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Final Project Report 
Staff Exchange with Finnigan Corporation 

Purpose/Objective 

The objective of the exchange between Pacific Northwest Laboratory (PNL)(') and Finnigan 
Corporation is a transfer of expertise and technology for the design and operation of efficient and 
sensitive atmospheric pressurehacuum electrospray ionization @SI) sources. The development of 
such ion sources will permit wider application of mass spectrometry instrumentation in applied studies 
in a variety of disciplines including clinical, forensic, biochemical, biotechnical, and environmental 
studies where sensitivity is a paramount concern. (See. the appendix for additional information.) 

Summary of Activities Performed 

Two meetings were held between representatives of Finnigan Corporation (led by Dr. Ian 
Jardine, Director for Marketing, Finnigan Corporation) and PNL staff members. During these 
meetings, Finnigan and PNL staff surveyed the existing technology for atmospherehacuum interface 
of mass spectrometry to ESI. The representatives from Finnigan viewed demonstrations of recent 
developments that increased efficiency and sensitivity for ESI mass spectrometry. During these 
meetings, knowledge and expertise were shared in the development of instrumentation, methods, and 
applications of ESI mass spectrometry with particular emphasis on current and planned Finnigan 
instrumentation. With the objective of more effective and competitive products for Finnigan 
Corporation, concepts for a Cooperative Research and Development Agreement (-A) were 
directed toward the development and commercialization of advanced high efficiency and sensitivity 
ESI technology. A detailed proposal and work plan for the cooperative project was developed. 

Significant Accomplishments 

A collaborative team was established focusing on the applications and markets defined by the 
problems involved in the development of advanced high-sensitivity methodologies and instrumentation 
incorporating the ESI technology. This was the initial step in building a long-term collaborative 
relationship between PNL and Finnigan. A proposal for a CRADA was developed which when 
implemented will enhance the competitive position of this important U.S. player in the international 
analytical instrumentation market. 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle 
Memorial Institute. 

1 



Significant Problems 

Due to the relatively limited resources approved for this activity ($20,000), it was determined 
not to undertake of all the originally proposed exchange of technical and scientific staff for laboratory 
activities and development work at Finnigan Corporation in San Jose, California, and at PNL in 
Richland, Washington. Instead, the work focused on the preparation of the follow-on document 
making every effort to fully define the range of mutual interests and complementary capabilities. The 
production of a well-integrated CRADA proposal, reflecting the full consensus in these matters, is the 
result. 

Industry Benefits Realized 

During the meetings with Finnigan personnel, important consensus was established on the useful 
directions for joint work on the development of advanced high efficiency and sensitivity ESI tech- 
nology. This consensus was outlined for expansion into a draft of the CRADA. In subsequent 
exchanges, a mutually satisfactory document in the form of a detailed Field Work Proposal was 
created. It is planned that the essence of this proposal will be submitted to the Office of Energy 
Research, Laboratory Technology Transfer for evaluation and approval. 

Recommended Follow-on Work 

The array of proposed laboratory and demonstration exchanges should be completed. The 
momentum generated by these activities will flow logically and practically toward the full realization 
of the goals outlined in the CRADA proposal, which outlines a unique combined theoretical and 
practical approach to the development of high efficiency and sensitivity ESI source technology. That 
technology is well suited to present mass spectrometry instrumentation, and the instrumentation 
planned for development and introduction by Finnigan Corporation. 

Potential Benefits from Pursuing Follow-on Work 

The objective of this project is to develop an advanced high-sensitivity ESI source for mass 
spectrometry. The recent development of ESI permits the transfer of ions from solution to the gas 
phase with high efficiency. This is a new capability which all mass spectrometer manufacturers are 
adapting for biological and pharmaceutical research, clinical assays, environmental testing and moni- 
toring, and many other areas where sensitivity and specificity are primary concerns. The major 
limitation of this approach is the fact that current ESI sources provide signal intensities which are 
often too small. ESI ions are initially formed at atmospheric pressure, and in the process of creating 
a focused ion beam appropriate for mass spectrometry, more than 99.9% are lost. This collaborative 
research with Finnigan MAT, the only U.S. manufacturer of research-grade mass spectrometers, will 
greatly increase the U.S. competitive position in the commercialization of advanced analytical instru- 
mentation. The approach will utilize advanced fluid dynamics computational capabilities, experi- 
mental studies of ion formation and ion optics, and build upon expertise and prototype PNL ESI 
source designs, with the aim of developing ESI sources optimized for ion trap mass spectrometers. 
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Appendix 

High Sensitivity Electrospray Ion Source Development 
Field Work Proposal 
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A. purpose 

The purpose of this project is to improve the understanding of the transport and focusing 
of charged particles formed at atmospheric pressure and through the interface into the high 
vacuum region of a mass spectrometer. The project will build upon PNL's research experience, 
techno1 ogi es and unique research capabi 1 i ties with the aim of devel oping and 
commercialization of an improved electrospray ion source in collaboration with Finnigan MAT. 
The role of PNL in this collaboration will be to develop fluid dynamics computatorial models 
to be used in conjunction with experimental studies of ion focusing phenomena at atmospheric 
pressure and during the transition to high vacuum conditions to improve ion transmission. 
This project will provide the essential foundation for Finnigan MAT to implement an advanced 
el ectrospray ionization source on its various mass spectrometer product 1 ines, which i s 
likely to provide a basis for much broader application of mass spectrometry to environmental 
testing, monitoring, clinical assays, drug testing, etc., as well as a broad range of 
research appl i cati ons . 

The proposed project is a lateral extension of PNL research performed for the ER Office 
of Health and Environmental Research which has been developing advanced methods for chemical 
and .biochemical analysis based upon the combination of capillary electrophoresis with 
electrospray ionization-mass spectrometry. While not directly related to current project 
goals, recent results have shown that current ESI sources are inefficient due to large ion 
losses during transport from the atmospheric pressure region, where ions are formed, into the 
high vacuum region required for mass spectrometer operati on. The 1 ow overall efficiency of 
this process, about to currently precludes a broad range of potential applications 
which, if viable, would greatly increase the market for ESI-MS instrumentation. The aim of 
this CRADA is to allow PNL to conduct the research necessary to better understand ion 
transport from atmosphere to vacuum. This will allow Finnigan MAT to develop much more 
effective ESI sources for its line of commercial mass spectrometers. 

Although the proposed project is specifically aimed at the development of advanced 
analytical instrumentation based upon electrospray ionization sources, the information 
developed in this project is relevant to other high pressure ion sources for mass 
spectrometers, as well as other potential types of analytical instrumentation based upon ion 
transport (e.g., thermo ionization and electron capture detectors), which also constitute 
commerci a1 markets. In addition, charged part i cl e transport i n gases i s broadly re1 evant in 
atmospheric processes, and in some isotopic separation concepts. 

Of particular interest is the analytical capability which would be provided by combining 
the high resolution separations feasible with capillary electrophoresis with the capability 
of ESI-MS to detect and characterize complex chemical and biochemical species (e.g., 
proteins). The CE-MS combination is currently of marginal utility for many applications due 
to sensitivity constraints of ESI-MS. A successful research effort under this project would 
dramatically enhance the CE-MS combination, opening a host of applications in complex mixture 
analysis, biochemical characterization, etc., each of which could give rise to broad, new 
commerci a1 markets. 

' 

Finnigan MAT (San Jose, CA) plans a major commitment of resources and personnel to this 
coll aborative research agreement ($700K, in-house). The concurrent research effort at 
Finnigan MAT will involve developing advanced ESI sources for its line of mass spectrometers, 
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Over the last  four years, there has been an explosive increase i n  the in te res t  in 
electrospray ionization (ESI) techniques fo r  mass spectrometry. A t  the annual meeting of the 
American Society f o r  Mass Spectrometry i n  1988, ESI was included i n  only seven posters. A t  
the 1992 meeting, there  were over 200! Mass Spectrometry, i n  general, is  probably the most 
broadly applicable analytical technique. I t  f i n d s  broad application i n  chemical and 
biological research, environmental tes t ing,  process monitoring, atmospheric monitoring, drug 
tes t ing,  e tc .  The greatest  barr iers  t o  broader use are related t o  cost  and l imitations i n  
present day ion source appl icabi l i ty  and sensi t ivi ty .  In the former case, costs  continue t o  
drop and this trend should continue as advanced ion t rap  mass spectrometers are more widely 
implemented. Finnigan MAT, which developed the modern quadrupole ion t rap mass spectrometer, 
has devel oped product 1 i nes based on speci f i c appl i cations . However, 1 imitations i n i on 
source technology continue t o  hinder market growth into areas which require high sens i t iv i ty  
appl i ca t  i ons (such as  cl  i n i  cal assays) . Improved ESI ion source technol ogy would provide the 
basis f o r  growth in to  such arenas. 

Due primarily t o  i t s  development of the quadrupole ion t r ap  mass spectrometer, Finnigan 
MAT re tains  a leading role  among the major manufacturers of mass spectrometers. In the 
manufacture of research mass spectrometers, Finnigan MAT is  the most competitive U.S. based 
business. Electrospray ionization f o r  analysis was pioneered by Malcolm Dole i n  the  l a t e  
1960's. Subsequent work by John Fenn and coworkers a t  Yale and research a t  PNL played a 
dominant role i n  the discovery and early implementation o f  ESI sources on mass spectrometers 
i n  the l a t e  1980's. However, due t o  i ts  significance fo r  chemical analysis,  and the size of 
potential markets, a l l  major manufacturers quickly offered ESI sources. As a r e su l t ,  foreign 
manufacturers a1 ready have a competitive advantage i n  this growing market t h a t  was pioneered 
and developed i n  the United States.  

The proposed collaborative project between PNL and Finnigan MAT would provide the basis 
for  a competitive edge t o  U.S. industry by providing a great ly  improved ESI source 
technol ogy. In par t icular  the combination of improved ESI source technol ogy w i t h  quadrupole 
i o n  t r a p  mass spectrometers should provide a foundation for highly competitive future 
products. The major elements of this project will involve the use of computational f luid 
dynamics methods t o  evaluate charged par t ic le  t ra jec tor ies  over a range of densi t ies  i n  order 
t o  improve ion transport  and focusing through the ESI-MS interface.  PNL's experience w i t h  
ESI began i n  1984, and suppor t  through DOE'S Office of Health and Environmental Research has 
continued since 1986. PNL invented the combination o f  capi l lary electrophoresis w i t h  ESI-MS 
(i .e. ,  CE-MS), and has been responsible fo r  a number of s ignif icant  improvements t o  ESI 
sources as well as the development of  techniques related t o  i t s  application for  the 
characterization of 1 arge biochemical molecules. PNL has received two patents for ESI 
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technology and has more than fifty publications in peer-reviewed scientific literature 
involving its applications. PNL's unique capabilities, experience, and expertise make it 
ideally suited for its participation in the proposed CRADA with Finnigan MAT, providing a 
high probability of successful pay-off in terms of enhanced competitiveness of U.S. industry 
in analytical instrumentation. The development of such improved analytical instrumentation 
is also directly relevant to DOE'S waste site interests. Analytical measurements used for 
monitoring, remediation, and clean-up efforts are critically important at the various DOE 
sites. 

Electroswav Ionization 

Below, we outline the development of electrospray ionization and our current level of 
understanding of the experimental factors that are currently known to limit its performance. 
Included in this analysis are preliminary studies which we believe indicate that much more 
efficient ESI source technology is possible. 

Electrospray ionization-mass spectrometry (ESI-MS) had its origins in research that long 
preceded the current flurry of activity. The study of the electrospray phenomena extends 
back perhaps over two and one-half centuries to the work of Bose (l), and certainly to that 
of Zeleny early in this century (2). The seminal research into the use of electrospray as an 
ionization method for macromolecules was due to Malcom Dole and coworkers (3,4), who, more 
than twenty years ago performed extensive studies into the electrospray process, and defined 
many of the important experimental parameters. The purpose of Dole's studies was to use ESI 
to produce gas phase macro-ions. In 1984, ESI combined with mass spectrometry was reported, 
essentially simultaneously, by both Yamashita and Fenn (5) and Aleksandrov et al. (6,7). 
Fenn and coworkers also demonstrated ESI-MS in the negative ion mode (8), building upon the 
original negative ion work by Dole and coworkers. Using a magnetic sector instrument, the 
Soviet researchers independently demonstrated the on-1 ine combination with 1 iquid 
chromatography in 1984 (7), and over the next few years applied ESI-MS to oligosaccharides 
(9), and intact polypeptides up to M 1500 (lo), and developed chemical digestion-based 
methods for their sequence determinatib (11). 

Of particular importance to ESI analysis of macromolecules i s  the phenomenon of multiple 
charging. The multiple charging of lysozyme by ESI was reported by Dole on the basis of ion 
mobility measurements, but difficulties in the interpretation led them to suggest a charge 
state of only 3t, substantially lower than shown by subsequent MS studies. In 1985, both 
Fenn and coworkers (12) and Aleksandrov et al. (9,lO) reported dominant contributions for 
doubly charged ions for polypeptides such as bradykinin (M, 1060) and gramicidin S (M, 1141). 
Aleksandrov et al. later reported the analysis of a polypeptide o f  M, 3492 that produced 
intense doubly and triply protonated molecular ions (13). Most significant, however, was the 
report by Fenn and coworkers o f  polyethylene glycols of average molecular weights up to 
17,500 with as many as 23 charges (due to associated sodium ions) (14). Since the higher 
molecular weight polyethylene glycol samples had re1 atively broad molecular weight 
distributions, only unresolved "humps" of ions from m/z '550 to >1400 were observed for 
these materials. Further studies required a polymer of better defined molecular weight. The 
next step involved the study of such naturally occurring polymers: proteins. In 1988, Fenn 
and coworkers (15) first reported ESI-MS spectra of intact mu1 tiply protonated molecules of 
proteins up to M, 40,000, having as many as 45 positive charges. We reported our first 
electrospray work on proteins also in 1988 (16,17) as did Covey et a1 (18). 
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practice of ESI-MS has grown impressively. One obvious reason for this is the speed with 
which commercial instrumentation became available, and particularly the ease to retrofit 
existing quadrupole mass spectrometers for ESI-MS. ESI has establ i shed clear advantages for 
analysis of liquid samples and solutions, particularly the effluents from microscale or 
"nanoscale" capillary separation methods. In addition, tandem mass spectrometry has been 
used for dissociation studies of multiply charged biomolecules produced by ESI, allowing much 
greater dissociation efficiencies than for singly charged molecular ions (19). If further 
developed with sufficient sensitivity, the combination of these capabilities constitutes 
technology capable of profoundly affecting the practice of mass spectrometry and allowing its 
extension to broad new areas of application in health care and environmental clean up. 
Continued devel opment of such advanced analytical tool s wi 11 require an improved 
understanding of ion transmission and sensitivity. It is precisely these issues at which 
this project is aimed. 

The importance of the sensitivity issue cannot be overstated; improved sensitivity will 
provide a much broader application of mass spectrometry. These applications would extend 
across broad commercial sectors, the health care industry, and especially environmental 
clean-up for which a major fraction of the costs generally involve chemical analysis. As 
noted in a recent review (20), 'These pressing [sensitivity] problems provide the driving 
force and justification for continued technical innovation which will permit their solution 
with future generations of state-of-the-art research grade and commercial instrumentation. 
Consider one case in point: The disparity between the optimal performance characteristics 
of capi 1 1  ary zone electrophoresis and the operational sensitivity o f  virtually a1 1 presently 
available mass spectrometric instrumentation. The desirability of a marriage [I .e., CE-MS] 
which would preserve the unprecedented resolution of separations with accurate mass spectral 
analysis is irrefutable.' The mass spectrometer source, including the interface, is the 
central concern of this proposal. The ideal ion source/interface sends to the mass analyzer 
at high vacuum an intense ion beam with current generally in the 10 nAmp to 1 pAmp range, 
depending upon the ionization technique, that is well collimated and nearly monoenergetic. 

. These ions must be molecular ions, or structurally related fragments of the molecule. The 
ion currents produced by ESI are generally 0.1 to 0.5 pAmp. This is an adequate current, 
however it is produced a atmospheric pressure, and the usable fraction of this current &i .e. 
the part that can be successful1.y mass analyzed and detected) is typically between 10' and 
5 x lo-" Amp. This disparity of 104 to 105 reduces the ESI currents detected to a level 
where dynamic range is greatly constrained and statistical 1 imitations intrude. Below we 
discuss the current situation and design of ESI sources and interfaces, and review the 
development to date. 

The following discussion is divided into two parts based upon the functional components 
of the ESI-MS instrumentation. These are (A) the electrospray source, or "tip", where 
electrostatic nebut ization of the 1 iquid stream occurs, and (B) the atmosphere/vacuum 
interface where the droplets and resulting ions are desolvated and transferred from near 
atmospheric pressure to the vacuum environment of the mass spectrometer. 

The Electrospray Source 

needle) at elevated voltage relative to a counter electrode 
and/or droplets enter the mass spectrometer entrained in a flow of gas. 

* 

The ESI "source" may be simply a metal capillary (e.g., stainless steel hypodermic 
having an orifice where ions 

In general, a 1 to 
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20 pl/min flow of solution, generated by infusion syringes, separation devices, o r  other 
l i q u i d  sources, moves through the capi l lary t o  i t s  terminus. When a high gas flow over the 
ESI capi l lary is added t o  assist the nebulization, flow rates up t o  '100 pL/min can be 
accomodated, making the method more amenable for interfacing w i t h  1 iqu id  chromatography a t  
flow rates accessible w i t h  packed columns. 

Interest  a t  PNL i n  coupling h i g h  resolution CE separation methods w i t h  ESI-MS led t o  the 
development of the l i q u i d  sheath electrospray source (21). T h i s  ESI source has been used for  
most work i n  our laboratory due t o  the f l e x i b i l i t y  i t  provides i n  sample solvent selection. 
In one version of this source, an organic l i q u i d  sheath ( typical ly  pure methanol or 
acetonitrile, but  frequently augmented by small proportions of ace t ic  acid, water and/or 
other reagents), flows i n  the annular space between an approximately 200 pm 0.d. fused s i l ica  
capillary,  which del ivers  analyte solution t o  the ion source, and a s l i gh t ly  larger  diameter 
outer capillary.  In this arrangement, the inner fused s i l ica  capi l la ry  protrudes 
approximately 0.2 mm. For positive ion ESI, a voltage of  t 4  kV t o  t 6  kV is applied 
indirectly t o  the sheath l i q u i d  v i a  the outer metal capil lary.  For experiments i n  which 
sample solut ion is d i rec t ly  infused t o  the ESI source, syringe pumps del iver  controlled flows 
of analyte and sheath l i q u i d s  a t  rates of 0.1 t o  1 pL/min and 2 t o  5 pL/min, respectively, 
through lengths of fused s i l i c a  capillary.  

The ESI source requires production of a high e l e c t r i c  f ield a t  the capi l lary t i p  which 
leads t o  the formation of highly charged l i q u i d  droplets. The e l e c t r i c  f i e l d  causes charge 
accumulation on the l iquid surface a t  the capi l lary terminus and disrupts the  l i q u i d  surface. 
Thus the l iquid flow ra te ,  r e s i s t i v i ty ,  and surface tension a re  important factors  i n  the 
formation of a s tab le  electrospray (22). Reasonable agreement w i t h  experimental resu l t s  have 
been obtained for the following relationship: 

Vo u (T, r)OS Pn ( 4 )  h/r 

where Vo is the electrospray onset voltage, Ts is the surface tension, r is the capillary 
radius, and h i s  the capi l lary t i p  t o  a planar counter-electrode distance (23). Liquids w i t h  
surface tensions 2 0.05 N/m cannot be electrosprayed i n  a i r  w i t h  a 275 pm diameter capillary 
wi thout  a corona discharge. However, i t  appears t h a t  sharp, smaller diameter capi l la r ies  
allow electrospraying i n  a i r  over a limited voltage range (24). Because droplet  s ize  
decreases w i t h  increasing solution conductivity, decreased 1 i q u i d  flow ra t e s  a re  required t o  
electrospray increasingly conductive l i q u i d s .  Higher flow rates of more highly conductive 
l iquids  lead t o  unstable performance ("spit t ing") and larger  droplet sizes. Tke dependence 
of ESI ion current ( I )  upon solution conductivity (s) is re la t ive ly  weak (IUS' *) (25). ESI 
currents for  a typical water/methanol/5% acetic acid solution are  i n  the range of 0.1 t o  0.5 
PA 

A t  a short distance from the ESI source, the nebulized l i q u i d  has a nearly monodisperse 
droplet diameter on the order of 1 jm (22,26). Increased l i q u i d  flow ra t e s  result i n  larger 
droplets (27),  and the t o t a l  electrospray ion current increases only sl ightly.  Increased 
electrolyte  concentration causes a decrease i n  the average droplet size. The use of higher 
voltages does n o t  substant ia l ly  increase the ion current u n t i l  the  onset of  a corona 
discharge. 
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maximum extent of charging results from the electrospray process, and any method aimed a t  
"assist ing" ESI is  expected t o  decrease charging (30). 
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Atmospherlcflacuum Interface. 

The formati on of macromol ecul a r  ions requires conditions promoting sol vent evaporation 
from the i n i t i a l  droplet population. T h i s  can be accomplished a t  near-atmospheric pressures 
by a counter current flow of dry gas a t  moderate temperatures (80C), by heating during 
transport through the interface,  and by (par t icular ly  i n  the  case of i o n  trapping methods) 
energetic co l l i s ions  a t  re la t ively low pressure. In a l l  cases, droplets s h r i n k  t o  the p o i n t  
where repulsive Coulombic forces approach the level of droplet cohesive forces (e.g., surface 
tension), the so called Rayleigh l@it, whereupon they explode. The maximum droplet charge 
for s t a b i l i t y  is  proportional t o  d (d = droplet diameter) and fo r  large (>1 pm) droplets, 
there is no doubt t h a t  the Rayleigh limit applies. Such droplets have been observed t o  form 
a protrusion from w h i c h  smaller droplets are emitted, typical ly  shedding more t h a n  10% of 
t h e i r  charge, and about one order of  magnitude l e s s  mass (31). I t  has been postulated t h a t  
droplets i n  an €SI source undergo several such f iss ion processes, yielding smaller and 
smaller droplets u n t i l  the e l ec t r i c  f i e l d  a t  the droplet surface is suf f ic ien t  fo r  ion 
evaporation (32-34). On the basis of residual particle measurements, an i n i t i a l  droplet s ize  
of '1 pm has been deduced. There is  also evidence of second generation droplets i n  the 0.01 
t o  0.1 pm size range (26). Mass spectra from the electrospray process represent the  end 
product and are n o t  representative of the actual species present a t  atmospheric pressure. 

The low efficiency o f  i o n  detection i n  ESI arises from a number of factors. First a t  
atmospheric pressure, ion motion is governed largely by the bath gas, and local e l ec t r i c  
f i e lds  (and t o  a much lesser  extent, magnetic f ie lds) .  The major constraint  however, i s  a 
resu l t  of i o n - i o n  repulsive forces, which give rise t o  a "space charge effect ."  The i n i t i a l  
electrospray plume originates from a point a t  the t i p  of the "Taylor cone" and spreads t o  
approximately 1 cm diameter by the time ions have drifted f o r  about 2 msec i n  the e l ec t r i c  
f i e ld  of the ESI source. The '2 msec period is  the approximate time required fo r  droplets 
and ions t o  migrate the 1-2 cm distance from the electrospray " t ip1 '  t o  the mass spectrometers 
sampling o r i f i ce  (as determined i n  ion mobility analysis studies a t  PNL). Constraints on the 
practical pumping r e s t r i c t  the s i ze  of an o r i f i ce  compatible f o r  d i r ec t  introduction t o  a 
mass spectrometer t o  approximately 1 mm. In addition t o  well -understood discrimination 
e f fec ts  relevant t o  a l l  i o n  sources, the atmospheric pressure i o n  source presents unique 
differences. Ions of different  mass (a dz) acquire different  trans1 ational energies i n  
the gas expansion from atmospheric pressure. Indeed, certain lens potent ia ls  can almost 
completely discriminate against lower energy (mass) species, as i n  retarding potential  
analysis. Other uncertainties a r i s e  due t o  the unknown extent of solvation a t  atmospheric 
pressure. The importance of this factor  has not yet  been widely recognized. However, 
preliminary work a t  PNL has c lear ly  demonstrated the importance o f  effect ive desolvation for 
ion detection. In the absence of effect ive desolvation, i t  is possible t o  have large ion  
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currents that do not yield useful mass spectra since the ions are solvated and effectively 
spread across (or beyond) the mass spectrum. 

Several different strategies' have been used in existing atmospheric/vacuum interfaces. 
Ion sampling in ESI can use orifices (as simple as holes in plates), capillaries, and likely 
other methods in the future. Ion desolvation can be conducted prior to sampling (in which 
case it is only partially effective), during transport through a capillary, or in the MS 
interface. Many ESI sources use an atmospheric pressure counter-current flow of dry N, which 
serves to excl ude 1 arge dropl ets and particles and aid desol vation. The counter-curretit flow 
of bath gas sweeps away high m/z residual particles and solvent vapor from the mass 
spectrometer inlet. As the ions pass through the orifice into the vacuum, further 
.desolvation is accomplished by collisions as the ions are accelerated into the mass 
spectrometer. 

A simple design (available as a commercial instrument from Sciex, Thornhill, Ontario, 
Canada) utilizes a 100- t o  130-pm orifice to a vacuum region maintained by a single stage of 
high-speed cryo-pumping. The strategy most often employed to date has been to use 
differentially pumped vacuum systems, where the gas pressure may be dropped in several 
stages. This approach has allowed the use of orifices as large as 1 mm in our laboratory. 
With such an approach, as much as several percent of the total ESI current can enter the 
first vacuum stage. Unfortunately, at the pressure in this stage molecular decay can still 
be appreciable, and a large dispersion of the ion current occurs. The net result is the 
overall efficiency is reduced to Y O - 4  (at best). 

Alternatively, a differentially pumped capillary inlet-skimmer interface was developed 
by Fenn and co-workers (30). Some fraction of ions are entrained in the gas flow entering 
a glass capillary (metalized at both ends to establish well-defined electric fields). Ions 
can be transmitted through capillaries with efficiency. Ions swept by the gas flow through 
the capillary emerge as a component of a free jet expansion in the first differentially- 
pumped stage. Some fraction of the ions is then transmitted through a skimmer and ion optics 
into the mass spectrometer. 

An a1 ternati ve approach to dropl et desol vation at atmospheric pressure involves heating 
during droplet transport through a heated metal (35) or glass capillary (30,36). With such 
methods a curtain or counter-current gas flow is not needed, and the electrospray source is 
positioned closer to the sampling capillary orifice (typically.0.3 to 1.0 cm). The charged 
droplets are efficiently swept into the heated capillary, where thermal conditions provide 
effective ion desolvation. This approach is generally augmented by a capillary-skimmer 
voltage gradient (largely to prevent condensation upon expansion). Advantages of the heated 
capillary are the ease with which it can be adapted to different MS configurations, 
potentially higher transport efficiency (which arises from the enhanced proximity to the 
electrospray "tip"), and the ability to heat ions for desolvation in a manner not highly 
dependent upon m/z. The application of similar methods for thermally induced dissociation 
has recently been developed at PNL (37). 

As mentioned earlier, ion desolvation is crucial to the successful development of more 
sensitive ESI sources. Without effective desolvation, any current produced by the source is 
useless. The development of advanced ESI sources must not only focus much large ion currents 
into the MS, but assure that the ions produced are fully desolvated. The best approach to 
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C. Amroach 

T h i s  project will uti l ize a combination of high level computational f l u i d  dynamics and 
measurements o f  ion optics related phenomena t o  develop greatly improved electrospray ion 
sources for mass spectrometers. O u r  approach is  dictated by the belief t h a t  an empirically 
driven approach t o  improving ESI source designs will be slow, expensive, and largely 
impractical. The reason that ESI source design has been largely empirical arises from the 
complexity of predicting ion motion i n  regions where gas pressure i s  changing rapidly and 
ion-ion repulsive interactions are strong. Thus, most ESI sources constructed t o  date have 
been either (a) developed based upon ion optics i n  which collisional and space charge 
processes are neglected (Le . ,  i n  vacuum), or  (b)  have been straight forwardly adapted from 
beam dynamics techniques devel oped t o  sample unperturbed neutral ( i  .e., uncharged beam 
components). In the first case (a), i t  i s  clear that th i s  approach is inappropriate. The 
collision rate is f a r  t o o  great in the expansion region for trajectory calculations t o  be of 
use. In the second case, the beam dynamics techniques (generally involv ing  a series of 
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precisely a1 igned beam skimmers) impose substantial design constraints and are demonstrably 
ineff ic ient .  The concerns f o r  ion sampling and neutral sampling are  much different ,  due t o  
the ab i l i t y  t o  a f fec t  i o n  motion w i t h  e l ec t r i c  and magnetic f i e lds ,  and such designs are then 
only s ta r t ing  p o i n t s  toward an optimum design. Experimental optimization of such designs i s  
an extremely expensive undertaking, and is largely impractical. The s t a r t i ng  p o i n t  for the 
optimization process may impose design constraints tha t  could prevent the  necessary level of 
improvement being obtained. 

Our computational approach will be t o  s t a r t  from a f l u i d  dynamic continuum model and 
develop the code t o  include an ion source and t o  examine the expansion region. This approach 
makes maximum use of the experience developed here a t  PNL. The s t a r t i ng  p o i n t  for this 
development will be the Computational F lu id  Dynamics code, TEMPEST, developed a t  PNL. 
TEMPEST solves the three-dimensional, time dependent equations governing turbulent (or 
laminar) heat, mass, and momentum transport. I t  has a s t a t e  of the a r t  turbulence model, and 
an e l ec t r i c  f ield solution t h a t  can readily be modified fo r  this application. 
adaptable t o  any general ized orthoganol coordinate system and accepts geometries and boundary 
conditions as i n p u t s .  

The electrospray will be modeled by calculating the t r a j ec to r i e s  of an appropriate 
collection of  source par t ic les  using a Lagrangian formulation of the equations o f  motion. 
T h i s  formulation allows a dis t r ibut ion of "source" par t ic le  sizes, charges, positions, and 
velocities. I t  a lso provides for particle characteristics t o  change by l i q u i d  evaporation, 
Rayleigh f i ss ion ,  o r  other means. The trajectories will be used t o  solve f o r  the local 
e l ec t r i c  f ie lds .  These par t ic le  motion and e lec t ros ta t ic  equations are  coupled t o  themselves 
and t o  the f l u i d  dynamic conservation of  mass and conservation of momentum equations. This 
se t  of coupled equations, along w i t h  the appropriate constitutive relations, will be solved 
using a time marching approach, where the equations are solved sequentially dur ing  a time 
step. Code modifications will be required t o  compute the f l u i d  dynamics a t  very low 
pressures as well as standard pressures. 

The code is I 

T h i s  code will provide a powerful and flexible approach for the evaluation of source 
design concepts, especially those which d i f f e r  radically from the conventional nozzle-skimmer 
concepts borrowed from beam dynamics work. I t  is expected t h a t  this model will provide 
insight i n t o  the complex interactions o f  gas dynamics and electrostatics on the motion of 
charged par t ic les  as they pass from atmospheric pressure into the mass spectrometer. I t  will 
permit the examination of "close" geometries which  minimize the distance the ions have t o  
t rave l ,  and thereby allow consideration of designs which reduce space charge e f fec ts  vs. more 
extended geometries where additional e lec t ros ta t ic  elements are used t o  t r y  t o  refocus the 
ion  signal. I t  will permit the evaluation of fringing f i e l d  effects and shock wave 
d i s r u p t i o n  of ions fo r  geometries t h a t  do n o t  uti l ize skimmed molecular beams. 

In conjunction w i t h  computational methods, experimental studies will contribute by 
provid ing  selected experimental measurements necessary f o r  ion t ra jectory simulations and for 
evaluation of prototype ion source designs based upon the computational studies. The 
experimental studies will be used t o  evaluate the computer simulations. For example, they 
will be used t o  cross-check computational predictions of gas flows, and e l ec t r i c  (and 
possibly magnetic) f i e l d s  upon source performance. These studies should serve t o  illuminate 
any deficiencies i n  the computation methods ( i  .e., i n  the  assumptions and approximations 
necessarily invoked t o  make them tractable) .  The ion sources will i n i t i a l l y  be evaluated on 
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a test stand (without mass spectrometry) to determine beam quality and intensity. The source 
will then be transferred to a quadrupole mass spectrometer at PNL to confirm the above 
predictions, and to evaluate other ion beam qualities (particularly ion desolvation). The 
overall quality of the source will depend upon its (a) useful beam intensity, (b) 
translational energy distribution, (c) collimation, (d) stability, and (e) ion desolvation. 
In addition, the flexibility to control the internal activation of molecular ions over a 
broad m/z range as well as a broad range of molecular weights is important, so that 
dissociation of molecular ions can be accomplished in the interface to provide structural 
information. It is important that the latter be accomplished efficiently without 
significantly degrading source performance. 

The third major component of this project will primarily be conducted by Finnigan MAT 
researchers in conjunction with PNL staff. PNL will develop prototype ion source designs 
based upon mass spectrometer design considerations supplied by Finnigan MAT. Finnigan MAT 
researchers will then construct ion sources optimized for specific instruments. Finnigan MAT 
researchers will provide information on the results of these studies, and participate in any 
further source optimization steps. Finnigan .MAT will also assist PNL in source design 
efforts by providing any source and interface elements necessary for PNL prototype 
development, and will assist PNL with their extensive experience in mass spectrometer design 
and the interfacing of other ion sources to mass spectrometers. The result of this project 
is anticipated to provide Finnigan MAT with the basis for a greatly improved and more 
sensitive ESI source for their MS instrument line, .and initial prototype designs for their 
eval uat i on. 

D. Technical Prowess 

FY 1993 

This i s  a new project to be initiated in FY 1993. Publications describing previous PNL 
research with electrospray ionization are given in Section J. The emphasis in FY 1993 will 
be to (1) modify the computational fluid dynamics computer code to incorporate features 
necessary to simulate E S I .  conditions, (2) conduct experimental studies investigating ion 
transport at various gas pressures, in capillaries, and in electric or magnetic fields as a 
function of ion density. The study of ion density affects is important since it will allow 
evaluation of our success in modifying the fluid dynamics code to adequately account for ion- 
ion repulsive interactions. 

Task 1 Modification of Fluid Dvnamics Computer Code. PNL's fluid dynamics program will 
be modified to incorporate changes necessary for charged part icl es . Thi s wi 11 i ncl ude 
incorporation o f  long range ion-ion repulsive interactions (i .e., space charge effects). The 
code will be modified so that various physical structures can be incorporated to simulate an 
actual ESI source and interface region, and to allow adjustment of gas hydrodynamics in the 
various pressure regimes (including bulk gas flows), and the imposition of both electric and 
magnetic f i el ds . 

Task 2 Experimental Measurements of Ion Focusina Phenomena. Experimental studies will 
be conducted at various ion densities relevant to ESI source design to evaluate beam focusing 
properties in external and magnetic fields. The use of gas hydrodynamic forces to enhance 
ion transport will be evaluated. These results will be used to evaluate initial fluid 
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dynamics simulations to determine the adequacy of the methods. In addition, ion mobility 
data will be obtained for a few typical compounds at different stages of desolvation to allow 
a more realistic evaluation of ion solvation effects upon ion source operation. These 
studies will be conducted using existing vacuum equipment and ion mobility and mass 
spectrometric instrumentation at PNL. 

The studies in FY 1993 will involve interaction o f  Dr, A. L. Rockwood of PNL's Chemical 
Sciences Department, and a post-doctoral associate (J. E. Bruce) with D. S. Trent and D. L. 
Lessor (Computer Sciences Department), who wi 11 modify and eval uate PNL' s F1 uid Dynami cs 
Code. Dr. H. R. Udseth, with J. E. Bruce, will conduct the experimental studies. Dr. R. D. 
Smith will be the Project Manager and will maintain a high level of interaction with Finnigan 
MAT to assure that the results of their studies are incorporated at PNL. Although of limited 
importance in FY 1993, Dr. C. G. Edmonds will interact at both Finnigan MAT and PNL to 
evaluate ESI-MS instrumentation with selected applications. In addition, visits by Finnigan 
MAT researchers under the guidance of Dr. Ian Jardine will assist in transfer of technology. 

FY 1994 

During FY 1994, the major emphasis of this project will be the application and further 
refinement of the fluid dynamics code for ESI source simulation. In addition, initial ion 
source designs arising from the simulation studies will be evaluated experimentally. 

ESI Source Simulations. The computer simulation methods will first be evaluated by 
conducting simulations of existing €SI sources at PNL. At least four different ESI source 
designs are currently available at PNL. Any substantial discrepancy will require additional 
modification of our computational methods. After satisfactory agreement with experiments is 
obtained for existing sources, new ESI source configurations will be evaluated. Initial 
emphasis will be placed on designs suggested on the basis of previous PNL experience, and 
will incorporate guidance from Finnigan MAT based upon their in-house studies. Various 
combinations of electric, magnetic, fields and hydrodynamic flow will be evaluated. 

ESI Source Evaluation. Based upon the above results, new prototype ESI sources will be 
constructed using existing PNL resources. Test measurements will be made to determine ion 
beam quality and the nature of any ion losses in the interface. The results will be used to 
provide guidance for additional modifications prior to transfer to a mass spectrometer, or 
for further modification to the simulation methods. 

ESI-MS Performance Measurements. The ESI source will be evaluated to determine ion 
desolvation efficiency, and performance under conditions requiring various levels of ion 
activption. The aim of these studies will be to demonstrate overall increase in sensitivity 
of 10 to lo3, and an overall efficiency of more than 10%. 

FY 1995 

The precise nature of the research in FY 1995 will depend strongly on progress in earlier 
years. .We anticipate that the major emphasis during FY 1995 will involve the interaction with 
Finnigan MAT researches to develop €SI sources based upon the prototype designs evaluated in 
FY 1994. The computer simulation methods will be used to optimize the selected source 
design(s) for Finnigan MAT mass spectrometers. In parallel with these efforts, the ion 

, 
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source design and refinement will continue and a t t r ac t ive  elements will be adopted i n  our 
prototyping efforts as feasible. Finnigan MAT researchers will visit PNL during this time 
t o  assist i n  the technology t ransfer  as necessary t o  implement the new ESI source designs a t  
Finnigan MAT. Where n o t  impacting Finnigan MAT proprietary information, the results of  the 
simulation studies will be pub1 ished i n  peer-reviewed scientific 1 i te ra ture .  PNL researchers 
will also assist i n  evaluation of the new ion source technology by investigating a range of 
applications which are presently precluded due t o  s ens i t i v i ty  1 imitations. These results 
will also be published i n  the open literature. 

E. Faci 1 i t v  Reaui rements 

The PNL faci l i t ies  used i n  this research include the mass spectrometry laboratories i n  
326 Bui ld ing  and PSL. A wide range of measurement instrumentation, vacuum test  stands, and 
four mass spectrometers currently equipped w i t h  electrospray ionization sources are  avail ab1 e 
a t  PNL. Machine and electronic shops are  also available t o  a s s i s t  w i t h  ESI source 
development . The Computer Sciences Department a t  PNL has devel oped the  f l  u id  dynamics 
programs t o  be used on t h i s  project, and will a s s i s t  w i t h  t h e i r  modification. 

Future AccomDlishments 

I T h i s  project w i l l  provide the basis f o r  great ly  improved analytical techniques of 
I F*  

relevance t o  a wide range of applications which include environmental analyses, waste 
monitoring, clinical assays, etc. The primary direct impact of this project will be an 
enhanced competitiveness of  U.S. industry i n  the crucial ly  important area of analytical 
measurement technology. A wide range .of secondary benefits will accrue from appl ica t ion  o f  
this techno1 ogy . 

1 G. RelationshiD t o  Other Pro-iects 

Th i s  project is aimed a t  the study of ion transport  processes and their u t i l i z a t i o n  i n  
development of great ly  improved ESI-MS analytical instrumentation. T h i s  project  derives, and 
d i rec t ly  benefits, from other projects i n  the Chemical Sciences Department a t  PNL developing 
advanced mass spectrometric instrumentation. The OHER supported project, "Development of 
Capi l l  ary E l  ectrophoresis-Mass Spectrometry fo r  DNA Adducts, " has d i r ec t ly  supported 
el ectrospray ion source development a t  PNL as a mechanism f o r  interfacing capi 11 ary 
electrophoresis and MS. The sens i t iv i ty  gain provided by this project would a lso benefit the 
on-going OHER project ,  and great ly  increase the appl icabi l i ty  of these methods i n  DNA adduct 
and damage research a t  PNL. A second project a t  PNL, also supported by OHER, under the Human 
Genome project, is aimed a t  developing new DNA sequencing methods based upon ESI and MS. 
T h i s  project would also benefit from the proposed project. R. D. Smith i s  Principal 
Investigator i n  the above projects, w i t h  Drs. H. R. Udseth, A. L. Rockwood, and C. G. Edmonds 
as key contributors 

In addi t ion  t o  these projects, the new Environmental and Molecular Sciences Laboratory 
(EMSL) under development a t  PNL includes a major role for advanced instrumentation u t i l i z ing  
electrospray ionization. As w i t h  the other projects noted above, this project will benefit 
from the proposed effort. 



- . . . 

A t t a c h n t  U. S. DEPARTMENT OF ENERGY 
Richland F ie ld  Office 

Field York Proposal (Optiona'1 Continuation Sheet) Page 14 of 15, 

Contractor No. Revision No. Date Prepared Contractor Name Work Package No. 

Battell e Memori a1 Institute 20143 01/15/93 
Pacific Northwest Laboratory - 
I H. Environmental Assessment 

Preliminary NEPA review suggest that this proposal will meet the criteria for the 
Laboratory Benchscale Memorandum-to-File. Required documentation w i l l  be prepared prior to 
project initiation. 

I. ExDl anati on of Mi 1 estones 

Milestones for FY 1993 are set forth below. 
Task 1. The fluid dynamics code will be modified to account for ion-ion repulsive processes 
to allow simulation of ESI source designs. 

Task 2. Experimental measurements of ion mobility will be conducted at various ion densities 
and at various stages of ion desolvation. 

Task 3. Initial ESI source simulations will be conducted. 

.I J. Pub1 ications 

Listed below are a few selected publications from the more than 60 peer-reviewed 
publications from PNL involving electrospray ionization. In addition to PNL's experience and 
expertise in ESI source development, PNL has been awarded two patents and an R&D 100 Award 
for development of an electrospray ionization interface for combined capillary 
el ectrophoresi s-mass spectrometry. 

Olivares, J. A , ,  Nguyen, N. T., Yonker, C. R., and Smith, R. D., 1987 "On-line Mass 
Spectrometric Detection for Capillary Zone Electrophoresis." Anal. Chem. 59;1230-1232 

Smith, R. D., Olivares, 3. A., Nguyen, N. T., and Udseth, H. R., 1988 "Capillary Zone 
. Electrophoresis -Mass Spectrometry Using an Electrospray Ionization Interface. Anal . Chem. 
Loo, J. A., Udseth, H. R., and Smith, R. D., 1988 "Collisional Effects on the Charge 
Distribution of Large Molecules from Electrospray Ionization-Mass Spectrometry," Rapid 
Commun. Mass Spectrom. 2;207-210 

Loo, J.  A., Udseth, H. R., and Smith, R. D., 1988 "Solvent Effects on the Charge Distribution 
Observed with El ectrospray Ionization-Mass Spectrometry of Large Molecules, Biomed. Environ. 
Mass Spectrom, 17;411-414 

Loo, 3. A., Udseth, H. R., and Smith, R. D., 1989 "Peptide and Protein Analysis by 
Electrospray Ionization-Mass Spectrometry and Capillary Electrophoresis-Mass spectrometry," 
Anal. Biochem, 179;404-412 

Loo, J. A., Edmonds, C. G., and Smith, R. D., 1990 "Primary Sequence Information from 
Electrospray Ionization Tandem Mass Spectrometry of Intact Proteins," Science 248;201-204 

Smith, R. D., Barinaga, C. J., and Udseth, H. R., 1988 "Improved Electrospray Ionization 
Interface for Capill ary Zone El ectrophoresi s-Mass spectrometry, " Anal. Chem. 60; 1948-1952 

60;436-441 
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Smith, R. D., Loo, J. A., Edmonds, C. G., Barinaga, C. J., and Udseth, H. R., 1990 "New 
Developments in Biochemical Mass Spectrometry: Electrospray Ionization', Anal . Chem. 62;882- 
899 

Smith, R. D., Loo, 3. A., Edmonds, C. G., Barinaga, C. J., and Udseth, H. R., 1990 
"Sensitivity Considerations for Large Molecule Detection by Capillary Electrophoresis- 
Electrospray Ionization Mass Spectrometry, ' J. Chromatography 516; 157-165 

Chapman, E. G., Barinaga, C. J., Udseth, H. R., and Smith, R. D., 1990 "Confirmation and 
Quanti tation o f  Hydroxymethanesulfonate in Precipitation by El ectrospray Ionization-Tandem 
Mass Spectrometry, ' Atmospheric Environment 24A;2951-2957 
Loo, J. A,, Edmonds, C. G., and Smith, R. D., 1991 "Tandem Mass Spectrometry of Very Large 
Molecules: Serum A1 bumin Sequence Information from Multiply Charged Ions formed by 
Electrospray Ionization," Anal. Chem. 63;2488-2499 

Rockwood, A. L., Busman, M., and Smith, R. D., 1991 "Thermally Induced Dissociation of Ions 
in Electrospray Mass spectrometry," Rapid Commun. Mass Spectrom. 5; 582-585 

Loo, 3. A.,  Ogorzalek Loo, R. R., Light, K .J., Edmonds, C. G., and Smith, R. D., 1992 
"Multiply Charged Negative Ions by Electrospray Ionization from Polypeptides and Proteins," 
Anal. Chem. 64; 81-88 .. 

Busman, M., Rockwood, A. L., and Smith, R. D., 1992 "Activation Energies for Gas Phase 
Dissociations o f  Multiply Charged Ions from Electrospray Ionization Mass Spectrometry," 3. 
Phys. Chem. 96;2397-2400 

Smith, R. D., Loo, J. A., Ogorzalek Loo, R. R., Busman, M., and Udseth, H. R., 1991 
"Principles and Practice of Electrospray Ionization-Mass Spectrometry for Large Polypeptides 
and Proteins, Mass Spectrom. Rev. 10;359-451 

Loo, J. A., Ogorzalek-Loo, R. R., Udseth, H. R., Edmonds, C. G., Smith, R. D., 1991 "Solvent- 
Induced Conformational Changes of Polypeptides Probed by Electrospray Ionization-Mass 
Spectrometry, ' Rapid Comun. Mass Spectrom. 5; 101-105 
Smith, R. D., Light-Wahl, K. J., Winger, B. E., and Loo, J. A., 1992 "Preservation of 
Noncoval ent Association in Electrospray Ionization-Mass Spectrometry: Formation and 
Dissociation of Multiply Charged Polypeptide and Protein Dimers," Org. Mass Spectrom. 27;811- 
821. 

Ogorzalek Loo, R.R., Udseth, H. R., and Smith, R. D., 1992 "A New Approach for the Study o f  
Gas phase Ion-Ion Reactions using Electrospray Ionization," J. her. SOC. Mass Spectrom. 
press. 
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