (Phe) acd tryptophan (Trp) were purchased 
from Sigma (St. Louis, MO., U.S.A.). The standards were made with 0.72pg/@ of 
Phe and 4.2 pg/$ of Trp. An 8-,ul volume of a 1: Z mixture of the standards wi?s in- 
jected. 

RESULTS AND DISCUSSION 

The system first studied contained the 1:250 mixture of benzene, benzyl chlo- 
ride, and anisole as solutes, and heptane 2s the mobile phase. Spectn were recorded 
every 2 sec. Fig. 1 shows the chromatogram at 254 nm as obtained on the osciilo- 
scope at 0.02 a.u.f_s. Fig. 2 shows a pseudo three-dimensionai chromatogram of these 
components. Full-scale zbsorbauce wzs 0.05, so that the plot could be fitted on the 
ch.zrt paper of an X-Y recorder. Although the plot shows that the thee components 
are separated, qualitative identication is difikuit beczuse of the large differences in 
absorbance; in fact, in Fig. 2, benzeae is barely noticeable. Individual spectra at the 
retention time of each solute (Figs. 32-c) allowed a more conclusive ide&ikation of 
the components. The retention order of benzene, be-1 chloride, and anisole wasalso 
confinned by eluting pure soiutes. The fine structure of anisole is clearly visible in 
Fig:2. The noise in the benzene spectrum (Fig. 32) should be noted; the scale is 0.005 
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Fig. 1. SmooUxd cEm~matogram of benzene (first peak), bemyt chloride (second peak), and anisole 
(third peak). Detected at 2.54 nm. 0.02 a.u.f.s. *_ \ 

Fig. 2. Tir-dimensiona~ repnzse&ztion of the cImxnatogvn in Fig. 1. 0.05 a.u.f.s. 

au. Neverthekss, the fine structure is still observed. Benzyl chloride .md an_isoIe have 
very high absorbames at low wavelengths, as can be seen in Figs. 2, 3b and 3~. 

Absorbance chmmatogmms at the maximum wavelength of each component 
(i.e., in-the range of250-280 m) cm be used to optimize the evzduation of peak shape, 
area, and retention time. However, since the spectra of benzene and benzyl chloride 
are similar, and both are overlapped by anissle, this approach provides only a small 
mount of additional infom2tion about the system. An increased amount of infoma- 
tion can be obtained from the derivative sm, Le., d.A/ciA versus 1. 
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Fig. 3. (a) Spectrum of the benzene peak in Fig. 1.0.005 a.u.f.s. (b) Spectrum of the benzyl chloride 
pk in Fig. 1. 0.02 a.u.f.s. (c) Spectrum of :he anisole peak in Fig. I. 0.05 a.u.f.s. 

The derivative spectra of each component (Figs. 4a-c) show that each has at 
Ieast one wavelength where dA/d2_ passes through zero. Although the derivative plot 
for benzene is noisy, there is no difficultjr in finding the zero point of the peak. By 
plotting the value of dA/dl IWSUS time at these zero crossing wavelengths, each com- 
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Fig. 4. (a) Derivative spectrum of benzene. 0.001 derivative units full scale (d.u.f.s.). (b) Derivative 
spectmm of benzyl chloride. 0.002 d.u.f.s. (c) Derivative spectrum of anisole. 0.01 d.u.f.s. 

ponent can be effectively elimioated or cieconvoluted from the chromatogram. At 
273 nm the benzene derivative is zero. A dA/d% chromatogram at this wavelength 
(Fig. 5a) shows only the benzyl chloride and anisole peaks. At 246 nm (the zero cross- 
ing point of anisole) the dA/di! chromatogram (Fig_ 5b) shows a small negative peak 
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for benzene and a positive peak for benzyl chloride; the &sole peak is aLmost totally 
eliminated. The benzyl chloride peak can similarly be eliminated by plotting the dA/dl 
chromatogram at 254 nm (Fig. SC). To our knowledge, this is the first report of piot- 

Fig. 5. (a) dA/ti wrsus time at 273 nm. The first peak represents benzyl chloride, the second anisole. 
(b) dA/ti versus time at 246 nm. The first (negative) peak represents benzene, the second (positive) 
henzyi chloride. (c) dA/rC. wrsus time at 254 nm. The negative peak represents anisole. 



RAPID SCANNING DIODE ARRAY AS LC DETECTOR 323 

ting dA/dd vaiues versus tune at a given wavelength. As seen, and as will be shown. this 
is a powerful tool which can be of great use in the case of complex chromatograms. 

To evaluate the noise level and sensitivity of the system better, data were ob- 
tained with the 1:1500 dilution mixture of benzene, benzyl chloride, and anisole at 
0.005 a.u.f.s. The chromatogram at 254 nm, recorded in real time, for this mixture 
(Fig. 6a) shows the benzyl chloride and anisole peaks clearly, but the benzene peak is 
below the noise level. The peak-to-peak noise in the plot due to the diode array, source 
flicker, and source drift is less than 0.0005 a-u. The points on the top part of the figure 
represent negative noise. Once smoothed, the chromatogram improves considerably, 
e.g., Fig. 6b. The small shouIder on the anisole may be due to an impurity; however, 
this point was not investigated further. It should be mentioned that the spectrometer 
was originally designed for other studies and some of the optics used in this work were 
not enclosed. Thus, the results shown in Fi,. * 6 are very good indeed. Improvement in 
the optics should allow for better baseline stability and greater sensitivities. 

The system was then tested with a mixture of phenylalanine and tryptophan 
using water as the mobile phase. The conditions of the experiment were purposely 

Fig. 6. (a) Real time chromatogram at 254 nm of benzyl chloride and aniso!e. 0.005 a.u.f.s. (b) 
Smoothed chromatogram. 0.005 a.u.f.s. 



324 M. J. MILANO, S. LAM, 3% GRUSE-KA 
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0 

Fig. 7. (B) Chromatogram at 259 nm of a mixture of tryptophan (first peak) and phenylaIanine 
(second pezk). Mobile phase, water. 0.05 2.u.f.s. (A) Same chromatogram at 289 nm. 

adjusted for an incomplete separation of the components. Spectra were recorded at 
3-set intervals, each composite spectrum being an ensemble average of 140 spectra. 
A smoothed chromatogram of this mixture at 259 nm and 0.05 a.u.f.s. (Fig. 7A) 
shows two unresolved peaks at 250 and 368 sec. At 289 mn, the second peak dis- 
appears (Fig. 7B). A spectrum at the maximum of each peak was then obtained in 
order to try to identify the components. The Grst spectrum (Fig. Sa) at 250 set can 
be easily identiiied as tryptophan, but the second spectrum at 368 set appears to be a 
mixture of several spectra. From Fig. 78, it can be seen that tryptophan is almost 
completeIy eluted from the column at 447 sec. The spectrum at this time (Fig. 8b) 
more conclusively identifies the second peak as phenylalanine. Retention times found 
for the pure components verified these assignments. 

Fig. S. (a) Spectrum of the first peak in Fig. 7a at 246 sec. 0.1 a.u.f.s. (b) Spectrum ofthe second peak 
in Fig. 7a at 447 sec. 0.02 a.u_f_s. I 
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Fig. 9. Derivative spectrum of the Try-Phe mixture. 
(d) at 450 sec. 

(2) at 224 set; (b) at 240 set; (c) at 366 set: 

Derivative spectra were also generated from these data in an effort to further 
deconvolute the overlapping peaks. an attractive feature of using derivative spectra 
in this manner is that spectra of the isolated components are not required. -Fig. 9 
shows plots of the Erst derivative spectra at selected times in the chromatogram. Al- 
though the oscilloscope photographs are not very clear, spectra at short times have a 
common zero crossing point at 256 nm. If it is assumed that the leading edge of the 
first chromatographic peak is due only to tryptophan, then a piot of the value of dA/ 
dA at 256 run versns time should have only one peak namely, phenylalanine. This 
dA/dil chromatogram (Fig. 10) does show the phenylalanine peak more clearIy, and 
the tryptophan peak has been eliminated. The retention time from the derivative chro- 
matogram is 385 sec. There is, however, an additional small negative peak at 293 sec. 
This negative peak was at Grst thought to be noise due to the large-scale expansion. 
Closer inspection of the original absorbance chromatogram at 259 nm (Fig. 7) re- 
vealed a shoulder on the tryptophan peak at this retention tune, thus indicating that 
the negative peak in Fig. 10 is real and is probably due to an impurity. The identity 
of the peak was not investigated further. 

In summary, it is seen that a UV monitor with photodiode array can be used as 
a detector in LC. The low-volume flow cell, ability to signal average, and elimination 
of mechanical scanning components, allows operation with the sensitivities needed 
in modern LC. The availability of spectra rather than absorbance at a single wave- 
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length allows better identikation and qrnantitation of the solutes.- This additional 
information can also be used for decomolu$iok of ov&lapped peaks by plotting ab- 
sorbance or fkst derivative absorbance chromato~grams at various wavelengths. 
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