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ABSTRACT
Brandon G. Santiag&haracterization and Improvement of Differential lon Mobility
Spectrometryseparations
(Under the direction of Gary L. Glish)

The high sensitivity and rapid analysis times of mass spectrometry have led to its
importance as an analytical technique; however, low sigraladickground ratios and
isomeric/isobaric interferences can be problematic during the analysis of complex snixture
Separation techniques such as chromatography and electrophoresis are often coupled to mass
spectrometry prior to ionization to reduce the complexity of the subsequent mass analysis but
these separatiorsse often the speed limiting stdpostionizationseparation techniques such as
ion mobility spectrometry are much more rapid and can also be used prior to mass analysis,
either as a standlone separation method or as a complementary separation step after a liquid
phase separation

At the low electric field strengths used in many ion mobility techniques the mobility of
the ions is independent of the electric field strengttd and ions of the same charge state are
separated based their collision crssstion. Thevork described hereicouples differential ion
mobility spectrometryDIMS) separations to mass spectromelMS devicestake advantage
of the fact that ion mobility becomes dependent on electric field strenigitpheglectric fields
strengthg>10.0 kV/cm). By alternatingoetween low and high electric field strengths, DIMS
devices separate ions based on the difference between their mobilities in lbigtaatectric

field strengths.



Many factors influence the separation achieved with DIMS devices. This wgnksby
examining he role of the mass spectromedesolvation gas in keeping solvent vapors from
entering the DIMS devices and affecting the DIMS separation. Work charactéhieing
intraDIMS fragmentation of peptides is then described, including heWwDiMS carrier gas
temperature and composition affect the fragmentation of ions as they travel through a DIMS
device. The improvement of DIMS separations via two distinct methods are then explained. The
first is the use of a newly developed technique winethe compensation field applied to the
DIMS device and the amount of helium present in the DIMS carrier gas are scanned
simultaneously. The second is the intentional addition of solvent vapors to the DIMS carrier gas,
which is applied to the separatiohfour glucose isomers and also the separation of three

phosphorylated éxose



AThereds been highs and | ows, fast | ane
Cursed the devil and prayed to heaven, lost it all and we rolled some sevens
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CHAPTER 1: INTRODUCTION TO DIFFERENTIAL ION  MOBILITY
SPECTROMETRY

1.1.Introduction to Separations Prior to MassAnalysis

Thehigh sensitivity and rapid analysis times of mass spectrorhatgied to its
importance as an analytical technique; howglosy signatto-background ratioand
isomeric/isobaric interferences can be problenthiringthe analysis of complex mixtures.
Separation techniquesich as chromatography and electrophoresis are often couphed$o
spectrometry prior to ionizatiaiw reduce the complexity of the subsequent mass anblysis
these separatiortsin be time consumg [1]. Postionization separation techniqussch as ion
mobility spectrometry (IMSare much more rapid amén also be used prior to mass analysis,
either as a stardlone separation method or ascenplementary separation stfper a liquid
phase separatiof2-5]. A commonly used ion mobility technique, drift ®imn mobility
spectroretry (DT-IMS), is depicted in Figure 1.4nduses an electric field to force ions the
length of a drift tube filled with a buffer gg%]. The ion mobility K) through the buffer gas
depends directly upon the collisional cregstion of the ion and buffer gas by the Mason

Schamp equation:
+ - — T (1.3)
whereks is the Boltzmann constamhis the reduced mass of the ion and buffer gasthe ion

chargeNi s t he number density of t hesettionfofftreron gas,

in the buffer gagd6]. At the low eletric field strengths used in BDIMS (typically less than
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Figure 1.1. Schematic of a DFIMS instruments. A voltage gradient is created using
successive ring electrodes separated by resistors. lons with small ckssgtion in the
buffer gas (red circles) traverse the drift tuke and reach the detector in less time

350V/ cm) an ionds mobility is i[f Redaediondmlility o f
techniquestravelling wave ion mobility spectrometry\WIMS) and trapped ion mobility
spectrometry (TIMS), have been used more in recent years and also operate in the low electric
field strengthregime [8-11]. Although the instrumentation in these techniques is quite different
from DT-IMS, in TWIMS and TIMS ion mobility is still independent of the electric field
strength[12,13] One keybenefitto these bw field techniquess that theyallow for the
determinatiorof thecollisional crosssectionof the ion,which can baised to differentiate

between species indistinguishable by mass spectrometry

1.2.Introduction to Differential lon Mobility Spectrometry

Thelow field mobility separation techniquegscribed aboviinction at electric field
strengthsat which ion mobility is independent of field strendttowever,as E is increased ion
mobility becomes dependent &N in a complex functiofwhere N is the number density of the
gas) that is characteristic of the i¢6,14-16]. The value at which thidependence begiisnot
well defined but is typically considered to &gproximatelyl0.0 kV/cm [17]. Once theelectric
field strengthis increased above this value there exist thragsion mobility can change as a
function ofelectricfield strength, with the magnitude of the mobility shift being compound

specific.The red trace in Figure 1r2presenttiow theion mobility changedor many ions, with
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those ions have mobility thatdecreases as electric fidttengthincreases. Alternatively, the

ion mobility can increase with increasing electric field streagthepresented by the blacice

in Figure 1.2lons with mobility that follows the third type efectricfield strengthdependence

are represented by the bliace and have anobility thatincreass and then decreasas the

electric field strength isaised Differential ion mobility spectrometry (DIMS) takes advantage of

ion mobility depending on E/N and separates ions based on the difference between ion mobility

in high and low electric fieldsThus, one advantage of DIMSthat it has the ability to separate

ions with equal low field mobilities (that would not be separable using low field techniques) but

have mobilities that depend on electric field strength in unlike ways or to different extents.
Differential ion mobility spectrometers consist of two paradlectrodes separated by a

gap. These elémdes can be planar, as used throughaatwork or consgst of two concentric

cylinders.A simplified depiction of the DIMS devices used in this Wwe shown in Figure 1.3

with the DIMS electrodes shown in gray and three ions with various differential mobilities

represented bsed purple, and green circléd/hen interfaced to a mass spectrometeéhe way

K (cm?/ Vs)

Electric Field Strength (V/cm)

Figure 1.2. Depiction of the three types of ion mobility dependence efectric field. The
light blue box highlights the B> range over which ion mobilities depicted by the blue
trace are greater at high electric field strengths than at low electric field strengths, but
also decreasing as electric field strength is increased



done throughout this wottke gas flow into the mass spectromésiiown by the red arrow in
Figure 1.3)draws ions and gases present at the entrance to the DIMS device through the
electrode gapAn asymmetric rf waveforrthat alternates between low and high voltages of
opposite ptarity is appliedto the electrodes. Thus, the electric field strength between the
electrodes alternates in time betwé®mm (E) and high (k) electric fieldsstrengthf opposite
polarity. The motions otheions in the direction of the electrodes dgremach portion of the
waveform are represented by the line of the corresponding Ealang the timespentin the
low field strengthportion of the waveform {t ions are displaced toward one electrode some
distancg(d) proportional to the low field nwmlity (K|) (Equation 2)Then, diring the timespent
in the high fieldstrengthportion of the waveform (}, ions are displaced toward the opposite
electrode a distandeh) proportional to the high field mobility @ (Equation 3] 16].
d = KiEt (1.2)
dh = KnEntn (1.3)
Design of the waveform such that|E Exth yields the net ion displacemeior each
period of the waveforrto be proportional to the difference between the high and low field
mobilities (Kn - Ki). Thisnetdisplacement is integrated across the transit time through the DIMS
device and ions are separated in space by the difference in their net displacemeatd tovesof
the electrodes. Themplitudeof the highelectricfield strengthportion of the wavefornfrom
zero to peaks commonly referred to as the dispersion voltage, or expressed as a dispersion field
(Ep), and is the equivalent ok ih the above equ@ns. For a waveform with|e= Entn, an ion
that has equal Kand K, would have no net displacement and pass thrtugBIMS deviceinto
the mass spectrometer. The net displacement of ions with K&an be offset through the

application of a dc compensation voltage to one of the electrodes. Also expressed as the



compensation fielEc), an appropriate compensation voltage counterbalancesthe
displacemendf ionstowards an electrode, thus passmgs with a selected i K| to the mass
spectrometern Figure 1.3, a Ec is applied such that the trajectory of the purple ion is stable
and it passes through the DIMS device and into the mass spectrdoretevith a differenKy -
K, will strike theelectrodes and be neutralizes occurs to theedand green ions in Figure 1.3
The compensation field can be held constant, such that DIMS acts as a filter for an analyte of
choice, or scanned to sequentially pass ions wvétlous differential ion mobilitiegl8]. The
ability of DIMS to act as a filter for ions of interest is another benefit over low field techniques,
as it can allow for continuous analysis of the analytetef@stwhereas low field techniques
cannot6,18,19]

An example ofr DIMS separation is shown in Figure 1.4 using the peptide bradykinin
(RPPGFSFPR)The total ion curreras the k£ is scannedt anEp = 29.2kV/cm is shown in
Figure 1.4aThe three peaks present in the scan makpparent that ion populatiomsth at

least three distinct differential mobilities passough DIMS at different & The mass spectrum

=l
=

N

i e et
‘e

Figure 1.3.lllustration of three ions being separated by a DIMS device with an &
applied that corrects for the trajectory of the ion represented by the purple circle.
The movements of the ions represented by the red, purple, and green circles are
depicted by the dotted, dashed, and solid lines, respectively, of the corresponding
color



collected when DIMS is inactive (& 0kV/cm, Ec = 0 V/cm) is shown in Figure 1.46his
spectrums dominated by a peak a/z354 but also has a prominent peakné531. Those two
peakscorrespond to theM+3H]** and[M+2H]?* ions of bradykinin. This mss spectruroan be
compared to the mass spectra averaged overcthenges highlighted in colon Figure 1.4a
Over the k& range highlighted in red, for which the mass spectrum is shown in Riglaeboth
the[M+H]*" and[M+H]?" ions of bradykinin are neutralizdxy collisions with the DIMS
electrodegprior to entering the mass spectrometer. This causesrtippulation detectet no
longer consist mainly of bradykinin iorend lower abundance species account for the ion
current detected. Although the intensity of the three peaks in Figure 1 rdadirely similar,
the signal intensity scale Figure 1.4c is significantly lower because the current detected is spread
across numerous masscharge ratios and no single peak dominates the spectrum.
Alternatively, theM+H]3* and[M+H]?* ions of bradyinin can each be selectéar based on
their differential mobility as shown in Figures 1.4d and 1.4e, respectiigihyough the mass
spectrometer could be used to distinguish between many of the ions present in this example
based on mag®-charge, the wsof DIMS can aid in the detection of low intensity ions at the
same masto-charge ratios as the more abundant ions. Using DIMS can also allow for selective
accumulation of the ion of interest when using trapping mass spectrometers.
1.3. Methods to Improve DIMS Separations

Improvement of DIMS separation characteristics has been a major focus of DIMS
research and a few approaches have beest commonly used’he most common of these
methods is to increase E/N, typically through increasing the appliedtBough an equivalent
method would be to raise the carrier gas temperature which would lof2€¥26]. The electric

field strengthdependence of the ion mobility changes as a function of the molecular structure
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Figure 1.4. (a) Trace of total ion current as k is scanned with bb = 29.2 kV/cm for a
bradykinin sample. (b) Mass spectrum of the bradykinin sample with DIMS inactive.
Mass spectrum averaged over the Eranges (¢)100-175 V/cm, (d) 200225 V/cm, and
(e)310-340 V/cm with Eb = 29.2 kV/cm using a bradykinin sample



and increasing f=generally improves the

opportunity for differences in those 10- ED =16.7 kVicm

(@)

dependencies to be detected. 08

nsity

Furthermore, most systems are set up to § o¢.

apply a range of g&=and thus no alteration of the ¢ (,
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system need occur to examine the separation ast , |

a function of b5 [20,22,23,2729] An example 00

of the improvements that can be made by ED =250 kV/cm
increasim Bp is shown in Figure 1,5vhere the l‘0_(b)
DIMS separation of two sugar isomers detected "
atm/z259 is shown. At the lowesbEFigure "
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Figure 1.5. Traces of signal intensity for

composition of the gg80]. This potential for ~ M/z259 during Ec scans for a sample
containing two isomers at
() Ep = 16.7kV/cm, (b) Ep = 25.0 kV/cm
(c) Eb =33.3 kV/cm




arcing pts an upper limit on thelectricfield strength that can be applied.

The B might also be limited because the movements of the ions in the DIMS gap
orthogonal to the electrodes are influenced bytke charge state of the ion, and the carrier gas
composition[20,31] The ion movement can lead to the deposition of internal energy into the ion
via energetic collisions with the DIMS carrier gas, potentially causing DiféS isomerization
and/or fragmentation of iorj28,29,32,33]Depending on the goals of the analysis,
isomerization or fragmentation can result in a loss of the information desired from the DIMS
separation.

Within the limits set forth by electrichireakdown and loss of structural stability, many
compounds cannot be separated solely on how their mobilities change basedwootier
method used to improve the DIMS separation of ions is to add solvent vapors to the DIMS
carrier gag34-37]. These typicdy polar moleculegravel through the DIMS device with the
ions andntroduce an added level of chemical specificity based on differences in how they
interact with ionsHow the solvent molecules affect the differential mobility of the twexsbeen
descrbed by the clsterdeclustetheorem whichis based orthe ability of solvent molecules to
repeatedly and rapidly clusterand declusteirom the iong34,37,38] An illustration of this
mechanism is shown in Figure 1wehere an ion is represented by the purple circle and solvent
molecules are shown as red circles. Duthmglowelectric field strengtiportion of the
dispersim waveform the effective temperatwfethe ion iscooler, and the solvent molecules are
able to cluster arourttieion. Thus the ion mobilityn the lowelectricfield strengthis reduced
because it is moving through DIMS alargercluster rather than a bare iduring the high
electricfield strengthportion ofthe dispersion waveform tlodusteris heated by energetic

collisionsandthe effective temperature of tkisteris increasedThis results in desolvation of



the ion andtitravels based on its high field mobilifihis clusterdecluster process takes place
during each cycle of the wawe; however, for simplicity ifrigure 1.6 botlhe cluster and
decluster processare only shown to occuturing one third of the wavefor cycles.

The extent to whiclthe differential ion mobility is affected by the addition of solvent
vaporsis dependent ohow many moleculesluster to the ion and how strongly they are bound
to the ion. These traits are based upon characteristics sustieriicenindrance of both the ion
and the solvent molecules, and the polarizability of the solvent molg89e®espite tie
benefis, the chemical specificity that adds value to separations using solvens veplso a
deterrent for the use of the technique. How the differential ion mobility of ions changes upon the
addition of solvent vapors to the carrier gas must be determined empirically, as does the
optimization of other variables affecting the clusdecluster process such as the carrier gas
temperature and the concentration of solvent moleculeq48gd his optimzation only needs
to occur once; however, as thetiopized method can be used for all subsetjaealysis.

Another method to alter the characteristicdE ions in a sample and improve DIMS

separations i vary the typically nitrogen DIMS carrier gas to include gases such as hydrogen

! | | — =

i : =T

| t

Figure 1.6. Schematic of the clustedecluster process that takes place when solvent
vapors are added to the DIMS carrier gas
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or helium, with helium being the most commonly added alternative to nitrf@&23,4143].

Using helium in the DIMS carrier gas increases the mobility of all ions, no matter how their
mobility changes as a function of E41]. lons with a mobility that decreases as a function of

Ep, like that depicted by the réchcein Figure 1.2, exhibit increased differential ion mobility

due to the low polarizability of helium. The lomgnge attractive interactions that occur due to

the polarizability of the carrier gas raise mobilities in high electric field strengths. Without these
interactions, the decrease in mobility as a functionodb&comes even more prominent. lons

with mobilities that only increase as a function ef Bud as the ion with mobility shown by the
blacktracein Figure 1.2, also display greater differential ion mobilities when helium is used.
This particular increase in differential ion mobility is believed to be due to large deviations from
Bl a n c dhsat aftweigh the factors that would otherwise decrease the differential ion mobility
[41].Bl ancds | aw attempts to predict ibibtymin mobi | it
the individual gases and works W&ith gas mixtures where the gases are very similar, such as
nitrogen and oxygen. However, as the characteristics of the gases become more disparate, such
as those of nitrogen and heliuthe relationships do not ho]€]. Therefore, the differential

mobility increases when helium is added for ions wlifferential mobilities that only increase as

a function of b. For ions that have a dependenceetactricfield strength that first increases

and then decreases the changdifferential ion mobility upon the addition of heliwmil be
dependent on thelectricfield strength used and the amount of helium added to the carrier gas
[41]. It would be expected thgenerallythedifferential ion mobility of these ions would be
increased, excepting the Eange highlighted in Figure 1t# thelight blue box. In this &

rangethe iord kigh field mobility is greater than the low field mobility, ibe high feld
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mobility will decreas@s b increasesThe addition of helium during the use of thesenibuld
lower the high field mobility, thus decreasing the differential ion mobility.

Despite this, dr all three types of ion mobilitdependence on B/ theincreases in
differential ion mobilitytypically observedvhen helium is usedill resultin greaterabsolute
values ofrequired k& to correct for ion movement towards the electrodes. However, the extent of
the shift in k£ upon the addition of helium to the carrier gasotequal for allions. The k of
ions with greatedifferential mobility n nitrogen typically shifmore upon the addition of
helium to the carrier gasesulting in improved separatiof&2]. This effect is shwn in
Figurel.7where the normalized signal intensity of four different ions is shown as the amount of
helium present in the carrier gas is increased from 0 to 60% in 5% increments. Each ion exhibits
increasing differential ion mmlity as helium is addedtowever the rate of change differential
mobility as helium is added is greatest for those ions with highest differential ion mobility in a
nitrogen carrier gas. Although this is not universal, the general result is incdégseion in
the compensation field domain and improvement of DIM&&s#iond 32).
1.4. Quantification of DIMS Separations

The improvemets in DIMS separations described above have typically been quantified

in a similar manner to chromatographic and-IMS separations. As such resolving power,

6

% Helium

© >

0 Compensation Field (V/icm) 315

Figure 1.7. Plot showingthe normalized signal intensity of four ions as a function of
the helium content of the carrier gas and compensation field
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resolution, and peak capacdye often used to describe $eparation$20,23,25,37,38,42]

Resolving power is the most commonly reported value for DIMS separations due to its ease of
use. The resolving power of a DIMS separation can be calculated using Equgtenmdl

depends only on the compensation field required to pass an analyte through DIMS and the width
of that analyté peakin the DIMS scanmeasured as a full width at half maxim&wHM)

[38]. Therefore, calculatinthe resolving power of a DIMS separation requires only one analyte

be used, and has previously been described as an adequate way to compare separation abilities
across DIMS devicel2]. Alternatively, the reslution between two peaks requiring different
compensation fields gz and E2) can be calculated (Equatidrb), or the peak capacity of the

entire separation can be determinsthg the highest Eigh) and lowest (E,0w) required k£ in a

DIMS scan the average FWHM of alhe peaks detected in the:Ecan, and Equation[38].

These values are preferred over resolving power because they describe the separation that is

occurring, rather than expressing theoretical separation capabilities of a DIMS deyit4.

2 AOT 100 X A@—— (1.4)
2AROT 1 06811 2 (1.5
OAARAPAAESU—" — (1.6)

1.5. Summary

The purpose of this chapter has been to give an introduction to differential ion mobility
spectrometry separations that allows the reader to understand the experiments and insights
described throughout the remainder of the work. Much of the wedepted herein depends on

an understanding of the ion motion within a DIMS device or an understanding of the current
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methods used to improve DIMS separations. As suclprésenting this information has been
the focus of anajority of Chapter 1.

In Chapter 2 the experimental methods used in the subsequent chapggyeovided
Details about the analytes and solvents used are included. The instrumentation used is also
covered, including information about the DIMS devices, mass spectrometers, and o@s.sour
Additionally, the methods employed for data analysis are discussed.

The work presented iBhapter 3involves the characterization of the mass spectrometer
desolvation gas settings they pertain to DIMS analyseSpecifically, how lowering of the
desolvation gas temperature setting or flow rate affects DIMS analyses when ion sources that use
solvent flows are used is described. Initially, electrospray ionization andehertoospray
ionization sources are compared using the characteristedtirel to pass ions formed by each
through the DIMS device. The work continues on to describe the results of experiments
comparing electrospray ionization and low temperature plasma ionization by examining both the
characteristic Eof ions formed and the pe&WHM during DIMS scans as a function of
desolvation gas flow and temperature setting. The issues that arose during the analysis of o
phthalic acid are also discussed in the chapter.

The ntraDIMS fragmentation of the peptides bradykinin and GLISH cabged
collisionalheatinglur i ng t he i onds tr aisdesctibedtifhapteudg h t he
The variables that affect the fragmentation are described including the charge state of the
peptide, the temperature of the DIMS carrier gas, and the caimpasi the DIMS carrier gas.
Experiments are presented comparing the internal energy deposition in DIMS to the collisional
activation step done during tandem mass spectrometry experiments in an ion trap mass

spectrometerAlso showrare methods for either increasing or decreasing the amount of internal
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energy deposited into the ions travelling through the DIMS device. The effects on separation
capability of changing these variables to adjust internal energy deposition are alsediscuss
The beginning oChapter 5includes arief description of the benefits and downsides of
using helium as a DIMS carrier gasnked scans of the DIMS carrier gas composition and the
compensation fieldre then introduced he optimization of the metlds used to quantify the
improvements observed from linked scans is discussed, including the work focused on
improving the resolving power attainable with the systéfhy the promising results observed
using resolving power were invalidnd the transitioto resolution and peak capacitytiien
explained. The comparison of linked scans to compensation field scans with constant helium is
then presented using resolution, peak capacity, and signal intensity as the figures of merit.
DIMS separations where s@nt vapors are added to the DIMS carrier gasexplained
in Chapter 6. The optimization of solvent addition is discussed with regards to the DIMS
separation of Bylucose and three of its isomers. Variables manipulated include the dispersion
field appliedand the solvent utilized. The appearance of multiple peaks during DIMS scans
when the analysis of only one sugar isomer was anticipated is also discussed. The experiments
using the solvent addition system to separate biological relevant phosphorylates] bath in
the form of pure standards and from rat liver cell extracts, are then described.Claafier 7
is a summary othe results of each chapter presented and considers potential future directions

related to this work.
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CHAPTER 2: EXPERIMENTAL

2.1 Materials

Methanol (optima grade), acetonitrile (optima grade), water (Hfa@e), ammonium
hydroxide (ACS plus), and acetic acid (ACS plus) were purchased from Fisher Scientific
(Fairlawn, NJ, USA). A majority of the analytes used were purchased from Sigma (St. Louis,
MO, USA), including caff ei BLE), J4di®idojtoulenangi ot ens
(97%),opht halic (098%), bradykinin acetate salt |
(min. 90% by SDS Page), and syntide 2 (min. 95% by HPL@).IDu c 0 s e  (-galactbse5 %) , D
(099%)r,ucht ose (-108 BN 9%) werddsdpurchased from Sigma (St.
Louis, MO, USA), aswereglucodep hosphate (®phwsphagtec O 8 %),
fructose6-phosphate (098%). Tryptic digest of bovin
from Waters (Milford, MA, USA). The peptideyrosineglycine-glycine-phenylalanindeucine
(YGGFL) and glycindeucineisoleucineserinehistidine (GLISH) were synthesized using a
CS036 peptide synthesizer from CS Bio (Menlo Park, CA) and used without purification.

Caffeine, angiotensinl and YGGFL sol utions wgwvlk) prepar
methanol/water/acetic acid for experiments where the samples were mass analyzed using the
Bruker Esquire 3000 ion trap mass spectromet e

when massnalyzed using the HCTUItra ion trap mass spectrometer. Bottit@j#oltoulene
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andepht halic acid solutions WwkehN)e prepared at 10

methanol/water/ammonium hydroxide. Bradykinin samples were diluted o @5 wher eas

GLISHsamplesver e diluted to approximately 1 &M, bot

methanol/water/acetic acid. Agilent ESI high concentration tuning mix was diluted 20 fold in

95/5 acetonitrile/water. Ubiquitin, syntide 2, and BSA samples were diluted in S5QvA914)

metmnol / water/ acetic acid to concentrations of

Lastly, the sugars Iglucose, Bgalactose, Bructose, Dmannose, glucoséphosphate,

glucose6-phosphate, and fructo$ephosphate solutions were all prepared at @eotmation of

10 M in 50/50 methanol/water (v/v). Mixtures

prepared by mixing equal volumes of the 10 gM
To collect mouse extracts the mouse was anesthetized with isofluran, decapitated, and the

liver was removed. Immediately after removal, the liver was ffecsten in liquid nitrogen. The

time from removal to flash freezing was under 20 seconds. The liver sample was then pulverized

in liquid nitrogen, weighed (78 3 mg per tube), and stored-86 °C. The liver samples were

thenre-suspended in 600 pl of iemld acetonitrile, freezéhawed on ice for 15 minutes,

andvortexed for 30 seconds. Then 400 mL ofecdd deionized water was added before the

suspension was vortexed and fredmwved two mae times. Samples were then centrifuged at

4500 xg for 5 minutes, and the supernatant was collected and lyophiRzied.to the

experiment described in Chapter2émL of 60/40 methanol/water was addedh® lyophilized

samples. The samples were theak&m using a Qiagen TissueLyser Il in the presence of six

stainless steel beads for two rounds, each 30 seconds in length. Using an Eppendorf Centrifuge

5414, the samples were centrifuged for 10 minutes and the supernatant was then diluted 2x in

50/50 methnol/water.
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2.2lonization Techniques
lons were formed during the experiments presented in this work using one of three ion
sources. lons were formed via electrospray ionization (ESI) using the Agilent ESI emitter that

came standard with both the Bruker Esgu000 and the Bruker HCTUItra. Samples were

infused at a flow rate of 2 L/ mGwasused,ESland a

was used as the ionization technique for a portion of Chapter 3, and the entirety of the
subsequent chapters. Chep8 also includes experimenthere ions were formed by
nancelectrospray ionization (NESI). These experiments were performed using sprayers
constructed usingacusteému i 't copper block that accepted
capillaries (Drummond Scientific Company, Broomall, PA) that were pulled atorteend ~4 & m
using a Narishige model F830 dual stage glass electrode puller (Narishige International USA,
Inc., Easy Meadow, NY). Solutions were injected into the sprayer though tHepened end.
The copper block also has a hole tapped for a metal sbegwan be tightened into contact with
a stainless steel wire inserted into the open end of the sprayer. In this way electrical contact with
the nESI spray solution is made, and application of a sufficiently high electric field between the
wire electrode 1ad the inlet of the mass spectrometer generates spray without the need for
pneumatic assistance.

The third ion source discussed and used in Chapter 3 is a custom built miniature low
temperature plasma ionization (LTPI) source like that depicted in FgureTPI utilizes a
dielectric barrier discharge to generate a reaction cascade that in this work results in the
protonation or deprotonation of the analyte mole¢i)2]. The LTPI source was built around a
stainless steel Upchurch fematefemale fingertight zeraleadvolume union. A glass melting

point capillary (Custom Glass Tubing, Drummond Scientific Company, Broomall, PA, item
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number 9000-2313A; i.d. 1.0mm, o.d. 1.6 mm) was cut to a length of ~40 mm and inserted
into an Upchurch PEEK fingertight HPLC fitting. The PEEK fitting was then tightened into one
side of the femakléo-female union, securing the glass capillary. A-3W/stylet wire (SGE
Analytical Sience, Austin, TX; P/N 031745, diameter = 0.10 mm) was then inserted through the
femaleto-female union and into the glass capillary until it was ~8 mm from the end of the glass
capillary. The wire was held in place by tightening the feA@female unia onto another
Upchurch PEEK fingertight fitting. This second fingertight fitting secured the wire between the
threads of the union, and was also connected to a gas line that supplied the flow of nitrogen gas
used for the formation of plasma.

Copper tap€10 mm wide) was wrapped around the ferrtaléemale union for
connection of the union to a ground potential through an alligator clip. This also grounded the
stylet wire because it is in direct electrical contact with the stainless steel union. Leawnmg ~
of glass exposed, copper tape was also wrapped around the end of the glass capillary. Thus, the
stylet wire traverses approximately ¥z of the way through the portion of the glass capillary
wrapped in copper tape. A high voltage sine wave was theredpplcopper tape surrounding

Gl as s
PEEK capil |

fingert:. hpner
! g IgIectr

Pl asm [fit&i el

d schas

—

Femﬁtklf)eemahieoT

FigurBeRri dtion of the LTPI source us
femalbe mal e union is shown in grey, PEEK fing
browncopper tape is shown in orange,
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the glass capillary. The glass capillary is an insulating barrier between the inner electrode (the
grounded stylet wire) and the outer electrode (the copper tape wrapped around the glass
capillary) and a plasma is created witthe glass capillary. In the experiments described in
Chapter 3 that use LTPI, solid analyte was placed on the tip of the glass capillary prior to starting
the plasma gas flow and applying voltage to the outer electrode. With this, seportion of ta
plasma plume directly interacts with the analyte and ions are generated. A full optimization of
the voltage and plasma gas flow was not completed as this work focused on the DIMS
separations that occurred after ionization, and therefore settings wieck watil sufficient
signal intensity was obtained for the analytes being studied.
2.3 Differential lon Mobility Spectrometers and Mass $ectrometers

Two DIMS devices with planar electrodes were used during the experiments presented
herein. One device wasupled to an Esquire 3000 ion trap mass spectrometer whereas the other
coupled to a Bruker HCTUItra ion trap mass spectrometer to produce the data shown. The device
that worked in conjunction with the Bruker Esquire 3000 is shown in Figure 2.2a ancehas be
previously describef3-5]. The electrodes used are 25 mm long x 6 mm wide, with
interchangeable electrode sets that allow for the gapelketthe electrodes to be switched
between 0.3 and 0.5 mm. The DIMS assembly threads onto the Apollo | source of the Bruker
Esquire 3000 ion trap mass spectrometer, replacing the spray shield. The DIMS device that
couples to the Bruker HCTUItra is shownFigure2.20 andhas stainless steel electrodes that
are 4mm wide x 1éhm long separated by a 0.3 mm ¢ép The assembly is designed so that it
slides over t hesresistive ghags tranbfer capillary. Bothusyseemstade
designed such that the DIMS electrodes are enclosed in a housing that reroutes the mass

spectrometer desolvation gas around the electrodes. This is shown for the system depicted in
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Figure 2.2. (a) Planar DIMS assembly that couples to the Bruker Esquire 3000 ion trap
mass spectrometer. The flow of the desolvation gas coming out of the instrument and the
flow of the DIMS carrier gas are indicated by red arrows (b) Planar DIMS assemblythat
couples to the Bruker HCTUItra ion trap mass spectrometer without the housing that
redirects the desolvation gas flow. The relative sizes between the two systems are not
shown to scale
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Figure 2.2a, but is not shown for the system in Figure 2.2b.hdusing design causes the entire
DIMS system to be heated by the desolvation gas while also allowing the gas flow to maintain its
function as a desolvation gas. The design also allows for the desolvation gas to be in excess at
the entrance to the DIMSedice at typical desolvation gas flow rates. Therefore the composition

of the desolvation gas and the DIMS carrier gas are assumed to be the same.

That the actual temperature of the desolvation gas, and hence the DIMS carrier gas, is not
as high as the seemperature in the mass spectrometer software because the temperature
displayed in the software is measured at the heating block rather than the inlet to the DIMS
device. As the desolvation gas travels from the heating block to the inlet of the DIMS devi
transfers heat to the metal tubing and the DIMS housing. This results in the temperature of the
desolvation gas at the inlet to the DIMS device being cooler than the temperature measured at the
heating block. The flowateof the desolvation gas alsdfects the temperature measured at the
inlet to the DIMS device. A higher desolvation gas flow rate causes a greater amount of heat to
be conductetb thegas transfer tubing and the DIMS device. Thus the desolvation gas, transfer
tubing, and the DIMS dece come to equilibrium at a higher temperature. The effect of this is
that the temperature of the DIMS carrier gas is higher when greatératesogas flow rates
are used for a given set temperature.

Each DIMS device used also had a correspondingetisuilt power supply that
provides both thdispersion voltage and the compensation voltage. Both power supplies produce
DIMS waveforms of bisinusoidal design, where a sinusoidal waveform is applied to each DIMS
electrode. A simplified depiction of this shown in Figure 2,3vhere the two waveforms are
capacitively coupled across the DIMS gap and an asymmetric bisinusoidal waveform is created.

This method is used rather than the more ideal square wave because of the lower power
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requirements necessary for the bisinusoidal wavef@jnThe power supply for the DIMS
device that couples to the Bruker Esquire 300fputs two sinusoidal waveforms approximately

90° phase shifted that are 1nda8.4 MHz in frequency and 2:1 in amplitude, respectively. The

power supply for the DIMS device that works with the Bruker HCTUItra also outputs two

sinusoidal waveforms approximately 90° phase shifted and 2:1 in amplitude; however, the

frequency of thosevaveforms aref 2 and 4 MHz, respectively.

Oneof the key differences between the two DIMS devices used in this work is the ability

for the dispersion and compensation voltages applied to the DIMS device that couples with the

Bruker HCTUItra to use the dc voltage applied to the inlet capiththemass spectrometer as
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Figure 2.3. Simplified depiction of the
addition of two sinusoidal waveforms
across the DIMS gap to form the

asymmetric bisinusoidal waveform
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an electricateference. This allows a
voltage gradient from the ion source to the
inlet of the DIMS devicéo existwhen the
ion source is held at ground potential. The
ability to create this gradient while holding
the ion source atrgund potential affords
greater ion source design options, and in
the case of this work allows for the
coupling of LTPI and DIMS. Additionally,
using the inlet capillary voltage as
electricalreference for the DIMS voltages
allows for the electrospragmization

source to be mounted in the door that

encloses the source region of the mass



spectrometer. Mounting the sprayer in the door creates a direct electrical connection between the
sprayer and the housing of the mass spectrometer, and thereforeiargufbltage to cause
electrospray cannot be applied to the sprayer. Use of thebomauses the source region to be
more thoroughly heated by the dry gas flow, resulting in more efficient desolvation/evaporation
prior to the inlet of the DWS deviceor mass spectrometddIMS experiments performed using
the DIMS device coupled to Esquire 30&#hnot utilizethe doordesigned to enclose the ion
source region, and the voltage gradient into the DIMS device must be generated by applying a
voltage to thean source.
DIMS scangerformed with each DIMS deviaeere controlled using a LabVIEW
program interfaced to the instrument control software. Unless otherwise stated, the compensation
voltage was increased after every 10 mass spectra recorded by thmenstiThe time duration
of each step in the DIMS scan was dependent upon the speed of the ion trap mass spectrometer
and the number of spectra averaged. The same LabVIEW program was used to control the
compensation field applied during experiments whezecttimpensation field was parked to
select for particular analyte ions.
2.4 Major Modifications to the Standard Workflows/Experimental Set-ups
2.4.1. Chapter 3: Effects of Desolvation Gas Flow Rate and Temperature on DIMS Separations
The work presented in Chapter 3 began using the DIMS device coupled to the Bruker
Esquire 3000, with the spray voltages applied to the ESI and nESI sources and no door used to
enclose the ion source region. When the work transitioned to the DIMS devieetka with
the Bruker HCTUItra the door was still not utilized, but the voltage gradient to the inlet of the
DIMS device was created by using the spray voltage applied to the inlet capillary of the mass

spectrometer as the ground reference for the DIB\&cd. The same experimental design was
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used for the comparison between ions formed by ESI and LTPI. Not using the door assured that
the gas dynamics and temperature of the source region were as consistent as possible between
experiments using differentnasources. Further differences from the standard experimental
workflows will be discussed in Chapter 3 within the context of the results.

2.4.2. Chapter 4: Characterization of Variables Affegtinternal Energy Deposition inside a
Differential lon Mobility Speatometer

Typically the mass spectrometer software is used to control both the desolvation gas flow
and temperature. However, as the gas flow composition was varied from the standard 100%
nitrogen for the wor k pr es e imntmasdflowcontGllercquider 4,
not be used to control the flow of the gas mixture. Instead, for the experiments using a 100%
nitrogen carrier gas performed at a flow rate ofl3rfinute and temperature setting of 300 °C
the instrument desolvation gas wascdnnected prior to the heater and replaced with the output
of a MKS model 1179 mass flow controller. For experiments with a mixed desolvation gas
composition the instrument desolvation gas was again replaced, and the flow rate and
composition were conthed through theMKS model 117%nd an Alicat MCLOSLPMD mass
flow controller.

As mentioned previouslyhe actual temperature of the desolvation gas, and hence the
DIMS carrier gas, is not as high as the set temperature within the mass spectromees.soft
The heat transfer to the DIMS device is dependent on the desolvation gas flow and the gas
composition. The temperatures measured at the inlet to the DIMS device for each flow rate and
composition used in Chapter 4 are listed in T&ide Themeasurements were taken with a Klein

Tool MM400 and a bead wire type K temperature probe.

30



Another difference between the experimentéigeused in Chapter 4 and the other work
presented in this dissertation is the optimization of the ion optics of the mass spectrometer.
Typically the voltages applied to the ion optic components are optimized to yield the highest
signal intensity for thanalyte ions being studied. However, due to how easily the ions studied in
Chapter 4 fragment, the voltage applied to both the skimmer and capillary exit was set to 10.0 V.
This reduced the amount of fragmentation that occurred within the instrumentimssapthat
intraDIMS fragmentation could be more easily studied.

2.4.3. Chapter 5: Improved Differential lon Mobility Spectrometry Separations using Linked
Scans of Carrier Gas Composition and Compensation Field

The linked scans presented in Chapter 5 wen¢ralled using a LabVIEW program and
a differential amplifier. The LabVIEW output directly controlled the nitrogen flow controller
while the output of the differential amplifier controlled the helium flow controller. In this way,
the total flow that wasdaled to the 1.0 L/murtte desolvation gas flow from the mass

spectrometer was maintained at 4.0 L/imén This total flow exceeds the gas flow drawn

Gas Composition Gas Flow Rate °C Setting °C Measured
100% Nitrogen 5.0 L/minute 300 °C 133.4+1.0
100% Nitrogen 5.0 L/minute 200 °C 91.7%+0.6
100% Nitrogen 7.5 L/minute 300 °C 155.8+0.9

20% Helium 5.0 L/minute 300 °C 12591 +0.3

20% Argon 5.0 L/minute 300 °C 131.2+1.0

40% Argon 5.0 L/minute 300 °C 128.3 +0.6
20% Carbon Monoxide 5.0 L/minute 300 °C 133.7 £0.7
40% Carbon Monoxide 5.0 L/minute 300°C 134.1 +0.8
60% Carbon Monoxide 5.0 L/minute 300 °C 134.0 £0.8

Table 2.1. Table showing the temperature measured at the entrance to the DIM¢
device for each desolvation gas flow, temperature setting, and gas composition
used during the experiments described in Chapter 4
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through DIMS by the mass spectrometer vacuum system by ~2 fold, and based on the geometry
of the system thdesolvation gas is expected to make up essentially the entirety of the carrier

gas. The percent helium present in the carrier gas was stepped down every 10 spectra recorded
by the instrument, with step size being dependent oratige of helium to be scaed.The

helium reached the designated percentage in less than 2 seconds, allowing the helium content to
move in synchrony with the compensation field scan. Compensation field scans and helium scans
were set to an equal number of steps during each indivétan. The same LabVIEW program

also allowed the helium percentage to be set at a particular value, as was done for compensation
field scans with constant helium. These experiments were performed on the DIMS device
coupled to the Bruker Esquire 3000, d@hdrefore were done with the door to the source region

of the mass spectrometer removed and the spray voltage applied to the ESI sprayer.

2.4.5. Chapter 6: Improved Differential lon Mobility Spectrometry Separations using Solvent
Vapors

Many of the separatiordescribed in Chapter 6 implement the addition of solvent vapors
to the DIMS carrier gas. This addition of solvent vapors was accomplished by adding a ¥4 inch
Swagelok® tee to the HCTultra desolvation gas line between the mass flow controller and the
desolvdion gas heateAs depicted in Figure 2,4ne side of the Swagelok tee was coupled to a
Cole Palmer 74900 series syringe pump, which flowed solvent at a flow rate of 1.8 mL/hour into
the path of the desolvation gas flolhis solent flow rate results in theaporsbeingadded at a
much lower concentration compared to experiments where gases such as helium are mixed with
the nitrogen carrier gaor example, a flowateof 1.8mL/hour of methanol equates to

0.045moles/hourof methanal Based on the assumption of an&xgion at STP this equates to
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Figure 2.4. Simplified depiction of the system used to add solvent vapors to the
DIMS carrier gas. Tubing and Swagelok fittings are shown in grey

1.0L of gas or 0.33% (v/v) when mixed with the 5 L/mindtew of thedesolvation gadDuring
the experiments described in Chapter 6 that did not use solvent vapors the solvent was removed
and the connection leading to the syringe was closed. Another adjustment to the experimental
setup was to lower temperature setting of the desolvation gdghas the carrier gas, to
200°C.
2.5 Data analysis

For a majority of the work presented, peaktroids and widths were calculated using
Microcal Origin 6.0, under the assumption of Gaussian distributions. Alternatively, some
experiments in Chapters 3 and 5 used a Wolfram Mathematica 7.0 script, also under the
assumption of Gaussian distributiofifie program utilized for peak characterization was
consistent within each comparison. The peak centroids and peak widths were used with the
resolving power and resolution equations below (reprinted from Chapter 1) as part of the

characterization of the DIBl separations taking place.

2 AOT 100 X A@—— (2.1)

2A0T 1 66T B 2 (2.2)
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Calculations comparing the peak capacities of separations when analyzing ions from a
tryptic digest of BSA used the 50 most intense rtesharge peaks from the mass spectrum of
BSA. During data analysis the extrad ion currents were plotted for these mmiassharge ratios
and the calculated peak statistics were used for the comparison. The identity of these peaks was
not thoroughly investigated as the goal was to evaluate the separation capability for a complex
mixture. Due to loss of analyte signal intensity upon the application of the DIMS waveform and
use of helium in the carrier gas, not all 50 peaks were detected in each DIMS scan. Peak
capacities were calculated using the centroid of the analytes detepi@thcethe highest and
lowest compensation fields {Eand kL, respectively), and average FWHM of all analytes

detected during the scan (EquatibB).

Peak Capacity =% (2.3)
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CHAPTER 3: EFFECTS OF DESOLVATION GAS FLOW RATE AND
TEMPERATURE ON DIMS SEPARATIONS

3.1Solvent Vapors and Desolvation Gas

The deliberate addition of solvent vapors to the DIMS carrier gas has been shown to
improve differential ion mobility separations; however, the unintentional introduction of solvent
molecules can inhibit accurate detentand quantitation of the analytes present in a sample
[1-4]. Considerable efforts to maintain a highly controlled carrier gastheem made for many
DIMS systems to avoid issues due to solvent vapor introduction via pathways such as humidity
and gas impuritiegl,2,57]. However, ionization techniques such as electrospray ionization
(ESI) and nanelectrospray ionization (nESI) are often used for the analysis of nonvolatile
analyted8-13]. These ion sources introduce solvents into the area directly in front of the
entrance to the DIMS device at concentrations thatdvoe much higher than through pathways
such as humidity, raising concern over the potential for introduction of solvents into the DIMS
device.

The Bruker mass spectrometers used in this work implement a heated desolvation gas
flow counter to thenovement of ions into the transfer capillary of the instrument. This gas
serves the dual role of keeping neutral molecules from entering the instrument and desolvating
the ions formed using ion sources such as ESI. Both the DIMS device for the Esquiae@000
the DIMS device for the HCTultra used in this work reroute the desolvation gas from the mass

spectrometer such that it functions as both desolvation gas and the DIMS carrier gas as discussed
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in Chapter 2. As this desolvation gas flow is typicallpetdr of 48 times higher than the gas
flow into the DIMS device, the amount of solvent expected to enter into the DIMS device is not
believed to be significant enough to affect the differential mobility of ions. In this chapter the
effects of changing thigow rate or temperature of the desolvation gas flow are discussed, with
particular attention being focused on the coupling of DIMS to ion sources that introduce different
amounts of solvent into the area in front of the DIMS device.
3.2 Comparison of ESI andnESI

Both ESI and nESI typically ionize samples via protonation or deprotonation at
atmospheric pressure; however, the two ion sources function in different size and flow regimes.
In ESl ions are generated by passing a solthased sample through a dipy with an inner
di ameter (i.d.) |l ess than 250 nkdmnute{Xl,1416].f | ow r a
These values are sidigantly higher than those used in nESI sources, which have an i.d. of less
than 10 em and use][ll,} 45 In hoth sypes df iBnOsourcés/aarosah u t e
of charged droplets is formed, which would ideally be evaporated prior to the ions entering the
mass spectrometer or, for the experiments herein, the DIMS dé%i¢&,18] The mean droplet
size created by ESI sources is larger than that from nESI and typically requires a concentric flow
of gas to assist in nebulization, along with higher desolvation gas temperatures and flow rates to
fully desolvate ion$11,14,18] Based on these differences in desolvation properties, a
comparison between the coupling of ESI and nESI to a DIMS device was conducted at various
desolvation gatemperatures.

It was believed that the introduction of solvent into the DIMS device, potentially due to
incomplete droplet evaporation when ESI and lower desolvation gas temperature were used,

would cause dissimilarities in the differential mobilifyionsbased on the clustelecluster
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mechanism described in Chapter 1. This change in differential ion mobility would then be
measured as an alteration of the compensation fie)dn@cessary to pass the ions through the
DIMS device and into the mass spenteier. Studies were conducted using the DIMS device
(0.5 mm gap) coupled to a Bruker Esquire 3000 ion trap mass spectrometer. A comparison of the
characteristic Efor the protonated species formed by ESI and nESI using a 50/49/1
methanol/watéacetic acicgspray solvent mixture is shown in Figure .3The desolvation gas
temperature settings were varied between 200 and 300 °C (flow rate 5.0 L/minute),saad<$
were performed at dispersion fieldjBtepped between 24.0 and 3\Wdcm. ESI and nESI
were used to forrfM+H] " leucine enkephalin (Figure 3.1gM+2H]?* angiotensin 1
(Figure3.1b), andM+H]" caffeine (Figure 3.1c) ions. Each ion has the same charactegstic E
when formed by ESI or nESI, and thus the same diffetaatianobility. Although some
differences might exist within a single set of experiments, sufiM-82H]?* angiotensin 1 ions
formed by nESI having a highee Ehan ions formed by ESI when @ E 36.0kV/cm is used,
these differences are not consisienoss the three analytes and fopr Beither ESI nor nESI
give consistently higherdghroughout the experiments, suggesting the error is due to variability
in the dispersion field applied rather than a true difference or Ehe extent of solvation.&8ed
on these results it is believed that at desolvation gas temperature settings between 200 and
300°C either no solvent enters the DIMS device or an equal amount of solvent is present within
the DIMS device during the use of both ion sources.
3.3 Comparison of ESI and Low Temperature Plasma lonization
3.3.1. Dinitrotoluene and Caffeine

Despite the differences in solvent flow and droplet size between ESI and nESI, the two

ion sources both inherently introduce solvent into the space directly in from ehtfance to the
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Figure 3.1 Plot of the characteristic E: for (a) leucine enkephalin,(b) angiotensin
1?*, and (c) caffeine as a function of desolvation gas temperature setting

DIMS device. Tdurther investigate how solvent from the ion source might affect the differential
mobility of an ion, the measured lvas compared for ions formed by ESI and lemperature
plasma ionization (LTPI). Using no solvent, LTPI utilizes a dielectric barriehdrge to

generate a reaction cascade that in this work results in the protonation or deprotonation of the
analyte molecul§l19,20] Thus, a comparison between ESI and LTPI would altow

determination of whether the use of ESI and nESI resulted in equal amounts of solvent being
introduced to DIMS or insufficient solvent to cause a measurable effect. The characteristic E
was measured for caffeine, dinitrotoluene (DNT), afphthalic &id using the DIMS device
coupled to the Bruker HCTultra with desolvation gas settings ofGGthd 5.0./minute. DNT

and ophthalic acid have been shown in the literature to undergo shifts in characterigtiorE
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the addition of water or methanol tet®IMS carrier gas, and our work has shown that the
characteristic Eof caffeine shifts upon the addition of methanol to the DIMS carrief3jass
example of the changes i Bbserved for the protaed caffeine ion when as little as

0.33% (v/v) methanol is added to the carrier gas is shown in Figurd2sbite the relatively

small amounts of solvent needed to cause a changg mig€shown in Figure 3.8hat ionization

via ESI or LTPI resulted in no difference in characteristddt the protonated caffeine and
deprotonated DNT ions. These results furthered the belief that when using ion sources such as
ESI or nESI that either no solvent enterieel DIMS device or that insufficient solvent is present

in the DIMS device to affect differential ion mobility.

140 1 1 ESI with 100% Nitrogen
120 - desolvation gas
1 I ES| with 0.3% (v/v) MeOH
100 - ,
] added to the desolvation gas
80

60 4
404
204
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HH
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40 4
60 4
-80 4

Compensation Field (V/cm)

16.7 20.8 25.0 29.2 33.3
Dispersion Field (kV/cm)

Figure 3.2.Plot showing the characteristic k for caffeine when no solvent vapor
is added to the carrier gas and when 0.33% methanol is added
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3.3.2. o-Phthalic Acid

During the comparison of ESI and LTPI witkpbathalic acid as the analyte, significant
differences were observed i ©r the ions formed using the two ion sources. Shown in
Figure3.4, the ions produced via ESI initially passed through DIMS at a high#rah ions
formed by LTPI before shifting to a considerably lower requiredtthigher b. To verify that
this drop in k£ was not due to thaccidentabpplicdion of an incorrect E the required Ewas
measured at three highes. Both the differences indbetween ion sources and the different
trends in response toPpointed to the introduction of droplets or solvent molecules into the
DIMS device in a suftiient quantity as to change the differential ion mobility of thghthalic
acid ions. However, the pattern of requiregdas a function of Ealso did not match those
measured during the intentional addition of dopants to the carrier gas for othersaalyte

increase in Efollowed by a sharp decrease, rather than a decrease and subsequent increase like

140 _|:| ESI
{I LTPI
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Figure 3.4.Initial plots of the characteristic Ec for o-phthalic acid ions formed by
ESl and LTPI
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that shown in Figure 3.2, caused suspicion that an unforeseen difference might have arisen.
During the initial comparison between ESI and LTPI fgehthalic acid the instrument optics
were optimized fom/z165, the masso-charge ratio of deprotonateepbithalic acid. Upon
changing the ion optics settings to more favorably pass ions with highetorassge ratios
peaks were detectedrafz353 and 54,1which potentially corresponded to the sodium bound
dimer (2M-2H+Na]) and trimer [3M-3H+2Na]) of deprotonated-phthalic acid ions.

Although sodium was not added to the samples, it not an uncommon occurrence for sodium
contamination of the solvents glassware used to prepare samples to occur. Tandem mass
spectrometry of the peak @z541 yielded the mass spectra shown in FigureThb neutral
losses confirmed that the peaks were the sodium bound oligomers of deprotepiatiealio

acid, the presence of which gave a clue about the unexplained differences between how the ions

formed via ESI and LTPI travelled through the DIMS device.

(@)
-1
N [ZM%‘EHZN&]' MS/ MSn/&#4 1
o A [2M-2H+Na[
- ESI of "Molxarl0O 35z Lfosbgehs Ia_re C
- ophthalic ofpbthalic a
© <Loss of210 Da_| Q_oss of 166 Da|
© [M-H]" [3M-3H+2Na]
16¢ | 541
[ Loss of 166 Dal q_oss of 188 Da >
O e .
0 10C 20C 30C 40C 50C 60C m/z
Figure 3.5.Mass spectrum generated by tandem mass spectrometry of ions of
m/z541
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To explain how those oligomers might be affectingdbtection of the deprotonated
o-phthalic acid monomer, a brief degtron of ion optics is required. For mass spectrometers to
be coupled with atmospheric ionization techniques, ions formed at atmospheric pressure must be
transferred into the vacuum of the mass spectrometer. This is commonly done using a transfer
capillary followved by ion optic componenfg1-23]. An example of how this is done is shown in
Figure 3.6 where the transfer capillary and ion optics of thekr HCTultra are depicted.
Though the voltage settings within the ion optics are typicatlyoseptimally pass the
massto-charge ratio of the analyte of interest, the voltages also produce a voltage gradient along
which ions are drawn. The acceleratdue to this voltage gradient and the lower than
atmospheric pressures that exist in the first differential pumping region of the mass spectrometer
(2.0 Torr in the HCTultra) combine to cause collisions between the ions and the gas molecules
present thatan increase the internal energy of the ions and result in fragmentation. When ions
pass through the capillary as a loosely bound oligomer, such as is the case with the sodium
bound oligomers of deprotonategbbthalic acid, this increase in internal erjecgn cause the

oligomer to break apart and be analyzed and detected as the monomer.

ESI emitter
\ skimmer
glass transfer \«
capillary
DIMS \

octopoles

Figure 3.6.Basic schematic of the Bruker HCTultra including the DIMS device.
The voltages applied to the exit of the capillary and the skimmer when the
instrument was tuned form/z 165 were-103.4 V and-40.0 V, respectively
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It is believed that this fragmentation of sodium boohgomers to the deprotonated
o-phthalic acid monomer pe&lIMS was the cause for the irregularities showFRigure 3.4. If a
deprotonated monomer passes through the DIMS device as part of a sodium bound oligomer, and
the oligomer subsequently fragments within the ion optics of the mass spectrometer to the
deprotonated monomer, the deprotonated monomer willteetdd at the Enecessary to stably
pass the sodium bound oligomer through the DIMS device. If DIMS is unable to fully separate
the deprotonated monomer and the sodium bound oligomers, as occurs in Figtne dghal
for the d@rotonated monomer formed in the ion source and the deprotonated monomer formed
in the ion optics will sum. This will cause the peakrfgz165 to be centered at & Bhifted
towards the Eof the sodium bound oligomer.

Also shown in Figure 3.7 is theate ofm/z121, which is the main product ion detected
when tandem mass spectrometry is performed on the deprotonated monospbtialic acid.

This fragment is also detected due to the fragmentatiofpbfttwalic acid in the ion optics of the
mass spdaoometer, which was confirmed with experiments using LTPI. Although enough
internal energy can be deposited into the oligomer to cause fragmentation to theninh2if,

the fragment ion an/z121 is formed more readily when the monomer enters thepiticsdhan
when the oligomer does, and therefore would be detected at the true characteoftic E
deprotonated-phthalic acid monomer ions. In Figure 3.7 it is shown that the fragmentation of
the sodium bound dimer to the deprotonated monomer shifthénacteristic Efor m/z165

away from the Eof m/z121, and fitting the peak fan/z165 with multiple Gaussian fits using
Origin 6.0 yields the two distributions of ions shown in Figure 3.8a. Of those two distributions
the characteristic &of one claely aligns with the ion detectedratz121 whereas the other

corresponds to that of the sodium bound dimer detectadz863.
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Figure 3.7. DIMS scanof o-phthalic acid using ESI as the ionization technique

In an attempt to reduce the amount of sodium bound oligomer present during the
anal ysi s ,-crawl5 ethér was fidded 5o 1 mL of 1¥16-phthalic acid solution.
Crown ethers have been shown to bind to sodium ions, and it was supposed that insufficient
sodium would be available for sodium bound deprotonateistioalic acid oligomers to form
during ESI after the addition of the-tfown5 ether to the solutiof24]. An example
compensation field scan of this solution at=16.7 kV/cm shown in Figure 38where the
trace ofm/z165 is overlaid with an &scan of ephthalic acid performed after ionization via
LTPI. The key point of this figure is the obvious difference in peak width whemden-5 ether
was added to the ESI solution. This is believed to have occurred due to the simultaneous
attachment oboth aphthalic acid and Xsrown-5 ether molecules to the sodium present in
solution. Thus, the ions traveled though the DIMS device as a cluster consisting of an unknown
and variable number ofphthalic acid and X8rown5 ether molecules attached tagon. This
led to a large distribution of differential ion mobilities and a wide arraydah&t pass the cluster

though the DIMS device and into the mass spectrometer. Once inside the mass spectrometer the
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Figure 3.8. (a) DIMS scarof o-phthalic acid fit with two Gaussian peaks using Origin
6.0 (b) DIMS scansof o-phthalic acid using LTPI and ESI as the ionization
techniques. The sample ionized by ESI included 1&own-5 ether
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cluster was fragmented in the ion optics and detectdtkageprotonated monomer cphbthalic
acid atm/z165.

To more closely approximate the environment produced when ESl is used as an ion
source while avoiding the formation of sodium bound oligomers, ionization by LTPI was used
and an ESI sprayer heldgrbund potential was placed near the DIMS entrance as shown in
Figure 3.9 The solvent flow rate through the ESI sprayer and the distance from the DIMS inlet
were kept consistent with typical ESI experiments; however, with this experimertial et
ESI sprayer was angled at ~45° from the typical upright position. It is/bdlhat because of
the shape of the nebulized solvent plume an equal amount of solvent would be introduced in
front of the inlet as when ESI is used, which allowed for the determination of whether or not the

introduction of solvent affected the charad®ci Ec of o-phthalic acid. The outcome of the

ESI sprayer

LTPI Probe

Spray Shield

Figure 3.9. Pictures of the ion source setup combining LTPI ionizatiowith the
introduction of solvent to the space directly in front of the DIMS device
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comparison between LTPI and LTPI with solvent present is shown in FigureA3. With
caffeine and DNT, the solvent flow from the ESI sprayer was insufficient to cause a change in
thecharacteristic Eof the analyte ions. Therefore it is believed that at desolvation gas settings
of 5.0 L/miruteand 300 °C there is not enough solvent from ESI present in the DIMS device to
affect the k& at which analyte ions are detected.
3.4 Effects of Desolvation Gas Flow and Temperature Setting: ESI vs. LTPI

Although the previous experiments provided evidencethigatlesolvation gas settings
most commonly used on the Bruker HCT in our laboratory provided sufficient desolvation prior
to DIMS analysis, novel experiments or ion sources might require different desolvation gas
settings. To further study how low desoleatgas flow and temperature settings might influence
the desolvation of ions prior to their entering the DIMS device, ESI and LTPI were compared
using DNT as the analyte of choice. In Figure 3.11 it is shown that the characteystiDET

ions formed iy ESI and LTPI are the same, whether a desolvation gas temperature setting of 200

140 I LTPI + Solvent Spray
{H LTPI
—~ 120 -
&
O
S 1001 . .
s o] O-Phthalic Acid
(O]
'Lt 4
c 604
8 ]
® 40
c J
“é 20
SR —— N .
20' 12.5 16.7 20.8 25.0 29.2 33.3

Dispersion Field (kV/cm)

Figure 3.10. Plot of the characteristic k& for o-phthalic acid ions formed by LTPI
and LTPI in the presence of 50/50 (v/v) methanol/water
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or 100 °C (flowrate= 5.0 L/minute) is used. The shift from negativet& positive k in Figure
3.11can be explained in terms of DNT behaving at these temperatures as an ion with mobility
that first increases and then decreases as a function of E/N. This is in contrast to Figure 3.3,
where the higher temperature results in greater E/N, causing thetyobDNT ions to only
decreases electric field strength increases.

Upon examination of the FWHM of the peakkown in Figure 3.13 it is revealed that
when using ESI with a desolvation gas temperature setting diCL@&% average FWHM at
some b is greater than those typically observed. Closer review of the spectra showed that at
both lowand high b the peak for DNT overlaps with peaks for a significant number of

background ion species which appear to affect the measured peak width for DNT ions

1 ESI, desolvation gas set to 100 °C
I L TPI, desolvation gas set to 100 °C
1M ES|, desolvation gas set to 200 °C
I L TPI, desolvation gas set to 200 °C

200 -

= =

Ul o Ul

o o o
1 1 1

Compensation Field (V/cm)
(@)

50J 167 208 250 292 333 375
Dispersion Field (kV/cm)

Figure 3.11. Plot of the characteristic k£ of DNT ions formed by ESI and LTPI at
desolvation gas temperature settings of 100 and 2WD

51



I Desolvation gas set to 300 °C
[ Desolvation gas set to 200 °C

I Desolvation gas set to100 °C
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Figure 3.12. Plots of the FWHM of peaks in DIMS scans formed by tracing
m/z181. lons are formed by ESI in (a) and LTPI in (b)
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in someway. The lower temperature setting causes the DNT signal intensity to drop such that it
is on the same order of magnitude as that of the background ions, and also coalesces the
characteristic Eof DNT and the background ions at particular field strengths. At those field
strengths DNT peak widths are slightly higher than the normal values. One potential cause might
be a low intensity background ion that is isobaric to DNT and was not detebigtet
temperatures; however, the cause of this issue was not further studiedoA250 and
29.2kV/cm the overlap of the DNT signal and that of the background ions is minimal irt the E
domain, and thus the FWHM of the DNT peaks is expected to beseygative of solely the
DNT ions. As such, reducing the temperature is not believed to cause solvent to enter into the
DIMS device because the FWHM at those twodthe same as during experiments using hotter
carrier gas settings and LTPI (Figlgd.2h.

Shown in Figure 3.13, lowering the desolvation gas flow rate to 3.0 utenin
(temperature setting 300 °C) resulted in no significant change wf&r ions formed by ESI
versus LTPI. However, at the same temperature setting further reducing that@saas flow
rate to 1.0L/minuteresulted in changes in the measuregdtke data for which is also shown in
Figure3.13 Although these changes are significant, they do not completely portray the
magnitude of the changes tleaticur when the desolvation gas flow rate is lowered to this extent.
The changes in FWHMifdhe DNT peak are shown in 3,:2here a desolvation gas flow rate of
1.0 L/minute gives notably higher average FWHM at aliNben ESI is used. Though it might
be spected the change in FWHM is due once again to the overlap of the DNT peak with
background ion peaks, the peaks for those background species undergo the same transition to
much more broad peaks. This data is suggestive of a concentration of solvemIi$hdevice

high enough to affect differential ion mobility, yet too low to allow for each ion to reach the
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Figure 3.13. Plot of the characteristic £ of DNT ions formed by ESI and LTPI at
desolvation gas flows of 1.0 and 3.0 L/minute

same solvation level. Had the solvent concentration been high enough for the ions to all reach the
same solvation level, a peak width similar te BWWHM during standard experiments would
have been measurgal.

Thisintake of solvent into the DIMS device is consistent with the fact that the gas flow
into the DIMS device is on the order of 0.6 L/minute, and thatdesolvation gas flow of
1.0 L/minute the desolvation gas is no longer in as an extreme of an exc#ss.ghall of an
excess it could be expected that the volume between the DIMS device and the ESI sprayer is
significantly cooler. Thisvill result in less evaporatiodésolvation and the ions would travel in
larger droplets. The lower excess of flow wotlidn be unable to sufficiently redirect the larger
droplets, as they are drawn in by the flow of gas into the mass spectrometer along with the
charge of the ions in the droplet and the voltage gradient between the ESI sprayer and the
entrance to the DIM8evice. Thus, both ions and solvent molecules would enter into the DIMS

device, where a clustelecluster mechanism could then take place.
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3.5 Summary and Conclusions

The use of ion sources that use solvents has become widespread; however, the introduction
of solvents directly in front of a DIMS device can present challenges. Insufficient desolvation
prior to DIMS analyses can drastically alter the separation characteristics and the neegssary E
pass ions through the DIMS device. Using desolvation gasgeetiirb.0 L/minute and
temperatures between 200 and 300 °C, a comparison ot tiee|iired for multiple analyte ions
formed by ESI and the more easily desolvated nESI was conducted. The results of these
experiments provided evidence that either no solpasses through the DIMS device with the
ions, or that a similar enough amount of solvent was permitted between the DIMS electrodes
during use of each ion source as to not cause significant differences nrtreag&ured.

This work was corroborated bygariments comparing caffeine and DNT ions formed
using either ESI or LTPI. Although these analytes had previously been shown to be affected by
the introduction of solvent into the DIMS carrier gas, in this case no changevastobserved.

After initial experiments using-phthalic acid were complicated by sodiated oligomers, an
experimental setup in which ions were formed using LTPI in the presence of solvent supplied by
an ESI sprayer was utilized. This setup also yielded no difference in measuret/&en

experiments with and without solvent present. These results led to the conclusion that at
desolvation gas settings of 5.0 L/minute flow and 300 °C either no solvent is permitted into the
DIMS device or only an amount insufficient to changeehters he device.

To expand on the effects of the desolvation gas, additional experiments at lower
desolvation gas temperature and flow rate settings were performed. At desolvation gas settings of
200°C and 5.0 L/minteno changes in &were observed when comparing DNT ions formed by

ESI or LTPI. Further lowering of the temperature setting to°@also resulted in no change in
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Ec; however, inspection of the peak widths shows the introduction of inconsistencies in FWHM.
Upon closer examation these inconsistencies were attributed to a combination of lower signal
intensities for DNT and overlap with background ions. The DNT peaks @&hEre there was
not considerable overlap with the background peaks gave the same FWHM for DNT aslstanda
experimental conditions. Thus, it was determined that lowering the desolvation gas temperature
setting to 100 °C did not introduce solvent into the DIMS device.

A comparison at desolvation gas settings of 3D@&nd 3.0 L/minute showed no change
in Ec between ions formed by ESI and LTPI, but lessening the gas flow to 1.0 L/minute resulted
in changes in & In this case, the comparison shows a considerable difference in both
characteristic Eand peak FWHM. The peak widths when using ESI at thesegsettie
approximately 24 times greater than those observed at all other desolvation gas settings,
strongly suggesting the introduction of solvent into the DIMS carrier gas in significant quantities.
Based on these findings it is suggested that the deswoh\gds settings be kept greater than the
discussed values at which peak broadening occurs, as not doing so could result is the
introduction of solvent into the DIMS device in sufficient quantities to affect the measured

differential ion mobilities.
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Chapter 4: Characterization of Variables Affecting Internal Energy Deposition inside a
Differential lon Mobility Spectrometer

4.1 Internal Energy Deposition during lon Mobility Spectrometry

lon mobility separations are a group of techniques that can be implemented post
ionization to separate ions based on structural differences; however, the ability of these
separation techniques to fully retain the structural attributes of ions has been the subjett of mu
investigation. A majority of the studies examining the preservation of structure have attempted to
either minimize the amount of internal energy deposited into ions or study the change in
effective temperature of the i¢h-5]. As with other ion mobility separation techniques, the
ability of DIMS separations to retain the structural characteristics of analytes has been of
concern. For DIMS separations, this potential loss of ion structure originates from the fact that
the sepaations take place at atmospheric pressures in DIMS devices, and therefore the ions
undergo repeated collisions with the DIMS carrier §@&8]. The acceleration of the ions due to
the dispersion field causes these collisions with the carrier gas to increase the internal energy of
the ion. The ion velocity and the gas number density, along with the carrier gas temperature and
identity, affect theon-molecule interactions that take place within the DIMS device and
ultimately determine the amount of internal energy deposited into the ion during transit through
the device[9-11]. The extent of the collisional heating has been studied using various
approaches, including attgts to determine the effectivemperature of the ions experimentally

and comparisons to heating in BWS instruments[2,3,12,13] Previously reported work has

60



also shown that collisions in a DIMS device can impart enough internal energy to cause
isomerization 6multiply charged protein ions, or the fragmentatiopiton bound dimer and
ions formed from small molecules resulting in the detection of fragment{8s1616].

A schematic representation of this inRD#MS fragmentation is shown in Figure 4.1,
where a triply charged ion enters the DIMS device while aofEL50 V/cm is applied to the
DIMS device. The Edoes not sufficiently compensate for the trajectory of the triply charged ion
and after some number of dispersion field waveform cycles the ibdesolith an electrode and
is neutralized. This is representative of an ion without sufficient internal energy to undergo
fragmentation in the DIMS device. ArclBf 150V/cm does correct for the trajectory of the
doubly charged ion shown in Figure 4.1thigh is formed prior to entering the DIMS device. In
Figure 4.1c the internal energy of the triply charged ion is increased enough in DIMS that
fragmentation can occur before the ion is neutralized. In F@gethe triply charged ion
fragments into a@ubly charged ion and a singly charged ion. The newly formed species will
then travel through the DIMS device based on their own differential ion mobility and be detected
at the characteristicdhat permits them to stably move through the DIMS devicarandhe
mass spectrometer. This characteristicsEhe same Ethat passes the ion through the DIMS
device and into the mass spectrometer when the ion is formed prior to entering DIMS. This is
shown in Figures 4.1and 4.1c, where a compensation field of 150 V/cm corrects for the
trajectory of the doubly charged ion formed prior to DIMS and the double charge ion formed in
DIMS. An alternative example might have the charge retained entirely by one fragment ion, with
a neutral fragment traveling through the DIMS device carried by the gas flow and unaffected by

the dispersion fieldt should be noted that the signal detected for each of the fragment ions is not

61



(@)

To
MS

e
o /Q\@/@\

Q

150V/cm

©

e N N N
—

)
@ @ @ 3
Q\ e / @ @

\@ /v@"@/v e
*

150 V/cm

Figure 4.1. (a) A compensation field of 150 V/crdoes not orrect for the
trajectory of the triply charged ion and it is neutralized (b) A compensation
field of 150 V/cmdoes orrect for the trajectory of the doubly charged ion (c)
The triply charge ion undergoes intraDIMS fragmentation, and the doubly
charged fragment ion stably passes through DIMS
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