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Abstract

The position of the spray-head, the solvent, and a variety of additional instrumental parameters
were independently adjusted during electrospray ionization mass spectrometric (ESI-MS) analysis
of an equimolar mixture of two different ions. These parameters were found to have drastic effects
on the distribution of signal intensity from one ion to another, and therefore the resulting usefulness
of acquired spectra. The analytes studied were bis(triphenylphosphine)iminium (PPN) chloride
and tetramethylammonium (TMA) chloride, two chemically distinct ions. The use of these two
ions in a test solution yielded information regarding ESI probe spatial effects for two very different
analytes, while probing the issue of sampling efficiency. Each experimental parameter was
individually adjusted prior to rastering the spray head across the operational plane in order to
observe how adjustment to a particular parameter affects analyte signal in relation to the distance
from the MS aperture. Following acquisition, the intensities of both ions were plotted as ion
contour maps demonstrating the intensity change with respect to capillary position in relation to
the mass spectrometer aperture. The sharp contrast in ion intensity, and even differential ion
activity, with relatively minor instrument changes (such as temperature programming, gas flow
rates and solvent choice) clearly demonstrates the importance of finding the “sweet spot” for the
ESI spray head, especially when signal intensity and a quality analysis is key.
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Highlights
e Several mass spectrometric experimental parameters and their effects on analyte response

were investigated.

e The response of bis(triphenylphosphine)iminium and tetramethylammonium cations was
measured across the moveable range of the ESI source spray head.

e Contour plots were used to develop a three-dimensional sense of spray head position
effects on ion intensity.

e Using the contour plots we are able to examine how changes to the experiment settings
affect differential activity in analytes across the operational plane of the ESI-MS source.

Graphical abstract
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Introduction

The electrospray process is complex enough that following several decades of widespread use, the
exact mechanism of producing gas phase ions from condensed phase analytes in solution continues
to be scrutinized. Adding to the complexity of the electrospray process is the development of
varied source designs and geometries. Common designs include the TurboV from MDS SCIEX,
the lon Max from Thermo, along with the Waters/Micromass Z-Spray source design which is dealt
with in the present work (see figure S14 in the supporting information).

The spray head of an electrospray ionization (ESI) source contains a thin, highly charged metal
capillary through which the solution to be analysed is pneumatically forced. The exact position of

the capillary tip can often be changed, depending on the source design.l! The spray head position

2



is adjusted until an optimal intensity is achieved for the species under observation. While generally
effective, the lack of a systemic approach exemplifies the need to study and understand how
operating parameters such as spray head position, gas flow rates, and temperature programming
all factor into obtaining high-quality ESI mass spectra.

Electrospray ionization mass spectra can be very sensitive to changes in source conditions, and
there are many parameters that can be changed in order to optimize a particular experiment.l?!
Electronically, the most significant settings are the capillary voltage and the voltage between
skimmer cones which affects the electric field as the spray head position is adjusted which can
have an effect on spray stability.l®l Thermally, the temperature of the source and of the desolvation
gas can be independently adjusted over a wide range (typically from ambient to several hundred
°C). Volumetrically, the desolvation gas flow rate (as well as any auxiliary gas flows used to
enhance desolvation) can be adjusted from tens to hundreds of litres per hour. Spatially, there are
often limited adjustments to be made depending on the exact instrument being employed, but
generally the position of the spray capillary can be moved in two directions with respect to the
skimmer cone (forwards and backwards, side to side) and this position can be optimized against
the other parameters.

As experimentalists, we are used to reporting parameters that impact upon the data we collect, but
these reported parameters very rarely extend to the physical geometry of the source. Typically,
this position is left alone, but is sometimes tweaked to wring out additional performance or perhaps
moved more substantially if spray conditions are adjusted. For example, in our own research we
use charged tags to “light up” components of a reacting solution and, because these tags have been
designed to be highly lipophilic and have non-coordinating counter ions, they are highly surface-
active and therefore provide extremely intense spectra even at very low concentrationst* €. This
highly attractive attribute does have a downside - it limits the upper concentration that can be used,
and sometimes we take the step of detuning the instrument to reduce the sensitivity. Reducing
sensitivity by adjusting the spray head position is common procedure for ESI-MS; however, the
effect this has on analyte response is poorly understood and could end up adversely affecting
results if one species becomes substantially overrepresented.[”!

We were interested in gaining a more quantitative picture of the effects of spray head position, as
we have noticed the often dramatic effect this can have on ion intensity. In particular, we were
interested in differential effects, that is, where moving the spray head affected one signal more
than another. Electrospray ionization has become increasingly popular as an investigatory tool in
the study of reaction mechanisms % and its explorative capacity may be strengthened with a
greater knowledge of instrument response with respect to the position of the capillary spray head,
along with other experimentally-controlled conditions. In particular, it is important for
reproducibility purposes across different concentration ranges that we are not perturbing the
relative response of different ions, because such effects may provide misleading kinetic data.



Because we mostly use permanently charged ions in our analyses of catalytic reactions by ESI-
MS, 111 we selected two such cations of drastically different mass and shape. [NMes]* is small
(m/z 74; tetramethylammonium = TMA) and near-spherical; [(PhsP)N]" is large (m/z 538;
bis(triphenylphosphine)iminium = PPN) and dumbbell-shaped (Figure 1).
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Figure 1. The two cations investigated in this study. Space-filling models were generated from
published crystallographic data files.[*!

In polar solvents, the latter is less well solvated and therefore more likely to be found on the outside
of a charged droplet, i.e. PPN has higher surface activity and is therefore generally over-
represented in the spectrum!*®l. Because the two cations are quaternary ammonium ions (the
chloride salt was used in both cases), both are fully dissociated in solution. Sufficiently high
concentrations of such salts will cause the observation of aggregates of the form
[(cation)n+1(anion)s]* in the positive ion mode,[**! but these experiments were run at sufficiently
low concentration to avoid appreciable quantities of such aggregate ions. Furthermore, it should
be noted that because both compounds are the chloride salt, and m/z 50 is the lower limit of the
mass range of our instrument, investigations were carried out in the positive ion mode exclusively.

Results and Discussion

[NMe4]CI and [(PhsP)2N]CI were mixed in a 1:1 molar ratio, and run at a concentration of 26
umol-L2. This concentration was chosen after experimenting with a range of values, and this
concentration avoided aggregation issues while preserving good intensity across the range of



parameters investigated. Rate of infusion can alter relative ion intensities; thus, a constant infusion
rate of 10 pL/min was employed for all experiments. A full table of experimental conditions is
available in the supporting information (Table S1). Additionally, a cross section diagram of the
Q-ToF Micro and Z-Spray source may be found in the supporting information (figure S14). The
spray head was rastered across an area 11.25 mm in the y direction and 7.5 mm in the x-direction
in 0.75 mm increments. Data were collected throughout this process and manipulated in Excel
2013 and OriginPro 9.1 to generate a 3D surface of intensity vs. position for each ion. These
contour plots have been color-coded for interpretability such that PPN ion intensity is represented
with blue and TMA with green. Scan times were set between 1 and 5 seconds with an interscan
time of 5 seconds to allow for repositioning of the capillary. Each 3D map involved the collection
of 160 unique spectra, and a total of 320 intensity values (one for each of TMA and PPN in each
spectrum).
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Figure 2. lllustration of the spray head in its most distant position with respect to the aperture.
The grid defines the locations of each analysis. A photo of the ESI source with an overlaid grid

may be found in the Sl (figure S15).

The general response to capillary position was largely as anticipated; that is, when the capillary
was at its most remote, ion intensity was low, and as the capillary was moved closer, ion intensity
increased. This behavior is illustrated in Figure 7, a contour map of ion intensity of the [PPN]* and
[NMes]™ cations versus capillary tip position, where the x and y values are in millimetres away
from the closest possible position to the cone aperture.

It is immediately evident from numerous experiments (see Sl figures S1-S13) that there is a large
area in which ion intensity is consistently strong, near where the capillary and instrument aperture
are closest. When they are most distant, there is a large dead area of little to no intensity. In several
experiments; however, the region of maximum intensity for PPN and TMA was observed at a far
y-axis distance but a shallow x-axis distance.



However, closer inspection reveals divergent behavior that becomes obvious when observing
instantaneous spectra from the greatest and shortest distance to the mass spectrometer cone in the
area sampled (Figure 3).
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Figure 3. Mass spectra of 0.0260 mM PPN (m/z 538.2) and TMA (m/z 74.1) in acetonitrile for
capillary positions (a) far and (b) near the mass spectrometer aperture

A better way of visualizing this is to plot each contour map as a surface in order to observe
divergent behaviour, or even more plainly, plotting the intensity of the two ions together (Figure
4). At most cone-capillary distances (shorter distances in particular), the spectrum seems to consist
almost entirely of PPN, and the reverse is true at long distances, albeit in a narrower region.
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Figure 4. Overlaid ESI-MS intensities of an equimolar mixture of PPN and TMA at varying
capillary positions. Note the divergent behaviour far from the MS aperture. Refer to table S1,
experiment 4, in supporting information for experiment parameters.

The nature of the two ions gives us a clue in explaining this behavior. TMA, being small and near
spherical, has a substantially lower collisional cross section than PPN, and this may be important
when ions are being drawn electrostatically into the instrument from long distance. A greater ion
mobility may mean it is more efficiently transferred into the mass spectrometer. However, at closer
distances, PPN dominates the spectrum, perhaps due to a greater affinity for the surface of the
droplet (i.e. a higher surface activity due to it being a bulky and relatively hydrophobic cation).

In a more prosaic sense, the results demonstrate just how sensitive the ESI mass spectrum can be
to instrumental settings in cases where the ions are dramatically different in nature. Simply
applying a response variation factor to two different ions without ensuring that other parameters
are equivalent is a recipe for results that are misleading at best. Given the dramatic differences in
response factor that we saw with probe position, we set out to determine if these differences were
consistent when we changed other parameters such as solvent, desolvation and cone gas flow rate,
and source and desolvation gas temperature.

Solvent effects



The relationship between surface activity, solvent and ion signal in electrospray has been
investigated previously in our group and many others;*>-2 however, the importance of capillary
position relative to the sample cone has only limited detail in the literature.[?>261 Zenobi showed
that solvent polarity increases when the droplets become smaller at the periphery of the plume or
further away from the emitter.l?”l Though a great variety of solvents and ESI source arrangements
have been utilized, the relationship of these two parameters together has not been rigorously
investigated. (128301 Our investigations using multiple solvents clearly demonstrates capillary
position is an important factor in ion selectivity. The effect on ion intensity from one solvent to
another can be dramatic and should be taken into account for any quantitative experiments.

Running the experiment in methanol instead of acetonitrile led to almost complete suppression of
the TMA signal by PPN, by a factor of greater than 1500:1 across the entire area examined (Figure
5). In fact, the only region where TMA had any appreciable intensity at all was when the capillary
was near the cone in the x direction, but far from it in the y direction. This increased ion segregation
is presumably a function of the enhanced solvation of TMA vs. PPN in methanol, leaving the PPN
to occupy the surface sites of the droplets and over-representing the PPN ions accordingly.
“Offspring droplets” are thought to carry disproportionate quantities of the excess charge (~15%)
compared to the total mass (~2%) of their precursors, 1331 and hence we may expect that sampling
the plume at distance may increase the amount of the most surface-active ion observed.
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Figure 5. Intensity vs. capillary position for a) PPN vs. b) TMA in methanol. Note the
difference in the vertical axes in the two plots (0-150,000 vs. 0-500). Refer to table S1,
experiment 5, in supporting information for experiment parameters.

Spectra collected from water displayed behavior similar to methanol, with PPN dominating the
spectrum nearly everywhere, but the regions of high intensity were even more localised (Figure
6). The dead zone for PPN was large, and extended into the area where the capillary was close to
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the cone. This behaviour is almost certainly a function of the fact that the desolvation conditions
were not optimized for water, and the degree of droplet desolvation was likely insufficient at
shorter distances. Buildup of water on the baffle opposite the capillary is evidence for insufficiently
vigorous desolvation conditions.
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Figure 6. Intensity vs. capillary position for a) PPN vs. b) TMA in water. Note the orders-of-
magnitude difference in the vertical axes in the two plots. Refer to table S1, experiment 11, in
supporting information for experiment parameters.

The nature of the electrospray process supports the differences observed between solvents. The
nebulization of solvent droplets with high charge density promotes liberation of highly mobile ions
from the droplets. As a result of the differential ion mobility between PPN and TMA, one ion may
be given preference for desolvation and appear relatively overrepresented.}1%¢1 PPN
overwhelmingly dominates in most solvents, indicative of the high surface activity of the bulky
ion. In spite of this, optimal positioning of the capillary is a key factor as evidenced by the poor
desolvation of PPN in much of the 2D plane when in water. Due to these discrepancies, movement
of the spray head outside of the “sweet spot” during analysis could lead to substantial quantitative
error.

Gas Flow Rates

The cone gas and desolvation gas flow rates may be adjusted across a wide range and are known
to alter the response of the instrument. With this in mind, the experiment was performed with
varying nitrogen gas flow rates. The sample cones (or skimmer cones) are in place to provide a
smooth transition between the atmospheric pressure of the ESI source and the high vacuum of the
mass analyser. While the sample cone is set perpendicular to the spray capillary to avoid
contamination, a flow of nitrogen gas is required for added protection of the cone and may be



manually adjusted by the operator. The cone gas flow rate varies based on a variety of factors, but
it is generally set between 100-300 L-hrt. Plots were collected with low cone gas flow rates of
100 and 50 L-hr! for the sake of comparison. As seen in Figure 7 (a and b), the difference in flow
rates was observed to have minimal effect on the intensities of either of the two ions across the
area sampled. Both plots for 50 and 100 L-hr! cone gas flow rate show similar profiles and
intensity across the entire area plane, suggesting a higher flow rate may be an unnecessary strain
on gas reserves unless solvent adducts or cluster ions are observed.
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Figure 7. PPN (above) and TMA (below) lon Intensity at 0.260 mM in MeCN with a) 50
L-hr'? cone gas flow rate and b) 100 L-hrt. Refer to table S1, experiments 2 and 3, in
supporting information for experiment parameters.

Conversely, dramatic changes are observed for changes to the desolvation gas (Figure 8).
Desolvation gas is the heated nitrogen flowing over the stream of droplets produced by the source
to assist in desolvation of analyte ions. Adjustment of the desolvation gas has a large effect on the
response of each ion which clearly demonstrates the importance of desolvation gas flow rate in
facilitating the transfer of ions to the gas phase.

Flow rates of 50-200 L-hr! provided very similar results, but at 25 L-hr! the intensity of PPN
dropped off considerably, suggesting inadequate desolvation, except perhaps near the center of the
plume (i.e. where the capillary is close to the cone). The increase in intensity near (0, 0) for the
lowest gas flow rate is very likely due to the increase in field strength as the capillary approaches
the MS aperture. Predominantly, the results obtained for changes to the desolvation gas flow rate
are intuitive and do not contribute appreciably to differential response. As expected, either ion has
a distinct range in which its response is maximized which may be exploited depending on the
nature of the analyte. Unwanted suppression of an analyte could be minimized by adjusting not
only the capillary position, but also the desolvation gas flow rate.
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Figure 8. PPN and TMA lon Intensity at 26 uM in MeCN with a) 200 L-hr'! desolvation gas
flow rate, b) 50 L-hr'! and c¢) 25 L-hr. Refer to table S1, experiments 4, 6 and 8, in supporting
information for experiment parameters.

Temperature Programming

Temperature programming for the average electrospray ionization source setup involves two parts
of the ESI source: the probe (usually referred to as the “source temperature) and the warmed inert
bath-gas (the “desolvation temperature”). ESI-MS temperature programming effects have been
studied in some detail, though not spatially. Previous studies have demonstrated the importance
of temperature programming and the potentially profound implications temperature has on the
electrospray process. 7% Temperature has been shown to have considerable effects in ion
mobility ESI-MS by facilitating desolvation or causing potential issues in the thermal denaturation
of proteins upon analysis. %% Source and desolvation temperature are independently controlled
and they affect the transfer of solvated analytes to desolvated ions in different ways; therefore, the
effects of each will be discussed separately.

Source Temperature

The temperature of the source is generally set around the boiling point of the solvent used (or
higher) in order to promote desolvation. For example, analysis of aqueous solutions would
necessitate the source temperature to be set to 100°C or more to promote solvent evaporation.
Three source temperatures were studied using the same equimolar mixture of PPN in acetonitrile
(b.p. 82°C) for adequate contrast: slightly above the boiling point at 89°C, 39°C and 150°C. In
these three trials, the desolvation temperature was held constant at 189°C.

Variation in source temperature had an effect very similar to that of variations in desolvation gas

flow rate. That is, lowered temperatures led to appreciable ion counts only when the capillary was
close to the aperture (Figure 9). An increase in source temperature promotes desolvation and thus

11



signal intensity. Furthermore, the increased source temperature vastly improves analyte response
over the majority of the capillary plane when compared to a lower source temperature. A wide
region of high-intensity signal that appears at high temperature is shared by both PPN and TMA.
At lowered temperature, the signal for TMA is much more sharp and localized close to the source.
In comparison, the signal for TMA at the same (lowered) temperature is relatively localized to the
source (compared to the signal) but is also much broader. This is a testament to how small and
highly mobile ions, such as TMA, are readily evaporated from the electrospray plume even at
reduced temperatures. Notably, the increase in temperature from 89°C to 150°C gave rise to only
minor changes in the contour plots for both PPN and TMA. Maximum intensity remained
relatively constant between trials, though high signal intensity persisted for greater “y” distances
from the MS aperture at a source temperature of 89°C than at an elevated temperature of 150°C
(Figure 9). This indicates that attempting to gain greater sensitivity by adjusting the source
temperature high above a solvent’s boiling point is not necessary unless the ions are particularly
difficult to liberate from the solvent (not the case here for these hydrophobic ions, but definitely
an issue for more highly functionalized molecules such as peptides). Instead, source temperature
should be held slightly above the boiling point while other parameters are adjusted.

Intensity

Figure 9. PPN and TMA ion intensity at 26 uM in MeCN with a source temperature of a) 39°C,
b) 89°C, and c) 150°C. Refer to table S1, experiments 4, 10, and 13, in supporting information
for experiment parameters.

Desolvation Temperature

In the investigation of desolvation temperature effects the source temperature was held constant at
the boiling point of the solvent used. Instrument response seemed quite insensitive to desolvation
gas temperature - the contour plots for both 89°C and 189°C are very similar in terms of overall
shape and intensity (Figure 10). These results suggest the warm bath gas temperature is not as
important as other parameters in tuning signal intensity. As seen in Figure 10, a 100 °C decrease
in desolvation temperature produces little difference in maximum intensity for both PPN and
TMA. However, the profiles of both ions at differing desolvation temperature are somewhat
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interesting. There is clearly an elongated area of sensitivity stretching away from the MS aperture.
It seems that the decrease in desolvation gas temperature yields a more particular profile in which
larger “y” distances become more accessible, though the favorable “x” positioning is narrowed
perpendicular to the aperture. The higher temperature seems to preserve the surface activity
advantage of PPN across a wider range of distances. At the lower temperature and furthest extents,
TMA is relatively competitive with PPN, as seen by the divergent behaviour in Figure 10. This is
probably due to the fact the smaller ion has higher mobility and hence is more efficiently

transported across the long distance from capillary to aperture.
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Figure 10. PPN and TMA ion intensity at 26 uM in MeCN with a desolvation temperature of a)
189°C and b) 89°C. Refer to table S1, experiments 4, 10, and 13, in supporting information for
experiment parameters.

Experimental

Solvents and chemicals were purchased from Sigma-Aldrich. Anhydrous and air-free acetonitrile
and methanol were purified with an MBraun solvent purification system before use. Deionized
water was obtained from a Millipore Milli-DI water purification system. Equimolar 100 mL
solutions of bis(triphenylphosphine)iminium chloride and tetramethylammonium chloride were
separately prepared in a variety of solvents at a concentration of 26 pumol-L™2. This solution was
fed into the ESI source through the use of a syringe pump and a Hamilton GasTight analytical
syringe connected to a fixed length of PEEK tubing. The flow rate was set to 10 uL-min for all
experiments. Prior to each run, instrument cleanliness and stability and was ensured through
rinsing with the appropriate solvent and acquisition of stable analyte signal from the subsequent
sample solution. After achieving a steady signal the spray head was moved to a known position,
furthest from the mass spectrometer aperture. Data points were acquired with 1-5 seconds of scan
time and 1-5 seconds of interscan time. The relatively high scan and interscan times ensured that
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high quality data was obtained and plenty of time was allotted for smooth movement of the spray
head to each desired position in the xy plane. Movement in the xy plane was tracked by markers
affixed to the ESI probe adjustment collars, corresponding to a distance of 0.75mm in the x-
direction and 0.75mm in the y-direction. Several runs were repeated in the forward and reverse
direction, then compared to ensure reproducibility of the data acquired. Furthermore, the
experiment was found to have excellent reproducibility through the comparison of several trials
performed with the same experimental parameters. Data analysis was assisted by Chemcalc.org.“!]

Instrument Parameters

All electrospray ionization mass spectra were collected in the positive ion mode on a Waters
Micromass Q-TOF Micro mass spectrometer. While many settings were adjusted throughout the
course of the experiments, the following parameters were left constant throughout. The capillary
voltage was held at 2.9 kV, cone voltage at 15.0 V, and extraction cone at 0.5 V. The collision
energy was left quite low at 2.0V since the intrinsic charge of the analytes used effected an
excellent signal. The MCP detector on the instrument was set to 2.7 kV. Most other parameters
varied according to what was being investigated during that particular experiment. Inter-scan time
varied according to the operator’s preference, as each operator may require more or less time to
reach the desired acquisition point. Accordingly, inter-scan time is not expected to have any effect
on data acquisition. Several trials were run with similar conditions and combined to form an
average of several runs. In the event that the scan time differed, the runs were weighted based on
scan time before averaging. Once completed the data from the run was extracted through selected
ion monitoring (SIM) of m/z 538.2 for PPN and m/z 74.1 for TMA and was subsequently plotted
by relating the acquisition time of individual points to the position of the spray-head.

Conclusions

The relative and absolute ion abundances of PPN and TMA cations were examined with respect
to capillary position for a range of common experimental parameters for ESI-MS. In general, the
evidence obtained suggests variation in the x-axis distance between the MS aperture and the spray
head have a greater impact on signal intensity than do changes in the y-axis. Discrepancies in ESI-
MS response to different analytes is a well-known phenomenon, which can be affected greatly by
experimental conditions as evidenced by the data collected.

However, the geometry of the source not only affects the overall sensitivity of the technique, but
in extreme cases, the relative response of two ions can even reverse. It is important to keep this
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divergent behaviour in mind when implementing ESI-MS due to the great deal of tunable
parameters, variations in sample preparation, source geometries and designs, and supplementary
variables associated with ESI-MS analysis.
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