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Supercritical Fluid Chromatography/ 
Mass Spectrometry (SFC/ MS) 

D. E. Games•, A . J. Berry, . Y. Hughes, S. Mahatheeranont, I. C. Mylchree t , 
] . R. Perk ins, E. D. Ramsey, and . Pleasance 

School o.f Chemistry & Applied Chemistry 
University o.f Wales. College o.f Cardiff 
P.O. Box 912, Cardi}fCFJ 3 TB, U.K. 

I 
n supercritica l fluid chromatography ( FC) , a 
!>upcrcritical fluid is used as the mobile phase for the 
transport of solutes. , ince the physica l propenies of 

a supercritical fluid are gas-like in viscosity, liquid-like in 
density, and intermediate between the two phases in 
diffusivity, it is a favorable medium for the transport of 
solutes through a ch ro matographic column. 

There are two approaches to SFC, neither of which 
normally vaporization of sample for analysis. 
Capillary column SFC uses fused silica capillary co lumn , 
to which heavily cross-linked stationary phases arc bonded 
(1 ). Curren tl y, 100 11m or 50 11m ID columns are used, 
although better chromatographic efficiency can be achieved 
with sma ller ID columns. Advantages of this approach are 
the good chromatographic efficiency, easy to use density 
(pressure) programming, and simplicity o f interfacing to 
gas chromatographic detectors. For packed co lumn SFC. 
conventional II PLC equipment modified w ith heat ex­
changers o n the pumps, back pressure regulators to 
maintain FC conditions, and high pressure UV celb are 
normally used (2). This technique provides high speed 
analysis and method development, better detection limits 
than HPLC, and preparative isolation of high purity 
samples. It ::-.hou ld be noted that chromaLOgraph ic 
efficiencie::-. arc not as good as those possible with 
capi llary column SFC and that, "hen polar compounds 
are being sllldied, high percentage polar modifiers are 
necessary if carbon dioxide is used. By appropriate 
cho ice o f the supercritical fluid, the amount:, of modifier 
necessary can be reduced. Both types o f SFC have the 
capability of combination with supercritical fluid cxtrac­
tion (SFE). SFE provides an effective and efficient method 
for the direct examinatio n of samples. 
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Combinat ion of FC with mass spectrometry (SFC 
M,) providel> the advantages inherent in any combined 
chromatograph ic I mass spectrometric technique. These 
advan tages include specific identification o f solutcl>, se­
lectivity if certai n ionization methods such as chemical 
ionization (CI) are used, identi fication and deconvolu­
tion of multicomponent chromatographic peah, and the 
ability to usc stable isotopically labeled compounds as 
internal Mandard for quantitat ive tudic.<.. Since the 
mobile phase gas volumes generated in SFC are lower 
than in IIPLC, interfacing to a mass spectrometer is in 
theory easier than is interfacing H PLC to a mas!> spec­
trometer. The subject o f interfacing has been rcvie'vvcd 
(3-5). It b the purpose of this article to describe our 
experiences with , FC/ MS. 

Capillary Column SFC/MS 

Typica l flow ra tes used for capillary column 'FC can 
be handled by mass spectrometers configured for Cl . For 
successful interfacing, control of linear velocity of the 
mobile phase and pre sure reduction is important and is 
best achieved by use of restrictors. The first interfaces 
also used a laser-drilled orifice (6). Comparati\ e Mudies 
of a variety of restrictors have been reported (7): to dare. 
tapered or frit -type rc trictors with heating of the restric­
tor tip have yielded the be t results. Capi llary SFC M, 
enables conventional Cl - or El-type mass ::-.pectra to be 
obtained. The El -type spectra , i f a clol>ed source i!> used, 
arc probably a mixture of charge exchange w ith the 
supcrcritical nuid and El spectra . The formation of 
carbon dioxide cluster ions can cause problems in obtain­
ing full scan spectra from lower masse . Open source 
reportedly produce better data (8), and we have con­
firmed thi!> in our recent tudies. In addi tion, we have 
abo found that simultaneous introduction of helium into 
a combined EI CI source improves detection limits in the 
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Ef mode. ystems have also been improved by the 
incorpo ratio n of a mechanically pumped expansion region 
behind the CI repeller electrode, thus enabling higher 
flow rates to be handled (9). 

Capillary FC/ MS has been effected w ith quadrupole 
and magnetic (10), Fourier transfo rm io n cyclo tron re:,o­
nance (ll , 12), and ion trap (1 3) mat. spectro meters. The 
technique has been appli ed in a va ri ety o f areas, includ­
ing tricoth ecene mycotoxins (1 4). acid and ca rbamate 
pe ticides (15), env ironmental samples (3), marine diesel 
fuel (1 6), commercial w axes ( 17), po lyether antibio tics, 
and cyclospo rin A (1 8). 

In our early swdies, we used 5-Jlm fused silica 
restricto rs connected to the capillary column by a low 
dead volume connector and the capillary GC/ M, inter­
face of our Finnigan MAT Model 4000 ma s spectrometer. 
The system w o rked w ell , but failed to transmit higher mo­
lecular w eight or more polar compo unds. Construction 
o f a probe system that allo wed heating o f a frit restrictor 
has g iven better results 09) and the system was also inter­
faced to an Io n Trap Detecto r"' ( 13) and our magnet ic 
mass spectrometer. Studies perfo rmed at the Finnigan 
MAT research facility in San j ose, Ca lifo rnia, by o ne o f us 
showed th at a similar system worked well o n a Finnigan 
MATT Q • 70; ion in excess of 1 000 u were ob erved for 
compo nent · of dimeth ylpo lysiloxane run through the 

FC/ M ·system . D etectio n limits for full scan spectra o f 
py rene w ere 200 pg in the El mode and 50 pg in the Cl 
mode w ith a signal-to-no ise ratio of 5: 1. Good linearity 
o f response was observed . Figure 1 t.how the computer 
reconstructed total ion current (TIC) trace fo r a mix ture 
o f seven o rganophospho rous pest icides obtained in the 
EI mode o n o ur magnetic instrument, where we ha\'e 
made the source more o pen. The spectrum fo r peak B is 
shown in Figure 2. We have made extensive use of 
capillary column FCt i\1 in our tud ies o f environmental 
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Figure 1. TIC trace from capillary column SFC M. of scH~n 
organopho~phorou~ pc:-.t icide;., phor.11c {A), cthion (8), EP'\ <C), 
bensulide (0), azinphos ethyl <E>. azinphoi> methyl (f), and abate 
(G). ndcr El-typc cond ition..,, u~ing a SB b iphenyl , 10m x 
')0 J.lm column, w ith carbon dioxide at 0.3 g em 1 for :; min, then 
linear pressure gradient of 0.03 gem 1 min 1 to 0.83 gem 1

, 

w hich was maintained for a furthl.'r 10 min. 
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Figure 2. El-typc ma~s spectrum of peak B, cthion, in Fi~ure I. 

samples, coal samples, petro leum fractions, and food 
p roducts. We have found that SFC/ MS has enabled us to 
identi fy compounds not fo und hy cap illary GC MS. 

Pack ed Column SFC/ MS 

The first ~tud i e::. in SFC MS used packed columns. 
Because the gas vo lumes generated f rom th e mob ile 
p hase are grea ter, packed column SFC/ MS is in theory a 
less happy marriage w ith the mass spectrometer than 
capil lary FC/ MS. O ne of the f irst approac he:-; used a 
splitting device to feed a :,mall portio n of the co lumn 
eluent ,·ia a cap illary inlet into the mas:-; spect ro meter ion 
:-;ource o perated in the F.l mode (20>. Less \'Oiatil e 
compound:-; cou ld no t be hand led and sensit ivi ty \.Vas 
poor because of the high split ratio. Use o f a molecular 
beam interface enabled higher flow rates to be hand led 
and EI spectra w ere o hw ined (21 ). How ever, the com­
plexity of the inMrumentat ion and poor sensitivit ies have 
inhibi ted fu rther development of this approa ch. Usc o f 
a modi fied direct liquid introduct ion LC/ MS interf<Jcc has 
proved w he more practical (22); however. here 2.1 mm 
I D column ::. were used w i th a spl it of I I J2th of the eluent 
entering the ion source. U:,e of small-bore LC columns 
has enabled the use of a self-spouting and vacuum­
nebulizi ng LC MS interface and a modified Cl source for 
SFC MS (23). 

I n our sLUd ie:-; , we have concent ra ted on :-;y:-;tems thar 
can be effecti\ ely used wi th '1 .6 mm ID LC columns. 
Initiall y, we used moving belt LC MS in te rface:-; wi th a 
modified Finnigan MAT spray depositio n device fo r 
feed ing approx imately '50% o f the eluent to the belt (2 i). 
The modifications incl ude lowering the heating of the 
sta inless steel \ aporizer ancl abo crimping the end of it 
w maintain :-;upercritical condit ions. Good retention of 
chromatOgraph ic performance wa:-. found . and the system 
enables both com·entional El and Cl ma:-.:-; spectra to be 
obrained . A wide range o f compou nd types have been 
studied w ith the system, incl uding p lant ext racts contain­
ing monomeric and d irneric indo le alka lo ids, milbemycin 
antibio tic:-;. ergot alkaloids. petro leum and coa l fra ctions, 
PTH amino acid:-;, sulp ho namide:-. and veterinary drugs. 
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Recentl y we have inveMigated SFE in combination 
" ith moving be lt LC MS. SFE wa~ perfo rmed in the 
supercritica l nuid chromatograph u~ing a 20 mm X 2 mm 
ce ll in w hich m aterial w a ... pl aced . A fter extraction . the 
eluent from the cell wa~ allowed to pa '>~ onw the ~ FC 
column from which it \\ a~ then eluted o nto the interface. 
ll~i ng a tandem rna~~ ~pecwmeter. it ha~ pro ved possible 
to detect diethybtilbeMro l. trimetho prim. and dienMrol in 
pig~· kidney directly at the I ppm level (25). The system 
abo proved amenable to Mudies o f pl ant extracts; Figure 
3 ~how~ the TIC trace obtained by SFE/ SFC MS from the 
ground root~ o f lmperatoria ostruthium. Figure 1 ~how~ 
th e ammonia Cl spectrum o btained from peak D . which 
was identified on the bas i~ o f the spectrum and retention 
time as oMrutho l. A wta l of six other coumarin~ \\ ere 
identified , and the results agreed \\ell w i th t ho~e ob­
ta ined from ~oh em extract'> . 

MO\ ing belt ~ystems have prO\ ed tc> he amen,tble to 
~Ludi c-. o f <l wide range of compound~. I IO\\ e\ er. u nle~~ 
fast atom bombard ment (FA B) i~ u~ed for ionization . 
problem '> ca n he encountered in obtaintng u-.efu l ma'>'> 
~pectra l data from involatile highly polar molecules , 
!->Orne o f which are thermall y labile. In addit ion . becau~e 
io nizatio n i~ being effected fro m a ~u rface, detect ion 
li mit~ may no t he good eno ugh fo r the ~olution of m any 
problem~. With the ob jective o f finding a ~olution to 
t he~c problem~. w e mod i fied our Finnigan MAT thermo­
spray source by crimping th e sta inle ~steel capi llary for 
SFC M S (26). The system p roved to be very effecti\ e in 
the fi lament-on and discharge modes. g iving good reten­
tion o f chromaLOgraphic performance, good sen~i t i\' it y 
(low nanogram to h igh picogram at full '>ca n and low pi -
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Figure 3. TIC tra<.e from !-.FE. !-.f C 1\1'-, of ground root~ of l m ­
pera/on{/ oslmlh ul/11 u-.ing a mo' ang hell interfan: un<.lt:r 
ammoma C I condtllon,. A 2)0 x 1 mm . .3-!im .tmino hon<.h:d 
n>lumn ' ' _., u'l'd <.,FE t:ondtuon., '' erl' 30 .., u'111g totrbon 
dtoxid~o.· '' ith j "u ml'thanol For !-.FC ~~~. t:ondttton., were <..trbon 
diox~tk• '' tth ;\"o 11ll'thanol for 1 ) 111111, thL•n carbon dto\ tdl' plu.., 
meth.tnol (AA: Ill for j min ' ' nh carbon dioxt<.k and methanol 
Clij 1-l for thl' rl'mall1dL'r. Prcs-.urc wa'> 37) bar and column 
tl'l11pcrature "0' <.. Order of elution. i.,oimpcratonn (A l. •~oim­
pcratorin L·poxtdl' ( B>. impemtorin ((.), ostruthol (() >. OX) peucc­
danin hydrate an·tate ( El, o.,truthin (Fl. 
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Figure 4. Ammonia Cl ma"' 'fX.'<.Ir\1111 of JX'ak I) 111 Ftgure .3. 
<Nntthol from ~n: SFC M!-1. 

cogram ' ' i th SI.\1), and ' ' a -. am enable to a ' ' ide range o f 
compo und type~ . If onl) ca rbon dtox ide i'> u'>ed a~ the 
mobile pha~e. El -type :.pcctra are obtained , ' 'he rea~ i f 
methano l , for example . i~ ll '>ed as a modi f ier. solvent­
moderated Cl ~pectra are obtained . The~c ~pecrra o ften 
contain onl y (M+ 1 )' ion !'>, and structura l informatio n is 
l imited . Figure 5 ~how~ a ty p ica l TIC trace from ~ix 
peMicides. Figure 6 gi ve~ the ~pectrum o btained fro m 
atrazine, together with its El ~pcctrum u~ing SFC I w ith 
a mo\'ing be lt interface. 

I n o rder to O\'ercome the Jack o f fragment ions, we 
have recent ly stud ied the effect'> of vapori7er tempera­
ture and repeller and d ischarge potentia l'> on the qua l it) 
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Figure 5. TIC tra<.c from filatm:nt·on thl'nno ... pr.t) <., f C \(<., of 
atr.t/111l' < \ l . ..,ima7inc ( Bl . dtml'thtnmol C ( I, tt•rbaul ( [) l, 
111l'n.t/.(Jn ( rJ. and Cthirimof ( fl '\ 100 X t(l 11111l, 'i-1.1111 :-.pheri­
'orh .tmmo hondcd <.·olumn '' _..., u~t:<.l '' tth tarhon dioxidl' plu-. 
Hr'o ml·thanol Till.• 00\\ rate \\a., I Ull 111111 1• pn.:..,.,ur..: wa., 312 
bar. men tempcr.nure wa., 7'i' C. and 'aporilt'r temperature wa-. 
110··c. 
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Figure 6. 10/)) rilamcm-on <.,FC J\1~ ~pettrum of atrJZinc, 
boflom) El mass spectrum of atntzmc obtamt'd by !-IFC i\1'> using 
a moving belt inwrfact' 

o f spectra . Both the u~e of higher repeller voltages and 
vaporizer temperatures have proven to he capable of 
providing more structurall y informative fragment ion-.. 
An alternati\ e approach is the use of tandem ma~~ 
spectral technique-. , ont..• of us , w .. ing :1 Finnigan 1-..IAT 
TSQ 70. hao., shO\\ n this to be a 'cry 'iablc approad1. 
For example. a mixture of four isomeric indole alkaloids, 
tahersonine. catharanthme, 'indolinine, and epi' in­
doltnine were '>tudted h) ~FC MS M~ '' ith a thermmpra) 
'>) '>tem. The four compo und'>'' e re '>epa rated and g.tH~ 
a good TIC trace . I l<n._e,er, hecau'>e methanol carbon 
dioxide'' ao., used as the mobile pha-,e. thetr ma'>s :-.pcctra 
\\ere "er) ~imilar. all-,ho \\ing m z3r (i\1+1 ) as the ha:-.e 
peak \\ ith an ion at m z 205 pre~ent in three of them. It 
''a~ not possible to differentiate among them on the basis 
of these spectra . l lowe,er. the use of col lision induced 
dissociation (C JI)) re~olved the problem and all four gave 
markedly d i fferent daughter ion spectra from mlz 337. 
Figure 7 show~ the CID '>pectra obtained by o n- line SFC/ 

\ 'olunu: 12. 'umlx:r I 

M of tabersonine and catharanthine . We have found 
packed column SFC MS 111 the filament-on mode to be 
useful in a wide range of studies. such a~ identification of 
ecysteroid , ergot and indole alkaloids, natural coumar­
ins, plasticizer additive~ . polymers , veterinary products. 
pesticides, and components of environmt:ntal samples. 

Conclusion s 

Both capilla ry and packed column SFC/ MS com ple­
ment GC/ M. and LC/ MS for the ~olu tion o f ana ly t ical 
problems. They both extend the range of compounds 
that can be studied by GC MS. Packed column FC M. 
has the advantage over LC MS in terms of the speed of 
analysis, method~> development , and improved detection 
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Figure 7. Daughter ion ~renra of 111 z ~.n < i\1+ I> of taher­
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limit!>. Capillary ~FC IS has the advant.tge 0\ er LC MS 
of hctwr c hromatographic cfficicncr: howe .. cr. it -.houltl 
be noted that the former technique requires more amtly­
!> i !> time. We believe that both the LC MS and SFC i\IS 
techniques are complemen ta ry and have a 'cry bright 
future. If one could gaze into the future '' ith a cry-.tal 
ball , incn.:a-.ed LIM~ o f SFE in combination "ith ~FC M~ 
can be envbaged. '> ince this has the potential of con-.id­
erable reduct ion in time over estahlbhed extraction 
techn iques. Othcr advances will include the exten-.ion 
of the range o f compounds amenable to SFC <e.g .. 
underi\'atized pcptides and saccharides) and the devel­
o pment o f imprO\cd SFC MS interfaces <e.g., currentl y 
available rcstrictors for capillary FC M~ are b~ no means 
opt imal.) With both approaches. as more difficult m o le­
cules arc handled by SFC. one can em isagc u-,e of 
continuou.., flo" FAB and true thermo..,pray and eleuro­
spra} technique .... 

While a!> } et ~FC MS has not been demon..,trated a ... '"' 
technique for the analysb of large biomolelule .... ''C 
belie\'e that it i.., a technique to be recommended to the 
a\'erage indu-,rrial and go\'ernment ana l } tical lahorawry. 
since it prO\ ide.., .tn effecti\.e and efficient mean-. of 
sol\'ing a ''ide range.: of problem!>. As more lahoratorie '> 
become im olved '' ith the technique, '"e can expect to 
see dramatic improvemems being made that will make it 
an even mo re allractive anal ytica l method in a wtdcr 
range of a rca!> than have currently been establ i!>hcd. Ou r 
feelings about the techn ique are perhaps be!>L !>Ummed up 
in what jack l ien ion '>aid l 2 years ago about LC ~<,JS . 
"Come on in and join us. The water is fine." 
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Thermospray LC/ MS: 
Effect of Experimental Parameters 

on Spectra and Sensitivity 

Patrick]. Ruclewicz 

Finnigan MAT, I nc., 
2-7- llfirakawa-cho, Chiyoda-ku, Tokyo 102, japan 

S incc its introduction in 1983 by Blakley and 
Vestal ( 1), thcnnospray (T, P) LC MS has rapidly 
become the mo!>t popular method for combining 

liquid chromatography and mass spectrometry. The ucces!> 
of T P is auested by its u!>e in over 200 laboratories 
throughout the L.~. and Europe (2). The technique ha-, 
been most u<;eful for the analysis of polar and thermally­
labile analytes commonly encountered in biological 
systems that pre" iously required extcnsi\ e sample cleanup 
and chemica l derivatization prior w ma!'-ts '>pectra l analy­
sis. In particular, TSP LC/~ IS hat. found "idespread ac­
ceptance in laborato ries concerned with drug metabolite 
identification where i t has proved to be both useful and 
cost cffecti\'e (3) 

The success of T~P LC M · may be attributed to 
severa l important .l '>pect'>. Fir t, T~P is a comenient LC 
~I interface that i'> compatible\' ith convent iona l HPLC 
systems.The interface permits flow rate'> of 1-2 ml min 1 

o f an aqueous buffer by the applicat ion of sufficient heat 
to a cap il lary to produce a partial vapo rization . \1 ith TSP 
LC/ MS both norma l and reversed-pha!-te chromatogra­
phic systems and ei ther i ocra tic or gradient elution can 
be u'ted. Furthermore. chromatographic integrity is main­
tained: The interface does not create .,ignificant peak 
broadening. In addition. T. P LC r-. 1 ~ is a soft ionizauon 
technique capable of producing molecular 1ons for many 
classes of thermally labile compounds. 

Despite its success, however, TSP is no t used rou­
tinely in the anal }''>!'> of higher molecular weight nomola­
tile compound-, ... uch as peptide., and nuclcotides. Al­
though some T\P results have been reported for the'-te 
compound , in general, other soft ionilation techniques 
like fast atom bombardment or plasma desorption are 
used. The pauci ty of data for these compounds may be 
attributed to severa l <,honcomings of TSP. 

With T P both -.pectra and sent. itivi ty arc stro ng ly in­
fluenced by experimental parameters, including mobile 

Volume tl, ;\umhc.:r t 

pha<,e composition, vapori zer temperature, and repeller 
voltage. Mo reover, TSP has most often been interfaced to 
quadrupole mass spectrometers with mass ranges of less 
than 1 000 u. Consequently. the molecu lar \\eights of 
higher mass compound-. were measured indirectly using 
multtply charged ions. Although most of the difficulties 
of Interfacing T~P l<> magnet ic sector in '>truments have 
largely been mercome ('l,'5). T~P LC M~ on magnetiC 
'-tettor in trument'> has not gained \\ idespread accep­
tance. Finally, TSP scnsiti\ ity for compo unds such as 
peptides and nucleotides are generall y one to two orders 
of magnitude lower than tho!>e obtained wi th o ther liqu id 
ionization technique.,. 

Thi'> article examine., some of the experimental diffi­
cultie . ., often encountered in the T. P LC ro.t~ ana lysi'> of 
thermally labile compounds. , pecifically, the effects of 
T~P experimental parameters on both !-tpeLLra and '>en.-.i ­
tivity are discussed. An application ofT~P LC !\IS fo r the 
ana lysis o f an analyt ica lly challenging class of com­
pound.-., moderate molecular weight pepti des. will abo 
he presented. The article is no t intended to he a compre­
hen<,i\ e re\ ie\v of the literature. Instead, .,eJected ex­
ample., that best iiJu.,trate the complexity·'" well as the 
potential of T\P LC \I\ are pre.,cnted 

Historical Review 

T P LC M~ gradu.llly evolved from the '' ork of Vesta l 
and co-worker., during the late 19- o ... . Their original ap­
proach to the de' clopmcnt of a combined LC ~~~ .,y.,tem 
employed a 50-\\ .Itt CO, laser to , ·aporize rapidly both 
the sample and soh cnt- <6>. A redesigned, somewhat 
simpler version was later introduced,'' hich u'-ted an oxy­
hydrogen torch to vaporin~ the LC effluent (7). This soon 
led to the de' elopment of an electrically heated vapori zer 
using cartridge heater!'> (I). Today, mot.t TSP ion sources 
use direct elcctri<:al heating of the , ·apori;cr by pa.,sing 
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Figure 1. Schematic diagmm of th(: Finni~an t\IAT TSP LC t\1. 
ion source 

an electric cu rrent through the capillary vaporize r. A 
schematic diagram of a typical TSP io n source is shown 
in Figure l. Passage of the column efnuent through the 
vaporizer resu lts in a supersonic jet of vapor composed of a 
mist of fine droplets. The droplets, which contain both 
positive and negative charges, continue to vaporize inside the 
hot TSP ion source. Ar a ccnain critical size, the ncr cha rge 
on a droplet is sufficient to produce an electric field at the 
urface (estimated to be on the order of 10'1V m) capable of 

inducing ion evaporation (8). An auxiliary pumping line 
located directly opposite the vaporizer provides additional 
pumping capacity. Ions are sampled with the aid of a repeller 
electrode through a conical orifice into the mass analyzer 
region. 

TSP Ionization: Effect of Mobile Phase 

TSP as a separate ionization technique was discovered by 
Vestal and Blakley when they observed that ions were 
produced even when the electron filament was lllmed off (9). 
Since then , the mechanisms of TSP ionization have been 
under investigation in everal laboratories. Although cenain 
aspects ofTSP ionization are not clearly understood, it is gen­
erally accepted that ions arc formed by two distinct process<.::s: 
field-induced ion evaporation from microdroplets and gas­
phase ion molecule reactions. Which process predominates 
depends upon several factors, including sample volatility and 
mobile phase composition. 

In the past, ammonium acetate buffers have most com­
monly been used forTSP. Experiments by Kebarle and Alex­
ander have shown that a large fraction of the ammonium 
acetate in solution is converted to gas-phase 111 and CII1COOII 
and that the observed positive ion TSP ma~s spectra are 
determined by gas-phase ion/molecule reactions between 

II ,' and lip and between H1a nd CII1COOII (10). Hence, 
with an ammonium acetate buffer one observes the 
ammonium ion, H ,• , and the ammonium ion solvated with 
II !0, II 1, and Cll 1COOH in the TSP background spectrum. 
When an organic modifier is added, such as methanol or ace­
tonitrile, the solvated ions, II •CH

1
0 H and H 'CH C r arc 

. I I I 

also f01mcd. For moderately volatile analytes, ionization 
occurs by reactions between these reagent ions and gaseou:-. 
sample molecules (l ! , 12). 

22 

Because ion/ molecule reactions are an important 
mechanism for sample ionizat io n in T P, on<: always 
needs to be aware of the T P reagent ion spectrum. A 
change in buffer system or the addition o f an io n pairing 
reagent can change the ion chemistry, result ing in selec­
tive ionization of analytcs, as is illustrated by the follow­
ing example. When a mixture of epinine (N-meth­
y ldopamine) and its two primary metaboli tes, homovanil­
lic acid ( I-IVA) and dihydroxyphenylacetic acid ( OOPAC) 
elutes with an ammonium acetate buffer syMem, all 
three compounds are detected (Figure 2). Epininc forms 
a pro tonated molecu lar ion of m/z 168, and HVA and 
DOPAC, wh ich have proton affin ities less than that of 
ammonia, form ammonium adduct io ns of mlz 200 and 
mlz 186, respectively. In contrast, when a pyridinium 
aceta te buffer system is used, epinine still forms a pro­
tonated molecular ion of rn/ z 168. However, the two 
metabolites. I IVA and DOPAC, go undetected (Figure 3). 

The difference in responses with the two buffer 
systems can be explained using gas-phase thermody­
namic arguments. For sol vated cluster ions of the type 
A 11• B, the ionic hydrogen bond strength (or enthalpy 
of solvation) decreases as the proton affinity difference 
between the pro to n donor, A, and the proton acceptor, B, 
increases Cl3). The proton affinit y o f pyridine is 17 kcal 
mol 1 greater than that of ammonia. DOPAC and IIVA 
form stable adducts w ith the ammonium ion but not with 
the pyridinium io n. On the other hand, the proton 
affinity of epinine is greater than that o f pyridine; conse­
quently, proton transfer to epinine occurs. 

Effect of Vaporizer Temperature 

The temperature of the vaporizer can also have a 
large effect on both TSP c;pcctra and sensitiv ity. Thh 
problem is often exace rbated by the fact that the opti­
mum temperature for buffer ion .'>lability may not be the 
best for analyte analysis. Figure 4 illustrates the effect 

~, .. 
1 

+ HO'l()YCH0CH2NHCH, 

~~ 1 I b ~H ~p:nlne r- HO~ 
2.71 ' 
1861, w ¥ Al.,"-· ,:M:~~~· .. :~. 

I"' 
HO"r()r"CH,CO,H 

HO~ 
v' ..... ~· ... , ••• ,, 

102000,0 l CHH,oO'r'P\yo CH, CO, H ~ )-8.' (M+NH•)+ HVA 

I I ., 

I 
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Figure 2. Total ion chromatogr:1111 and mass chromatogram~ for 
the TSP LC/ MS analy~is of a m1xturc containing methyldopa-
mine ( m z 168) .• rnd its two primary metabolites: 3. t-dih>•­
droxyplH.:nylaeo.:tic acid (DO PAC) ( m/z 186), and homo\'anillic 
acid CHVA) ( m z 200). BuiTer: 0.0'5t\ l ammonium acetate, pi I t.l 
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Figure 3. Total ion chromatogmm and mas.~ chromatograms for 
the TSP LC M analysis of a mixture containing methyldopa­
mine (m/z 168), and its rwo primary metabolites. Buffer: 0.025M 
pyridinium acetate, pll 4. 1. 

that the vaporizer temperatu re has on the spectra and 
sensiti vity fo r p-nitro phenyl glucuronide. In the positive 
ion mode, this compound form an (M + HY ion of 
m/z 333 in H,-buffers. Cleavage of the glycosidic bond 
with hydrogen rearrangement re ults in ions of m/z 157 
and m/z 194. The ion o f m/ z 19,i is ammoniated glucu­
ronic acid and i cha racteri tic of the positive ion T P 
spectra o f glucuronidcs 04). 

As shown in Figure 4, at the vaporizer temperature 
of 145°, the molecular adduct io n, m/z 333, is about 30o/o 
of the intensi ty o f the ba e peak, m/ z 157. At this tem­
peratu re the total ion current is <1 300 counts. A · the tem­
perature o f the vaporizer is increa ed , the intensity of the 
signal from the molecular ion decreases, and there is a 
ignificant increa e in the inten ities of the fragment ions. 

This results in a much larger total ion current (30 800 
counts). 

NOt · N~+ M/Z •333 

20 

~~ 
, 

15 
M/Z•I~7 HO OH 

Q .. 

0 

~ 

140 140 150 155 

Vaporizer Temperature •c 
160 

Figure 4. The effect of the vaporizer temperature on absolute 
ion intensities for p-nitrophenyl glucuronide 

Volume 12, Number I 

These experiments are in agreement with systematic 
studie of the effect o f vaporizer temperature on the TSP 
spectra of beta-lactam antibio tic (15) and illustrat e a 
general point. Thermally labile biomolecule~> undergo a 
significant amount o f fragmentation at higher vaporizer 
temperatures, resulting in reduced intensity of signal 
from molecular ions. Lowering the vaporizer tempera­
ture helps to increase the mo lecu lar ion intensity; how­
ever, the thermal fragment ion intensities decrease, re­
sulting in a decrease in the tota l ion curren t. For this 
reason, it is always advisable to use a UV detector in-line 
between the LC column and the T P io n source. 

Effect of Repe ller Voltage 

The voltage o n the repeller electrode also has a 
strong influence on T. P results. The formation of frag­
ment ions inside the TSP source through the usc of high 
repeller voltages ha~ been well documented by severa l 
research groups (16-18). This effect is more pronounced 
under discharge ionization conditions . The repeller 
voltage has also been shown to have a large effect on TSP 
perfo rmance at higher ma ses. This effect was first 
demonstrated by Robbin and Crow, w ho observed that 
higher repeller voltage were helpful in gelling good 
spectra of peptide (19). Further studies by this group 
detailed the importance of the repeller field for obtaining 
the proper molecular weight distribution in the TSP 
spectra o f polyethylene glycols (20) . 

In our laboratory, we have observed that increasing 
the repeller voltage increases the relative rat io of singly 
to doubly protonated molecu lar ions in the TSP spectra 
of peptide . To study this effect, a mixture o f leucine 
cnkephal in and gramicidin S \Yal> introduced continu­
o usly into the TSP ion source while the repeller vol tage 
was varied from 0 to 200 V. Figure 5 is a plot of the 
intensities of the ingly and do ubly protonated molecu lar 
ions o f gramicidin , (~ IW 1 14 I ) and the singly pro­
tonated molecular ion of leucine enkcpha l in (MW 555) as 
a function of repeller voltage. As shown in this figu re, the 
repeller \'Oltage required for maximum sen~it ivity in­
crease~> with increasing mass-to-charge ratio. 

For low mo lecu lar weight peptidcs like leucine enkeph­
alin. maximum T P ~>ensiti vity ca n be achieved w ith a re­
peller voltage ranging from <10 to 100 V. For peptides with 
ma~>ses above 1 000 u, however, higher repeller vol tages 
are necessary to maximize the singly pro tona ted molecu ­
lar ion intensi ty . As shown in Figure 5. the singly 
protonated molecular ion for gramicidin S maximizes at 
120 V. In contra t. the doubly protonated molecular ion 
for gramicidin displays a repeller voltage dependence 
similar to the singly protonated molecular ion of leucine 
enkephalin. Consequently. aT. P spectrum of gramicidi n 
• recorded at a repeller voltage o f 1'10 V wi ll have roughly 
the ame overall total ion intensity hut a much different 
ratio of singly to doubly protonated mo lecu lar io ns than 
a spectrum recorded at 50 V. 

Two explanatio ns have been proposed for the re­
peller voltage influence on T P high mass performance. 
Assuming that peptide ion ization is occurring by direct 
ion-evaporatio n from charged droplets, it has been hy­
pothesized that higher repeller voltages preferentially 
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REPEl lER VOLTAGE 

Figure 5. l ntcn:o.IIIC!> of the ~ingly proton::ued molecular ion of 
leucine enkcph:.tlin ( 111 z 556> :.tnd the ~ingly and douhl> pro­
tonated molecular 10n~ of gran11<:idin ( m ·z ~71, I I 12> ,,.., .1 
funt·uon of repeller 'oltagc 

induce ion evaporation of higher ma~s (le~:. volatile) 
analyte:. by polari7.ing the m icrodroplet:. (20). The other 
explanat ion i:-. !>imply that higher repeller field!> arc 
needed to ext ract ions of h igher mass to charge ra tio. 
From the ava i lab le data, it is d ifficu lt to draw defin i tive 
conclusions about the mechanisms of the repeller voltage 
effect. More experiments need to he done, especially 
with regard to the ion formation process for peptides 

TSP LC/ MS An a lysis of Pe ptide : Pe ptide Mapping 

In the paM, the ana lysis of peptides by TSP LC l\1~ ha!> 
been limiwd to a molecular weight range of 0 to 2 000 u. 
Molecular weight'> of higher mal>s peptides had to he 
inferred by the presence of multiply charged ion.... Re­
cent ly, however. using magnetic sector mas-. spectrome­
ters, fu ll scan spectra have been reported for -acetylated 
egl in C (MW R 1.33) and bovine insulin (M~ 573 ~ ) (2 1). 
With advances in quadrupole technology the direct an..t ly­
sis of pcptides with molecular weights as high as t 000 u 
by TSP LC/ MS is also possible. With microproce'>:.or op­
t im i7.<ll ion of TSP cxperimenw I pa ramcters, fu II sean data 
have been reported for g lucagon (MW 3 t83) and melillin 
(MW 2 8 t6) u-.ing a tr iple quadrupole mass :.pectrometer 
(22). The TSP '>pectra of these peptide'> comist mo..,tl}' of 
singly and doubly protonatcd molecular ions with liLLie 
f ragmentation. To obtain amino acid !>equencc informa­
tion. colli-.ionall} -induced dissociation '>pectra h<l\ e been 
recorded for both '>ingly and doubly protonated molecu­
lar ions for pcpt1des with molecular weights a'> high as 
1 tOO u ( 23.2 t ), Doubly charged ions were -.ho\\ n to 
fragment differently from 'iingly protonated molecular 
ions yielding complementary amino acid '>equencc infor­
mation <2.3>. 

A p<>tent ial application of this methodolog} i-. in the 
area of pept idt.· mapping. Peptide mapping i'> often used 
in the biotechnology industry to confirm that the '>t rut ­
tures of recombinant I) A-der ived protein~ are ident ical 
to reference proteins and to ensure that there is no lot-LO-

ll 

lot difference in protein strucwre. The method involves 
cleavage of a protein into -.maller peptide fragments 
using an enzyme or chemical reagent and separation by 
gradient elution RP-H PLC Confirmation of the identity of 
two sample is based on correspondence of the number 
of peaks and their retention times; hence, a high ly 
accurate and reproducible I IPLC system is essential. 
' ince peptide maps generally contain 30 to 100 peaks, 
problems arise with instrument-specific differences in 
grad ient elut ion, especially when sha llow grad ients arc 
required. onretained and overlapping peab can also 
make the analysis difficult. 

Thermospray (T P) LC MS is ideally suited to allevi­
ate these chromatographic problems and to generally 
increase the information a\ ailable in the I IPLC analysis of 
peptide mixwres. As an evaluation of thts technique. a 
tryptic digest of beta-lactoglobu l in A (I 0 nmol) was ana­
lyzed. The mixture was separated on a 1.6 mm by 250 mm 
C8 column using an acetonitrile/ aqueous TFA gradient. 
The mass '>pectrometer was scanned from 1 tO to 3 000 u 
in .3-s intervals. Figure 6 '>how-. the UV trace at 2l'l nm 
and the TSP tota l ion current. ~pectra \\ere obtained for 
all but two of the expected tryptic f ragments, including 
two peptide fragment-. with molecular weights in the 
2 000 to 3 000 u range. 

These experiments ind icate that TSP LC/ MS can be 
used for peptide mixture ana lysis. Fi rst, T. P LC/ MS is 
compat ible w i th the chromatographic systems mo:-.t often 
used by rhe pept ide chemists: gradiem elution with TFA 

1.0 \ l t~ 
21~ nm 

T, 

Figure 6. top: l '\ tr,I<:C at lit nm for tiK· IIPLC ..,cparmion of a 
tl) ptic dige:.t of beta-lactoglobulin A; lxllfolll: TSP LC i\IS total 
ion current trace 
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buffers and now rates of 1 to 2 ml min 1 Moreover, no 
significant io n suppress io n effects have been discovered 
with T P. Furthermore , disulfide linkages are detected 
intact. As an example, Figure 7 is a TSP spectrum o f the 
two try ptic frngmems T5 and Tl8 connected by a disul­
fide bond. The sp ectrum contains both a singl y pro­
tona ted molecu lar ion of m/z 2 780 and a doubly 
protonated molecular ion of m 'z 1 390. 

MH• 

mlz2780 

... .... .... 
Figure 7. TSP LC/MS spectrum of T'i-S-S-TlH 

Conclusions 

T P LC M ·. having gained widespread acceptance, 
has reac hed "middle age" as an ana lytical tec hnique. 
Whether it enters an early senescence will depend upon 
the researcher's abilities to overcome some o f the experi ­
mental complexi ties describec.l above. As the peptide 
c.ligest example illustrates, T P LC ~~ -can be useful for 
the analysis o f thermally labile hio molccules, c>en of 
moderate molecular weight. everthelcss, a large amount 
of empiricism is often needed to obtain ~ucce · ful results. 
The trend towards microprocessor control of experimen­
tal parameters should make reprodu cibility easier to 
achieve. More work, ho wev<::•r , remains to be d o ne to 

elucidate the mechanisms of the TSP ionization process 
and to stud} the effect of io n ... o urce c.lesign on TSP 
ionization efficiency before the full potential o f T~P 
LC MS is realized. 
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LC/ MS Interface 

]. van de r Grcefl ·2, W. M. A. iessen2
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T 
he development o f combined analyt ica l method!> 
is especially of interest in the analysis of compounds 
in complex matrices at trace levels ( ppb and 

lower) because in these cases select ivity is o ne o f the 
most important pa rameters. The growing interest in polar 
compounds p rompted severa l resea rch groups to in,'es­
tigate the possibilities of coupling high performance 
liquid chromatography and mass spectrometry ( HPLC 
MS), as an alterna tive to gas chromatography mass 
spectrometry (GC MS). llowevcr, it was clear that devel­
opment of such instrumentation is much more compli­
cated than in the case of GC/ MS. 

"~ -- _ _,_ 

lc/MS 

LC/ms 

In 1982, there was still no t overa ll optimism abou t the 
fuLU re of LC/ MS as ex pres edin a review paper by Arpino 
( 1). The situation at that time \\ ~ts symbolized by a 
complicated love affair between a goldfish (symbo l for 
the liquid phase in LC) and a parrot (symbol for the gas 
phase in MS). evertheless. the research input in th is 
field was increasing rapid ly, and it was clear that input 
from both the LC-s ide as well as from the MS-side was 
necessary to obta in a well balanced system . Too much 
input from either side could resu lt in frustrati on : the 
optimal approach could p roduce a new, truly hybrid 
specie . These different routes are illuMrated in Figure 1 
using the "Arpino S) rnbo lism··. At presen t, the major 
input has come f rom the mass spectrometry community, 
as illust rated by the fact that. at the American • ociety of 
Mass Spect rometry meeting held in Denver, Colorado, 
May, 1987, about 12% of all papers wen: related to LCt MS, 
w hereas at the IIPLC 87 meeting held in Am sterdam 
(june, 1987) o nly 2% o ft he papers were related to LC/ MS. 

evenhelcss, Frei (2} concluded after the fourth LC MS 
meeting held in Montreux in 1986 that "participants \\'ere 
no t skeptica l about the justificat io n of LC MS ... 

Figure 1. Pos.~ible de\'<~lopment route!'> of LC MS coupling in the 
"Arpino symbolbm". Is today';, combination a Mrong empha~i~ 
on i\ 1~ (lc MS), or on LC (LC m~). or is it a true hybrid (LC M~)? 
<l 'pper part with rennbsion from Ebevier) 

26 '>pring 19H9 
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The moving belt interface has been among the first 
approaches in LC M coupling and has been discussed in 
several excellent review (3-15). The approach is quite 
straightfo rward and is based on the removal of the mobile 
phase between the LC column exit and the l\1 ion source. 
The roots of the present de igns can be found in theca rly 
work o n LC-detector development (16-25). Various de­
tector types based on moving chains, cords, or wires have 
been investigated as potential interfaces of LC and flame 
ionization detectors, often w ith a pyrolysi~ step or oxida­
tion stage included. 

Adaptation of the commercial Pye Unicam moving 
wire detector to the vacuum requirements of a mass spec­
trometer by Scou (26) resulted in the first LC/ MS interface 
of this type. Further improvement by apply ing a stainless 
steel or polyimide belt instead of a wire, allowing a much 
higher sohent uptake, was reponed by McFadden (27,2H). 
Erdahl and Privett reported (29-31) on the analysis of 
lipids with a system having a reactor incorporated to 
C\ aporate or pyrolyze compounds prior to the introduc­
tio n into the mass spectrometer. Furthermore an C\ apo­
ration-to-dryness system based on a mo.,ing belt has 
been described as a conrinuous flow technique in auto­
mated sample pretreatment procedures (32). 

A schematic diagram of a moving belt interface for 
LC/ M. is ~>hown in Figure 2. h consi~>ts o f an endle~s 
continuous moving belt that transports the analyte from 
the LC to the mass spectrometer, w h ile the mobile phase 
is being removed v ia gentle heating and by evaporation 
under reduced pressure in two vacuum chambers. Flash 
desorp tion o f the analyte is achieved at the tip of the belt 
positioned in the ion sou rce. While on the way back, 
cleaning is performed by heating and w ashing of the belt. 
The parts of special inrerest that are of major importance 
for the overa ll performance are: mobile phase deposition 
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(A), sol,ent evaporation ( B), tip construction and vapor­
izer heating (C), cleaning devices (D). and the belt speed 
contro ller (E). These items will be discussed and their 
importance underlined" ith recent examples. Some spe­
cia l applications of a belt system" ill also be highlighted. 

Sample Depositio n 

Deposition of the column effluent directly on the belt 
:-.urface via a stainless steel capillary has been the method 
used in ea rl y designs of bel t interface:-.. I lowever, opti­
mization of the solvent deposition b necessary when 
higher flow-rate'> and or more polar mobile phase com ­
positions are required. Important parameters are the 
distance and the angle between the tip of the capillary 
and the belt surface, and the belt speed. Especially for 
less volatile mobile pha.,es there are limitations in thi-. 
approach. '\ ith polar ~olvents the '"ettabilit} of the belt 
become:-. a problem. Irreproducible droplet formation on 
the surface re:-.ult-., causing nonuniform anal} te distribu­
tions and distorted peak shape-.. Post-column addition of 
a water miscible soh ent ( .3.3> -.eems to overcome thi'> 
problem to a certain extent. 

Incomplete evaporation of the mobile phase before 
it enters the vacuum chambers, which ma}' happen with 
aqueous mobile phases, also affects the performance of 
the moving bel t interface. Smith and Johnson (.34,.3'5) 
developed an aerosol liquid depo-.ition dev ice consist ing 
of a nebulizer and p reheated argon gas. A mo re detailed 
study o n the effective parameters in nebulizer deposition, 
such as the gas flO\\ -rate and the tempera lUre, was 
performed hy H ayes <.36>. Spraying under an angle of 30" 
hawed that the chromatographic resolution is well 

maintained for normal -bore columns. Ilowevcr, good 
chromatographic pcrformanu~ can be obtained at flo" 

LC 
8 

E 

Figure 2. Schematics of a moving belt imerface. lmponant area~ for the pt:rformance are: A, depo~ition on the hdt; B, removal of the 
mobile phaioc; C, desorption of the anaJyte; 0, cle<ming of the belt; and E, belt speed comrol. 

Volume l l, Number I 7.7 
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rate'> of 0. 1 ml 11110 
1 "ith "i0°'o waLCr methanol '' ith thl· 

clireu depo-.ition 'ia .1 capillary a~ \\t:ll h) C<treful 
adju .,!men l of I he \'a riou., para meter~. 

lfigh \\:Her COnlenl'> (> ')0°/o) at higher flo\\ rail''> 
(> 0.'5 ml min 1 ) are '>lill problematic. Thermo.,pr:t) 
'>ample <Jepo-.ilion on a hell under panial 'at uum "ilh 
pure aqueou'> mobile pha._,e., wa:. reported b) \ 'L . ..,l,tl'-. 
grou p for u o,e in l:t -.er de!>orpl ion 111<1!>'> .,peel rome I f) 
coupll'd 10 LC <.37) and fo r phowioni zati on and electron 
c.tpture deleclion in I IPLC (.38). Kresbach <59> abo 
described a direct ly heated :.pray device applied in LC 
MS studie:-. employing high \\'ate r contents in the mobile 
phase al h igh flO\\ rates. llowever. for\ l'r) llH: nn:tll) 
labile compound-. the heat at the t ip of the -.pra) dl'' icc 
induc<:d dctompo-.itton. \troh < tO) reported on a fnued 
contact dcpo'>ttor u:-.ing mtcrobore column'> to .tnlld 
degradation for 1hc analy"'" of pcptides b) la-.t •ll<>m 
homhardmL·nt < FABl ionization of the anal) t<:-. din.:lll) 
from the hl'lt -.urfan.·. 

Solvent Evaporation 

The e\ •• pora t ion of l he mobile phase can be .t<. h il'' cd 
by applying an infrared lamp (28) or by an ell..'<.:tnc.:al 
heater. In genera l . no rmal pha:-.e chromatograph) gi,e:-. 
few p roblem.'> wi th solvent C\'aporatio n f rom the 1110\'ing 
bel t bccau:-.c the mohill' rhase is \'Cry volat ile. Exampk ... 
o f chromatography based o n volali le mobi le pha.,e:-. in 
bel t I.C/ l\1S arc the ana l y'>C'> of petroporph yri n:-. ( 11 l, 
c rgo1 alkaloid., ( 12), ni tro..,amine ( 13). non-ionic '>Urlac­
tanto, ( 1 1), dikewpipc razine'> C l"i), enantio mer'> of ,tm­
phetamine < 16l. and 'ita min E isomers ( 1~ >. 

Lcs-. 'olal ill: mobile ph.tse '>yMems. '>uch a'> 1he pll.l'>C 
system'> U'>Cd in rc' cro,ed-pha'>e chromatograph) . make 
'>Oh ente\ .1pora1ion difficu l t. Optimization of depo-.tlion 
and o,ohent e\aporation mu'>t he e'>tahli~hcd 

Sample Desorption and Ionization Modes 

For c.: leu ron ionization ( El) and chemical ioniz;llion 
(CI), '>ampll' molc(ule'> need to he , ·aporizt:d from 1hc.: 
hell in to the ion :-.oun:c. Fla~h 'aporit.<llion. a-. U'>ed in 
direcl expo.,u rc probe~ < 181. i:-. a good approach 10 
minimize lhcrmal degrada t ion. I!O\\ ever. positioning or 
the va pori ;.e r tip in the ion -;ource is also of major 
imron ance, a., .... lwwn in a comparali\'e study by Games 
( 19). The interface in f-igure 2 is constructed to achie' e 
h01h goat.., i.e., all em ing no soh em molecule'> in10 the.: 
ion source and minimizing thermal degradation. Cl 
spectra c.tn he..: obwinc.:d in such a way that the) re.,embiL' 
direct thc.:miGd ionizalion ([)CI) re'>ult... . f-or in-.tance.c.:'­
cellent .,peura from negati\ e ton Cl with chlorine.: .tllat h 
ment "ere obtained for -.ome cardiac glyco.,idc.:-. .tnd 
oligo .... tcduridc.:'> (')0). In the posi t in~ Cl mode u-.tng 
ammonia a-. n .. '<lcla lll g<l'>. good -.pectral data ha ' e been 
obtained for <:ydo-.porin A <'51) . 

An inlere'>ting pht:nomcnon b the ob.,en ed differ­
ence between .,pcc1ra ohlaincd either' ia direct!} .,pol­
t ing 1he '>:tmple on 1he belt or \'ia on-line LC J\ 1 ~ . 'lpenr.t 
from the latter wchnique she)\\. in general, more detom­
position. A !so I he memory eff eel. which is ohsen l'd \\ ith 
a moving belt '>Y'ilCm, b more pronounced in on-line LC 

lH 

\ 1'1 than with direct -.polling on 1he belt. The'>e phenom­
ena tan be explained b) th 1..· pre-.ence o f alii\ e .,ite., on 
the belt -.urface . ince il io, ach,,tntagcou-. 10 de'>orb all the 
<lnal) tl' molecu le., in 1he -.ourLc..: to inuea-.c -.en-.iti\ i t}. 
deaui,~uion of the belt MJrface "a" '>tudic..:d. 11 \\a'> found 
1ha1 h} applying a Carbo" a' 20\1 .,olu1ion deacti\ <Ilion of 
1hc belt can he achie,·ed C'5 1l. Thi., procedure "a" used 
in lhe quamitalion of progc.:.,ll'ronl· in human serum by 
Jsotope dilution (')2) and in imprm ing thL' :.pc.:ctra l 
qualily o f benzod iazepim: <'5.3>. Belt silylalion (') 1) was 
fou nd 10 reduce deca rboxy lal ion .tnd den itro:-.:ll ion of n i­
trosoprol i nc. 

Optimal tuning of the interface para nll·tcr'> i'> neces­
'-<tr} for e,tch diffcrenl experimental condit ion. a'> shO\\ n 
in .t detailed study by Beattie< d > "here 1hc imponance 
o f -.cuing 1he 'aporizer h<:.tllng. o,ource temrerature, and 
o,ource pre.,..,ure in ammonia Cl """ demon.,trated. All 
lhrec parameter., influence the ralio between the pro­
ton:lled and ammoniated molet ule-. . 

Both Fl and CI -.peura t.tn he obtained "ith the 
mm 1ng belt inlerface. I Ia' 111g both Cl •tnd Fl .,pec1ra i~ 
important tn identification -.wdic-. het.tuse both mokcu­
l.tr "eight and structural inform.llton t<tn he ohl<tined . 
Lindberg ( "i ·~ > ~ho"ed thatnll'th.tnl' U wa'> u~eful for rhe 
identifica lion of hudesonide metabolite:-. obtained from 
rat and mouse li \'<:o r incubat ion:.. Deuterium labeled 
budesonide was used to tran: mewhol ite'> by isotope 
cluMer analysis in an clega111 way. 

In a recen t postmortem case ('5'5). '>Creening of 
plasma and urine sample~ b) IIPLC \\ ith liV-detection led 
10 the idemification of '>C\eral unu'>u.tl t·ompound-. in a 
ha'>it e:..tract. Both El and Cl LC \1 \ ana l) .,c., \\l.'re 
performed u~ing a Chrom.,pherL' C I H cartridge column 
( 100 x .3.0 mm) and a mohill' ph.to,e nmsio,ling of 50:'50 
flll'lhanol water at a no\\ rale of 0. 1'5 ml min t\ typical 
IOta I ion turrenl (TIC> ammonia-C! trace of a urine ex1 ract 
i-. gi' en in Figure .3. 
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Figure 3. l'otal1on t·urr<:m !Tl( ) .unmont.t ( llr,tn: of .1 po~l- rnon~o.·m 

unne <:'l.tr.KI 

AI lea'>l fi, e compound-. in the relcnlion l ime" indo\\ 
from 6-10 min are de1ec1ed. A-. .tl ) pica I example. the El 
and Cl -.pect ra o f peak V arc given in Figure 1. ·r he 
interpretation is Mraigl11forward heca u~c the molecular 
\\'e ight .tppcars to he 2.32. p rotonall'd ( 111 'z 2.3.~) and am-

'orrin~ I<JH<J 
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Figure 4. Cl and El spectm of peak V, indicated in Figure 3 

moniatcd ( m!z 2'50) mo lecu les are observed in the Cl 
spectrum and a molecular ion (m/z 2.32) in the El 
spectrum. The presence of isotopic clu'>ters of two 
chlorine atoms together with aromatic characteristics 
leads to the structure proposed in the figure. Accurate 
mass measurement~> with high resolution MS confirmed 
the elemental composition, and identification of the other 
compounds revealed strong structura l correlations. The 
conclusion could be drawn that the compound in peak V 
is the herbicide diuron and the other compounds are the 
metabolites formed via demethylation and hydroxylation 
(55). Furthermore. theobromine. theophylline, nicoti­
namide, and a bcnzodiazepine \\.ere found after a de­
tailed examination of the data. 

The mo,·ing belt LC MS interface allows also the use 
of surface ionization methods such as secondary ion mass 
spectrometry(, !M, ), fast aLOm bombardment (FAB), and 
laser desorption ( LD) without the need to evaporate the 
ana lyte prior to ioni/.ation. This open..., the possibility to 
measure thermally labile and high molecular weight com­
pounds. I n 1980, Benninghoven (56) demonstrated a 
continuous LC S!M~ coupling u...,ing a endless silver belt 
and ' mith (57) reported a similar approach using a 
moving metal ribbon . In combination\\ ith FAB, the first 
results were obta ined by Dobberstein (58) for labile 
substances such as oligosaccharides and peptides. Spec­
tra can be obtained "ith and \\ ithout the addition of a 
matrix in this mode because the surface is automatical ly 
refreshed. Fan (59) reported on a '>Y'item comprising 
both SIMS and LD. For the LD applica t ions a b lackened 
steel belt was advanwgeous. Both positive and negative 
ion spectra were reported for some amino acids and nu-

\'olurnc ll . 'umber I 

cleorides deposited on the belt using a thcrmospray 
vaporizer. By applying a friued contact depositor in com­
bination with microbore columns, ' troh (60-62> obtained 
spectra for a crude antiamoebin J hydrolysate and sev­
eral peptide~ of molecular weights up lO approximately 
2 000 u. 

Oligosaccharides of approximately 4 000 u molecular 
weight have been analyzed <63), :.ts well as the LC-FAB/ 
MS analysis of a mixture of oligosaccharides obLained 
from ~beep urine (64). Damien (6'5) used an on-line LC­
FA13/ MS setup based on a moving belt interface to 
determine almi trine and its metabolites in plasma. Lower 
signals for the protonatcd molecules were observed as 
compared to conventional FAB analysis using glycerol a~ 
a matrix. troh and Rinehart <66) di'>cuss recent develop­
ments in this field. 

Belt-Cleaning and "Phase System Switching" 

A cleanup heater in combination with a wash bath 
enables the removal of non-volatile residues and the re­
duction of memory effecb. Deactivation of the belt for 
the reduction of memory effects is preferred over cleanup 
heating and washing of the belt. In a number of !IPLC 
methods, non-volatile substances are present in the 
mobile phase, e.g., phosphate buffers and ion-pairing 
agents, and their use should be avoided if possible . In 
some cases, volatile buffer systems can replace less 
volatile ones. 

Karger (67-68) demonstrated the use of a segmented­
now extractor bCl\VCCn the LC and the moving bel t 
interface to transfer the analytes from an incompatible 
mobile phase into an organic solvenL This approach 
showed good results, although some chromatographic 
peak broadening was observed. An improved extractor 
has been described (69) that ha '> been shown to be 
compatible with ion-pair chromatography. 
peak broadening \vas observed. An improved extractor 
has been described C69) that has been shown to be 
compatible wi th ion-pa ir chromatography. 

In order to obtain a method capable of quantitation 
at low concentrations in bioanalysis, we recently began 
to study the applicabil it) of an approach based on "phase 
system switching (PSS)" (70--1 ). P i~ based on the 
technique of trapping the compound of interest v ia heart­
culling on a small column. folio\\ ed by a washing '> tep. 
and then desorption of the analyte using the optimal 
phase for mas..., spectrometric detection. P S is schemati­
cally o;hown in Figure 5. 

In step A, chromatography is performed u-;ing an ana­
lytical column (AC) '' ith a phosphate buffer. ~tep B 
perform~ the trapping of the analyte in the small trapping 
column (TC). 1 n step C. the TC column is washed '" ith 
pun.: water. while in step D, desorption of the analyte in 
an organic soh ent is performed and m:t'-" ..,pectrometric 
analysis in the ~IS or ~IS IS mode takes place. The entire 
procedure is automated via valve-switching units. 

The anti-cancer drug mitomycin C has been studied 
by PSS. Despite the use of a 50 mmol 1 1 phosphate buffer 
in the analytical l! PLC system. good mass spectrometric 
detection was possible by applying pure acetonitrile as 
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Figure 5 Ba,tc umcc:pt of rha-.c: "}"'>tem "' ttthmg < P'>'>J \ , 
chrom;Hograrh> m c:r the anal} tical column (AC>: B. trarrmg ot 
the anal} te on the trarpmg column CTC): C, '' a.,hmg of the 
trapping <:olumn; and D. dc-.orpuon of rhe anal)'te anti dctcc uon 
with M~ or MS MS 

the dc~orpt ion ~olvcnl. The following important feature~ 
of PSS were oh~>erved: 

• no deteriorat ion of the i nrerface-MS ~>yMem de'ip ite 
the u~>e of " incompatible" mobile pha~e., in the II J>LC 
procedure; 

• optimal and independent choice of pha'>e compo..,t­
tion for the II PLC and IS; 

• the pos'>ibility to optimize the now-rate for the ~epa 
ration and detection -.tep '>eparately. and 

• pe.tk compre'>'>ion re ... ulting in impro' ed detect ton 
limit'> . 

PS~ is ba~ed on differences in retention cha racteri~­
tic'>, nece-.sitating careful selection of mobi le pha ... e-. and 
~tationary pha'>es . J>o~t-column addition of a '>olvent 
might be nece-. ... ary a'> ''ell , in some complex e<t~e~. The 
PSS approach i~ especia ll y aimed at target compound 
ana lysis. 

Programming of the Belt Speed 

The belt ... ,x·etl i'> a key parameter of the mm ing belt 
interface. The '>JX'ed setting depend'>, of cour~e. on the 
flm,-rate and mobile-pha ... e composition. The optimal 
'.tpori;cr temperature is dependent on the belt ..,peed 
Peak broatlcning effect'> h,t\'e been ~tudH:d •• ., a function 
of belt '>peed and nm, - rate and nebulization condttton.., 
at con.,tant mobile phase composition (72). It wa~ con­
cluded that peak 'aria nee was minimal at -.peed'> of t0-
60 rpm. At lm\ er ..,peed., hackmixing i'> probably <I -.ource 
of pe.tk broadening, '' hile at higher '>peed-. incomplete• 
or irregular -.oh cnt e\ aporation will lead to bad peak 
shape~. 

Since the ma!->~ .,pectrometer is a mass-now !->en!ooitive 
detector, but unfortunately limited with respect to the ac-
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Figure 6. Belt "Pct'd programmmg. dctcwon of tholc-.tcrol 
li"ing '>ingle ion monitoring (Stl\.D by :t[>plylllg .1 constant belt 
;,peed !upper) and by belt :.pl'<.:d progr:.tmming Clower) 

ceptan<:e o f high flO\v-rate'> . '' c ha\ c M.trted to perfo rm 
!->tudic!-> using belt .,peed programming (7,3) in target com­
pound analy-.is. \'ia heart-t utting, the compound of 
intere.,t is directetl to the belt -.urfacc.: at lo\\ belt spccd .... 
Then the belt ~peed is increa..,etl to effect high mass nm, s 
in the ion '>Ourcc. Thh procedure enhances peak com­
prcs'>ion and, J'> a con-.equcnce. improve-; detection 
lunih. In the'>e experiment-., the acceleration of the 
mo' ing belt and the range of acce'>'>ibk belt speed-; 
bccomc important. An example of the normal approach 
i., gi,·en in Figure 6 (upper): re-.ulh were obtained after 
injettion of I SOng of cholcMcrol "'hile feeding the \\'hole 
peak onto the belt at constant belt -;peed (1.2 em'> 1). The 
mobil e p hase was pure methanol at a flowof 0.2 m l m in 1• 

The bel t speed programming results arc given in Figure 
6 (lcl\\cr). By exact timing. the belt ~peed is increased 
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to ' '- 5 em s 1, after deposition of the cholesterol peak on 
the belt surface at a belt speed of 1.2 em s 1

• A clear peak 
compression effect is now obtained leading to an in­
crease in peak mtensity by a factor of 3. 

The l imitations under the described conditions arc, of 
course, the maximum allowable flow-rate at low belt 
speeds and the low response time of the vaporizer that 
excludes vaporizer programming in the short time inter­
val. As a consequence, the maximum vaporizer tempera­
ture at the lowest belt speed has to be used. llowevcr, 
the limitation in the maximum allowable flow rate, as 
indica ted above for conventional column types, docs not 
ho ld for microhore systems and certainly not for super­
critical fluid chromatography coupled to a mO\ ing belt. 
In the latter case, belt speed programming becomes 
attractive (7ll ). 

Miniaturized HPLC Systems 

Another approach to overcome the flow-rate prob­
lem in reversed p hase chromatography, and especially in 
gradient elution, i'> the usc of miniaturized IIPLC sy'>tcms. 
Games c t al. (7'5-78) ha\ c evaluated the use of microhore 
system s in moving heir LC/ 1 in derail and show the 
advantages of the lower flow rate de pitc the fact that 
lower fl ow rates arc, in principle, disadvantageous for a 
mass-flow sensitive detector. The restrictions w ith re­
spect to the loadahility were overcome w ith a m~t nual col ­
umn sv. itching technique (75). Attention "as paid lO 

improved detection limits and the appl icabili ty to quan­
titati\ c ana lysis of pesticides (76). Extra-column band 
broadening (77) .tnd different column type'> (18) ''ere 
:-,tudied. llaye'> (79) reponed on the usc of gradient LC 
M , with microborc columns and sho'"ed that mtntmal 
peak broadening tould he obtained by minor modifica­
tion of the nebuli7er dcs1gn used for con\'enuo nal col­
umns. Bccau.,c the higher outlet concentration of the 
microborc system as compared to the comcntional ap­
proach i'> balanced by a IO\\<er flow rate. the main reason 

Autosampl er 

for the observed improved detection limits is the reduc­
tion of the background due to '>Ol \ ent impurities <75. 9). 

Reiser and Barefoot (R0-82) ha\e reported the usc of 
packed fused si lica capi llary LC column-. of 0.2"> mm f!) 
operating with flow rate'> of 1-2 ).II m1n 1 coupled to a 
moving belt interface. Compared LO the direct coupling 
approach, it was found that fo r thermally labile sulfon­
ylureas les~ decompo:-,ition ''as obsen cd '' ith the belt. 
Both the solvent heater and the sample vaporizer were 
set at low temperatures to avoid degradation of the 
analytcs. A compari:.on bet\\ een a micro bore column ( 15 
em by 1 mm) and a fused-silica packed column (30 em 
hy 0.25 mm) showed a hellcr performance for the laller 
with respect to detection limits. Thi~ i!'-. perhaps partly 
due to adsorption effect., in the stainless ~tcel microbon: 
-.yMcm. The loadability of small-bore column., remains a 
strong limiting factor, hut an injcction conccntration 
method ''as used that cffcctivcl} increa~es the sample 
size by one to two orders of magnitude. 

Direct Serum Analysis by Membrane-Dialysis Mov­
ing Be lt LC/ MS/ MS 

Continuou-.-flow techniques arc attractive as sample 
pretreatment methods because of tht• ea-,e of automation 
and coupling to IIPLC. Membrane dialysi., is a technique 
that enables the separation of the analytcs rrom high mo­
lecu lar weight proteins and can hl' carried ou t fa~t and 
reproducibly. Since the -.ample b diluted in this step, 
peak compression i'> achieved on a .,mall pre-column, 
after'' hich the analys.., can take place. For mitomycin C, 
\\ e ha\ e shown (83) that a fu lly automawd -.etup. using 
an anal} tical column .tnd l'V-detecuon, can he u-.cd to 
delC'ct thi-. drug at le,·eb of 1 ng ml 1 h) direct scrum 
anal}s" 

.\lttomycin C. can he detected" ith high .,eleui' It} h} 
\I\ .tnd \1~ ~1\ coupled to the P\\ "} .,tc·m. l"ing dircu 
.,crum analy.,is .tnd a non-H>lallll' mobile pha.,e for the 
.,ep.tration on the anal} t1cal column. IIO\\ e\ er. after a 
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rea~onable sample p ret reatment step, d i rect a na ly~i~> us­
ing MS/ M w ill p rovide ~> uffi cient select ivity to ana lyze 
normal d rug le' els encountered in clinica l trials. Thi ~> ap­
proach , consisting o f continuous-flow membrane dialy­
si~>, a small pre-column for clea ni ng concentrat io n of the 
analyte, and a ta ndem mass spectrometer (Figure 7) has 
been tested . Prelim inary experi ments were conducted to 
estab lish the per formance of this setup by di rect serum 
inject ion and detect ion of endogenous chol e~>tero l by MS. 
nesu lts of MS/ M analys is o f an antica ncer drug by this 
method w ill be reported elsewhere (8·1). 

Derivatization 

Oeri vati za tion can be used as an effecti ve tool to 
control sensit ivity and se lectiv ity, parameters o f majo r 
importance for quantitat i ve trace analysis. Literature on 

deriva t i;.a tion in LC/ M. is scarce (85). It i ~> especially 
surprising that most of the derivatization work has lx:cn 
d one in com bination w ith the moving hell interface, 
\\ h i le the o ther popular interface typ<.:~ are more chem­
btry based. Basica lly, p re- and post-column derivatiza­
ti on procedures ca n be distingu ished. 

Pre-column derivatizat io n influences the chromatog­
raphy and the interface and detect ion propert it:~>. This re­
quires careful consideratio n. Fo r example, ~>il} lation, 
o ften used in GC/ M , was used by Quilliam (86) to im ­
prove the volatility o f fatly acids and to obta in good mass 
spectral behavio r. Anthry lmethyl esters of fatty acids 
have been analyzed cs- ) as well , al tho ugh the main ob­
jective was the imroduct ion of fluo rescent properties and 
va lidatio n o f the chromatography by LC MS. Sequence in ­
fo rmation of N-acety i -N.O,S-permerhyla ted derivat ives of 
o ligopeptides have been reported by Yu (88). u~> i ng 
isobutane Cl. Derivatized and underivat ized amino acids 
have been Mudied by Games (89). Carbo nyl compounds 
can he c.leriva tized with 2. 1-d initrophenylhydrazine to 
yield derivati ves with good El and Cl properties in 
positive and negative io n modes. In this case , deri\'a ti­
za tio n is used to decrease the volatilit y of the lower 
mo lecular w eight ketones. 

Post-column derivati za tion is aimed at the improve­
ment of interface and mass spectrometric behavio r. Karger 
<67,68) used a continuous extraction device for p h~l~>C 

transitio n. O n-line, io n-pa ir extractio n wa~> demonstrawd 
and the mass spectral properties of the ion-pair counter 
io ns, such as alkylsulfonates and -sul fate<> were stud ied 
fo r the volat il izati on o f ionic compounds (69. 91 ). 1-'ur­
thermo re, the ion- pairing concept wa~> e\ aluated for 
alky latio n o f analy tes dur ing fl ash eva porat ion . Detection 
limits in the ppb range were repon ed for carboxyl ic aci<.b 
using tet ra butylammonium counterions <92). Conversion 
of primary a mines in to their isoth iocyana tes with ca rbon 
disulfide has also been established <93). 

Conclus ions 

The moving belt interface continues to be a valuable 
approach in LC/MS and SFC/ MS coup ling (9 t-96). ThL· 
most important reasons are the compatibility with a broad 
range o f chro matographic conditio ns and io ni za ti o n 
methods. Both structural and mo lecular we ight inlo rma-

tio n ca n be obtained via low and h igh resolution mass 
spect rometry. as \\ell as v ia MS/ MS tech nique~> . lntere:-.t­
ing ne~ concep ts such as phase system switching. on­
line membrane dia lysis, and rhe incorporation of more 
deri \'a t ization c hemistry w ill certainly enlarge the -,cope 
o f LC MS and of the moving belt interface, in pa rt icular. 
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