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High Performance Liquid Chromatography 

in 

Veterinary Toxicology 

~< 
Thomas R. Covey and Jack D. Henion 

New York State College of Veterinary Medicine 

Equine Drug Testing and Research Program 

Cornell University 

925 Warren Drive 

Ithaca, NY 14850 

INTRODUCTION 

Since the late 1960's, high performance liquid chrom

atography (HPLC) has performed an increasingly important 

role as a separative analytical "technique. Its range of 

application is far wider than that of gas chromatography 

which makes it attractive to those disciplines that require 

the capability to analyze a diversity of compound in a var

iety of matrices. The field of veterinary toxicology is 

such an area. Veterinary toxicology laboratories must have 

the capability to identify and quantify compounds from many 

different classes of toxicants. This demand requires a wide 

range of analytical capabilities so that inorganic, vola-

205 
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206 COVEY AND HENION 

tile organic, and complex high molecular weight toxicants 

can all be quickly determined. The matrices from which the 

analytes must be separated are frequently complex; typical

ly feeds, biological fluids, and tissues. Often clues as to 

the nature of the analyte are lacking in the sample history 

requiring methods that can screen for many classes of com

pounds. This review attempts to bring together those report

ed applications of HPLC to veterinary toxicology. 

At the 1983 Cornell University Conference for Veter

inarians, Buck (1) presented data from the Animal Poison 

Control Center (APCC) at the University of Illinois which 

classified the reported poisonings to domestic animals ac

cording to their frequency of occurance in 1982. This re

view addresses separately those important classes of tox

icants outlined by Buck for which HPLC methods applicable 

to veterinary toxicology have been reported. 

The methods have been restricted to the analysis of 

feeds, tissues, biological fluids and ingesta as these re

present the majority of those samples submitted for diag

nosis. Methods which target particular compounds are dis

cussed first within each section followed by the very im

portant but all too scarce multiresidue procedures which 

allow for the screening of samples for a wide range of 

compounds. 

In this regard, the use of the mass spectrometer as 

a detector for the HPLC has unexcelled potential. Identifi

cation of the eluting peaks can be rapidly made based on 

standard comparison and/or structural information derived 
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from the mass spectrum. The information obtained can pro

vide unambigious confirmation of a toxicants' presence 

which is extremely valuable both for diagnostic and legal 

purposes. The marriage of HPLC and the mass spectrometer 

has not come as easily as that of the gas chromatograph 

207 

and the mass spectrometer but great strides have been and 

are continuing to be made toward overcoming the difficul

ties with the interface. It is the authors' opinion that 

combined liquid chromatography mass spectrometry (LC/MS) 

shows great promise for the analytical toxicology labora

tory. For this reason a separate section is presented devot

ed to a overview of the development of LC/MS interfaces in 

our laboratory and the application of the technique to pro

blems of forensic interest. 

Organophosphates 

APPLICATIONS 

Insecticides 

Organophosphate insecticide poisoning represents the 

largest single class of compounds reported to produce tox

icity in animals in 1982 in the U.S. (1). Methods of anal

ysis include gas liquid chromatography (GLC) and thin layer 

chromatography (TLC). However, thermal lability is frequent

ly a problem in GLC. Sensitivity and specificity are often 

compromised with TLC. HPLC methods have been reported to 

be used to analyze for several organophosphorous insecti

cides. 

Azinphosmethyl (Guthion) has been determined by HPLC 

as a residue in crops by a method minimizing the sample 
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cleanup procedure. A C18 Sep-Pak clean up of the methylene 

chloride extract was used prior to analysis on a C18 column 

with acetonitrile/H20 elution and UV detection. The pest

icide and its oxygen analogue were quantitated in the low 

ppm range. Recoveries were reported to be 75-100%. Thirty 

nine commonly used pesticides were shown not to co-chroma

tograph with the oxygen analogue but three did co-elute 

with the parent azinphosmethyl (2). 

Multiresidue HPLC methods have been used to simultane

ously separate five of the phenylphosphonothionate esters, 

their oxygen analogues, and degredation products from rat 

liver microsomal preparations (3). A RP-8 column was employ

ed with a methanol: 5% glacial acetic acid gradient (1%-

95%) with quantification in the low nanogram range using a 

UV detector. The insecticides analyzed were leptophos, des

bromleptomphor, EPN, cyanogenphos, and EPBP. 

Carbarbamates 

During 1982, 15% of the reported animal poisonings 

by insecticides were attributable to the carbamates (Buck 

(1), 1983). The N-methyl carbamates are widely used as home 

and garden type insecticides and are thus the cause for a 

large number of poisonings in household pets. The carba

mates are difficult to analyze by classical GC methods re

quiring derivatization and elevated temperatures. They can, 

however, be efficiently separated by HPLC. Many of the car

bamates do not absorb sufficiently in the UV region which 

was a limiting factor in developing methods for this class 

of compounds until the application of post-column fluro-
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metric labeling techniques (4). Carbaryl (Sevin) is one of 

the more common carbamate insecticides widely used as an 

agricultural and forest spray in addition to having home 

and garden applications. DeBeradinis et al. (5) have deve

loped a fluorescence RP HPLC method to simultaneously quant

itate carbaryl and its hydrolysis product, l-napthol, from 

whole blood, plasma, and urine. An internal standard, napro

pramide, has been incorporated into the assay for quantita

tion in the 50-2000 ppb range. 

A method for the determination of carbaryl in crops 

was developed by Lawrence (6). The acetone extract of the 

blended sample was partitioned into methylene 

chloride: hexane and concentrated for cleanup on a Florisil 

column. The fraction containing the insecticide could eit

her be directly analyzed on a normal phase silica column 

with UV detection or derivatized with dansyl chloride for 

fluorescence detection. Ten ppb carbaryl could be detected 

after derivatization and 30-50 ppb could be detected with

out derivatization. Recoveries at 0.1 ppm average 90%. 

Carbofuran is a carbamate insecticide widely used in 

agriculture which occasionally becomes a cause of animal 

intoxication. Carbofuran and its main metabolite, 3-hydro

xycarbofuran, have been quantitatively determined in rape 

seed plants using RP HPLC. Isocratic elution of the C18 

columns with methanol:water (2:7) and UV detection allowed 

levels at 2 ppm to be detected. The cleanup procedure was 

extensive involving two extractions and two carbon-silica 

columns (7). 
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Krause (8) has developed a multiresidue HPLC method 

for oxime and phenyl N-methylcarbamate insecticide resi-

dues. Aldicarb, bufencarb, carbaryl, carbofuran, methio

carb, methomyl, and oxamyl and four metabolites (aldicarb 

sulfone, aldicarb sulfoxide, 3-hydroxycarbofuran, and meth

iocarb sulfoxide were simultaneously determined. The method 

uses methanol and ultrasonic homogenizers to extract field 

incurred residues. Water soluble plant co-extractives and 

non-polar plant lipid materials are removed by liquid

liquid partitioning. Additional crop co-extractives are 

removed cusing a charcoal silanized Celite column. The 

carbamates are determined using a C8 column eluted with an 

acetonitrile: H20 gradient and post-column fluorometric 

derivatization. Recoveries were reported to be 95-100% at 

the 0.005 ppm level for all the residues except aldicarb 

sulfoxide which averaged 55%. 

Rodenticides 

Sodium fluoroacetate (Compound 1080) is a intensely 

poisonous rodenticide and predacide used in control of the 

rat, prairie dog, and predators. Malicious and accidental 

poisoning in non-target species is relatively common. Ray 

(9) has developed a method for detection of 1080 in vomi

tus, gastric contents and bait using HPLC. Chemical derivat

ization using O-p-nitrobenzyl-N -N -diisopropylisourea 

(PNBDI) was necessary for UV detection. Sample workup in

volved a methyl ethyl ketone extraction followed by a Sep

Pak C18 elution. Recoveries were greater than 70% at the 
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1 ppm level. A normal phase silica column was used eluting 

with 5% methyl ethyl ketone in 2,2,4-trimethyl pentane. 

Figure 1 demonstrates the complexity of the matrices 

often encountered in veterinary toxicological analysis. It 

was recommended that unknown samples be run spiked and un

spiked to ensure that recovery from the particular biologi

cal matrix is satisfactory, since the nature of the gastric 

content varies considerably from animal to animal. 

Another procedure for the determination of sodium 

fluoroacetate in poison baits was developed involving the 

formation of a fluorescent derivative with 4-bromomethyl-

7-methoxy coumarin (10). A distillation cleanup procedure 

was described which overcomes extraction difficulties. A 

reversed phase C-8 column eluted with acetonitrile: ethyl 

acetate: H20 (9:2:2) was used to perform the analyses. 

Detection limits were described as being .2 ng per 100 ul 

of injection with 83-99% recovery. 

Warfarin is a typical anticoagulant rodenticide with 

vitamin K antagonistic properties. As a class the anticoa

gulant rodenticides accounted for 8% of the reported poison

ings to domestic animals (1). A method for the analysis 

of warfarin in serum or plasma was reported utilizing a 5 

micron silica analytical column and a simple dichlorometh

ane extraction. The detection limits using UV detection 

were reported to be 50 ppm (11). 

Improved sensitivity for the determination of warfarin 

and its metabolites was achieved through the use of post 

column acid/base manipulation to enhance fluorescence. Nor-
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Figure 1. Typical chromatograms for HPLC analysis of 1080 
as PNBFA in canine stomach contents: (left) 20~g 
standard 1080: (middle) blank content: (right) 

content spiked with lppm 1080. 

mal phase chromatography using a cyanobonded phase column 

provided detection limits in the low nanogram range in 

plasma and urine (12). 

The anticoagulant rodenticide brodifacoum has been 

determined by HPLC in animal tissue and fluids (13). Clean-

up involved methylene chloride extraction followed by an 

aluminum oxide column. Detection limits of 50 ppb were 

achieved using fluorescence detection and a reversed phase 

C18 column. 

A method to determine the rodenticide chlorophancinone 

in tissues using a polar amino bonded phase column has been 

developed (14). Acetonitrile extraction and Florisil column 

cleanup gave recoveries greater than 95%. Acetontrile:H20 

was used for the analysis with the lower limit of detection 

at 4 ppb. 

Acenocourmarin is another anticoagulant rodenticide 

with vitamin K antagonistic properties. A method for quanti-



HPLC IN VETERINARY TOXICOLOGY 213 

tative determination in plasma using C18 reversed phase 

chromatography and UV detection was developed (15). Using a 

single solvent extraction of the plasma a lower limit of 

detection of 15 ppb was reported. 

Another commonly encountered anticoagulant rodenticide 

that has been analyzed by HPLC is phenprocoumon. Dichloro

methane extraction from plasma or urine followed by C18 

reversed phase Chromatography and UV detection allowed for 

quantitation of 20 ppb in urine and 100 ppb in plasma (16). 

Strychnine intoxication represented 1.1% of the report

ed animal poisonings in 1982 (1). Crude preparations of 

Strychnos nux-vomica are sometimes used in malicious poison

ing cases and contain brucine as well as strychnine. Ray 

(17) reported HPLC conditions to detect and quantitate both 

alkaloids. Approximately 2 ng of strychnine and 5 ng of 

brucine could be detected by this method with UV absorbance 

and a dual channel detector. The procedure was used to con

firm the presence of strychnine in ingesta, urine, and 

baits. A strychnine intoxication was also confirmed by a 

LC/MS procedure (see Glass Capillary Split Effluent DLI 

LC/MS) . 

A multiresidue procedure for the four coumarin anticoa

gulant rodenticides brodifacoum, difenacoum, coumatralyl, 

and warfarin was developed for analysis of liver and stom

ach contents. A relatively simple procedure involving sol

vent extraction and Sep-Pak cleanup was used. A two step 

HPLC method was devised involving a separation on a porous 

silica size exculsion column from which brodifacoum, dif-
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enacoum, and coumatralyl co-elute. The fraction containing 

the co-eluents was collected for separation on a normal or 

reversed phase column. Warfarin resolved on the first col

umn. The method was found satisfactory for serum, liver, 

brain, muscle, stomach, or rumen contents from several 

species. Recoveries of 80-100% were reported. Fluorescence 

detection allowed detection limits to approach 1 ppb for 

brodifacoum, difenacoum, and coumatralyl and 50-100 ppb 

for warfarin (18). In this procedure the use of a multi

dimensional HPLC procedure could possibly circumvent the 

fraction collection step (See Multidimesional LC/MS). 

Herbicides 

Herbicides represent 4.2% of the reported poisonings 

in 1982 (1), A figure surprisingly low considering the 

ubiquitious nature and potent toxicity of many of theses 

compounds. Chlorosulfuran is a commonly used broad spectrum 

weed killer. A HPLC method was developed to determine the 

herbicide in grain, straw, green plants, and cereals (20). 

The cleanup procedure involved ethyl acetate extraction 

and size exclusion chromatography. Recoveries of 60-100% 

and detection limits of .01 ppm were reported. 

An HPLC procedure was reported for the determination 

of residues of the herbicide glyphosate and its metabolites 

in crops utilizing a water extraction and cation exchange 

cleanup (21). Post column fluorogenic labeling with O-phth

alaldehyde-mercaptoethanol allowed .05 ppm to be easily 

detected. Recoveries average 60%. The analytical separation 
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utilizes an ion exchange column eluted with .09 H3P04:.0lM 

H2S04. 

Residues of difenzoquat were quantitated with an on

line enrichment method using a 7cm ClO pellicular column 

in place of the loop injector. The herbicide was eluted 

onto the C18 analytical column with the HPLC mobile phase 

consisting of 60:40 acetonitrile: H20 + potassium dihydro

gen orthophosphate. UV detection was used to quantitate 

levels as low as 5 ppb (22). 

The presence of the phenoxyacetic acid herbicide 2,4-D 

in addition to warfarin and chlorpyrifos were verified in 

plasma and tissue of a poisoning case by HPLC (23). The 

sample was directly analyzed after dilution with buffer 

and centrifugation. A reversed phase C18 column was used 

eluted with acetonitrile:methanol:phosphate buffer. Use of 

an internal standard and UV detection determined the con

centration in the plasma of the herbicide to be 60ug/ml. 

Substituted phenyl urea compounds are widely used as 

selective herbicides in agriculture. A multiresidue method 

for the direct analysis of corn and other crops for eight

urea herbicides was developed by Lawerence (24). The sam

ples were extracted with acetone, partitioned with hexane: 

methylene chloride, and further extracted with methylene 

chloride. After a Florisil column cleanup the evaporated 

residues were analyzed on a normal phase silica column with 

UV detection. Recoveries were greater than 80% in most 

cases. All the ureas could be detected and confirmed in 

the matrices studied at .05-0.1 ppm 
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An alternative multiresidue procedure for the determi

nation of eight substituted phenyl urea herbicides in 

grains has been reported (25). A C18 analytical column is 

used for the analysis with a mobile phase of methanol:H20: 

NH3. A one step extraction procedure afforded recoveries 

of 85-95% at the .5 ppm level. The lower limit of detection 

was estimated to be 0.2 ppm using UV detection. Figure 2 

shows the chromatogram of the simultaneous analysis of all 

eight herbicides in a grain extract. 

A multiresidue method for the determination of seven 

herbicides in rice field waters has been developed. Simul

taneous determination of Bentazon, 2,4-D, MCPA, Propanil, 

Molinate, and Drepamon was accomplished on a C8 column elut

ed isocratically with acetonitrile: 2M sodium acetate buf

fer (pH 4.0). Detection limits with UV monitoring of .01-

.03 ppm were achieved (26). 

Another multiresidue analysis of animal feed incor

porating a Sweep-Co distillation apparatus for purification 

was developed by Eichner (27). The chromatographic separa

tion was performed on a C8 column using a complex meth

anol:H20 gradient elution pattern and quantitation with a 

UV spectrometer at variable wavelengths. Simultaneous analy

sis of 36 herbicides, 2 metabolites, and 3 insecticides was 

reported. 

Feed Problems 

Adverse effects to animals resulting from a feed pro

blem can often be traced to the feed being improperly form-
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Figure 2. Typical chromatograms obtained from injections 
of wheat extracts: (a) unfortified, and (b) fort
ified with phenylurea herbicides at 2 mg/kg. 
1, monuron; 2, monolinuron: 3, metabromuron; 
4, chlorotoluron; 5, diuron; 6, linuron; 7, 
chlorbromuron; and 8, chloroxuron. 

ulated or to the incorporation of toxic substances into 

the plant material used for feed. For instance, excessively 

high concentrations of vitamins, due to mistakes during 

feed formulation, can lead to toxic syndromes (28). Under 

certain environmental conditions some feed crops can over-

produce toxic substances such as the plant estrogen coume-

strol which could lead to reproductive problems (29). 

A HPLC procedure to diagnose both hyper and hypovitam-

inosis A by measuring retinol levels in serum, tissue, and 
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milk samples was developed by Stowe (30). After hexane ex

traction a normal phase silica column with flourescence 

detection was used. The elution was run isocratically with 

hexane: chloroform 60:40. 

Occasionally toxicity due to excessive concentration 

of vitamin D3 in the feed has been reported (31). Ray (32) 

developed a method for analysis of livestock feed which 

involved collecting the impure vitamin D3 fraction eluted 

from a normal phase silica column, and completing the separ

ation by injecting the fraction on a C18 column. Figure 3A 

shows the normal phase chromatogram marked where the frac

tion was collected. Figure 3b shows the completed analysis 

on a C18 column. This type of analysis can be achieved on

line by a heart cutting technique which traps the peak of 

interest from the first column in a loop injector and re

injects it onto a second column (see multidimensional 

LC/MS). Recoveries averaging 90-96% with quantitation in 

the low ppm range was reported. 

Coumestrol is a plant estrogen found in many forage 

crops. High levels of estrogenic substances in feeds can have 

severe biological effects (29). Lookhart (33) developed 

an HPLC method to quickly identify and quantitate possible 

estrogens in feeds. Reversed phase chromatography using 

a C18 column, methanol:H20 eluent, and fluorescene detec

tion allowed for quantification in the low ppb range. 

Mycotoxins 

The mycotoxins accounted for 2.2% of the reported 

cases in 1982 (1). The route of exposure of animals to 
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Figure 3. (A) Chromatogram of feed extract containing vita
min D, normal phase ).lPorasil column. Volume of eluate 
collected for reverse phase chromatography 
is indicated on chromatogram. (B) Chromatogram 
of fraction from normal phase column on a rever
sed phase ).lBondapak C18 column. 

these compounds is predominately through the consumption 

of feeds that have molded or spoiled. Some of the mycotox-

ins pose additional concern because they leave residues 

in the tissues of the animals and present a potential 

health hazard to the consuming public. 

Methods for the determination of aflatoxins by HPLC abound 

because of the importance to public health to monitor for 

the presence of this carcinogen and because the method of 

choice for analyzing samples containing aflatoxin is by 

HPLC. Aflatoxin determinations are done by both reversed 

and normal phase techniques; the relative merits of the 

two procedures are discussed by Pons (34) and Beebe (35). 

The two examples discussed here were chosen because of 

their applicability to animal feeds and products. 

Gregory (36) reported a reversed phase HPLC procedure 

that would permit the determination of parent aflatoxin 
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in the various f~ and conjugated metabolites in animal 

tissues. Several extraction steps followed by a salica acid 

column cleanup were required. The extracts were treated 

with trifluoroacetic acid (TFA) to induce fluorescence, 

chromatographed on a C18 column, and eluted with H20:acetoni 

trile: methanol. Figure 4 is an extract of beef liver show

ing the highly fluorescent derivatives (M 2a , G2a , and B2a 

and the corresp·onding unreacted parent aflatoxins (G 2 , and 

B2 ) after TFA treatment. The lower limit of detection of 

the parent aflatoxin was 1-5 pg with quantitation of the 

extracts in the sub ppb range. 

A method for the determination of aflatoxins in animal 

feeds down to 2.5 ppb was reported by Cohen (37). Samples 

were extracted with acetonitrile:H20 and cleaned up using a 

Sep-Pak silica cartridge. Recoveries of 82-99% were report

ed. The trifluoroacetic acid induced fluorescence technique 

was employed for the analysis using a C18 column. Aflatoxin 

levels could be reported in less than 30 minutes using this 

procedure. Aflatoxins have been analyzed by combined 

liquid-chromatography/mass spectrometry. Details of the 

procedure are presented in this review in the Glass Capil

lary DLI Micro LC/MS section. 

Penicillic acid is a mycotoxin which can occur in high 

concentrations in corn and has reported carcinogenic acti

vity. A reversed phase HPLC method was developed by Hanna 

(38) for determining penicillic acid residues in chicken 

tissues. Optimization of chromatographic conditions was 

achieved using a mobile phase consisting of acetonitrile: 
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Figure 4. Typical chromatograms of beef liver extracts 
(TFA treated). Left = recovery s~mple (M?a,.B Z GZa=lng/g; BZ' GZ = 0.3 ~g/g); R~ght = unsp~kea. 

water with detection by UV absorption. Sample preparation 

involved acid treatment of the homogenized tissues followed 

by ethyl acetate extractions. Extraction efficiencies were 

reported to be 80-105% with quantification in the low ppb 

range. 

Zearalenone is a mycotoxin that has recently been des-

cribed as an important contaminant in corn crops. The pre-

sence of zearalenone in feedstuffs can result in reproduc-

tive disorders in many classes of livestock (39). Cohen 

(40) has described an HPLC method to determine zearalenone 

in animal feeds at levels as low as .01 ppm. An extensive 
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cleanup procedure is described involving solvent extrac

tions, Sep-Pak silica cartridge purification, and Sephadex 

LH-20 column chromatography. Separation was achieved on a 

amino (NH2) bonded phase column using fluorescence detec

tion. Recoveries at levels of .01-1.0 ppm averaged greater 

than 90%. Figure 5 shows a chromatogram of an animal feed 

sample containing .01 ppm zearalenone. 

Two procedures for the analysis of zearalenone (41,42) and 

one for the analysis of plasma (43) have been described. 

In the procedure described by James (41) liver samples were 

extracted with methylene chloride and cleaned up on a Sepha

dex LH-20 column. Normal phase chromatography using a sil

ica column and UV detection was used to achieve detection 

limits of 28 ppb. Turner (42) reported a reversed phase 

system for the analysis of zearalenone in chicken tissues. 

Using a C18 column and UV detection the assay could yield 

quantitative results in the 50-200 ppb range. A three step 

solvent extraction cleanup procedure was done with recov

eries averaging 82-95%. 

Trenholm (43) described a HPLC method for the quant

itative determination of zearalenone and its metabolite 

zearalenol in plasma. A C8 column was used with fluore

scence detection. A three step solvent extraction procedure 

gave recoveries averaging 76-101% on samples in the low ppb 

range. The limit of detection was .6 ng/ml blood plasma. 

Satratoxin G and Hare trichothecene fungal toxins 

that at times contaminate livestock feed and cause toxi

city. A method for their detection and quantitative deter-
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Figure 5. Chromatogram of animal feed sample with 0.01 
ppm added zearalenone. 

mination in grains has been described by Stack (44). The 

toxins were extracted with methanol:H20, cleaned up on a 

silica gel column and chromatrographed on a microparticulate 

silica column with UV detection. The recoveries averaged 

65-70% with the lower limit of detection at 200 ppb. 

A rapid multimycotoxin screening method for mixed feeds 

was reported by Howell (45). The analysis allowed for the 
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determination of aflatoxin BI,B2,GI,G2, zearalenone, and 

ochratoxin by HPLC using fluorescence detection. Detection 

limits of all the toxins were I ppb. The sample preparation 

is described as simple and rapid involving a chloroform:H20 

extraction and Sep-Pak silica cartridge cleanup. Recov

eries ranged from 70-90% for the six mycotoxins. 

Fungicides 

Fungicide intoxications accounted for 57 reported 

cases to the APCC hotline (1). A method to determine the 

fungicidal agents pentachlorophenol and tetrachlorophenol 

in animal tissues has been report (46). Ion-pair extraction 

followed by a silica Sep-Pak cleanup was used to prepare 

the samples for analysis. A porous silica column with meth

anol as the eluent was used for the determination. Detec

tion limits of I ppb were achieved by measuring UV absor

bance. Recoveries of the analytes from the tissue extracts 

averaged 90-100%. 

Quantitative determination of captan, captifol, and 

folpet residues in crops could be done using a gel chroma

tography cleanup procedure (47). The fungicides could be 

simultaneously determined on a cyano bonded phase column 

using UV detection. Limits of determination were .02-.05 

ppm with 75-120% extraction efficiencies. 

A multiresidue procedure for determining residue of 

biphenyl, benomyl, carbendazim, 2-phenylphenol, and thiaben

dazole in citrus crops was developed by Farrow (48). Sam

ples are extracted by refluxing with dilute HCL and frac-
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tionated by different extraction procedures. The fungicides 

were determined by using both normal and reverse phase met

hods in the low ppm range. 

Ethylene Glycol 

The palatability of ethylene glycol and its ubiquitous 

presence as a commercial antifreeze make it a common cause 

of poisoning in dogs. In 1982, 55 poisonings were reported 

to the APCC that were cause by ethylene glycol consumption 

(1) • 

Hewlett (49) reported a HPLC method for the diagnosis 

of ethylene glycol intoxication based on the determination 

of glycolic acid, a metabolite which accumulates to a suf

ficient concentration with adequate half-life for reliable 

detection. Urine and serum are extracted with methyl ethyl 

ketone and the concentrated extract is derivatized with 

O-p-nitrobenzyl-N-N~diisopropylisourea (PNDBI). The deriva

tives are chromatographed on a 5 micron silica column with 

16% methyl acetate in isooctane as the eluent. UV absor

bance was monitored and recoveries averaged 94-98%.Figure 

6 is a chromatogram of the glycolic acid derivatiye stand

ard (PNBG), spiked serum, and control serum. 

Zootoxins 

Toxins of animal origin such as snake venoms and in

sect toxins are often large complex molecules and as such 

are not amendable to gas chromatography. HPLC is a logical 

choice but few reports of its use as a diagnostic tool in 
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this area exist. Cantharidin is one zootoxin of veterinary 

importance that has been determined by HPLC. Cantharidin 

is the toxic principle in the three stripped blister beetle 

which can be trapped in alfalfa hay during the bailing pro

cess and lead to fatal poisoning of horses, cattle, and 

sheep. Ray (50,51) has developed a HPLC procedure for deter

mination of cantharidin in body fluids, ingesta, and tis

sues of poisoned animals. An extensive extraction procedure 

was required to cleanup samples for analysis. A normal 

phase silica column was used to analyze the p-nitroben

zyloxime derivative (CAN-PNB) which was formed to enhance 

UV detection. Dioxane (9%) in hexane was used as the elu

ent. Quantitative analysis was done in the low ppm range. 

Figure 7 is a chromatogram of derivatized pony urine. Mea

surement of the peak height ratios of 254 and 280 nm offer 

additional evidence of peak identity. 

Avicides 

Avitrol (4-aminopyridine) has been used for more than 

a decade as a bird repellent in problem areas such as corn

fields, cattle feedlots, processing plants and airports. 

Ray (52) has described conditions of 4-aminopyridine toxi

cosis in horses and established methods of extraction, 

identification, and quantification for this compound using 

TLC and HPLC. Corn bait, stomach contents, and liver were 

analyzed with a C18 column after methyl acetate extraction. 

The analysis was done isocratically with methanol:l% acetic 

acid and monitored by UV absorbance. Approximately .25 ng 

of 4-aminopyridine could be detected by this method. 
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Figure 7. Chromatogram of derivatized extract of pony 
urine after feeding the animal with 5.3g of 
dried blister beetles. CAN-PNB = p-nitrobenzylo
xime of cantharidin. 



HPLC IN VETERINARY TOXICOLOGY 

Medications 

Occasionally undesirable or even toxic and fatal re

actions to therapeutic agents occur. The combined reports 

of intoxication to animals from both veterinary and human 

medication totaled 14.5% of all the reported poisonings 

229 

to the ACPP in 1982 (1). This points out that adverse drug 

reactions comprise a substantial number of diagnostic prob

lems. An additional concern is the accumulation of drug 

residues in the tissue and products of food producing 

animals. Some examples where LC has been (is) used to deter

mine drugs that pose both toxicity and residue problems are 

described below. 

As widely used drugs, the sulfonamides occasionally 

present adverse therapeutic reactions. Most cases involve 

inadvertant overdosage resulting in renal crystallization. 

Some cases involve violative residues of these drugs in 

tissues primarily as a result of inadequate withdrawal 

periods from mediated feeds. Stringham (53) developed a 

HPLC method for sulfonamide drugs in feeds and premixes 

using dimethylaminobenzaldehyde (DMAB) as a post-column 

derivatizing agent. This derivative permits 

analyte detection at a wavelength where interfering sub

stances are minimized. Thus, only a simple cleanup proce

dure was required involving a .15N HCL in 25% methanol ex

traction followed by filtration and analysis on a C18 

column. Recoveries averaged 95-99% at low ppm concentra

tions. 

A HPLC method for the determination of sulfamethazine 

in pork tissue by was reported by Cox (54). A cleanup proce-
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dure involving a three step extraction and elution from an 

XAD-2 column with methanol gave recoveries of approximately 

85%. The drug was reliably quantitated at 0.1 ppm on a C18 

column with UV detection. 

A simple reversed phase HPLC method was described for 

the determination of sulfanitram and Dinsed in variety of 

feed premixes and formulations (55). A single solvent ex

traction followed by filtration constituted the cleanup 

procedure. Acetonitrile:H20 was the mobile phase for the 

separation on a C18 column. Commerical feed formulations 

containing .02~05ppmof the drug were analyzed by this 

method. 

A recent trend in HPLC analysis has been toward the 

use of microbore columns offering advantages of solvent 

economy, high mass sensitivity, and high speed separation. 

Eckers (56) demonstrated the utility of this technique for 

sulfa drug analysis achieving detection limits of less than 

20 pg. For further discussion of the micro HPLC technique 

and sulfadrug analysis see the Glass Capillary Total Ef

fluent DLI micro LC/MS section, the Diaphragm Split Ef

fluent DLI LC/MS section, and the LC/MS/MS section. 

Adverse reactions among the antibiotics usually in

volve hypersensitivity or anaphalactic episodes. Oxytetra

cycline sometimes elicits cardiovascular responses which 

are manifested as acute collapse and sometimes death in 

both cattle and horses. An assay capable of detecting .25 

ppm concentrations of oxytetracycline, chlorotetracycline, 

and tetracycline in plasma, urine, and tissues was develop-
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ed (57). An extraction proceedure incorporating phenylbut

azone as an ion-pairing reagent significantly improved ex

tractions efficiencies over previous methods, consistently 

being greater than 95%. A C18 column was used for the anal

ysis eluted with an acetonitrile:H20 mobile phase with the 

pH adjusted to 2.1-2.4. 

Chloroamphenicol is a useful antibiotic but has been 

associated with a variety of adverse effects. Cats are part

icularly sensitive occasionally exhibiting reversable 

ataxia and posterior paralysis. A reversed phase method 

has been developed to determine chloroamphenicol and its 

succinate ester in biological fluid (58). A C18 column elut

ed with methanol:H20:acetic acid was used with UV detec

tion. Dilution of serum samples with acetonitrile was the 

only sample preparation used. The limits of detection were 

0.5 and 0.2~g Iml for chloroamphenicol and its succinate 

ester respectively with extractions efficiencies of 96-

103%. 

A sensitive, quantitative method has been described 

for the analysis of hydrochlorothiazide in equine plasma 

and urine using trichlorothiazide as an internal standard 

(59). Samples were extracted with ethyl acetate and cleaned 

up on convenient microcolumns made from Pasture pippettes 

and porous polypropylene wicks cut to serve as a frit for 

the microcolumn. A normal phase silica column was used for 

the analysis eluting with chloroform:methanol and with de

tection at 254nm. Figure 8 shows the practicle minimum de

tectable limit for hydrochlorothiazide in urine at 25 
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8. HPLC Chromatograms of extracts of a zero-hour 
equine urine (left) and a zero hour equine urine 
spiked with 25 ng/ml hydrochlorothiazide (right) 
This level of HCT in urine represents the prac
ticle minimum detectable limit. 

ng/ml. Trichlorothiazide has also been analyzed by LC/MS 

techniques. See Diaphragm Total Effluent DLI micro LC/MS. 

Other drugs covered in this review can be found in the 

HPLC/MS section. Specifically, for promazine (and meta

bolites) and fentanyl see Glass Capillary DLI micro LC/MS; 

for diphenylhydantoin see Glass Capillary Split Effluent 
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DLI LC/MS; for corticosteroids, reserpine, indomethacin, 

furosemide, phenylbutazone, and oxyphenylbutazone see Dia

phram Split Effluent DLI LC/MS; for butorphanol see 

LC/MS/MS; for antibiotics and corticosteroids see Diaphram 

Total Effluent DLI micro LC/MS; for corticosteroids see 

LC/LC/MS; and for reserpine and leucine enkephalin see 

thermospray LC/MS. 

HIGH PERFORMANCE CHROMATOGRAPHY/MASS SPECTROMETRY 

One of the more intriguing analytical methods develop

ed over the past decade has been the combination of liquid 

chromatography and mass spectrometry (LC/MS). The LC/MS 

development has been of particular interest because it com

pensates for the lack of versatility in conventional liquid 

chromatography (LC) detectors and also complements the im

portant role played by gas chromatography/mass spectrometry 

(GC/MS) in organic analysis. Although the chemist would 

like to utilize the same analytical benefits found in 

GC/MS, the combination of LC/MS is not as naturally compat

ible as GC/MS. The problems involved with the development 

of a practical LC/MS system are several orders of magnitude 

more difficult than those of ~C/MS, and all the interfaces 

developed ~o far require some compromise in the normal op

erating mode of either the liquid chromatograph, the mass 

spectrometer, or both. 

Despite the many obstacles facing the combination of 

the mass spectrometer and the liquid chromatograph, several 
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interfacing techniques have emerged. In an effort to pro

vide effective LC/MS systems, these techniques are contin

ually being developed and applied with varying degrees of 

success to difficult organic analyses. The purpose of this 

review is to describe briefly various examples reported 

thus far which afford LC/MS results from actual veterinary 

forensic toxicology samples. In all cases LC/MS was utiliz

ed because the analytes were not amenable to GC analysis 

due to thermal instability, their highly polar nature or 

the necessity for complicating derivatization reactions. 

This review deals only with continuous, on-line LC/MS 

systems. There are many examples of off-line procedures 

that have provided useful data which may be difficult to 

obtain using continuous LC/MS methods (such as field desop

tion or high resolution mass spectrometry). Nevertheless, 

it is felt that the term "combined LC/MS" should be used 

only when the combination provides a real-time chromato

graphic profile of the peaks eluted from an LC column. 

It would be best if the LC/MS interface did not inter

fere with the conventional operation of either the liquid 

chromatograph or the mass spectrometer. In practice all 

the techniques that have been proposed impose some restric

tion on one or another of the components. The success of 

any process selected depends upon the sample involved and 

the type of information required. The ideal operating para

meters place formidable demands on both the LC system and 

the mass spectrometer. If one operating parameter is essen

tial, then the partial or complete sacrifice of some other 

operating parameter is usually necessary. 
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The two most difficult obstacles to overcome for suc

cessful LC/MS are the severe flow imbalance between the 

LC eluant as it is vaporized upon entering the mass spectro

meter and the vaporization of low-volatility or thermally 

labile samples. Most of the proposed LC/MS techniques have 

been designed to obviate or effect a compromise with re

spect to large differences in volume flow of gas or vapor 

between the two instruments. Only minimal attention has 

been directed toward the tolerance of the interface to buf

fers or ion-pair reagents, the maintenance of high system 

sensitivity, or the vaporization of low-volatility samples. 

Direct Liquid Introduction Overview 

The most straightforward way to introduce an LC efflu

ent to a mass spectrometer is to split the effluent stream 

and directly inject only that amount of solvent which can 

be tolerated by the mass spectrometer. This method was 

first suggested by Tal'roze (60) in 1968. Because an elec

tron impact (EI) source was used, the fraction of sample 

utilized was considerably less then 0.1%; thus the method 

did not attract immediate attention. McLafferty et al. 

(61,62,63) realized that increased sample yield could be 

attained if the split was directed into a chemical ioni

zation (eI) mass spectrometer since it could accept at 

least 1-2 orders of magnitude more effluent. The merits 

of the direct liquid introduction (DLI) interface to a CI 

system have since been recognized and examined by several 

other laboratories. The direct inlet interface is currently 
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available as a commercial LC/MS system from Hewlett-Packard 

[Palo Alto, California (64)] and Nermag, [France (65)]. 

There are two basic interface designs that have been 

used for DLI LC/MS. In the earlier systems LC effluent was 

passed to the ion source using a capillary tube (61, 63). 

In some designs the tip was further restricted, while in 

others the flow was reduced or controlled by means of a 

thin coaxial wire in the capillary (66). The capillary tube 

technique is relatively easy and economical to fabricate 

but has a important disadvantage; low-volatility solutes 

may be deposited in the tube due to pre-evaporation of sol

vent. This difficultly is avoided by replacing the capil

lary tube with a pinhole orifice place directly adjacent to 

the ion source. The total effluent from the LC flows past 

this orifice and out of the interface. The small, accept

able amount of effluent is thus passed through the orifice 

into the mass spectrometer. Cooling water may be provided 

to prevent vaporization of the solvent and high vapor flow 

tnrough the aperture into the ion source. 

Melera has described the Hewlett-Packard DLI interface 

(64, 67). The probe is inserted through a vacuum lock so 

that it is in direct contact with the ion source. Because 

of the large quantities of solvent that pass into the mass 

spectrometer, a cryogenic trap (cold fingers) is provided 

in the source region to supplement the normal CI pumping 

system. Samples can enter directly from the column or via 

an auxiliary detector placed in series. They in turn pass 

through a cavity which contains the orifice leading to the 
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mass spectrometer. The orifice consists of a small hole 

in a replaceable diaphragm and would normally be about 5-15 

microns in diameter. The exact value is selected to be ap

propriate for the solvent viscosity. Approximately 0.3-3% 

of the effluent from a typical LC run (flow 1 mL/min) en

ters the CI source where the solvent acts as the CI reagent 

gas. The cooling water maintains the solvent in a liquid 

state as the effluent passes close to the heated ion source. 

The split effluent DLI LC/MS interface was quite suc

cessful although not well received or extensively utilized. 

This was due at least in part to a "wait and see" attitude 

by many researchers who were not convinced that LC/MS was 

a viable, routine analytical technique. Since the practical 

detection limits by split effluent DLI LC/MS were not suit

able for trace level toxicological studies, in 1976 we in

itiated studies to allow introduction of the total LC efflu

ent from a micro HPLC into a CI mass spectrometer. This 

approach, if successful, should increase the on-column de

tection limits for micro LC/MS by a factor of 100 because 

all of the injected sample would be transferred to the mass 

spectrometer. 

Our initial micro LC/MS experiments utilized the same 

glass capillary probe interface which had been used for 

split effluent LC/MS experiments (68). However, with the 

advent of the Hewlett-Packard diaphragm probe interface 

we developed a new micro LC/MS diaphragm probe interface 

patterned after that developed by Melera (67). This device 

has been used extensively by us for several years 
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(69,70,71), ana _~ now commercially available from Hewlett

Packard (72). Micro LC/MS was until recently the only way 

to achieve high sensitivity (low ppb) by LC/MS. However, an 

entirely new approach to ionization of samples has emerged 

that offers a new method of LC/MS. This has been called 

"thermospray LC/MS" by Vestal at the University of Houston 

(73,74) and ion evaporation by Irabarne and Thomson of the 

University of Toronto (75). Thermospray LC/MS utilizes con

ventional LC flow rates of 1-2 mL/min, benefits from ionic 

modifiers such as ammonium acetate, and produces abundant 

molecular weight information from labile, high molecular 

weight compounds. Reports of detection limits equal to or 

better than micro LC/MS have appeared without the need to 

adopt micro LC techniques. Currently thermospray LC/MS is a 

very exciting addition to our knowledge of how to achieve 

sensitive, general purpose LC/MS suitable for problem solv

ing. The following examples of drug and toxicological stud

ies utilizing LC/MS show results obtained from the ap

proaches to LC/MS described above. 

Although many examples of LC/MS have been reported 

using the techniques described other than in the preceding 

section, we have confined our experience to the DLI method. 

The reasons for this choice include: (1) ease of accomplishing 

LC/MS with conventional CI MS hardware, low cost, ease of 

obtaining CI data often preferred for drug analyses, and 

compatibility with aqueous reversed-phase LC eluents. This 

paper serves to review our work with DLI LC/MS of drugs 

and their metabolites with both conventional LC, the newer 

micro LC columns, and more recently thermospray LC/MS. 
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Glass Capillary Split Effluent DLI LC/MS 

In many of the liquid chromatography/mass spectrometer 

(LC/MS) systems reported to date (76), considerable effort 

has been expended to build or modify elaborate equipment 

to accomplish LC/MS. Although the appoaches already describ

ed have shown that routine LC/MS may be realized in the 

near future, only a few have been readily implemented on 

a versatile, commercially available mass spectrometer/data 

system without extensive modification of the mass spectro

meter. We have described the combination of LC/MS/COM sy

stem on an unchanged, commercially available quadrupole 

mass spectrometer (69). This method has been used on five 

different mass spectrometers which are routine service in

struments and five differenct liquid chromatographs. All 

instrumentation can be returned to routine service at the 

completion of LC/MS experiments. 

Our goal with this modification of the DLI method of 

LC/MS was to demonstrate the method's compatibility with a 

standard chemical ionization quadrupole mass spectrometer. 

One can thus avoid the costly modifications that have been 

reported as associated with altering the inlet system or 

the ion source, or increasing the pumping speed in the ion 

source region. In addition, the considerable high voltage 

arcing problems and dangerous electrical conductance 

through the capillary associated with magnetic sector in

struments are avoided when a quadrupole mass spectrometer 

is utilized. The success of our efforts suggests that any 

group with the appropriate laboratory equipment can inter-
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face their mass spectrometer to a liquid chromatograph 

with a minimum of investment time or money. 

Our first reports described the use of an all-glass 

capillary "probe interface" that was designed to fit direct

ly into the unchanged solids probe of the Finnigan Model 

3300 (Fig. 9). This system provided LC/MS results utilizing 

a variety of LC eluents with drug-related materials unsuit

able for GC/MS analyses. The heart of this interface was 

a glass capillary that was inserted into the solids probe 

inlet of the mass spectrometer. This allowed the transfer 

of approximately 1% of total LC effluent directly into the 

ion source under chemical ionization conditions. 

Typical DLI LC/MS results using this method provided 

the CI-LC/MS spectra shown in Fig. 10. The underivatized 

drugs were analyzed using 25/75 methanol/pentane as mobile 

phase. This reagent gas mixture generates CI mass spectra 

with considerably less fragmentation of these molecules 

than observed when acetonitrile/water reagent gas is used. 

As discussed earlier, this behavior appears analogous to 

that observed when isobutane is used as the chemical ion

ization reagent gas in conventional chemical ionization. 

The abundant (M+l)+ ions displayed in Fig. 10(a-d allow 

unambiguous confirmation of molecular weights of these mat

erials. 

The CI-LC/MS mass spectrum of the anticonvulsant drug 

diphenylhydantoin [Fig. 10(b)] readily displays its quasi

molecular ion at m/z 253 when subjected to chemical ioni

zation by the reagent gas 25/75 methanol/pentane. As indi-
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Figure 10. LC/MS chemical ionization mass spectra of (a) 
mefenamic acid, MW 241; (b) dilantin, MW 252; 
and (c) meclofenamic acid, MW 295, using 25/75 
methanol/pentane as LC eluent and chemical ion
ization reagent gas. 
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cated in Fig. 10(b), the lack of abundant fragment ions 

suggests that the ion source temperature of 2500 C does 

not dramatically influence fragmentation of the molecule 

or its protonated molecular ion. We find that the use of 

the methanol/pentane as eluant/reagent gas offers a useful 

intermediate choice which provides unambiguous molecular 

weight data with relatively little fragmentation. 

Figure 11 shows the CI-LC/MS mass spectrum of a compon

ent found in the stomach contents of a suspect strychnine

poisoned dog. The optimum LC conditions for separating strych-

nine from endogenous stomach components were establish-

ed off-line on a C18 octadecylsilyl column. An LC eluent 

consisting of 60/40 acetonitrile/water containing 1% acetic 

acid and 0.5% ammonium acetate buffer provided good separa

tion and resolution of strychnine. When the majority of 

endogenous components had eluted from the LC column as det

ermined by prior LC experiments, LC/MS COM data acquisition 

commenced. This experiment provided the CI-LC/MS mass spec

trum of strychnine presented in Fig. 11, which is identical 

to that obtained from an authentic sample of strychnine 

(not shown here) run under the same conditions. The (M+l)+ 

ion at m/z 335 has over 10% relative abundance and signifi

cant fragmentation ions are observed. This experiment demon

strated the feasibility of using buffers in LC/MS experi

ments providing the buffers or their thermal degradation 

products are volatile enough to be removed from the MS 

vacuum system. 

Although the glass capillary probe LC/MS interface 

described earlier provides useful LC/MS CI mass spectral 
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Figure 11. LC/MS mass spectrum of strychnine from the stom
ach contents of a poisoned dog. 

results, the large split ratio of LC effluent sacrfices 

LC/MS sensitivity. These experiments usually required 1-5 

micrograms of material injected on-column to obtain useful 

full scan LC/MS results. The technique of selected ion mon-

itoring (SIM) can provide up to 100-fold increase in sen-

sitivity by significantly increasing the integration time 

for selected ions in the mass spectrum. 

Glass Capillary DLI Micro LC/MS 

The detection limits achieved by the procedures de-

scribed in the preceding section still do not match those 

routinely available by GC/MS, and SIM experiments lack the 

unique specificity afforded by a complete mass spectrum. 

It would be desirable to avoid the large LC effluent split 

necessary in these experiments which utilize conventional 

HPLC pumps and hardware. Conventional high-performance liq

uid chromatographs are usually operated at eluent flow rate 
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of 0.5-2 mL min- 1 The direct liquid introduction of total 

reversed-phase LC effluent from these liquid chromatographs 

into a mass spectrometer ion source is not practical due 

to the pumping limitaions of most mass spectrometers 

(77,78). Several recent reports have appeared which des

cribe the use of both microbore packed columns (79) and 

capillary open tubular columns (80). These instruments op

erate at eluent flow rates from 2-40 ~L min- 1 , which are 

ideal for the DLI approach to LC/MS if the mass spectro

meter is equipped with a cryopump (78). The limitations of 

this "micro" LC/MS approach include the rather small sample 

sizes and extended analysis time. We have demonstrated that 

these problems are more than offset by substantially in

creased sensitivity obtained from total effluent DLI micro 

LC/MS (81,82). 

The use of micro LC/MS appeared recently (81). Tak-

euchi et al. described the utilization of a jet separator 

interface (83) to enrich the sample prior to introduction 

into the mass spectrometer. Later reports utilized a vacuum 

nebulizing interface (84,85) which significantly improved 

the versatility of the LC/MS system used by these workers. 

These experiments involve specially designed, complex hard

ware and do not appear to provide full-scan mass spectra 

at the low nanogram levels which are necessary for ident-

ification of trace level components. 

Rottschaefer et al. have reported impressive CI DLI 

micro LC/MS results from studies of pharmaceuticals at 0.1 

to l~g levels (86). We have obtained comparable results 
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using the same approach. Attempts to optimize the sensiti

vity of the technique have provided low nanogram full scan mass 

spectrum detection capabilities of drugs, steroids, and 

toxins. Details of the equipment and applications are as 

follows. 

A JASCO Familic-IOO equipped with a 250-~L syringe 

pump, a UVIDEC - 100 variable wavelength spectrophotometer 

(UV), and a 0.3~ ~L quartz capillary flow cell (JASCO Inc., 

Easton, Maryland) was used (Fig. 12). The micro LC column 

was a 0.5 mm i.d. X 1.5 rom o.d. X 5 cm long polytetrafluor

oethylene (PTFE) tube filled with 10~ m silica ODS SC-Ol 

from JASCO. The exit of the UV cell was attached directly 

to a glass capillary interface probe (0.075 mm i.d. X 6.25 

mm o.d. X 25 cm; (Wilmad Glass Company, Inc., Buena, New 

Jersey) described previously (77). 

The JASCO micro LC and its associated detector are 

located as close as possible to the interface to minimize 

elution time to the MS (Fig. 12). A convenient removable 

connection is made by inserting a piece of metal tubing 

(0.3 mm i.d. C 0.5 mm o.d. X 2 cm) into the connecting PTFE 

tubing near the connector union. This connection facili

tates disconnecting the UV detector when removing the 

glass capillary from the MS. 

The use of micro HPLC for chromatographic separation 

may cause some skepticism from those familiar with conven

tional HPLC. As with all analytical techniques, micro HPLC 

has its limitations. Since most workers are quite familiar 

with the characteristic of HPLC, only the important differ

ence between HPLC and micro HPLC are mentioned here. 
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Figure 12. Schematic drawing of the JASCO micro LC/MS sys
tem: (1) pump: (2) 250- ~L gas-tight syringe; 
(3) PTFE tubing, 0.5 mm i.d.; (4) sample inlet; 
(5) micro column; (6) UV variable wave-length 
detector; (7) micro UV cell; 0.3-~ volume; (8) 
stainless steel capillary; (9) PTFE tubing; (10) 
glass-to-teflon connector; (11) glass capillary 
micro LC/MS probe; (12) direct insertion probe 
inlet of MS; (13) CI mass spectrometer ion 
source. Note the close proximity of the UV exit 
and the micro LC/MS glass capillary probe. 

In general, the detection limits of micro HPLC appear 

to be greater than those of conventional HPLC (87). If a 

variable wavelength detector is used on each instrument 

and all other instrumental and sample parameters are kept 

constant, the 0.3- ~L micro UV cell (0.5 mm i.d.) detector 

usually yields minimum detection limits (MDL) 10 times 

greater than our Perkin Elmer (Norwalk, Connecticut) LC-55 

detector of 6- ~L cell volume and 1.35 mm i.d. The latter 

monitors a Waters Associates ALC-202 HPLC system. Conven-

tional HPLC systems yield peak volumes of 0.5-2.0 mL depend

ing upon eluent flow rate and the efficiency of the column. 

Peak volumes in micro LC are usually 10-30 ~L and provide 

a more concentrated "solution" passing through the UV de-
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A limitation of micro HPLC is the availiable injection 

volume. As with capillary GC techniques, the micro HPLC 

column operates more efficiently if injection volumes are 

small. One-microliter injections are readily accommodated 

while larger injection volumes can cause reduced chromato

graphic performance. Of course, wide-bore HPLC columns al

low larger injection volumes and therefore offset the dil

ution factors of the latter. 

To give some idea of the chromatographic difference 

between micro HPLC and conventional HPLC, reference is made 

to the separation shown in Fig. 13. The UV traces shown in 

Fig. 13(a)-(c) show the effect upon the separation of three 

sulfa drugs caused by varying the micro LC eluent from 

26/74 CH3CN/I% acetic acid, to 24/76 CH3CN/l% acetic acid. 

The rather small eluent change noted here considerably im

proves the separation of the last two sulfa drugs. This 

phenomenon is not uncommon with conventional HPLC and ser

ves to demonstrate an important similarity between micro 

LC and the latter. 

The CI micro LC/MS mass spectra of low nanogram 

amounts of the potent toxin aflatoxin B1 , the narcotic anal

gesic fentanyl, and sulfamethazine are shown in Fig. 14, 

panels (a)-(c), respectively. The LC/MS total ion current 

profile (TICP) and extracted ion current profiles (EICP) 

(71), allow comparison of component peak shapes with UV 

detector traces. The micro LC/MS data shown in Fig. 14 were 

obtained using 20/80 CH3CN/H20 (8 ~L/min) as the micro HPLC 

eluent CI reagent gas. As seen from the data in Fig. 14, 
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Figure 13. JASCO micro LC UV chromatograms showing the sen
sitvity to separation of 1% changes in eluent 
composition on three sulfa drugs. The eluent 
composition is shown above each chromatogram. 
The flow rate was 8 ML/min on a 0.5 mm i.d. X 
10 cm SC-01 Ct8 column. The sulfa drugs were 
in elution oraer, sulfadiazine, sulfisoxazole, 
and sulfadimethoxine. 

the LC/MS mass spectra are comprised of abundant (M+1)+ 

ions and some fragment ions. These data can be helpful for 

characterizing the molecule especially when other analyti

cal data are available. 

Figure 14(a) shows the CI micro LC/MS mass spectrum 

for 45 ng of aflatoxin B1 using a micro LC eluent of 20/80 

CH 3CN/H20 flowing at 8~ L/min. The minimum detectable limit 

(MDL) for this toxin, under the experimental conditions 

used, was 0.9 ng for full-scan conditions and 20 pg for 
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Figure 14. Micro LC/MS CI mass spectra of (a) 45 ng of afla
toxin B ; (b) 10 ng fentanyl, and (c) 3.5 ng 
sulfame~hazine. The micro LC eluent/CI reagent 
gas was 20/80 CH1CN/H20 for (a) and 40/60 CH3CN/
H20 for (b) and TC). 

selected ion monitoring. These detection limits are suffi

cient for the confirmation of toxic levels of aflatoxins 

found in foods and feeds. 

The CI micro LC/MS mass spectrum of the narcotic anal

gesic fentanyl was obtained using micro LC conditions of 

40/60 CH3CN/H20 at 8 ~L/min. The abundant (M+l)+ at m/z 

337 readily reveals the molecular weight for this molecule. 

In addition, weak fragment ions were observed at m/z 261, 
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245,205,186 and 150. The m/z 150 may be derived from intra

molecular proton transfer to the protonated N-propionyl-N

phenyl moiety followed by cleavage of the N-piperdine bond. 

This fragment ion combined with the abundant (M+l)+ allows 

specific S1M detection for trace levels of fentanyl. 

The CI micro LC/MS mass spectrum for 3.5 ng of sulfa

methazine shown in Fig. 14(c) was obtained using 40/60 CH3-

CN/H20 at a flow rate of 8)l L/min on a 0.5 mm i.d. X 5 cm 

C18 ODS PTFE micro column. This sulfa drug is not amenable 

to routine GC/MS analysis without suitable derivation. Mass 

spectral information is usually obtained for this sulfa 

drug by direct insertion probe (DIP) methods for samples 

obtained from preparative HPLC or TLC. E1 ionization often 

provides little or no evidence for the molecular weight 

of this drug due to the instability of its molecular ion, 

which undergoes facile cleavage of the central sulfonamide 

bond. Figure 14(c) shows the quality of mass spectral data 

obtained from the CI micro LC/MS analysis of 3.5 ng of sul

famethazine. Since HPLC is probably the method of choice 

for chromatographic separation of sulfonamide drugs in bio

logical samples, micro LC/MS is a natural candidate for 

the separation and confirmation of these materials. 

The CI/isobutane mass spectrum shown in Fig. 15(a) was 

obtained from authentic promazine. ALthough it is well 

know that parent promazine may be analyzed by GC and GC/MS 

without derivatization, its several oxidized metabolites 

preclude assay by these methods due to their thermal instab

ility or polarity. For example, one suspected promazine 
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Figure 15. (a) CI/isobutane mass spectrum of promazine ob
tained via direct insertion probe sample intro
duction, and (b) micro LC/MS CI mass spectrum 
of the N-oxide equine urinary metabolite of ad
ministered promazine obtained using 50/50 CH

3
CN/ 

H20 as micro LC eluent/CI reagent gas. 

metabolite found in equine urine (88) appeared to be an 

N-oxide according to its IR and TLC behavior. NMR data sup

ported the tertiary acyclic N-oxide structure shown in Fig. 

15(b). Since DIP analysis using CI/isobutane provided the 

abundant (M+l)+ ion for parent promazine [Fig. 15(a)), it 

was hoped that verification of the molecular weight of the 

suspected promazine N-oxide metabolite could be made in an 

analogous manner. However, only weak ion abundances for 

the molecular weight of the N-oxide metabolite could be 

obtained using conventional CI and EI techniques with large 

sample quantities. This was presumed due to the well-known 

expulsion of the oxygen atom from N-oxides under thermal 
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(89) and ionizing conditions (90). The mass spectral stud

ies of the proposed N-oxide promazine metabolite at trace 

levels using conventional DIP CI methods consistently pro

duced a mass spectrum identical to that of parent promazine 

[Fig. 15(a)). 

The CI micro LC/MS mass spectrum of the promazine meta

bolite is shown in Fig. 15(b). This spectrum reveals the 

abundant m/z 285 ion that was observed in the DIP experi

ments, but there is also an m/z 301 ion of 18% relative 

abundance. This ion was the most definitive mass spectral 

support for the molecular weight of 300 for the proposed 

N-oxide metabolite. The m/z 240 ion may be derived form 

loss of the protonated tertiary N-oxide moiety, but the 

m/z 200 is of unknown origin. 

The presence of the m/z 301 (M+1)+ ion observed in 

the C1 micro LC/MS mass spectrum, Fig. 15(b), suggests a 

relatively mild ionization environment under these DLI LC/MS 

conditions. It is believed that the desolvation of the sol

ute molecule is not entirely complete and that the ionized 

solute molecules do not experience the usual thermal seve

rity (2500 C) of the ion source chamber. This is a general 

experimental phenomenon and has been reported by others. 

A recent report (91) demonstrated a method of analysis 

for sulfadimethoxine by S1M GC/MS after suitable derivat

zation. The authors' preliminary experiments analyzing sul

fadimethoxine by micro LC/MS suggest that this method could 

preclude the necessity of successive derivatizations of the 

polar sulfonamide drugs. The mass spectrum shown in Fig. 
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9(a) was obtained from the micro LC/MS analysis of 3.5 ng 

of sulfadimethoxine using 60:40 CH3CN/H20 at 8~ L/min on 

an SC-01 column. The abundant fragment ion at m/z 156 pro

bably results from cleavage of the sulfonamide bond follow

ing protonation of the gaseous molecule. THe weak fragment 

ion at m/z 246 may result from the rather interesting expul

sion of S02 plus hydrogen atom following initial protona

tion. This same loss occurs in the conventional CI mass 

spectrum of sulfadimethoxine (91) and other sulfa drugs. 

During the course of these micro LC/MS studies of sul

fadimethoxine the presence of an apparent (M+15)+ ion was 

observed at m/z 325 using 60:40 CH3CN/h20 as the micro LC 

eluent and CI reagent gas. Similar phenomena have been ob

served using conventional LC/MS. Since one possible source 

of the apparent "methylation" is the acetonitrile molecule, 

the micro LC eluent was changed to 60:40 CD 3CN/D 20. After 

equilibrating the SC-01 micro LC column with 60/40 CD 3CN/ 

D20 eluent, 10 ng of sulfadiemthoxine was injected on

column, and the micro LC/MS mass spectrum shown in Fig. 

16(b) was obtained. The most abundant high-mass ion was 

m/z 315. If a simple "deuteration" has occurred in this 

experiment, analogous to the protonation which produced 

the (M+1)+ ion at m/z 311 in Fig. 16(a), a m/z 312 ion 

would be expected in Fig. 9(b). The m/z 315 observed pro

bably results from an initial rapid exchange of the three 

acidic hydrogens in sulfadimethoxine with deuterium atoms. 

This would produce sulfadimethoxine d 3 , with a molecular 

weight of 313. When the CI conditions present in the mass 
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spectrometer ion source transfer a deuterium ion to this 

molecule via an ion-molecule reaction, the resulting pro-

duct ion would be the m/z 315 observed. Thus micro LC/MS 

255 

conditions as described here allow the rapid determination 

exchangeable hydrogen atoms as has been described in prev

ious alternative methods (92). It is interesting to note 

that the significant fragment ions m/z 156 and 246 observed 

in Fig. 15(a) are similarly moved three atomic mass units 

(m/z 159 and 249) and reflect the exchange of three hydro-

gens for three deuterium atoms. 

The presence of the m/z 328 ion in Fig. 16(b) does not 

support the m/z 325 in Fig. 16(a) as being derived from the 

methylation of sulfadimethoxine by the methyl group of the 

acetonitrile eluent/reagent gas. An m/z 331 ion would have 

been expected from the micro LC/MS experiment using 60/40 

CD 3CN/D 20. This would have resulted from the addition of 

CD 3 + to the deuterium-exchanged parent drug (MW 313). 

The origin of the m/z 325 and 328 ions in Fig. 16(a) 

and (b), respectively, appears to be derived from the sim

ple protonation of a small amount of methylated sulfadimeth

oxine impurity in the sample. Subsequent micro LC/MS exper

iments verify that parent and methylated sulfadimethoxine 

do not separate under the micro LC conditions used. The 

methylated sulfadimethoxine molecule would produce the m/z 

325 ion observed in Fig. 16(a) by simple protonation. Under 

the micro LC/MS conditions of 60/40 CD3CN/D20, a rapid in

itial exchange by deuterium would produce d 2 methyl sulfa

dimethoxime (MW 326). This would yield an m/z 328 ion af-
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ter accepting a deuterium ion in the subsequent ion-mole

cule reaction. This has been demonstrated by the micro 

LC/MS analysis of pure sulfadimethoxine and its pure methy

lated derivative prepared by treatment with ethereal dia

zomethane (not shown here). Thus, not only is micro LC/MS 

amenable to the analysis of low nanogram amounts of sulfa

dimethoxine but it lends itself to detecting and confirming 

trace levels impurities. 

Diaphram Split Effluent DLI LC/MS 

Although the glass capillary LC/MS probe interface 

described previously provided useful results, routine LC/MS 

operation was sometimes jeopardized by unexpected obstruc

tion of the probe orifice and pre-evaporation of solvent 

exiting the probe tip. The removable metal diaphragm and 

cooled probe tip reported by Serum and Melera (64) offers a 

solution to both of these problems. A plugged diaphragm ori

fice can be readily opened by sonication, while water cool

ing of the probe tip eliminates any solvent evaporation 

problems. In addition, a cryogenic trap Nas constructed 

around the MS ion source to significantly increase pumping 

speed of the system (64). 

We have analyzed a wide variety of drugs and toxic 

substances by LC/MS using the diaphragm DLI probe. In the 

split effluent mode, however, the LC/MS sensitivity is 

still not comparable to modern GC/MS capability. Figure 17 

shows the TICP for successive injections of 5,1,0.5, and 

0.2 ~g of dexamethasone using 50% CH3CN/H20 at 1 mL/min 
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Figure 17. Diaphragm DLI Lc/MS split effluent TICP for suc
cessive injections of dexamethazone at the 5-~g 
g, l-~g, 500-ng, and 200-ng levels. These data 
were from full-scan (m/z 120-500) analysis of 
a 99/1 split and reveal the stability, repro
ducibility, and practical detection limit of 
this technique. 

flow. Clearly the system produced a strong signal when 5 g 

or I ~g of this steroid is injected onto the LC column and 

1% of the total effluent enters the MS. The 0.2-~g injec-

tion of dexamethasone represents the practical detection 

limit of the system under these conditions of operating the 

MS in the full-scan mode (m/z 100-500). The reproducibility 

and stability of the ion current, however, is quite accept-

able and should lend itself to quantitation studies. 
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Less volatile and/or polar molecules offer challenging 

problems and opportunities to LC/MS. Trichlormethiazide 

(TCM) and reserpine are particularly difficult to assay 

even by direct insertion probe MS methods. They have not 

as yet yielded satisfactory LC/MS results by capillary 

probe LC/MS, presumably due to pre-condensation in the 

glass capillary probe tip. The new DLI LC/MS interface eas

ily provides useful positive ion CI and negative ion CI 

mass spectra of these molecules. Ion current profiles for 

the LC/MS analysis of a mixture of 3.0 ~g each of TCM and 

reserpine under negative ion CI conditions are shown in 

Fig. 18. 

When the LC was connected to the CI MS, 0.5- to 3-~g 

injections of reserpine yielded strong, stable TICP and 

EICP Chromatograms in the positive ion CI mode (PCI). One 

obtains an abundant (M+l)+ ion at m/z 609 with the base 

peak at m/z 213 [Fig. 19(a)). In the negative ion CI mode 

(NCI) only a weak (M-l)- m/z 607 was observed, with m/z 

211 present as the base peak [Fig. 19(b)]. The sensitivity 

in the PCI mode for reserpine was nearly 10 times greater 

than in the NCI mode. 

The NCI LC/MS spectrum for TCM, however, revealed con

siderably greater sensitivity than did the PCI results 

(Fig. 20). The NCI maso spectrum of TCM displayed an m/z 

343 (M-36)- ion with several diagnostically useful frag

ment ions. In contrast, the sensitivity of a PCI mass spec-

trum for TCM was 100 times less. 

The minimum detectable limit (MDL) obtained for TCM 

by NCI LC/MS was 100 ng injected onto the column. The MDL 
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Figure 18. TICP and EICPs from the LC/MS analysis of 3 ~ 
g each of trichlormethiazide and reserpine using 
a conventional LC and the Hewlett-Packard DLI 
interface. LC eluent was 1 mL/min 95/5 CH3CN/H20 
using a 2 mm i.d. X 5 em C16 ODS column. 

for parent reserpine was 500 ng in the PCI LC/MS mode. 

These data were full-scan mass spectra beginning at m/z 

120 and could easily be improved by as much as 100 in the 

selected ion monitoring mode. 

The LC separation and continuous LC/MS monitoring of 

a mixture of five parent acid drugs is shown in Fig. 21. 

The uv trace in Fig. 21(a) shows the separation of sulfa-

methazine, indomethacin, furosemide, phenylbutazone, and 

oxyphenbutazone using a linear gradient of 40/60-60/40 CH3-

CN/l% acetic at a flow rate of 1 mL/min. Figure 14(b) shows 

the UV trace obtained from the LC/MS run in the NCI mode 
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Figure 19. Positive ion CI (upper) and negative ion CI 
(lower) LC/MS mass spectra of 3.0 ~g reserpine 
(MW 608). 

using the diaphragm DLI interface. Although the TICP trace 

indicates some tailing of one component into the subsequent 

peak, when an abundant ion in the mass spectrum of each 

drug is extracted out from the TICP, the chromatographic 

peak shapes become quite acceptable. 

The NCI mass spectra from the respective chromatograph-

ic components in Fig. 21 are shown in Fig. 22(a)-(e). These 

data indicate significant structural information from the 

fragmentation patterns and in most cases offer evidence 

of the molecular weight of the drug by the presence of 

(M-1)- ions. These data were obtained from 1- to 5-~g lev-
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Figure 20. NCI LC/MS mass spectrum for a 3 vg trichlormeth
iazide using 95/5 CH3CN/H20 at a flow rate of 1 
mL/min on a 2 mm i.d. X 5 cm CiS ODS column. 

els of the drugs in this mixture and are representative 

of the quality and extent of specific information available 

from such experiments. 

Although steroids have been analyzed by GC and GC/MS, 

the formation of suitable derivatives is often necessary. 

HPLC analysis of steroids in complex mixtures offers an 

alternative means of separating steroids from endogenous 

materials without the need to form derivatives. LC/MS lends 

itself nicely to the determination of steroids and their 

metabolites in biological samples. 

Figure 23 shows the TICP and EICP data from a NCI 

LC/MS experiment involving the injection of several ste

roids including dexamethasone and its major metabolite 

found in the horse. It can be seen from Fig. 23 that the 

steroids provide acceptable ion current signals in this 

LC/MS experiment, which utilizes 50% CH3CN/H20 at a flow 

rate of 1 mL/min. 
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Figure 21. NCI LC/MS TICP and EICP (al and UV chromatogram 
(bl for a mixture of five parent drugs, in elu
tion order: sulfamethazine, furosemide, oxyphen
butazone, indomethacin, and phenylbutazone. The 
LC conditions were linear 10-min gradient from 
40/60 - 60/40 CH3CN/l% ACOH at 1 mL/min on a 2 
mm i.d. X C 5 cm C18 ODS column. 
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Figure 22. Ncr LC/MS mass spectra of the five parent drugs 
shown in Fig. 21. 

The m/z 364 Ercp component at a retention time of 7.1 

min represents the M ion for the dexamethasone metabolite 

isolated from equine urine. The molecular weight of this 

substance was determined by LC/MS and the structure (I; 

Fig. 24) was corroborated by its NMR and IR spectra. Its 

PCI/NCI LC/MS mass spectra are consistent with structure I 

and actually are diagnostic for the D-ring cyclopentanone. 

A comparison of NCr LC/MS mass spectra of related steroidal 

lt1lt1l 
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100 
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Figure 23. NCI LC/MS TICP and EICPs for several corticost
eroids including dexamethasone and its major 
equine metabolite (peak 4). These data were ob
tained using 50/50 CH,CN/H20 at a flow rate of 
1 mL/min on a 2 mm i.a. X 5 cm C18 ODS column. 

ketones indicates a fragmentation behavior that appears 

specific for this structural feature. 

LC/MS/MS 

Although DLI LC/MS often provides the desired mole-

cular weight information from labile compounds, it frequent-
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Figure 24. Structure I is the major equine urinary meta
bolite of dexamethasone. 

ly offers only limited structural information. This results 

because the chemical ionization conditions are very mild 

and hence little excess energy is transferred to the ioniz

ed molecule. Unfortunately the analyst needs some fragment-

ation information to characterize or corroborate the struc-

ture of the analyte. 

An exciting new analytical technique is now available 

which appears to offer the unique combination of abundant 

molecular weight information plus the necessary fragment

ation for structural characterization. This technique is 

tandem mass spectrometry or mass spectrometry/mass spectro-

me try (MS/MS). Typically MS/MS analysis of samples is con-

ducted under mild ionization conditions such as chemical 

ionization (eI) or atmospheric pressure ionization (API) 

conditions. This usually provides just one abundant ion 

for each chemical component of a mixture which is indica-
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tive of the components' molecular weights. The tandem mass 

spectrometer can focus the parent ion of a specific chemi

cal component into an intermediate collision region where 

the parent ion collides with a neutral gas molecule. The 

result of this collision process is fragmentation of the 

parent ion into a family of "daughter ions" which are char

acteristic of the parent ion's structure. The daughter ions 

resulting from this "collision induced dissociation" (CID) 

are separated by the third stage mass analyser of the tan

dem mass spectrometer to produce a daughter ion mass spec

trum for the parent ion of a particular chemical component 

(93) . 

If the parent ion described above results from on-line 

LC/MS introduction of sample into the mass spectrometer 

the daughter ion mass spectrum produced is generated by 

a technique referred to as LC/MS/MS. We have evaluated the 

potential of this technique for the identification of sulfa 

drugs in equine plasma and urine (94). The acid extracts 

of urine and plasma when sulfa drugs are isolated from the 

biological samples by liquid-liquid extraction are chemical

ly very complex. Thus the "mixture analysis" capability 

of MS/MS should preclude exhaustive sample clean up. 

LC/MS/MS should provide identification of sulfadrugs from 

an LC chromatogram which contains unresolved interfering 

substances. In addition, a study was made to determine the 

extent of additional structural information available from 

LC/MS/MS over those results obtained from LC/MS. The inter

face used in this work was the Hewlett-Packard split ef-
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fluent diaphragm probe device described above, and the 

MS/MS was a Sciex TAGA 6000 API instrument (95). 
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The LC/MS mass spectrum of sulfamethazine SM has been 

described previously (69). The abundant (M+l)+ ion at m/z 

279 readily reveals the molecular weight of this sulfa drug 

but lacks any real specificity because there are so few 

fragments ions. It is this dearth of PCI LC/MS fragmenta

tion that prompts our interest in LC/MS/MS. 

The collisionally induced dissociation (CID) mass spectrum 

of SM shown in Figure 25 was produced by focusing the 

(M+I)+ ion, m/z 279, in Ql' performing CID with nitrogen 

gas on this ion in Q2' and separating the resulting daugh

ters with Q3. This CID or LC/MS/MS mass spectrum provides 

significantly more structural information than the coven

tional PCI LC/MS mass spectrum. In addition, the triple 

quadrupole allows one to observe fragment ions appearing 

throughout the low mass portion of the mass spectrum which 

is not possible in DLI LC/MS due to the presence of abun

dant ion molecule products resulting from the LC/MS react

ant gas. 

A comparison of LC/MS extracted ion current profiles 

(EICP) with the UV trace obtained from the LC separation of 

three standard sulfa drugs is shown in Figure 26. The UV 

trace in Figure 26A was obtained from the separation of 10~g 

each of sulfisoxazole (SOX), sulfadiazine (SD), and sulfa

dimethoxine (SDM) on a Whatman PXS 10/25 ODS column using a 

linear gradient of 10/90 CH3CN/H20 to 90/10 CH3CN/HZO over 

a 10-min interval at a flow rate of I mL/ min. Figure 26B 
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(a) UV liquid chromatogram at 254 nm of a stand
ard mixture of 10~ g levels of sulfisoxazole 
sulfadiazine, and sulfadimethoxine using a lin
ear gradient of 10/90 to 90/10 CH 3CN/H 20 over 
10 min at 1 mL/min on a Whatman 10/25 PCS ODS 
column. (b) extracted ion current profiles for 
selected sulfa drug ions under Lc/MS conditions 
in the API mode under the above LC conditions. 

is the EICP obtained from the DLI Lc/MS analysis of the 

above mentioned standard mixture. This was obtained by con-

tinuously monitoring the LC effluent from the UV detector 

through the DLI Lc/MS probe interface. The total LC efflu

ent was split by the Lc/MS interface such that approximate-

ly 10% or 100~L/min of LC efflent was admitted to the API 
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source. As can be seen by Figure 26B the EICPs are well 

resolved and show little tailing compared to the UV trace 

for the same mixture in Figure 26A. In addition, the ion 

current signal is relatively smooth and stable. It should 

be noted that these data are conventional LC/MS results 

without collision gas and with Q1 and Q2 operated in the RF 

only mode. 

The LC/MS mass spectral data for the SOX,SD, and SDM 

are shown in Figure 27. These mass spectra reveal the sim

plicity often seen by such PCI LC/MS experiment. Usually 

one sees an abundant protonated molecular ion (M+l)+ which 

readily reveals the molecular weight with little fragment

ation resulting from the relatively mild CH 2CN/H20 API ion

izing reactant gas. 

In contrast, the API LC/MS/MS mass spectra shown in 

Figure 28 show abundant fragment ions for each sulfa drug 

separated from the mixture shown in Figure 26A and a 

reduction of chemical noise at lower masses. The UC/MS/MS 

mass spectrum of sulfisoxazole shown in Figure 28A differs 

significantly from those of the more structurally similar 

SD and SDM shown in Figures 28B,C. In particuiar, 

m/z 92 is the base peak for SOX in Figure 28A with less 

abundant ions at m/z 113,156, and 108. 

The UV trace and LC/MS/MS selected ion monitoring sign

als for pre-selected (M+l)+ and m/z 156 ions for a standard 

mixture of SOX, SD, and SDM are shown in Figure 29A,B. 

These data were obtained from a mixture of approximately 

6~ g levels of each sulfa drug injected on column with a 
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Figure 27. API LC/MS mass spectra for sulfisoxazole Cal 
sulfadiazine Cbl and sulfadimethoxine (cl shown 
in Figure 26AB. The API reactant gas was aqueous 
acetonoitrile used as the LC eluent and the sam
ples were admitted via the probe into the API 
source. 
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Figure 28. API LC/MS/MS mass spectra for the respective 
(M+l)+ ions from sulfisoxazole (A) ,sulfadiazine 
(SDM) (B), and sulfadimethoxine (SM) (C) in the 
mixture shown in Figure 26B. 

10% split of the total LC effluent entering the API source. 

These data reveal the Chromatographic integrity and ion 

current stability in the on-line LC/MS/MS mode, and the 

high degree of specific information offered by the presence 

of several fragment ions for each component. 

The 254-nm UV trace shown in Figure 30A was obtained 

from a 10-~L injection of an organic extract of racehorse 

urine using the same LC conditions described for Figure 

26A. The raw urine extract is very complex due to endognous 

materials from the horse and produced a high, broad UV 

absorbance signal of unresolved substances as can be seen 

from Figure 30A. Preliminary TLC screening methods had 
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Figure 29. (A) UV liquid chromatogram at 254 nm of a stand
ard mixture of 6~ g levels of sulfisoxazole 
(SOX), sulfadiazine (SD) and sulfadimethoxine 
(SDM) using a linear gradient of 10/90 to 90/10 
CH CN/H 0 over 10 min at 1 mL/min on a Whatman 
10125 Pts ODS column. (B), Extracted ion current 
profiles for selected sulfa drug ions under LC/ 
MS/MS conditions in the API mode under the LC 
conditions described in Figure 26A. 
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(A) UV liquid chromatogram ~t 254 nm of a hex
ane:dichloromethane:ether(l:l:l) extract of race
horse urine (pH 3.0) using a linear gradient of 
10/90 to 90/10 CH3CH/H20 over 10 min at 1 mL/min 
on a Whatman 10/2' PXS ODS column. CBl API SIM 
LC/MS/MS traces for m/z 311,156 108,92 ~nd 65 
resulting from CID of the m/z 311 (M+ll ion of 
sulfadimethoxine in the racehorse urine extract. 
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suggested the presence of an unknown dose of sulfadimetho

xine as a foreign substance in the racehorse urine. Figure 

30B shows the SIM ion current traces for the LC/MS/MS analy

sis of the racehorse urine extract. Although the SDM dose 

to the horse is unknown, the levels observed were compar

able to known 10 ~g/mL urine levels. These data show the 

absence of any interfering substances in the region of the 

high UV absorbance with the exception of a small, resolved 

component eluting immediately before the SDM. A high level 

of an unknown component in the UV trace in this region 

appears to have several of the same ions 

as SDM, but its shorter retention time excludes this pos

sibility. The full scan LC/MS/MS mass spectrum includes 

ions in the low mass portion of the spectrum that are not 

available from DLI LC/MS. It does not require LC resolution 

of SDM from co-eluting substances and is identical with 

that of the authentic SDM (see Figure 28C). The added bene

fit of both the UV and LC/MS/MS retention time compared to 

that of authentic SDM obtained under the same experimental 

conditions provides additional specificity for unequivocal 

identification of this sulfa drug in the racehorse urine. 

Nebulizer LC/MS Interface 

Recently Sciex (96) introduced a new LC/MS inter

face based upon conventional LC flow rates and a rapid flow 

of nitrogen gas which aids the nebulization of the heated 

total LC effluent in their API source. Their use of an API 

source allows facile handling of the high gas volumes pro

duced from volatilized LC effluents. 



278 COVEY AND HENION 

The interface consists of a sprayer into which the 

entire eluent flow from the LC is directed, taking care 

to minimize any dead volume in the coupling. A high pres

sure gas (air or nitrogen at 80 psi) nebulizes the liquid 

into a heated spray chamber in which the small solvent 

droplets and entrained analyte are fully vaporized. The 

vapor (a mixture of solvent and analyte) flows from the 

spray chamber into the ion source through a heated quartz 

tube. A corona discharge ionizes the sample, and the ion 

molecule reactions (with the LC mobile phase as the CI reag

ent) generate MH+ or (M-H)- ions from the compounds of in

terest. The ions are sampled into the MS/MS system through 

a gas curtain and small orifice, the gas curtain acting to 

prevent any sample (solvent, analyte or buffers) from enter

ing the vacuum chamber. 

The detection of drugs and metabolites in biological 

fluids at low levels is of interest to the biochemical, 

biomedical and pharmacological communities in applications 

ranging from kinetic metabolic studies to the detection of 

illegally administered drugs in racehorses. Many of the 

compounds of interest are involatile and thermally labile, 

and are present in blood and urine with much higher 

levels of other endogenous components. LC/MS/MS offers high 

specificity and positive identification even when the com

ponents cannot be completely separated on the column. Caf

feine in human urine and betamethasone, hydroxybetametha

sone (a metabolite) and butorphanol in equine urine, have 

all been successfully identified by LC/MS or LC/MS/MS. Fig

ure 32 shows the full scan LC/MS data obtained from a urine 
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Figure 32. Full scan LC/MS of butorphanol in equine urine 
extract. 

extract containing administered butorphanol. The full scan 

APCI mass spectrum is characterized by a dominant MH+ ion 

at m/z 328, and this ion (along with others from co-eluting 

components) is readily apparent in the LC/MS spectrum for 

the urine extract. Unambiguous identification of butorphanol 

is provided by the LC/MS/MS spectrum from the extract shown 

in Figure 33, which matches the reference CID spectrum from 

the butorphanol standard. The amount of butorphanol in the 
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Figure 33. crD spectrum of m/z 328 from LC/MS/MS analysis 
of urine extract plus reference crD spectrum of 
butorphanol. 
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extract was estimated to be 2 ng per microliter, with 10 

microliters injected on-column. 

Diaphragm Total Effluent DLI 

Micro LC/MS 

We have reported the construction and results from 

281 

a modified DLI micro LC/MS interface patterned after the 

diaphragm DLI unit introduced by Hewlett-Packard Company 

(64). This device offers several advantages over existing 

commercial units, which include (1) increased routine sensi

tivity approaching that afforded by modern (GC/MS), (2) 

reduced construction and LC solvent costs, and (3) practi

cal add-on to existing GC/MS instruments equipped with chem

ical ionization (CI) source. While micro LC/MS has been 

proposed (97) and reported (82,98), the present apparatus 

is the first to sombine the simplicity of unchanged, commer

cially available LC pumps and hardware with total affluent 

introduction into the mass spectrometer. 

Another report of metal column micro LC/MS described 

an adapt ion of the Hewlett-Packard DLI diaphragm interface 

to micro LC conditions (99). The simplified version of the 

commercially available split effluent interface is shown 

in Figure 34. The important salient feature of this new 

micro LC/MS probe is the narrowbore (0.004 in. i.d.) central 

throughput tube which transfers total effluent from the 

micro LC column to the CI mass spectrometer ion source of 

an unchanged commercially available quadrupole MS. The 

water-cooled probe tip features a removeable stainless 
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Figure 34. (A) micro LC effluent inlet line, (B) water cool
ing inlet tube. (C) Teflon washer for maintain
ing vacuum seal between probe tip/cooling cham
ber and probe shaft, (D) throughput tube collet, 
(E) 0.004 in. i.d. X 1/16 in. o.d. microbore 
tubing. (F) water cooling chamber, (G) Kalrez 
O-ring, (H) diaphragm containing 5~ m pinhole 
in center, (I) removable endcap. 

steel diaphram containing a precisely centered laser gen-

erated five micron pinhole. The device may be inserted into 

a standard one-half inch direct insertion inlet without 

any alteration of the MS system. This system does not suf-

fer from the hazards of high acceleration voltage, long 

run times, difficulty with less volatile solutes, reported 

in earlier LC/MS work (100). 

When a stable, short "jet" of micro LC effluent has 

been established through the diaphragm pinhole, the micro 

LC/MS probe interface may be inserted through the direct 

probe inlet to the cryogenically pumped C1 source. The Hew-

lett-Packard 5985B quadrupole MS utilized in this work 

(70,71) operates through an eluent flow range from 10 - 60 

L min- 1 Optimum performance, however, occurs in the neigh

borhood of 40 1 min- l with any combination of aqueous meth-

I 

H 
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anol or acetonitrile eluents. Volatile buffers such as am-

monium hydroxide, trimethylamine, triethyamine, ammonium 

acetate, formic acid, acetic and trifluoroacetic acid offer 

no difficulty because they produce low molecular weight 

organic compounds that are readily pumped away by the MS 

vacuum system. 

Figure 35 shows typical ion current chromatograms ob

tained from the DLI micro LC/MS diaphragm probe interface 

under negative ion chemical ionization (NCI) conditions. 

It should be noted that these data are acquired as full 

scan mass spectra (eg. m/z 80-500) and that the ion current 

stability and micro LC/MS sensitivity appear comparable to 

typical GC/MS data at these levels. The resolution of the 

components of dexamethasone and 6-8-hydroxyprednisolone was 

accomplished on a 50 cm C18 HRSM microbore column using a 

flow rate of 34~L min- i 50% Ch3CN/H20 as micro LC/MS elu

ent CI reactant gas (35). 

All application of micro LC/MS to actual problem sol-

ving is shown in Figure 36. The upper panel shows the micro 

LC UV trace from a TLC scrape of an unknown powder sample 

confiscated from a race track. The flow rate was 34 ~L 

min- i 50% CH3CN/H20 on a 50 cm C18 HRSM micro LC column and 

UV detection (15~ L flowcell, Perkin Elmer LC-55, Norwalk, 

CN) was 239 nm. In the lower panel of Figure 36 the corre

sponding micro LC/MS ion current traces for this unknown 

sample are shown. The major component observed at 2.8 min 

retention time had an NCI micro LC/MS mass spectrum identi

cal with that of authentic dexamethasone. The minor compon-
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Figure 35. NCI micro LC/MS TICP and EICP for 30-ng levels 
of dexamethasone and 6-S-hydroxyprednisolone 
using 50% CH3CN/H?O at 34 ~L/min as micro LC/MS 
eluent/CI reactanE gas. The micro LC column was 
a C18 HRSM connected to an unchanged Waters ALC-
202pump and solvent programmer. 

ent observed at 4.4 min retention time had an abundant m/z 

127 ion and an apparent molecular weight of 366. Its iden

tity is unknown and it had gone undetected by UV 

detector. These data demonstrate both the feasibility and 

versatility of micro LC/MS. The analysis times can be less 

than 20 minutes and sensitivity suitable for trace analysis 

is possible by micro LC/MS. 

The DLI micro LC/MS diaphragm interface described 

above has been' improved and additional applications report-

ed (71). The construction of the interface was simplified 
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Figure 36 (A, upper) Micro LC UV trace for a TLC scrape 
of an unknown sample confiscated from a race 
track. The flow rate was 34~ L/min 50% CH,CN/H20 
on a Ci8 HRSM micro LC column and UV detection 
was 239 nm. (B, lower) NCr micro LC/MS TrCp and 
ErCp for the sample described in A. The major 
component observed at 2.8 min retention time was 
shown to be dexamethasone. 



286 COVEY AND HENION 

by replacing the two concentric narrowbore transfer tubes 

with one central throughput tube whose dimensions are 0.004 

in i.d. x 1/16 in. o.d. Experimental details for accomplish

ing micro LC/MS were described in addition to specific in 

formation concerning modification of conventional Waters 

HPLC equipment for micro LC work. Examples of micro LC UV 

chromatograms for three thiazide diuretics and three corti-

costeroids were shown in addition to practical NCr micro 

LC/MS detection limits using the thermally labile, invola-

tile compound, trichlormethiazide (TCM). The detection 

limit for this compound was 1.25 ng injected onto the micro 

LC column which provided an acceptable full scan Ncr mass 

spectrum of this rather involatile molecule (71). 

Figure 37 shows the Ncr micro-LC/MS total ion current 

chromatograms of a TLC scrape from a zero-hour equine 

urine extract (lower) and an equine urine collected 2h 

post oral administration of TCM (upper). The micro LC/MS 

eluent/Cr reactant gas was CH3CN/H20 (70/30 by vol) main

tained at 40 L min- 1 through a Chrompak I mm i.d. x 50 cm 

microbore column. Sample clean-up by preparative TLC great-

ly facilitates the analysis by precluding the introduction 

of high levels of endogenous compounds on the microbore LC 

column and shortens the micro LC/MS analysis time to less 

than 10 minutes. The determination of TCM by positive ion 

chemical ionization (PCr) is complicated by a 100-fold de-

crease in sensitivity for TCM, and interference by numerous 

other components that are not observed in the NCr data of 

Figure 37. Thus, the facility of selecting either pcr or 
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Figure 37. Negative-ion cr micro-LC/MS total ion current 
profiles of a TLC scrape from a zero-hour equine 
urine extract (lower), and an equine urine col
lected 2-h post oral administration of trichlor
methiazide (upper). 

Ncr modes can improve the performance of micro LC/MS in 

certain instances. The above described method allows detec-

tion of TCM in racehorse urine through 24 hours post oral 

administration. 

The application of micro LC/MS determination of beta-

methasone and its metabolites in equine urine, antibiotics 

in the crude extracts of a fermentation broth and impur

ities in a preparative HPLC sample obtained from a synthe

tic mixture of Felodipine have been reported (101). Figure 

38, for example, shows both the UV chromatogram and the 
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Figure 38. (al micro LC UV chromatograms of a six hour post 
adminstration betamethasone equine urine extract 
utilizing 40 microliters per minute 70/30 meth
anol/water as eluent on an Alltech lmm i.d. X 
50 cm C1R reversed phase microbore column. (bl 
micro LC7MS ion current profiles of a six hour 
post administration betamethasone equine urine 
extract. Micro LC conditions as in a. 

ion current chromatograms from the micro LC and micro LC/MS 

analysis respectively of an equine urine extract. The urine 

had been collected six hours after the administration of 

betamethasone. Both the major betamethasone metabolite and 

a previously undetected minor metabolite are observed in 

these data in addition to the parent corticosteroid, beta-

methasone, which is easily observed at a retention time of 

15.5 min. Full scan Ncr mass spectra are provided by these 

experiments. The micro LC conditions for these experiments 

were 40 L min- 1 60/40 CH30H/H20 utilizing an Alltech I mm 

i.d. x 1/16 in 

o.d. x 50 cm C18 reversed phase micro LC column. 

Figure 39A shows the micro-LC UV chromatogram from a 

dichloromethane extract of crude fermentation broth. This 
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Figure 39. Micro LC UV chromatogram of a dichloromethane 
extract of a crude fermentation broth using aque
ous methanol as eluent (b) micro LC/MS ion cur
rent profiles for antibiotics found in crude 
extract of fermentation broth. 

chromatogram suggests the presence of many components, but 

only the full scan micro-LC/MS experiment shown in Figure 

39B readily indicates the location for the components of 

interest. In particular, the (M-I)- ions for nonduscmicin 

and nargenicin at m/z 421 and 514 are readily "extracted" 

from the total ion current to locate their position in the 

micro-LC/MS chromatogram. Their negative ion chemical ioni-

zation (NCI) mass spectra allow them to be iden-

tified by comparison with authentic standards. A third anti-
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biotic, 18-deoxynargenicin, with a molecular weight of 499 

was present at such low levels that Figure 39A and 39B do 

not reveal its presence. However, a selected ion current 

(SIM) micro-LC/MS experiment readily detected this com

ponent by monitoring its (M-I)- ion at m/z 498 (not shown 

here) . 

Figure 40A shows the micro-LC UV chromatogram of a pre

parative HPLC residue obtained from a synthetic mixture 

of Felodipine. The micro-LC/MS PCI total ion current shown 

in Figure 40B shows a similar chromatogram. By selecting 

various ions from the total ion current, over twenty dif

ferent components could be detected in this "preparative" 

HPLC sample. This is a dramatic example of the mass spectro

meter's ability to detect components and provide their mass 

spectra when many conventional HPLC detectors can not. 

re-run of the sample by micro-LC duplicated the original 

UV chromatogram and suggested the sample had not broken 

down further. 

Multidimensional LC/MS 

Multi-dimensional chromatography in and of itself is 

not a novel technique. The technique has been applied to 

thin-layer chromatography (102) as well as gas chromato

graphy with both packed (103) and capillary columns (104). 

Investigators have previously reported the technique's ap

plication to liquid chromatography (105). 

Although multi-dimensional liquid chromatography is 

not new its coupling to mass spectrometry is a novel tech-
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Figure 40. (a) micro LC UV chromatogram of preparative HPLC 
product from a synthetic mixture of Felodipine. 
(b) micro LC/MS ion current profiles indicating 
several different products detected in the pre
parative HPLC product. 

nique which affords added versitility to conventional li

quid chromatography/mass spectrometry. Bi-dimensional li

quid chromatography/mass spectrometry (LC/LC/MS) is a power-

ful tool for determining components of complex matrices. 

It combines the resolving power of two LC systems with the 

sensitive and specific detecting abilities of the mass spec-



292 COVEY AND HENION 

trometer. In this technique, fractions from one chromato

graphic column are selectively transferred ("heart cut

ting") to another for further separation, then delivered 

on-line to the mass spectrometer for final determination. 

This approach not only increases resolution but can be util

ized with crude (eg. biological) extracts to avoid the de

gradation of expensive commerical columns. In our work, 

the crude biological extract is injected on an inexpensive 

JASCO micro LC column and with partial resolution and heart 

cutting minimal crude extract is then transferred to the 

more expensive Whatman ODS-3 microbore column. 

Figure 41 shows a schematic representation of the ap

paratus used for micro LC/LC/MS in this work. The first 

micro LC was a JASCO FAMILIC lOON equipped with a 500 micro

liter syringe reservoir, a 0.5 mm x 21 cm silica packed 

PTFE microbore column connected to a variable wavelength UV 

detector (JASCO, UVIDEC I). The micro cell of the UV detec

tor was a cylindrical quartz cavity with an internal volume 

of 0.3 microliters. The wavelength was set at 239 rom and 

the detector outlet was intimately connected to a Rheodyne 

7413 micro loop injector valve equipped with a five micro

liter internal sample loop. The JASCO syringe pump deliver

ed an eluent of dichloromethane/ethanol/water (90/6/4) at a 

flow rate of eight microliters per minute. Samples were 

injected directly onto the silica column via a JASCO micro 

injector utilizing a 0.3 microliter volume. 

The reversed phase micro LC system was identical to 

that reported previously. An eluent flow rate of 40 micro-
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Figure 41. Schematic representation of multi-dimensional 
micro LC/MS system hardware. 

liters per minute of 70/30 methanol/water affected chromato-

graphic separation of the "heart cut" on 1 mm i.d. x 25 cm 

Whatman ODS-3 microbore column. The exit of the reversed 

phase column was connected directly to the 

micro LC/MS diaphragm probe interface described above. 

An extract resulting from liquid-liquid extraction 

of equine urine was injected onto the JASCO silica LC col-

umn. The normal phase UV chromatogram resulting from this 

separation is shown in Figure 42. The endogenous hydrocorti-

sone (peak 1) and administered 6-methylprednisolone (peak 

2) are evident in this chromatogram, but they are co-elut

ing with high levels of other endogenous materials. Micro 

LC/MS on this separation above showed significant inter

ference in the mass spectra of the components of interest. 

When the UV chromatogram shown in Figure 42 is "heart 

cut" at the retention time of the 6-methylprednisolone the 



294 COVEY AND HENION 

--tJ-___ L1 --l1~':----'---::2:,::IO:--_-

MINUTES 

Figure 42. JASCO micro LC UV chromatogram of a crude equine 
urinary extract separated on a 0.5 mm X 200 mm 
silica micro LC column using dichloromethane/eth
anol/water (90/6/4) flowing at 8 microliters min. 

chromatographic resolving power of the reversed phase micro 

LC effectively separates the 6-methylprednisolone from the 

endogenous interferences. The micro LC/LC/MS ion current 

chromatogram and NCI mass spectrum for 6-methylprednisolone 

are shown in Figure 43. It is clear that the heart cut ef-
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fectively "transferred" the desired 6-methylprednisolone to 

the second micro LC system and the DLI micro LC/MS inter

face quantitatively transferred this effluent into the mass 

spectrometer. 

Unfortunately the poor miscibility of the dichloro

methane normal phase eluent in the aqueous reversed phase 

eluent generates a purtubation of the MS ion current al

though it does not interfere with the results. In fact the 

the abundant m/z 335 ion in Figure 43 clearly reveals an 

unexpected chlorine isotope. This presumably results from 

a chloride attachment process due to the momentary excess 

of dichloromethane in the CI source at the time 6-methyl

prednisolone elutes. The NCI MS conditions utilized provide 

particular sensitivity to this process which effectively 

adds diagnostic utility to the analysis. 

The practical usefulness of LC/LC/MS results only when 

chromatographic separation of a complex mixture cannot be 

attained. The added capability of normal phase chromato

graphy in combination with reversed phase chromatography 

adds a very powerful dimension to the separation of complex 

mixtures. Since veterinary toxicology often involves deal

ing with complex biological mixtures, such multi-dimensional 

chromatography may be of value in certain instances. 

Thermospray LC/MS 

The discovery cf thermospray LC/MS by Vestal (73,74) 

and others (76) appears to offer one of the most exciting 

developments towards a truly viable LC/MS interface. Histor-
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ically, liquid chromatographers have been advised that 

LC/MS requires low or non aqueous eluent composition, re

stricted buffers or modifiers, and stable, relatively vol

atile compounds. Trace analysis (defined as low nanogram 

levels) of labile compounds on the moving belt (106) or 

heated concentrator wire (107) LC/MS interface appears 

limited in some instances. However, there have been some 

impressive applications using the transport interface and 

its use in various areas continues to be of interest. The 

direct liquid introduction (DLI) LC/MS interface reported 

by McLafferty (61) requires an unfavorable split of HPLC 

effluent which precludes routine full scan DLI LC/MS trace 

analysis. The determination of labile biological meta

bolites using DLI LC/MS appears preferred over the moving 

belt (108) but unless micro LC/MS techniques are utilized 

(70,71) the technique still does not provide trace analysis 

capability. These and other approaches have provided an 

increasingly viable means of accomplishing LC/MS, but 

routine senstivity in many instances has not been compar

able to that afforded by GC/MS. Many researchers involved 

with environmental and toxicological studies require LC/MS 

detection limits better than has been commerically avail

able. In addition, molecular weight and structural infor

mation from LC/MS mass spectra should be readily available 

from the fragile compounds that are so ideally suited for 

HPLC. Vestal and co-workers (74), have reported impressive 

thermospray applications including dramatic LC/MS sen

sitivity and the ability to handle high molecular weight 
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and labile compounds. These results were produced from sim

ilar but separate instruments utilizing the same design. 

The success of these results prompted us to implement the 

thermospray LC/MS concept into our existing LC/MS program. 

We have constructed a new, dual purpose interface 

which provides both DLI and thermospray LC/MS capability 

from the same device (109). It is unique in that as a thermo

spray interface it is inserted or removed from the stand

ard half-inch direct insertion probe inlet of a Hewlett

Packard 5985B GC/MS and also provides conventional DLI 

LC/MS. This device offers several new advantages which in

clude: (a) dual purpose operation of either conventional or 

micro LC/ MS in the DLI mode or thermospray operation from 

one device, (b) a removeable thermospray interface which 

facilitates maintenance and conventional use of the solid 

probe inlet of the GC/MS, and (c) practical add-on to exist

ing GC/MS instruments equipped with a chemical ionization 

(CI) source. These features combined with simplified con

struction offers an easy introduction to two of the most 

popular current approaches to practical LC/MS. 

The new dual purpose DLI/thermospray LC/MS interface 

is shown in Figure 44 and its construction has been describ

ed in detail previously (109). Basically it consists of a 

central, microbore throughput capillary, a terminal heated 

copper vaporiser and a removeable end cap which houses a 

removeable pinhole diaphragm similar to that described 

above for the micro LC/MS probe. LC effluent passes through 

the central throughput capillary at flow rates ranging from 
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Figure 44. Dual purpose DLI/thermospray LC/MS probe inter
face. A. central micro-bore (0.004 in i.d.) 
throughput tube, B. 2-50 watt 120 V AC cartridge 
heaters, C. Heated copper vaporizer, D. thermo
couple, E. removable end cap, F. stainless steel 
pinhole diaphragm. 

0.1-1.0 ml/min and is rapidly heated prior to exiting the 

interface via the electrically heated copper vaporizer. 

When the dual purpose DLl/thermospray LC/MS interface 

is inserted through the standard half inch solid probe in-

let of the MS the excess volatilized LC effluent vapors 

are pumped away by additional pumping provided by modifica

tions schematically shown in Figure 45. Basically the MS 

is modified to allow an auxilIary 300 L/min roughpump to 

pump on the CI ion source via a half-inch line directly 

opposite the interface. 

To evaluate the feasibility of this new LC/MS inter-

face in the two different operational modes a variety of 

compounds of varying difficulty have been investigated. 

The mass spectrum shown in Figure 46A was obtained from the 

PCl thermospray LC/MS determination for five micrograms 

of the potent indole alkaloid tranquilizer, reserpine. This 

compound is very unstable to both heat and light, and is 
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Schematic of DLl/thermospray inlet and pump out 
region of HP5985 GC/MS. A. to thermospray rotary 
pump. B. Swagelok union equipped with Teflon 
ferrules, C. outer tube welded to the high 
vacuum flange, D. high vacuum flange, E. half 
inch stainless steel slide tube, F. Cl ion 
source, G. MS analyser housing, H. extended de
solvation chamber, I. thermospray vaporizer, 
J. half-inch direct insertion probe isolation 
valve, K. DLl/thermospray LC/MS interface. 

difficult to characterize by MS at trace levels in biologi

cal samples. Figure 46A shows that the (M+l)+ ion at m/z 

609 is the base peak which carries the majority of the to-

tal ion current in the experiment. Although there is no 

useful structural information in this mass spectrum, it 

is clear that thermospray ionization of reserpine is even 

more mild than PCl DLl LC/MS data reported eqrlier for this 

compound (76). 

Figure 46B shows the thermospray PCl LC/MS mass spec-

trum of the important industrial dye, sulforhodamine B 

(Eastman Chemical Co., Rochester, NY). The structure of 

this compound is such that conventional direct insertion 

probe analysis does not provide useful mass spectral infor-

mation for characterization of the intact molecule. Facile 



HPLC OF VETERINARY TOXICOLOGY 301 

118 RESERPINE 
88 

THERMOSPRRY LC/MS 

~ 68 ..... ... .. 1 :'16":: 
4e 

2e /IIW 608 

e i" 'I" I ," ',' I ''', , r I'l' 'I ''''''I'' , , , 'I! , ,""'," ' .... ' Hi P 

leI 261 UI 311 321 341 361 380 410 420 440 
(M+1 J 

81 

60 

40 

20 

I J! 
46e 480 S0e S2e 54e S6B SS0 600 620 640 

lIe SULF"ORHODAM I NE B 
'~~~ SI 

THERMOSPRRY LC/MS 

68 
so,e 

41 9O,H 

28 /IIW 558 

• I • i , i'l, , , II k I'" b I , , ' I I I 1'1 , 
188 

268 28e 388 328 34e 360 38e 4ee 42e 440 
111+1) 

88 

68 

4e 

28 

I 
" 460 48' sel 521 541 561 see 601 62e 641 

Figure 46. A. PCI FIA Thermospray LC/MS mass spectrum from 
5 vg reserpine. B. PCI FIA thermospray LC/MS 
from 5 ~g sulforhodamine B. The LC eluent condi
tions were 0.15 mL/min 50/50 CH30H/0.05 M NH4 0AC 
using a Brownlee 10 micron 005-Z22 reversed 
phase column. 
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expulsion of sulfur and nitrogen containing functional 

groups demands extremely mild ionization conditions in or-

der to detect ions representive of the compound's molecular 

weight of 558. From the thermospray mass spectrum of sulfor

hodamine B shown in Figure 46B it is evident that the (M+l)+ 

ion is the base peak with only a m/z 467 fragment ion pre 

sent in the remainder of the mass spectrum. These data 

again support the contention (73,74) that this "filament-

less" mode of ionization imparts relatively little excess 

internal energy to the ionized molecules. 

Finally, the pcr thermospray LC/MS data obtained from 

the potent pain killer, leucine enkephalin, are shown in 

Figure 47AB. Figure 47A shows two successive injections of 

a standard five microgram solution of leucine enkephalin. 

This extracted ion current profile for the (M+l)+ ion at 

m/z 556 shows that a stable, abundant ion current signal 

was observed for intact the molecule. Figure 47B shows that 

some useful fragmentation ion current was observed in addi

tion to the (M+l)+ base peak. The relatively abundant 

(M+23)+ ion is presumably due to the addition of a sodium 

atom to the parent leucine enkephalin. This natriazation 

has been observed by others (73) and may offer additional 

diagnostic information when better understood. These data 

also show that labile compounds such as this brain opiod 

peptide may be characterized by this new ionization tech-

nique. Traditionally, peptides of this type have been deter-

mined by field desorption (FD) MS, but required extensive 

work up of complex biological samples prior to MS analysis 

of the sample. 
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Figure 47. A. PCI FIA thermospray Lc/MS ion current for 
the (M+l)+ ion at m/z 556 from duplicate injec
tions of 5 ~g leucine enkephalin. The LC eluent 
was the same as the described for Figure 46. B. 
PCI thermospray Lc/MS mass spectrum of leucine 
enkephalin taken from the first peak shown in 
A. 
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If therrnospray ionization LC/MS can provide the power

ful combination of on-line chromatographic separation with 

mild ionization the technique could be very useful in the 

area of biological trace analysis. If structual character

ization could be accomplished by MS/MS techniques on the 

abundant (M+l)+ ions such as those presented in this work 

and that reported by others (74,75), many challenging analy

tical problems could potentially be solved in a straightfor

ward manner. 

SUMMARY AND CONCLUSIONS 

The advent of modern HPLC has greatly broadened the 

range of toxicants that can be analyzed in the veterinary 

toxicology laboratory. The technique has improved the sen

sitivity, specificity, and rapidity of many of the analyses 

which are required. Highly potent toxicants whose biologi

cal effects could be elicited at levels below the detection 

limit of earlier techniques now stand to be identified, 

quantified, and diagnosed as the cause of an intoxication 

through the use of HPLC. 

The potential of HPLC for forensic analysis is far 

from being reached. In several classes of toxicants only a 

few applications have been reported. The vast majority of 

methods use reversed phase columns and isocratic elutions. 

A few of the multiresidue procedures 

utilize gradient elutions in order to accommodate a wider 

range of analyte polarities. Extensive method development 

remains to be done in this important area of multiresidue 
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analysis so that samples can be rapidly analyzed for a wide 

range of compounds. 

The use of the mass spectrometer as a detector for 

the HPLC has unexcelled potential for the identification 

of eluting peaks in toxicological analyses. Unfortunately, 

the high cost of the necessary equipment and expertise re

quired to operate the equipment precludes its implementa

tion by many diagnostic and forensic laboratories. However, 

the demonstrated fact that LC/MS can be routine and can 

solve problems that are not amenable to GC/MS techniques 

requires its availability to those who legitimately need 

it. These authors believe that the cost of the necessary 

equipment for LC/MS will come down dramatically in the near 

future so that LC/MS and (hopefully) LC/MS/MS equipment 

may become more affordable. 

There is no doubt that LC/MS will become routine 

analytical technique to those interested in applying it to 

real world problem solving. However, it is and probably 

will remain essential that the personnel involved must be 

technically competent in both HPLC, MS, and the precision 

operation of each instrument. Aside from these restrictions 

the combined specificity and sensitivity available from 

LC/MS plus simplified sample work up such as solid phase 

extractions, multi-dimensional chromatography and short 

guard columns which protect analytical LC columns 

make LC/MS essentially the method of choice for many impor

tant forensic problems. When the technique of MS/MS is rout

inely available for such problems the detection and unequi-
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vocal identification of toxic organic substances may be 

much more straightforward than it has been in the recent 

past. 
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ABSTRACT 

The area of research involving the on-line combination of mass 
spectrometry and liquid chromatography has recently experienced a 
period of intense growth. A dependable LC-MS combination is 
eagerly awaited for by many researchers. The salient features of 
the combination aspect of LC-MS are analyzed in this review. LC-MS 
may operate in either the off-line or the on-line mode. The 
off-line mode is illustrated with the analytical measurement of 
biologically important peptides. 

1. THE ON-LINE COHBINATION OF LIQUID 

CHROMATOGRAPHY AND MASS SPECTROMETRY 

A. INTRODUCTION 

The on-line instrumental combination of high performance 

liquid chromatography (HPLC) and mass spectrometry (MS) is 

a natural combination that effectively couples the separation 

power of HPLC with MS, which is capable of achieving high 

levels of sensitivity and molecular specificity. The driving 

force for scientists to develop an on-line combination 
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of HPLC and MS is the need to decrease the number of experimental 

steps and manual interventions required to manipulate small 

amounts of precious endogenous biological materials, especially 

peptides. However, the coupling of these two very dissimllar 

instru mental methods is difficult to achieve and indeed, it is 

the authors' opinion that the rate of development of achieving 

an efficient and dependable on-line coupling for L C-MS is 

relatively slow, compared to the corresponding initial development 

of the combination of gas chromatography with mass spectrometry (1). 

Nonetheless, investigators are creatively ap proaching this 

interface problem and it is simply a matter of time until this 

combination technique will be in the hands of many investigators. 

The literature pertaining to on-line LC-MS has been reviewed 

extensively (2-4). 

B. BASIC CONSIDERATIONS 

In principle, there are two different interfacing methods to 

achieve the on-line combination of HPLC with MS. On one hand, a 

direct liquid introduction (D L1) interface performs exactly 

what the name implies, that is, the liquid emerging from the 

HPLC column is introduced directly into the mass spectrometer. 

The solvent is removed by some appropriate process such as 

nebulization, thermospray, etc. On the other hand, the 

effluent from the HPLC column may be deposited upon a 

moving belt, which transports a chromatographic fraction from 

the external, high pressure region of the HPLC unit, through an 

interface, and into the high vacuum portion of the mass spectrometer 

where ionization is effected. These two separate interfacing 

techniques, DLI and moving belt, will be discussed in greater 

detail in the next section. 

There are five operational parameters which must be 

thoughtfully analyzed and experimentally optimized for any 

particular type of on-line HPLC-MS development and 
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experimentation. These parameters include the use of a normal 

HPLC column versus a microbore column (5,6); the use of 

either a high voltage magnetic instrument or a low voltage 

quadrupole mass spectrometer; use of either the split or 

splitless mode for the LC-MS interface following the HPLC 

colu m n; the use of either volatile or nonvolatile buffers for 

HPLC separations; and the selection of the ionization process, 

which plays a significant role in that either electron 

ionization (EI) or chemical ionization (CI) may be used 

to ionize the HPLC fraction, as opposed to a surface method 

such as secondary ion mass spectrometry (SIMS) or 

fast atom bombardment (FAB) mass spectrometry. 

C. DIRECT LIQUID INTRODUCTION 

INTERFACE 

One of the first sets of experiments to study the DLI of 

solutions into a mass spectrometer involved the use of CI 

mass spectrometry (7-11). The CI source for LC-MS followed 

the work with LC-MS in the EI mode. Chemical ionization 

LC-MS was developed to such a point whereby polypeptide 

sequencing was possible. For determining the amino acid 

seq uence of a peptide, the authors felt that the information 

from a CI mass spectrum appeared to be at least as valuable 

as that information derived from EI. Direct solution 

introduction has the further advantage that the resulting 

direct CI mass spectrum allows sequencing of less volatile 

samples such as underivatized pentapeptides. In this study, 

the zwitterionic character of the peptide is eliminated by 

acetylation of the free amino group and esterification of the 

free carboxyl groups. The LC solvents used included 

acetonitrile and water. A capillary spl:i1:ter interface is used in 

front of the HPLC UV detector and continuously introduces 

five to ten microl:i1:ers of the L C effluent per minute into a CI 

mass spectrometer. Because only about one or two percent of 
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the peptide sample enters the mass spectrometer, the 

sensitivity of the method is decreased by a factor of 100. 

Mass spectral scans are cycled continuously during LC 

elution, and two or three corresponding mass spectra were 

obtained per HPLC peak. The HPLC solvent serves 

readily as the CI ionizing reagent although other reagents can 

be added concurrently to alter that type of ionization. 

T he critical instru mental parameters necessary for combining L C 

with a MS have been optimized. In one calle, discussion centered on 

whether or not the solvent should be removed in the interface 

(12). It is stated that the basic philosophy in the development of 

the first L C-MS systems included: 

1. introduction of the total HPLC column effluent into 

the separator; 

2. selected removal of the chromatographic carrier; 

3. vaporization of the neutral analyte; 

4. ionization and mass analy sis. 

These initial developments led to transport systems which are 

based on the use of a moving belt or wire for conveying the 

solution, then the solute, through these four stages. In the cases 

of ionization, it was soon realized that preformed ions already 

existing in the solution could be directly vaporized and analyzed 

when enough energy is supplied to the liquid solution. Several 

methods are available for ionization and include e1ectrospraying, 

electrohydrodynamic (ERD) ionization, field desorption (FD), 

thermospray ionization, and FA B mass spectrometry. 

When interfacing a chromatographic column to a mass spectrometer, 

it is important to realize that the chromatographic column 

performs both as a separation and as a dilution unit (13). 

The problems involved with interfacing an HPL C unit to a mass 

spectrometer stem from the relative incompatibility between the 

HPL C effluent solution and the low pressure inside the source of 

the mass spectrometer (13). These two instrumental features 

make the coupling of the two instruments more difficult 

compared to the interfacing of a gas chromatograph to a mass 

spectrometer. 
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It is important to consider the main constraints which are 

introduced by the chromatographic process as well as to couple 

those constraints with the minimum requirements that the interface 

must possess. These considerations will accurately describe the 

degree of competitiveness that this interface would possess 

and will suggest compromises which are acceptable from the 

chromatographic point of view. 

When combining an HPLC unit with a mass spectrometer, it is 

important to realize that, as this process occurs spontaneously 

(irreversibly) from a thermodynamic point of view, the decrease in 

entropy which arises from the chromatographic separarion is 

more than compensated for by the increase in entropy deriving from 

the dilution in the mobile phase. Whichever type of LC-MS 

interface that is selected for the on-line coupling, the use of 

a non-volatile HPLC buffer seems prone to considerable 

difficulties. Furthermore, although gradient HPLC elution is 

much talked ab out in L C research circles, that form of 

separation is relatively rarely used. 

The chromatographer is always surprised by the low 

ionization yield (E) of the mass spectrometer. T he factor E 

represents the number of ions collected on the mass 

spectrometer detector per number of molecules which is 

introduced into the ion source. It is important to review 

briefly the various sources of those losses (13): 

1. To detect a signal at a given mass, and to calculate 

the location of the signal maximum, that is, the corresponding 

molecular weight, one needs approximately 100 ions at the 

detector entrance slit; practically all ions reaching this slit 

are detected. 

2. The object and image slits in most mass spectrometers 

are of a rectangular cross-section. When a mass spectromet.er 

is scanned. the product of these two (presumably identical) 

slits is a triangle. We require 200 ions to enter the analyzer. 

Losses in the analyzer itself are assumed to be negligible. 

3. The extraction yield of ions from the source to the 
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analyzer across ion optics (ion-focusing) is about 10%. 

Therefore, we need 10 x 200, or 2,000 ions in the source. 

4. For identification purposes, we need to obtain a 

complete scanned mass spectrum and the previous figure 

(2,000 ions) must be applied to those ions which account only 

for small peaks in the mass spectrum. Peaks that are 10% of 

the base peak must be detectable. 

Therefore, at least 2 x 10 4 molecular ions must be 

formed during the time when the corresponding mass is 

scanned. 

5. T he ionization yields vary widely with both the 

ionization method used and for the particular compound being 

analyzed. While that efficiency may be nearly one for electron 

capture of haloaromatics, it may, on the other hand, be as 
~ ~ 

low as 10 • If these two values are averaged to 10 ,then 2 
7 x 10 molecules should be present during the scan. 

6. The time to scan one mass in a spectrum is about 

one msec, and the introduction of sample molecules into 

the source must therefore proceed at a speed of 
10 

approximately 2 x 10 molecules per second. 

T he maximum concentration C M of the Gaussian band 

of a solute of retention volume V r and efficiency N is: 

C M = m N ~I V r (2 7r) ~ eq. 1 

where m is the sample mass. If the column capac:i.ty is k' and the 

liquid cross-section of the column is s, then: 

eM = (m/s) (N ~)/[L (1 + k') (27r) ~l eq. 2 

where Land u are the column length and the solvent veloc:i.ty, 

respectively. The mass flow-rate of sample into the mass 

spectrometer source is then the product C
M 

F, where F (= 

Su) is the solvent flow-rate. With a splitting ratio r, the 

mass flow-rate of sample into the source is: 
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dm / dt = CMFr = (m. u· r.N~)/ [1·(1 + k')· (2 7r ) ~l 
eq. 3 

Comparing equation 3 with the condition (6) above; 

N'· (m. u· r.N~)/ [M· 1·(1 + k')· (27r) ~l = 2x1010 

eq. 4 
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where M is the molecular weight of the solute and N' is Avogadro's 

number. With 1 = 15 em, N = 1.5 x 10
4 

plates, u = 0.05 em 
-10 

per second, r = 1, M = 500, and k' = 1, then m = 2x 10 = 

0.2 nanograt:ls = 200 picograms. This level of sensitivity is in 

general agreement with the specifications of modern mass 

spectrometer instruments which give the detection limit of 100 

picograms of methyl stearate (M=298, m = 120 picograms). The 

latter specifications may not have been calculated with the 

rather favorable chromatographic conditions selected above: 

narrow peaks with small retention give large maximum 

concentration. T he detection limit of a chromatog rap hie 

detector is defined as the mass of a compound that 

generates a signal which is twice that of the noise. 

On the other hand, if the mass spectrometer operates not in 

the scanning mode but rather as a true selected ion monitor, then 

a smaller amount of sample is necessary: with a one second 

time-constant, 1000 times less, or around one picogram would 

suffice for detection. The sensitivity values are similar for 

cither a magnetic instrument or for a quadrupole. The only 

possibility of improving these detection limits in a significant 

fashion is whenever a very efficient ionization technique is 

udlized; a fact that explains why haloaromatics can be 

determined at the femotomole level with negative ions. 

C.1. Controlled Desolvation Chamber 

A high speed D1I interface is described (14). At the 

exit of the HP1C probe, a heated preevaporation chamber is 

provided, where the molecules have a low speed in a high 
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pressure region. Following that region is a short transition 

zone from which the molecules enter a high speed-low pressure 

region before entering the ion source. This latter region is the 

controlled desolvation chamber. The maximum velocity in the 

transition zone is sonic velocity. 

A new desolvation chamber for droplet-focusing or 

Townsend discharge ionization is described as an interface for 

DLI into a mass spectrometer. This new desolvation chamber 

contains a conically-shaped volume and derives from 

considerations that utilize a slightly different concept because 

preliminary experiments show that the liquid droplets are 

highly positively-charged during nebulization, and that 

physical contacts with the Vlalls of the desolvation chamber 

should in general be avoided. A positive potentisl on the 

walls therefore can be used to repel the droplets. On the 

other hand, by adoption of the appropriste conical geometry, 

droplets could either be focused along the drift tube axis or 

rather converge to an appropriste location. Other 

considerations of LC-MS interfacing have been published by this 

research group (15-17). 

C.2. Thermospray 

Thermospray is defined as the complete or partisl vaporization 

of a liquid stream by heating it as it flows through a 

capillary (18). Thermospray has recently been demonstrated 

to be a versatile interface for combined LC-NS, where the 

heat is supplied electrically, and controlled by an electronic 

feedback system to maintain a constant level of vaporization. 

The optimal temperature for thermospray is a function of the 

solvent composition, flow rate, capillary dimensions and the 

sample to be analyzed. Thermospray interfaces were first 

heated by lasers, then by oxy-hydrogen torches, and most 

recently by cartridge heaters. 

a ne of the first papers in this work describes a new 

soft ionization technique for the !!-IS of complex molecules (19). 
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Briefly, the effluent from an HPLC column enters the 

vaporizer via a steel cap:illary tube which is partially 

immersed in a copper cylinder which is heated to about 

1000°C by four small oxy-hydrogen flames. As a result of 

rapid heating, a jet of vapor and aerosol is produced near 

the exit of the stainless steel tube. The jet is further heated 

as it passes through the channel in the copper. It then 

undergoes an adiabatic expansion, and a portion passes 

through a skimmer to the ion source where the beam impinges 

on a nickel-plated copper probe which is electrically heated to 

about 250° C. While the ion source of the mass spectrometer is 

equipped with an electron gun for producing ions for normal 

CI operation, in the work described in this manuscript, that 

gun is turned off. When the charged particle undergoes a 

high energy impact with the heated probe, it is wholly or 

partially vaporized, and some of the resulting molecules are 

ionized. Spectra can be obtained for dinucleosides (CpG;ApU) 

and the pentapeptide leucine enkephalin (TyrGlyGlyPheLeu). 

Background ionization of the solvent is low and this fact, 

coupled with the reduced amount of fragmentation that is 

generally observed with this type of ion source, lead to the 

surprising result that the detection limit for the protonated 

molecular ion, (M+H) +, of most of the nonvolatile substances 

investigated is sub stantially lower with the electron beam 

turned off! 

Both positive and negative ion CI mass spectra were 

obtained for nonvolatile biologic samples in the one to ten 
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nanogram range for full mass scans, and subnanogram quantities with 

selected ion monitoring (SlM) (19). It has been noted that 

vaporization is possible without pyrolysis because the sample 

spends a very short time in the high temperature region in 

the thermospray LC-MS interface. DUring that transit time, 

these samples are protected from overheating by the solvent. 

The liquid entering the hot region is heated from ambient 

temperature to the vaporization point in a few nsec., and the 
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vapor is expelled from the heat region within a msec. or less 

after it is formed. Experiments show that the detection limit 

(signal-to-noise-ratio of two) for arginine is 500 picograms 

and, for methionine, 2.5 nanograms. If the SIM measurement 

mode were used for only the intensity of (M+H) +. the 

detection limits were predicted to be about one order of 

magnitude more sensitive. In this study, phosphate buffers 

cannot be used, but ammonium formate and ammonium acetate 

are used extensively with essentially no difficulties. The 

major limitation to the operation of the mass spectrometer is 

that the solvent vapor is also the CI reagent. This dual role 

of the same substance can cause difficulty in the simultaneous 

optimization of both the HPLC separation and the mass 

spectrometric detection. 

As mentioned above, cartridge heaters have been used to 

replace the oxy-hydrogen torches in a thermospray interface 

readily adapted to quadrupole mass spectrometers (20). HPLC 

effluents are thermosprayed directly into the ion source, and 

the excess vapor is pumped away by the added mechanical 

pump which is directly coupled to the ion source through a 

port opposite the electrically-heated themospray vaporizer. 

When used with mobile phases containing a significant 

concentration of ions in solution (ca. 10-
4 

to 1M), no external 

ionizing source is required to achieve the detection of many 

nonvolaille solutes at the sub nanogram level. The mass 

spectrum of the tridecapeptide renin substrate was shown and 

represents the largest molecule which has been successfully 

detected by using thermospray ionization. The (M+H)+ of the 

renin substrate is 1,758 mass units. 

A review of all the ionization techniques currently 

avallable for mass spectrometry for nonvolatil.e molecules has 

been published (21). A common feature of all of the ionization 

methocls appears to be the direct production of ions from a 

condensed phase without formation of a neutral gas-phase 

molecule as an intermediate. An attempt is made to present a 
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unified ionization model which at least qualitatively accounts 

for the results obtained by the various techniques. A laser 

desorption mass spectrometer was interfaced to an HPL C unit 

using a moving stainless steel belt, where samples are sprayed 

online onto the belt under partial vacuum through a 

thermospray vaporizer. Laser desorption occurred with a laser. 

Two modes of operation are presented for the thermosprayer, 

one with (closed) and one without (open) the transfer line. 

Using an electrospray method for sample deposition, comparisons 

were made amongst the electrospray, closed, and open modes. 

It was assumed that the electrospray method has a 100% 

efficiency to transfer the sample; closed correlates to 40% and 

the open mode to 20% efficiency of covering the belt. A major 

limitation of the present moving belt system was found to be 

that the HPLC separations must be accomplished in less then 

nine minutes in order to prevent sample components from 

overlapping each other on that belt. 
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Triply and quadruply-charged molecules of nonderivatized 

glucagon (molecular weight equals 3,483 a. m. u.) are observed (22). 

In another experiment, a procedure is presented for peptide 

sequencing by utilizing an immob:!1ized exopeptidase column 

which is directly coupled to a thermospray mass spectrometer (22). 

A mino acid sequence determination starting at the C -terminus 

is effected in this manner. T his experimentation parallels that 

found previously for an immob:!1ized enzyme (23). 

The underivatized peptide solutions are injected through a 

column containing immobilized carboxypeptidase Y and the 

amino acids were released, starting from the .f.-terminus of 

the peptide chain, and directly transported by a continuously 

flowing aqueous buffer into a thermospray mass spectrometer 

where the (M+H) + of each amino acid is determined (22). 

Temperature of enzymolysis is a factor because, at 22°, only 

two amino acids are found, whereas at 42°, five amino acids 

are determined from angiotensin. 
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C.3 Microbore LC-MS 

T he effluent from a microbore H PL C which operates at a flow 

rate of eight microliters min -1, is :iJltroduced into a quadrupole 

mass spectrometer ion source operating in the CI mode (24). 

This paper studied evaporation of liquids from a capillary into 

a vacuum, where a jet was observed inside a glass envelope. 

The jet appeared to travel straight in air. However, when a 

vacuum was applied, that jet started to bend. This phenomenon is 

explained by considering the fact that both large and small 

droplets are formed and that the small droplets evaporate 

more rapidly than the larger droplets. If the small droplets 

are predominantly formed on one side of the jet, owing to 

the irregular shape of the orifice, the evaporating vapors 

from the small droplets push the large droplets away from the 

axis of the jet when a vacuum is applied. 

Instrumental and analytical advantages have been taken of 

microbore HPLC coupled through a DLI interface to a CI mass 

spectrometer (25). The analytical capabilities of a micro bore 

HPLC which is interfaced to an unchanged quadrupole mass 

spectrometer demonstrate continuous monitoring of the total 

HPLC effluent. Full scan CI mass spectra of drugs are 

obtained in the range of one to five nanograms. A microbore 

HPLC flow rate of eight microliters per minute is utilized and 

SIM provides a 20 picogram detection limit of a tranquilizer. 

Conventional HPLC instruments generally operate at flow rates 

of 0.5 to two m:iJJ:iliters per minute. It is not practical to 

introduce the total HPLC effluent through a DLI interface. 

However, microbore packed columns operate at eluant flow 

rates of two to forty microliters per minute and are ideal for D LI. 

Because the entire effluent from a microbore HPLC can be directed 

into the ion source for mass spectral analysis, nearly 100-fold 

increases in sensitivity may be realized (26). Conventional 

HPLC systems yield peak volumes of 0.5-2.0 ml, where that range 

depends upon the flow rate and column efficiency. On the other 
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hand. utilizing microbore HPLC. peak volumes are found in 

the range of 10 to 30 microliters. The smaller volume in the 

latter case provides a much more concentrated solution 

passing through the detector. with a concomitant increase in 

the detection limits (27). 
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C .4. Liquid C hromatograp hy-Mass Spectrometry-Mass Spectrometry 

(LC-MS-MS) 

In another study determining sulfa drugs in biologic 

fluids. it is noted that one limitation results from the DLI 

technique of LC-MS because the mass spectra are very simple 

and they lack sufficient specificity for elucidation. 

Futbermore. it is always possible that co-eluting compounds 

will appear superimposed in the mass spectrum. a process 

which renders the interpretation rather difficult. T he novel 

technique of combined liquid chromatography-mass 

spectrometry-mass spectrometry (LC-MS-MS) offers the 

analytical capability of also providing collision activated 

dissociation (CAD) mass spectra of the characteristic LC-MS 

ions for each of the components of interest (28). In this 

study. the potential of the more open atmospheric pressure 

ionization (API) source design is utilized in combination with 

HPLC and mass spectrometry in a triple stage quadrupole 

(TSQ) instrument. Nitrogen is used as the collision gas with 

an effective target thickness of approximately 2xl0
14 

molecules centimeter-
2

• This study was prompted by the 

extreme paucity of fragmentation that occurs in the positive 

CI LC-MS mode. 

C.5. Liquid Chromatography-Negative Chemical Ionization 

Mass Spectrometry 

In another study utilizing HPLC. negative ion CI mass 

spectrometry was begun because of the need to analyze 
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mixtures of exp10sives (29). Post-exp1osion analysis of 

residues is noted to be very relevant in criminalistic bombing. 

A simplified construction of a new micro LC-MS probe is 

presented, where the volume of the HPL C microcell is calculated 

to be 1.2 microliter, and which maintains the one centimeter 

pathlength of the conventional cell, where the latter has a 15 

microliter volume (30). 

A desolvation chamber of new design sprays the HPLC 

effluent into droplets through a pinhole diaphragm (31). One 

of the most effective ways of controlling the desolvation of 

the solute droplets is to use a heated zone, usually called a 

desolvation chamber, in which the droplets acquire a high 

speed before entering the CI source. Three different 

desolvation chambers ~.ere studied and include the 

standard Hewlett-Packard, extended, and solvent-stripping models. 

A review of the micro LC-MS methodology used in drug 

analysis and metabolism studies has been published (32) and 

the quantitative analysis of betamethasone in equine plasma 

and urine by DLI micro-LC-MS is presented (33). 

A new version of the thermospray LC-MS interface is described, 

where this version differs from the previously described 

interfaces in that it is a dual purpose probe-type interface 

which is introduced conveniently into the mass spectrometer 

via a standard direct insertion probe inlet (34). The device is 

a dual purpose LC-MS interface and it can provide conventional 

DLI LC-MS, or the copper vaporizer may be heated electrically 

to produce thermospray ionization. Detection limits are 

currently about 100 nanograms in the thermospray mode for 

nonvolatile, labile compounds using two mm Ld. microbore LC 

columns and a flow rate of about 150 microliters per minute. 

C .6. Ultrasonic Interface 

An ul1:rasonic spraying device was constructed to overcome 

difficul1:ies in spraying aqueous solvents into the vacuum 
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system of a mass spectrometer. The ultrasonic vibration is 

achieved by means of a magnetoconstriction in the nickel inlet 

tube (35). 

C.7. Segmented Wire Interface 

It has been noted that the DLI technique has intrinsically 

simple implementation and that the moving belt interface has 

significant advantages in several parameters including solute 

concentration- a process that introduces a greater proportion 

of the sample into the mass spectrometer ion source (35,36). 

This group approached the interface problem by preconcentrating 

a liquid stream and introducing the effluent into the HS by 

means of DLI. The viewpoint is that the advantages of both 

ordinary DLI and the moving belt technique would be combined. 

The described interface device concentrates a liquid stream 

by allowing it to flow down a resistance-heated stationary 

wire having three successively-decreasing diameters of 0.8 

millimeters, 0.6 millimeters and lastly, 0.3 millimeters, where 

each section has a length of 15, 7.5, and 1.5 centimeters, 

respectively. When a drop becomes too large, it flows either 

down the wire or along the outer surface of the DLI probe, 

and is lost. A light-emitting diode and photocell are fitted at 

the gap and sense the size of the drop. Electronic feedback 

from the photocell controls the current through the wire to 

hold the drop size constant. The instrumental parameters are 

met only with the wire that was not of homogeneous construction, 

and the three-segment wire design described above was arrived 

at empirically. A description is provided where the 

performance of the concentrator wire is tested in an effort to 

determine the maximun flow which could be accomodated and 

still mainta:in a 95% evaporation of the solvent, corresponding 

to a 230-£old increase in sample concentration. 

331 
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C.8. Nebulization 

The design of a DLI interface is described which uses a jet of 

helium gas to aid in the nebulization of the HPLC effluent and 

sample into the MS source (37). Interfaces used in coupling 

H PL C with M S fall into two basic categori.t.s: transport 

interfaces and DLI interfaces. A number of systems have been 

used in the DLI approach for introducing the L C effluent into 

the MS source and include formation of liquid jets through 

either viscous flow capillary or 1.5 micron diaphragms and 

vacuum nebulization techniques. 

C .9. S u percritical Fluid Injection 

Direct supercritical fluid injection interfaces have been 

designed for use with mass spectrometry (38). Direct fluid 

injection (D FI) mass spectrometry utiliz~s supercritical fluids 

for solvation and transfer of materials to a CI mass spectrometer 

source. Supercritical carbon dioxide with isobutane as the CI 

reagent gas has been used and DFI MS/MS is also illustrated 

for major ions in the isobutane CI mass spectrum of T2 toxin. 

More polar compounds may be analyzed using supercritical 

ammonia. This alternativ~ LC-MS approach uses a supercritical 

fluid or "dense gas" for efficient transfer of material to the 

gas phase in the CI source. The DFI method allows mass 

spectra to be obtained for essentially any compound which is 

soluble in the supercritical fluid and hence allows a rapid 

qualitative evaluation of fluid phase solu b:1lity • 

At high pressures and above the critical temperature, 

the resulting fluid or dense gas attains a density approaching 

that of a liquid which has relatively strong internal molecular 

interactions and therefore assumes some of the properties of a 

liquid. In describing the DFI process, the supercritical fluid 

exits from a 50 to 500 atmosp here pressure region through a 
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hole into another pressure region which contains a Mach disk, 

where initial clusters have a diameter of approximately 30 

angstroms. The shock waves resulting after the Mach disk 

then transfer into a molecular spray which enters a CI region 

of a mass spectrometer at a pressure of approximately one 

torr. The Mach disk is characterized by two phemomena - the 

clestruction of the highly-directed jet and the collisional 

energy transfer resulting in a redistrib ution of the directed 

kinetic energy of the jet among the various translational, 

vibrational, and rotational modes of the molecule. 
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The use of capillary column supercritical fluid chromatography 

(SF C)- MS can obviate the difficulities associated with previous 

interfaces and allows a simple interface readily adapted to 

existing G C-MS systems (39). The combination of SFC with 

mass spectrometry offers the following potential advantages 

relative to GC-MS or LC-MS methods: 

1. high molt,cular weight, polymeric, polyfunctional, and 

thermally labile compounds can be separated, as well as more 

volatile species; 

2. capillary SFC columns can provide greatly enhanced 

chromatographic efficiency relative to HPLC due to solute 

diffusivi.ties which are about 100 times greater in the 

supercritical fluid than in the corresponding liquid phase and 

similar to the gas phase; 

3. soluting power of the mobile phase can be readily controlled 

with pressure programming. Mixed mobile phases, gradient, 

and temperature programming are also feasible; 

4. SFC using a capillary column provides low mobile phase 

flow rates which, when coupled with high mobile ph«se 

volatility, allows optimal interfacing of SFC and mass 

spectrometry. 

Optimal mobile phase flow rates of five to 80 microliters 

per minute (supercritical fluid), depending on column 

diameter and pressure, may be obtained in this combination 

instrument. The SFC mobile phases used up to now in this 

work are isob utane and normal pentane. Initial evaluations of 
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the capillary SFC-MS interface demonstrate it: to be mechanically 

simple and reliable. Polyaromatic hydrocarbon studies indicate 

that a detection limit of approximately one picogram is achieved. 

C.10. Examples of LC-MS Analysis of Compound Types 

Glucuronides are characterized using a thermospray LC-MS 

interface (40). Ten nanograms of the glucuronide injected 

onto a column suffice for characterization by a scanned mass 

spectrum. Unlike many of the other currently available LC-MS 

interfaces, the thermospray ionization interface allows 100% of 

an aq ueous effluent to enter the mass spectrometer at flow 

rates up to 1.5 ml per minute. 

Nanogram amounts of the peptides leucine enkephalin, 

methionine enkephalin (TyrGlyGlyPheMet), and alpha-amanitin 

are obtained by direct LC-MS (41). Both (M+H)+ and (M-H)

ions are obtained in the positive and negative ion modes, 

respectively. 

D. MOVING BELT INTERFACES 

D .1. Introduction 

T he ad dition of a modified seg mented flow extractor between an 

HPL C and a mass spectrometer permits the direct coupling of 

an HPLC operated in the reversed phase (RP) mode to a mass 

spectrometer, without compromising the operational characteristics 

of either instrument (42). Ion-pairing techniques were 

studied and demonstrate compatibility with on-line LC-MS (43). 

Several approaches have been explored for the direct 

LC-MS combination: 

1. A moving wire/belt system that transports the L C effluent 

through a series of vacuum locks for the solvent to be 
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evaporated. The sample is then introduced into the ion source 

for analysis by either EI or CI. 

2. A 1% split of the LC effluent into the mass spectrometer, 

where the LC solvent is used as the CI reagent gas. 

3. A vacuum nebulizing interface to introduce total 

effluent from a microbore HPLC into the ion source. 
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4. The system that converts the LC effluent into a molecular 

beam by forcing :ii: through a nozzle restriction, followed by 

flash evaporation using a laser beam or sonic radiation, and 

then mass spectrometric analysis in e:ii:her the EI or CI mode. 

5. Direct evaporation of the total effluent into the mass 

spectrometer ion source followed by CI under API conditions. 

6. A silicone membrane enrichment device which removes 

the solvent and permits preferential entry of the solute into 

the mass spectrometer. 

The segmented-flow LC-MS interface desalts the organic 

phase with high efficiency. This fact is demonstrated by 

analyzing sodium ions and phosphate ions at the 0.3 ppm and 

10 ppm levels, respectively. 

In a further development of this type of LC-MS interface, 

a specially designed nebulizer was constructed for deposition 

of the effluent from the HPLC column onto a moving belt (44). 

Another aerosol liquid deposition device was described (45). 

Measurements of the solvent transfer efficiency to the belt 

were performed by first spraying a peak from the HPLC 

column onto the belt, and then comparing that peak area with 

the area obtained by depositing the same mass of sample onto 

the belt with a syringe, where the syringe was assumed to 

provide 100% efficiency in the transfer of the solvent onto the 

belt. A belt interface can be thought of as consisting of four 

basic steps, each of which may potentially effect 

chromatograp hic performance: 

1. transfer or deposition step; 

2. evaporation of the solvent remaining on the 

belt with an infrared heater; 
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3. passing of the solvent into the vacuum lock 

system; 

4. desorption of the sam ple from the belt into 

the ion source. 

The influence that the deposition step can have on the 

performatlce of the L C-MS interface is critical when compc.ring 

the conventional method of flowing the effluent onto the belt 

in a continuous stream versus spray deposition. Dispersion of 

the L C effluent into a fine mist can provide an efficient 

evaporation step. It is found that the dimensions of the 

orifice through which the liquid flows must be minimized to 

prevent liquid from accumulating on the glass tip, and also to 

allow formation of the smallest possible droplets. By using a 

60· angle between the spray tip and belt, droplet formation 

on the belt behind the tip is minimized. Attention to these 

critical experimental steps is of primary importance in order 

to obtain good chromatographic fidelity including peak shape, 

variance, area, and reproducibility. 

D.2. Peptide Studies 

U sing a quadrupole mass spectrometer outfitted with a 

moving belt interface, li-acetyl-li,.Q.,~-permethylated oligopeptides 

were analyzed (46,47). Isobutane CI yields good intensity 

(M+H) + and li- and .f.-terminal ions. In addition, .f.-methylated 

peptides are separated by LC. 

Permethylated peptides and peptide mixtu res have been 

studied employing normal phase chromatography and a moving 

belt LC-MS interface (48). Eighteen different peptides, 

ranging in size from di- to heptapeptides, were studied and it 

was found that on-line LC-MS ammonia CI spectra produced 

complete or almost complete amino acid sequence determination 

information. 
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D .3. Analysis-of-Variance of System Components 

Extra-column band-spreading on an HPLC-MS moving belt 

interface was analyzed by a numerical evaluation of the 

system variance (49). Spraying effects may be evaluated by 

considering the increase of the variance (the second moment 

of mass) of the chromatograp hic band. Variances are adctitive 

when contributions are independent. 

D.4. Review of LC-MS Transport Devices 

HPLC interfaces with transport devices were reviewed (50) 

and a comparison is made of moving belt interfaces for LC-MS 

(51). In the interfacing of the HPLC to a mass spectrometer, 

three fundamental problems must be overcome: 

1. how to make the mass spectrometer, which can 

handle 20 cc per minute of gas if configured for cr, 
compatible with solvent flow rates of the order of one 

cc per minute which result in gas volumes in the range 

of 150 to 1200 cc per minute, depending on the solvent 

used; 

2. introduction of the solute into the mass spectrometer 

so that mass spectral infornlation can be obtained and the 

solute does not undergo thermal decomposition; 

3. coupling of the HPLC with the mass spectrometer so 

that there can be no loss of the chromatographic performance. 

It is noted that a further problem which occurs is that, 

with aqueous solvent systems containing more than 50% water, 

beading of the solvent on the belt causes pressure fluctuations 

in the ion source resulting in poor mass spectral data. 

Although microbore HPLC was initially utilized with the 

moving belt system, it has had little subsequent use. 

A table in this review (50) collects the applications and 

corresponding references of HPL C using transport type 
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interfaces and includes the following compound types: 

aflatoxins, AmaryJJidaceae alkaloids, antibiotics, aromatic 

acids, bile acids and their conjugates, carbamate pesticides, 

chinchona alkaloids, chlorinated phenols in urine, coal 

liquification products, dinitrophenyl hydrazones, drugs, 

effluent analysis, ergot alkaloids, glycosides, herbicides, 

lipids, liquid crystals, natural coumarins, nucleosides, 

peptides, pesticides, petroporphyrins, polychlorinated 

biphenyls and their metabolites, polynuclear aromatics, 

rotenoids, steroids, sugars, triglycerides, and waxes. 

D.5. Ribbon Storage Device 

A novel ribbon storage interface is described (52, 53). 

The distance between the mass spectrometer and the HPL C 

unit approximates five feet. This LC-MS interface is designed 

for use with SIMS and with conventional EI. The LC-MS interface 

includes a 120 cm region at atmospheric pressure. Aerosol 

deposition of the HPLC effluent allows the complete evaporation 

of the mobile phase before the first vacuum slit, and & 320 cm 

total length allows the storage of chromatographically-separated 

materials. Ten picograms of amino acids have been detected. 

The long ribbon also allows temporary storage of five to 60 

minutes of HPLC separations on the ribbon for subsequent 

reanalysis by SIMS or EI. 

A new method for ribbon cleaning using vapor deposition 

of a thin layer of silver is also described (52,53) which 

reduces background from contaminants and residues on the 

ribbon and is superior to heaters or solvent baths for ribbon 

cleaning. The liquid is deposited on the ribbon surface by an 

aerosol liquid deposition device. The heart of the interface is 

a ribbon (0.63 cm wide, 0.0087 cm thick, and 320 cm long) 

spot-welded to perform a continuous loop. Ribbons of 

high-purity nickel, molybdenum, and platinum are found to 
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have acceptable mechanicol properties; most of the work is 

done with high-purity nickel. 

E. IONIZATION METHODS FOR LC-MS 

Ionization methods available for LC-MS are reviewed 

(54). Nine different methods are described and include 

desorption chemical ionization (D CI). laser desorption (LD), 

field desorption (FD), electrohydrodynamic ionization (EHI), 

252 C aJi£ . la. d . ( ) A d orn~um p sma esorptiDn PD , SIMS. F B, API an 

thermospray ionization technique. 

F. CONCLUSIONS 

At the present time. no one of the on-line interface 

devices described above has taken charge of the field to 

become universally useful in laboratories around the world. 

Each one of the proponents of the different on-line techniques 

can describe the advantages and disadvantages of each 

system. It is clear from the data and exp erienl:e published in 

the literature that more developmental time is needed. That 

hesitation of employing the commercially available HPLC-MS 

interfaces notwithstan din g. it is quite clear that this ty p e of 

on-line LC-MS interface, once it has been appropriately 

developed and utj)jzed, will significantly increase the use of 

mass spectrometry as the detector for HPLC for the 

measurement of endogenous compounds. 

II. OFF-LINE C OHBIN A TION OF LIQ UID 

CHROMATOGRAPHY AND NASS SPECTROMETRY: EXAMPLES 

OF PEPTIDE MEASUREMENTS. 

A. IN T ROD U C TIO N 

While the first section reviewed the on-line combination of 

LC-MS, this section will focus on the off-·line combination of 
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LC and MS, where a compound eluting at a known retention 

time is manually collected and is measured by MS techniques. 

Extensive analytical measurements have been made of endogenous 

peptides extracted from biological sources. 

In this section, advantage is taken of the fast and facile 

production of (M+H) + ions of biologically important peptides 

by means of FA B mass spectrometry (55). Doubly-charged molecular 

ions of insulin have been observed in some instruments (56) and 

singly-charged ions of the proinsulin molecule in other 

instruments (57). However, because of the relatively high 

background produced by the matrix needed for FA B mass 

spectrometry, the resolution of this analytical system must be 

increased in one of two ways (58). On one hand, the mass 

resolu tion can be increased up to one p art in ca. 20,000 to 

effectively isolate the accurate mass of (M+H) +. However, 

especially in the case of peptides, it is known that even the 

(M+H)+ of a peptide lacks sufficient molecular specificity for 

unambiguous quantification. On the other hand, structural 

resolution can be significantly increased by taking advantage 

of linked-field scanning MS techniques (59), especially in the 

B/E mode, where one selected product ion is selected from a 

precursor ion. In both cases, fragmentation can either be 

increased, or created, by the use of CAD processes. 

Internal standards (60, 61) c~n be efficiently produced for 

measurement of peptides by incorporating a stable isotope 

such as 18 0 into the peptide molecule (62, 63). 

B. CONSTRUCTION OF CALIBRATION CURVE 

The method of analysis employing the 

FA B-C AD-B IE-B' IE'-SIM-microcomputer measurement mode 

must demonstrate a linear response over the range of concentrations 

of endogenous peptides. The use of both the stable 
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isotope-incorporated peptide internal standard and this novel 

analytical measurement mode are important to demonstrate 

linearity and to overcome biologic matrix effects. Primary data 

from one of the accelerating voltage alternation experiments 

for leucine enkephalin versus 18 0 leucine enkephalin were 

used to monitor the peak at mass 336 in the former case and 

340 in the latter case. This selected pair of ions corresponds 

to the tripeptide sequence -GFL which derives from the 
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CAD-B/E analysis mode (64). This amino acid sequence-determining 

ion is a product ion arising only from the (M+H) + ion of 

leucine enkephalin- a most Significant experimental fact that 

rigidly maintains the molecular specificity of the analytical 

measurement. 

The microcomputer interface is used to accept a large 

number of analog signals to optimize ion statistics (65). 

Integrated areas are calculated and the ratio of the known 
16 18. 

amounts of the 0 and the 0 spec~es are plotted. The 

calibration curves for both the methionine enkephalin (ME) 

and leucine enkephalin (LE) experiments show that both 

curves intercept at, or very near, the origin and have 

correlation coefficients near unity. T he statistical parameters 

for the two best-fit straight lines are, for ME: y = 1.09x + 
2 2 

0.06, r = 0.999 and for LE: y = 0.69x, r = 0.995. 

C. HYPOTHALAMUS TISSUE EXTRACTS 

The RP-HPLC chromatogram for canine hypothalamus tissue 

demonstrates that, at the UV wavelength being monitored (200 nm), 

the RP-HPLC chromatogram of a hypothalamic peptide-rich 

fraction is relatively clean of UV-absorbing material (66, 67). 

It is quite important to remember that, of course, a wealth of 

biologically active radioreceptorassayable, bioassayable, 

and/or radioimmunoassayable material may, and generally does, 

coelute on this chromatogram at the indicated retention times 



342 DESIDERIO AND FRIDLAND 

and usually at other retention times (68, 69). However, it is 

experimentally ob served that, at a U V detection sensitivity 

level of 0.1 A UFS, microgram amounts of peptides are detected (70) 

whereas radioreceptor assay (R RA), radioimmunoassay (RIA), 

and bioassay (BA) are capable of detecting ng and pg 

amounts, but with no structural information attached to those 

measurements. 

While experimental experience indicates that the RP-HPLC 

resolution of the two enkephalin peaks may be increased by 

alterations of several experimental parameters including 

recycling and/or change of the buffer and/ or organic modifier, 

flow rate, temperature, etc., it must be remembered that in 

the novel mode of off-line LC-MS analysis, the detector is not 

limited to only UV absorption, but rather, utilizes a unique 

amino acid sequence-determining ion which arises from a 

peptide eluting at one selected retention time. In this type of 

measurement mode, virtually all chromatographic and chemical 

background noise disappears. The plot of leucine enkephalin 

and the 18 0 leucine enkephalin internal standard (M+H)+ 

ratios for this hypothalamus data shows that the intersection 

of the signal and noise levels corresponds to 170 ng leucine 
-1 

enkephalin g hypothalamus tissue (71). 

D. THALAMUS TISSUE EXTRACTS 

180-incorporated internal standards are used to determine 

endogenous amounts of enkephalin in canine thalam us tissue (72). 

The straight line intersects the abcissa at values corresponding 
-1 

to 62 ng LE and 125 ng ME g thalamus, respectively. 

E. PITUITARY 

A number of canine pituitaries (70) is neuroanatomically 

separated into the anterior (1.9 g. total wet weight) and 
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posterior (0.44 g total wet weight) portions. The tissue is 

homogenized in acetic acid (1 ]i) and divided into three equal 

samples. In the anterior pil:uil:ary, 70 ng of LE and 2,950 ng 
-1 -1 

of ME g are found while 2 ng LE and 3760 ng ME g are 

measured in the posterior pil:uitary extracts. 

F. CAUDATE NUCLEUS 
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FDMS methods have been used to measure the endogenous amount 

of enkephalin in canine nucleus tissue extracts (71). The 

amount of endogenous leucine enkephaJin in the canine caudate 

nucleus tissue extract is 1,500 ng leucine enkephaJin g-l tissue. 

G. TOOTH PULP 

Tooth pulp tissue is collected from four animals and pooled 

(four teeth from each animal; total = 16). Canine tooth pulp 

RP-HPLC chromatograms have been published (74). The endogenous 

amount of ME for pooled tooth pulp tissue is 3 micrograms 
-1 

g tooth pulp tissue. 

H. ELECTROSTH1ULATED TOOTH PULP 

In a study of nociceptive processes, levels of enkep halins 

are determined in canine tooth pulps which had been 

e1ectrostimulated in vivo and compared to levels of these 

peptides in tooth pulps of control animals. The current 

working hypothesis underlying this type of physiologic study 

is that three peptidergic pathways (endorphinergic, dynorphinergic, 

and enkephalinergic) are ava:ilable to a cell to maintain a 

dynamic homeostatic relationship and to deal with noxious 

stimuli. The three peptidergic pathways are composed of large 
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precursor peptides, the opioid oligopeptide, and metabolites. 

Noxious stimuli are hypothesized to activate the peptidergic 

pathways, and individual opioid peptides may have decreased 

concentrations following stimulation. Electrostim ulation 

significantly decreases by 20% the amount of endogenous ME. 

A general overall trend noted is that the two opioid 

pentapeptides ME and LE are altered upon electro stimulation 

(75,76). Electrostimulation is performed to elucidate those 

molecular mechanisms operating during a physiologically 

stressful situ a tiD n • These preliminary data indicate that the 

three peptidergic pathways (dynorphinergic, endorphinergic, 

enkephalingeric) may be mobilized in the following sequence: 

Large precursor 

pentapeptide(s) 

intermediate precursor(s)_ 

inactive metabolites (77). 

On one hand, there may be a naturally-occurring pool of 

pentapeptides which is electrostimulated towards metabolism 

or, on the other hand, the entire metabolic scheme noted 

above may be stimulated to produce a lowered endogenous amount 

of each constituent peptide. Other human and in vivo dynamic 

studies are needed to resolve that question. 

1. CEREBROSPINAL FLUID 

LE (44 ng ml-
i

) was measured in canine CSF (71). This 

type of measurement is important in current clinical studies 

aimed towards the elucidation of molecular mechanisms 

involved in pain. 

J. CONCLUSIONS 

Several significant conclusions are derived from the 

experiments ut:i.1izing the off-line LC-MS measurement modes 

which are reported in this section. 

A fast and facile method of tissue sample acquisition 

and procurement from the canine animal model is described (78). 



COMBINATION OF HPLC AND MS 

This study demonstrates that rapid freezing of tissue is 

needed in a fashion similar to that described in the discovery 

of 190 H-PGE
2 

compounds in human seminal fluid (79-81). Rapid 

freezing avoids, or at least minimizes, metabolic and chemical 

interconversions and also enhances the possibility of 

measuring only those endogenous target compounds and not 

artifacts or chemical/enzymic products. The need for an internal 

standard for an MS analytical measurement is demonstrated by 

previous workers (60, 61) to overcome the limitations imposed 

by the experimentally rather ill-defined, yet very real, 

biological matrix effects. Stable isotope-incorporated peptides 

are the most appropriate internal standards for measurement 

of endogenous peptides. Stable isotope-incorporated peptide 

internal standards also have hydrophobicity and MS behavioral 

characteristics similar to the endogenous peptides. An internal 

standard is added as soon as possible after tissue acquisttion 

and before homogenization in the separation scheme as a 

means to accurately represent the endogenous amount of 

peptide, and also to provide sufficient time for equilibration 

(61) of the exogenous and endogenous peptides. 

The most significant experimental parameter of any 

analytical measurement of a biological compound is the 

molecular specificity of that measurement; namely, is the 

compound one thinks is being measured the compound that is 

actually being measured? This concept of specificity is easy to 

state but experimentally rather difficult to prove 

unambiguously. One author calls this experimental phenomenon 

the "chromatographic uncertainty principle" (82). Many other 

assay methods are generally utilized because of their relative 

ease, low cost, high speed, high sensitivtty, and putatively 

high molecular specificity. For example, chromatography, 

color reactions, enzymatic reactions, HPLC, BA, RRA, and 

RIA are some of the measurement procedures which are used 

in most laboratories around the world. However, one of the 

purposes of this review is to state unequivocally that the 
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molecular spec:ifici.ty of all of the above measurement methods 

is insufficient for unambiguous structural proof during an 

analytical measurement (78). Of course, the non-MS assay 

methods listed above will always be used, but investigators 

must at least be aware of and state the limitations of any 

statements made relating to structure. Only one measurement 

process, namely MS, offers unambiguous molecular specificity. 

On one hand, ability to produce the (M+H)+ ion of a 

biologically important peptide is a signal advancement in 

the measurement of endogenous peptides. But even this 

parameter, (M+H) +, while significantly increasing specificity, 

does not confer unambiguous molecular specificity to that 

measurement. The only analytical method currently available 

and which uses MS to provide maximum molecular specificity is 

to use an amino acid sequence-determining ion from the 

(M+H)+ ion produced by FAB with either unimolecular or CAD 

processes, and then to collect by a linked-field scan only one 

unique amino acid sequence-determining ion. Furthermore, use 

of a stable isotope-incorporated internal standard, which is 

the same peptide as that being measured, additionally 

substantiates the molecular specificity of the analysis. 

In the study discussed above, the ~-terminal tripeptide 

sequence ions -GFL from LE and -GFM from ME are selected 

for monitoring, and the analytic measurement of endogenous 

peptides is based upon those two ions and their corresponding 

180-internal standards. 

The detection sensitivity of the novel LC-MS process 

described above is quite encouraging for analytical measurement 

of endogenous peptides in most biological tissues and fluids. 

For example, enkephalin peptides in canine caudate nucleus 

tissue extracts are measured at the 200-400 ppb level. The 

current instrumental limitation corresponds to the 30 ppb 

level. It is significant to realize that several significant 

instrumental increases (IO-IOOx) in the detection limits are 

forthcoming. 
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The peptide measurements include endogenous amounts of 

both ME and LE extracted from a variety of biological sources 

including hypothalamus, CSF, anterior and posterior pituitary, 

caudate nucleus, and tooth pulp (pooled and electrostimulated). 

It is important to undertake this type of analytical/physiological 

study within one laboratory to ensure quality control over all 

experimental manipulations which range from the live animal 
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model through exsanguination, tissue procurement, homogenization, 

chromatography, MS, and data analysis. Inter-animal biologic 

variations are observed and it is possible to have one animal 

serve as it own control. 
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ABSTRACT 

There has been a proliferation of papers on the use of 
chiral stationary phases (CSP's) to separate optical isomers in 
high performance liquid chromatography. The chemistry, 
mechanism and stability of these CSP's can vary widely. 
Furthermore, the appl icabil ity, avail abil ity and cost of a CSP 
can mean the difference between its being of passing academic 
interest as opposed to a technique that could have a significant 
impact on science and technology. Six different cl asses of 
chiral stationary phases are examined and discussed including 
the new chiral cyclodextrin bonded phases. The separation 
mechanism, strengths and 1 imitations of the CSP's are al so 
considered whenever such information is avail abl e. 

INTRODUCTION 

In the 1 ast decade there has been a tremendous impetus to 

develop efficient liquid chromatographic techniques for the 

separation of racemates. There are several reasons for this. 

For example, an efficient method for determining optical purity 

would be highly beneficial in many scientific discipl ines in-
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cluding: organic and inorganic synthesis, kinetics, pharma

cology, geochronology (i.e., using the degree of amino acid 

racemization to date organic articles of archaeological 

importance) and so forth. The pharmaceutical industry obviously 

needs effective analytical and preparative separations for a 

variety of enantiomeric compounds which are known to have dif

ferent physiological activities (1-4). The fact that the 

traditional method of resolving racemic mixtures (i.e., 

fractional recrystallization of diastereomeric salts) is 

relatively difficult, inefficient and limited in applicability 

(5,6) has greatly increased the interest in alternative tech

niques. The efficiency, speed, wide appl icabil ity and repro

ducibility of the modern liquid chromatograph have made it the 

instrument of choice for most of the recently reported 

enantiomeric separations. Be this as it may, it is clear that 

recent HPLC techniques have evolved and/or benefited from clas

sic col umn chromatographic methods (6). It al so appears that 

the most interesting research in this area involves the develop

ment of new highly selective stationary phases. In this review 

the chemistry, applicability and limitations of six classes of 

chiral stationary phases will be examined. This work is not 

intended to be a comprehensive review of enantiomeric sepa

rations. For example, work on the use of chiral mobile phase 

additives and 1 igand exchange LC will not be covered. Readers 

interested in these particul ar areas are refered to the 
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the many fine reviews and papers that have recently been 

publ ished (7-16). The six classes of chiral stationary to be 

considered in this work are: cyclodextrin bonded phases, 

TI-complex/hydrogen bonding stationary phades, polymeric station

ary phases, charge transfer stationary phases, protein bonded 

phases, and crown ether bonded phases. 

I. Chiral Cyclodextrin Bonded Phases 

Cyclodextrins are chiral, toroidal shaped molecules formed 

by the action of Bacillus macerans amylase on starch (see Figure 

1)(17-19). These macrocyclic polymers contain from six to 

twelve glucose units bonded through Ct-(1,4)linkages. The 

three smallest homologs, Ct-cyclodextrin (cyclohexaamylose), s

cyclodextrin (cycloheptaamylose) and r-cyclodextrin 

(cyclooctaamylase) are available commercially while larger 

homologues must be individually produced and isolated. 

Cyclodextrins have several structural features that make them 

highl y useful in separations (Figure 1). First of all, the 

interior of the cyclodextrin cavity contains no hydroxyl groups 

and is rel ativel y hydrophobic. Consequentl y they are abl e to 

complex a variety of water insoluble or sparingly soluble 

molecules, see Figure 2. This property led to their use as 

mobile phase modifiers in the TLC separation of a variety of 

structural isomers (20-22). Traditional col umn chromatography 

on polymerized cyclodextrin was investigated as well (23-25). 
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Figure.!.. A schematic showing the structure of S -cycl odextrin. 
The cavity is hydrophobic and is 7 to 8 E deep. Note that all 
glucose units are locked in a chair conformation and joined by a 
stable a:-(1,4)glycosidic linkage. All hydroxyl groups are on 
the outer edges of the mol ecul e with the primary 6-hydroxyl s 
restricting the "bottom side" of the molecule. 

Most importantly, each glucose unit contains five chiral atoms 

and the 2-hydroxyl groups at the entrance of the cycl odextrin 

cavity project in a clockwise direction (Figure 1). Chiral 

recognition has been shown to be optimal on a S-cyclod-extrin 

col umn for compounds the size of biphenyl or a 1 ittl e 1 arger 

(26,27). If, in addition, the chiral sol ute al so contains a 

substituent that can hydrogen bond with the 2-hydroxyl 
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groups at the mouth of cycl odextrin cavity, then enantiomeric 

separations are particularly efficient and predictable (see 

Figure 3). For example, the L-enantiomer of all dansyl or 

naphthyl amino acids is el uted first. Tabl e I 1 ists typical 

enantiomeric compounds that have been resolved on chiral cyclo

dextrin bonded phases. 

It is interesting to consider whether or not chiral cyclo

dextrin inclusion complexes satisfy the three point chiral 

recognition model (29). Considering the simpl ified model 

shown in Figure 2, one could argue that there is a three point 

attachment via the hydrophobic group in the cavity and at least 

two of the groups projecting radially from the mouth of the 

cyc 1 odextrin cav ity. Thi s seems to be 1 ike 1 y for many of the 

compounds studied (Tabl e I). One might al so argue that there 

could be more than three points of interaction if the entire 

molecule is within the cyclodextrin. However small molecules 

that are compl etel y enveloped by the cyclodextrin tend not 

to show enantioselectivity (a N-benzoyl amino acid in 

S -cycl odextrin for exampl e). In these cases one must go to a 

small er cycl odextrin (such as a-CD). A "tight fit" with part 

of an enantiomer extending out of the cyclodextrin cavity seems 

to produce the desired optical resolution in many cases. It may 

be possible that a one or two point attachment accompanied by 

steric restraints (as first suggested by LochmUll er (30, 31)) 

could in some cases be responsible for the observed 
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L-Thr D-Thr 

L-Leu 

3 6 9 
RETENTION TIME, Min. 

figur, 1. A chromatogram showing the separation of racemic 
dansy threonine and leucine. Note that the L-enantiomer is 
al ways el uted first. Cromatographic conditions: col umn = 0.46 
x 10 cm B-CD, sol vent = 50% methanol + 50% water, fl ow = 1.0 
mllmin, detection y=254 nm. 

enantioselectivity (see section IV). Because of its strict 

stereochemical requirements and the intimacy of the incl usion 

compl ex, cyclodextrin bonded phases may be a more useful means 

to assign absol ute configuration than other CSP ·s. Certainl y a 

good deal more work must be done in this area. 

There are several advantages to chiral cyclodextrin 

packings. They are, for example, commercially available* and 

there are several different size cyclodextrins which al lows one 

to separate a variety of different size enantiomers. This 

packing is water stable and is most often used with aqueous-

methanol mobile phases (26-28). This is important since the 

presence of water is known to ruin most of the other chiral 

*Advanced Separation Technologies, Inc. 37 Lesl ie Ct. 
P.O. Box 297, Whi ppany, NJ 07981. 
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Table I: A List of Typical Enantiomers Resolved on s
Cyclodextrin Columns Using Aqueous-Methanol Mobile 
Pha ses (26-28,32). 

1. D,L-alanine s-naphthylamide 
2. D,L-methionine s-naphthylamide 
3. D,L-alanine s-naphyl ester 
4. dansyl D,L-valine 
5. dansyl D,L-threonine 
6. dansyl D,L-norleucine 
7. dansyl D,L-phenylalanine 
8. dansyl D,L-leucine 
9. dansyl D,L-methionine 
10. dansyl D,L-tryptophan 
11. dansyl D,L-serine 
12. dansyl D,L-norvaline 
13. dansyl D,L-a-amino-N-buteric acid 
14. dansyl D,L-arginine 
15. N-benzoyl-D,L-arginine s-naphthylamide 
16. (+,-) hexabarbital 
17. (+,-) mephobarbital 
18. (+,-) usnic acid 
19. (+,-) a-(l-naphthyl)ethylamine 
20. (+,-) cyclohexylphenylacetic aeid 
21. D,L-propranolol 
22. (+,-)2,3-0-isopropyl idene-2,3-dihydroyx-1,4-

bis(diphenylphosphino)butane [a.k.a. DIOP] 
23. (+,-) trans a,a'-(2,2-dimethyl-1,3-dioxalane-4,5-biyl)

bis-(biphenylmethanol) 

stationary phases. An added benefit of eyel odextrin bonded 

phases is that they are useful for the resolution of many 

nonenantiomeric compounds and have been found to be superior to 

conventional reverse phase packings for many of the more 

routine separations (27, 32). They can al so be used as normal 

phase packings (e.g., with hexane-al cohol mobil es phases) 

although the separation is not due to inclusion complex forma

tion but rather to hydrogen bonding and dipolar interactions 
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with surface hydroxyl groups (32). Lastly, these col umns are 

currently less expensive than most routine normal and reverse 

phase col umns. 

Cyc10dextrin packings also have some shorcomings. For 

e x am p 1 e the y are g en era 1 1 y abo u t 80% as e ff i c i en t as the be s t 

reverse phase col umns. This is because the formation of strong 

inclusion complexes causes somewhat slower mass transfer which 

results in detectable band broadening. Fortunately, this 

relatively small decrease in efficiency is usually accompanied 

by a 1 arge increase in se1 ectiv ity. Current1 y onl y S- and Y

cyc10dextrin columns are available commercially, however an a

cyc10dextrin packing for smaller molecules will undoubtedly be 

forthcoming. After extensive use (particularly when using 

mobile phases with a very high percentage of water) one finds 

that the efficiency and retention begins to decrease. This is 

because strongly retained impurities are occupying many of the 

cyc10dextrin cavities. The column is easily regenerated by 

flushing with absolute methanol or ethanol. 

II. "n-Comp1ex-Hydroden Bonding" Stationary Phases 

The three-point chira1 recognition model has been used as a 

basis for the design of several chira1 stationary phases. 

Pirkl e and co-workers origiona11 y designed CSP's "A" through "c" 

(see Figure 4) in view of this model and successfully resolved a 

series of enantiomeric sulfoxides and 3,5-dinitrobenzoyl deriva-
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£igure~. A schematic showing nine different cl ass II chiral 
statlonary phases. All are used under normal phase, conditions 
(e.g., hexane: isopropanol mobil e phases). Packings A through e 
were developed by Pirkle and co-workers (33-35). Packings 0 
through I were developed by Oi and co-workers (43-47). All 
packings except for "A" have the chiral molecule attached to the 
silica support via a y-aminopropylsilane linkage. 

tives of amines, alcohols, thiols, amino acids, amino alcohols 

and hydroxy acids (33-35). The necessary three point contact 

between the esp and enantiomeric solute was thought to be 

maintained via two hydrogen bonds and a 1f-1f donor-acceptor 

interaction (33-35). Subsequent work indicated that dipol e-

dipol e stacking and Van der Waal s interactions must al so be 

considered in many cases (36). One important feature of these 

esP's was that they seemed to be appl icabl e to a broader range 

of compounds than most of the earl ier reported chiral packings. 
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Recent research in this area involves the extension of appl ica

tions, the development of a rational for predicting elution 

order and the developement of another generation of esp's of 

this type. Wainer and co-workers, have largely been involved 

with the first two pursuits above, particul arl y in the 

separation of a '/ariety of chiral compounds of pharmaceutical 

interest (36-40). Other research groups have evaluated 

enantiomeric separations of dihydroxy and tetrahydroxy 

pol ynucl ear aromatic hydrocarbons (41) and a variety of acycl ic 

al kyl carbinol s and their derivatives (42). Oi and co-workers 

(43-46) have focused their attention on the developement of new 

and modified esP's (see structures D through I, Figure 4). 

Their work has shown that there can be significant differences 

in selectivity for many of the related esP's. In fact, it has 

been noted that there are sel ecti v ity differences in packings 

containing the same chiral base molecule but differing in 

whether they are attached coval entl y or ionicall y (structures 

"B" and "e" in Figure 4) (36). Undoubtedly these types of 

studies will continue to shed light on the separation mechanism. 

There are several advantages to Type II esP's. Firstly, 

esP's "B" and "e" (Figure 4) are avail abl e commercial 1 y.* Cur

rently, more enantiomeric seperations have been reported on this 

class of packing than on any other. As a result, the interested 

*J. T. Baker, Phillipsburg, NJ 
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researcher has available a significant quantity of useful data 

which can be used to formu1 ate future work. Indeed, a recent 

paper evaluated the role of mobile phase composition on 

enantiomeric se1 ectivity and reso1 ution (47). 

A disadvantage of class II CSP's is that the presence of 

any water in the mobile phase tends to ruin both the separation 

and the packing. It is possible, however, to regenerate the 

ionica1 1y bonded packings provided a significant portion of the 

y-aminopropy1 si1 anized sil ica gel has not hydrolyzed. It has 

been noted that it is more difficult to separate ester deriva

tives of some enantiomers than the corresponding amides (36). 

It was a1 so noted that there was a reversal in the 

e1 ution order of an enantiomeric pair of compounds during the 

course of a study (36). It is not currently known how common 

this phenomenon is, but it could restrict the use of these CSP's 

for assigning absolute configurations. 

III. Chira1 Polymer Stationary Phases 

There is an extensive literature on the use of chira1 

polymers for traditional column chromatography of enantiomers. 

Many but not all are naturally occuring polymers. Typical 

examp1 es inc1 ude: cell u1 ose, microcrysta11 ine cell u1 osetriace

tate, starch, polymerized amino acids, cross 1 inked polystyrene 

containing al kal oids, and isotactic (+)-poly(triphenylmethyl 

methacrylate)(6). The use of analogous stationary phases in 
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HPLC is much less extensive but will undoubtedly grow as a 

resu1 t of recent successful appl ications (48-50). There are 

presently two basic approaches in using chiral polymers as HPLC 

stationary phases. First, if the crossl inked polymer possess 

sufficient mechanical strength (to withstand the pressure) and 

can be obtained in particle sizes of appropriate dimensions 

(i.e., 5 to 10 \lm) and distributions, then it can be used as 

is. A typical example of this approach is Lindner and 

Mannschreck's use of microcrystal 1 ine triacetyl cell u1 ose for the 

HPLC separation of several racemic compounds (48). Partial 

resol ution of a cyc1 ic all ene hydrocarbon was a1 so reported 

(48). A series of racemic 2,2'-disubstituted 1,1 '-binaphthy1 s 

and racemic trans-disubstituted cycl ic compounds were a1 so re

solved by HPLC using a finely ground insoluble (+)-poly(tri

phenyl methyl methacry1 ate) (50). A somewhat different approach 

is to adsorb the chira1 polymer onto sil ica gel. This simple 

approach was shown to produce a highly effective chira1 phase 

when a low molecular weight (+)-po1y(tripheny1methy1 

methacrylate) was used (49). In addition, the selectivity is 

often different from that found for the analogous packing made 

from the "ground" or pu1 verized high mol ecu1 ar weight pol ymer. 

For example, the four stereoisomers of the insecticide 

phenothrin (i.e •• (+) and (-), cis- and trans-3-phenoxybenzy1 

chrysanthemate) are reso1 ved on the "coated" stationary phase 

but not on the "ground" type (49). One can expect many 
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additional enantiomeric separations in the near future as re

searchers adsorb different chiral polymers on a variety of 

sil ica gels. Certainly the use of polysaccharides, polyamino

acids and appropriate derivatives of these polymers will produce 

interesting results. 

Initial experiments seem to indicate that the coated chiral 

pol ymer stationary phases may be more widel y appl icabl ethan 

packings composed of pure polymer. Certainly one advantage with 

the "coated" material is that one can easily and inexpensively 

make a wide variety of different CSP's. A disadvantage is that 

use of mobile phases containing appreciable amounts of water 

wi 11 1 ikel y resul t in inferior separations and/or damage to the 

packing. The packing can always be recoated with polymer, 

however. Some polymer loss has even been noted when using 

nonaqueous sol vents (49). 

IV. Chiral Charge Transfer Stationary Phases 

In 1955 it was demonstrated that hexahel icene could be 

resol ved from a sol ution of chiral a-(2,4,5,7-tetranitro-9-

fluorenyl idenaminooxy) propionic acid (TAPA) by fractional re

crystal 1 ization (51). By 1960 resol ution was obtained by col umn 

chromatography with TAPA coated sil icic acid (52). Mikes and 

co-workers extended this technique to HPLC, separating ten race

mic helicenes and two double hel icenes using a stationary phase 

of sil ica coated with TAPA (53). They al so examined three 
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homologues of TAPA and found that the size of the substituent on 

the chiral carbon affected the selectivity. Alumina impregnated 

with (S)-(+)-TAPA has been used as well (54). TAPA and 

2,2'-diyl hydrogen phosphite XL has been bonded to sil ica gel 

(see Figure 5) and has shown simil ar success in the separation 

of hel icenes (55, 56) as has sil ica gel coated with ribofl avin 

(57). Lochml'lller and Ryall utilized a small 2,4-dinitrophenyl 

group as the change transfer acceptor attached to a chiral atom, 

see Figure 5 (31). Although partial resolution of l-aza[6] 

hel icene and heptahel icene was achieved, the real significance 

of this work was in Lochml'lller's conclusion as to the mechanism 

invol ved. It was postul ated that the small 2,4-dinitrophenyl 

group cou 1 d not have ach i ev ed the mul ti pl e ov erl aps with the 

hel icenes as proposed for TAPA. Consequentl y it may be possibl e 

to achieve chiral di scrimination in chromatography with onl y one 

(31) or two (30) strong interactions. It was indicated in 

previous gas chromatographic work that steric repulsion may be a 

possibl e substitute for positive interactions (30). 

It is apparent that chiral charge transfer stationary 

phases are useful for the separation of racemic hel icenes. 

Unfortunatel y it has not yet been demonstrated that they have 

any wider appl icability. As these stationary phases are either 

coated on silica gel or bonded via an amide linkage through an 

aminopropylsilane, they should not be use with aqueous or 

aqueous-organic mobile phases. 
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Figure 2. A schematic showing the structure of four different 
charge transfer adducts that have been bonded to or adsorbed on 
sil ica gel to create CSP's capabl e of separating a variety of 
helicenes. Again, the chiral molecule in all bonded packings 
was attached via a y-aminopropyl sil ane 1 inkage. Compound A = 
TAPA, B = 2,2'-diylhydrogen phosphite XL, C = N-2,4-
dinitrophenylalanine, and 0 = riboflavin. 
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V. Protein Bonded Phases 

For protein bonded phases, as for most of the prev ious 

chiral stationary phases, there was a legacy of successful 

appl ications by cl assic col umn chromatography. General 1 y bovine 

serum albumin (BSA) was 1 inked to agarose (58), which could then 

resol ve enantiomers of aromatic amino acids, some N-benzoyl-

amino acids and aromatic suphinyl and sul phorximine compounds 

(59). More recentl y, All enmark and co-workers successfull y 

attached BSA to 10 ].Jm sil ica and demonstrated its util ity in 

HPLC (60). A series of ten different N-benzoyl and N-naphthoyl 

amino acids showed enantioselectivity on this packing. 

Two of the advantages of this packing are that it can be 

used with aqueous or aqueous-organic mobile phases and that it 

is avail abl e commercial 1 y.* The onl yother packing that shares 

these advantages is the chiral cyclodextrin bonded phase (Part 

I). Currentl y it is not known whether or not thi s packi ng can 

separate any enantiomers other than N-aroyl D,L-amino acids. 

The stabil ity, 1 ifetime and cost of the packing as well as 

whether or not it can be regenerated is not presently known by 

thi s author. 

VI. Chiral Crown Ether Bonded Phases ---- .;;;..;;......;;..;;"'" .;...;.;.;;;.;~ 

Cram and co-worker's research on the compl exation of ions 

by crown ethers 1 ed to the development of cycl ic compounds which 

*Mackerey Nagel & Co., Duren, G. F. R. 
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Figure~. A schematic of a chiral crown ether which can complex 
protonated primary amines and in some cases show chiral 
recognition (61-63). 

showed enantiosel ectivity (see Figure 6) (61-63). Crown ethers 

have the ability to complex a number of cations (e.g., Na+, K+, 

NH4 +, etc.). The stabil ity of the crown ether-ion compl ex 

depends, to a significant extent, on the fit of the ion in the 

crown ether cavity. For example, the larger 

crown ether, 18-crown-6, prefers to complex the larger potassium 

ion over the smaller sodium ion. For the smaller crown ether, 

15-crown-5, the selectivity is the opposite. Ammonium ion is 

about the same size as potassium ion and fits well into the 

cavity of the crown ether shown in Figure 6. If t he ammon i um 

ion is attached to a chiral atom (as in a protonated amino acid) 

then the possibil ity exists for the separation of those 

enantiomers. Indeed, this was shown to be possible for a number 

of aromatic amino acids and analogous compounds (61-63). 

Although these interesting stationary phases effectively 

separate some racemic compounds that contain primary ammonium 
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ions, their over all appl icabil ity is obviousl y 1 imited (as are 

the chiral charge transfer stationary phases, for exampl e). 

Judging from the current cost of many crown ethers the 

possibility exists that this packing may be prohibitively 

expensive for 1 arge scal e use. It is well known that aqueous 

solvents and aqueous-organic mixtures tend to decrease the 

interaction between a crown ether and a guest ion (e.g., as 

opposed to organ ic sol vents). It is not 1 i kel y that the 

enantiosel ectiv ity observed in these systems (which util ized 

organic solvents) would remain in typical reverse phase mobile 

phases. 
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ROCENI' CHRGlATCX':rRAPHIC MEl'HODS TO ISOLATE PYRROLI ZIDINE ALKALOIDS 

H. J. Segall 
Department of Veterinary Pharmacology and Toxicology 

university of California 
Davis, California 95616 

ABSI'RACT 

The application of recent chromatographic techniques to isolate 
various pyrrolizidine alkaloids are evaluated. Alkaloids which have 
been successfully separated include monoesters, diesters, and 
macrocyclic pyrrolizidine alkaloids exhibiting the retronecine base 
as well as the otonecine base. Both analytical and preparative 
high performance liquid chromatography methods are discussed. 

INI'RODOCTION 

Pyrrolizidine alkaloid (PAs) are indigenous to a variety of 

plant species which are widely distributed throughout the world 
(Figs. 1 and 2). Plants containing these alkaloids include such 

diverse botanical families as the COIlpOsitae, Leguminosae, and 
Boraginaceae (1). The genera which exhibit the greatest toxicity to 

humans and livestock are Senecio, Crotalaria, Heliotropium, and 

Amsinckia (1,2). Pyrrolizidine alkaloids have been identified in a 
variety of human food sources [teas, medicinal herbs, milk, honey, 

cereals, and grains (3-11)] and have been identified as the source of 

injury (liver, lung) and death to livestock for many years (11). 

This contamination may be highly significant since PAS are 

responsible for numerous syndromes and are proven mutagens and 

carcinogens (12-14). 

The difficulty in studying PAs has been the lack of available 

cOIlpOunds to the investigator as only monocrotaline is sold 
corrm~rcially. Various isolation and extraction processes are 
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Figure 1. Examples of macrocyclic pyrrolizidine alkaloids exhibiting 
a retronecine base are: 1. retrorsine, 2. seneciphylline, 
3. senecionine. Examples of diester pyrrolizidine 
alkaloids are: 4. symphytine-N-oxide, S. echimidine-N
oxide. 
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Figure 2. Examples of monoester pyrrolizidine alkaloids are: 6.in
termedine and 7. lycopsamine. Examples of macrocyclic 
pyrrolizidine alkaloids exhibiting an otonecine base are: 
8. petasitenine, 9. neopetasitenine, 10. senkirkine. 
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required prior to separating a mixture of PAs and have been 
summarized by numerous authors (15-17). To facilitate the initial 

extractions of PAs, some investigators have used large-scale apparati 

coupled with ion exchange columns while others have used smaller 
soxhlets (18,19). This paper will discuss recent chromatographic 

procedures for isolating PAs including analytical as well as 
preparative high performance liquid chromatography (HPLC). 

DISCUSSION 

My own laboratory expressed an interest in the rapid isolation of 
PAs in the mid 70s to aid our veterinary school with suspected PA 
poisonings. Two plants which contribute to livestock toxicities in 

california are Senecio vulgaris (common groundsel) and 

Amsinckia intermedia (fiddleneck). 
A publication by Qualls and Segall was the first HPLC method to 

successfully separate PAs and used a single 10 ~ Bondapak CN column 

(Waters Associates) and a THF/O.Ol M ammonium carbonate (pH 7.8) 

solvent system (19). This procedure described the isolation of the 

macrocyclic PAs (retrorsine, seneciphylline, senecionine) 

from £. wlgaris (Fig. 3) and was also applied to two other 

Senecio species, £. lQngi.l2b.!m (threadleaf groundsel) and 
§.. jacobaea, conm:mly known as tansy ragwort (20,21). 
Senecio longilobus contains the same macrocyclic PAs as 

§.. vulgaris plus an additional PA riddelline, which is struc
turally similar to retrorsine. Using this method the PAs derived 
from £. jacobaea were also isolated (20), Fig. 4. The 

procedure was further modified by the addition of another 10 )l CN 
Bondapak column in tandem as described in a later publication (22). 

The disadvantage of this chromatographic method was the relative high 
pH used (pH 7.8). Horvath et al. had stated that nthe reproducibi

lity and efficiency of these columns could be maintained as long as 

the mobile phase was kept at pH <7n (23). Reproducibility was not a 
problem, but maintaining the 10 ~ CN Bondapak column efficiency for 
lengthy periods while operating at pH 7.8 was difficult (19-22). 

Due to the above mentioned difficulties, a 10 ~ CIS Bondapak 
column (3.9 mm x 30 em) was utilized in conjunction with a 55:45 
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Figure 3. Isolation of pyrro1izidine alkaloids from Senecio 
vulgaris. Column 10 )1 C18 Bondapak CN (Waters 
Associates), 3.9 nm x 30 ern. Solvent THF-0.01 M 
(NH4)2C03 (pH 7.8), linear gradient 
13% .... 26% THF over 30 min, flow rate 1.8 rnl/min. 
Detector, SF770 (Kratos) at 235 nrn. Peak 1 = Unknown, 2 
= retrorsine, 3 = seneciphy11ine, 4 = senecionine. 

methanol 0.01 M PO 4 (pH 6.3) sol vent system (24). Excellent 

sensitivity was obtained and the lower pH was an important factor in 

extending column efficiency (Fig. 5). Another advantage of this 

technique was the low solvent costs, especially when this technique 

was later applied to sernipreparative as well as preparative 

separations. Contrary to other reports (25), proper care of the 
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Figure 4. Isolation of pyrrolizidine alkaloids from Senecio 
jacobaea. Chronatography conditions as in Fig. l. 
Peak 1 = jacoline, 2 = jacozine, 3 & 4 = jacobine and ? 
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5 = m/z 351 and m/z 385, 6 = jaconine, 7 = seneciphylline, 
8 = senecionine. 

reversed phase columns (flushing with water and programming to 100% 

MeOH at the end of each day) plus the advantage of using the low-cost 
solvents (water-methanol), nake this a practical method. 

Tittel et al. developed a quantative HPLC method to isolate the 

diester PAs (symphytine-N-oxide and echimidine-N-oxide) from 

S$lpbyti ~ (26). They used a 10 MN-NUcleosi:fW-C18 
column with solvents methanol/water (45:55). The methanol/water 
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Figure 5. Separation of ~rrolizidine alkaloids from Senecio 
vulgaris. Column, 10 11 C18 Bondapak (Waters 
Associates), 3.9 nun x 30 em. Sol vent, MeOH/O. 01 M 
KH PO (pH 6.3), isocratic 55:45, flow rate 1.2 
mltmit Detector SF770 (Kratos) at 225 ron. Peak 1 
= retrorsine, 2 = seneciphylline, 3 = senecionine. 

solvent system was monitored at 220 ron which allowed a detectability 

of 40 ng of echimidine-N-oxide and 70 ng synphytine-N-oxide. In 
addition, the reduced PAs synphytine and echimidine were separated 

using a MN-NucleoSitBL~ column with dichloromethane/ 
propanol. The dichloromethane/propanol solvent system was monitored 

at 238 ron, which did not afford the sensitivity obtained when 
monitoring at 220 ron (26). 

Huizing and Malingre (27) have successfully purified both 
monoester and diester PAs from the Boraginaceae using a polystyrene

divinylbenzene resin (XAD). The authors used a gradient elution of 
acidified methanol-water mixture to separate echimidine and 
synphytine, which are major alkaloids in the Synphvtum species. 
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In addition, echimidine plus an unknown alkaloid fraction was 

isolated from ~ consolidae 
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Other investigators (25) have used a PRP-l reversed phase resin 

column (HPLC) with a 10-30% acetonitrile and 0.1 M NH40H gradient 
in attenpting to isolate the PAs from~. vulgaris and ~. 
jacobaea (Fig. 6). The major disadvantage of this technique was 

the high pH (due to 0.1 M NH40H) as PAs are sensitive to alkaline 
pH. 

Niwa and colleagues have recently developed a HPLC reversed phase 

system to separate the macrocyclic PAs of the otonecine type from the 

plant Petasites japonicus (29). ~. japonicus is used 
as a folk n~dicine and food stuff in Japan and the PAs appear to be 

stable for at least one year at room temperature, according to Niwa 

et al. (28). Fortunately, it appears that the general population 

boil the young flower stalks of ~. jgponicus to ren~ve the 

harsh taste (also known as processing) which removes slightly more 

than half of the PAs prior to use. 

The authors were successful in separating the purified PAs 

neopetasitenine, senkirkine, and petasitenine as well o~ otosenine 

(otosenine is the stereoisomer of petasitenine with respect to the 
epoxy group). In addition, an alkaloidal mix from the ethanolic 

extracts of ~. japonicus containing neopetasitenine, 

senkirkine, and petasitenine was successfully separated (Fig. 7). 

Previous HPLC methods which had been performed with PAs exhibiting 

the retronecine base (examples are senecionine and jacobine) were 
not applicable to the PAs exhibiting on otonecine base. The 

conditions used to separate the otonecine PAs are as follows: column, 

Cosmosil 5 pH (5~, 15 em x 4.6 mm), solvent systerrrisocratic 

methanol-0.02 M ammonium carbonate (45:55, pH 8.2) with a flow rate 

of 1.0 ml/min (Fig. 7). The relative high pH of 8.2 nay lead to a 

premature destruction of the column according to the Cosmosil column 

bulletin, which advises maintaining a pH between 2 and 8 (29). A 

personal communication from Dr. Yamada stated that the pH of 8.2 did 
not appear to markedly decrease the efficiency of the Cosnusil 5 pH 5~ 

column. 
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Figure 6. Separation of Senecio jacobaea extract. Column, 
PRP-l (Hamilton), 4.1 nun x 15 em. SOlvent CH.,CN/O.Ol 
M NH40H, linear gradient 10% to 30% CH3CN ovef 20 
min, flow rate 1 ml/min. Detector SF770 (Kratos) at 
220 nrn. Peaks labelled are jacoline, jacozine, jacobine, 
jaconine, seneciphylline, and senecionine. 

Frahn et al. developed two preparative procedures to separate the 
aiastereoisomers intern~ine and lycopsarnine which are founa in the 

genera An~inckia ana Echiurn of the Boraginaceae and the genus 

Parsonsia of the Apocynaceae (30). Their procedures are based on 
the difference in the degree to which the vicinal glycol groups of 

different configurations (erythro and~) complex with 

borate. The first method used a column of glass powder premoistened 

with a borax solution and eluted with chloroform (Fig. 8). The 
second method used a Bio-Fad AG 50 W-X2 resin (cation exchange) 
impregnated with 0.1 M borax and eluted with a 0.1 M borate solution 
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Figure 7. Separation of a mixture of otonecine pyrrolizidine 
alkaloids. Column, Cosmosil 5 Ph (Nakarai Chemicals), 4.6 
rrm x 15 ern. Solvent, MeOH/O.Ol M (NH ) CO 
(pH 8.2), isocratic 45:55, flow rate f ~/~n. Detectors, 
Uvidec-lOO-II W spectrometer at 215 nrn and Model S!2sII RI 
differential refractometer at sensitivity of 4 x 10 
RI units. Peaks labelled are otosenine, petasitenine, 
senkirkine, and neopetasitenine. 

(Fig. 9). Both methods may be used to isolate gram quantities of 

PAs, but aliquots must be taken from each tube, spotted on filter 

paper, and sprayed with manganese sulphate-potassium permanganate

sulphuric acid reagent to detect the alkaloid(s). 
Mohanraj et ale (1982) proposed to separate diastereomeric PAs 

using alkalized silica gel (Silica gel C or G) with solvents 
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Figure 8. Elution pattern of intermedine (I) and lycopsarnine (L) 
from borate partition column. Solvent, C~. 
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Figure 9. Elution pattern of echirnidine (E), lycopsarnine (L), and 
interrnedine (I) from Bio-Rad AG 5OW-X2 ion-exchange 
column. Solvent 0.1 H di-sodium tetraborate. 
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chloroform-methanol-25% anrronia (31). The authors used the PAs from 
Heliotropium curassayicurn to separate curassavine, 
heliocurassavinine, coronandaline, heliocoronandaline, heliovicine, 
heliocurassavicine, and heliocurassavine. In addition to the 
required extraction of the PAs from H. curassayiQwn, PAs were 
fractionated on a column of neutral alumina prior to column 
chromatography on alkalized silica gel. Thin-layer chromatography 

was performed on silica gel C with the previously stated solvent 
system. Spots were visualized with iodine and/or Dragendorff's 
reagent. 

Few investigators have successfully used HPLC to isolate large 
quantities of PAs. Our laboratory has used a reversed phase system 
which was based on our previously published analytical system (24). 
This method used a Waters Associates prep 500 system with a 0.005 M 
KH2P04 pH 6.3/methanol solvent system (40:60) at 150 ml/min 
to separate retrorsine, seneciphylline, and senecionine from .5.. 
vulgaris (32). 

Tb ensure that all three PAs were pure, recycling was used (Fig. 
10). The advantage of this preparation were the low solvent costs 
(methanol/water), speed of separation, and the fact that no deriva
tives had to be made. The disadvantages were that not all 
investigators have access to a preparative system and the reverse 
phase columns required for this instrument are expensive. An 

adaptation of this method is to use the packing material found in the 
CIS prep 500 columns (Bondapak CIS 50 + 125 )l particular packing 

material, Waters Associates) and bulkpack two 22.5 rom x 50 em 
stainless steel columns, Whatnan, Clifton, N.J. This method used a 
0.01 M P04 pH 6.3/methanol (50:50) solvent system with a flow 
rate of 9 ml/min to isolate two PA metabolites from an .in 
YiW. hepatic microsomal mix (33) .14 C-labelled senecionine, 
l4c-seneciphylline, and l4C-retrorsine were isolated in part 

from £. vulgaris using a 7.S rom x 300 em column system, the 
Bondapak CIS 50 + 125 )l particular packing material, and solvent 
system as previously described. (7). 

Huizing et ale described the preparative ion-pair high 
perfornance liquid chromatography method to isolate the macrocyclic 
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Figure 10. Preparative analysis of pyrrolizidine alkaloids derived 
from Senecio vtllgari~. Columns, two prep-500/C18 
reverse phase. Solvent, MeOH/0.005 M KH PO (pH 
6.3) isocratic (60:40), floVJ rate 150 rnltrni~. Detector 
RI (Waters Associates). Peak 1 = retrorsine, 2 
= seneciphylline, 3 = senecionine. 
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Figure 11. Preparative analysis of pyrrolizidine alkaloids from 
comfrey as ion pairs. Column, silica gel 60, 230-400 
mesh, 2.5 cm x 53 cm stainless steel (Waters Associates). 
SOlvent, .075 M lithium chloride in CHCL3/MeOH 
isocratic (85:15), flow rate 50 rnl/rnin. Detector RI 
(Waters Associates). Peak S = injection, W = waste, A 
= lycopsarnine-intermedine, b = acetyllycopsarnine + 
acetylintermedine, C = syrrphytine and/or isomer. 
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PAs from ground comfrey roots (34). A 25 mm x 53 em stainless 
steel column (Waters Associates) was packed with dry silica gel 60 

(230-400 mesh, Merck) connected to a Waters preparative LC/system 

500A with solvent consisting of 0.075 M lithium chloride in 

chloroform/methanol (85:15) at a flow rate of 50 ml/min (Fig. 11). 

To reduce their solvent costs, the authors redistilled their 
solvents and added additional chloroform, or methanol to ensure a 

85:15 solvent ratio. 

An investigator who does not have access to HPLC can take comfort 

that many of the PAs were initially separated using silica gel 

columns and TLC techniques. Although IOOre time consuming than 

"newer" chromatography techniques, they should not be overlooked. 
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INTRODUCTION 

One of the main advantages of liquid-solid (adsorption) 

chromatography (LSC) with mixed eluent is the possibility of 

modification of the capacity ratio over a wide range by changing 

the eluent composition [1].It means that the resolution and the 

analysis time may be optimized by correct choice of the eluent 

composition (isocratic LSC) or by eluent programing during the 

chromatographic process (gradient LSC).Optimization of the chromato

graphic process requires of the knowledge of dependence of 

the chromatographic quantities on the eluent composition [2-5]. 

Increasing interest in gradient LSC [2-13] has created a pressing 

need for the elucidation of the theoretical basis of LSC with 

mixed eluent. 

Many attempts have been made to describe the dependence 

of the capacity ratio on the'eluent composition [14-21]. 

The fundamental ideas in this field have been formulated by 

Snyder [14,21,22], Oecik [23-25] and Soczewinski [15,26],and 

developed theoretically by Jaroniec et a1.[27-34] .They pointed 

many factors determining the LSC process with mixed eluent : 

(a) competitive character of solute and solvent adsorption, 
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(b) non-specific and specific solute-solvent and solvent-solvent 

interactions in the mobile and surface phases, 

(c) association or dissociation of components in the mobile and 

surface phases, 

(d) differences in molecular sizes of solutes and solvents, 

(e) multilayer character of the surface phase and contribution 

of the partition phenomena in the LSC process, 

(f) orientation of solute and solvent molecules in the surface 

phase, and 

(g) energetic heterogeneity of the adsorbent and topography of 

adsorption sites onto surface. 

These factors determined mainly the adsorption effects in the 

LSC process. The other group of factors, such as : diffusion, 

porous structure of the adsorbent, parameters characterizing the 

eluent flow, etc., determines kinetics of the LSC process. 

The problem of their optimization is described in the many 

monographs devoted to chromatography. 

In this chapter we shall present the theoretical studies 

dealing with the effects specified in the points (a) - (g). 

One of the first formulations of the LSC process with mixed eluent 

has been made by 06cik [2J-251.Basing on the thermodynamics of 

conformal solutions [J51, he derived an equation for the RM,s 

value of the s-th solute chromatographed in n-oomponent eluent. 

This equation has been derived for energetically homogeneous 

solid surfaoes.Its theoretical analysis is presented in the 

papers [25,27,16J.The clasical 06cik's equation has been recently 

extended to energetically heterogeneous solid surfaces [J6-J81. 

Moreover,it has been widely examined by using the thin-layer 

chromatographic (TLC) data [J9-451.It is difficult to discuss 

the influence of the factors (a)-(g) on the LSC process in terms 

of the o6cik's formulation,beoause it is too much general and 

gives a scanty information about mechanism of the LSC process. 

Therefore,our discussion will be concentrated on the theoretical 

treatments assuming a definite model of the LSC process. 
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The most popular treatment o~ LSC with mixed eluent has 

been ~ormulated by Snyder [14,22] ,which assumes the competitive 

character o~ solute and solvent adsorption. This treatment involves 

also energetic heterogeneity of the solid surface [14] and 

solute-solvent localization ef~ects [46].Recently,Snyder's 

treatment has been extended to LSC with multicomponent eluent 

[16,27,47-49].The LSC model o~ Snyder [14,21] has been considera

bly enriched by Soczewinski studies [15,26].On the other hand, 

Jaroniec et al.[16,27-34) described theoretically the LSC process 

by applying the general theor,y o~ adsorption from multicomponent 

liquid mixtures on solid surfaces and utilizing the fundamental 

studies of Snyder (14,22] and Soczewinski [15,26] .The treatment 

of Jaroniec et ale involves energetic heterogeneity of the solid 

surface [27-29,50-55] ,non-ideality of both phases [27,28,33J, 

differences in molecular sizes of solute and solvents [29,31,56], 

and solute-solvent and solvent-solvent interactions in the mobile 

phase [30,31",57-60] .Recent studies of Jaroniec et al.[29,37,56,61] 

concern the correlation between adsorption and chromatographic 

parameters.An attempt o~ a global description of the LSC process 

with mixed eluent,involving different effects specified in the 

points (a)-(g) ,has been undertaken by M.Jaroniec and J.A.Jaroniec 

(31] .This chapter has been written basing on the paper [31J. 

We shall show that the majority of equations derived ~or the 

capacity ratio in LSC with mixed eluent may be obtained from our 

general treatment; they are : equations of Snyder (14], Snyder

Soczewinski [21,26], Slaats et al.[62]. 

GENERAL CONSIDERATIONS 

One o~ the most important quantities in LSC is the capacity 

ratio k~ ,which is defined as the ratio of the number of moles 

of the s-th component in the surface phase to the number of moles 

of this component in the mobile phase. The other fundamental chromato

graphic quantities, such as retention volume, retention time, 

selectivity and resolution, may be expressed by means of the capacity 
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ratio. The capacity ratio k' s is proportional to the distribution 

coefficient ks: 

where C is a parameter which is assumed.to a first approximation. 

to be characteristic of a given adsorbent and independent of the 

nature of the eluent [14.33] .In the above and are the total 

mole fractions of the s-th solute in the surface (s) and mobile 

(liquid) (1) phases. respectively. 

The fundamental quantities employed in TLC are RF and RM .These 

values are related to the capacity ratio by the following equation 

[63] : 

(2) 

Eq.(2) may be used for interconversion of equations applied in 

LSC and TLC. 

Let us consider the LSC process for the s-th substance (solute) 

chromatographed in n-component eluent. The components of the mixed 

eluent are numbered successively beginning from the most efficient 

eluting solvent to the weakest solvent.Thus. 1-st solvent is the 

more efficient one.however. n-th component is the weakest solvent. 

One of the main assumptions of the proposed model is that concerning 

the competitive character of solute and solvent adsorption. 

The adsorption process may be represented by the following 

reversible phase-exchange reactions [28J : 

i(l) + n(s) ~ i(s) + n(l) for i = 1.2 ••••• n-1 

s(l) + r i(s)~s(s) + r i(l) for i _ 1.2, •••• n 

(3) 

(4 ) 

where the subscripts (1) and (s) refer to the mobile and surface 

phases.respectively, Hi" and "s" denote molecules of the i-th solvent 

and s-th solute. and r is the ratio of molecular sizes of the s-th 

~olute and the i-th solvent. The reactions (3) and (4) have been 

written by assuming the equality of molecular sizes of all solvents. 

1. e. t 
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= ••• (5) 

and inequality of molecular sizes of solute and solvents 

(6) 

Thus.the parameter r is defined as follows 

(1) 

The next assumptions are following : 

(a) the surface phase is assumed to be monolayer, 

(b) the total number of moles of all solvents in the surface phase 

is constant and independent upon the presence of solute 

molecules. because the solute concentration is infinitely low.and 

(c) molecules of solute and solvents have a spherical shape. 

Further assumptions concern interactions in the surface and mobile 

phases and energetic heterogeneity of the adsorbent surface. 

A MODEL INVOLVING NON-SPECIFIC INTERACTIONS BETWEEN MOLECULES OF 

SOLUTE AND SOLVENTS 

Homogeneous solid surfaces 

The non-specific interactions between molecules of solute and 

solvents in the mobile and surface phases are descrlbed in terms 

of the activity coefficients. The activiti~s of the s-th solute and 

i-th solvent in the mobile and surface phases are defined as followsl 

_I • 
s 

xl 
s 

fl 
s 

1 xl fl -i .. 1 i 

_s .. 
S Xs 

S 
fS 

S 
S S fS -i • xi 1 

where f S fS 1 
S • i ' fs and 

solute and i-th solvent 

(Ba) 

for i=1.2, •••• n (Bb) 

(9a) 

for i-1.2 ••••• n (9b) 

fi are the aotivity coefficients of the s-th 

in the surface and mobile phases,respectively. 

The activity coefficients t: and f~ are functions of the composition 

ot the surface solution,whereas. f; and ti are functions ot the 

composition of the bulk solution. 
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According to our previous studies [16.28,311 the reaction (4) for 

i-1 and the set of reactions () characterize synonymous~y ths LSO 

process with mixed eluent. The thermodynamic equilibrium constants 

corresponding to these reactions may be written in the following 

form 

Kth 
s1 -

where 

s ( I ) r as ·1 
--r --s- -

as .1 
( 10) 

for i- 1.2 ••••• n-1 (11) 

( 12) 

for i. 1,2 ••••• n-1 ( 13) 

Combining eqs.(1) and (10) we obtain the most general equation for 

the capacity ratio of the s-th solute chromatographed in n-component 

eluent on an energetically homogeneous solid surface : 

or 

The mole fraction of 1-st solvent in the surface phase may be 

calculated according to the following expression I 

x~ • 

( 14) 

(15) 

( 16) 

Eq.(16) is one of the fundamental equations in the theory of adsorp

tion from multicomponent liquid mixtures [64-681.Th1s equation 

describes adsorption of 1-st solvent from n-component liquid mixture 
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on a homogeneous solid surtace by assuming equality ot molecular 

sizes ot all solvents (eq.5) and non-ideality ot the bulk and 

surtace solutions ( Bin I 1 tor i=1.2 ••••• n-1).Similarly.eq.(14) 

has been derived by applying these same assumptions as in the case 

ot eq.(16) and including an additional assumption (6). 

Now.we shall consider the special cases ot eq.(14).Assuming in 

eq.(14) ideality of the surface phase (f: ~ f~ = f~ s ••• =f: • 1). 

non-ideality of the mobile phase (f! I t~ I t~ I ... I f~ I 1) and 

r I 1 (difference in the molecular sizes of solute and solvents) 

we have : 

( 17) 

and 

( 18) 

If the elution strength of the 1-st solvent is considerably greater 

than the strengths of the other solvents.then the mole fraction 

x~ is practically equal to unity in the whole concentration region 

of x~ except at low concentrations of the 1-st solvent.Taking this 

fact into account in eq.(17) we get the relationship: 

In k~ - In(K!~/C) - r In a~ + In f! ( 19) 

The above relationship has been derived and examined experimentally 

by Slaats et al.[62].However.eq.(19) with r=1 and a regular mobile 

phase has been discussed by Jaroniec et al.[))]. 

Assuming both phases to be ideal and ~1 in eq.(14) we have: 

(20) 

where 

(21 ) 

Eq.(20) has been derived by Jaroniec et al.[56] and it was widely 

examined by using TLC data for binary eluents.For X~-1 (large 
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difference in elution strength between the 1-st and other solvents), 

eq.(20) gives 

(22) 

Theoretical studies (27,33] show that the capacity ratio of the s-th 

solute in the 1-st pure solvent is connected with K!~ in the 

following way 

(23) 

Then,eq.(22) assumes a more simpler form 

In k~ = In k~1 - r In xt (24) 

Eq.(24) ,known as the Snyder-Soczewinski relationship [21,26], 

is one of the most popular equations in the theory of LSC.Jandera and 

Churacek (69] derived this equation by using Snyder's relationship 

for elution strength of a binary solvent [14,21].The correct 

analysis of Snyder's treatment (14] leads to eq.(24) with r=1 .The 

derivation of eq.(24) in terms of Snyder's treatment (14] by Jandera 

and Churacek (69J is slightly inconsistent (27,701.However,the full 

form of this equation reeults from theoretical considerations of 

Soczewinski [261 and our studies [16,29,31,561.Eq.(24) is widelY 

used for characterizing LSC systems [71-861; in reference (71] 

the chromatographic systems comply with this equation are discussed. 

The very important relationship (25) may be obtained from 

eqs.(20),(21) and (23) for r = 1 ; it is 

(25) 

This relationship has been derived by Jaroniec et al.[271 in terms 

of the theory of adsorption from ideal multicomponent liquid 

mixtures on homogeneous solid surfaces.It may be rewritten in the 

equivalent form: 
n-1 

k; = ~ x~ k;l (26) 
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Eq.(66) assumes the additivity of the capacity ratios k~i for 

i=1.2 ••••• n ,and in this form it has been written by Snyder [14]. 

Eq.(25) for n=2 gives the following important relationship [70]: 

401 

(27) 

The same type of dependence of the capacity ratio upon the mobile 

phase composition results from Scott and Kucera treatment [18]. 

Heterogeneous solid surfaces 

Let us consider an energetically heterogeneous solid surface 

showing L types of adsorption sites. Let hI be the ratio of the number 

of adsorption sites of the l-th type to the total number of adsorption 

sites.The ratios hI for 1=1.2 ••••• L fulfil the relationship: 

(28) 

The capacity ratio of the s-th solute on the entire heterogeneous 

solid surface k~.t is defined as follows [14.16.34]: 

k~.t = ~ hI k~,l (29) 

where k~,l is the capacity ratio of the s-th solute for the l-th 

type of adsorption sites.The mathematical form of k~.l is analogous 

to eq.(14).Since eq.(14) contains the activity coefficients of solute 

and solvents in the surface phase,which are functions of the surface 

phase composition.we consider their definitions by assuming two 

different distributions of adsorption sites on the surface.Theoretical 

considerations of adsorption models with non-ideal surface phase 

require always of an additional assumption about topography of 

adsorption sites on the surface [67.681.Usually two models of hetero

geneous surfaces are considered. According to the first model the 

adsorption sites are distributed randomly onto surface,whereas, 

the second assumes the patchwise distribution of adsorption sites. 
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For the patchwise surfaces the activity coefficients are functions 

of composition of surface solution being on the l-th surface patch. 

However.for surfaces of random distribution ot adsorption sites 

the activity coefficients are functions of the mole fractions 

of solute and solvents refering to the entire surface solution. 

The total mole fraction x~.t .refering to the entire surface. 

is expressed as follows 

s 
x 1 • t (30) 

Taking into account the above discussion concerning the activity 

coefficients in the surface phase and eq.(14).we can write the 

following expressions for k~.l 

for random surfaces (32) 

Substituting eqs.(31) and (32) to eq.(29) we obtain the expressions 

for the capaCity ratio on heterogeneous surfaces of patchwise and 

random distribution of adsorption sites. The most important equation 

is obtained for random surfaces; it is 

(:~. t ) (33) 

where f:. t and t~.t are functions x~.t • x~.t ••••• ~.t • 

It has been shown in the paper [34] that for adsorbents characterized 

by quasi-Gaussian energy distribution eq.(33) may be apprOximated 

as follows 

where 

s 
x 1 • t 

1 (s )r ~ f1 t 
t S T s.t 1 

(34) 

(35) 
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and m is the heterogeneity parameter relating to the width of the 
-t~ t~ 

quasi-Gaussian distribution and Ks1 is an average from Ksi~ values. 
I 

Now,we consider the special cases of eq.(34) in a manner 

analogous to that adopted in the previous section. 

For ideal surface phase and non-ideal mobile phase eqs.(34) and 

(35) assume the following form: 

(36) 

and 

(37) 

For m=1 eq.(J7) reduces to eq.(18); however, for X~,t = 1 it becomes 

eq.(19).According to eq.(J6) ,for a large difference in elution 

strengths between the 1-st and other solvents,the energetic hetero

geneity of the adeorbent surface does not influence the capacity 

ratio,because we obtain for X~,t • 1 the same relationship as for 

homogeneous solid surfaces (cf.eq.19).Since eq.(J6) has been obtained 

for ideal surface phase,it may be applied for heterogeneous surfaces 

showing quasi-Gaussian energy distribution and arbitrary topography 

of adsorption sites[2.8]. 

If both phases are ideal,eqs.(J4) and (35) reduce to the 

following expressions : 

where 

(3S) 

(39) 

For X~,t .1 eq.(3S) becomes the Snyder-Soczewinski relationship (24). 

For r-1 (equal molecular sizes of solutes and solvents) eqs.(38) 

and (39) give the following relationship: 
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(40) 

Eq.(40) defines the capacity ratio k~,t by means of the capacity 

ratios k~i,t and the parameter m .This equation has been derived 

by Jaroniec et al.[34].This equation may be rewritten in the other 

form : 

(41) 

which for m=1 reduces to the relationship (26). 

Eq.(40) was examined by using HPLC data [34] and TLC data for 

binary [51] and ternary eluents [52,53] .The chromatographic data 

for binary eluents were presented in the following linear form : 

(k' 1 -m (' )-m (' )-m ( II l)m s,t x 1) = k s1 ,t + k s2 ,t x2 x 1 (42) 

In the case of TLC data eq.(42) may be rewritten as follows [51]: 

(43) 

where 
-lIB. 

A2 =10 M,s2 
-m R 

; B2 ,. 10 M,s1 

However,in the case of ternary eluents eq.(40) for TLC gives [52,53]: 

lL -m 1 
F = (x12 10-"M,s) _ A ( I l)m B 3 x, x2 + 3 

where 
-m R 

A3 ,. 10 M,s1 

and 

If the experimental data ~,s are measured at 

the dependence F vs. (x~/x~)m is linear. 

(45) 

(46) 

(47) 

For the purpose of illustration we presented the results of numerical 
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analysis of TLO data made by means of eq.(45).These results concern 

the TLO data for eight polycyclic hydrocarbons chromatographed in 

chloroform(1)/toluene(2)/benzene() and chloroform(1)/toluene(2)/ 

carbon tetrachloride() eluents on silica gel at 25 0 0 [52]. 

All measurements were carried out at x)/x2=1.0 .Fig.1 shows the 

linear dependence (45) for selected solutes.It follows from this 

figure that eq.(45) gives a good representation of the above 

TLO data. The parameters m, A) and B) ,found ~rom the linear plots 

(45),are summarized in Table 1.In this table the RM-values for 

polycyclic hydrocarbons chromatographed in single solvents, i.e., 

~,s1 ' RM,s2 ,RM,s) are also given. These values have been used 

for prediction of the parameters A) and B) according to eqs.(46) and 

(47), and are denoted by A) and B3 (c.f., Table 1).The parameters 

A3 and B),oalculated directly from experimental values of RM,s1 ' 

~,s2 and RM,s) according to eqs.(46) and (47) ,and those evaluated 

from TLO data for ternary eluents by means of eq.(45), are compared 

in Table 1 .It follows from this comparison that differences between 

A) and A3 ' B) and B) are rather small.Analysis of the parameter m 

shows that it is practically independent on the kind of polycyclic 

hydrocarbon ;it is characteristic for a given eluent and adsorbent. 

Similar results were also obtained for other TLO systems [)4,51,87]. 

A good agreement between A) and A3 ' B) and B3 ,and insignificant 

dependence of m on type of the solute create possibility for 

predicting the RM,s-values for solutes chromatographed in ternary 

eluents by means of the experimental values of RM,s1 ' ~,s2 ' RM,s) 

and the parameter m .Such prediction is impossible for chromato

graphic systems,wh1ch show great differences in A) and A) , 

B) and B3 ,and for which the parameter m depends strongly upon type 

of the solute.A great difference between A) and A) , B) and B3 

is observed for mobile phases of strong specific interactions 

between molecules of solute and solvents. In the next section we 

shall discuss the equations involving the specific solute-solvent and 

solvent-solvent interactions in the mobile phase. 
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Figure 1. Linear dependences plotted according to Eq. 45 for 
selected polycyclic hydrocarbons in chloroform (l)(toluene (2)( 
benzene (3) (parts A & B) and chloroform (l)(toluene (2)(carbon 
tetrachloride (3) (parts C & D) . 
• = pyrene; (I = benzopyrene; 0 = phenanthrene; e = chrysene; 
~ = fluoranthene; I) = naphthalene. Figure taken from ref. [52], 
with permission of the copyright owner. 

The mathematical properties of equations involving the adsorbent 

heterogeneity we shall illustrate by using the following expreseion : 

(48) 

Eq.(48) has been obtained by combining eq.(40) for n~2 and eq.(2). 
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Table 1 

Parameters Characterizing TLC Data of Polycyclic Hydrocarbons 
in Three-Component Mobile Phases on SIlica Gel at 25°C [52, J 

Substance RM'S1 RM. S.!. RM. s3 m A3 AO 
3 B3 B O 

~ 
chloroform( 1 )/toluene(2)/benzene(3) 

Pyrene -0.43 -0.27 -0.25 0.98 2.44 2.65 3.62 3.58 
Benzopyrene -0.41 -0.25 -0.37 1.02 2.55 2.62 3.96 4.17 
Phenanthrene -0.41 -0.27 -0.39 1.04 2.60 2.68 4.30 4.44 
Chrysene -0.41 -0.25 -0.35 1.04 2.47 2.66 4.37 4.12 
Fluoranthene -0.41 -0.24 -0.36 1.06 2.53 2.72 4.27 4.19 
Anthracene -0.41 -0.23 -0.37 1.06 2.68 2.72 3.89 4.21 
Diphenyl -0.41 -0.28 -0.39 1.04 2.82 2.99 5.07 4.93 
Naphthalene -0.43 -0.27 -0.40 1.04 2.75 2.81 4.49 4.50 

chloroform(1 )/toluene(2)/carbon tetrachloride (3) 

Pyrene -0.43 -0.27 0.02 0.90 2.29 2.44 3.10 2.72 
Benzopyrene -0.41 -0.25 0.17 0.84 2.00 2.21 2.91 2.33 

Phenanthrene -0.41 -0.27 0.16 0.82 1.94 2.16 3.04 2.40 

Chrysene -0.41 -0.25 0.14 0.68 2.11 2.29 2.96 2.41 

Fluoranthene -0.41 -0.24 0.12 0.60 1.95 2.12 2.74 2.33 

Anthracene -0.41 -0.23 0.16 0.60 1.94 2.12 2.82 2.30 

Diphenyl -041 -0.28 0.11 0.80 1.89 2.13 3.03 2.49 

Naphthalene -0.43 -0.27 0.02 0.76 2.13 2.13 2.81 2.83 

Fig.2 shows the dependence RM,s on x~ calculated according to eq.(48) 

for RM,S1 =0.5 , Ry,s2=1.0 (fig.2A) , ~,s1=-0.5 , RM,s2-1.0 (fig.2B) 

and for different values of m .The dependence RM,s(X~) calculated 

for rna1 (homogeneous solid surface) is a decreasing function. 

However,the curves RM,s(xt) relate to m smaller than unity can show 

a minimum. This minimum is deeper when difference between ~,S1 and 

RM,s2 is small and the parameter m is close to zero.Thus,a strong 

heterogeneity of the adsorbent surface (m close to zero) may be 

the reason of minimum on the curve RM,s(xt) [34]. 

A MODEL INVOLVING SOLUTE-SOLVENT AND SOLVENT-SOLVENT SPECIFIC 

INTERACTIONS IN THE MOBILE PHASE 

Homogeneous solid surfaces 

The specific interactions between molecules of solute and 

solvents in the mobile phase may be represented by suitable 

quasi-chemical reactions,the products of which are multimolecular 

complexes (associatea).We assume that such associates form in the 



408 

<Il 
L-

a:: 

0.2 -

A 

m=1 

08 

0.6 

0.4 

0.2 

JARONIEC AND JARONIEC 

1.0 B 

0.6 0.4 0.8 

Figure 2. Theore~ica~ funct~ons RM s(x~) .calcul:=ed according to 
Eq. 48 for RM,sl-0.5, RM,s2-1.O (part A), RM,sl- 0.5, RM,s2=1.0 

(part B) and different values of m. Figure taken from Ref. [51J 
with permission of the copyright owner. 

mobile phase only [)11.However,the si1ano1 groups of the silica 

surface or other active groups in the case of other adsorbents 

can compete with complexes in the surface phase.Thus,stronger 

interactions of molecules of solute and solvents with the active 

groups and adsorption sites can preclude solute-solvent and solvent

solvent associates in the surface phase. Taking into account the 

possibility of destruction of solute-solvent and solvent-solvent 

associates in the surface phase by the active groups,we assume that 

these complexes form in the mobile phase only. 

In n-component mobile phase the different types of mu1timo1ecu1ar 

associates can be formed. Therefore ,in theoretical considerations 

we assume formation of the most probable associates. Three types 

of associates play an important role in the chromatographic process. 

They are [)O,)1] 

(1) associates consisted from one molecule of solute and some 

molecules of the most polar solvent, 

(2) associates consisted from molecules of the most polar solvent,and 



LSC WITH MIXED ELUENT 409 

(3) associates consisted from molecules of the most polar solvent and 

molecules of another solvent. 

The chromatographic models assuming the formation of double 

associates of 1-st, 2-nd and 3-rd type in the mobile phase were 

discussed theoretically in the ref.(30].In [30] the three main 

equations for the capacity ratio have been derived by assuming 

that only one type of double associates can be formed. However ,in (57] 

a model assuming the simultaneous formation ot double associates 

of 1-st and 2-nd type in the mobile phase was discussed. A most 

general model has been considered in the ref.[31].According to this 

model molecules of solute and 1-st solvent form associates in the 

mobile phase. This process may be described by the following quasi

chemical reversible reactions 

sm+ q 1 (l) ~ (1't-s)(~) 

p 1(1) <. ~ (1 )(1) 
p 

(49) 

(50) 

The first reaction represents the formation of (q+1)-molecular 

associates in the mobile phase,which consist from one molecule of 

solute and q molecules of 1-st solvent.However,the reaction (50) 

represents the formation of p-molecular associates by molecules 

of 1-st solvent only. The equilibrium constants of the reactions (49) 

and (50) are expressed as follows 

(51) 

( 52) 

In the above Xs and x1 are the mole fractions of unassociated 

molecules of the s-th solute and 1-st solvent,respectively,however, 

Xq and xp are mole fractions of (q+1)-molecular and p-molecular 

associates formed in the mobile phase according to the reactions (49) 

and (50).The mole fractions Xq and xp are defined as the ratio 

of the number of associates to the total number of molecules in the 

mobile phase. The total mole fractions of the s-th solute and all 

solvents in the mobile phase are expressed as follows : 
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x! .. Xs ... Xq = Xs + Lq XS (X1)q 

xt .. X1 + q Xq ... P Xp ~ X1 + p Mp (x1)p 

1 xi • xi for i=2.3 ••••• n 

(53) 

(54) 

(55) 

Since. the value of the mole fraction Xq is limited by the mole 

fraction Xs .however. x! is infinitely low. the term q Xq in 

eq.(54) is very small in comparison to x 1 and may be neglected. 

However.in the surface phases the association effects are neglected, 

i.e. , 
x; .. Ys and 5 Xi = Yi for i=1.2, ••• ,n (56) 

where Ys and Yi are the mole fractions of unassociated molecules 

of the s-th solute and i-th solvent in the surface phase,respectively. 

The solution of eq.(54) with respect to x1 is a function of 

xt .i.e •• 

(57) 

For double associates (p=2) the solution of eq.(54) is the following 

(58) 

Analytical solutions of eq.(54) are also possible for three- and 

four-molecular complexes .i.e •• p=3 and p=4.However.eq.(53) may be 

easily solved with respect to Xs I 

(59) 

Next.we assume that in the phase-exchange reaction (4) the unassocia

ted molecules take part only. Thus. the equlibrium constant K!~ is 

defined 8S follows (c.f. eq.10): 

Taking into account eq.(56).i.e •• yss x: and Y1" x~ .and 

substituting eqs.(57) and (59) to eq. (60) ,we have 

(61 ) 
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Combining eqs.(61) and (1) we obtain a general equation for the 

capacity ratio involving the solute-solvent and solvent-solvent 

association : 

(62) 
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For xl:1 eq.(62) gives the expression for the capacity ratio k~1 

of the s-th solute in 1-st solvent : 

(63) 

where 

th Eq.(62) may be rewritten in the form,which contains k~1 instead of Ks1 ' 

For this purpose the equilibrium constant K:~ may be evaluated from 

eq.(63) and substituted to eq.(62) 

Now,we consider the speCial cases of eq.(62) or its other form, 

eq.(65).For Mp= 0 (then p=1) eq.(54) gives 

(66) 

Then,eq.(62) reduces to the following expression 

(67) 

Eq.(67) involves solute-solvent association in the mobile phase and 

difference in molecular sizes of solute and solvents. For Lq=O 

(absence of solute-solvent association) eq.(67) gives the relation

ship (20),however, for Lq-O and x~.1 it becomes the Sayder

Soczewinski relationship (22).These relationships were discussed 

in the section devoted to non-specific interactions in LSC process. 

Similarly,for Lq-O and r-1 eq.(67) gives eq.(25).which was discussed 

in the previous section. 
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Eq.(67) may be transformed to the following linear form 

-1 1 
(k,)-1(xs/xl )r = (Kth/C) + (L C/Kth)(x )q 

s 1 1 s1 q s1 1 (68) 

Two special cases of eq.(68) are interesting for analysis of the 

chromatographic data.They are obtained from eq.(68) for r=1 

( 69) 

and for q=1 : 

(70) 

The mole fraction x~ appearing in equations (69) and (70) may be 

evaluated by means of eq.(21).Assuming x~=1 (this assumption is 

frequently used in LSC) eqs.(69) and (70) reduce to the very simple 

relationships 

1/(k~xt) a (K!~/C)-1 + (LqC/K!~)(xt)q 

(k,)-1(xl )-r = (Kth/C)-1 + (L C/Kth) xl 
s 1 s1 1 s1 1 

(71) 

(72) 

Eqe.(71) and (72) are especially convenient for interpretation of 

the chromatographic data, because they define in a simple way the 

capacity ratio.Eq.(71) for q=1 becomes the relationship obtained 

by Soczewinski [15], Jaroniec and Piotrowska [)O]; it is 

(73) 

This relationship was widely examined by using HPLC data [58,59]. 

In [57] the following equation for the capaCity ratio has been 

derived 

For small values of M2 eq.(74) gives [57]: 

(75) 

Eqs.(74) may be obtained from eq.(62) by assuming r=f , q=1 and 

p=Z .For L1=0 eq.(75) gives 
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1/(k~xl) = (K!~/C)-1 - (2M2C/K!~) xt 
r 

(76) 

The dependence 1/(k~xt) vs. xt is linear for two different models: 

(1) model assuming formation of double associates (1s) in the mobile 

phase.and 

(2) model assuming formation of double associates from molecules 

of 1-st solvent in the mobile phase. 

The slope of eq.(73) is positive.whereas.the slope of eq.(76) is 

negative.This last difference can be very useful in interpretation 

of the experimental data.The positive slope of (k~xt)-1 vs. x~ 

indicates that solute-solvent association dominat.e .however. 

the negative slope of this dependence means that solvent-solvent 

association play dominating role [30.88]. 

Now.we return to eq.(65).We shall discuss eq.(65) for r=T 

and x~ smaller than unity.This last assumption means that the surface 

phase contains molecules of all solvents. Such situation is observed 

for solvents having similar adsorption energies.In the CBse of 

association of 1-st solvent in the bulk phase. the mole fraction x~ 

is given by the expression analogous to eq.(21): 

n-1 
s th. 1. ) / I th 1 > th 1 x, = [ K1n X(x1•P .Mp ] [XJi. K1n X{x1 iP.Mp ) + i=I Kinxi 

Combining eqs.(62) and (77) we have 

k' = 
I!I 

(77) 

(78) 

For boundary-concentrations. i.e •• X~ = 1 and xi =0 for i-2.J ••••• n I 

the capacity rdtio k;1 is defined by eq.(63) with r-1.The equili

brium constants Ki~. K!~ and K!~ fulfil the following condition: 

(79) 

where 
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(80) 

Since.1-st solvent forms p-mo1ecu1ar complexes in the bulk phase. 

the relationship between k' and Kth is more complex than that s1 s1 
defining k;i (i=2.3 ••••• n) by means of K!~ .Taking into account 

eqs.(63) and (80) in eq.(78).we have: 

n }-i 
k~ ={X(xt;P.Mp)/[k;1Dp(1+LqDpq)] + ~(Xi/k~i) • 

For Mp=O eq.(81) gives 

k~ ={xt/[k~1(1+Lq)] 

(81) 

(82) 

The influence of association constants on the dependence k~(X~) 

we shall discuss on the basis of eq.(81) for binary eluent. i.e •• 

k~ = {X(xt;P.Mp)/(k~1Dp(1+LqDpq)] + (X~/k~2)}-i. 
q( 1 ) -1 (1+LqX x1;P.~] (83) 

Figs.?-5 present the theoretical dependences k~(xt) calculated 

according to eq.(83) for different values of q • Lq • P and Mp • 

In all figures the part A shows the functions k~(xt) calculated for 

k~1 = 1 and k;2a5 ,however,the part B relates to k~1=1 and k;2s100. 
, 1 

Moreover,in figs.3-S,the dependences 1n ks VS. x1 are also 

presented. 

Fig. 3 shows the k;-curves calculated for different values of Lq • 

The parameter q was equal to unity; it means that one molecule 

of 1-st solvent bounds one molecule of the solute. The k~-curves 

for k;2» k;1 lie above the Snyder-Soczewinski curve .The distances 

between the successive k~-curves increase gradually with increasing 

of Lq .The more complex behaviour of the k;-curves is observed 

for similar values of k~1 and k;2 (c.f •• fig.4A).This non-regular 

behaviour of k;-curves presented in fig.4A is caused by assuming 
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Figure 3. Theoretical fu~ctions,k (xl) and ink (lnx1 ) calculated 
according to Eq. 83 for k 1=1, k 2~5 lpart A); R'l=l, k'2=100 (part B); 
M =0, q=l, and L =1 (the ~olid l~ne), 5 (the das5ed lin~, and 10 
(ghe dotted line~. The Snyder-Soczewinski curve is denoted by the 
dashed line. 
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Figure 4. Functions as in Fig. 3 calculated for L =0, M =1 and 
p=2 (the solid line), 4 (the dashed line), and 6 ~the dgtted line). 
The other parameters as in Fig. 3. 
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Figure 5. Functions as in Fig. 3 calculated for L =0, p=2, and 
M = 1 (the solid line), 5 (the dashed line), and 18 (the dotted line). 
TRe other parameters as in Fig. 3. 

the constancy of k;1 ~ it means that the k;-curves are 

calculated at different values of K!~ (c.f., eq.63).A set of the 

k;-curves calculated for one value of K!~ shows a regular behaviour[60l 

Fig. 4 shows the k;-curves calculated for Lq= 0 , ~=1 and 

different values of p =2,4 and 6.However,fig.6 presents the k;-curves 

for Lq=O , p=2 and Mp=1 , 5 and 10.These curves lie below the Synder

Soczewinski curve (the dashed-dotted line).Thus,asBociation of 

molecules of 1-st solvent causes decrease of k;-valuesin comparison 

to those predicted by Snyder-Soczewinski model,however,association 

between molecules of solute and 1-st solvent gives opposite effect 

(c.f.,figs.4 and 6). 

The k;-curves presented in figs.3_5 were also plotted in 

the logarithmic scale.In this scale the Snyder-Soczewinski curve 

(the dashed-dotted line) is linear.It follows from figa •. 3-5 that 

many curves lnk~ va. In xt may be approximated by the straight line 
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Figure 6. Experimental dependence ~ VS. xi and the linear depen
dence (226 for o-nitrophenol in benze~e/cyclohexane eluent on silica 
gel at 20 C. Benzene is denoted as 1st solvent. 
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in a wide concentration region.Although,these cu~eB have been 

plotted for r=t,their slopes are not equal to those predicted by 

~nyder-Soczewinski relationship (22).ThuB,the analysis of the 

chromatographic data. by means of Snyder-Soczewinski relationship (22') 

creates a difficulty in physico-chemical interpretation of i t.s 
1 slope, because a good linearity of the dependence of In k~ VB. In x1· 

is observed for different models of the LSC process.According to 

Snyder-Soczewinski model the ordinate of the linear plot (2?) 

is equal to k;1 .However,the ordinates of the linear segments 

of the In k~ -plots (c.f.,figs.3-5) are not equal to k~1 • 

This fact may be very helpful during the interpretation of Snyder

Soczewinski plots. 

Heterogeneous solid surfaces 

The equations for the capacity ratio,discussed in the preceding 

section, have been derived by assuming association of solute and 

solvent molecules in the mobile phase and ideality of the surface 
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phase.Moreover,these equations have been discussed for energetically 

homogeneous adsorbents.Extension of these equations to hetero-

geneous solid surfaces do not require of an additional information 

about topography of adsorption sites onto surface. because we assume 

ideality of the surface phase. This ~roblem was discussed in the 

section devoted to non-specific interactions in LSC process and 

is exactly explained in the references [28,67,68J.Thus,the theore

tical considerations presented in this section are valid for 

heterogeneous surfaces of different distributions of adsorption sites 

onto surface. 

The total capacity ratio k~,t for the LSC process with 

association effects in the mobile phase is defined by eq.(29) in 

which k~,l is expressed by equation analogous to eq.(62) 

Eqs.(29) and (62) give: 

• -1 (1 ) -r k s , t = C [X x 1 ; p,~ J 
r (85) 

Eq.(85) is an extension of eq.(62) to energetically heterogeneous 

solid surfaces. For Mp=O (neglect of association of 1-st solvent 

molecules) eq.(85) reduces to the following expression 
L 

k's,t = C-1 (xl)-r [1+L (xl )qJ- 1 ~ h Kth (xs )r 1 q 1 1 s1,l 1,1 .. (86) 

Similarly as in the case of eq.(J4),for quasi-gaussian energy 

distribution eqs.(85) and (86) may be approximated by the following 

expressions : 
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EqS.(87) and (88) for m=1 reduce to eqs.(62) and (67).respectively. 

which have been derived for homogeneous Bolid surfaces.However. 

for Mp~O and Lq=O (neglect of association effects in the mobile 

phase) eqs.(87) and (88) give the relationship (38).which relates 

to the LSC model with ideal both phases on a heterogeneous solid 

of quasi-gaussian energy distribution.However.Bssuming x~ = 1 

in eqs.(87) and (88) we obtain: 

k' s 

where 

-th _ Kth 
Ks1' - s1 for m=1 

(89) 

(90) 

(91) 

Eqs.(89) and (90) may be also obtained from eqs.(62) and (67) in which 
s x
1 

is assumed to be unity. Substituting in equations derived for 

heterogeneous surfaces x~ = 1 we neglected the heterogeneity effects 

automatically. 

An important equation is obtained from eq.(87) for r=1 

The mole fraction x~ t is given by the equation analogous to eq.(39): 
• 

=th 1 m ~ -th 1 m} + [ K1n X{XTlP.Mp)l + ~(KinXi) 

(93) 

Eq.(93) may be also applied to calculate x~.t in eqs.(87) and (88). 

Combining eqs.(92) and (93) 

k· .. C- 1 rh xth -[<:xhm + s.t 81 ln -~ 

1 and xi=O (i=2.3 ••••• n) eq.(94) gives 

k~l = (K!~/C)[Dp{1+LqDpq)]-1 

(94) 

(95) 
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Taking into account the relationship (79) and eq.(95) in eq.(94), 

we have : 

k;,t = {t X(xhp,MpHk;1Dp)-1(1+LqDpq)-1Jm ... texi/k;i)m fll·m 

(96) 

However,for m=1 eqs.(96) and (97) give the relationship derived 

for homogeneous surfaces (c.f.,eqs.81 and 82). 

In this section we discussed many equations for the capacity 

ratio,which can be obtained from the general relationship (87). 

This relationship involves main factors determining the LSC process: 

- competitive character of solute and solvent adsorption, 

- differences in molecular sizes of solute and solvents, 

- solute-solvent association in the mobile phase, 

- association of molecules of the most polar solvent in the mobile 

phase,and 

- energetic heterogeneity of the adsorbent. 

Applying a similar procedure to that described above we can derive 

the further equations for the capacity ratio by assuming that the 

mobile phase contains some types of associates of 1-st solvent and 

they can bound one molecule of the solute.These equations contain 

many unknown parameters,therefore,they are less useful for analysing 

the HPLC and TLC data. 

CORRELATION BETWEEN ADSORPTION FROM MULTI COMPONENT LIQUID MIXTURES 

AND LIQUID ADSORPTION CHROMATOGRAPHY WITH MIXED ELUENT 

Oecik [23,24], Jaroniec et a1.[27,28,60], Riedo and Kovats[89] 

pointed on a great similarity of the LSC process with mixed eluent 

and adsorption from multicomponent liquid mixtures. Theoretical studies 

of Riedo and Kovats [89] concentrate on derivation of relationships 
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determining correlation between adsorption and chromatographic 

fundamental quantities.The studies of Oscik [23,24] and Jaroniec et 

al.[21,28,60] base on the fundamental definition (1) ,which deter

mines the dependence between the mole fraction of the s-th solute 

in the surface phase (the typical adsorption quantity) and the 

capacity ratio (the typical chromatogra~hic quantity) ,and tend for 

deriving the relationships describing adsorption and chromatographic 

multicomponent systems. 

The LSC process with one solute and n-component eluent is very 

similar to the liquid adsorption process from (n+1)-component 

mixtures.In the LSC process concentration of a given solute is 

assumed to be infinitely low; this process relates to adsorption 

of a solute from dilute n-component liquid mixtures [90].According 

to the theory of single-solute adsorption from dilut.e solutions 

on homogeneous solid surfaces,the mole fraction of the s-th solute 

in the surface phase is given by the following equation [90]: 

n-1 
'\ 
f:T 

Eq.(98) has been derived for ideal both phases.Combining this 

equation with the definition (1) ,we obtain 

n-1 
k' ~ C-1' Kth/(xl ... f:Kth xl) s sn n in i 

= 

(98) 

(99) 

Combining eqs.(99),(19) and (80) we obtain the relationship (25). 

Applying for x: different equations known in the theory of single

solute adsorption from dilute solutions on solid surfaces,we can 

derive by means of eq.(1) different equations for the capacity ratio. 

The procedure basing on eq.(1) and that basing on eq.(14) lead to 

the same equations for k~ ,although the procedure basing on eq.(14) 

is more uni?ersal because involves differences in molecular sizes 

of solute and solvents.The procedure basing on eq.(1) ,introduced 

in the paper [21] ,was developed by Borowko et al.[55,60]. 

In [55] non-ideality and surface heterogeneity effects in LSC process 
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wer~ investigated,however,the paper (60] is devoted to the associa

tion ef~ects in LSC. 

The capacity ratio for different LSC models is a function 

of the mole fractions o~ solvents in the mobile and surface phases. 

Of course, the mole fraction o~ a solvent in the surrace phase 

is the function of the mobile phase composition.In all eqQations 

for the capacity ratio, discussed in the preceding sections,we 

calculated the mole fraction of 1-st solvent in the surface phase 

by using the equations known from the theory of adsorption from 

multi component liquid mixtures.Now,we Aygnalize the other possibility 

of calculation of x; ; it may be evaluated directly from the 

experimental excess adsorption isotherm n~ by using the following 

relationship [68]: 

(100) 

where is the adsorption excess of 1-st component from n-compo-

nent liquid mixture,which is measured for eluent/adsorbent system 

independently on the chromatographic measurements,and nS is the 

total number of moles of all solvents in the surface phase. 

The parameter nS may be determined directly from the excess 

adsorption isotherm n~ [91,92].Thus,in all equations for the capacity 

ratio,discussed in the previous sections, the quantities x~ and 

X~,t may be replaced by the expression (100).Substituting eq.(100) 

for x~ ,we eliminate the parameters appearing in equations for x~ 

and introduce the parameter nS ,which may be evaluated from the 

excess adsorption isotherm. The studies of LSC process ,in which 

eq.(100) is utilized,were presented in series of the papers [29,36, 

38,56,61] .Now,we shall present some results illustrating a great 

utility of the excess adsorption data in interpretation of HPLC and 

TLC data. 

In [56.61] the TLC data for o-nitrophenol and some dichlorophenols 

chromatographed in benzene/cyclohexane, acetone/benzene and 

ethyl acetate/carbon tetrachloride eltlents on silica gel at 20°C 
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were investigated.Application of Snyder-Soczewinoki relationsh1.p (22') 
for describing these data gives deviations at low concentrations 

of x~ lit results from the fact that eq.(??) gives non-physical 

value of k~ at xl = O. 

Fig. 6 

phenol 

linear 

shows the experimental dependence RM,s vs. x~ for o-nitro-
1 and the dependence Rv,s vs. log x1 (c.f.,eq.2Z) ,which is 

for the concentrations x~ greater than 0.3 .In Fig. 7 the 

excess adsorption isotherms of benzene £rom cyclohexane, acetone from 

benzene and ethyl acetate from carbon tetrachloride on silica gel 

at 200 C are presented. These excess adsorption data have been applied 

to calculate the mole fraction x~ according to eq.(100). 

Substituting eq.(100) to eq.(20) and transforming eq.(20) to TLC, 

we obtain [56]: 

( 101) 

It follows from eq.(101) that Rv,s is a linear function of 

log[ n~/(nsxt) +1] .In [56,61] we showed that the linear relation

ship (101) ,associating the excess adsorption data and TLC data, 

is fulfiled for many chromatographic systems. For the purpose of 

illustration Fig. 8 shows the linear dependence (101) for o-nitro

phenol chromatographed in three different mobile phases,for which 

the excess adsorption isotherms are presented in Fig. 7 .The experi

mental points (circles) lie on the straight lines even at low 

concentrations xt ,whereas,for eq.(22) we observe deviations from 

linearity at low values of xt. 

Similarly,s good results have been obtained for TLC data 

interpreted by eq.(38) associated with eq.(100); for TLC with binary 

eluent eqs.(38) and (100) give [29]: 

(102) 

The parameters nB and m were evaluated by means of the following 
equation [29]: 

( 103) 
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Figure 7. Excess adsorption isotherms for benzene (2)!acetone(1) 
«(l), cyc1ohexane(2)!benzene(1) (0) and carbon tetrachloride(2)! 
ethylacetate(l) ce) on silica gel at 20°C. Figure taken from 
Ref [61J with permission of the copyright owner. 

where X~,t is given by eq.(100).Eq.(103) is linear form of eq.(39) 

for n=2. 

Recent studies in this problem concern the application of the 

excess adsorption data for characterization of the chromatographic 

systems showing association effects in the mobile phase. Such studies 

have been made by means of eq.(69) and equation analogous to eqs. 

(75) and (76) (88): 

( 104) 

Combining eqs.(104) and (100) ,we have 

Eq.(105) describes the LSC process with mobile phaBe,which contains 

the mixed double solute-solvent associates and the pure associates 

consisting from two molecules of 1-st solvent. The other assumptions 

are following : 
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Figure 8. Dependence log(n~/nSxl + 1) vs. RM for o-nitrophenol 
chromatographed in cyclohexane/6enzene (C)),'~arbon tetrachloride/ 
ethylacetate (tt) and benzene/acetone (to) on silica gel at 20°C. 
Figure taken from Ref. [61J with permission of the copyright owner. 
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Figure 9. Excess adsorption isotherm for methanol from acetone on 
silica gel at 20

oe. Figure taken from Ref. [88J with permission 
of the copyright owner. 

425 



426 

2.5 

I 

G(x\l 
~ 

I 
I 
\ 
\ 
\ 
\ 

1.5 \ , 
\ 

\ , , 
\ , , ... 

5 

0.3 

. ( 1) 1 Figure 10. Dependence G xl vs. xl 
i~ methyool/ace1one on sillca gel at 
xl/(k~xl) VS. xl' whereas the dashed 

s 

- ideal surface phase, 

- association in the mobile phase, 

JARONIEC AND JARONIEC 

0.9 

for 2,3-dihydroxynaphthalene 
20°C. The solid liye denotis 
line denotes l/(k~xl) vs. xl' 

-aurface phase contains molecules of all solvents (x~~1), 

- molecular sizes of solute and solvents are identical,and 

- adsorbent is assumed to hom~geneous. 

In [881 the TLC data were measured for naphthalene derivatives in 

methanol/acetone eluent on silica gel at 20oC.Eqs.(22) and (102) 

do not fulfil of the above data. Fig. 9 presents the excess adsorption 

isotherm of methanol from acetone on 

Fig. 10 shows the dependence (k~xt)-1 

the dependence xS/(k'xl) VB. x: (the 
1 s 1 I 

solute.It follows from fig. 10 that a 

silica gel at 20°C. However, 
1 vs. x1 (the dashed line) and 

solid line) for one selected 

reasonable interpretation of 

TLC data for naphthalene derivatives chromatographed in methanol/ 

acetone on silica gel requires of equations involving association 
effects in the mobile phase and changeability of the surface phase 
composition during the chromatographic process. 
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