
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 29 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Supramolecular Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713649759

On the Assessment of Complex Cation - Crown Ether Equilibria by
Electrospray Mass Spectrometry
T. M. Fylesa; B. Zenga

a Department of Chemistry, University of Vtctoria, Victoria, B. C., Canada

To cite this Article Fyles, T. M. and Zeng, B.(1998) 'On the Assessment of Complex Cation - Crown Ether Equilibria by
Electrospray Mass Spectrometry', Supramolecular Chemistry, 10: 1, 143 — 153
To link to this Article: DOI: 10.1080/10610279808055406
URL: http://dx.doi.org/10.1080/10610279808055406

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713649759
http://dx.doi.org/10.1080/10610279808055406
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SUPRAMOLECULAR CHEMISTRY, Vol. 10, pp. 143-153 
Reprints available directly from the publisher 
Photocopying permitted by license only 

‘0 1998 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Hawood Academic Publishers imprint, 
part of The Gordon and Breach Publishing Group. 

Printed in Malaysia. 

On the Assessment of Complex Cation - Crown 
Ether Equilibria by Electroipray Mass Spectrometry 
T. M. FYLES and B. ZENG 

Department of Chemistry, University of Vtctoria, Box 3066, Victoria, B .  C .  Canada V8W 3V6 

(Received 24 March 1998; In final form I July 1988) 

Positive electrospray mass spectrometry (ESI-MS) 
has been used to examine mixtures of alkali metal 
and alkaline earth cations with two 18-crown-6 
carboxylic acid crown ethers, a bis-crown ether 
HzA and a mono crown ether dicarboxylic acid 
HzB. A variety of mononuclear and polynuclear 
complexes were observed as mono, di, and trica- 
tions. Stoichiometries up to (A + 4 K)” and 
(A + 2Ba}’+ were achi-eved at high guesthost ratios. 
Using published and estimated formation constants, 
the expected solution speciation was calculated for 
comparison with the complex ion intensities ob- 
served by ESI-MS. Due to the concentration range of 
the ESI-MS experiment, the complexes observed are 
minor components of the equilibrium solution. The 
observed complexes reflected a higher level of 
protonation than was expected based on previous 
solution studies. In cases of direct comparison 
between complex ions of like stoichiometry and 
charge, the ratio of ion intensities by ESI-MS reflects 
the solution selectivity of the host. In general 
however, the electrospray ionization process results 
in differential production of ions from the equili- 
brium mixture and comparisons between ions of 
differing charges or stoichiometries do not corre- 
spond to the inherent selectivity of the host in 
solution. 

Electrospray mass spectrometry (ESI-MS) has a 
brief but distinguished history in supramolecu- 
lar chemistry [l]. Using this ”soft” ionization 
technique, it has been possible to observe a 
variety of non-covalent host-guest complexes in 
the gas-phase: biomolecular complexes 121, 
crown ether-ca tion complexes [3], hydrogen- 
bonded rosette complexes [41, and so on 151. 
The potential of ESI-MS for detecting and 
characterizing the stoichiometries of host-guest 
complexes has no parallel among solution-phase 
techniques to directly detect the stoichiometries 
of complexes without reference to solution 
modeling assumptions. Although many authors 
caution of the potential pitfalls in relating ESI- 
MS spectra to source solution compositions [ 6 ] ,  
there is evidence that ESI-MS can be correlated 
with equilibrium distributions of species in 
solution in some cases [7-91. 

Given the ease of the technique, it is important 
to evaluate the potential of ESI-MS for the 
characterization of host-guest complexes, espe- 
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144 T. M. M E  AND B. ZENG 

Systems involving mixed host-guest stoichiome- 
tries (l:l, 2:1,1:2) or mixtures of guests compet- 
ing for a single host should be amenable to ESI- 
MS analysis, perhaps to give rank-order stability 
and selectivity information in a single experi- 
ment. Our interest in bis-carboxylic acid crown 
ethers as ion-sensing [lo] and as membrane- 
disrupting agents [111 provided suitable materi- 
als (HzA, H2B) to explore the potential of ESI-MS 
for the rapid determination of speciation and 
selectivity. In addition to 1:l and 2:l crown 
ether-cation complexes expected for bis-crown 
ethers, the ionization of the carboxylic acids 
provides a range of protonation states. The 
stability constants for complex formation are 
known [lo, 121 or can be estimated from a large 
body of related work [13], thus the likely 
speciation in solution can be predicted as an 
aid in the interpretation of the ESI-MS spectra. 
The crown diacids H2A and H2B each contain 
two ionizable carboxylic acid groups. ESI-MS 
cannot detect neutral complex species, such as 
(A + Ba)', but should be able to detect the related 
protonated complexes such as {HA + Bal+ [141. 
The key question is whether a relationship 
between intensities of cation/crown complexes 
in the gas phase and the concentrations in the 
solutions exists even though only a subset of 
species are directly observed? 

SCHEME 1 Structures of crown ethers. 

RESULTS 

ESI-MS of Complexes of H2A 

Preliminary exploration established that repro- 
ducible positive ESI-MS spectra of HzA with 
.alkali metal and alkaline earth cation salts could 
be obtained in acetonitrile/water (1:l) solutions 
at salt concentrations between 10 and 500pM. 
The experiments described below used a con- 
stant concentration of SOW of H2A as this 
allowed a suitable range of host/guest ratios 
within the salt concentration range. Initial 
experiments used added acetic acid, but the 
same positive ESI-MS spectra were found with 
or without this additive, and subsequent experi- 
ments omitted additional acid. The crown ether 
diacid is a stronger acid than acetic acid (pK1 = 
4.06) [8], and metal ion binding decreases the 
apparent pKa in proportion to the complex 
strength [13]. The solutions had an approximate 
pH of 3.2-3.8 (pH paper), equivalent to the 
acidity of a similar concentration of a strong acid 
such as HCI in this solvent systema . Preliminary 
experiments also established that ion intensities 
vaned in expected ways with the solution 
composition: complex ions increase in intensity 
with increasing salt concentration and decrease 
in intensity as competing salts are added. 

Figure 1 shows the positive ESI-MS obtained 
from a solution containing H2A and a mixture of 
alkali metal cations. The ratio of the cations 
added was based on an expectation of the 
different complexing abilities of alkali metal 
ions with a typical 18-crown-6 1151. A series of 
peaks corresponding to ions of stoichiometry 
(H2A + M)' are observed, each with a sequence 
of isotope peaks to higher masses. The separa- 
tion between successive isotope peaks is 1 
dalton, so all peaks were assigned as monoca- 
tions. The details of the ion assignments are 

'A referee queries whether pH paper is a sufficiently "elegant" way to measure pH. It is, as it gives an acid/conjugate base 
ratio directly without the need for the medium specific buffers required for a pH electrode calibration. 
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COMPLEXATION ASSESSMENT BY ESI-MS 145 
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FIGURE 1 
peaks at the base peak. Concentrations are given in the footnote to Table I. 

ESI-MS spectrum of H2A and mixed alkali metal cations. Inset: expansion showing unit mass separation of isotope 

TABLE I FSI-MS ions observed for a matrix of H2A and alkali metal chlorides'"' 

Observed Assigned ions Calculated Intensity Apparent Calculated 
( m / z )  (m/z) (5%) selectivity*' [IA + MI-]''' 

936.6 
888.7 
842.8 
826.8 
810.9 
805.5 

IH2A + Csl' 937.3 56 
lH2A + Rbl' 889.3 31 

lH2A + Nal' 827.3 48 

(HzA+H)+ 805.3 28 

lH2A + KI' 843.3 100 

lH2A + Lil' 811.4 12 

14 
31 
100 
24 
3 

16 
13 
100 
32 
20 

~ ~~ 

5050 acetonitrile: water; [H~A=[KCII=[RtCI] =50pM, [LiCIl=[OCll=200pM. 
Ib) Intensity corrected for the differing salt concentrations; IM x [MCI]/MpM. 

Model assumed eight complexes at pH 35(M*,.hh, log m[8, 15, 281: H', 101.4.08; H+, 102,7.78; Li', 110.15; Na', 110. 2.0; K', 110, 2.8; K', 120, 
6.3; Rb', 110. 1.9; Cs', 110, 2.4. Estimated log 0 values are italicised. [I51 Equilibrum concentrations were normalized to 0.14pM (K' 110 
complex=100). Less than1%ofanycationisbound,andIessthan10%of thehostisbound:[H2Alrq=275pM; [HAl-l,=17~;[A2-],=l 3 p M  

(.I) 

(C) 

given in Table I, together with the ion intensities 
of the major isotopic peak. Also given in Table I 
are the intensities corrected by the source phase 
concentration factors and normalized to the base 
peak. Isotopic abundance corrections were not 
applied as they would not alter the qualitative 
picture [71. The values appear to follow the 
Eisenman 111 selectivity, typical of alkali metal 
cations interacting with predominantly neutral 

oxygen donors, as expected for complexes of a 
neutral 18-crown-6 [16]. 

How do these complexes compare to those 
expected from prior solution studies? Com- 
plexes of neutral H2A were not observed 
previously: the dominant complexes required 
to fit pH titration data were compleites of the 
fully deprotonated A'- ion 110, 141. Moreover, 
K' complexes of 2:l K: A*- stoichiometry were 
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146 T. M. FYLES AND B. ZENG 

required in the solution equilibrium models 1101, 
but were not detected in the ESI-MS spectra at 
any level of protonation. The cation complexes 
observed previously are relatively weak, and the 
solutions are dilute, so the extent of complex 
formation is very low. Using the known forma- 
tion constants, it can be calculated I171 that less 
than 1% of any cation is bound, and less than 
10% of the total ligand is involved in cation 
complexes. The ratios of the concentrations of 
complexes of (A + M) - stoichiometry, normal- 
ised to the K' complex, are given in the final 
column of Table I. If ESI-MS probes solution 
speciation then these ratios should directly relate 
to the observed intensities of the individual ions 
(not corrected for solution composition) on the 
assumption that complex protonation affects 
complex stability in a linear way across the 
series of cations. The agreement is poor. This 
may simply reflect the accumulated errors of 
comparing different ions under different solvent 
conditions. As developed below, it more prob- 

100 1 ( A + S r + B J  
is 

10 

5 

0 

ably indicates an inherent difference between 
ESI-MS ion intensities and solution chemistry. 

A similar experiment using mixed alkaline 
earth chlorides and H2A is illustrated in Figure 2 
and summarised in Table 11. Although the 
spectrum is substantially more complex, all 
observed ions can be assigned. The charge of 
the ion can be deduced from the mass separa- 
tions of the isotope peaks: monocations ions give 
unit mass isotope sequences, dications give half 
integral spacing, and so on. The insets to Figure 
2 illustrate this point. Thereafter, calculated 
masses for various stoichiometries can be com- 
pared with the observed masses, and ion charge 
states can be confirmed via comparison of 
calculated and observed isotope distribution 
patterns. The dominant solution species calcu- 
lated using only known stability constants 1101 
and the concentration and pH of the experiment 
are the neutral (unobservable by MS) mono- 
nuclear complexes {A + Srlo and (A + Ba)'. The 
deprotonated 1:2 complexes {A + 2Ba)" and 

100 

80 

m 

40 

20 

0 

30 

20 

10 w 0 

(HA+Ba) 

(HA+Sr)+ 

(HA+Ca)+ I 

500 600 700 800 900 

d Z  

FIGURE 2 
peaks for various charge states. Concentrations are given in the footnote to Table 11. 

ESI-MS spectrum of H2A and mixed alkaline earth cations. Inset: expansion showing mass separation of isotope 
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COMPLEXATION ASSESSMENT BY ESI-MS 147 

TABLE I1 ESI-MS ions observed for a mixture of H2A and alkaline earth chlorides'"' 

Assigned 
Ions 

Observed Calculated Intensity Calculated 
m h  mlz % concentra tiodb' 

(N) 
_ _ _ ~  _ _ _ ~  

{HA + Ba)' 
[HA + Srl' 
{HA + Cal' 
{A + 2BaI2' 
[A+Ba+SrI2' 
{A + 2Sr12' 
[H2A + BaI2' 
lH2A + Sr12' 
lHIA + Ca12+ 
{HA + Ba)' 

941.2 
891.1 
842.9 
537.4 
512.5 
487.7 
469.9 
445.0 
421.2 
359.7 

940.3 
890.6 
843.1 
538.3 
513.5 
488.6 
470.7 
445.8 
422.0 
359.2 

26 
16 
10 
94 
100 
38 
a7 
31 
7 
16 

0.91 
0.90 
0.08 
0.13 
0.19 
0.26 
0.14 
0.14 
0.02 

* 
~~~~ ~~ 

(') 5050 acetonitrile: water; IHIAI = ICaClzI = ISrC121= [BaClzI =50 pM. 
@) Model assumed fourteen complexes at pH 3.5 (M"+, lmh, log 0) 18, 15, 281: H', 101,4.08; H+, 102.7.78; Ca2+ 110,6.1; Ca2', 112,8.8; S?, 110,4.1; 
S?+, 120, 7.5; S?, 120. 7.5;. S?+, 111, 7.2; S?, 112-9.9; Ba", 110, 4.1; BaZ+, 120,7.2; Ba2*. 111-7.2; Ba", 312 9.9; mixed S?'+BaZ', 1(2)1-7.35. 
Estimated log P values are italicised. 1161 About 20% of the host is bound lHzAl,=24pM. IH Al,=15pM; [A2-1,=3.9pM. 

(A + 2Sr12+ observed have concentrations about 
an order of magnitude lower. Although not 
previously detected, the mixed deprotonated 
complex (A + Sr + Bat2' is also not surprising 
given the modest S?/Ba2' selectivity of the 
ligand. None of the protonated complexes 
observed in the ESI-MS spectra were detected 
in solution studies. The calculation suggests that 
about 20% of the host would be associated in 
cation complexes, with 5% of the Sr and Ba, and 
1% of the Ca bound. Using estimated formation 
constants [181 for the complexes actually ob- 
served by ESI-MS allows the final column of 
Table I1 to be calculated. The additional com- 
plexes do not alter the extent of cation or ligand 
binding. The comparison of the calculated 
concentrations with the observed ion intensities 
is poor overall, although the rank order for any 
triad of complexes of a defined stoichiometry is 
correctly reflected by the ESI-MS spectrum. 

Table I1 offers a variety of choices for examin- 
ing the selectivity of the host for the mixture of 
guests. Comparisons of ion intensity for ions of 
like stoichiometry e.g., (HA+M)+ gives an 
apparent Ca:Sr:Ba relative selectivity of 
38:61:100 (normalised 'to Ba). In solution, the 
related monometallic deprotonated complex 
(A+M)" has a relative Ca:Sr:Ba selectivity of 
18:95:100 (also normalised to Ba) [lo]. The direct 

comparison of 1:2 complexes (A + 2M)" gives a 
Sr/Ba selectivity of 0.4 from the ESI-MS while in 
solution it is 2.0. The general condusion is that 
H2A is less selective than would be expected for 
neutral 18-crown-6 (Ca:Sr:Ba; 0.4:8:100) [15], in 
accord with a trend usually observed for 
carboxylate crown ethers [131. 

Any mixture of cations with H2A gives ESI- 
MS spectra of complex ions. Figure 3 and Table 
I11 give the results for an ESI-MS spectrum of 
H2A containing one equivalent of BaC12 and ten 
equivalents of KCI. The ratio of the concentra- 
tions was chosen to reflect the rough order-of- 
magnitude lower stability of K' versus Ba2+ 
complexes of the ligand for every stoichiometry 
observed in solution [lo]. The majority of the 
observed ions have not been previously detected 
in solution studies, and the calculation of 
equilibrium concentrations would involve an 
unacceptably large number of assumptions. 
Using only the known solution formation com- 
plexes [lo], the solution was calculated to 
contain roughly equivalent amounts of 1:1 and 
21 (M:A) complexes and the dominant ions in 
the ESI-MS spectrum do indeed contain two 
metal cations. There are a variety of other two 
metal ion complexes found among the minor 
ions together with two examples of ions contain- 
ing three cations. In this example, as previously, 
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148 T. M. FYLES AND 8. ZENG 

400 500 600 700 800 900 

d Z  

FIGURE 3 ESI-MS spectrum of HlA, KCI and BaCI2. Concentrations are given in the footnote to Table 111. 

TABLE 111 
and BaC1,’a’ 

Assigned Observed Calculated Intensity 
Ions mlz mlz 

lH2A + K)’ 843.3 843.1 3 
IHZA + 2Kl’ 881.4 881.2 9 
[A + 2BaI2+ 539.1 538.3 18 

lH2A + Ba + K12+ 490.1 489.7 91 

lH2A + 2KIZ’ 441.1 441.1 100 
!HA + 2BaI” 359.8 359.2 2 

ESI-MS ions observed for a mixture of H2A, KCI 

IA + Ba + 2KIZ’ 509.1 509.1 8 

lHzA + Bal” 471.2 470.7 6 
IHA + 3KI2’ 460.1 460.1 24 

5050 acetonitrile: water; [HzAI = [BaC12] = 50 pM, IKCll= 500 pM. (a) 

there is a preponderance of protonated com- 
plexes, even though these would be expected to 
be much less abundant than the deprotonated 
complex ions which are also observed. Also the 
Ba2+K’ selectivities are apparently lower than 
expected [lo1 in any comparison of complexes of 
comparable stoichiometry. 

The higher order complexes observed 
prompted a qualitative exploration of the stoi- 
chiometries which might be accessible at higher 

salt concentrations. With one equivalent of KC1 
and H2A (100pM), the major component in the 
ESI-MS spectrum is the 1:l cation/bis(crown 
ether) complex {H2A + 3Kl+. However, with in- 
creasing concentrations of K+, ions correspond- 
ing to one bidcrown ether) complexing with two 
({HA + 2Kl+), three ({A + 3Klf), and even four 
potassium ions ((A + 4KI2’, at 500 pM KC1) were 
found in the spectra. Similarly, at one equivalent 
of BaClz (50pM HzA), the major component in 
the ESI-MS spectrum is the 1:l cation/bis(crown 
ether) complex {H2A + Bal”. Increasing concen- 
trations of BaCI2 gave only the 1:2 complex ion 
(A+2Ba12’. The 1:3 or 1:4 complexes were not 
detected up to twenty equivalents of BaC1, 
added. The triply charged protonated complex 
{HA + 2BaI3+ had a very low intensity (< 2%) and 
no other triply or quadruply charged ions could 
be observed. Given the acidity of the solution, it 
is surprising that complexes of the fully depro- 
tonated ligand can be observed. As discussed 
below, this is evidence of ion fractionation 
during ESI-MS. The maximum stoichiometries 
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COMPLEXATION ASSESSMENT BY ESI-MS 149 

observed suggest a limit defined by the extent of 
electrostatic repulsions between the metal ca- 
tions. Solution studies did not require the 
inclusion of higher-order complex species above 
the deprotonated 2:l complexes discussed above 
[lo]. Alternatively, tripositive and higher 
charged ions might not be efficiently produced 
under the experimental conditions. 

Complexes of H2B 

The preponderance of protonated complexes 
observed in Figures 1-3 prompted a quantita- 
tive examination of the ESI-MS spectra of 
complexes of H2B, since in this single instance 
of carboxylate crown ethers, experimental va- 
lues for the formation constant of the (H2B + M)+ 
complexes are known from ion selective elec- 
trode titrations in acidic solution 

HNO,, 298K, 0.5 Me4NN03) [19]. It is therefore 
(log KK = 2.0 f 0.3; log K N ~  = 0.7 * 0.4, pH 1.2 

100 

80 

x 
CI .- 
2 60 
s 
C 

Q) > 
.- 
.- 4-4 

5 40 
2 

20 

0 
0 

possible to calculate equilibrium concentrations 
for the complexes formed in mixtures of 
H2B:NaCl:KCl without the assumptions inher- 
ent in the foregoing analysis. An ESI-MS experi- 
ment involving fixed concentrations of H2B and 
KCl ([H2Bl = 50 pM; [KCll= 25 pM) and variable 
NaCl concentrations (0.1 - 0.4 mM) gave spectra 
as illustrated in Figure 4. In the high mass 
region, only two complex ions are observed, 
corresponding to (H2B + Na)+ (m/z expt = 375.1; 
m/z calc. = 375.13) and {HzB + KI4 (m/z 
expt. = 391.1 m/z calc. = 391.10). These two ions 
are calculated to account for 0.26% of the total 
bound ligand, which itself amounts to only 17% 
of the total Iigand available. The intensity of the 
Na' complex ion increases with increasing 
concentration of NaCl, while the intensity of 
the K+ complex ion remains approximately 
constant. Thus the uttenstiy ratio (INa&) in- 
crease as the concentration ratio "a+]/ [K'I. The 
increase is linear (inset Fig. 4) with a slope of 

I+ I 

1.2 4 I 
I .o 
0.8 

0.6 

0.4 

0.2 

0.0 
0 4 8 12 16 

{H,B+Na}' 

200 300 

m/Z 

I,B+K}' 

I 

400 

FIGURE 4 ESI-MS of H2B (50 pM), KCl (25 pM) and NaCl(400 pM) in 5050 acetonitrile:water. The peaks marked with an 
asterisk derive from the solvent (see text). Insert ratio of the intensities of m/z 359 (INa) and m/z 374 ( I d  as a function of the 
concentration ratio of Na'/K' in the sample solution. 
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150 T. M. FYLES AND B. ZENG 

0.057 (?=0.993). The intercept is positive in- 
dicating a low level of sodium contamination in 
the sample used. Following the assumption that 
the complex peak intensities are proportional to 
the concentrations in solution [7-91, this slope 
corresponds to an apparent K+/Na+ selectivity 
of 18, which can be compared with the solution 
selectivity found for the same complexes of 
20 f 8 [19j. 

The low mass region of Figure 4 is more 
complex than expected. The ions marked with * 
do not vary in intensity between different 
solutions, and are apparently related to the 
solvent and it's impurities. Peaks at the nominal 
masses of protonated methanol (33.1) and 
acetonitrile (42.0) are present together with 
peaks at 31.4, 45.4 and 67.4m/z. The free Na' 
and K' peaks are evident in all spectra in the 
series. At the low concentrations of the ESI-MS 
experiment, only a few per cent of the cations 
are bound, hence the free ion concentrations 
should closely reflect the total concentrations in 
the experiment. In Figure 4, the Na+ intensity is 
16.4 times the K' intensity, which can be 
compared to the stoichiometric ratio of 16 for 
this experiment. The same agreement is not 
found between the intensities of the Na' and 
(H2B + Nal' peaks: the former is calculated to be 
about 550 times more concentrated than the 
latter, not nearly equivalent as found by ESI-MS. 

DISCUSSION 

Is there a relationship between the species 
observed via ESI-MS and the equilibrium con- 
centrations of the same species in solution? 
Some of the results such as the determined 
Na+/K' selectivity of HZB, and other cases from 
the literature 17-91 suggest that the relation- 
ships is direct and quantitative. Others, such as 
the apparently random relationship between ion 
intensities and calculated concentrations in 
Table 11 clearly lead to the opposite conclusion. 
Some of the selectivity patterns observed by ESI- 

MS are entirely as expected, others are drama- 
tically attenuated. The principle of jurisprudence 
known as the "fruit of the tainted vine" asserts 
that if some portion of a witness' testimony can 
be shown to be false, then all testimony from 
that witness should be disregarded. ESI-MS does 
not suffer the vagaries of memory and motiva- 
tion that afflict human witnesses, but the 
principle is sound. If we cannot define the 
circumstances under which ESI-MS results are 
reliable, then we will be forced to regard all ESI- 
MS data with suspicion, and the reported 
correlations as fortuitous. 

Although the detailed mechanism of ion 
production in ESI-MS remains obscure [l, 201, 
there are some established features which 
suggest how the complex ions produced arise 
from the solution. In positive ESI-MS, the sample 
solution emerges into the source via a needle 
held at a positive potential relative to a collector 
plate in the low pressure region. Anions in the 
solution will migrate towards the needle, while 
cations will be repelled into the droplets that 
spray into the source and eventually product the 
cations observed in the mass spectrometer via a 
process of solvent evaporation and droplet 
fission [20]. Although we did not observe any 
chloride adducts in the experiments described 
and biopolymers frequently give spectra of 
counter-ion free molecular ions [l], associated 
anions can be seen in some ESI-MS data [3  - 5,7, 
91. The extent of counterion removal will depend 
on flow rate, solution conductivity, and other 
operational parameters [201. To the extent that it 
occurs, the environment of the drop immediately 
after it leaves the needle will be significantly 
different from the sample solution injected. 

Consider a simpler version of the equilibria 
involved with H2A and H2B based on a 
monoacid crown ether HC and a single metal 
ion complex of the conjugate base MC: 
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These two equilibria will respond to the electro- 
spray needle potential in different ways. The 
position of equilibrium (2) may be relatively 
unaffected by the migration of anions to the 
needle, especially if there is little interaction of 
the counterion X- with the complex MC and 
little initial ion-pairing with M+. Equation (1) 
will be more strongly influenced as C - could be 
drawn from the solution by the needle potential. 
This does not necessarily happen since the 
equilibrium (1) can shift to the left to remove 
C- more rapidly than C- diffusion and dis- 
charge at the needle can occur. The ESI-MS 
interface is a type of electrolysis cell where the 
circuit is completed by the ion current between 
the needle and the collector plate [20, 211. Both 
by anion removal and water oxidation, the 
solution will become more acidic [211. Thus as 
the sample solution flows through the needle the 
complexation equilibrium (2) will sluft to the 
left. As the drop breaks electrical contact with 
the needle, it will be more acidic than the 
injected sample, and will have a different 
equilibrium position than the injected sample. 

What evidence is there for this picture of 
acidification during positive ESI-MS? The spec- 
tra presented in Figures 1-4 all contain ions 
which are more protonated than expected based 
on equilibrium considerations. Only very stable 
complexes such as (A+2Ba12' appear in the 
expected deprotonated forms and even this type 
also show protonated relatives. Shifts in proto- 
nation state as a result of ESI-MS ionisation has 
been quantified for mixtures of ammonium salts 
1221, and protonated proteins can be observed by 
ESI-MS even from basic solution as a result of 
acidification during ESI-MS ionisation [231. The 
acidity of electrospray droplets can be very high 
as proteins routinely give polycationic charges 
which exceed by 15 -20% those expected on the 
basis of the lysine + arginine content of the 
protein [24]. Protein samples use additional acid 
to assist ion production, but even so it is clear 
that additional weakly basic sites, such as 
carbonyls or electron-rich aromatics, must be- 

come protonated. The complex ion IHZA + HI+ 
(Fig. 1) is an example of protonation on a weakly 
basic site. 

Other changes occur during droplet evapora- 
tion/fission. InitiaLIy the droplets are of the 
order of micrometers in diameter and maintain 
their charge as they evaporate [201. As the 
droplet shrinks the distance between charges 
decrease to a point (the Rayleigh limit) where 
droplet fission OCCLUS. The droplet does not split 
evenly into two, but typically looses 2% of it's 
mass and 15% of its charge to about 20 smaller 
offspring droplets [20, 2.51. The parent droplet 
continues to evaporate, further uneven fission 
occurs, and the process repeats. Gas-phase ions 
are produced from very small (nanometer) 
droplets by mechanisms which are incompletely 
understood [l, 201. The uneven fission of the first 
generation offspring can produce droplets cap- 
able of direct gas-phase ion production, so 
potentially only few fission events are required 
[20]. The time to the first fission of the parent is 
several hundred microseconds [ 191, thus rapid 
complexation and acid-base equilibria involving 
cations and crown ethers potentially have 
sufficient time to occur [261. The "solution 
phase" of the parent droplet is far from a well- 
mixed homogeneous equilibrium as the free 
charges will tend to migrate to the surface of the 
droplet to minimise repulsion [201. There they 
stand a better chance of being lost to small 
offspring droplets than do neutrals in the centre 
of the parent droplet. The subsequent fission of 
the offspring droplets occurs more rapidly, but 
still in the microsecond domain, and would be 
even less likely to reflect equilibrium considera- 
tions. 

Ion binding by crown ethers is a means to 
reduce electrostatic repulsion between adjacent 
cations, thus it is possible that the parent droplet 
surface could be enriched in crown ether 
complexes relative to the bulk of the droplet. 
The crown ether may also possess some surfac- 
tant property that would enhance this surface 
enrichment 1271. This postulated enrichment is 
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consistent with the spectra obtained from spe- 
cies which are exceedingly dilute in the source 
solution. It is also consistent with the lack of 
intensity of discrete cations uch as Na+ and K’ as 
discussed with reference to Figure 4. 

Given that the ESI-MS ionization process is 
complex, it is surprising that the spectra appear 
to be representative of solution equilibria under 
any circumstance. The electrospray ionization 
process provides a unique environment for 
complexation and acid-base reactions, and the 
spectra that result are inevitably dominated by 
the experimental conditions 122 -241. For pep- 
tides is it clear that ESI-MS spectra ”. . . do not 
reflect the equilibrium distribution of solution- 
phase protonation” [221. The data in Tables I1 
and 111 support a similar conclusion for the 
complexes discussed here. Yet as demonstrated 
in Figure 4, ESI-MS cnn provide selectivity 
information which is directly comparable to 
solution values. How can these two be re- 
conciled? The best examples of ESI-MS correla- 
tion with solution here and previously [7-91 
involve comparisons between closely related 
complexes. The inconsistencies all involve com- 
parisons between dissimilar complex ions. As 
noted above, particularly with reference to 
Figure 2, direct comparisons of ions of compar- 
able stoichiometry and charge appear to give 
reliable selectivity information, while compar- 
ison of ions of different charges leads to the 
opposite conclusion. 

Consider the case of ions of the same charge 
competing for a common ligand. In solution they 
will form some equilibrium mixture of complex 
ions. Whatever the process which leads to gas- 
phase ions, the two guests and their complexes 
will experience much the same electrostatic 
forces. Thus as they migrate to ever smaller 
droplets there will be little fractionation to 
distort the initial ratio of concentrations. In this 
case the ratio of ion intensities will accurately 
reflect the solution selectivity of the host. 
Conversely guests of different charge or com- 
plexes of differing stoichiometry will not re- 

spond to the electrostatic forces in similar ways 
and differentiation will occur during the electro- 
spray process. As a result, ion intensities will not 
reflect solution selectivities. 

The bottom line is that the type of experiment 
illustrated in Figure 3 is always doomed to fail 
while the type illustrated in Figure 4 is likely to 
be reliable. Mixed cases such as Figure 2 require 
cautious interpretation but can yield rank-order 
selectivities in favorable cases. 

EXPERIMENTAL 

Electrospray mass spectra were recorded using a 
Kratos Concept-IH mass spectrometer with 
Kratos electrospray interface. The electrospray 
needle was held at +7 kV relative to the 
electrospray chamber at ground. The accelerator 
and end-plate potentials were + 4.5 kV relative to 
ground. Nitrogen drying gas was held constant 
at 25psi and 50°C. A constant solvent flow of 
2 pL/min was delivered via syringe pump. 
Initial experiments used 20 JLM gramicidin-S in 
the bulk solvent flow as an internal mass 
calibration standard, and for monitoring the 
resolution and stability of the electrospray. This 
introduced low levels sodium, so later experi- 
ments used metal-free N,N’-ditetradecyl guani- 
dimum chloride (281. 

The synthesis of H2A and H2B have been 
previously described [lo, 291. Residual cation 
impurities were removed by ion exchange as 
previously described [121. Salts were analytical 
grade and were used as received. An aliquot 
(1OOpL) of the stock solutions of the crown 
ethers in acetonitrile, and aliquots of the salt 
solutions in water (total 100 JLL) were combined 
to produce the sample for analysis. Samples 
(60 nL) were injected into the following stream 
and spectra were taken continuously. Scans of 
interest were averaged; typically 10 - 15 scans 
were used. Mass calibration used the reference 
regions which preceded and followed the 
sample. Data were exported as a list of masses, 
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intensities, and widths which were subsequently 
displayed in bar-graph form for the Figures. 
Replicate injections of the same solutions, or of 
different preparations of the same solutions, 
differed by less than 5% in the relative intensities 
of the complex ions discussed. 
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