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Abstract

A theoretical analysis was performed on the droplet asymmetric fission in electrospray ionization process. The formulate
model is able to predict the diameter, charge and the percentage of charge at the Rayleigh charge limit for both progeny drople
and residue parent droplet during each fission process based upon possible different numbers of progeny droplets genera
by the fission event. The evaporation time required for both the progeny droplets and the residue parent droplet to becon
unstable after each fission process was also calculated and compared. The results of these calculations showed that
evaporation time for the progeny droplets is more than an order of magnitude less than that of the residue parent drople
indicating that the progeny droplets are the primary ion source for conventional electrospray ionization sources. (Int J Mas
Spectrom 185/186/187 (1999) 97-105) © 1999 Elsevier Science B.V.
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1. Introduction has become the dominant ion source for many mass
spectrometric applications. Its capability for generat-
Electrosprays for the generation of highly charged, ing multiply charged gas phase ions has enabled large
and ideally monodisperse, droplets have been used inbiomolecules to be studied using mass spectrometer
many areas, as reviewed by Bailey [1]. The most with limited m/zrange [3].
important application presently is in electrospray A key question relevant to ESI is the origin of the
ionization (ESI), that has proven broadly effective for ions “created.” A better understanding of the mecha-
dispersing ions in the liquid phase into the gas phase. nism for ion generation in ESI will help to explain
Within about a decade since its combination with many currently unresolved issues and allow more
mass spectrometry by Yamashita and Fenn [2], ESI effective use of ESI sources for mass spectrometry
(ESI-MS) [4] and the development of advanced ion
sources, such as those employing “ion funnel” tech-
* Corresponding author. E-mail: rd_smith@pnl.gov nology [5]. Currently existing mechanisms for the ion
1 Current address: Finnigan Corporation, 355 River Oaks Park- formation in ESI fall largely into two groups, namely,
way, San Jose, CA 95134. . . .
the charge residue model (CRM) and the field-assisted
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60th birthday. ion desorption model (FDM). CRM, as proposed
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originally by Dole and co-workers [6], suggests that fission process for each generation of droplets in the
ions are formed from the charged residue remaining electrospray. To simplify the calculation, a fixed
after the completion of evaporation of the original diameter ratio of progeny droplet to parent droplet
droplets. On the other hand, FDM, first proposed by was assumed in their analysis. A similar assumption
Iribarne and Thomson [7] for the small ion formation was also used by Kebarle and Tang [16], under which
from liquid droplets, suggests that ions be formed by a fixed number of progeny droplets for each fission
the direct field desorption from the droplet surface process was implied.
when the electric field on the droplet surface reaches  To generalize the theoretical analysis of the droplet
a critical value, on the order of $&/m. Both models fission process, we present here a theoretical model in
are subject to continued debate and comparison with which the number of progeny droplets generated from
experiment, and while some refinements have beeneach fission process was assumed to be a random
proposed, no resolution of this issue is broadly ac- variable. The model allows us to predict both charge
cepted [8]. We have previously suggested that a and size for each possible group of droplets before
variation of the CRM appears to be able to explain and after each specific fission process and the evapo-
most of the experimental results [4]. ration time required for each group of droplets to
A common process, implied or explicitly stated by subsequently become unstable as a function of the
all the ion formation models as the first step of the ion number of progeny droplets generated. Several new
formation in electrospray, is that the droplet coulom- implications based on these results are described.
bic fission that occurs when the charge on the droplet
reaches the Rayleigh charge limit [9], corresponding
to a critical condition when electric force overcomes
the liquid surface tension for a spherical droplet. A 2: Theoretical model
better understanding of this droplet fission process is

thus crucial for correctly predicting the mechanism of A complete theoretical model can be formulated
ESI formation. including evaporation and coulombic fission in the

Interesting in the droplet fission process has pre- electrospray ionization process, if the following as-
ceded before the application of electrospray to mass SUMPtions are used, based on the experimental mea-
spectrometry because of its implications to many Surements and observations from others:
different areas ranging from atmospheric physics [10] (1) A charged droplet on average loses 2% of its
to combustion [11]. Both mass and charge loss during M@ss and 15% of its charge to the progeny droplets in
the fission process were measured by several investi-€ach fission process [14].
gators using different techniques [12—14]. Among (2) Each fission process will tend to generate a
them, Taflin et al. [14] presented the most accurate SPecific number and size for progeny droplets; i.e.
measurements to date obtained by using an optical Progeny droplets are assumed to be monodisperse and
resonance method to accurately measure droplet sizeS@Ty an equal amount of charge [15].
variation during droplet evaporation-fission process. ~ Mathematically, the above assumptions can be
Their results showed a mass loss of 1-2.3% and a SPecifically expressed as
charge loss of 10-18% d_uring .eac_h droplet fission Mgy = 0.02My; Qur = 0.150, (1)
process. A more recent investigation, reported by
Gomez and Tang [15], revealed photographically the and
droplet fission process in the electrospray. Significant M = ML —n 2
droplet distortion was observed before each droplet = " Mo Gar = NG
fission process, which tended to generate random wheremg andq, are the mass and charge of the parent
numbers of progeny droplets. A theoretical calcula- droplet before fissionmy; and q4+ are the total
tion was also performed on the cascade evaporation-progeny mass and charge ejected by the parent droplet
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in each fission processn, and gy are the average
mass and charge for each progeny dropletraigithe

99

Combining Egs. (5), (6), and (9), the droplet size,
surface charge density and percentage of droplet

number of progeny droplets generated by each fission charge at the Rayleigh charge limit can all be pre-

process.
From Egs. (1) and (2), we have

Qa _ 0.159,
myg 0.02m,

(3)

Becausen, = 3 mpd3 andmy, = z mpdg, whered,
and d, are the average diameter of the progeny
droplets and the diameter of parent droplet before
fission, respectively, ang is the density of the
droplet, we then have

Jo

4

Qg

d—g— 7.5 or

(4)

From mass conservation and assumption (1), we

have
ndy 0.02 dy (0.02)1’3 .
i "4 \'n ©®)

By substituting Eq. (5) into Eq. (4), we obtain

(o.oz) By

ES_

%:
d

2,03 W3 % 6)

(0]

Because Rayleigh charge limit for both the parent
droplet and the progeny droplets can be expressed a
Qor = (87°607) /%052 anday, = (87°e0y)"'*d3,
respectively, wherey, is the electric permitivity of
vacuum andy is the surface tension of the liquid, we

have
dd 3/2 <d0>
Qar = <do> Qor OF CTd

By taking the ratio of Egs. (6) and (7), it becomes

1/2
Gor

ds

Gar _
d

(7)

Uq - dg\ 2 do
— =2.036 <1’3><> - 8
dr do Qor ®
By substituting Eg. (5) into (8), we obtain
da _ 2.0361(1’3)<0'02) T _ 1.0 w2 %
Uar Cor Cor
(9)

dicted for progeny droplets for each fission process. It
is clearly indicated by Egs. (5), (6), and (9) that the

progeny droplets can have different sizes, surface
charge densities and percentage of the Rayleigh
charge limit at the time of formation, depending upon

the number of progeny droplets generated in each
fission process. The results and implications of these
calculations will be discussed later.

After the initial droplet fission process, both the
“residue” parent droplet and the progeny droplets will
evaporate as they move further “downstream” in the
electrospray plume (i.e. drift in the electric field used
to create the electrospray). (Both the ambient temper-
ature and solvent vapor pressure are in reality some-
what variable, depending upon the detailed design and
arrangement of the ESI source, and impact the rate of
solvent evaporation from the droplets. We do not
explicitly consider the complications introduced by
these considerations in this work.)

Because it has been observed experimentally that
charged droplet retains all the charge on the surface
during evaporation [13], the surface charge density
for both the residue parent droplet and the progeny
droplets will continuously increase during evapora-

Yion of the neutral solvent. Eventually, they will

become unstable again as they approach a certain
percentage of the Rayleigh charge limit. To investi-
gate the evaporation process for both types of droplets
and predict the times required for both residue parent
and progeny droplets to become unstable, in the
present analysis the evaporation theory for a isolated
droplet in a diffusion-controlled regime under con-
stant environmental conditions was used [17]. Ac-
cordingly, the variation of the droplet diameter during
the evaporation can be expressed as

d3 — d¥? = kt (10)

for progeny droplet, wherd? is the diameter of the
progeny droplet at any timg andk is the evaporation
rate constant. At any instabhturing evaporation, the
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droplet charge as a percentage of the Rayleigh chargeq; dp

imi 18
limit can be expressed as 0 (18)

g _ da
Qar  Gar
whereq¥, = (87%e,y)Y2d**'? is the Rayleigh limit
for progeny droplet at timé. Similar to Eq. (7), we

whereqy, andqy, are the charge and Rayleigh charge
limit for the residue parent droplet at any instant
during its evaporation. Since, similar to Eq. (18},

= (d¥/d,)*?q,,, whered? is the diameter of the
residue parent droplet, then

(11)

have
ds:j) 3/2 qTa (dp) 3/2 qp
== 12 — =5 - 19
er (dd qdr ( ) q*rr)r dp qpr ( )
By substituting Eq. (12) into (11) and making use Because we also haeg = 0.85q,, from assump-
of Eq. (9), we have tion 1, andd,, = (d,/do)*?qp,, thus
3/2 3/2 * 3/2
da_ <d3> Ga _ 1.oaq<1’2><df) G 13 I o.ss(df) %o
ar dd Qar dd Gor qpr dp pr
If we assume progeny droplets become unstable at d, 32/4.\ %2 q,
the same percentage of Rayleigh charge limit as the - 0'85<d>;) <dp) cTOr
parent droplet, then the progeny droplet will be -
d
unstable when _ 0.85(,?) Jo (20)
dg) %2 dh Cor
—(W2)| “d _
1.06n (dﬁ) 1 (14) If we again assume the residue parent droplet

becomes unstable at the same percentage of Rayleigh

according to Eq. (13). By substituting Eq. (10) into Charge limit as the initial parent droplet, then

Eq. (14), we have

do

3/2
d ¥z OBS() =1 21
—(1/2 d _ - * ( )
1.06n ((dg ktd)l’z) =1 (15) d*,

Becausem, = 0.98m, or d3 = 0.98d3, from
assumption (1), and; — d}? = kt,, wheret, is the
time required for the residue parent droplet to become
unstable, we then have

wherety is the time required for the progeny droplet
to become unstable. Through a simple manipulation
to Eq. (15), one readily obtains

1.06"3n~ @343 = d3 — kit

0.85"%d3 = 0.98%°d3 — kt, (22)
or &
ta= - (1 - 1.06%n " 29) 16y and
- . A3 o g / dg
By substituting Eq. (5) into Eq. (16), we have =" (0.98"% - 0.85") = 0.181-° (23)
d3 (0.02)\2? -
ty = o (n) (1 — 1.06"3n@3) (17) Egs. (17) and (23) can be used to predict and

compare the time for both the progeny droplets and
For the residue parent droplet with diamedgrand the residue parent droplet to become unstable after the
chargeq,, evaporation will also make it unstable initial droplet fission event. The model formulated
again at later time,,. Similar to the progeny droplets, allows us to calculate size, charge and percentage of
we will have Rayleigh charge limit for both the progeny droplets
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Fig. 1. Diameter ratio of progeny droplet to parent droplet before fission vs. number of progeny droplets generated in the fission process

and residue parent droplet right after the initial droplet numbers of progeny droplets. This appears to be
fission and the time required to bring both types of the determined largely by the deformation of the parent
droplets to instability (fission) again due to droplet droplets in the fission process, which is affected by
evaporation. Theoretically, each set of droplets from both the local charge density on the droplet surface
each subsequent fission can be followed until (after and the electric field in the vicinity of the fission
final evaporation of solvent) individual multiply  droplet induced mostly by the spacing charge field. It
charged ions are eventually generated in the electro- has been also observed that droplet fission process is
spray. asymmetric and takes the similar cone-jet morphology
as the formation of stable monodisperse electrospray
[18]. Consequently, the assumption (2) used in the
current analysis can be justified.

Fig. 1 shows the calculated size ratio of the  Fig. 2 compares the surface charge density of the
progeny droplet to the initial parent droplet during Progeny droplets to those of both the parent droplet
each fission process as a function of the number of just before the asymmetric fission and the residue of
progeny droplets, obtained using Eq. (5). These re- the parent droplet after the asymmetric fission event,
sults indicate clearly that different sizes of progeny according to the number of progeny droplets. These
droplets can be generated by each fission processcalculations indicate that the surface charge density of
depending the number of progeny droplets being the progeny droplets can be either higher or lower
generated. It has been observed experimentally [15] than those for both types of parent droplets, depend-
that the fission process tends to generate randoming on the number of progeny droplets generated in

3. Results and discussion
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Fig. 2. Surface charge density ratio of progeny droplet to parent droplet just before fissignaftef) and residue parent droplet after fission
(right y axis) vs. number of progeny droplets generated in fission process, dharelq, are the diameter and the charge of the progeny
droplet;d, andq, are the diameter and the charge of the parent droplet just before fisigiandq, are the diameter and the charge of the
residue parent droplet after fission.

each fission process. Fig. 3 further compares the the residue parent droplet are stable immediately after
percentage of droplet charge at the Rayleigh charge the fission event.

limit for the progeny droplets immediately following As droplet evaporation proceeds after the fission
the fission event. As is indicated by Fig. 3, the ratio of event, the surface charge density will continuously
the progeny droplet charge to the Rayleigh charge increase on both progeny droplets and the residue
limit after the fission process will be generally smaller parent droplet until they become unstable again. Fig.
than that for the initial parent droplet just before 4 shows the calculated times for progeny droplets to
fission, except for the special case, where only one become unstable as a function of different possible
progeny droplet is generated by the fission process. In number of progeny droplets in an event, obtained by
this case, as predicted by the theoretical model, the assuming the next event occurs when the percentage
progeny droplet will be immediately unstable after the of the droplet charge to the Rayleigh charge limit
fission process. We consider this case unlikely due to reaches the same value as for the initial parent droplet.
the cone-jet morphology of the asymmetric fission, By comparing the results shown in Fig. 4 to Eq. (23),
and it will not be considered further. (It can also be one sees that the progeny droplets become unstable
calculated from the current model that the ratio of the much faster (by more than an order of magnitude
residue parent droplet charge to the Rayleigh charge faster) than the residue parent droplet. This compari-
limit is 85% of the ratio for the initial parent droplet.) son together with the fact that the progeny droplets, as
Itis thus concluded that both the progeny droplets and indicated by Fig. 1, are much smaller than the parent
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Fig. 3. Ratio of percentage of progeny droplet charge to Rayleigh charge limit to that of parent droplet just before fission vs. number of progen
droplets generated in fission process.

droplet indicates that the progeny droplets will be optimum sensitivity is somewhat solution dependent.
most likely the primary source of ions for a conven- We believe that this is also one of the reasons why
tional electrospray ionization source. The primary studies of noncovalent complexes generally yield
role of the residue parent droplet will be to generate significant lower sensitivities even though the same
additional progeny droplets through the subsequent amount of material is dispersed by the ESI process as
fission process. for the much more sensitive measurements under
Thus, while the progeny droplets, and their prog- normal (higher temperature) source conditions. For
eny, progress through this cascade of fission events,the very gentle heating conditions generally used to
the residue from the original parent droplet will be observe noncovalent complexes one only detects ions
much larger. The average number of fission events formed from the smallest progeny droplets in the
that can occur would obviously depend upon the earliest stages of the ESI process. A challenge for
initial droplet size. In an ESI source it is generally future ion source designs will be to realize conditions
advantageous to speed the ion formation process sincewhere the ion formation process has sufficient time to
a slow droplet evaporation process allows time for generate ions with optimum efficiency, without im-
greater coulombic expansion, dilution of ion density parting excessive energy in ions formed by early
of the volume “sampled” by the mass spectrometer, events and which also avoids the coulombically
and adversely impacts sensitivity. Thus, ion sources driven “dilution” of the ions. In this context, the
are generally heated and the heating necessary forelectrodynamic “ion funnel” technology recently de-
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Fig. 4. Evaporation time required for progeny droplet to become unstable vs. number of progeny droplets generated in the fission proces

scribed by us for reversing space charge expansion ininitial droplet sizes are largest, this practice also
the interface [5], may prove advantageous. reduces the introduction of residue droplets into the
As originally observed by Gomez and Tang [15], vacuum system that can subsequently contribute to
the progeny droplets were mostly ejected in the contamination and detector noise. In the case of very
sidewise direction toward the periphery region of the low flow rate electrosprays, the initial droplet size is
electrospray. This phenomenon, together with the fact smaller and the problems due to droplet residue are
that the progeny droplets will be pushed towards the much less, thus optimum performance is obtained by
edge of the electrospray due to its smaller inertia closer placement of the emitter to the sampling
(similar to the separation of satellite droplets and the aperture. Since less time is needed for evaporation
larger primary droplets observed in the spray forma- with such constrained ESI flow rates, problems asso-
tion process [18]), suggests that the abundance of ciated with “on-axis” placement are minimized.
analytically useful ions in conventional ESI sources The simple theoretical model presented in this
will be significantly enriched in the periphery region work incorporates several assumptions, some of
of the electrospray. Consequently, it sometimes has which are based upon experimental measurements
been the practice to sample electrosprays “off-axis” or and observations. Several others have been made
orthogonal to the mass spectrometer inlet aperture, purely for the simplification of modeling itself, but
where the density of analytically useful ions is highest done so as not to lose the meaning of the physical
to obtain high sensitivity in ESI-MS applications. For process involved. For example, in dealing with drop-
conventionally used higher ESI flow rates, where let evaporation, we make the assumption of an iso-
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