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Electrospray and Taylor-Cone theory, Dole’s beam of
macromolecules at last?
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Abstract

A theoretical description of the electrostatic dispersion in electrospray is presented. The theory predicts the size of the
zone at the tip of the Taylor Cone from which the liquid is ejected. To minimize this emission zone a modified
electrospray ion source, the micro electrospray, has been constructed. With this ion source the size of the droplets is
in the 200 nm range or below. The spray is very stable so that aqueous solutions can be dispersed in negative or positive
mode without any assistance. The micro electrospray ion source is very efficient in the use of the applied amount of
sample. Its flow rate of less than 25nl/min makes MS-MS investigations on 0.5 ul of sample possible. An overall
transmission coefficient of 8 x 10™* for a peptide from the solution state to the detector has been measured.
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1. Introduction

Electrospray is one of the most versatile
ionization techniques for the investigation of
macromolecules. It was introduced in 1984 by
Yamashita and Fenn and Aleksandrov et al.
quasi simultaneously [1-3]. Already in 1968
Dole had proposed to use electrospray as a
means to generate ions of macromolecules [4].
However, it was only in 1988 that Fenn and
co-workers reported convincing experimental
results for large molecules (poly(ethylene)
glycols) up to 17500u [5] and proteins up to
40000u [6]). Today, Electrospray Mass Spec-
trometry (ESMS) is a widely used technique in
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biological, biochemical, pharmaceutical and
medical research.

Electrospray ion sources spray fluid electro-
statically out of a capillary with an inner
diameter of typically 100 um at a flow rate of
1-10 pl/min [7]. This way of operating an elec-
trospray source leads to droplets with an initial
diameter of more than 1 um [79. For an analyte
concentration of 500 fmol ul™" a sphere with a
diameter of 1 um contains more than 150 000
analyte molecules. So, how are single ions
generated? For the generation of small ions
Thomson and Iribarne proposed the field
evaporation mechanism [8]. In this model,
ions are field emitted from small, highly
charged droplets produced by Coulomb explo-
sions from the initially sprayed, larger droplets.
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Fig. 1. Schematic overview of the experimental electrospray set-
up. The fluid is filled into the reservoir (1). The flow resistance
towards the nozzle (3) can be regulated through the height of the
plunger (2) in the reservoir. The metal nozzle (3), through which
the fluid is sprayed, has an inner diameter of 250 pm. The dis-
tance between the nozzle (3) and the ground plate (4) can be
varied. During the experiments the fluid surface and the spray
(5) were observed with a stereo microscope (Leica, type: wild
M3B. magnification factor 6.4~40). The spray was initiated by
applying positive voltage to the reservoir.

Fenn applied this mechanism to macro-
molecules [9, 10]. He proposed that a charged
part of a molecule penetrates the surface of a
droplet. The coulomb repulsion between this
part of the molecule and the droplet surface
would pull the entire molecule out of the drop-
let. An alternative proposal is based on the
original idea of Dole [4,11,12]. The highly
charged droplets produced by the electro-
spray source shrink by solvent evaporation.
By repetitive Coulomb explosions nanometer
sized droplets are generated which contain
only one macromolecule. The solvent mol-
ecules evaporate leaving the macromolecules
as ions. In this model the ionization is a pas-
sive process whereas in the ionization mechan-
ism proposed by Fenn the macromolecule
plays an active role [13].

In this paper we develop a theoretical
description of the electrospray process. The
model is based on the original Taylor Cone
theory [14]. Our objects were (a) to derive a
formula which describes the onset voltage of

the spray quantitatively, (b) to quantify the
diameter of the zone at the tip of the Taylor
Cone which ejects the liquid and (c) to gain an
insight into the ionization process. The theo-
retical model provided guidance for the con-
struction of a more efficient ionization source,
a source which we call the “micro electro-
spray”’ source [15]. Some experimental results
with this ion source on a triple quadrupole
mass spectrometer are shown which support
the theoretical results.

2. Experimental

Basic characteristics of the electrospray
source were measured by the experimental
set-up shown in Fig. 1.

For the experiments with the bench-top elec-
trospray fluid is filled into a reservoir (1). By
adjusting the flow resistance with a plunger
(2) the fluid just reaches the downward point-
ing nozzle (3) without leaking out. When a suf-
ficient voltage is applied to the nozzle the fluid is
dispersed electrostatically. The process can be
followed by measuring the electrical current
between the nozzle and the ground plate (4)
and by observing the spray through a micro-
scope. The flat counterelectrode (4) does not
have the shape of an equipotential plane as
described by Eq. (13). This limits the correspon-
dence between the experimental set-up and the
theoretical description, but the trend of the
experimental results should not be affected.

For the investigation of the current/voltage
characteristics acetone was filled into the
reservoir. The distance between the nozzle
and the ground plate was adjusted to 1cm.
Between 2.5kV and 3.6kV the fluid was dis-
persed from a stable, central cone. Under these
conditions the current/voltage relationship
was recorded for four different flow resist-
ances. The flow resistance could be coarsely
regulated by changing the height of the
plunger in the reservoir.
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Fig. 2. The micro electrospray source mounted on an API-III
electrospray mass spectrometer. The capillary has an inner
diameter of 1 to 3 um at its tip. It is mounted at a distance of
1 to 2mm in front of the inner orifice of the mass spectrometer.
0.5 to 1 pl of an analyte solution is filled into the capillary and
sprayed directly from the tip of the capillary towards the orifice.
No assistance such as nebulizer, sheath flow or SF, gas is
employed. Air pressure of less than 1 bar can be applied in
cases where salt loaded aqueous solutions with a high viscosity
are sprayed. This was not the case in the experiments described
here.

For the investigation of the dependence of
the threshold voltage Ur on the distance
between the nozzle and the ground plate
acetone was filled into the reservoir and, for
a given distance, the applied voltage was
slowly increased until the Taylor Cone
formed and the spray started.

Measurements of the relationship between
the flow rate and the size of the droplets
was done by spraying a 6.5 x 10> moll™!
acetone solution of rhodamine G on a metal
target. The distance between the nozzle and
the target was 1cm. The spray was operated
at 2.8kV. The size of the rhodamine par-
ticles on the target was measured under a
microscope.

Additionally a “micro electrospray” ion
source has been constructed. Its properties
were investigated with a triple quadrupole
mass spectrometer (API III, Perkin-Elmer
Sciex Instruments, Thornhill, Canada) (see
Fig. 2).

The liquid is sprayed from the tip of a gold
coated borosilicate glass capillary with an ori-
fice of 1-3 um. The tip of the capillary has been

formed with a micro pipette puller (model P-87
Puller, Sutter Instrument Company, Novato,
CA, USA). This instrument allows one to pull
the tips quickly and reproducibly.

The capillary tip of the micro electrospray
source is centered at a distance of 1-2mm
from the inner orifice of the mass spectrom-
eter (i.e. of the vacuum interface). A voltage
of about 600V is applied to the capillary,
100V to the interface plate and 80V to the
inner orifice. Evaporation of the droplets is
achieved by a counter flow of heated nitrogen
(99.999% pure, flow rate of 0.2-0.6 lmin~",
58°C) in front of the orifice. All spectra were
obtained by scanning the first quadrupole Q,
over the applicable m/z range. The second
quadrupole Q; was left in the RF-only mode.
Air pressure can be applied to ensure a suf-
ficient liquid flow through the small capillary
in case of salt loaded aqueous liquids with a
high viscosity.

The total ion transmission of the experimen-
tal set-up was measured with a synthetic
peptide (mass 1875.1u). The peptide was dis-
solved in 1% formic acid in aqueous methanol
(1:1)and 1 ul of a 0.5pmol ul™! solution was
applied to the capillary and sprayed into the
mass spectrometer. The (M + 2H)2+ was
recorded until no fluid remained in the capil-
lary. The total number of detected ions in
comparison to the number of peptide mol-
ecules filled into the capillary yields the total
transmission.

2.1. Chemicals

Rhodamine G was purchased from Sigma
(Sigma Chemie GmbH, Deisenhofen, Ger-
many). Acetone was of HPLC-grade from
Labscan (Labscan Ltd. Stillorgan, Co., Dublin,
Ireland). The peptide used was synthesized
in our group on an Applied Biosystems
(ABI) 431 A synthesizer (Applied Biosystems,
Weiterstadt, Germany) using Fmoc chemistry
and purified by reverse phase high performance
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Fig. 3. The liquid Taylor Cone, ¥ is the cone angle, p, the
pressure caused by the surface tension and pg the pressure
caused by the electrical field on the surface of the cone. r is the
distance of the point P from the tip of the cone.

liquid chromatography (HPLC) (sequence:
MDMSKDESVDYVPMLD, UIPAC one let-
ter code for amino acids, average mass
1875.1u).

3. Results and discussion

First the static case in which no fluid is dis-
persed is described to establish the physical
model. In a second step this model is applied
to the spraying mode.

3.1. The electrical field around a conical and
conducting surface

As we are considering the static case a con-
ducting surface can be assumed. Therefore, the
electrical field is orthogonal to the surface. The
main forces which act on the surface are the
surface tension and the electrostatic force
[16]. (Gravitational forces are neglected in
this description. However, they do play a role
when the electrostatic force just equilibrates
the surface tension.) The electrostatic force
pulls the liquid out of the nozzle towards the
ground plate. The surface tension retracts it to
minimize the surface area.

Py =K (1)

where p., is the pressure derived from the sur-
face tension, ~y is the surface tension and & is

the curvature of the surface
Ppe = 0.5¢E” (2)

where pg is the electrostatic pressure and E is
the electrical field at the surface.

The electrostatic pressure pg can be calcu-
lated when the Poisson equation for a conical
equipotential plane is solved. The retracting
force p, is determined by the curvature of the
surface. As shown in the Appendix the follow-
ing equations for the two pressures can be
derived in the chosen spherical coordinate sys-
tem (r, ¢, ).

cosv¥ 1
Pr="1=cos?9) r 3)

where 9 is the liquid cone angle (see Fig. 3),

2
Py = Llegptrr" Y [5% P,(cos 6)] (4)

where ¢ is the constant of the electrical poten-
tial, P, is the Legendre Polynom of the degree
n and n is a parameter describing the radius
dependence of the potential ¢.

3.2. The Taylor Cone as the solution for the
static equilibrium

In the static case the pressures due to the
electrostatic force and due to the surface ten-
sion must be equal for all points on the surface
of the cone, i.e. pg = p,. Therefore the depend-
ence on r must be the same for both pressures.
This condition is only met by n = 0.5. The con-
dition that the electric field is orthogonal to the
surface can only be satisfied by P; 5(cosf) = 0
(see Appendix, Eq. (12)) which in turn requires
fp = 180° — ¥ = 130.7° [16].

This description of the liquid cone consider-
ing only the surface tension and the electro-
static force results in the classical Taylor
Cone formula for the electrical potential.

é(r,8) = ¢or®>Py2(cos 6)
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Fig. 4. The fluid surface with a voltage setting below the thresh-
old for Taylor cone generation. The liquid is pulled out of the
nozzle forming half an ellipsoid. The state is static. No fluid is
dispersed. U, — U, is the applied voltage U,. Note that the
distance r; between the tip of the cone and the counter electrode
is much larger than the distance ry between the apex point of the
ellipsoid P and the cone tip (r; >> rg). r, is the radius of curva-
ture of the best fitting circle at the tip of the cone.

with the condition that the liquid cone angle
equals 49.3°. Note that it is only in the static
case that the angle is fixed to 49.3°. In the
dynamic case when fluid is sprayed the angle
decreases somewhat with increasing flow rate
[17]. The singularity of the electrical potential
at the apex of the cone indicates that the
theoretical description is a model description
of a physical phenomenon.

3.3. The creation of the Taylor Cone from an
elliptically shaped fluid cone

Fig. 4 shows the state before the Taylor
Cone is formed and, thus, before the fluid
is sprayed. The aim of the following discussion
is to understand the observed sudden change
of the ellipsoid into a pointed cone when the
voltage exceeds the threshold. It will lead to
a formula describing the variation of the
threshold voltage of the spray as a function
of the distance r; to the plane of ground
potential.

The electrical potential is assumed to con-
tain the Taylor Cone potential and a perturba-
tion term [16]. With this assumption it can be
assured that the shape of the ellipsoid approxi-
mates the shape of the Taylor cone. The r
dependence of the perturbation term must be

3 (see Appendix Eq. 10 with n; = 1/2).
(r,0) = ¢o(r"* — &r )Py p(cosh) ()

The parameter a will be used to fit the shape of
the ellipsoid to the geometry of the Taylor
Cone [16]. With this electrical potential the
electrostatic pressure on the apex point of the
elliptic fluid cone can be calculated (see
Appendix). The result is (see Eq. 16)

Py — PE = 1/ra(2y — 2.68¢ Usr").

This equation describes the behavior of the
liquid surface when a voltage U, is applied to
the fluid. When this voltage reaches the thresh-
old voltage Uy the electrostatic pressure pg
equals the pressure p, due to the surface ten-
sion for every radius of curvature r, of the tip
of the ellipsoid. This is the moment when the
surface rapidly changes its shape to become a
pointed cone.

Ut = 0.863(yr; /€9)"” (6)

This formula expresses the dependence of the
threshold voltage on the distance to the coun-
ter electrode (see Fig. 4).

3.4. The emission radius for droplets from the
spraying Taylor Cone

We extended the description of the static
case to the dynamic one. This is certainly an
approximation which is only strictly justified
as long the experimental conditions are not too
far from the static Taylor Cone. We assumed
in the theoretical description that the surface
of the liquid is an equipotential plane. This is
not any longer true for a situation far from
static equilibrium. Then there is a voltage
drop over the liquid cone and the cone angle
becomes smaller than 49.3° [17].

The aim in the following derivation was to
find an expression for the size of the zone from
which the liquid is ejected.

For high flow rates a jet of liquid emerges
from the tip of the Taylor Cone which
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Fig. 5. The cone, snap shot between the emission of two drop-
lets. r,. is the radius of the zone at the tip of the Taylor Cone,
which emits droplets, i.e. the emission radius. r, is the radius of
curvature at the tip of the cone.

breaks up into a series of droplets. The
lower the flow rate the shorter the jet. For
very small flow rates a direct emission of
droplets may be reached. In this case the
emission diameter corresponds exactly to the
diameter of the droplets. In general the drop-
let size is larger than the emission diameter,
but the smaller the flow rate the better
the correspondence between the emission
diameter and the droplet size should be (see
Fig. 8).

Fig. 5 shows the geometry of the spraying
cone. To describe the fluid dynamics of the
spray the Bernoulli Equation must be solved
[18].

0.50% +p=0 (7)

where v is the velocity of the fluid, p is the
density of the fluid and p is the pressure.

The first term can be related to the flow rate
dV /dt using the geometry shown in Fig. 5.

_dv/dt
V= m%

The pressure at the apex point can be calcu-
lated as follows:

P =Py — pg = 27/ra — 0.56E’

where U, is the applied voltage and Uy the
threshold voltage.

With E = dU, (see Appendix, Eq. (15)) and
the condition that the pressure due to the
surface tension equals the electrostatic pres-
sure just when the threshold voltage is
reached, i.e. 2v/r, = 0.5¢pE% = 0.5¢yy*U%, we
find an expression for the pressure when the
applied voltage exceeds the threshold voltage.

@)

The results for v and p can be used in the
Bernoulli Equation and r, can be replaced by
an expression in r, (see Appendix, Eq. 17). A
formula results which describes the size of the
zone at the tip of the Taylor Cone from which
droplets are ejected:

p 1/3

41r2'ytan(g - 19) [(%)2—1]

x (dV /dr)*3 9)

with r, the radius of the emission region for
droplets at the tip of the Taylor Cone (see
Fig. 5), v the surface tension of the liquid, 9
the liquid cone angle (for the classical Taylor
Cone model 9 = 49.3°), p the density of the
liquid, Ur the threshold voltage, U, the
applied voltage and dV /dt the flow rate.

This formula relates the flow rate to the
emission diameter for droplets emerging from
the tip of the Taylor Cone. The emission diam-
eter r, is proportional to the 2/3 power of the
flow rate dV/ds.

Fe =

3.5. The current|voltage characteristics of the
spray

The calculation of the I—U characteristics
from the theoretical description of the electro-
spray process can not be made without making
assumptions about the charge density on
the surface of the droplets as a function of the
applied voltage. Increasing the applied voltage
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Fig. 6. The current/voltage characteristics of the electrospray
using the apparatus of Fig. 1 at four different flow resistances.
Acetone is sprayed. The flow resistance in the reservoir was
highest for the measurement 1 and lowest for the measurement
4. The charge transported by the droplets stays below the maxi-
mum transportable charge, i.e. when all droplets are charged to
the Rayleigh stability limit (see Eq. 19). The lines are fitted
according to Eq. (18) (see text).

means increasing the field density at the tip of
the Taylor Cone. On the other hand increasing
the voltage means increasing the size of the
emission region because the flow rate becomes
larger caused by the larger force pulling on the
fluid (see Eqs. 8, 9). The increased size of the
emission region reduces the density of the elec-
trical field. It turns out that the assumption of
a constant electrical field density at the tip of
the cone throughout the experiment can
explain the observed results to a first approxi-
mation (see Fig. 6). Therefore we assume a
constant surface charge density ¢ on the
emitted droplets. The following relationship
between the current and the voltage can be
deduced (see appendix, Eq. 18):

1=o(2) el
3 3/5
(@)

with R; the overall flow resistance.

The surface charge density on the droplets is
limited by the Rayleigh stability criterion [14].
The maximum electrical current, i.e. the current
which would flow if all droplets were charged
to the Rayleigh limit, can be calculated within
this model (see Appendix, Eq. 19). The com-
parison between the measured current and the
maximum possible current gives an estimate of
the degree to which the droplets are charged.

3.6. Experimental confirmation of the
theoretical model

For the characterization of the electrospray
in general the current/voltage characteristics
of the spray were investigated. The reservoir
of the experimental electrospray set-up (see
Fig. 1) was filled with acetone. No specific
flow rate was enforced by a pump, no
additional force was applied to the liquid.
With a slow increase of the applied voltage
U, the elliptic shape of the fluid surface is
elongated by the electrostatic forces between
the ground plate and the fluid. At a certain
threshold voltage Uy the surface suddenly
changes its shape into a pointed cone. The
Taylor Cone, and the spray commences (see
Fig. 1). The fluid is dispersed from the tip of
the cone in the form of a narrow jet. After a
flight path of about one to two millimeters the
jet spreads into a fine mist of droplets. Further
downstream the droplets become so small that
they are no longer visible. When spraying
highly conducting liquids with low flow rates
the narrow jet becomes very short so that the
conical region of dispersed droplets emerges
quasi directly from the liquid cone [17]. The
droplets which are emitted from the Taylor
Cone shrink by solvent evaporation. The
shrinking, highly charged droplets may reach
a limit where the Coulomb repulsion exceeds
the surface tension (Rayleigh stability limit).
This would lead to an electro-hydrodynamic
instability, either of the whole droplet or of a
localized region [11, 19]. Each droplet would



174 M.S. Wilm, M. Mann{Int. J. Mass Spectroni. Ion Processes 136 (1994) 167-180

KV
=~
58 L
o
&
% 2
-
=
S 1]
=
[#)]
=5}
£ o
0 0.1 0.2 0.3 0.4 0.5 cm
Electrode Distance r

1

Fig. 7. The variation of the threshold-voltage Uy for the crea-
tion of the Taylor cone with electrode distance. The threshold
voltage depends on the distance of the nozzle to its counter
electrode, the ground plate (see Fig. 1, 6). The measured
voltages are shown in comparison to the theoretical values (see

Eq. (6)).

give rise to several smaller ones. The electro-
hydrodynamic instability of the sprayed drop-
lets is a possible explanation for the sudden
spread of the jet into a mist of smaller drop-
lets. An alternative explanation would be the
space charge repulsion of droplets which are
rapidly slowed down in air.

The charged droplets transport a current
between the nozzle and the ground plate. Fig.
6 shows the current/voltage characteristics of
the spray for different flow resistances. It is
remarkable that the current/voltage character-
istics show a virtually linear behavior in the
stable spray region. This is in contrast to
other experiments using pumped flow [17].
With the assumption that the surface charge
density stays constant throughout an experi-
ment the following relationship was deduced:
I« (1/RY?).[(U,/Ur)* = 1P (see Eq. 18).
The curves shown in Fig. 6 correspond to
functions of the type a;-[(U,/Ut)” — 1]3"5,
i=1,...,4, with Ur =2.22kV. The smaller
the flow resistance, Ry, adjusted coarsely
with the plunger, the higher the value of
a;(a; =254nA, a; =294nA, a3 =37.1nA,
as = 52.3nA). The charge of each droplet

stayed under 70% of the maximum charge at
the Rayleigh stability level which agrees well
with reported observations of the maximum
charge carried by the droplets [20].

The sudden onset of the Taylor Cone is
characteristic for a fluid surface under the
influence of an electrical field [14]. Fig. 7
shows the dependence of the threshold voltage
on the distance between the metal nozzle and
the ground plate (see Fig. 1). For small elec-
trode distances (r; < 400 -r,, r electrode dis-
tance, r. emission radius for the droplets) a
surprisingly good correspondence is obtained
between theory and experiment in view of the
fact that no adjustable parameters were used.

The flow rate determines the size of the
emission region for droplets at the tip of the
Taylor Cone as indicated by Eq. (9). The size
of the sprayed droplets could not be measured
directly with our experimental set-up. There-
fore, a highly concentrated rhodamine G sol-
ution was sprayed onto a metal target and the
size of the collected rhodamine particles was
measured. The rhodamine precipitates in the
sprayed droplets after some acetone has
evaporated because the solution was satu-
rated. Therefore, the rhodamine particles on
the target should roughly represent the size
of the emitted droplets.

Fig. 8 indicates that the size of the emitted
droplets can be reduced by a reduction of the
flow rate and that Eq. (9) gives a good absolute
estimate of the size of the droplets.

3.7. The micro electrospray as an efficient ion
source for electrospray mass spectrometry

In large droplets much of the liquid volume
may not be available for the desorption of
large molecular ions. A smaller initial vol-
ume may therefore increase the desorption/
ionization efficiency. Following the concept
described by Eq. (9) a micro electrospray
source was constructed. Our reasoning was
that small capillaries would allow small flow
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Fig. 8. Dependence of rhodamine particle size on the flow rate
of the spray. A solution of rhodamine G in acetone was sprayed
onto a target with the bench-top electrospray and the size of
the rhodamine particles was measured. d, is the calculated
diameter of the emission zone of the droplets (see Eq. (9) with
Ur =2.22kV and U, = 2.8kV).

rates in a stable manner. The electrospray ion
source on a Sciex triple quadrupole was
replaced by a pointed, gold coated glass capil-
lary with an opening diameter at the tip of
1-3 um and a length of 2—-3 cm (see Fig. 2).

The micro electrospray ion source was oper-
ated between 580 and 800 V. This is well below
the 3—5kV usually applied to conventional ion
sources. The strength of the electrical field E at
the tip of the capillary is the decisive parameter
for the spraying process and must be the same
for all sizes of capillaries (see Eqgs. 2, 6). The
sharpness of the pointed capillary and the
small distance from the tip to the counter elec-
trode (1-2mm) allowed the reduction in the
applied voltage (see Fig. 7) while keeping the
same field strength.

For measuring the ionization efficiency of
the micro electrospray source 1ul of a
0.5 pmol ul~! solution was applied to the capil-
lary and sprayed into the mass spectrometer.

Fig. 9 shows the peptide ion intensity over
time. The increase in signal intensity during
the experiment may be due to an increase in
the concentration of the peptide in the sprayed
solution because solvent evaporates slowly
from the rear of the capillary (see Fig. 2).
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Fig. 9. Peptide ion intensity measured as a function of time on a
Sciex API electrospray mass spectrometer equipped with a
micro electrospray ion source. The capillary was filled with
1 ul of a 0.5 pmol ul ™" peptide solution. No sheath flow or assis-
tance gas was employed. The peptide was observed in the doubly
charged ionization state (M + 2H]**).

With 1 ul solution the spray lasted for ca. 45
minutes. From this measurement the mean spray
rate can be calculated to be < 25nlmin™".

By measuring the ion counts for (M + 2H)**
at the detector and dividing it by the number
of peptide molecules sprayed the overall
efficiency can be calculated to be 8 x 107
when the quadrupole is adjusted to unit mass
resolution. This means that 1 out of 1300 pep-
tide molecules in the solution are detected. If
we assume a combined loss of a factor of
hundred due to the detection system and the
transmission of the quadrupole then the
desorption/ionization efficiency and transfer
into the vacuum system must have an effi-
ciency of about 10%. Conventional electro-
spray ion sources typically lose orders of
magnitude more in these steps.

With a flow rate of 25nImin~" the radius
r. of the zone which emits droplets from the
tip of the Taylor Cone (see Fig. 5) can be
calculated to be r.=88nm (see Eq. (9)
with p = 896kgm™>, v = 0.03531 Nm™! (water,
methanol 1: 1) [21], U =550V, U, =600V,
dV/dt = 25nlmin~?).
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The capillary has an orifice of 1-3 um. On
that orifice a Taylor cone forms and only
from the tip of this cone droplets are ejected
(see Fig. 1). Therefore, an emission diameter of
about 180nm does not seem unrealistic. No
Taylor Cone or plume could be observed at
40x magnification with a microscope, provid-
ing additional support for a small droplet size.

A sphere with a diameter of 180 nm with an
analyte concentration 0.5 pmol ul~! contains
statistically less than one analyte molecule
(0.86). The emitted droplets may be ellipti-
cally shaped so that their volume is larger
than the volume of a sphere with the diameter
of the emission region. But since similar trans-
mission results can be obtained with a concen-
tration of 0.05pmolpl~" it is clear that a
complete separation of analyte molecules
into different droplets can be achieved with
the micro electrospray.

The micro electrospray is a more stable ion
source than conventional sources. Aqueous
solutions, even with a moderate salt load
(cnacy < 100mmoll™"), can be sprayed in
positive or negative mode.

Independently of our work Gale and Smith
realized an electrospray ion source with a
small spraying tip [22]. For the interface
between a capillary electrophoresis and an
electrospray mass spectrometer they needed a
low flow electrospray ion source. They
observed an improvement in sensitivity as
well and speculate that it may have been
caused by the generation of smaller droplets.

4. Conclusion

A theory had been developed on the static
description of the equilibrium between two
forces, the surface tension and the electro-
static attraction, on the surface of a fluid
under the influence of a high electric field. It
yields results which agree with our experimen-
tal data (see Fig. 7, Eq. 6). The extension of the

description to the dynamic spraying mode
results in a relationship between the size of
the zone at the tip of the Taylor Cone which
emits droplets and the flow rate (see Eq. 9,
Fig. 8). Inspired by this correlation we built a
modified electrospray source, called micro
electrospray. With this ion source the desolva-
tion and ionization efficiency of analyte mol-
ecules were increased significantly. On a Sciex
API triple quadrupole instrument interfaced
with the micro electrospray source an abso-
lute ion transmission of 8 x 107 for a peptide
from the solvated state to the detector was
measured. This high transmission agrees well
with the theoretical calculations which show
that a virtually complete separation of the
analyte molecules in individual droplets is
achieved. This degree of separation may have
implications for the models of the ionization
process. An ion evaporation model may not be
required to explain the generation of large
molecules from these small droplets — a sim-
ple desolvation process may be sufficient.
Nevertheless, the ion evaporation model can
not be ruled out as a possible ionization
mechanism for large molecules.

4.1. Outlook

The high stability of the source makes the
electrospray investigation more independent
of solvents and buffers in a sample. Sub-
stances that require special solvents might be
better analyzable with this source.

The low flow rate of the micro electrospray
has the major advantage that it increases the
measurement time considerably. Thus, instru-
mental parameters, for instance the collision
energy in MS/MS experiments, can be opti-
mized using as little as 0.5 ul of solution.

It has been shown that during electrospray
jonization non covalent interactions between
molecules can be preserved. The proposed
ionization process by which unsolvated ions
are expelled from highly charged droplets via
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Fig. 10. Geometric representation of the Taylor Cone. Only the
liquid cone is shown. The cone is rotationally symmetric around
the z-axis and is characterized by the cone angle 9. The vectors
(7, ,§) describe an orthonormal system in the point P at the
surface of the cone.

evaporation makes it difficult to understand
how non covalent bounds can be preserved.
These aspects are discussed in greater detail
by R. Smith et al. [12]. They speculate that
ion generation may occur from small clusters
in the nanometer scale which contain only one
analyte molecule (similar to Rollgen’s propo-
sal and to Dole’s original ideas) [4, 11]. The
micro electrospray seems to generate droplets
in the 100 nm size range which fulfill the pre-
requisites of these speculations.

For the investigation of non covalent inter-
actions with electrospray mass spectrometry
the high degree of separation reduces the prob-
ability of unspecific clustering [12]. The relia-
bility of this type of investigation may be
improved considerably. Additionally, the high
stability of the source facilitates the investi-
gation. Aqueous solutions can be sprayed
in negative or positive mode without any
assistance.

Until now electrospray has been exclusively
used for analytical purposes. Using the con-
cept of micro electrospray it is relatively easy
to arrange dozens of capillaries into a closely
packed array to generate a very intense beam
of macromolecules. Such a device could be

suitable for using electrospray to generate
macromolecular beams on a larger scale.

5. Appendix
5.1. The pressure caused by the surface tension

The surface O in Fig. 10 is characterized by:
0 = {(x,3,2)|z = f(x,»).f(x,p)
= cot9(x* + %)%}

The point P and the orthonormal system
(0; p; §) are defined by:

P = (py;0;cotd-p,), P€O
0 = (sind; 0; cos )
7=(0;1;0)

1

g= (cot?,0;—-1) —————
7= )(cot219+l)“'2

With Df = (8f/0x; 8f /dy; 8f | 0z) we get the
curvature of the surface in the point P as

T P 1
kp = D[Df0]-0|p + D[DfP]-plp = COt'ﬂp—

On the circle through P in a plane parallel
to the x—y plane we have kx=kp and
z = cotd - p, and therefore

ztan® = p, = (x* +%)"/?

Replacing p, in the equation for x, we get for x
1 _ cosd 1

(x2+y)? 1 —cos?dr

Hence, the pressure caused by the surface
tension on a rotationally symmetric cone
with the liquid cone angle ¥ in the point
S(r, ¢,9) is:

_ cosd 1
= 7(1 —cos? ) r

k(x,y) = cotdd

3)

where the symbols are as defined above.
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5.2. The pressure caused by the electrostatic
force

The surface of the cone is considered to be a
conducting plane representing a certain electri-
cal potential. The Poisson equation for the
external, charge free space has to be solved:

A® =0

The theoretical description does not contain
any further boundary conditions. This means
the cone has an “indefinite” extension into the
z-direction. Because of the rotational sym-
metry around the z-axis (& = ®(r,6)) the fol-

lowing equation holds:
1 & 8| |8  cosho
ﬁ([’zaﬁ”’ ] [602 smﬁzﬁ])q)-o

The equation can be solved independently for r
and 6. With @ = f(r)g(6) we get

82 1
& cosf 8 1
+([§9_2+§iﬁ'§ae] (9))g(9) 0

This differential equation allows the separa-
tion into r and 0 .

&
(l:rzarz-i-Zr f(r))f(} e
5 i cosf &
o6 " smo 06|57 g(G)
solving the first differential equation for f(r)
with f(r) = 7" we have
nn+1)=c (10)

Using this result for ¢ in the second differential

equation we get a Legendre differential
equation in cos @ .

& o]
—_— 2 —
(1 —cos“6) Yo >8(0) 2cosﬂacoseg(9]

+nn+1)-g(0) =

= g(cos§) = P,(cos )
It follows that the electrical potential ¢ must
fulfill:

®(r,cos8) = By -1+ P,(cosb) (11)

Using the geometry of the cone we can calcu-
late the electrical field £ on the surface.
E=-Y¢

0., 1 6, 10,

Or " rsinfdp ¢ r 09 °

The surface of the cone is regarded as being
conductive. Therefore, the electrical field E is
always perpendicular to it. With the geometry
shown in Fig. 10 we have E ||, for all points P
on the cone surface O. Hence:

V=

d
E = —E¢|o =0
= P,(cosf)|p =0 (12)
(see Eq. (11)). And therefore
- — o § Lo
Ep = —¢yr" (%JP

a(cosf)|,€y forall PeO

2
w pe =kt [ ]

(see Eq. (2)). This is the pressure caused by the
electrostatic force.

5.3. The force on an elliptically shaped fluid
surface

For an elliptically shaped fluid surface
which approximates the shape of a Taylor
Cone the following electrical potential is
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assumed (see Fig. 4, Eq. (5)).
¢(r,0) = ¢o(r*° — a’r™') Py 5(cos )

The fluid surface O lies at the potential U, (see
Fig. 4). So we have

Up = ¢(r,0) = ¢o(ry> — a?ry"?)

Uo
o(r,0)lp = 2
)lP rt])‘,!z _ azragﬂ

x(r'/? — azr‘m)l’m(cos 0) =U, (13)

for all points P € O.

With the parameters x = r/ry and k = a/r,
we get an expression describing the shape of
the ellipsoid

f=ik?

xh2 (l - g)

With k= 0.5 the ellipsoid approaches the
shape of the Taylor Cone [16].

During operation a certain voltage U, is
applied to the spray. This voltage corresponds
to the difference between the values Uy and U,
in Fig. 4. The electrical potential can be chosen
such that U, = ¢(ry,0). Then we have

a
E(rg,0) = E,(r,0)|p = —5¢(r, 0)|p

= 0.5¢(r1, 0)(ri70)~**(1 + 3(a/ro)?)
(see Eq. (13)).

If the cone angle of the ellipsoid is near to
the cone angle of a Taylor Cone a sphere of the
radius r, with r, = 7ry approximates the shape
of the ellipsoid at its apex point P as shown by
computer calculations [16]. With k = a/ry we
get for the electrical field at the apex of the
fluid ellipsoid

E(ro,0) = 1.323U,(rar)~%5(1 + 3k%) =

Pyy(cosf) = (14)

(15)

Using Eqgs. (1) and (2) we can calculate the
conditions for the equilibrium between the
electrostatic force and the surface tension at

the apex point. The curvature for a sphere of
the radius r, is 2/r, and therefore

—pe=(1/r))
x(2y — 0.5¢gU21.323%r71 (1 + 3K%)%)  (16)

This equation describes the forces on the
liquid surface when a voltage U, is applied to
the fluid. For k = 0.5 the shape of the ellipsoid
approximates that of the Taylor Cone [16].

5.4. The correlation between the curvature r,
and the emission radius t,

The emission radius for the droplets at the
tip of a spraying Taylor Cone and the curva-
ture of the fluid surface between the emission
of two droplets as assumed in Fig. 5 are geo-
metrically correlated. The tip is approximated
by an ellipse which touches the Taylor Cone
tangentially in the point P. The curvature at
the apex r, is 7ry [16]. We have:

f(x)=(1-x*/a*)*%
2(x) = [an(g—tﬁ‘)x+b+r0
f”(o _ra

f'(r) = tan(5 - 9)

= (1-r2/d)*%b

7 = tan(gw'ﬁ)re+b+rg

From the last four equations we get an expres-
sion for r,, the emission radius of droplets
from the cone.

re=r tan(g— 19) (17)

5.5. The current/voltage characteristics

The I—U characteristics of the spray will be
calculated under the assumption that the
surface density of the charge stays constant
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throughout the experiment and that spheres
with the radius r, are emitted from the Taylor
Cone.

‘?droplet/ Sdmplet =c=>1= 047""3 dn/dt

with ggropler the charge on one droplet, Sqropiet
the surface of the droplet, ¢ the surface
charge density and dn/d¢ = (d¥V/dt)/Varoplet
the emission rate of droplets.

The flow rate dV/dt is determined by the
pressure pg — p, which pulls the liquid out of
the capillary and the overall flow resistance Ry.

dV/dt = (pg — p,)/Rs

When substituting the pressure from Eq. (8)
and the emission radius from Eq. (9) the cur-
rent becomes:

2/5 ’
_ 6(7;) slrnG-o)]”
3/5
x {(g—;)z—l} (18)

At the Rayleigh stability limit the surface
charge density of a sphere with the radius r,
is ¢ = (16¢y7y/r.)"/* and therefore

€ tan (g - 19) g

i =120 T
2 1/2
" {(%) —1} (19)
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