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ABSTRACT

Hurt, Matthew R. Ph. D., Purdue University, December 2013. Mass Spectrometric
Studies on the Primary Products of Fast Pyrolysis of Carbohydrates and the Molecular
Structures of Asphaltenes, and the Development of a Rastering Probe for Laser-Induced
Acoustic Desorption into an Atmospheric Pressure Chemical Ionization Source. Major
Professor: Hilkka I. Kenttimaa.

Mass spectrometry (MS) has proven invaluable in the field of mixture analysis
and structural elucidation. Tandem mass spectrometry (MS/MS) utilizing collision-
activated dissociation (CAD) has become the technique of choice for structural
elucidation of unknown analytes in mixtures. When coupled with gas chromatography
(GC) or high performance liquid chromatography (HPLC), it allows for trace level
analysis of mixture components. In spite of the utility of mass spectrometry in complex
mixture analysis, it does have limitations. Traditional GC/MS methods used for the
analysis of fast pyrolysis products cannot be used to analyze the primary products, thus
limiting the knowledge that can be obtained regarding the true mechanisms of fast
pyrolysis, ultimately restricting the level of control over what final products are formed.
Analysis of mixtures of hydrocarbons, such as crude oil, is also still a problematic area
for mass spectrometry due to the lack of suitable evaporation/ionization methods for the

heavier components. Consequently, very little is known about the structures of molecules

in asphaltenes, the heaviest fraction of crude oil and one of the most complex mixtures in
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nature. Elucidating the structures of the compounds present in these mixtures is
important for the rational design of methods to prevent the problems the cause.

Experiments described in this thesis employed tandem mass spectrometry to
achieve a better understanding of the primary products of fast pyrolysis of carbohydrates
and structures of molecules in asphaltenes. Chapter 2 briefly describes the
instrumentation used for the research presented in this dissertation. Chapter 3 discusses
the development of on-line mass spectrometric methods for the determination of the
primary products of fast pyrolysis of carbohydrates and their gas- phase reactivity,
demonstrating that there are many primary products that cannot be analyzed using
traditional methods. Chapter 4 examines the differences in the molecular structures of
petroleum and coal asphaltenes. Chapter 5 focuses on changes to asphaltenes’ molecular
structures when they are subjected to the hydrocracking process, a common practice in
crude oil refinement. Chapter 6 compares field deposit asphaltenes, removed from a
pipeline, to heptane precipitated asphaltenes from crude oil in a laboratory. Chapter 7
contrasts the effects of using different solvents in atmospheric pressure chemical
ionization (APCI) of asphaltenes.

Chapters 8 and 9 focus on advances for laser-induced acoustic desorption (LIAD).
Chapter 8 discusses improvements LIAD/APCI, including the development of a high-
power laser probe for more reproducible evaporation of high-mass compounds into the
gas phase, and the development of a rastering assembly that greatly increases the surface
area of the LIAD foil that can be sampled. Chapter 9 discusses a novel chamber for

preparing sample foils for LIAD by using a drying gas to prepare foils. The new
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chamber that helps in the production of foils with a more uniform sample layer than

previously possible for nonpolar analytes to improve the reproducibility of LIAD.
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We report here an examination of the mass spectrometric fragmentation behavior of molecular ions
generated (and excited} by electron ionization (EI} from several asphaltene model compounds simulating
both the island and archipelago structural models. This behavior is compared to that of protonated
molecules generated from the same compounds by atmospheric pressure chemical ionization (APCT) and
excited by collision-activated dissociation (CAD). The fragmentation behavior of the protonated
molecules and molecular ions is surprisingly similar. Both types of ions yielded distinet fragmentation
patterns for both types of model compounds. Ions derived from the island-type model compounds
fragment predominantly by losing their alkyl chains (with either all carbons or all but one), one after
another, which allows for the identification of the chain lengths and counting the number of chains.
Increasing the length of the alkyl chains reduces the extent of spontaneous fragmentation occurring upon
EI likely because of more efficient cooling of the fragmenting ions via emission of infrared (IR ) light made
possible by the reduced fragmentation rates of the longer chains. Ions derived from the archipelago model
compounds with ethylene bridges connecting two or three aromatic cores (without alkyl side chains)
readily undergo cleavages in these bridges. Increasing the length of the alkyl chain between the aromatic
cores reduces the extent of fragmentation caused by EI Similarly, the addition of long external alkyl chains
to archipelago model compounds with an ethylene bridging two aromatic cores greatly hinders fragmenta-
tion upon EI. When these molecules are protonated and subjected to high-energy CAD, they appear to
fragment almost randomly but, nevertheless, indicating some preference for cleavages of the bonds in the
chain connecting the aromatic cores. A comparison of these findings to the fragmentation patterns
observed for protonated asphaltenes indicates that the asphaltene molecules studied are likely composed of
many isomeric and isobaric molecules. Each may contain several aromatic rings and a distribution of
mostly aliphatic alkyl chains (and possibly naphthenic rings) ranging in size from 1 to at least 14 carbons,
several containing methyl branching at the a carbons. The results do not allow for the unambiguous
differentiation between island- and archipelago-type structures, although they are in a better agreement

with the island model.

Introduction

Asphaltenes, the heaviest fraction of crude oil, are defined as
being soluble in toluene and insoluble in n-heptane.! Asphal-
tenes are of growing importance in the oil industry as the light
crude reserves begin to deplete, leading to a shift toward heavier
reserves containing higher percentages of asphaltenes.! Asphal-
tenes are problematic because they precipitate out in pipelines

*To whom correspondence should be addressed. Telephone: (765)
4920882, Fax: (765) 494-0239. E-mail: hilkka@purdue.edu.

(1) Mullins, O. C.; Sheu, E. Y.; Hammami, A.; Marshall, A. G.
Asphaltenes, Heavy Oils, and Petroleomies; Springer: New York, 2007.

(2) Ancheyta, J.; Betancourt, G.; Centeno, G.; Marroquin, G.; Alon-
so, F.; Garciafigueroa, E. Catalyst deactivation during hydroprocessing
of Maya heavy crude oil. 1. Evaluation at constant operating conditions.
Energy Fuels 2002, 16, 1438-1443

(3) Ancheyta, I.; Betancourt, G.; Marroquin, G.; Centeno, G.; Cas-
taneda, L. C.; Alonso, F.; Munoz, 1. A; Gomez, M. T.; Rayo, P.
Hydroprocessing of Maya heavy crude oil in two reaction stages. Appl.
Catal., A 2002, 233, 159-170.

(4) Ancheyta, J.; Betancourt-Rivera, G.; Marroquin-Sanchez, G;
Perez-Arellano, A. M.; Maity, S. K.; Cortez, T.; del Rio-Soto, R. An
exploratory study for obtaining synthetic crudes from heavy crude oils
via hydrotreating. Energy Fuels 2001, 15, 120-127

and foul catalysts during crude oil processing, leading to
increased maintenance costs.! > To more efficiently use these
heavier crude reserves, an increased knowledge of asphal-
tenes is necessary. This may also lead to novel uses of asphal-
tenes. Most recent work has been devoted to examining the
molecular-weight (MW) distributions of asphaltenes, while
less attention has been paid to determining their molecular
structures.” Two structural models are currently debated:
the island (one aromatic core with external alkyl chains} and
the archipelago [several aromatic cores (with external allkyl
chains) that are connected by alkyl chains] models.® The
most recent review on the field provides stronger support for
the island model.*f

Asphaltenes have proven difficult to analyze via mass spectro-
metry (M$.7 They are difficult to bring into the gas phase with-
out unwanted aggregation and degradation. Furthermore, they
are extremely complex mixtures, containing multiple aromatic

(5) Trejo, F.; Centeno, G.; Ancheyta, I. Precipitation, frachonation
and characterization of asphaltenes from heavy and light crude oils. Fiel
004, 53, 2169-2175.
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rings and usually heteroatoms, such as nitrogen, oxygen, and
sulfur, and metals, such as vanadium and nickel."
Laser-induced acoustic desorption (LIAD) involves de-
sorption of the analyte molecules via an acoustic wave as
neutral molecules into the gas phase.*~'" This method has
been demonstrated to allow for the desorption of various
asphaltene model compounds (including a polyphenylated
vanadyl porphyrin) as intact neutral molecules into the mass
spectrometer.'” This finding indicates that this method allows
for the evaporation of most if not all components of asphal-
tenes into mass spectrometers for further characterization.
LIAD allows for the desorption event to be decoupled from
ionization. The analyte can be ionized by using a variety of
methods, including electron ionization (EI) or chemical ioniza-
tion (CI) inside the mass spectrometer.”*™'* Electron ionization

(6) {a) Groenzin, H.; Mullins, O. C. Molecular size and structure of
asphaltenes. Per. Sci. Technol. 2001, 19, 219-230. (b) Groenzin, H.;
Mullins, O. C. Asphaltene molecular size and structure. J. Phys. Chem. A
1999, 103, 11237-11245. (c) Groenzin, H.; Mullins, O. C. Molecular size and
structure of asphaltenes from various sources. Energy Fuels 2000, 14, 677
684, (d) Ruiz-Morales, Y: Mullins, O. C. Polycyclic aromatic hydrocarbons
of asphaltenes analyzed by molecular orbital calculations with optical
spectroscopy. Fnergy Fuels 2007, 21, 256-265. (e) Rodgers, R. P.; Lazar,
A. C.;Reilly, P. T. A.; Whitten, W. B.; Ramsey, J. M. Direct determination of
soil surface bound polyeyelic aromatic hydrocarbons in petroleum-contami-
nated soils by real time acrosol mass spectrometry. Anal. Chem. 2000, 72,
5040-5046. () Mullins, O. C. The modified Yen model. Energy Fuels 2010,
21,2179-2207.
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perspective on asphaltene molecular weight. This comment vs the over-
view of A. A, Herod, K. D. Bartle, and R. Kandiyoti. Energy Fuels 2008,
22,1765-1773.

(8) Golovlev, V. V. Allman. S. L.: Garrett, W. R.; Taranenko, N.1.;
Chen, C. H. Laser-induced acoustic desorption. far. J. Mass Spectrom.
Ion Processes 1997, 169, 69-78.

(9) Lindner, B. On the desorption of electrosprayed organic com-
pounds from supporting metal foils by laser-induced pressure waves. fnf.
J. Mass Spectrom. Ion Processes 1991, 103, 203-218.
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Kenttimaa, H. I. Laser desorption in transmission geometry inside a
Fourier transform ion cyclotron resonance mass spectrometer. J. Am.
Soc. Mass Specirom. 1999, 10, 1105-1110.
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Table 1. Structures and MW of Asphaltene Model Compounds and
the Ions Produced upon APCI and LIAD/EI

and LIAD/EL
Structure APCL | LIAD/EI
(toluene)
TDP Cuattyy i MH' M
7627 Da M
iy 1eHas
DDP M M
4824 Da M
MH" M
minor M"
MH" M
MH M
M" minor
fragment
fragment | ions
ions.
MH' | Fragment
fons only
fragment
ions noM™
MH" M
Minor
M
MH M
fragment
ions
M M
M
MG-1 y_ MH' Not
examined
597.4 Da
MH" M

is a universal ionization method that ionizes all organic com-
pounds. Although this method often leads to extensive frag-
mentation of the molecular ions generated, it has been found to
vyield stable molecular ions for most asphaltene model com-
pounds studied in the past, and does not appear to cause
dissociation of asphaltene molecular ions.'” This method was
used previously 1o study the MW distribution of asphaltenes.'”

Atmospheric pressure chemical ionization (APCI) is also
suitable for the analysis ol asphaltenes and asphaltene model
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Figure 1. LIAD (12 mJ)/EI (60 eV) mass spectra of two island-type asphaltene model compounds. Both ions fragment predominantly by «
cleavages at the benzylic carbons but also by cleaving benzene—alkyl bonds, losing the alkyl chains, one after each other.

compounds. For petroleum samples, APCI using toluene as a
solvent/CI reagent has been shown to yield higher sensitivity
than standard solvents, such as methanol, or solvent blends,
such as toluene/methanol or toluene/acetonitrile.'”” For this
study, both LIAD/EI and APCI, using toluene as a solvent,
were used to evaporate and ionize asphaltene model com-
pounds in mass spectrometers. APCI using toluene [in a linear
quadrupole ion trap (LQIT) mass spectrometer] produced
predominantly MH™ ions for the model compounds, while
LIADY/EI [in a Fourier transformion cyclotron resonance (FT
ICR) mass spectrometer] yielded M " ions. The ions gene-
rated upon APCI were isolated and subjected to consecutive
collision-activated dissociation (CAD) experiments to explore
their fragmentation behavior. Same experiments were carried
out for a sample of Maya asphaltenes to gain insight into the
structures of the asphaltene molecules.

Experimental Section

Chemicals. The asphaltene model compounds (with the ex-
ception of one) and the asphaltene sample were provided by
Professor Murray Gray (University of Alberta, Edmonton,
Alberta, Canada). One model compound mixture with the
archipelago structure and varying numbers of long external
alkyl groups was provided by ExxonMobil. The solvents used,
toluene {100%), CS; (> 99.9%), and methanol (99.9%), were
purchased from Sigma-Aldrich (St. Louis, MO) and used with-
out purification. A 12.7 gm thick titanium foil for LIAD was
purchased from Alfa Aesar (Ward Hill, MA).

(19) Kim, Y. H.; Kim, S. Improved abundance sensitivity of molec-
ular ions in positive-ion APCI MS analysis of petroleum in toluene.
J. dm. Soc. Mass Specirom. 2010, 21, 386-392.

Instrumentation. FT-ICR Mass Spectrometry. The LIAD/EIL
experiments were performed on a dualcell 3 T Nicolet model
FTMS-2000 FT-ICR mass spectrometer described previously. !¢
The three trapping plates were kept at 2 V. Asphaltene solutions
were prepared by dissolving ~1 mg of the sample in ~10 mL of CS;.
A drop of the €S, solution was placed onto a Ti foil on a hot plate
(~50 °C). The solvent was allowed to evaporate. Each Ti foil with
the sample was mounted onto a LIAD probe™ and inserted into the
FT-ICR mass spectrometer. Model compounds were prepared for
analysis using the €S, technique described above. Each LIAD
experiment involved desorption of molecules by using 10 laser shots
(Continuum Minilite Nd:YAG laser, 532 nm wavelength light, 3 ns
pulse width, and 10 Hz repetition rate) applied in a circular pattern
on the backside of a Ti foil (the side opposite to where the sample
was deposited). The input laser energy was set from 18 to 26 mJ,
which correlates to from ~9 to 13 mJ at the backside of the foil. The
desorbed neutral molecules were then ionized by EI at an energy
between 40 and 70 eV. Excitation of the ions for detection was
achieved by a fast broadband radio frequency (rf) sweep (from
~2kHzto3 MHz 121V, and 3200 Hzjus or from ~15 kHz to
924 kHz, 121 V,,_,. and 800 Hz/us). The transients, recorded as
64000 data points (data system limit), were subjected to Hanning
apodization, followed by augmentation of the data by one zero fill
prior to Fourier transformation. All of the spectra were corrected
by subtracting background spectra from them. Background spectra
were recorded by performing exactly the same experiment, except
not firing the laser. The experiments were performed, and data
acquisition was carried out under the control of a Sun workstation
running the Odyssey software, version 4.0,

(20) Shea, R. C.; Habicht, S. C.; Vaughn, W. E.; Kenttimaa, H. 1.
Design and characterization of a high-power laser-induced acoustic
desorption prabe coupled with a Fourier transform ion cyclotron
resonance mass spectrometer. Anal. Chem. 2007, 79, 2688-2094.
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Figure 2. LIAD (18 mJ)/EI (40eV) mass spectra of three archipelago-type asphaltene model compounds. The two top spectra indicate extensive
fragmentation, mostly at the doubly benzylic C—C bonds in the middle of the carbon chains to yield an ion of m/z 215. The molecular ion is
indicated in the top spectrum (/2 534) but is absent in the middle spectrum (m/z 622). The bottom spectrum shows substantially less extensive
fragmentation because of the absence of the fragile doubly benzylic C—C bond between the aromatic cores (MW 458; jon of m/z 502

corresponds to a CO, adduct).

LOIT Mass Spectrometry. For APCI experiments carried out
using a Finnigan LTQ LQIT mass spectrometer, model com-
pounds and the asphaltene sample were dissolved in toluene and
then introduced into the ion source via direct infusion from a
Hamilton 500 L syringe through the syringe pump of the
instrument. The protonated molecules were isolated and sub-
jected to CAD at varying energies. Isolation windows for ions
derived from model compounds were between 1.5 and 1.8 Da,
depending upon signal strength (from +0.75 to +0.9 Da). For
ions derived from asphaltenes, the isolation window was 2 Da
(1 Da). The collision energy (not well-defined) was controlled
by a parameter called “collision energy™ in the LTQ software,
When this value was set from 6 to 10, fragmentation was ob-
served for ionized archipelago model compounds. For the more
stableions derived from island model compounds, such as DDP,
this value had to be set to 9—17 for significant fragmentation.

Results and Discussion

The model compounds studied (Table 1) represent both
island- and archipelago-type structures. Each contains several
aromatic rings, and some of them also have long alkyl chains,
as expected for petroleum molecules. The model compounds

5551

were introduced into the FT ICR mass spectrometer by LIAD
and ionized (and fragmented) by EI at 40—70 ¢V electron
energy. They were also subjected to simultaneous evapora-
tion/ionization in the LQIT mass spectrometer by APCl using
toluene solvent. Both approaches successfully evaporated and
Tonized all of the model compounds (Table 1). These findings
are in sharp contrast to results obtained when attempting to
use the common electrospray ionization (ESI) technique to
evaporate and ionize the model compounds in the LQIT. Only
one analyte (KS-100) yielded detectable ions upon ESI.

In the above experiments, El yielded a stable molecular ion
and varying degrees of fragmentation for most of the model
compounds in the FT ICR (a few yielded no stable molecular
ions) (see Figures 2 and 3 for examples), while APCI in LQIT
produced a stable protonated molecule with minimal or no
fragmentation for all of them (Table 1), These protonated
molecules were then isolated and subjected to CAD. The
fragmentations observed in these two different experiments
were surprisingly similar (Figures 4—6), which indicates that
the resulting fragment ions must be particularly stable because
the mechanisms of fragmentation are usually quite different
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Figure 3. Different mass spectra of the model compound TDP. (Top) APCI (toluene), isolation of the protonated molecule. and CAD (collision
energy of 14); loss of three alkyl chains via phenyl—alkyl cleavages is visible. (Bottom) LIAD/EI (70 eV, 10 laser pulses): loss of all four alkyl

chains via o cleavages is visible.

for molecular ions (radical cations) that favor radical-induced
direct bond cleavages and for protonated molecules that tend
to undergo rearrangement reactions. These different mechan-
isms usually result in different fragment ions for protonated
molecules and molecular ions (see Scheme 1 for the only
model compound that follows this general trend).

As reported previously,'? the LIAD/EI mass spectra of
almost all of the model compounds studied show a predomi-
nant molecular ion (Table 1). When first discovered, this was
somewhat surprising because the long alkyl chains of these
compounds were expected to be relatively fragile, as is the
case, for example, for the molecular ion of butylbenzene.”'
The reason for the lack of extensive fragmentation for the
ionized model compounds in these high-energy electron
bombardment experiments is likely due to the many inter-
nal degrees of freedom of the long alkyl chains, which slow
down unimolecular fragmentation and, hence, allow for
cooling via infrared (IR) light emission by the aromatic
rings."”

Figure | shows the LIAD/EI mass spectra for two island
model compounds, DDP and TDP, that only differ by the

(21) Plomley, J. B.: Londry. F. A.; March, R. E. The consecutive
fragmentation of n-butylbenzene in a quadrupole ion trap. Rapid
Commun. Mass Spectrom. 1996, 10, 200-203.
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presence of two alkyl chains in one and four identical alkyl
chains in the other, respectively. The extent of fragmentation
is significantly less in the spectrum of the compound with the
four alkyl chains, illustrating the stabilizing effect two addi-
tional alkyl chains have on these molecular ions. Both ions
fragment predominantly by a cleavages at the benzylic car-
bons but also by cleaving phenyl—carbon bonds, thus losing
the alkyl chains, one after each other. as either CoH,q or
CoHap. These fragmentations allow for the determination of
the number and length of the alkyl chains in each compound.

Figure 2 shows EI mass spectra of three archipelago-type
model compounds. The two top spectra indicate extensive
[ragmentation, mostly at the doubly benzylic C—C bonds in
the middle of the ethylene carbon chains connecting the
aromatic cores to yield ions of m/z 215. The molecular ion is
apparent in the top spectrum (m/z 534) but is absent in the
middle spectrum (m/z 622) recorded for the sulfur-containing
model compound. The bottom spectrum shows substantially
less extensive fragmentation because of the absence of the
fragile doubly benzylic C—C bond between the aromatic cores
(MW 438; ion of mi/z 502 corresponds to a CO, adduct).
Hence, for archipelago-type model compounds with more
than two carbon atoms connecting the aromatic cores, frag-
mentation is not excessive.
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Figure 4. Different mass spectra of the model compound KS-100. (Top) APCI (toluene). isolation of the protonated molecule, and CAD
(collision energy of 12). (Bottom) LIAD/EI (70 eV, 10 laser pulses). The same bond cleavages dominate.

Figure 3 shows the comparison of the EI mass spectrum and
the APCI/CAD spectrum of TDP. The {ragmentation of the
molecular ion in the EI experiment is more extensive than the
fragmentation of the protonated molecule in the CAD experi-
ment. However, both spectra show exclusively alkyl chain
losses, either loss of the whole chain without a hydrogen atom
or loss of the chain without a methylene group (caused by an
cleavage in the case of the molecular ion). Hence, both
experiments yield information on the number and length of

5553

the alkyl chains. To count all chains in the protonated
molecule, a MS? experiment is needed, wherein a fragment
ion formed in the MS/MS experiment (Figure 3) is isolated
and subjected to CAD (spectrum not shown). The LIAD/EI
mass spectrum reveals the presence of all four alkyl groups.
A similar comparison for an archipelago model compound
is shown in Figure 4. In this case, the fragmentation pathways
of the molecular ion and protonated molecule are remarkably
similar. For both ions, fragmentation occurs predominantly
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cleavage dominates for the molecular ion.

at the doubly benzylic C—C bonds in the middle of the chain
that connects the aromatic cores, thus yielding information
on each half of the molecule. For most of the archipelago
model compounds, « cleavages were found to dominate for
the molecularion and cleavages at the same C—C bond for the
protonated molecules (for example, see Figure 2). For exam-
ple, protonated model compound KS-140 yields a major
fragment ion by cleaving the C—C bond in the middle of the
ethylene chain connecting the aromatic cores. It also yields an
abundant fragment ion via the phenyl—carbon cleavage,
climinating pyrene. No ethylene losses were observed from
the external ethyl groups. The only exception to this behavior
1s protonated model compound KS-P4P (Figure 5). which
shows dominant cleavage at a pyrenyl carbon instead of
benzylic carbon. M® ™ shows o cleavages, similar to the other
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archipelage model compounds. Possible mechanisms for
these fragmentations are shown in Scheme 1. In summary,
ions derived from archipelago compounds with either ethy-
lene or butylene chains connecting the aromatic cores appear
to fragment by losing half or nearly half of the molecule,
yielding information on each of the aromatic cores.

Fragmentation of the two S-containing protonated archi-
pelago maodel compounds (Figure 6) upon CAD reveals the
presence of a sulfur atom with the loss of H,S. This finding
may allow for the screening of asphaltenes for S-containing
components,

A model compound containing a cholestane ring system
attached to an aromatic core was studied next (MG-1). This
protonated compound required especially harsh conditions
(“collision energy” of 50) to fragment. This is likely due to the
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Figure 8. LIAD (22 mlJ, 5 shots)/EI (60 eV) mass spectrum of a mixture of archipelago-type model compounds (EM-1) with a varying number
(n = 1—4) of very long external alkyl chains (MW 590.5, 898.8, 1207.2, and 1516.5 Da) show minimal fragmentation (ions of m/z 155, 450,
871, and 1180). The presence of the long alkyl chains reduces the extent of fragmentation for even the fragile archipelago-type model

compounds.

large cholestane ring system, containing a total of 25 carbons,
much more than the alkyl chains in the other model compounds
discussed here. Even so. the fact that this compound does not
readily dissociate at one of'its several branches, wherein the loss
of an alkyl chain would produce especially stable tertiary
carbocations, is surprising. The major fragmentation observed
was the loss of a methyl group (Figure 7), presumably the
methyl group near the aromatic core, likely followed by a 1,2-
hydride shift to generate a resonance-stabilized carbocation. A
fragmentation most likely involving the loss of the cholestane
alkyl chain, accompanied by a loss of a methyl group, was also
observed. Other fragmentations yielded only minor ions.
Finally, a mixture of archipelago model compounds with a
varying number (from one to four) of long aliphatic alkyl chains
(22 carbon atoms) was examined (EM-1). The LIAD/EI mass
spectrum measured for this mixture (Figure 8) indicates only
minor fragmentation, thus suggesting that the presence of the
long alkyl chains reduces the extent of fragmentation for even
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the fragile archipelago-type model compounds. When this
mixture was ionized by APCI and protonated molecules were
isolated and subjected to highly energetic CAD, extensive and
mostly random fragmentation was observed (Figure 9). How-
ever, fragmentation to yield especially abundant fragment
tons with about half of the mass of the isolated ions was
observed. Hence, archipelago-type ions with even these long
alkyl chains appear to form especially stable fragment ions via
cleavage of the chain connecting the aromatic cores, at least
when the chain is only two carbons long.

Figure 10 shows the APCI (toluene) mass spectrum mea-
sured for a Maya asphaltene sample. Some of the protonated
molecules in this spectrum were isolated and subjected to
CAD (Figure 11). The loss of multiple alkyl chains with up to
13 carbons can be seen, possibly indicating the presence of
alkyl chains with at least 14 carbon atoms. The loss of methyl
dominates the spectrum, followed by the loss of ethyl, propyl,
butyl, etc. When some of the fragment ions were isolated and
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Figure 11. (Top) Ions of m/z 607 £ | were isolated from the ion mixture generated by APCI (toluene) from Maya asphaltenes (Figure 10) and
subjected to CAD (collision energy of 24). The loss of at least 13 homologous alkyl chains is visible [from CH; (peak at m/z 592.5) up to Cy3H,-
for the parent ion of m/z 608; the parention of m/z 607 shows an analogous series]. The loss of a water molecule is indicated, for example, by the
small peaks on the left from mi/z 591.5. The loss of SH; is indicated by the peak of m/z 573 left of the bigger peak of m/z 578. (Bottom) Tons of
mjz 592 + | were isolated from the ion mixture shown in the top spectrum and subjected to CAD (collision energy of 24). The loss of at least
10 homologous alkyl chains is visible [from CHj (peak at m1/z 577.5) for the parent ion of m/z 592.5]. Note that the mass values of the major ions
in the bottom spectrum differ from those shown in the top spectrum, thus indicating that the smaller fragment ions in the top spectrum are not
the result of fragmentation of the fragment ions of m/z 592 + 1. These results indicate that the chain lengths in the asphaltene molecules of
MW 607 + 1 Da vary from 1 (not observed) to at least 13 carbons. The loss of SH», is indicated by a peak at m/z 558

subjected to further CAD (Figure 11), the mass values of their
[ragment ions were found to differ from those of their
precursor ions (protonated asphaltene molecules), thus indi-
cating that the fragmentation observed for the protonated
asphaltene molecules is not the result of further fragmentation
of the larger fragment ions. Hence, each alkyl loss observed
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for a protonated asphalene molecule should indicate the
length of an alkyl chain in that molecule, or an alkyl chain
+ CHo. These findings suggest that these asphaltene molecules
contain a large number of ethyl groups or longer alkyl groups
with branching at the a carbon, possibly also napthenic rings
with methyl groups at tertiary positions. The longer the alkyl
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chain, the fewer are present. Minor losses of F1,O and H,S were
also observed, indicating the presence of O- and S-containing
heterocycles (observed in sulfur-containing medel compound
studies} or side chains. Although the presence of archipelago-
type structures cannot be completely ruled out, these results are
in better agreement with the island-type structures. Because one
asphaltene molecule cannot contain all of the chains whose
losses were observed without being unreasonably large, each
asphaltene ion studied here is probably composed of a set of
isomeric (with exactly the same MW) and/or isobaric (with the
same nominal MW} molecules. Isomers contaiming several
aromatic rings and alkyl chains of different lengths, with the
number of chains of a given length decreasing with the length,
and some methyl groups at the o carbons, would explain the
fragmentation behavior observed here.

Conclusions

Protonated asphaltene model compounds and the analo-
gous molecular ions (radical cations) were found to fragment
remarkably similarly, thus suggesting that the fragmentations
are driven by the formation of especially stable fragment ions
rather than specific fragmentation mechanisms. Ions derived
from model compounds with the island structure were gen-
erally found to be more resistant to fragmentation than ions
derived from model compounds with the archipelago struc-
ture, although the presence of long alkyl chains in the latter
structures significantly reduces the extent of fragmentation.

Ions derived from asphaltene model compounds with the
island structure and long alkyl chains showed distinctive
fragmentation that allows for the number of alkyl chains
and chain lengths to be determined. However, this was not
true for one model compound, the large compound contain-
ing the cholestane ring system, whose ions proved to be
resistant to fragmentation and, even upon highly energetic
conditions, mainly fragmented just by a loss of a methyl
group. The cholestane ring system contains 25 carbons and,
hence, is the largest saturated hydrocarbon moiety in the
model compounds studied thus far. The many internal degrees
of freedom in this hydrocarbon moiety likely slow the dis-
sociation rate enough for cooling via IR emission to dominate
over dissociation of the ions.

Tons derived from model compounds with the archipelago
structure predominantly show cleavages in the chain connect-
ing the aromatic cores, thus yielding information on each core.
Although the ionized model compound containing a butylene
chain instead of an ethylene chain between the cores was more
stable toward fragmentation, it still underwent substantial
fragmentation that cleaved the ion roughly into two halves.
Finally, ions derived from archipelago model compounds
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with very long external alkyl chains still showed preferential
fragmentation at the connecting alkyl chain, although other-
wise, their fragmentation appears to be random.

Ions derived from asphaltenes were earlier found to be
resistant to fragmentation upon EL'" This finding suggests
that the asphaltene molecules contain fairly long alkyl chains.
When the protonated asphaltene molecules produced by
APCI were isolated and subjected to CAD, they were found
to fragment via the loss of multiple alkyl chains of varying
lengths, ranging from 1 to 12 carbons. These fragmentations
were demonstrated to originate from the protonated asphal-
tene molecule and not to represent further fragmentation of
fragment 1ons. On the basis of these observations, the chain
lengths in these asphaltene molecules range from 2 to at least
13 carbons. The dominant fragmentation was the loss of a
methyl group, followed by ethyl, propyl, butyl, etc., with the
loss of a larger alkyl group always being less favorable than
the loss of a shorter alkyl group. The dominant loss of a
methyl group suggests the presence of numerous ethyl groups
or alkyl chains branched at the « carbon or possibly methyl
groups on naphtenic rings. The presence of archipelago-type
structures is not supported by these findings because frag-
mentation of theions 1o roughly two halves was not observed.
Minor losses of H,O and H,S were observed for the asphal-
tene ions studied, indicating either the presence of hetero-
atom-containing side chains or bridges or O-and S-containing
heterocycles. S-Containing protonated archipelago model
compounds were found to fragment upon CAD via the loss
of H,S. Because a single asphaltene molecule cannot contain
all of the chains whose losses were observed without being
unreasonably large, each asphaltene ion studied here is prob-
ably composed of a set of isomeric (with exactly the same MW)
and/or isobarnc (with the same nominal MW) molecules. The
fragmentation behavior reported here could be explained by
the presence of a large number of 1someric asphaltene mole-
cules, each containing several aromatic rings (and possibly a
sulfur, oxygen, or nitrogen atom) and alkyl chains of different
lengths, with the number of chains of a given length decreasing
with the length, and some chains (possibly naphthenic) contain-
ing a methyl group at the e carbon.

Acknowledgment. The authorsgratefully acknowledge Exxon-
Mobil Research and Engineering Co. for providing financial
support for this work.

Note Added after ASAP Publication, There were errors in the
version published ASAP September 20, 2010. Several figures
and captions were revised, an additional anthor was added, and
several text changes were made. The corrected version was
published on October 6, 2010.

XXXV



I— —| @ American Society lor Mass Spectromelry, 2011

J. Am. Soc. Mass Spectrom, (2011) 22:531-538
DOI: 10.1007/513361-010-0048-x

RESEARCH ARTICLE

Laser-Induced Acoustic Desorption/
Atmospheric Pressure Chemical lonization Mass

Spectrometry

Jinshan Gao," David J. Borton II,' Benjamin C. Owen,’ Zhicheng Jin," Matt Hurt,
Lucas M. Amundson," Jeremy T. Madden,' Kuangnan Qian,? Hilkka |. Kenttamaa'

1Dcparrn'lem of Chemistry, Purdue University, 560 Oval Drive, West Lafayette, IN 47906, USA
*ExxonMobil Research and Engineering Company, Annandale, NJ, USA

Abstract

Laser-induced acoustic desorption (LIAD) was successfully coupled to a conventional
atmospheric pressure chemical ionization (APCI) source in a commercial linear quadrupole
ion trap mass spectrometer (LQIT). Model compounds representing a wide variety of different
types, including basic nitrogen and oxygen compounds, aromatic and aliphatic compounds, as
well as unsaturated and saturated hydrocarbons, were tested separately and as a mixture.
These model compounds were successfully evaporated into the gas phase by using LIAD and
then ionized by using APCI with different reagents. From the four APCI reagent systems tested,
neat carbon disulfide provided the best results. The mixture of methanol and water produced
primarily protonated molecules, as expected. However, only the most basic compounds yielded
ions under these conditions. In sharp contrast, using APCI with either neat benzene or neat
carbon disulfide as the reagent resulted in the ionization of all the analytes studied to
predominantly yield stable molecular ions. Benzene yielded a larger fraction of protonated
molecules than carbon disulfide, which is a disadvantage. A similar but minor amount of
fragmentation was observed for these two reagents. When the experiment was performed
without a liquid reagent (nitrogen gas was the reagent), more fragmentation was observed.
Analysis of a known mixture as well as a petroleum cut was also carried out. In summary, the
new experiment presented here allows the evaporation of thermally labile compounds, both
polar and nonpolar, without dissociation or aggregation, and their ionization to predominantly
form stable molecular ions.

Key words: LIAD, APCI, APCI reagents, Petroleum, Nonpolar hydrocarbons

Introduction

ass spectrometry has long been recognized as a
powerful analytical technique for volatile analytes
[1, 2]. The development of two soft evaporation/ionization
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methods, electrospray ionization (ESI) [3] and matrix-
assisted laser desorption ionization (MALDI) [4], made it
possible to evaporate and ionize (nearly simultaneously)
large, thermally labile molecules, thus enabling a broader
application of mass spectrometry for uses in biology and
other life sciences. The ionization of analytes in ESI and
MALDI is limited to protonation, deprotonation, or cation
attachment (often involving ions preformed in solution for
ESI). ESI suffers from severe ion suppression in the
presence of impurities with higher proton affinity (PA) than
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the analyte [5, 6]. Neither method can ionize analytes
without easily ionizable functional groups, such as saturated
and unsaturated hydrocarbons, in the presence of basic or
acidic analytes [7, 8]. In order to enable the analysis of
polycyclic aromatic analytes, some investigators have
derivatized them prior to ESI‘mass spectrometry [9]. Other
methods used to facilitate the analysis of polyaromatic
hydrocarbons include using silver cationization or adding
CHCI; into the ESI solvent. However, both approaches are
limited to aromatic hydrocarbons and are not applicable to
other nonpolar hydrocarbons [10].

Laser-induced acoustic desorption (LIAD) enables the
evaporation of nonvolatile and thermally labile compounds as
intact neutral molecules into the gas phase [11, 12]. This
makes it possible to decouple the desorption and ionization
processes, thus allowing the use of a variety of methods to
ionize analytes, such as electron bombardment [13, 14] and
chemical ionization (CI) [8, 15-17]. LIAD has been
implemented with a Fourier-transform ion cyclotron reso-
nance mass spectrometer [18, 19], a quadrupole ion trap [20],
a linear quadrupole ion trap (LQIT) [21], and a quadrupole/
time-of-flight mass spectrometer [22]. In these studies, the
analyte was deposited onto either a thin titanium or aluminum
foil or silicon wafer. LIAD was accomplished by irradiating
the backside of the foil or water with high-intensity laser
pulses. A laser-induced shock wave propagated through the
foil or wafer and evaporated only neutral molecules from the
other side of the foil into the gas phase. Because the laser
pulses did not interact with the analytes directly, ions were
not formed. The desorbed neutral molecules have been found
to have low kinetic and internal energies [18]. LIAD/CI using
CIMn(water) reagent ions has been demonstrated to allow the
characterization of both polar and nonpolar organic com-
pounds simultancously without causing fragmentation at
either the evaporation or ionization stage in an FT-ICR cell
[15]. Furthermore, it appears to be the only mass spectro-
metric method that can be used to analyze large branched
saturated hydrocarbons without fragmentation, including
those present in petroleum [14]. Unfortunately, all these
experiments were performed in high vacuum. Effective
ionization of saturated hydrocarbons in atmospheric pressure
is highly desired for practical analytical applications.

Recently, polar neutral compounds desorbed by LIAD
were jonized by electrospray ionization (ESI) under ambient
conditions before analysis by a quadrupole/time-of-flight
(Q-TOF) mass spectrometer [22]. A sample droplet was first
deposited onto an aluminum foil. After drying, the analyte
was desorbed by LIAD into the ESI plume, resulting in
singly and/or multiply charged ions. However, as the
ionization step involves ESIL this method suffers from all
the same limitations as ESI alone, which are discussed above.

Initially called atmospheric pressure ionization (API),
APCI was developed in the 1970s [23, 24]. The chemical
ionization process of APCI was initiated by a nickel-63
radiation source in the early applications; this was later
replaced by a corona discharge electrode. The potential of

J. Gao, et al.: LIAD/APCI Mass Spectrometry

APCI was not realized until another API method, ESI, was
developed and gained popularity for its ability to gently
ionize large proteins [25]. In an APCI source, a corona
discharge needle is used as the electron source to ionize gas
molecules, such as N, (commonly used as a sheath gas for
the inlet) and methanol/water (commonly used as a solvent
mixture for the analyte), forming radical cations in the
positive ion mode [23, 26, 27]. These ions collide with the
vaporized solvent molecules to form secondary reactant
ions, usually protonated methanol and cluster ions of the
type H'(H,0), and H (CH;0H), [23]. Protonation of the
analyte molecules is usually observed in positive-mode
APCI, although molecular ions and their fragments (includ-
ing M-H") can also be formed [27, 28].

In this study, LIAD was coupled with APCI in a
commercial linear quadrupole ion trap mass spectrometer to
test whether this method allows for the analysis of analytes that
are not amenable to LIAD/ESI experiments. Since APCI can
be used to ionize compounds with low to medium polarity, this
approach may be applicable to the analysis of hydrocarbon
mixtures, such as petroleum. In order to facilitate ionization of
hydrocarbons, and avoid fragmentation of ionized analytes,
different ionization reagents were tested for APCL

Experimental

All experiments were carried out using a linear quadrupole
ion trap mass spectrometer (LQIT; specifically, LTQ of
Thermo Fisher Scientific, Inc., San Jose, CA, USA), which
was equipped with an APCI source. The APCI conditions
were as follows: vaporizer temperature, about 375°C, nitro-
gen sheath gas, 40-50 (arbitrary units); nitrogen auxiliary
gas, 5 (arbitrary units); capillary temperature, 275°C; the MS
scan range, m/z 50-500. The flow rate of APCI reagents
(liquid) was 15-25 pL/min for all solvents. The nitrogen gas
was obtained from boil-off of a liquid nitrogen cylinder.
5o-Cholestane (purity 97%), squalene (98%), androster-
one (97%), coronene (97%), bathophenanthroline {97%),
and carbon disulfide (99.9%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used as received. To
prepare a sample foil, 5o-cholestane, squalene, coronene,
and bathophenanthroline were dissolved in 100% tetrahy-
drofuran, and coronene in 90:20 acetonitrile/methanol. A
mixture of model compounds was prepared by dissolving
equimolar amounts of the aforementioned compounds in 1:6
dichloromethane/methanol. By using electrospray deposition
[29], a volume of 60-80 pL of each solution (~1 mM) was
deposited on thin Titanium foils (12.5 pm). The solvent
evaporated nearly instantaneously and the foil was placed
onto the sample support stage of the LIAD probe. The back
side of the foil was rested on a thin (200 pm) glass support.
The petroleum cut sample was dissolved in toluene/methanol
(75:25) and electrospray deposited onto the titanium foil for
subsequent desorption by LIAD and ionization by APCL
The LIAD probe employed in this study has been
previously described [19]. The only difference between the
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probe used hers (10 in. length) and the one described in the
literature is that the literature probe is longer. The glass
window in the front of the source was removed so that the
LIAD probe could be inserted into the APCI source. About
5 in. of the probe (from the front of a Cajon fitting adaptor)
was ingerted infe the scurce, which placed the probe tip
5/8 m. away from the corona discharge needle and just
underneath the back edge of the APCI probe. The side of the
foil coated with sample was esposed to the ion transfer
capillary entrance of the LOQIT mass spectrometer. In the
probe, the laser pulse generated by an Nd:'YAG laser
(Minilite [I; Centinuum Lasers, Santa Clara, CA, USA;
532 nm; 3 ns pulse width; 10 Hz) was directed by using
gilver mirrors (TherLabs, Newton, NI, USA) to an area of
about 1077 ¢m? on the back side of the foil surface. The
output energy was 20 ml/pulse, ag measured by a pyro-
electric teter (PE25-SH; OPHIR Laser Measurement,
Logan, UT, USA). The outer cylinder of the LIAD probe,
containing the sample foil, was rotated 2o that analytes were
desorbed from multiple sites. Typically, one-fourth of a foil
(90° area) was rotated during each experiment when 180
shots of the laser were fired. To prevent heating of the LIAD
probe and analytes deposited on the Ti foil, the LIAD probe
was ingerted into the APCI source just before firing the laser
and removed immediately after each experiment. Barlier
studies have demonstrated that LIAD ig the cause of
evaporation of the analytes in these experiments, rather than
thermal heating [18].

Results and Discussion

A schematic representation of a LIAD/APCI source is
shown in Figure 1. To evaluate the performance of the

ND:Yag laser

Mirror (532nm)

LIAD probe

Cajon adaptor

Mirror

Figure 1. Schematic view of the LIAD/APC| source

533

LIAD/APCI source, model compounds of different types
(Table 1) wers analyzed. These compounds are structurally
similar to components commonly present in petroleum,
ranging from saturated hydrocarbens to polar compounds.
All analytes were successfully evaporated into the APCI
source by using LIAD. Three different liquid APCI reagent
gysterns were employed to ionize the analytes, a mixture of
methanol and water (1:1, volfvol), neat benzene, and neat
carbon disulfide. APCI with ne liquid reagent (hence, using
nitrogen gas as the lonizing reagent) was also employed. The
mags gpectra measured for each analyte under the different
ionization conditions are discussed below. After that, results
obtained upon analysis of a mixture of these model
compounds, asg well ag a pefroleun cut, are discussed.

Bathophenanthroline

‘When a mixture of methanol and water (1:1, vol/vol) was
introduced into the APCI source, only protenated methanocl
and its cluster ion, CH;OH, (CH;OH), were observed. This
ion mixture I8 the reagent mixture that will ionize any
introduced analyte. Hence, it is not surprising that the
production of only stable protonated molecules was
observed for the nitrogen heteroaromatic analyte, bath-
ophenanthroline (Supplemental Figure S1, top). However,
when benzene was used as the reagent, the dominant reagent
ions generated upon APCI were the benzene molecular ions
(radical cations). These conditions lead to the initial
formation of analyte molecular ions if the ionization energy
(IE) of the analyte ig lower than that of benzens (9.24 6V)
[30]. For bathophenanthroline, both protenated molecules
(branching ratio: 80%) and molecular ions (branching ratio:
209) were observed. The protonated molecules are likely

APCI source

LIAD probe /
Transfer

q\l Capillary

corona discharge
needle

lonization chamber
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Table 1. Tons (with their branching ratios, corrected for Bo isotope; only ions with branching ratios =5% are listed) formed upon LIAD/APCI of model

J. Gao, et al.: LIAD/APCI Mass Spectrometry

compounds
R ' IETS?OH;T?! Benzene CS,
Analyte o PA = 754.3 kimol IE =924 eV £ =10.07eV
Y - ’ PA = 750.4 kJ/mol PA =681.9 kJ/mol
{methanol)
M+H* 100% M+H* 80% | M+H" 30%
M* 20% | M™ 70%
Bathophenanthroline
(MW 332)
0‘ M+H* 100% M+H* 48% | M+H" 9%
O@‘ M* 52% | M™ 91%
Coronene
(MW 300)
M+H" 95% M+H" 7% | M+H" 8%
m/z 329 5% M* 76% | M"™ 92%
m/z 341 17%
A/\)\MMW (-(CHS]ZC,:C H-C H2)
Squalene
(MW 410)
No ions detected M 80% | M™ 81%
m/z 218 20% | M-H* 8%
m/z 218 11%
5o-Cholestane
(MW 372)
M+H* 46% M+H* 4% M 73%
M+H"-H,0 45% M* 87% | M+H"-H,O 19%
M+H*-2H,0 9% | M+H*H,0 9% | M+H'-2H,0 8%
Androsterone
(MW 290)

formed in secondary reactions of the benzene or bath-
ophenanthroline molecular ions either with bathophenan-
throline or with adventitious water. These results are similar
to those of a previous study on APCI of polycyclic aromatic
compounds where both molecular ions and protonated

molecules were observed when using toluene as the APCL
reagent [27]. APCI with no liquid reagent (i.e., N molecular
ions as the most likely ionization reagent ions) of this
analyte yielded a mass spectrum similar to that obtained
using benzene reagent (Supplemental Figure S1, bottom).
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Carbon disulfide was tested as an APCI reagent to aveid
proten fransfer reactions and to make the method less
energetic than when using nitregen gas as the reagent but
more widely applicable than when using benzene, as this
reagent has a higher icnization energy (IE=10.07 &V) than
benzene ([E=9.24 ¢V) but lower than nitrogen ([E=15.6 ¢V)
[30]. This reagent was expected fo lead to more efficient
electron fransfer, but possibly more fragmentation of the
molecular iong, than APCI with benzene reagent. However,
no fragmentation was observed for bathophenanthroline. As
expected, the branching ratic for molecular ions was
substantially greater than that for protonated molecules
(70:30; Table 1).

Coronene

Upon methanol/water APCI, coronene, a polyaromatic
analyte with no heteroatoms, only penerated protonated
molecules, as expected (Table 1). APCI with sither benzene
or carbon disulfide reagent, or no liquid reagent, resulted in
the formation of both the protonated molecules and
molecular ions. The relative abundance of the protonated
molecules was less than for bathephenanthroline, a substan-
tially more basic compound. Out of these three conditiens,
APCI with carbon disulfide yielded the most desirable mass
gpectrum for coronene, with the molecular ion dominating.
This is likely due to the lack of hydrogens in carbon
digulfide, a3 opposed to benzene.

Squalene

Squalene, a linear polyene hydrocarbon, yields predom-
inantly protonated molecules upen LIAD/APCI when a
mixture of methanol and water is used as the reagent system
(Table 1). Only a small amount of fagmentation was
observed. When benzene was used as the reapent, the
molecular iong dominate the spectrum. Fragmentation was
also observed and it occurred via the cleavage of the
weakest, doubly allylic C-C bond. Agam, APCI with carbon
disulfide yielded the most desirable mass spectrum, with
molecular ions dominating and no cbvious fragmentation.

Sa-Cholestane

Su-Cholestane, a saturated hydrocarbon confaining three six-
membered rings and one five-membered ring, yielded no
detectable ions when a mixture of methanol and water were
used as the APCI reagent. However, molecular ions
dominated (branching ratio: 80% 81%) the APCI mass
spectra obtained by using benzene or carbon disulfide
(Supplemental Figure 52, top) as the reagent. About an
equal amount of fragment ions were alse observed in these
experiments.

Interestingly, APCI with benzene resulted in a cleavage
of the alkyl chain and most of the five-membered ring in 5o-
cholestane, while carbon disulfide alse showed loss of a
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hydrogen atom from the molecular ion (Table 1). APCI with
ne liquid reagent yielded a mass spectrum (Supplemental
Figure 82, bottom) indicating more fragmentation than those
obtained by using benzene or carbon disulfide as liquid
reagents in APCL Hence, detection of this hydrocarbon
cannot be achieved using preton transfer APCI, and the
carbon disulfide APCI method again yields the best results.

Androsterone

Androsterone is an interesting analyte since it i known, after
protonation, to readily fragmment by loss of water. Androster-
one yields some stable protonated molecules (46%) upon
LIAD/APCI using methanol/water, but fragmentation by
losses of one and two water molecules also oceurs readily
(Table 1). [n sharp contrast, when benzene was used as the
reagent, the molecular ions dominate the spectrum. Only
minor fragmentation fook place. APCI with C8; also yielded
an abundant meoelecular ion but more fragmentation than
APCI with benzene (Figure 2). Hence, for this analyte, APCI
with benzens reagent yielded the best results.

Mixture of Model Compounds

A mixture of all five model compounds (all in equimeolar ratios)
was analyzed by LIAD/APCI using CS, reagent. The mass
spectrum (Figure 3) shows molecular ions for all five analytes,
as well ag their most abundant fragment ions (Table 1). While
the relative abundances of the molecular ions do not exactly
match the relative molar concentrations, all analytes were
successfully detected in a single experiment, in spite of their
widely varying ionization energies, compositions, structures,
and volatilities. The same mixture was also analyzed using
water/methanol as the APClreagent mixture, as well as withno
liguid reagent at all. Similar molecular ion branching ratios
were observed when no liquid APCI reagent was used and

100 - 20

@ @
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Relative Abundance
S

2713
266

~
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PR B i (87 P 6
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miz

Figure 2. LIAD/APCI mass spectrum of androsterone in
positive ion mode. The solvent was CS;
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Androsterane
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S-a-Cholestane
2 ‘Squalene
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[ fragment
S
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o
2 fragment .
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T
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332
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Figure 3. A mixture of 5-a-cholestane (MW 372), coronene
(MW 300), squalene (MW 410), androsterone (MW 280), and
bathophenanthroline (MW 332) (all in equimolar ratios)
analyzed by LIAD/APCI using C8; as the reagent

when the C8, reagent was used. APCI using the water/
methanol reagent mixture yielded protonated melecules for the
analytes, with the exception of Su-cholestane, which cannot be
detected under these conditions. Future research will focus on

Odd masses:

100 5, Fragmentlons

80
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improving the relative sensitivity of APCI using CS, reagent
toward the aromatic analytes.

Petrolewm Cut 800

Petroleurn cut 800, a petroleum distillate provided by
ExxonMeabil, was analyzed by LIAD/APCI using nitrogen
gas as the reagent (no liquid reagent). The mass spectrum
(Figure 4, top) shows a bimodal distribution where the ieng
with the greater m/ ratios (m/éz 400 950) appear to be
comprised mostly of even mass icns. Hence, these ions are
most likely hydrocarbon molecular ions formed by electron
transfer. Some of them may alse be protonated nitrogen
compounds. Their true identities need to be resclved by
ultra-high resclution mass spectrometry. The lower mass
distribution has iong with mostly odd mass values, indicating
that the lower mass distribution mostly consists of fragment
ieng formed from the molecular ions. This is as expected
because icnization occurred via the high-energy process
of electron abstraction by N,** and this method caused
fragmentation also for the model compounds discussed
above. The high mass distribution correlates well with

Mostly even masses:
Molecular ions — MW distribution

l

3171 °378.2

Relative Abundance

6068 9348 'ggog

628 |

Relative Abundance

s . .
800 1000 1200

200 400

xli

Figure 4. Top: LIAD/APC| fno liquid reagent) mass spectrum of petroleum cut 800 (MW-400-950). Bottom: LIAD/El mass
spectrum of the same sample measured in a 3 T FT-ICR spectrometer. The mass ranges for the molecular ions in the two
spectra are similar
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the MW distribution measured for the same sample
(Figure 4, bottom) in an experiment wherein the sample
was evaporated by high-power LIAD into high vacuum
(107 Torr) and ionized by 30 eV electron impact (EI) in
a 3 Tesla Fourier-transform ion cyclotron (FT-ICR) mass
spectrometer [14].

Detection Limit

Finally, the detection limit for LIAD/APCI analysis of
bathophenanthroline (MW 332 Da) by using methanol/water
reagent system was determined to be 2.3 ng by depositing a
known amount of the analyte on the foil, and estimating the
amount of molecules evaporated when rotating the foil 90
degrees (if the foil is rotated the full 360 degrees, this
number reduces to 0.6 ng). This value corresponds to a
detectable solution conecentration of about 100 pmol/mL (1=
1077 M) when the foil is rotated 360° (100 pL spray
volume). This value compares well with literature values.
For example, 107 to 1077 M solution was reported as the
detection limit for LIAD/ESI mass spectrometric analysis of
hemoglobin [22]. The LIAD/APCI detection limit for
squalene with no liquid APCI reagent was determined to
be 2.9 ng.

Conclusions

LIAD was successfully combined with the APCI source of a
commercial linear quadrupole ion trap mass spectrometer.
By changing (or omitting) the liquid reagent used in APCI,
different mass spectra were obtained. A mixture of methanol
and water was found to produce protonated molecules for
polar compounds while saturated hydrocarbons produced no
detectable ions. Both molecular ions and protonated mole-
cules (likely formed in secondary reactions) were observed
for polar compounds when benzene or carbon disulfide were
used as the reagent, but carbon disulfide forms mostly
molecular ions. Both of these reagents led to ionization of
the nonpolar analytes studied, including saturated hydro-
carbons. Carbon disulfide appears to be the best reagent
among those studied since it forms predominantly molecular
ions for both polar and nonpolar analytes. Only minor
fragmentation of the molecular ions was observed, and this
was found to be comparable in the carbon disulfide and
benzene experiments, in spite of the different ionization
energies of these two reagents. However, APCI with no
liquid reagent led to more extensive fragmentation. The
detection limit was determined to be about 7%107" M for
bathophenanthroline. Finally, a known mixture containing
all the model compounds, and a petroleum cut sample, were
examined by LIAD/APCI using APCI with carbon disulfide
or nitrogen as the reagent, respectively. All five analytes
were successfully detected in a single experiment, in spite of
their widely varying ionization energies, compositions,
structures, and volatilities. On the other hand, the molecular
weight distribution determined for the petroleum cut agrees
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well with that determined by using another method, LIAD
coupled with EI in a Fourier-transform ion cyclotron
resonance Mmass spectrometer.

The LIAD/APCI experiment described here benefits from
several advantages. As opposed to LIAD/ESI and other ESI-
and MALDI-based methods, both polar and nonpolar
compounds (including saturated hydrocarbons) can be
analyzed simultaneously by using the carbon disulfide
reagent. Only minimal fragmentation is observed, and
predominantly stable molecular ions are formed for all
analytes. The results presented here suggest no strong bias
toward basic or acidic analytes. Further, any solvent can be
used to deposit the analyte on the surface, as opposed to ESL.
In fact, this can be performed without using a solvent at all
[13]. Further, the analysis can be done on any mass
spectrometer equipped with an APCI source. Finally, raster-
ing the LIAD foil will be much more straightforward than
using the traditional LIAD set-up due to the atmospheric
pressure conditions, thus enabling rapid analysis of a large
number of different samples deposited onto one LIAD foil
and using LIAD as a novel imaging tool.
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ABSTRACT: The use of a 4.6 X 250 mm, $ gm cyanopropyl column is effective for the liquid chromatography (LC) separation
of asphaltenes with sequential ultraviolet (UV) and florescence detection. The mobile-phase composition is an optimized

gradient from acetonitrile (MeCN) and water to N-methyl-2-pyrrolidone (NMP) and tetrahydrofuran (THF). Alow flow rate of

0.5 mL min~" is used to maintain lower operating pressure to minimize aggregate formation. Using a 0.02 g L asphaltene
sample for pre].i.minary optimization, three pea.ks, with two part_ialIy resolved, are evident in the fluorescence chrumatugra.m. The

UV chromatogram revealed an extra weakly retained peak, suggesting aggregates that quench fluorescence. Aggregation of

asphaltenes increases with time up to about 10 h and is dependent upon the choice of sample solvent. On the basis of the
reversed-phase mobile-phase gradient, the relative polarity of the peaks from least to most retained can be estimated over the
polarity index (P') range from about 6.3—4.3 on a scale of 0.1 for hexane (least polar) to 10.6 for water (most polar}. The sample
concentration is increased to 1 g L7} for separation and collection of 12 fractions. Selected fractions are subjected to
characterization using atmospheric pressure chemical ionization mass spectrometry (APCI-MS) using a linear quadrupole ion
trap (LQIT). The variation of the molecular-weight distribution of the asphaltenes for the 12 fractions is fairly constant,
indicating that the retention mechanism is not controlled by size exclusion but likely a partitioning/adsorption mechanism.

B INTRODUCTION Asphaltenes are e)ctrernely mmpIﬂ( mixtures, with upward of
tens of thousands of species present.'™'" Therefore, one
particularly suitable analytical method that can be used to
characterize asphaltenes at the molecular level is mass
spectrometry (MS) because of its ability to discriminate
between individual components from a polydispersed sample.
To obtain structural information, tandem mass spectrometry
{MS/MS) experiments are needed.”® During such an experi-
ment, asphaltene molecules are ionized, the ions of interest are
isolated and then subjected to collisions with an inert gas to
induce fragmentation [collision-activated dissociation (CAD}],
and the fragment ions are detected. On the basis of the
fragment ions produced, the structure of the original ion can be
deduced. MS/MS experiments have been shown previously to
provide insights into the molecular architecture of asphal-
tenes."® However, the complexity of asphaltenes presents a
# because asphaltenes can contain
order of 10 nm thick.” Because of the sensitivity of the phase up to 2145’4 molecules with the same nominal molecular weight
(MW)."" After ionization, ion isolation cannot be performed at
high enough resolution to select only one or a few of the
isobaric ions for analysis. Hence, during a MS/MS experiment,
multiple ions of the same nominal m/z value are isolated and
fragmented, complicating the spectrum. Furthermore, sufficient
signal intensities for the ions of interest can be difficult to

The molecular-weight distribution (MWD) of asphaltenes is generate without space charging the mass analyzer because of

Because of limited resource availability, light crude oil is slowly
being replaced by heavier crude oil and oil sands as feedstocks
for petroleum refineries.' As heavier crude oils are used, a
number of problems arise, including plugging of oil wells,
residue deposition in pipelines, and increasing amounts of
distillation residue and coke production. One of the major
contributing factors to many of these problems is the least
volatile fraction of crude oil, petroleum asphaltenes. Asphal-
tenes are known to aggregate and cause precipitation prublems
during many stages of petroleum production. They are also
known to foul crude oil catalysts, increasing refining cost.”™® To
better understand how asphaltenes interact with one another,
with geological formations, and/or with industrial surfaces,
more information about the molecular structures is required.
Asphaltenes do not form a monolayer on a mineral surface,
such as mica, but form an irregular or meandering layer on the

problem for these studies'®™

behavior of aspha]tenes to the suspending or snlvating fluid,
uncertainties remain regarding many aspects of the molecular
structures. However, asphaltenes have been demonstrated to
possess a high degree of aromaticity and also to contain alkyl
chains extending from the aromatic core(s), in addition to the
presence of heteroatoms, such as nitrogen, sulfur, and o)qrgen.8

still contested but is considered to be roughly 300-2000 the numeraus species present in asphaltenes.
Da’ ™" The Yen—Mullins model describes the formation of

nanoaggregates of about six asphaltene molecules, which can Received: December 6, 2011

then cluster with aggregation numbers of about eight Revised:  April 23, 2012

nannaggregates.u Published: April 23, 2012
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Chmmatugmphy pntentia]l): offers a solution to the above
problem. The separation of the asphaltenes into simpler
mixtures based on polarity or structural differences prior to
MS/MS analysis would greatly simplify the data. Typically, for
Petmlemn S'.III\PIES, gas (hrumatugmp]‘ly (GC) has been the
technique of choice because of its high separation efficiency and
the relatively low boiling points of most crude oil components.
However, the temperatures required to bring asphaltenes into
the gas phase are too high for most GC columns, and at those
temperatures, the asphaltenes begin to degrade, thus limiting
GC; la;nazllysis to compounds with MWs below about 450
Da™""

Although ion-exchange fractionation of asphaltenes into acid,
base, and neutral fractions has been reported,” **
exclusion chromatography (SEC) has been more commonly
used, particularly in recent years. Coal-derived materials
separated by SEC using a poly{divinylbenzene) column with
N-methyl-2-pyrrolidone (NMP) as the mobile phase has been
relmrled,25 and this topic has been reviewed.*® Molecular mass
calibration for SEC of coal derivatives can be challenging™ >
and has been performed by matrix-assisted laser desorption
ionization {MALDI})=MS$.** Laser desorption MS was
investigated to improve the mass ranges for complex hydro-
carbons, such as creosote and anthracene oils, after
fractionation by thin-layer chromatography (TLC).*' Coal
pitch was fractionated using a combination of solvent solubility,
ultrafiltration, TLC, and SEC; laser desorption MS of the
fractions then showed a wide MW range from 800 to greater
than 10 000 Da*

MW ranges of asphaltenes after SEC fractionation have been
estimated using laser desorption M$*™*° and MALDI-MS*®
to be 200—4000 Da. Morgan et al. have separated asphaltenes
using a combination of TLC and SEC using both ultraviolet
(UV) and fluorescence detection® Proper standards are
difficult to obtain for asphaltenes, and SEC tends to
overestimate the breadth of the MW mng=.37 Phthalocyanines
have been proposed as more realistic SEC standards for
petroleum fractions, including asphaltenes.®” In general, the
separation efficiency of SEC is low, generally only two peaks
(sometimes one),” which limits characterization of asphal-
tenes.

To slruclumlly characterize ‘.lspha.[lene samples, other types
of separation science have been explored. An “asphaltene
determinator” for crude oil samples uses a 250 mm long X 7
mm inner diameter (ID} column packed with 350—420 ym
Teflon [polytetrafluoroethylene (PTFE)] particles with a series
of stepwise mobile-phase solvents and various detection
approaches.““'l However, because the separation is based on
the solvent changes and partitioning of the sample components
with the very low surface area Teflon pal‘t_icles is neg].igib]e, this
cannot be considered a chromatographic method. Recently,
asphaltenes were separated by non-aqueous capillary electro-
phoresis into a neutral fraction and a nanoaggregate cluster
pea‘l‘i with a MWD from 3000 to 4000 Da and a net charge of
+1.7

Although not typically used for petroleum samples, high-
performance liquid chromatography (HPLC) represents the
best approach to separate mixtures of large molecules with
Po]ar heteroatoms, such as asP}\a]tenEs that are not amenable to
GC because of nonvolatility. HPLC involves a partitioning of
the analyte from the liquid mobile phase to a chemically
bonded stationary phase or adsorption to a polar stationary
phase, such as silica. Individual analytes interact with the

size-
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stationary p]‘mse to different degress, Iead[ng to more or less
retention. To date, little has been published on the use of
adsorption or partitioning HPLC for the separation of
asphaltenes. This is most likely due to the adverse effects of
traditional HPLC solvents, such as weak solvents hexane
(normal phase) or water (reversed phase), with asphaltene
solubility. Even strong solvents, such as acetonitrile (MeCN) or
methanol, do not dissolve asphaltenes well. In contrast, there
have been numerous publications of HPLC separations of
condensed polyaromatic hydrocarbons (PAHs), such as
naphthalene, pyrene, benzo[alpyrene, and indeno[123-cd]-
pyrene, using a wide variety of C18 silica-based columns.™®
Fractionation of PAHs by number of rings first using normal-
phase HPLC on an aminosilica column and then separation of
these fractions by reversed-phase C18 HPLC has been effective
for environmental samples.”*** The cyanoprapyl- and amino-
bonded silica phases have been compared and shown to be
similar in resolution and analysis time for PAHs. ' Large PAHs
ranging from 4- to 10-ting compounds have been separated by
a C18 silica-packed capillary column.*” PAHs ranging from
coronene (7 rings) to decacyclene (13 rings) have been
separated using a polymeric C18 column with a methanol to
tetrahydrofuran (THF) mobile-phase gradient with particle-
beam MS detection.™

However, common HPLC column chemistries used for these
PAH separations, such as C18 or bare silica columns, will likely
prove ineffective or pmbls.matic with PetrDIemn aspha]tene.i. It
is well-known that adsorption of asphaltenas from toluene onto
silica involves aggrﬁate formation and is considered an
irreversible process.”" However, NMP at relatively low
concentrations {2—10%) in toluene was found to be effective
in desorption of asphaltenes from silica,™ Adsorption of
asphaltenes on silica wafers modified through silylation
chemistry with alkyltrichlorosilanes ranging in chain length
from n-butyl to octadecyl was found to be minimal.>* Shielding
of the underlying silica surface by the alkyl substituents was
deemed important, as shown by a decreased asphaltene
adsorption with an increased thickness of the alkyl silane
layer. This study was expanded to include aromatic
tri(hk:msi]:mes,33 but the nature of the silane substitutent
was less important than the masking of the silica surface.
Recently, it has been shown that the pulymer ethyl cellulose
dissolved in toluene can displace asphaltenes adsorbed to silica
or alumina surfaces, as shown by a decreased surface
h)rdr'ﬂphnhicil’y’,‘i’1 These studies have provided evidence that
high-quality uniformly silanized (end-capped) silica particles,
found in modern HPLC columns, along with optimization of
the mobile-phase gradient with a strong solvent, such as NMP,
should be effective for the fractionation of asphaltenes. Our
early scouting studies showed that the use of C18 silica- or
Hypercarb carbon-based columns cause excessive retention
with little if any efution of asphaltenes. Because of the nonpolar
nature of asphaltenes but also the presence of polar
heteroatoms, we propose the use of a mixed mode (polar
and nonpolar) stationary phase for their separation.

In this paper, we will demonstrate reverse-phase HPLC
separation of asphaltenes using a solvent gradient of water and
MeCN to a mixture of NMP and THF on a cyanopropyl silica
CDI\]H\D. ﬂ]ﬂ Cyﬂnﬂprﬂp)’l CDI\].U\['I was CI]DSEI‘ fDl' ﬂ1.is “'D(I(
based on reports of cyano and amino stationary phases to
separate PAHs in crude oil with high resolution and
selectivity.**** We used online fluorescence and ultraviolet—
visible (UV—vis) detection to monitor possible aggregate

checloiora/10.1021/ef201919x | Energy Fuels 2012, 26, 28502857
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formation as well as the overall separation. Using a fraction
collector, volume segments over the entire chromatogram were
collected and analyzed using atmospheric pressure chemical
ionization mass spectrometry (APCI—MS). We believe that this
is possibly the first HPLC report of a more partitioning and less
adsorption or sizing retention mode being applied for the
separation of asphaltenes.

B EXPERIMENTAL SECTION

HPLC. An Agilent 1100 microdegasser and Hewlett-Packard 1050
quaternary pumps were used to supply tetrahydrofuran (THF, from
Fischer Scientific, HPLC grad.e), water (182 M Millipore Milli-Q
Biocell), acetonitrile (MeCN, from Acros Organics, HPLC grade), and
N-methyl-2pyrrolidone (NMP, from Sigma Aldrich, Chromasolv) to a
250 X 46 mm Phenomenex Luna cyanopropyl-phase column
containing § pm particles with 100 A pore size with a Phenomenex
SecurityGuard 3 mm amino guard column. After weighing, the Mayan
asphaltenes (Mexican origin} were dissolved in 100% THF, unless
otherwise noted. The samples (from 2 to 50 yL} were injected using a
Thermo Scientific AS3500 autosampler. The autosampler tray
temperature was kept at 20 °C, and the column compartment was
at room temperature (21—22 °C). Detection was accomplished using a
Hewlett-Packard 1050 VWD UV detector and a Shimadzu RF-10AXL
fluorescence detector. Signals were collected using a Dionex UCI-100
analog to digital converter. Fractions were collected in 30 s intervals
using an ISCO Foxy fraction collector and combined according to the
elution of the peaks in the chromatogram. Data collection and
instrument control was accomplished using Dionex Chromeleon 6.8
SR10c software. Fractions were combined on the basis of peak elution
times. Solvent was removed from the fractions using a vacuum oven
(mTorr; 30—50 °C) as soon as possible to minimize oxygen exposure,
and special effort was taken to minimize light exposure (amber vials).

MS. A Finnigan LTQ, linear quadrupole ion trap (LQIT) with an
APCI source was used for all mass spectrometric studies. Dried
asphaltene fractions were dissolved in chloroform (Mallinckrodt
Chemicals, ChromAR HPLC) and introduced into the APCI source
via direct infusion via a Hamilton 500 L syringe at a flow rate of 20
uL min~" using the integral syringe pump of the instrument. The
instrument was in positive-ion mode. MS/MS studies were conducted
by isn]aling ions of several m/z values for each fraction and
fragmenting the isolated ions using CAD to provide structural
information. Data was processed using ThermoScientific Xcalibur
software.

B RESULTS AND DISCUSSION

After testing isocratic mobile phases, such as various MeCN—
THF combinations, with no success (either too short or
excessive peak retention), it was apparent that a gradient
mobile-phase composition would be required for this
separation. The initial conditions tried for the gradient
separation involved the combination of the mobile phases
used previously for HPLC of PAHs (MeCN—water) and SEC
of asphaltenes (NMP—THEF). The beginning of the gradient
was found to play an important role in the separation of
asphaltenes. Small variations (+5%) away from 75:25 MeCN/
H,O determined how well the two main peaks are resolved, as
shown in runs 1-5 of Figure SI and Table SI of the
Supporting Information. For a reversed-phase gradient
separations as is this, the polarity of the mobile phase is
ramped from high to low. A measure of the strength of the
mobile phase is the polarity index (P'), as calculated as P’ =
PPy + PuPy + dcl'c + PP, where ¢ is the fraction of the
solvent and P’ is the polarity parameter for that solvent.®® The
P’ scale ranges from close to 0 for hexane to 10.6 for water. The
P’ trends in Table S1 of the Supporting Information show a
decrease in polarity over the course of the run. Lowering the
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polarity of the mobile phase was accomplished using a steady
increase of the percentage of THE and maintaining a modest
amount of NMP. Run 9 of Figure S1 of the Supporting
Information is the final analytical chromatogram that was the
basis for the preparative runs that were used to collect fractions.
The mobile-phase gradient for run 9 was 75% MeCN—25%
H,O at 0 min, 5% THF-20% NMP—60% MeCN—15% water
at 5 min, 20% THF-30% NMP—-40% MeCN—10% water at 10
min, 70% THF—30% NMP at 12.5 min, 80% THF—20% NMP
at 15 min, and 90% THF—10% NMP at 25 min, until 30 min.
The corresponding change in P’ was 6,90, 6.55, 6.15, 4.81, 4.54,
and 4.27.

Both UV and fluorescence detectors were used to obtain a
more complete picture of the separation because some of the
components may lack conjugation or the rigid structure
required for a strong fluorescence signal. Additionally, once
asphaltenes aggregate, the fluorescence is self-quenched but the
UV signal is strong, On the basis of the polarity of the mobile
phase, the molecules producing the peak at 7 min should be
more polar compounds, possessing more heteroatoms than the
molecules producing the peaks starting at 14 min (Figure 1).
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Figure 1. Overlay of UV absorption and fluorescence analytical-scale
chromatograms of a single 20 uL injection of 0.02 g L ! solution of
asphaltenes at 0.5 mL/min. Fluorescence: excitation wavelength, 340
nm; emission wavelength, 450 nm. UV absorbance at 340 nm. The
first larger peak at 3 min and the smaller two peaks at 7 and 22 min
correspond to the UV chromatogram. The mobile-phase gradient was
that indicated in the first paragraph of the Results and Discussion.

Controlling how fast THF and NMP are added into the mobile
phase determines how sharp the second main peak will be.
With the initial 75:25 MeCN/H,0 mobile phase, THF is
immediately and steadily added to maintain solubility of the
sample. Asphaltenes are not soluble in 75:25 MeCN/H, O, and
this combined with the difference in polarity between the
sample solvent, THF, causes the injection plug to tighten and
concentrate at the precolumn. Despite the high water content,
L]'\E Cﬂlu]'l'lﬂ PTeSS“l’E was constant and {11(1 not \Pll(f upﬂn
sample injection. The first peak at 2.5 min is believed to be due
to asphaltene aggregates that are likely large enough to not
effectively enter the pores of the silica particles and undergo
retention. This is supported by the presence of a very small
negative peak at 2.2 min (Figure 1) on the fluorescence trace,
which corresponds to the unretained sample solvent peak,
caused by a refractive index effect.

dhe.deiorg/10.1021/ef201919%1 Energy Fuels 2012, 26, 28502857
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Figure 2 shows two preparative chromatograms using UV
detection taken at two different flow rates, 0.5 and 1.0 mL/min.
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Figure 2. Comparison of preparative chromatograms using the
optimized gradient (see first paragraph of the Results and Discussion )
as a function of the flow rate. The chromatogram with the peak at 22
min was taken at 0.5 mL/min. These analytical chromatograms were
taken together in sequence using a 20 uL injection of the 0.1 g L™
sample. UV absorbance detection at 340 nm. Sensitivity of the scale
changed from Figure 1 to keep peaks on scale.

The chromatogram at 0.5 mL/min is similar to the analytical
chromatogram in Figure 1 but just with a less sensitive signal
output, as expected. Surprisingly, for the chromatogram at 1.0
mL/min, the large peak at 22 min is now much smaller at 11
min and the first aggregate peak is broader. A flow rate of 0.5
mL min~" was determined to be the best compromise between
analysis time and the amount of aggregation observed. Figure 3
shows a series of blank chromatograms (100% THF injections)
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Figure 3. Six blank (100% THF injected) chromatograms, each taken
after every 30 preparative sample (0.1 g L™") injection. Fluorescence
detection is the same as in Figure 1. Note that the y axis encompasses
only 5.5 units.

taken after every 30 preparative injections. Considering that the
y axis is highly magnified, the blank peaks are very small,
indicating insignificant carryover from injection to injection.
However, some adsorption of asphaltenes at the head of the
column but not the tail of the column was visually noted and
will be discussed later.

Asphaltene aggregation was found to increase over time in
solution in the sample vial. This is revealed by an increase in the
aggregate peak over the span of 30 injections of a freshly
prepared sample, as shown in the preparative chromatograms of
Figure 4. The reason for the slight shift in peak retention time
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Figure 4. Preparative chromatograms of aggregate peaks measured
over 22.5 h (30 injections) of the same 0.1 g L' asphaltene solution.
Run 1 shows a peak maximum at 2.8 min. Runs 5—30 show increasing
height at 2.65 min.

after the first run is unclear at this time. Aggregation seems to
increase rapidly and then level off after roughly 10 h with a
sample concentration of 0.1 g L™ asphaltenes in 100% THF
(Figure 5). If the sample solvent is changed to a 50:50 mixture
of THF/NMP, aggregation levels off more rapidly in about 4.5
h (Figure 5). Carryover between injections was minimal unless
the column was overloaded, which occurred when injecting 80
uL of 0.1 g L™ solution of asphaltenes.

Because of mass balance, it would seem the other peaks in
the chromatogram must decrease in area while the aggregate
peak increases. In Figure 6, the UV trace shows no major
changes in peak areas [percent relative standard deviation (%
RSD) range is 3.8—6.7] for the two main peaks (UV 1 and 2);
we are unsure as to why. If the same trend lines (% RSD range
is 0.7—6.6) for the three peaks in the fluorescence (FL)
chromatogram are compared, there might be a very slight
decreasing trend for FL peak 3 (Figure 6). However, further
study is definitely required to understand from what possible
asphaltenes fraction(s) the aggregate peak may be forming.

The fractions that were collected are shown in Figure 7.
These fractions were collected by using an asphaltene
concentration of 0.1 g L™, instead of 0.02 g L™, despite an
increase in aggregation, to reduce the time needed to collect
enough of each fraction to enable analysis by MS. The fractions
collected from each peak had different colors. Peaks that do not
show up in the fluorescence trace but do show up in the UV
trace correspond to fractions P4.3 and V4. The reproducibility

dx.doi.arg/10.1021/ef201919x | Energy Fuels 2012, 26, 28502857
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Figure 5. Comparison of the influence of 100% THF (black M) and
50:50 THF/NMP (red @) sample solvents on the peak area of the
aggregate peak over a 22.5 h (30 injections) preparative run, with a 50
uL injection size of 0.1 g L™" asphaltenes solution.
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Figure 6. Comparison of UV absorbance peak areas for the three main
peaks in the chromatograms measured over 22.5 h (30 injections) time
span, with a S0 uL injection size of 0.1 g L™" asphaltenes solution. A
comparison of the FL peak areas of the three main peaks in
chromatograms measured over 22.5 h (30 injections) time span, with a
50 pL injection size. From the top trace to the bottom trace: FL peak
3, UV peak 2, FL peak 2, FL peak 1, and UV peak 1.

of the peak retention times for these fraction collections was
2.2% RSD for P1, 2.6% RSD for P2.1, and 0.25% RSD for P4.1
(n = 10). A visual comparison of the column packing at the two
column ends shows a black discoloration at the front of the
column, while the end of the column is white. The length of
discoloration in the column head was short, about 10 mm.
Electron micrographs of the column packing (Figure 8)
indicate some dark channels spread throughout the pores for
the front of the column, as compared to a more typical discrete
pore structure at the end of the column. However, the column
pressure did not increase significantly over the course of this
study.

2854

1. 20 2t 30

00

sos

Absorbance at 340 nn (arbitrary units)

d off chr

Figure 7. S,
It is possible to visually see differences in colors of each fraction in
THE.

ing each collected fraction.

8!

Figure 8. (A) Electron micrograph of the sample of column packing
(black in color) taken from the front of the column. (B) Electron
micrograph of the sample of column packing (white in color) taken
from the end of the column.

Each of the dried fractions collected during the HPLC run
was dissolved in chloroform and ionized using (+)APCI, with
the solvent chloroform acting as the chemical ionization
reagent. This ionization method produces [M + H]" pseudo-
molecular ions, through proton transfer.*® The full spectrum for
each fraction was used to determine the low and high ends of
the MWD, as well as the center of the distribution (Figure 9).
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Ralative Atundance

Figure 9. Shown above is the positive-mode APCI mass spectrum for
fraction P1 from Figure 7. The broad red line near m/z 140 indicates
the lower end of the MWD. The broad purple line near m/z 510
denotes the center of the MWD. The broad green line near m/z 1090
marks the heavy end of the MWD. The red circle denotes
contamination from the degradation of the stationary phase of the
column.

The MWD for each fraction was plotted as shown in Figure 10,
where the red line denotes the low end, the green line indicates
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Figure 10. Plot outlining the MWD for each fraction, as seen in Figure
7. The center of maximum intensity of each distribution is also
indicated.

the high end, and the purple line shows the center of the
distribution. The high end of the MWD varies slightly for each
fraction but falls between m/z 800 and 1100 for all of the
fractions. More importantly, there is no obvious trend toward
the higher end of the MWD for fractions that eluted later,
indicating that the asphaltenes were not mainly separated by
size but separated more based on polarity. The m/z values in
the spectra display numerous impurities because of NMP,
which forms adducts with the asphaltenes (Figure 9). Despite
rigorous attempts to dry the asphaltene fractions and remove
the solvents used for HPLC, NMP remained a problem because
of its high boiling point (200 °C), leading to impurities in the
mass spectra, such as for example the peak highlighted by a red
circle at m/z 662 in Figure 9. However, some m/z values show
more NMP adducts than others, perhaps two or even three
NMP adducts per ni/z. Also, there are still some NMP-adduct-
free asphaltenes in the spectra, but they are masked by
impurities. Finding solvents that are more suitable for both
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HPLC separation and MS$ analysis of asphaltenes is the next
step in this research.

MS/MS experiments, intended to provide structural
information for each fraction, were not successful because of
NMP contamination. An example of this can be seen in Figure
11 for fraction P3.1. This figure shows the mass spectrum
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Figure 11. (+)APCI-MS/MS CAD spectrum of the ion of m/z §15
from P3.1. The dominant neutral molecule lost has a MW of 98, which
corresponds to the NMP=H molecule (one of the solvents used
during HPLC runs).

obtained when ions of m/z 515 were isolated and subjected to
CAD. The dominant neutral molecule lost has a MW of 98 Da,
which corresponds to NMP—H. Losses of other neutral
molecules indicating the presence of NMP in the isolated
ions include water. Apparently, NMP rapidly adds to asphaltene
molecules prior to M$ or asphaltene ions generated in the ion
source. The facile fragmentation of the NMP moiety in the ions
masks the fragmentation patterns of the asphaltene molecules
themselves. Previous mass spectrometric analysis of asphaltenes
dissolved in NMP involved only a single stage of MS,3*575
Thus, the problem posed by NMP adducts and contamination
was not readily apparent in these experiments like it is for
multiple stages of MS used to elucidate the molecular structure.

W CONCLUSION

Liquid chromatographic separation of asphaltenes using a
cyanopropyl column with an optimized gradient from MeCN
and water to NMP and THF with UV and fluorescence as well
as MS detection has been demonstrated. Using a 0.02 g L™
asphaltene solution for preliminary optimization and fraction
collection of multiple injections of 0.1 g L' asphaltene
solution, three definitive peaks are evident in the fluorescence
chromatogram. Aggregation of asphaltenes, indicated by the
presence of a weakly retained peak in the UV chromatogram
but no such corresponding peak in the fluorescence chromato-
gram, was found to increase with time up to about 10 h and to
be dependent upon the choice of the solvent. On the basis of
the reversed-phase nature of the mobile-phase gradient, the
relative polarity of the compounds based on P’ of the mobile
phase is decreasing significantly and separation between polar
and nonpolar molecules seems likely. For the last 10 of 12
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fractions, the MWD determined by MS is fairly constant,
indicating that the retention mechanism is not a size-exclusion
mechanism but more likely a partitioning/adsorption mecha-
nism. Although NMP has been used as a mobile-phase solvent
Previuu:ﬂy for SEC with spectroscopic detection, we cannot
recommend it as a good choice for APCI-MS/MS ana.[ysis
because of facile adduct formation of asphaltenes.

B ASSOCIATED CONTENT

© Supporting Information

Data obtained during gradient development for the separation
of 0.02 g L' aspahltenes (Table S1) and progression of
mobile-phase gradient development for the analytical-scale
separation of 0.02 g L™ asphaltenes (Figure $1). This material
is available free of charge via the Internet at http:/ /pubs.acs.org.
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ABSTRACT: Laser-induced acoustic desorption (LIAD) was recently coupled to
atmospheric pressure chemical ionization (APCI) and shown to be of great utility
for the analysis of a variety of thermally labile nonpolar analytes that are not
amenable to ionization via electrospray ionization, such as nonvolatile hydro-
carbons. Despite these advancements, LIAD still suffered from several limitations,
including only being able to sample a small fraction of the analyte molecules
deposited on a Ti foil for desorption, poor reproducibility, as well as limited laser
power throughput to the backside of the foil. These limitations severely hinder the
analysis of especially challenging analytes, such as asphaltenes. To address these
issues, a novel high-throughput LIAD probe and an assembly for raster sampling of
a LIAD foil were designed, constructed, and tested. The new probe design allows
98% of the initial laser power to be realized at the backside of the foil over the 25%
achieved previously, thus improving reproducibility and allowing for the analysis of

large nonvolatile analytes, including asphaltenes. The raster assembly provided a 5.7 fold increase in the surface area of a LIAD
foil that could be sampled and improved reproducibility and sensitivity for LIAD experiments. The raster assembly can also
improve throughput as foils containing multiple analytes can be prepared and analyzed.

oft ionization techniques, such as electrospray ionization
(ESI) and matrix-assisted laser desorption ionization
(MALDI), have greatly improved the analysis of thermally
labile and nonvolatile analytes by mass spectrometry.l?s
However, both ESI and MALDI are limited to ionization via
protonation, deprotonation, or the attachment of a cation or an
anion (for ESI, this often relies on ions preformed in solution).
Furthermore, ESI preferentially ionizes the most polar
components present, which can lead to suppression of the
analyte ions’ signal, or the signals of the less polar molecules in
mixtures. Neither method can ionize compounds that do not
contain easily ionizable groups, such as hydrocarbons, and thus
have limited applicability toward nonpolar analytes.®”
Laser-induced acoustic desorption (LIAD) involves firing
laser pulses at the backside of a thin metal foil to generate
acoustic waves that propagate through the foil and evaporate
the intact neutral analyte molecules from the front side of the
foil >~ LIAD is typically coupled with a postionization
method, such as electron ionization (EI) or chemical ionization
(CI)."* A combination of LIAD with these ionization
methods has been demonstrated to be useful for mass
spectrometric analysis of biomolecules, such as nucleotides
and peptides, as well as petroleum samples, such as saturated
hydrocarbons, base oil fractions, and asphaltenes.'*'"""7
Conventionally, LIAD has been used in high vacuum in mass
spectrometers, such as Fourier-transform ion cyclotron
resonance (FT-ICR) instruments,' 27151 However, recently,

< ACS Publications  © 2013 American Chemical Saciety
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LIAD was successfully coupled to atmospheric pressure
ionization sources, such as ESI and atmospheric pressure
chemical ionization (APCI).”"**" LIAD/ESI still suffers from
the same limitations as ESI itself, such as a strong bias in
ionization efficiency toward the most polar compounds, LIAD/
APCI does not suffer from this drawback and has been used to
successfully examine a variety of analytes, ranging from polar
molecules to nonpolar hydrecarbons, including petroleum
distillate cuts.”*” However, LIAD/APCI is not without its
limitations, such as poor reproducibility, being able to sample
only a small portion of the analyte molecules deposited on the
foil surface, and the inability to desorb large thermally labile
molecules such as asphaltenes.

Previous work demonstrated that higher laser power
densities produce more powerful acoustic waves, which might
desorb larger analytes.”’ This was demonstrated to be true
when a high power LIAD probe was developed for high-
vacuum experiments.”” The same probe was used in the first
implementation of LIAD on an APCI source, While this setup
allowed for the analysis of heavier analytes than previously
possible,” reproducibility from shot to shot was poor, especially
for large compounds such as asphaltenes. A key contributor to
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this issue was the long laser beam path. Although the probe
developed for LIAD/APCI was shorter than the previous
probe, the laser and external optics (mirrors) were set up some
distance from the linear quadrupole ion trap’s ion source to
allow the instrument to be easily used without LIAD when
necessary, which caused beam divergence and hence a large loss
in laser power density. Further, the mirrors inside the probe
had to be manually aligned without the ability for fine
adjustments, which made alignment cumbersome. Finally, the
alignment drifted due to vibrations or when switching foils in
the probe. These factors led to suboptimal alignment of the
optics inside the probe, which was a contributor to the loss of
power density and poor reproducibility. To address these
issues, a high-power LIAD probe was developed.

Another drawback in the previous practice of LIAD was that
a circular area of only roughly 26.5 mm® of the foil’s total
surface area of 227 mm” was exposed to laser irradiation. Thus,
most of the sample deposited on the foil was not utilized To
address this issue, an assembly that allows the foil to be rastered
by the laser beam was developed.

The uniformity of the layer of the deposited analyte on the
foil is also an important factor that influences the
reproducibility of LIAD. Previously, the sample has been
deposited on the foil via two methods. The first method,
electrospray deposition, creates a relatively uniform layer of
analyte on the foil, but this method is only amenable to polar
molecules.™ Nonpolar analytes, such as petroleum distillate
cuts or asphaltenes, cannot be deposited using electrospray
because they are nonpolar. Thus, nonpolar analytes have been
deposited onto the foils by using the dry-drop trchniquna.lS
While this technique can be used for nonpolar compounds,
unlike electrospray deposition, it deposits nonuniform layers of
analyte on the foils. During deposition of the analyte, the
solvent tends to move toward the edges of the foil due to
cohesion between solvent molecules being greater than the
adhesive forces between the solvent and the foil surface,
creating areas of high analyte concentration, as well as spots of
low analyte concentration on the foil. To overcome this issue,
the foil can be gently spun to redistribute the analyte solution
over the foil. However, this is a tedious and difficult process, as
spinning too slowly will not redistribute the analyte solution
and spinning too vigorously will cause the solution to spill off of
the foil. Another limitation stems from the fact that some
analytes may undergo thermal degradation during this process,
as the foil is gently heated to facilitate evaporation of solvent
from the foil’s surface.

Moreover, electrospray deposition and dry-drop methods
were developed for conventional LIAD that used circular foils.
The switch to larger rectangular foils needed for rastering
makes it even more difficult to generate evenly coated foils as
the new foils are larger than the spray cone area for electrospray
deposition. Further, rotating the rectangular foils without the
sample spilling off the foil or pulling back to the edges is
challenging for the dry-drop technique. Thus, a need exists for a
technigue to produce uniform sample layers for many different
types of analytes on rectangular LIAD foils. A chamber using
drying gas to evaporate solvent and deposit analyte on
rectangular LIAD foils was developed to address this need.

B EXPERIMENTAL SECTION

All experiments were performed using a linear quadrupole ion
trap (LQIT) from Finnigan. The instrument was operated in
the positive ion mode and was equipped with an APCI source
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operated at 300 °C, with a sheath gas flow rate of 40-50
(arbitrary units) and an auxiliary gas rate of 5 (arbitrary units).
The transfer capillary into the instrument was held at 275 °C.
For LIAD/APC]I, either carbon disulfide was used as a chemical
ionization reagent and was flown into the source at a rate of 20
#L/min, or no solvent was used and the nitrogen nebulizer gas
(sheath and auxiliary gas) served as the chemical ionization
reagent. Both carbon disulfide and nitrogen reagent ions
yielded molecular ions for analyte molecules desorbed via
LIAD.

A Continuum Minilite Nd:YAG laser {(Model Continuum
Minilite I, model ML 1) of 532 nm wavelength, 12 m] (@ 532
nm) nominal power, 10 Hz repetition rate, 1 em™! line width, <
3 mrad divergence, and beam diameter of 3 mm, was used to
perform LIAD. The laser described previously, equipped with
kinematically mounted high-power reflective mirrors for beam
path alignment, was used in the new LIAD setup.” Depaosition
of a sample on a foil was done in the new drying gas sample
preparation chamber. The samples were dissolved in carbon
disulfide and pipetted into the chamber. The process is
described in detail in Results and Discussion.

B RESULTS AND DISCUSSION

Novel High Throughput LIAD Probe. When LIAD is
coupled to a linear quadrupole ion trap with an atmospheric
pressure chemical ionization (APCI) source, many of the
considerations (such as desorbing neutral molecules on axis
with the magnetic field for the FT-ICR) that required the use of
a mirror assembly internal to the conventional LIAD probe are
no longer a factor.”® Hence, the internal mitror assembly, which
guided the laser beam off axis onto the foil, was removed, thus
eliminating the problems related to the alignment of the mirror
assembly.

To overcome the issue of poor reproducibility and loss of
laser power density in previous LIAD/APCI experiments
performed on a LQIT,” a new LIAD probe was designed that
focuses and recollimates the laser beam as it travels from the
laser head to the backside of the foil, by use of a pair of
telecentric lenses, with a third lens used to focus the laser beam
onto the backside of the foil (laser spot diameter at foil was
roughly 0.3 mm). The probe consists of two brass tubes and
three lens holders. Each lens holder contains a telecentric lens
(Figure 1). By focusing and recollimating the laser beam, beam

Plano-Convex Focusing Lens

Ventilation Hdei\.

Nd:YAG Q-pulsed Minilite Laser
(532 nm)

TiFoil

Tdecanmc\‘\
Lens Pair
/ N\
4 |
Kinematically Mounted Mirrors Brass Probes

Figure 1. Illustration of the novel high throughput LIAD probe. The
lens holders threaded into the spacer tubes are not shown.
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Figure 2. Image of the novel high throughput LIAD probe. The tip is held by the raster assembly on the left side of the picture. The high power
probe can readily be removed for changing of sample foils without disturbing the kinematic mirrors seen on the far right of the image.
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Figure 3. (top) High vacuum LIAD/EI (70 eV) mass spectrum of an asphaltenes sample measured using a 3 T FTICR. (bottom) LIAD/APCI mass

hal

spectrum of the same sample d, using nif
shown in the two mass spectra are in good agreement.

as the chemical ionization reagent, in a LQIT. The molecular weight distributions

divergence can be minimized to avoid losses in laser power
density over the approximately three foot beam path. Details of
the probe are provided in the Supporting Information.

The above probe fits into an adapter built into the raster
assembly (discussed below), which bolts onto the atmospheric
pressure ionization chamber of the LQIT. The other end is held
by a custom holder affixed to a stand secured to the breadboard
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table top the setup sits on. The distance between the ionization
chamber and external kinematically mounted mirrors is such
that the probe can easily be removed without moving the
external optics, which is important when changing samples in
order to avoid the need to realign the optics with each new
sample. Once the flange with new sample is in place, the probe
is simply reinserted into the adapter the proper distance from

dx.doi.org/10.1021/ac4000333 | Anal. Chem. 2013, 85, 57205726
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the foil (marked on the probe) without the need for
realignment of any of the optics. A photograph of the high
throughput probe is provided in Figure 2.

Performance of the New High-Throughput LIAD
Probe. The new high-throughput LIAD probe with a
telecentric lens pair makes alignment of the laser beam to the
backside of the foil much easier than for the old setup.”*
Furthermore, since the lens pair focuses and recollimates the
laser beam, the power lost over the path of the beam is greatly
reduced. The previous LIAD setup™ suffered from a 75% loss
of power over its beam path. Thus, when using the Continuum
Minilite II laser, a maximum power density of only 2000 MW/
em? at the backside of the foil was achieved when the power
density at the laser head was 8000 MW/cm?® The new probe
design results in the loss of only 2% of the initial laser power. A
maximum power density of 8200 MW/cm? at the backside of
the foil was measured when a power density of 8300 MW/ cm?
was measured at the head of the same laser used in the earlier
experiments. This is over a 4-fold increase in laser power at the
foil compared to the previous setup, allowing for the use of a
majority of the maximum laser power output. Power densities
for both setups were measured using an Ophir power meter
(model no. 720287), placed were a foil would be fixed for a
LIAD-APCI experiment. The power density at the position of
the foil was divided by the power density measure at the head
of the laser to find the percent of power density lost over the
beam path of the laser beam.

An example of the performance of the new high-throughput
probe can be seen in Figure 3, which shows a LIAD/APCI mass
spectrum measured for an asphaltenes sample (crude oil
fraction that dissolves in toluene but not n-heptane) dissolved
in carbon disulfide (approximately 1 mg/mL) and deposited on
a Ti foil by using the dry drop method, as described
previously."* The foil was attached to the sample stage of a
raster assembly (described below), and the analyte was
desorbed using LIAD. The gaseous analyte was ionized using
APCI with nitrogen as the reagent gas wherein N, generated
by Corona discharge abstracts an electron from an analyte
molecule, thus generating a radical cation of the analyte. The
resulting mass spectrum shows a distribution of ions starting at
m/z 200 and ending at m/z 1050. This distribution is in good
agreement with that previously determined,"® by using LIAD/
EI (70 eV), as seen in Figure 3. Asphaltenes did not yield a
detectable signal when using the previous’ LIAD/APCI setup
but with the higher power that is achieved at the backside of the
foil by using the high-throughput probe, asphaltenes can be
desorbed into the gas phase and detected after ionization
(Figure 3).

Novel LIAD Rastering Assembly. As discussed in the
introduction, much of the analyte deposited on the foil is not
sampled during a traditional LIAD experiment. T'o address this
issue, a rastering assembly was built to allow for a greater
portion of the foil to be sampled, which in turn will increase the
total ion signal and enable multiple experiments with more than
one analyte per foil. When designing the rastering assembly, a
few important criteria had to be met. The assembly had to
allow for the movement of the foil in the x and y directions (by
using a fixed laser beam path geometry) to be able to sample
the entire foil surface. Further, the setup needed to allow the
position of the new high throughput LIAD probe to be
adjustable in the z direction (desorption axis) to be able to
change the focal volume and power density of the laser beam at
the backside of the foil. Finally, the setup had to allow for foils

to be changed without disturbing the optical components of the
LIAD setup.

The LIAD rastering assembly is shown in Figure 4. The
assembly has a movable brass holder (inner diameter of 0.74",
outer diameter of 1.03") for the high throughput LIAD probe

fory- a
manipulation.

J ableJirrw fory:
axis mampuﬁlio

Figure 4. Images of the raster LIAD assembly.
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that houses the final 3.75” of the tip of the probe. This allows
the location of the probe tip to be optimized in the x—y plane
for efficient ionization, which requires that the beam path
overlaps with the tip of the corona discharge needle.
Furthermore, this holder allows the high throughput probe to
be moved along the z axis to change the focal volume and
power density of the laser beam at the backside of the foil. The
LIAD foil itself is held in place by tightening four screws with
washers on the foil stage. The stage is attached to two
perpendicular threaded rods (1/32” thread), which move the
stage in the a and y directions, allowing the entire foil to be
sampled. The threaded rods are attached to two cable drives,
which are connected to two knobs mounted on the outside of
the raster assembly base. Manually turning one knob will move
the stage in the y direction (vertically), while the other knob
controls movement in the x direction (horizontally). The
assembly bolts directly onto the commercial ionization chamber
(Ion Max box) of the Finnigan LQIT in place of its original
front access door, as illustrated in Figure S1 of the Supporting
Information. The assembly uses the same bolts (#4/40) and
907 lock pins as the original door.

Performance of the Raster Assembly. The rastering
LIAD assembly greatly increases the surface area of the LIAD
foil that can be sampled. Figure 5 shows a used raster LIAD foil

Figure 5. Image comparing a raster LIAD foil (left; about 500 laser
shots) to a conventional LIAD foil (right; about 85 laser shots).

compared to a conventional LIAD foil. The raster assembly
sampled roughly 133 mm® of the foil covered by analyte
compared to 26.5 mm? for the conventional setup. This is a §-
fold increase in the utilized foil surface area.

On the basis of previous LIAD/APCI work, molecules on 1/
4 of the sample area of the foil had to be evaporated by using
LIAD to produce acceptable signal-to-noise ratio with the
conventional LIAD/APCI setup, allowing for a maximum of
four experiments per foil.” This corresponds to desorbing
analyte from an area of roughly 6.63 mm” of the foil’s surface.
The raster assembly allows for 133 mm? of the foil surface to be
sampled, but half of this surface area is unused te allow a space
in between the rows where the laser irradiates the back of the
foil. This prevents overlap for consecutive shots so that a
maximum amount of analyte molecules is desorbed with each
shot. This means that at least 10 experiments can be performed
per foil, a nearly 3-fold increase over the conventional setup.
Depositing multiple analytes per foil in specific sections would
allow for the analysis of multiple samples per foil, thus greatly
improving throughput.

The raster assembly also provides several other benefits, such
as improved sensitivity and reproducibility. With the ability to
sample a large surface area, multiple spectra measured during a
lengthy LIAD experiment can be averaged to account for
uneven sample deposition on the foil surface or a low
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concentration of sample. An example of this is provided in
Figure S2 of the Supporting Information.

Design and Development of a Drying Gas Chamber
for Sample Foil Preparation. To address the issues
hindering the production of more uniform sample layers on
foils, a foil preparation chamber was designed that uses an inert
drying gas to evaporate the solvent from the analyte solution.
The chamber consists of four main parts: (A) stainless steel
block, (B) Teflon foil holder, (C) stainless steel forming
mandrel, and (D) lid, shown in Figure 6. A milled out cavity is

o

Figure 6. The components of the LIAD foil preparation chamber.
Each part is labeled for easy referencing in the description of the
chamber. A is the primary cavity, B the foil holder, C1 the forming
mandrel, and D is the lid. C2 is an interchangeable mandrel that can
replace C1, allowing for the preparation of a foil with two different
analytes on separate regions of the foil.

centered on the stainless steel block A. Within this cavity are
two wells that are milled out further to collect any solvent that
may leak from the foil. The foil holder, B, was made of Teflon
and designed to be inserted into the cavity of part A. Part C
(either C1 or C2) is a forming mandrel made from stainless
steel (similar to A) and has a mushroom shape when viewed
from the side. A cutout centered horizontally and vertically
creates a rectangular hole in the center of C1. Once the foil is
inserted into B, C1 is inserted, so that its lower half slides into
the cavity of B. This forms a seal between the foil and B, so that
the foil is exposed in the cutout of C1. This region of exposed
foil is where the analyte solution is deposited. Alternatively, C1
can be exchanged for C2 with a bridge down the center, thus
containing two separate regions for sample deposition, which
allows for two different samples to be deposited on a single foil
for higher sample throughput. Finally, to complete the
assembly, a lid, D, is set atop A. When the bolts are tightened,
an O ring forms a seal between parts A and D so that the drying
gas does not leak excessively from the chamber during foil
preparation. Also centered on the lid is a clearance hole. This
hole is filled with a rubber septum during foil preparation. Two
needles are inserted into the septum. One needle has a 90
degree bend in the shaft so that the tip, after piercing the
septum, will be parallel with the titanium foil. This needle is
hooked up to a compressed gas cylinder of an inert dry gas,
such as argon or nitrogen, which is used to evaporate the
solvent. The needle needs to be bent so that the drying gas
does not flow directly onto the foil surface, which would create
a pocket where the sample solution is blown away, exposing

dxdoi.org/10.1021/a04000333 | Angl. Chem. 2013, 85, 5720-5726

Ivi



Analytical Chemistry

bare foil. The other needle, which exhausts drying gas from the
chamber to avoid pressure build up, is unmodified. A detailed
description of the chamber is provided in the Supporting
Information.

To prepare a foil, it is inserted into B and into the chamber.
Once the chamber is assembled with the foil inside and before
the septum is inserted, the chamber is filled with the analyte
solution by using a pipet until the solvent completely covers the
titanium foil as a thin layer. Volatile solvents are best suited for
this technique as they evaporate quickly. The septum with the
two needles is then inserted to gently flow drying gas over the
sample. The flow rate for the drying gas is very low (just a few
bubbles per second when the needle is inserted into a vial of
water). For samples dissolved in €S, 10 min is often more than
enough time to evaporate the solvent. The septum is then
removed to check the condition of the foil. The previous steps
are repeated if a more concentrated sample layer is desired.

Performance of the Drying Gas Sample Preparation
Chamber. Use of the drying gas chamber produces a sample
foil with a more uniform sample layer than the dry-drop
method, as shown in Figure 7. The relative standard deviation

Figure 7. (Left) A LIAD foil with asphaltenes deposited on it by using
the dry-drop technique, showing that the analyte layer is very uneven,
with spots of heavy sample amounts and areas of little to no sample.
(Right) A LIAD foil with asphaltenes deposited on it by using the
drying gas chamber, showing that the surface is more uniform than for
the dry-drop method.

determined for the rastering and round foils are 60% and 225%,
respectively. The foils shown in Figure 7 have asphaltenes
deposited on them, which could not be done using electrospray
deposition that is only suitable for polar compounds because
asphaltenes are comprised of nonpolar hydrocarbons.

Figure S4 of the Supporting Information shows the total ion
current as a function of time produced by the mass
spectrometer, while LIAD was rastering over a foil to which a
sample was deposited using the dry-drop method and one to
which the sample was deposited using the drying gas chamber.
The foil prepared using the drying gas chamber shows a much
more stable total ion current than the foil prepared using the
dry-drop method, indicating that a more uniform layer of
analyte was deposited using the drying gas chamber. The
chamber also greatly simplifies producing rectangular foils for
raster sampling. Furthermore, using the forming mandrel C2,
foils with two different analytes deposited to them can be
prepared, as seen in Figure 85 of the Supporting Information.
This will help increase the throughput.

B CONCLUSIONS

A novel high throughput LIAD probe using a telecentric lens
pair was developed for LIAD/APCIL, which increases the
maximum laser power density at the backside of the LIAD foil
by minimizing beam divergence. The new probe design allows
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98% of the initial laser power to reach the backside of the foil,
as opposed to a mere 25% for the previous setup.** The higher
laser power throughput allows for more efficient evaporation of
heavy analytes into the gas phase, as evidenced by the LIAD/
APCI mass spectrum of asphaltenes obtained using the new
probe and the novel rastering assembly. A mass spectrum could
not be measured for asphaltenes using the previous LIAD/
APCI setup.”

A raster assembly was constructed to allow for a greater area
of the LIAD foil to be sampled. The assembly is fastened to the
commercial ionization chamber of a Thermo Scientific LTQ.
The rastering setup has a stage mounted on two perpendicular
threaded rods that move in the x—y plane, allowing much more
surface area of a foil to be sampled. Currently, the stage is
manipulated manually by two external knobs, but automating
the setup by using electric motors and computer control should
be achievable with minimal changes to the current design. The
raster assembly improves sensitivity and reproducibility by
allowing for multiple scans to be averaged. Alternatively, more
LIAD experiments can be performed per foil than for the
conventional setup, as the raster setup samples up to 150 mm®
of foil compared to 26.5 mm® for the previous setup. The raster
assembly also can be used to analyze multiple analytes
deposited on separate sections of a foil, thus greatly improving
the throughput of LIAD/APCL

Finally, a chamber was designed and constructed that uses an
inert drying gas to prepare square sample foils for LIAD. The
chamber can be used to prepare foils with either polar or
nonpolar analytes, thus overcoming the inability of electrospray
deposition to spray nonpolar compounds. Furthermore, the
chamber produces a more uniform layer of analyte on the foil
surface than the dry-drop method. The chamber also has
interchangeable forming mandrels, which allow for one or two
different analytes to be deposited on the foil surface. This will
improve the throughput as multiple analytes per foil can be
studied.
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Asphaltenes by Using Mass Spectrometry
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ABSTRACT: Asphaltenes are a complex mixture of aromatic compounds that are present in petroleum and liquefied coal and
have unknown molecular structures. Determination of the molecular structures of asphaltenes is greatly hindered by the extreme
complexity of the mixtures. The average molecular weight of coal asphaltenes is known to be roughly half that of petroleum
asphaltenes. In this study, tandem mass spectrometry experiments were used to compare the fragmentation patterns of molecular
ions of the same mass-to-charge (m/z) value derived from coal and petroleum asphaltenes. The fragmentation pathways of the
asphaltene ions were used to determine structural differences between the two types of asphaltenes. This type of analysis is new
to the field of asphaltenes research and has not yet been utilized to compare coal and petroleum asphaltenes. Thus, this study was
performed to both confirm its viability as well as further corroborate previous data gathered using different techniques. The
results reported here demonstrate that the molecules in coal asphaltenes have shorter alkyl chains and larger aromatic cores than
their petroleum-derived counterparts with the same molecular weight (MW). Furthermore, they have a higher aromatic-to-alkane
carbon ratio, independent of the MW. However, the typical petroleum and coal asphaltenes (when considering the most
abundant molecules in each) have a similarly sized aromatic core {~8 rings), but very different total lengths of the alkyl side
chains (~4 for coal asphaltenes, ~22 for petroleum aspha]tenes).

H INTRODUCTION The archipelago model consists of molecules with several
Crude oil is a highly complex mixture of compounds that is aromatic cores connected by alkyl bridges.! Experiments using
divided into different fractions based on the compounds boiling time-resolved fluorescence depolarization suggest that aspl';all‘;
points and solubility.* Asphaltenes are defined as the fraction tenes mainly consist of molecules fitting the island model.”

of crude oil that is soluble in toluene and insoluble in Other methods, such as Taylor dispersion diffusion and NMR
n-heptane.” This fraction contains many of the least-volatile pulsed field gradient measurements, along with others, have
compounds of crude oil. Most of the compounds are thought to revealed similar results.*®'" Studies using NMR and average
be aromatic but their structures are unknown. Asphaltenes are structural parameter calculations have found that a small amount

problematic for the petroleum industry, because they precipitate of archipelago-type molecules can be present in asphaltenes.'”
in pipes, which results in restricted flow and clogs. Furthermore, Recently, we published a study comparing the fragmentation

they contain metals that foul catalysts during oil processing. Both patterns of ionized model compounds of asphaltenes with ions
of these behaviors increase production costs.” The recent shift to derived from asphaltenes by using mass spectrometry. The
the utilization of heavier arude oils that contain greater amounts results suggest that molecules with structures corresponding to
of asphaltenes due to a depletion of oil reserves with a low the island model dominate.*?

‘.a:splmheue content further e[nphusims the need to acquire a better Asphaltenes havcﬁprnvcn to be a challenge to analyze by using
u.ndem‘tanding of the molecular structures of aspl)a]lenes. If even mass spectrometry.” Asphaltenes tend to degrade or aggregate
the general features of the molecular structures of asphaltenes can when they are introduced into the gas phase.'* Tonization bias is
be determined, methods for reducing or eliminating the problems also a problem when attempting to ionize mixtures of this

they cause might be devised, along with increasing the potential of complexity by using ionization methods such as electrospray
converting them to useful compounds. ionization {ESI) and matrix-assisted laser desorption/ionization
One approach that has been taken to address this issue is (MALDI).” Both ESI and MALDI predominantly ionize the
the comparison of the pllyslc:al and chemical properties Pf coal most polar molecules present, thus often giving no signal for a
and petroleum asphaltenes, since these properties are dictated large portion of the compounds present. Atmospheric pressure
b)f the N tructures of the maolecules. The molecular wglght chemical ionization (APCI) was used here for the analysis of
distribution (MWD) for coal asphaltenes has been determined halt b it exhibits less bias than ESI and MALDI
to be about half that of petmleu.m :1s[.ﬂ'|::.ltenes.6’7 The lower asphaltenes ‘ecause e it Jess 1as. o an .
molecular weights of coal asphaltenes should make it casier and has prelzmusly been shown to be suitable for the ana.lysls of
to determine their molecular structures, which may facilitate the pethm;lleum Toluene is a solvegcmpmonly me‘i}.m dissolve
determination of the molecular structures for petroleum asphaltenes, but our vecent research using APCI with toluene as

asphaltenes.® a solvent for evaporation and ionization of asphaltene model
Two structure classes are currently debated for asphaltenes:

the island model and the archipelago maodel." The island model Received: December 9, 2012

consists of molecules with a single aromatic core containing several Revised:  May 22, 2013

fused aromatic rings with allyl chains branching off the core.' Published: May 29, 2013
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cumpmmds showed that toluene produces both prntnnated
molecules (M+H*) and molecular ions (M**)."* The possible
production of two different ions for each compound is
problematic, since it further convolutes the mass spectrum
measured for a complex mixture, such as asphaltenes. To
address this problem, carbon disulfide was used as the solvent
for asphaltenes instead of toluene. This approach produces only
stable molecular ions for the model compounds of asphal-
tenes."”

In this study, tandem mass spectrometry experiments were
carried out using a Thermo Scientific linear quadrupole ion trap
(LQITY), as well as a LQIT coupled with a Fourier transform—
ion cyclotron resonance (FT-ICR) system. Several molecular jons
with varying m/z values derived from the coal and petroleum
asphaltenes were isolated and subjected to collisionally activated
dissociation (CAD). Comparison of their fragmentation pathways
yielded information about the differences in the molecular
structures of coal and petroleum asphaltenes.

B EXPERIMENTAL SECTION

Chemicals. The petroleum asphaltenes samples originated from a
Russian oil field and were obtained by heptane precipitation. The coal
asphaltenes were generously donated by Dr. Oliver Mullins. They had
been extracted from coal that originated from Tanito Harum,
Indonesia. The coal liquefaction and asphaltene extraction method
has been previously described in the literature.'® Carbon disulfide

(>99.9%) and heptanes (99+%) were purchased from Sigma—Aldrich
(8t. Louis, MO) and used without further purification. Both asphaltenes
samples were sonicated for 1 k in n-heptanes and centrifuged to remove
the maltene content.

Instrumentation. A Thermo Scientific LTQ linear quadrupole ion
trap {LQIT) and a LQIT coupled to a FT-ICR mass spectrometer
were used for mass spectrometric analyses. The asphaltenes were
dissolved in carbon disulfide at a concentration of 0.5 g/mL and then
introduced into the APCI source via direct infusion from a Hamilton
500 pL syringe through the instrument’s syringe pump at a rate of
20 pL per minute. The APCI source was set at 300 °C. Several ions
were isolated and subjected to CAD. The isolation window used was
either 0.3 or 2 Da (selected m/z value +1) and a CAD energy of 35
arbitrary units was used. Both were controlled by the LTQ software.
The LQIT-FT-ICR instrument was used to determine the elemental
compositions of interesting jons, because of the accurate mass
measurement capability of the FT-ICR system.

B RESULTS AND DISCUSSION

For this study, asphaltenes derived from liquefied coal were
compared to the petroleum asphaltenes samples. Asphaltenes
were dissolved in carbon disulfide and ionized via positive-mode
APCI since this approach is known to form stable molecular
ions (M™) for the model compounds of asphaltenes.'” The
mass spectra measured for these ions yielded the MWDs, while
the average molecular weight {(AVG MW) values were derived
from the MWDs using eq 1 (see Table 1).

Table 1. Molecular Weight Distril

(MWD) and Average Molecular Weights (AVG MW) Determined for Molecules in

Coal and Petroleum Asphaltenes, as Well as the Estimated Minimum Total Number of Carbon Atoms in All Side Chains and
Estimated Core Sizes, Given for lons with Selected m/z Values

coal petrolenm difference®
MWD 200—800 Da 275—1450 Da
AVG MW 443 =33 Da 708 = 14 Da 265 Da
Ion of m/z 220
carbons in side chains 3
estimated core size 3
Ton of m/z 285
carbons in side chains 4
estimated core size 4
Ton of m/z 325
carbons in side chains 4
estimated core size 5
Ton of m/z 360
carbons in side chains s s 0
estimated core size 6 6 0
Ton of m/z 418
carbons in side chains 4 6 2
estimated core size 7 6 -1
Ion of m/z 456
carbons in side chains 4 8 4
estimated core size 8 7 -1
Ton of m/z 490
carbons in side chains 5 1 6
estimated core size 8 6 -2
Ion of m/z 515
carbons in side chains 5 10 s
estimated core size 9 7 -2
Ton of m/z 530
carbons in side chains 5 12 7
estimated core size 9 7 -2

“Diffference = MW petroleum — MW coke.
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coal petrolenm difference®™
Ton of m/z 606
carbons in side chains 5 17 W)
estimated core size 10 7 -3
Ton of m/z 647
carbons in side chains 5 17 12
estimated core size 11 8 -3
Ton of m/z 677
carbons in side chains 5 19 14
estimated core size 12 8 —4
Ion of m/z 688
carbons in side chains 6 22 16
estimated core size 12 7 S
Ton of m/z 704
carbons in side chains & 22 16
estimated core size 12 8 -4
Ton of m/z 736
carbons in side chains N 17 12
estimated core size 13 10 -3
Ton of m/z 780
carbons in side chains 25
estimated core size 8
Ton of m/z 810
carbons in side chains 26
estimated core size 9
Ion of m/z 850
carbons in side chains 27
estimated core size 9

Ion of m/z 875
carbons in side chains
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X (m/z) x area(all peaks)

AVGMW > area(all peaks) (1)

Tandem mass spectrometry experiments were performed to
estimate the minimum combined length of the alkyl chains
branching from the core. This was achieved by subjecting several
isolated molecular ions of different m/z values to CAD and
by counting the methylenes in the observed consecutive alkyl
losses until the abundance of the corresponding fragment ions
was <29, relative to the abundance of the most abundant ion, as
described previously.”* The same fragment ions were used to
determine the molecule’s core sizes by estimating the number of
fused rings required to reach the masses of those fragment ions
(methylene functional groups possibly left onto the core after
benzylic cleavages of the alkyl chains were included in this
estimate). An example of both procedures is shown in Figure 1 for
a model compound. The determination of the number of fused
rings is a rough estimate, since it does not take into account the
presence of heteroatoms, but this should not change the values
significantly. The accuracy of these determinations is still under
investigation and they are being used here for comparison only
due to the lack of suitable model compounds that adequately
simulate the CAD mass spectra of ions derived from asphaltenes.

Figure 2 displays a comparison of the MWD measured for
the coal and petroleum asphaltenes. The observed MWD for
coal asphaltenes ranges from 200 Da to 800 Da, with a
weighted MW average of 443 + 33 Da, while the MWD for the
petroleum asphaltenes ranges from 275 Da to 1500 Da, with a

weighted MW average of 708 + 14 Da. These data agree with
previous studies that were conducted on coal and petroleum
asphaltenes by using different methods.®

Based on the hydrogen to carbon (H/C) ratios measured
previously using other experimental methods (87-91 wt%
carbon, 5—7 wt % hydrogen in coal asphaltenes and 79—82 wt
% carbon, 7—8 wt % hydrogen in petroleum asphaltenes), it has
been concluded that coal asphaltenes have a higher (aromatic
carbon):(alkane carbon) ratio than petroleum asphaltenes.™'®
To determine the extent of aromaticity of the molecules in the
samples studied here, CAD was conducted on selected molecular
ions derived from each sample. Because of the low ion signal
that is generated by these complex mixtures, a relatively wide
(2 Da) window was used for isolating ions for CAD in most
experiments, From high-resolution data collected in our
laboratories and in others, it has been determined that this
m/z range may contain 5—15 abundant isobaric ions.'” All these
ions may contribute to the CAD mass spectrum. Hence, a
narrower isolation window of 0.3 was also used in a few cases
(Figure 3). However, the main fragment ions and fragmentation
patterns were found to be independent of the size of the ion
isolation window (Figure 3).

Figure 4 displays typical CAD mass spectra measured for
ions of m/z 677 + 1 Da derived from coal and petroleum
asphaltenes. These CAD mass spectra are similar to those
measured earlier for petroleum asphaltenes, showing system-
atically decreasing abundances for fragment ions formed via
the loss of larger alkyl radicals.">'* The identity of the
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Figure 1. CAD mass spectrum measured for 1-butyl-3-propylnaphthalene molecular ion of m/z 226 generated by APCI/CS,. An approximation of

the minimum total number of carbons in all alkyl chains and the core size is obtained from the smallest fragment ion of m/z 141 (resulting from the
loss of propene from the ion of m/z 183 formed by the loss of a propyl radical from the molecular ion), revealing the presence of at least six C atoms

in all alkyl chains and two fused rings (with an attached methylene group).
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Figure 2. APCI/CS, mass spectra of coal asphaltenes (top) and petroleum
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asphaltenes (bottom).
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Figure 4. CAD mass spectra measured for ions of m/z 677 + 1 derived from coal asphaltenes (top) and petroleum asphaltenes (bottom). The total
number of carbons in the side chains and likely core size were estimated as described in the text.

fragmentations was determined by using high-resolution
measurements such as those depicted in Figure 5.

The fragmentation patterns seen in Figure 4 are believed to
correspond to island-type ionized molecules, because of the
lack of facile losses of apparently random large highly aromatic

neutral molecules that would be expected for archipelago-type
molecules, based on previous studies on asphaltenes model
compounds.”® As indicated in Figure 4, the most favored lost
neutral fragments correspond to a series of alkyl radicals
ranging from methyl up to an alkyl radical with 19 carbons,
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Figure 6. Graph illustrating the differences (petroleum — coal) between the coal asphaltenes and the petroleum asphaltenes as a function of their
molecular size: the estimated minimum total number of carbons in all side chains and the approximate core size.

indicating the presence of a complex mixture of isomers (and
possibly isobars) with alkyl chains of varying lengths. The
larger the lost alkyl radical, the smaller the abundance of the
corresponding fragment ion, which suggests that shorter alkyl
groups are much more prominent in the asphaltenes molecules
than longer ones. The ions of m/z 677 + 1 (Figure 4) derived
from coal asphaltenes appear to have a total number of at least
5 carbons in side chains and a core of roughly 12 fused aromatic
rings, while those from petroleum asphaltenes have a total of at
least 19 carbons in side chains and a core of roughly 8 aromatic
rings. The core sizes are larger than have been reported
previously. The exact reason for this is still under investigation
and will be resolved once adequate model compounds have been
found. These results, along with those shown in Table 1, indicate
that coal asphaltenes have a substantially higher aromatic carbon
to alkane carbon ratio than petroleum asphaltenes. CAD mass
spectra measured for ions with various m/z values (Table 1)
suggest that the total number of carbons in all side chains in coal
and petroleum asphaltenes range from at least 3 carbons up to 6
carbons and at least 6 carbons up to 35 carbons, respectively.
‘While the above results are true for ionized asphaltenes of
each type with a similar m/z value, results in Table 1 show that
this is not true when the most abundant species of each type
are considered (roughly, ions of m/z 440 for coal and ions of
m/z 710 for petroleum asphaltenes). The comparison of the
tabulated data for ions of m/z 456 for coal and m/z 704 for
petroleum asphaltenes (Table 1) indicates that the typical
petroleum and coal asphaltenes have a similar polyaromatic
core (eight rings). However, the coal asphaltenes have only
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~4 carbons making up their alkyl chains, while the petroleum
asphaltenes have up to 20 two carbons in their alkyl chains.

The differences between the coal and petroleum asphaltenes
samples shown in Table 1 are graphed as a function of the mass
of the ijons in Figure 6. Figure 6 shows that petroleum and coal
asphaltenes are quite similar in chain length and core size at low
MW and that the differences gradually increase with MW.
While bulk analysis methods can also measure these differences,
they are unable to track how they change for molecules with
different MWs like this method can.

W CONCLUSIONS

The results obtained upon mass spectrometric determination of
the molecular weight distributions (MWDs) were found to be in
good agreement with a previous study using laser desorption /
ionization coupled to a time-of-flight mass spectrometer.”
For this study, the observed MWD for coal and petroleum
asphaltenes ranges from 200 Da up to 800 Da and from 275 Da
up to 1500 Da, respectively, with average MWs of 443 £ 33 Da
and 708 + 14 Da, respectively. The CAD mass spectra collected
for molecular ions of varied m/z values reveal a dramatic
decrease in alkane carbon content relative to aromatic carbon
content from petroleum (a total of ~35 carbons maximum in all
side chains) to coal asphaltenes (a total of ~6 carbons maximum
in all side chains). The core size of coal asphaltenes was found
to range from 3 rings up to 13 rings and for petroleum
asphaltenes from 6 rings up to 10 rings. These core sizes are
greater than measured by other techniques, possibly due to a
lack of adequate model compounds, but the trends between
the samples are expected to be correct. From these results, it is

dx.doi.org/10.1021/ef302024z | Energy Fuels 2013, 27, 36533658
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Cﬂndlldﬂd ﬂ'lat ﬂ'le ratio Df aromatic c:l['bﬂns to ﬂnﬂlnﬂ Carbnns
in coal asphaltenes is much higher than that of petroleum
asphaltenes, independent of the molecular weight (MW).
However, the typical petroleum and coal asphaltenes {when
considering the most abundant molecules in each) have a
similarly sized aromatic core (~8 rings), although very different
total lengths of the alkyl side chains (~4 for coal asphaltenes,
~22 for petroleun asphaltenes). The lower alkane content
agrees with the bulk elemental compositions previously
determined: 87—91 wt % carbon, 5—7 wt% hydrogen in coal
asphaltenes and 79—82 wt % carbon, 7—8 wt% hydrogen in
Petrl)]eu_m asPhaltEnesAs’m The agreement of these results with
previous results collected using different techniques helps to
validate this technique.
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CHAPTER 1: INTRODUCTION AND OVERVIEW

1.1 Introduction

Since the construction of the first mass spectrometer in 1913 by J.J. Thomson,*
mass spectrometry (MS) has developed into an extremely popular technigque for solving
complex scientific problems due to its special capabilities, including high sensitivity,
specificity, speed, and experimental versatility.> This development was foreshadowed by
Thomson when he stated:* “I feel sure that there are many problems in chemistry which
could be solved with far greater ease by this than any other methods.”

Mass spectrometric experiments consist of four principle components:
evaporation, ionization, separation and detection.®> For an analyte to be studied via mass
spectrometry, it must first be evaporated into the gas phase and ionized. lonization can
either occur before (pre-ionized), during, or after evaporation. Generally, ionization and
evaporation occur nearly simultaneously in modern ionization sources. An evaporation
technique that will be discussed throughout this thesis, called laser-induced acoustic
desorption (LIAD), is decoupled from ionization, making it a very powerful technique.*®
Further, various mass analyzers have been developed that separate ions by mass as a
function of some fundamental parameter, e.g., momentum, flight time, or frequency of
motion, among others.> Most mass analyzers utilize some combination of electric and

magnetic fields under various levels of vacuum to manipulate ions. After the ions have



been adequately separated, they need to be detected, their abundance measured and the
results transformed into usable information. The usual mass spectrum will display the
mass-to-charge (m/z) ratios of the ions on the x-axis and their abundances (either relative
or absolute) on the y-axis.

Compositional and structural elucidation of unknown analytes is among the
various applications of MS. Many different approaches have been employed for this task
that vary depending on the type of information desired. A single stage MS experiment
can provide molecular weight information.” If an accurate enough mass can be
measured, the elemental composition of an analyte ion can be determined.®

To obtain additional information that cannot be obtained from the first MS stage,
multiple-stage tandem mass spectrometry’ (MS") experiments can be conducted. The
additional stage of analysis can involve collisional activation of the analyte ion.'°
Collisional activation can provide structurally informative fragment ions which allow the
structure of the analyte ion to be determined. lon-molecule reactions can also be used to
obtain useful structural information.***? The neutral reagents that are allowed to react
with the analyte ions may be chosen to identify specific functional groups or compound
classes'® or to distinguish isomers,** tasks that are often difficult or impossible via
collisionally-activated dissociation (CAD) alone.

Tandem mass spectrometry has been found to be very useful for mixture analysis.
MS" and the various types of scan modes available with this technique provide many
useful options for problem solving.® For analytes in complex matrices, such as those
found in the pharmaceutical industry, the coupling of a chromatographic technique with

MS is often desired.’® In addition to the separation of the analytes and matrix,



chromatography also allows for purification and concentration of the analyte prior to MS

analysis, thus improving sensitivity.

1.2 Overview

This dissertation focuses on the development of on-line tandem mass
spectrometric methods for the determination of the primary products of fast pyrolysis of
carbohydrates and their gas-phase manipulation, as well as on tandem mass spectrometry
experiments conducted to characterize different asphaltene samples and probe their
molecular structures. Further, instrumentation development was carried out to couple
LIAD to an atmospheric pressure ionization source of a commercial mass spectrometer
with rastering capabilities. Chapter 2 describes the experimental aspects and principles
of the instrumentation employed in the studies described in this thesis. The projects
presented in this thesis required the use of two different types of mass spectrometers,
linear quadrupole ion traps (LQIT) and Fourier-transform ion cyclotron resonance (FT-
ICRs), which are described in this chapter. The basics of LIAD are also introduced in
Chapter 2.

Chapter 3 focuses on the development of methods for the determination of the
primary products of fast pyrolysis of carbohydrates and for their gas-phase manipulation.
The next four chapters discuss the analysis of various petroleum samples, with Chapter 4
focusing on the comparison of the structures of the molecules present in coal and
petroleum asphaltenes. Chapter 5 discusses the differences in the structures of asphaltene
molecules that have been subjected to different levels of hydrocracking treatment.

Chapter 6 compares the structures of the molecules present in field deposit asphaltenes to



those in heptane precipitated asphaltenes. Chapter 7 examines the effects of different
solvents on atmospheric pressure chemical ionization (APCI) of asphaltene molecules in
an LQIT. The last two chapters focus on instrumentation developments involving the
coupling of LIAD to a commercial APCI source. Chapter 8 details LIAD/ACPI
instrumentation development that produced an assembly for the rastering of sample foils
for increased throughput and sensitivity. Lastly, Chapter 9 discusses the development of
a sample deposition chamber with the ability to form semi-uniform sample layers onto

LIAD foils for all samples regardless of type of analyte or solvent.
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CHAPTER 2:
FOURIER-TRANSFORM ION CYCLOTRON RESONANCE AND LINEAR
QUADRUPOLE ION TRAP MASS SPECTROMETRY: INSTRUMENTAL AND
EXPERIMENTAL CONSIDERATIONS

2.1 Introduction

Since the invention of mass spectrometry, the diversity of mass analyzers has
consistently increased, with each analyzer having its own unique role within the mass
spectrometric community based on its distinctive advantages and disadvantages." Mass
analyzers can be classified into one of two categories: trapping and scanning. Trapping
mass analyzers confine ions into a particular area where all ion manipulations are
conducted at different points in time.! Common types of ion trapping analyzers include
linear quadrupole ion traps (LQIT), Fourier transform ion cyclotron resonance (FT-ICR)
instruments, 3D quadrupole ion traps, and orbitrap mass spectrometers. Scanning mass
analyzers are quite different from trapping mass analyzers because they allow the flow of
a preselected beam of ions though the analyzer while others are deflected. The ion beam
is then manipulated in different parts of the instrument.® Scanning analyzers include
time-of-flight (TOF), sector, and quadrupole mass analyzers.

Two different types of ion-trapping instruments were used in the experiments
described in this thesis: LQIT and FT-ICR mass spectrometers. Two Thermo Scientific

LQIT instruments were utilized during this research.?® In addition to a standalone LQIT,



a LQIT coupled to a 7 T FT-ICR was employed.* The FT-ICR was used solely as a high
resolution detector, all other ion manipulation were conducted in the LQIT. Both
instruments were utilized to study molecular structures of various coal, petroleum, and
biomass pyrolysis samples by using fragment ions produced upon collisionally activated
dissociation (CAD).” The development and utilization of methods for the analysis of
petroleum and coal samples was accomplished using an unmodified Thermo Scientific
LTQ equipped with an HPLC system. The same Thermo Scientific LTQ, with the
exception of an ionization chamber modified to allow for the insertion of various
pyrolysis adaptors, was used for the analysis of biomass fast pyrolysis products along
with their gas phase reactivity. Important fundamental aspects of these instruments and
the specific experimental setups employed for this research are discussed in the following
sections. It needs to be noted that all equations and parameters are based on S.I. units,

unless otherwise noted.

2.2 lonization Methods

Many different ionization methods are utilized to produce ions in mass
spectrometry.  These methods include atmospheric pressure chemical ionization
(APCI),>" atmospheric pressure photoionization (APPI),® electrospray ionization
(ESI),>* desorption electrospray ionization (DESI),** direct analysis in real time
(DART),* matrix-assisted laser desorption/ionization (MALDI),** inductively coupled
plasma (ICP),* fast atom bombardment (FAB),** field desorption/field ionization
(FD/F1),***" laser desorption/ionization (LDI),"® electron ionization (EI),*® and chemical

ionization (C1).*° Each of the ionization methods mentioned has its own unique



advantages and disadvantages. Only the methods unitized during the course of this

research will be discussed further.

2.2.1 Atmospheric Pressure Chemical lonization (APCI)

APCI is considered a “soft” ionization technique since analytes seldom fragment
during ionization. APCI relies on a series of gas-phase ion-molecule reactions similar to
those occurring upon CI but at atmospheric pressure instead of in a vacuum.®*”# An
APCI source works by heating a dissolved analyte, that is infused into the source, to 300
°C - 500 °C with a nebulizer gas, often nitrogen. The heat combined with the nebulizer
gas causes the solution to nebulize i.e., to create a mist of fine droplets. When the mist
passes over the corona discharge needle, the needle ionizes the nebulizer gas (the most
abundant molecules present). The ionized nebulizer gas usually then ionizes solvent
molecules that ionize the analyte via ion-molecule reactions. A typical APCI reaction
cascade may proceed as follows when using water as the solvent:??

(1) Corona Discharge lonization of Nebulizer Gas:
N, +e" —N," +2e

2 lonization of Solvent Molecules:
H,O+N," >H,0™ +N,
H,0+H,0" - H,0" + HO'

(3) lonization of Analyte Molecules:

M+H,O">MH" +H,0
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2.2.2 Electrospray lonization (ESI)

ESI is considered a “soft” ionization technique but it does not require heating, like
APCI.Z Hence, ESI can be used to ionize thermally labile molecules. ESI often readily
forms multiply charged analyte ions, which enables the analysis of very large molecules,
such as biopolmers.® Multiple charges per molecule reduces its mass-to- charge ratio,
allowing for it to be analyzed in mass analyzers with limited mass range such as LQITSs.
Upon ESI, preformed ions are transferred from solution into the gas phase through a
stepwise process that starts when the analyte solution passes through a needle with a high
voltage (several kV) applied to it.** As the solution passes though the needle, a fine spray
of droplets is formed, with each droplet containing multiple charges within it.2® As the
droplet moves towards the inlet of the mass spectrometer, the solvent within the droplet
keeps evaporating, causing the charges to move towards each other.?® Once the charges
are concentrated to the point that the electrostatic repulsion is stronger than the surface
tension of the droplet, known as the Rayleigh stability limit, the droplet explodes
producing smaller droplets. This repeats until gas-phase ions are released and analyzed

in the mass spectrometer.?® A diagram of this process is shown in Figure 2.1.
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ESI Needle ( ~-3-6 kv) MS Inlet ( ~0 kv)

ESI Source |

—@—°
®
® @

Charged Droplet Desolvating Droplet Ton Ejection

Figure 2.1 Diagram depicting the ESI process (positive mode). The zoom on the
spray shows how gas-phase ions are formed from a droplet explosion due to Columbic
forces.

2.3 Linear Quadrupole lon Trap (LOIT) Mass Spectrometry

The first reports of LQIT mass spectrometers appeared in 2002.%% Since then,
their popularity in academia and industry has increased rapidly.”® Many of the
fundamental principles of operation of LQITs are the same as for the well-known 3-D

quadrupole ion traps®®?’ (

QIT), but there are several distinct advantages of LQITs over
QITs. The trapping capacity and trapping efficiency of the LQITs are sixteen times and
six times higher, respectively, than that of QITs.? These improvements in ion trapping
parameters result in an increased sensitivity, lowering the detection limit of LQITs as

much as fivefold when compared to similar QITs. The increased sensitivity also result in
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an enhancement in the resolution of mass spectra since ion scanning can be performed
lower (thus enhancing resolution) without as much sensitivity loss as in a QIT.2 The
improvements in ion trapping in LQITs have led to the creation of several hybrid
instruments, such as LQIT-Orbitrap,?® LQIT-TOF,”® and LQIT-FT-ICR,* of which the

last one was used for high resolution experiments discussed in this thesis.

2.3.1 Instrumentation Overview

LQIT experiments were performed using a Thermo Scientific LTQ linear
quadrupole ion trap mass spectrometer (Figure 2.2) equipped with one of two
atmospheric pressure ionization sources, ESI or APCL.* The mass analyzer chamber was
maintained at approximately 0.5 — 1.0 x 10 Torr by one inlet (400 L/s) of a Leybold
TW220/150/15S triple-inlet turbomolecular pump. The two additional inlets, with
pumping efficiencies of 25 L/s and 300 L/s, of this turbo pump served to evacuate the
initial and intermediate sections of the vacuum chamber down to 500 mTorr and 1 mTorr,
respectively. The turbo pump was backed by two Edwards E2M30 rotary-vane
mechanical pumps (10.8 L/s each), which also served to evacuate the capillary-skimmer

region of the instrument down to approximately 1 Torr.
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Linear Quadrupole
Sweep l l l Square l lon Trap Detectors
API Cone Quadrupoles Octopole
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|
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\ J\ J | J
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760 Torr 1 Torr 0.5 Torr 1x 103 Torr 1x 10° Torr

=\

Operating Pressures

Figure 2.2 Schematic of the Thermo Scientific LTQ mass spectrometer (top view)
with typical operating pressures. lons were introduced from the atmospheric pressure
ionization (API) source into the heated transfer capillary.

A schematic of the Thermo Scientific LTQ mass spectrometer is shown above in
Figure 2.2. Once ions were created in the API source, they were directed through the
heated transfer capillary, followed by a series of ion optics and a lens before being
injected into the mass analyzer. The mass analyzer consisted of four parallel hyperbolic
rods divided into three sections. A schematic of the mass analyzer can be seen in Figure
2.3. The front and rear sections of the mass analyzer were 12 mm long and the center
section 37 mm long. Two phases of a main radio frequency (RF) voltage (5 kV, 1
MHz) were applied to the rod pairs (x pair and y pair) for radial trapping. Two phases of
a supplementary RF voltage (80 V, 5-500 kHz) were applied to the x rods of the mass
analyzer for resonant ejection/excitation. Additionally, a direct current (DC) voltage
(100 V) was applied to the three sections of the mass analyzer for axial trapping. The x

rods contained a 0.25 mm high and 30 mm wide slit in the center section so that ions
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could be ejected radially into two detection systems, both consisting of a conversion

dynode and electron multiplier.

~ Center

L= section
~ Front
Section
4

Figure 2.3 The linear quadrupole ion trap mass analyzer of the Thermo Scientific
LTQ instrument (reproduced from Reference 2).

Sample solutions were introduced into the API source of the LQIT by either direct
infusion by using an integrated syringe drive or in the eluent of an HPLC system. A Dell
Optiplex workstation (Microsoft Windows XP operating system) running Xcalibur 2.1

software was used for instrumental control, data acquisition and data processing.
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2.3.2 lon Motion
lons were trapped in the LQIT by the use of RF potentials in the radial direction
and DC potentials in the axial direction. The ions’ motions resulting from these

potentials are discussed below.**"%%*

2.3.2.1 Radial Motion

In the LQIT, the forces that confine an ion in the radial (x - y plane) direction are
equivalent to those used in the quadrupole mass filter.”” A combination of RF and DC
voltages were applied to the four hyperbolic rods to produce the following potentials
(Do):

+®, =+ -V cos Qt) (2.1)
where U is the DC voltage, V is the zero-to-peak amplitude of the RF voltage, Q is the
angular frequency of the main RF field, and t is time. These potentials create a
quadrupolar electric field in the space between the four rods. When ions were injected
into the LQIT on the z-axis, they were subjected to the following forces in the x and y

directions as a result of the quadrupolar field:

2

F.=m ?jtzx = _ze?j;j() (2.2)
2

F,=m (iltzy = —ze% (2.3)

in which

(2.4)
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and m is the mass of the ion, e is an elementary charge, z is the number of charges of the
ion, and rq is the radius of a circle inscribed within the quadrupole rods. Rearrangement

of these equations leads to the following equations of ion motion:

d?x 2ze

+ U-VcosQt)x=0 2.5
dt*>  mr} ( ) (25)
d’y 2ze

— U-VcosQt)y=0 2.6
at  mr? ( )Y (2.6)

These equations are similar to the general form of the Mathieu equation,

d?u

de?

+(a, —2q, cos2&)u=0 (2.7)

Thus, by performing a change of variables where

Qt
== 2.8
€= (2.8)
the equations of motion can be expressed in terms of the Mathieu equation:
8zeU
T (2.9)
4zeV
- 2.10
q, - (2.10)
in which
a, =a, =-a, (2.11)
q, =0, =-9, (2.12)

The variables a, and g, are known as the Mathieu stability parameters. For a given ion to
have a stable trajectory within the trap, the ions’ a and q values must fall within a stability

region of the Mathieu stability diagram (the most well-defined overlap region is shown in
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Figure 2.4). The LQIT is usually operated with a, = 0 so that a broad range of ions can be

simultaneously trapped.

LQIT Operating

Line
IX >q

1.0

0.6 0.7

\/

Figure 2.4 Most well defined region of the Mathieu stability diagram. lons with a,
and gy that fall within the region with the dotted lines will have stable trajectories inside
of a quadrupole ion trap.
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The secular frequency of ion motion, oy, within the LQIT can be calculated by

using the following equation:

, =%,BUQ (2.13)
in which
1,
ﬂu = (au +Eun (214)

for g, < 0.4. The term Py is known as the Dehmelt approximation,®” and when 0 < B, < 1
for an ion, the ion will have a stable motion in the trap. Equation 2.14 shows that the
secular frequency of an ion will be equal to half of the RF angular frequency.

Each individual ion within the trapping field of the LQIT is in a pseudo-potential

well with a depth, Dy, that can be described by

D, = (2.15)

Dy is known as the Dehmelt pseudo potential well.”” Lower mass ions will have larger q
values and will exist in deeper pseudo-potential wells.* Calculation of the depth of the
pseudo-potential well of an ion is important when determining a proper q value (RF

voltage) for resonant excitation or ejection of that ion.

2.3.2.2 Axial Motion

In the LQIT, ion motion is confined axially (in the z direction) by the application
of repulsive dc potentials to the front and back lenses and the front and back sections of
the mass analyzer,*® as shown in Figure 2.5. The DC voltages that are applied to the front

and back sections of the trap centralize the ions in the mass analyzer, effectively reducing
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fringe field effects that are created by the front and rear lenses.? The centering of the ions
also allows for more efficient ion ejection through the slits in x rods of the mass analyzer

during mass analysis.?

> <

> 7

(a)

(b)

(c)

Figure 2.5 Potential diagrams depicting DC voltages applied to the front lens, back
lens and three sections of the LQIT during (a) ion injection, (b) ion trapping, and (c) mass
analysis. The (b) to (c) transition involves the increase of DC potentials on the front and
back sections of the trap. This is done to better center the ions for ion ejection.
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Buffer gas plays a significant role in the efficient trapping of ions in a LQIT
(helium is the buffer gas used in Thermo Scientific LTQ's).** The buffer gas is required
to lower the kinetic energies of ions though collisions as they enter the trap because the
ions gain a large amount of kinetic energy as they are transported into the trap. lons with
low kinetic energies can then be trapped by the RF and DC fields and travel to the center
of the trap.” The Thermo Scientific LTQ uses approximately 3 mTorr of helium within
the trapping region.> This pressure is a compromise between a better ion trapping
efficiency and more efficient collision-activated dissociation (CAD) at higher helium

pressures and a better resolution at lower helium pressures.

2.3.3 lon Ejection and Detection

As stated above, the LQIT is usually operated with a = 0; thus, mass analysis can
be achieved by ramping the RF voltage. Based on Eq. 2.10, as the RF voltage is
increased, ions of increasing m/z value will become unstable and be ejected from the trap
in the direction of instability as depicted in Figure 2.6. This is called mass selective axial
instability scan. In the original QITs this scan was performed by ejecting ions at the
stability limit where a = 0 and q = 0.908.%% To increase mass range, sensitivity and
resolution, LQITs use resonant ejection to eject ions at a lower q value.*®* Resonant
ejection is achieved by applying a supplementary RF voltage to the x rods of the mass
analyzer. As the amplitude of the main RF voltage is increased during the scan, the
secular frequency of ions starts to resonate with the supplementary RF voltage. During
resonation, the ions gain energy from the supplementary RF field, which increases the

amplitude of their motion and eventually causes their ejection from the trap in the x
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direction. The Thermo Scientific LTQ mass spectrometer utilizes the mass selective
instability scan with resonant ejection at q = 0.880.% Using mass selective instability with
resonant ejection also affords higher scan speeds while maintaining unit mass resolution.

This phenomenon also allows for an increase in resolution at lower scan rates.*

a

A
0.25 ——
(a)
@ P
| —@— —> 4
0.2 0.4 0.6 0.8 1.0
a
A
0.25 —1—
Ion Ejected at
Stability Limit
(b) q=0.908 -
q

0.2 0.4 0.6 0.8 1.0 m/z

0.25 ——
Ion Ejected at

i Resonance

(©) \ 4 q=0.880 ‘ ‘ | ‘

| | | | N I

| . —O—o0— . —> 4 m/z
0.2

0.4 0.6 0.8 1.0

Figure 2.6 Illustrations of different forms of ion ejection in LQIT. (a) lons trapped in
the LQIT. (b) lon ejected at the stability limit by using the mass selective axial instability
scan and the resulting mass spectrum measured in a traditional LQIT. (c) lon ejected via
resonance ejection by using the mass selective axial instability scan and the resulting
mass spectrum measured by a LQIT. By ejecting ions at a lower g value, the resolution
and mass range of the trap are increased.
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During the mass analysis scan, ions are ejected from the trap for detection. In the
Thermo Scientific LTQ, ions are ejected radially through slits in the x rods. The ions are
directed towards a conversion dynode that is held at -15 kV (for positive ions). As the
ions strike the conversion dynode, multiple secondary particles are generated that are
then sent into the electron multiplier for detection. Each particle from the conversion
dynode will strike the inside of the electron multiplier, which in turn generates a cascade
of secondary particles that, upon collision with the surface, generate even more particles.
This cascade greatly increases the signal for each ion. A great advantage of this type of a
detection scheme is that theoretically 100% of the ejected ions are detected, in contrast to
50% for a QIT,>* resulting in an instrument with twice the sensitivity. Figure 2.7
provides an illustration of the ion ejection and detection event for the Thermo Scientific

LTQ mass spectrometer.

Secondary
Particles

Mass Analyzer
Conversion Dynode

Figure 2.7 Illustration of radial ejection and detection of ions in a Thermo Scientific
LTQ.
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2.3.4 Tandem Mass Spectrometry in LQIT
Multiple-stage tandem mass spectrometry (MS") capabilities of the LQIT are one
of the features that make these instruments so powerful.*® Tandem mass spectrometry in
the LQIT is a tandem-in-time experiment, meaning that all events of the experiment
occur within the same space and are separated by time.* For the research presented in

this thesis, collision-activated dissociation (CAD) was used for all MS" experiments.

2.3.4.1 lon Isolation

During ion isolation, the ion of interest is first placed at the proper g value by
ramping the RF voltage. The ramping of the RF voltage also ejects ions of lower mass
than the desired ion. A broadband waveform is then used to excite all remaining
unwanted ions. In the Thermo Scientific LTQ, resonant ejection is accomplished via the
application of a 5 — 500 kHz multi-frequency waveform with sine components spaced
every 0.5 kHz, with a notch at q = 0.83 (where the ion of interest resides).” Under these
conditions, unit mass resolution for isolated ions can be achieved up to roughly m/z 1500.
Once the ion is isolated, the q value is usually reduced to 0.25 (this can be adjusted in the

Xcalibur software) for MS/MS experiments.
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Figure 2.8 [llustration of ion isolation and activation in the LQIT. (a) lons trapped in
the LQIT. (b) The g value of the ion of interest (orange) is set to 0.83, resulting in lower
mass ions to become unstable and get ejected from the trap. (c) An isolation waveform is
applied to eject the remaining unwanted ions. (d) The q value of the desired ion is set to
0.25 in order to induce efficient fragmentation upon collision-activated dissociation while
maintaining high trapping efficiency for low mass fragment ions (purple).
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2.3.4.2 Collision-Activated Dissociation (CAD)

CAD within a LQIT is a slow heating process, wherein ions are subjected to many
low-energy collisions with the helium buffer gas over relatively long activation times.*
Once ions are isolated and stored, typically with a g value of 0.25 as described in section
2.3.4, the ions’ kinetic energy is increased using resonant excitation.*” This is achieved
using a supplementary RF voltage (generally with an amplitude < 1 V) applied to the x
rods at the secular frequency of the ion for approximately 10 — 100 ms. This voltage is
referred to as a “tickle” voltage.

As the ion gains Kinetic energy, it undergoes energetic collisions with the helium
buffer gas present in the trap. The collisions convert the ion’s kinetic energy to internal
energy, and once enough collisions have occurred and enough energy is built up within
the ion, the ion will dissociate. An important characteristic of resonant excitation in a
Thermo Scientific LQIT is that only the parent ion is excited, generally preventing the
further fragmentation of the fragment ions.

The g value used during CAD is a compromise between efficient activation of the
parent ion and efficient confinement of product ions. For efficient activation, the g value
should be chosen such that the ion gains maximum kinetic energy without being ejected
from the trap. However, higher g values prevent the trapping of low mass fragment ions.
The result of performing CAD at a g value of 0.25 is that activation is reasonably
efficient while only being able to trap fragment ions with a m/z value of approximately
25% or greater than that of the precursor ion. Thus, the CAD experiments in an LQIT

have a low mass cut-off for detection of fragment ions.
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Lately, new collision-activated dissociation methods have been developed to
avoid the low mass cut-off during CAD in a LQIT such as pulsed q collision-activated
dissociation(PqCAD).® This methods utilizes a shorter activation time (100 ps), a larger
than normal g value (normally q > 0.6), and a higher amplitude RF voltage (roughly 1 - 2
V) than conventional CAD. Immediately after activation and before dissociation of the
precursor ion has occurred, the main RF supply voltage is quickly dropped to a low
value, lowering the g value as well, which allows lower mass fragment ions to be trapped.
The down side of using this fast excitation CAD method a reduction in the fragmentation
efficiency, which is likely from the precursor ion being accidently ejected because of the

large tickle voltages used to excite the ion.*

2.4 Liquid Chromatography-Mass Spectrometry (LC-MS)

Even though MS" experiments are powerful for mixture analysis,
chromatographic coupling is still often warranted to provide sample purification and/or
concentration, in addition to separation of components in very complex mixtures. With
the invention of atmospheric pressure ionization methods, such as ESI and APCI
discussed above, high-performance liquid chromatography (HPLC) coupled with MS has
become a important tool for structural elucidation of unknown analytes in complex

mixtures.*o*

Chromatographic separation using HPLC allows the separation and
concentration of mixture components much more efficiently and cost-effectively than
many conventional wet chemistry techniques. The coupling of HPLC with a highly

sensitive mass spectrometer, such as an LQIT, allows for the analysis of trace level

analytes in complex mixtures with no sample preparation.
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A Finnigan Surveyor HPLC system, consisting of an autosampler, thermostatted
column compartment, quaternary pump and photodiode array (PDA) detector was used
for chromatographic separation in this research. The analytes were separated by using a
reversed phase HPLC column (typically with C,g or phenyl mobile phase) with a slightly
elevated column temperature (30 — 40 °C). The most commonly used mobile phases
consisted of an aqueous solvent (pure water or a buffer solution) and an organic solvent
(CH3sCN or CH3OH). For each run, 25 pL of sample solution was loaded onto the
column. Separation was accomplished by using an HPLC flow rate of 300 - 500 uL/min

with various mobile phase gradients.

2.5 Fourier-Transform lon Cyclotron Resonance (FT-ICR) Mass Spectrometry

Marshall and Comisarow first experimented with the concept of combining FT
with ICR in 1974, which led to the realization of the FT-ICR mass spectrometer as a
powerful analytical instrument.” The FT-ICR mass spectrometer is known for its

ultrahigh resolution and high mass accuracy,***

making this instrument ideal for
analyzing very complex mixtures without chromatographic separation. To achieve the
highest performance of the FT-ICR, ultrahigh vacuum and a high magnetic field are

essential. ®

2.5.1 Instrumentation Overview
FT-ICR experiments were performed in a Thermo Scientific 7-T LTQ-FT-ICR*
mass spectrometer equipped cylindrical cell mass analyzer. A schematic of the LTQ-FT-

ICR instrument is shown in Figure 2.9. The cell of the instrument was pumped by a
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Pfeiffer TMU 262 turbo pump (210 L/s) to achieve a nominal baseline pressure of 2 x 10°
% Torr. The Pfeiffer TMU 262 turbo pump was backed by an intermediate state of a
Pfeiffer TMH 262 turbo pump which in turn was backed by a Pfeiffer DUO 2.5 rotary-
vane mechanical pump. A Dell optiplex workstation (Microsoft Windows XP operating
system) running Xcalibur software was used to control the instrument as well as to

acquire and process data.

Linear Quadrupole
Sweep Square Ton Trap Detmor'-
APL Cone Quadrupoles Octopole Octopoles
Source \ l [I ll
Heated Skimmer /‘
Transfer Cone
Capillary
l_f_l l_Y_‘ l_7_1 )\
i Y
760 Tor 0.5 Tori 1 x 107 Torr 1 x 10 Torr 2x ll'i Tor 2x 10" Tor

Operating Pressures

Figure 2.9 Schematic of the Thermo Scientific LTQ-FT-ICR mass spectrometer.

The cell of the instrument comprised of a segmented cylindrical cell illustrated in
Figure 2.10. The cell was used solely for the purpose of high resolution data collection,
all ion manipulation was conducted in the LQIT as described in Section 2.3. The three
segments of the cylindrical cell function like the three segments of the LQIT, with the
outer segments constraining the ions inside the middle section once they have entered.
The middle segment was split into four pieces, two for excitation and two for detection,

as shown in Figure 2.11.
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Figure 2.10  Diagram of the cylindrical cell present in the FT-ICR of a Thermo
Scientific LTQ-FT-ICR.

Detection
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Excitation
Plates

Figure 2.11  Frontal view of the center segments of a cylindrical ICR cell, showing
how it is sectioned into four plates.
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2.5.2 lon Motion
lons confined in the cell of an FT-ICR mass spectrometer are subject to three
characteristic motions: cyclotron motion, trapping motion and magnetron motion. These

motions are discussed below.

2.5.2.1 Cyclotron Motion

An ion moving in a uniform magnetic field is subjected to a Lorentz force, Forentz,

F =qv,,B (2.16)

Lorentz
where q is the charge of the ion, v,y is its velocity in the x-y plane perpendicular to the
magnetic field, and B is the magnetic field strength. In addition to the Lorentz force, the
ion also is subjected to a centrifugal force, Feentifugar, that is directed outward due to the

ion’s momentum,

2
mvy,

F (2.17)

centrifugd =

r
where m is the mass of the ion and r is the orbital radius of the ion. The balance of these

two forces, as shown in Figure 2.12, produces a stable ion trajectory,**

qv,,B=—> (2.18)
Since frequency (®) can be described as
w=—" (2.19)

equation 2.18 can be rearranged so that cyclotron frequency (wc) can be defined as

follows,*
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w, =— (2.20)

Thus, the cyclotron frequency of the ion is dependent on only the charge of the ion, the
magnetic field strength, and the mass of the ion. For the 7 T instrument used in this
research, ICR frequencies range from a few kHz to a few MHz. Rearrangement of
Equation 2.18 also allows the calculation of the ion cyclotron radius, re,**

mv,,
= (2.21)

F(‘entrifugal

FLorentz

Figure 2.12  Illustration of the cyclotron motion of a positive ion in a magnetic field.
The balance of the Lorentz force and centrifugal force acts to bend the ion motion into a
circle perpendicular to the magnetic field in the x-y plane.
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2.5.2.2 Trapping Motion

While the cyclotron motion of an ion confines it in the x and y directions, it is still
able to move freely in the z direction. In order to confine the ion in the z direction, a
small DC voltage (V) of the same polarity as the ion is applied to the trapping
segments.*® The center segment is held at ground. This set-up creates a potential well in
the center segment similar to that of the LQIT that prevents the ion from drifting out of it.
As a result of the voltages applied to the trapping segments, ions oscillate back and forth
within the center segment in a mass dependent fashion. The frequency of this trapping
motion, or, is given by:

2qV; o
md?

o, = (2.22)

where V7 is the trapping voltage, d is the distance between the trapping segments and a is
the cell geometry constant. The trapping frequencies are typically much lower than the

cyclotron frequencies, in the range of 10-10° Hz.

2.5.2.3 Magnetron Motion

A result of the DC potential used to trap ions in the z-direction is that a radial (in
the x-y plane) electric field is also generated that acts on the ions. The DC potential in
the x-y plane may be viewed as an inverted parabola with its maximum at the center of
the cell. This field generates an outward electric force that directly opposes the inward
Lorentz force produced by the magnetic field. This outward force causes the cyclotron
orbit of the ions to shift off the z axis and the ions to orbit within the cell with a larger

radius, called magnetron motion. The frequency of magnetron motion, @m, is given®’ by
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_205VT
" d’B

o (2.23)

The magnetron frequency is independent of the mass of an ion, thus causing it not to be
useful for mass measurement.*” The magnetron frequency is much lower than the
cyclotron frequency, and does not cause interference with the signal detection and
processing. A diagram of an ion’s trajectory as a result of all three motions cyclotron,

trapping, and magnetron, is shown in Figure 2.13.
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Figure 2.13  Diagram of three main motions of an ion within an ICR cell. The
cyclotron orbit of the ion (green) confines it in the x and y directions as a result of the
Lorentz and centrifugal forces. The trapping motion causes this orbit to oscillate back
and forth (blue) in the z direction. Both motions are part of the ion motion on the larger
magnetron orbit (red) as a result of the combination of the magnetic and electric fields.
Note that the magnetron motion is greatly exaggerated in this figure for visual clarity.
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2.5.3 lon Excitation For Detection and Ejection

lons in a FT-ICR are detected based on the image current they produce due to
their coherent cyclotron motion near the detection plates. Without exciting the ions to a
larger cyclotron radius, they are too far from the detection plates to be detected.
Additionally, ions of the same m/z value do not move coherently as a packet. If the ions
do not orbit coherently their phases are random and hence their signal will average to
zero. By applying a dipolar RF excitation voltage sweep to the excitation plates in the
center segment of the cell, both requirements are met.** All ions whose cyclotron
frequencies fall within the range of the frequencies of the excitation voltage sweep are

excited to a larger cyclotron orbit, re, given by

1
. Ao Sweep Rate
= 2dB

(2.24)

Where P is the azimuthal dipolar excitation scale factor for the ICR cell and V¢ is the
peak-to-peak dipolar excitation voltage.”® The radius of the ions’ motions after excitation
is independent of the ions’ m/z value, thus all ions are excited to the same cyclotron
radius for detection. Continued excitation will excite ions to larger and larger cyclotron
orbits. If the excitation duration is too long, ions will collide with the plates and become
neutralized by the cell walls. For detection, ions are excited to move close to the plates
of the cell.

The ion packet generates an alternating current as it passes between the detection
plates, which is referred to as the image current.* An illustration of ion excitation and

detection is shown in Figure 2.14. The frequency of the image current is the same as the
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ions’ cyclotron frequency, and the amplitude of the current is proportional to the number
of ions within the packet.* The image current can be converted into a voltage difference
between the detection plates and detected as a function of time to generate a transient.
Using Fourier transformation, a frequency domain spectrum can be created from this
transient. Using equation 2.20, a mass spectrum can be generated from the frequency
domain spectrum.

For the experiments described in this thesis, a stored-waveform inverse Fourier
transform (SWIFT) pulse was used to both excite and eject ions from the cell. SWIFT is
an ion excitation method in which the excitation profile is determined in the frequency
domain, and then subjected to inverse Fourier transformation to create the time domain

waveform.%°!

This results in a well-defined excitation profile with good selectivity
helping with both ion isolation for MS/MS>? and ion ejection to enhance dynamic range
and reduce space charge.®® SWIFT technique was primarily used for ion excitation for
ejection to clean the cell in the research.

The ability to accurately measure the cyclotron frequency of ions gives FT-ICR
mass spectrometers the ability to obtain very high resolution.>* To increase the resolving
power of an FT-ICR, longer transients may be recorded or more cycles of the cyclotron
motion can be measured per a unit time. In order to record longer transients, high
vacuum is needed because ions collapse back towards the center of the cell when they
collide with neutral molecules or atoms. To measure more cycles of cyclotron motion, a

higher magnetic field is needed since cyclotron frequency increases linearly with

magnetic field strength.
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The detection method utilized by FT-ICR instruments is unique compared to other
detection methods used in mass spectrometry. The detection plates measure the image
current produced by the ion packets, allowing ions of a wide mass range to be detected
simultaneously.** Furthermore, since the detection of image current is non-destructive,
ions can be continually excited and relaxed to remeasure the same sample multiple times

to improve the signal to noise ratio.>®
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Figure 2.14  Diagram illustrating ion excitation and detection in the ICR cell. (a) lons
are trapped in the ICR cell and have random direction and too small of cyclotron radii to
be detected. (b) Application of a broadband frequency sweep to the excitation plates
excites ions to larger cyclotron orbits and makes ions of same m/z-values to move
coherently as packets. (c) The ions pass by the detection plates and induce an image
current that is recorded as a time domain transient. The time domain transient is then
converted to a frequency spectrum by Fourier transformation, which in turn is converted
to a mass spectrum.



39

2.6 Laser-Induced Acoustic Desorption (LIAD)

Seydel and Lindner in 1985 demonstrated that laser-induced acoustic waves could
be used as a desorption technique for mass spectrometry.”” They explored LIAD as a
desorption/ionization technique but found it to suffer from poor ionization efficiency.
Desorption of neutral molecules instead of ions was observed.”*® Hence, these studies
showed that the acoustic waves were adequate for desorption of the surface molecules but
not for ionization. This discovery lead our laboratories to investigate using LIAD solely
as a desorption technique coupled to various post ionization methods.®* The decoupling
of desorption and ionization is advantageous since both steps of the experiment can be
optimized independently. Many commonly used desorption/ionization techniques, like
ESI and MALDI, suffer from the lack of control over the type of ions that can be formed,
that has led to a bias towards polar species for ESI and MALDI.* Since LIAD is
decoupled from ionization, the ionization method can be tailored toward the analyte,
which has been demonstrated though these different combinations: LIAD-EI,**? LIAD-
C1,%%% LIAD-P1,%® and LIAD-ESL.®" These different methods have proven useful for the

68-70

analysis of various petroleum samples,®? biopolymers, as well as performing particle

counting.”"?

2.6.1 Generation of Acoustic Waves
LIAD uses the propagation of laser-induced shockwaves through a thin metal foil
to evaporate neutral molecules deposited on the other side of the foil. For the studies
presented in this thesis, LIAD was accomplished by firing frequency doubled (532 nm)

laser pulses (3 ns pulse width) with a Continuum Minilite 11 Nd:YAG laser onto the back
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side of the foil. The laser beam was focused onto the backside of the foil using a
focusing lens so that the surface area irradiated is approximately 10 cm? The irradiation
of the backside of the foil generates acoustic waves that propagate through the foil to
desorb the analyte as shown in Figure 2.15. While the mechanism of the desorption is
not fully understood, the method has been shown to desorb neutral molecules with low

™ The laser beam causes ablation of the titanium foil,

internal and kinetic energy.
resulting in the need for a sacrificial piece of glass to protect the high-vacuum fused silica
window attached to the LIAD probe. The glass is replaced after each experiment due to
the buildup of ablated metal on its surface. A digital picture showing the front and back
sides of a sample foil following the LIAD experiment is shown in Figure 2.16. The

current design allows for about 5% of the total surface of the foil to be used per

experiment.
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Figure 2.15 Diagram of the LIAD process.
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Back of Foil Front of Foil

Figure 2.16  Front and back sides of a titanium foil with asphaltenes deposited onto it
after it was used in a LIAD experiment. The circle on the back of the titanium foil
indicates where the laser beam hit the foil and caused desorption to occur on the front of
the foil where bare foil can be seen.

2.6.2 Metal Substrate

Work conducted early on utilizing LIAD found that acoustic wave generation
during the experiment depended highly on the thickness and type of foil used.””**®* Low
reflectivity, low thermal conductivity, and a high thermal expansion coefficient were
found to be the ideal characteristics for efficient production of the thermal wave in the
metal foil.” Low reflectivity allows more of the laser energy to be absorbed, low thermal
conductivity prevents thermal degradation of the sample, and higher thermal expansion
coefficient will produce a stronger acoustic wave. Metals were determined to be the best
material in which to generate acoustic waves. Experiments showed that foils thicker than
20 pm were too think for the acoustic wave to penetrate through the foil, resulting in poor

desorption, but foils thinner than 5 um resulted in thermal degradation of the Sample.ss’61
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Foils of approximately 10 pm thick were found to have the best desorption properties
while preventing thermal degradation of the sample.

Many different metals, including Ti, were examined in a characterization study to
determine which was best suited for LIAD experiments.®®”® Table 2.1 lists the different
metal experimented with. Of the many different metals, titanium was determined to be
the best substrate. All experiments utilizing LIAD described in this thesis were performed

with 12.7 pm thick titanium foils.

Table 2.1 Important properties’’ of the metal foils that have been evaluated as
substrates for LIAD.

Metal Thickness Thermal Thermal Reflectivity
(um) Expansion Conductivity (at 532 nm)
Coefficient (Wemt K™
(x 10° K™
Agl 12.5 18.8 4.29 0.81
Al 10.0 23.1 2.37 0.91
Au'? 10.0 14.2 3.17 0.81
cu' 12.5 16.5 4.01 0.62
Fe' 12.5 11.8 0.802 0.57
Mo® 12.5 4.8 1.38 0.58
Ni? 12.5 13.4 0.907 0.61
Ta’ 12.5 6.3 0.575 0.37
Tit 12.7 8.6 0.219 0.50
! Ref. 77

2 Ref. 68
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2.6.3 Sample Preparation

Each LIAD experiment requires the analyte of interest to be deposited onto the
surface of a titanium foil. This was accomplished using either electrospray deposition
(ESD) or the dry drop method. An illustration of both ESD and the dry drop method is
shown in Figure 2.17. ESD uses many of the same principles as ESI in its function,
resulting in it requiring polar solvents and polar analytes to function properly.”®”® The
solution was infused through a high voltage needle using a syringe pump at flow rates
between 1 — 10 uL/min onto the foil. The needle was held at a high potential, around 6 —
8 kV, with a high voltage power supply. The titanium foil was placed directly beneath
the needle on a stage set to ground. To optimize sample coverage, the distance between
the needle and the stage was adjusted between 2 to 5 cm. The ESD method reproducibly
produces a uniform sample layer onto the titanium foil. Much of the research described
in this thesis was performed on nonpolar compounds; hence, the dry drop method had to
be used for sample deposition.

The dry drop method used for nonpolar analytes dissolved in nonpolar volatile
solvents is heat-assisted. Hence, the titanium foil was usually placed onto a hot plate, a
variant of a commonly used method for MALDI sample preparation.’® In the studies
presented in this thesis, carbon disulfide (CS;) was used to dissolve the analyte. A
pipette was used to deposit drops of the solution onto the titanium foil until the surface
was completely covered. During the sample deposition process, the foil was placed on a
hot plate heated at ~ 40 °C, causing the solvent to quickly evaporate and leaving a thin
film of the analyte deposited on the surface of the foil. Additional drops were added until

a sufficient amount of analyte was on the surface.
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Figure 2.17  Illustration of two LIAD sample deposition methods, (a) dried-drop
method and (b) electrospray deposition method.

2.6.4 LIAD Probes
Two different types of LIAD probes have been utilized to conduct LIAD
experiments in the Kenttdmaa laboratories, the conventional, fiber LIAD probe that
utilizes a fiber optic to transport the laser light to the titanium foil and a high power,
fiberless probe using mirrors to reflect laser light that is to intense to use the fiber optic to

the back side of the foil. Both probes are described further below.

2.6.4.1 Fiber LIAD Probe

For the fiber LIAD probe, the light from a Nd:YAG laser (532 nm) is focused
onto a fiber optic cable that transports the beam through the probe to a set of 1:1 imaging

optics. These optics focus the laser beam onto the backside of the foil that is positioned
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at the end of the LIAD probe, resulting in the evaporation of the neutral analyte
molecules when the laser if fired.*> The fiber LIAD probe can use power densities from
5 x 108 W cm™ up to 9 x 108 W cm™ at the back of the titanium foil. If the power exceeds
9 x 108 W cm, the fiber optic becomes damaged and requires replacement. The power
densities able to be used with the fiber LIAD probe are insufficient to desorb heavy
petroleum samples which was to focus for the work presented in this thesis requiring the
use of the fiberless LIAD setup instead. Additional details on this setup can be found in

the literature.5

2.6.4.2 Fiberless LIAD Probe

To allow for the use of higher power densities than are allowed using fiber LIAD,
a fiberless LIAD probe was developed.®® Fiberless LIAD uses high energy reflective
kinematic mirrors to guide the laser beam through the LIAD probe onto the back of the
foil. To guide the beam off axis there is a pair of internal mirrors placed at the tip of the
probe. Once off axis, the beam is passed through a focusing lens onto the back of the
titanium foil held at the end of the probe. An illustration of the inner mirror assembly is
shown in Figure 2.18. Power densities up to 9 x 10° W c¢m™ could be attained at the
backside of the foil. Both the fiber LIAD and fiberless LIAD probes have been coupled
to an LQIT using APCI.%2 A diagram of fiberless LIAD coupled to an LQIT is shown in

Figure 2.19. Additional details on this setup can be found in the literature.®
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Figure 2.18  Schematic for the inner mirror assembly inside the tip of the fiberless
LIAD probe.
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Figure 2.19  Illustration of the setup for coupling fiberless LIAD with a Thermo
Scientific LTQ.
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CHAPTER 3: ON-LINE MASS SPECTROMETRIC METHODS FOR THE
DETERMINATION OF THE PRIMARY PRODUCTS OF FAST PYROLYSIS OF
CARBOHYDRATES AND FOR THEIR GAS-PHASE MANIPULATION.

3.1 Introduction

With the diminishing petroleum resources along with various environmental
concerns regarding petroleum based energy, new sources of fuel are needed. Fast
pyrolysis, i.e., rapid heating of matter in the absence of oxygen, is thought to be a
potentially viable approach to produce fuels and other valuable chemicals from
lignocellulosic biomass.>® This is attributable to the ability of pyrolysis to cleave vast
polymers into smaller carbon containing molecules that retain most of the energy-rich
chemical bonds that were present in the polymer.”® Cellulose is the simplest and most
abundant polymer in biomass, consisting of up to thousands of dehydrated glucose
building blocks (molecular weight (MW) 162 Da) linked together via glycosidic bonds.*®
Consequently, cellulose and related carbohydrates are a logical starting point for the
study of biomass pyrolysis.

Most current fast pyrolysis reactors produce bio-oils from carbohydrates that are
viscous liquids with several unfavorable properties that prevent them from being a viable
precursor to fuel production, including their tendency to degrade over time.*?*1%* Bjo-

oils are very complex, oxygen-rich mixtures with roughly half the heating value of

gasoline that require catalytic upgrading.’®*> The upgrading process is greatly hindered
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by the complexity of bio-oils as well as their compositional dependence on the time and
temperature that the primary pyrolysis products experience within the pyrolysis
reactor.”***® The first compounds that leave the surface of the pyroprobe ribbon (for the
experiments presented in this chapter) are considered here the primary products.

To better understand the reactor parameters that control the complexity of bio-
oils, the primary products of carbohydrate pyrolysis need to be determined, along with
how those primary products react within a pyrolysis reactor. The fast pyrolysis reactors
that have been used to study carbohydrates normally have residence times that range

from hundreds of milliseconds up to several seconds.'”*?

Due to the length of these
reaction times and the process of condensing the products into a bio-oil, the final liquid
pyrolysis products no longer bear a resemblance to the primary products since they have

undergone secondary gas-phase and solution reactions.**%*

To help address this
problem, many fast-pyrolysis experiments have been coupled with gas
chromatography/mass spectrometry (GC/MS) to carry out on-line studies of primary
pyrolysis products.”%® Based on these and other similar studies, levoglucosan is widely
believed to be the major primary product of cellulose fast pyrolysis although some
studies suggest formation of other small molecules in tandem with the formation of
levoglucosan.?#**% A serious limitation of the GC/MS approach is that it only allows
the determination of relatively volatile and thermally stable compounds. Carbohydrates
larger than a single monomeric unit (MW 162 Da) cannot be detected by GC/MS without

derivatization.**?"? A different on-line analysis method coupled with fast-pyrolysis with

is needed in order to be able to observe and study all of the primary products.
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To achieve the above goal, two fast pyrolysis/tandem mass spectrometry systems
were devised, one to measure the primary products of carbohydrate fast pyrolysis and
another one to study how changes in temperature and residence time change the extent of
secondary reactions of the primary products in order to simulate a pyrolysis reactor. The
results obtained using both systems for model compounds as well as cellobiose are

described below.

3.2 Experimental

Chemicals. Hydroxyacetone (technical grade, 90%), furfural (99%), 5-
hydroxymethylfurfural (99%), levoglucosan (99%), chloroform (ChromasolvPlus for
HPLC, >99.9% with amylene stabilizer), and glycolaldehyde dimer were purchased from
Sigma Aldrich. Cellobiosan (>95%) and cellobiose (>98%) were purchased from
Carbosynth, methanol (Optima LC/MS, >99.9%) was purchased from Fisher Scientific,
ammonium hydroxide (28-30% as NH3) was purchased from Mallinckrodt Chemicals,
cellotriosan (98%) was purchased from LC Scientific, and a compressed nitrogen
cylinder (>99.9%) was purchased from Indiana Oxygen. All chemicals except for the
glycolaldehyde dimer were used without further modification. Glycolaldehyde dimer
was converted to monomers via dissolving in water and heating at 65°C for 10 minutes.*

Instrumentation. Detection and characterization of cellobiose fast pyrolysis

products was performed using a Thermo Scientific LTQ linear quadrupole ion trap
(LQIT) mass spectrometer coupled with a Finnigan Surveyor Liquid Chromatograph
(LC). High resolution data to determine elemental compositions were collected using a 7

Tesla Thermo Scientific LTQ-FT-ICR. Solutions for direct injection experiments of
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model compounds were made at a concentration of 10° M in 3 mL methanol : water (50 :
50 v/v) with either 200 uL of chloroform for negative ion mode chloride attachment or
200 pL ammonium hydroxide for positive ion mode ammonium attachment. The
solutions were pumped into an APCI source via the APCI probe at a rate of 3 pulL/min
with a solution of methanol : water (50 : 50 v/v) tee-infused from the LC at a rate of 100
puL/min. During pyrolysis experiments, either chloroform : methanol (50 : 50 v/v) or
ammonium hydroxide : water (50 : 50 v/v) solution was pumped into the APCI source via
the APCI probe at a rate of 10 pL/min with a solution of methanol : water (50 : 50 v/v)
tee-infused from the LC at a rate of 100 uL/min. The instrumental variables of the LQIT
were set to the following values for all experiments: discharge current 5.0 pA, vaporizer
temperature 300 °C, sheath gas (N,) flow 40 arbitrary units, auxiliary gas flow (N,) 10
arbitrary units, sweep gas flow (N,) O arbitrary units, capillary temperature 250 °C,
capillary voltage -1 V, and tube lens voltage -105 V. Collisionally activated dissociation
(CAD) experiments used an ion isolation window of +2 Daltons (Da), with the
normalized collision energy ranging from 5 up to 30 arbitrary units and activation time
being 30 ms. Data collection and processing was carried out using Xcalibur 2.1 software.

All pyrolysis experiments were performed using a Pyroprobe 5200 purchased
from CDS Analytical. The pyroprobe uses a resistively heated platinum ribbon (2.1 mm
X 35 mm x 0.1 mm) with the ability to heat at rates up to 20,000 °C s™. Based on
previous work in other laboratories, platinum is not acting as a catalyst during the

pyrolysis experiments.3*

Roughly tens to hundreds of micrograms of sample were
loaded onto the platinum ribbon and held onto the surface via electrostatic attractions.

This method of loading of the ribbon resulted in a submonolayer of sample on its surface.
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This was done to ensure rapid and uniform heat transfer to all particles. The ribbon was
heated up to 600 °C at a rate of 1,000 °C s resulting in a heating time of 0.6 s. The
pyroprobe was maintained at 600° for 1 s. This final temperature and rate of temperature
increase were selected due to minimal char formation (optical observation) under these
conditions.

The tip on the probe described above was inserted into the ionization chamber of
the LQIT through a home-built adaptor that was placed into the unused atmospheric
pressure photoionization (APPI) port. This adaptor positioned the platinum ribbon
approximately 5 mm in front of and 5 mm below the skimmer cone/inlet of the LQIT. A
diagram of this setup is shown in Figure 3.1. Once pyrolysis occurred, the evaporated
products were immediately diluted via diffusion into the 2 L ionization chamber and
subsequently quenched via collisions with nitrogen gas (at about 100 °C), which
prevented secondary reactions. The products were ionized and characterized by high-
resolution multi-stage tandem mass spectrometry experiments. For ammonium
attachment in positive ion mode, the average standard deviations of the product ions’
relative abundances were about 7%. For chloride attachment in negative ion mode, the
average standard deviations of the product ions’ relative abundances were about 5%.

To explore the secondary reactions of the primary pyrolysis products, a home-
built aluminum flow tube was constructed to prevent immediate quenching of the primary
products. The tip of the pyroprobe was placed in the end of the heated aluminum tube.
Preheated nitrogen gas was passed through the flow tube and over the platinum ribbon to
sweep the products though the flow tube and into the ionization zone of the LQIT where

they were quenched and ionized. A diagram of this setup is also shown in Figure 3.1. To
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adapt the instrument for the placement of the flow tube into the ionization area, the
window in the front door of the ionization chamber was replaced with a piece of ceramic
with a hole in the center that had the same diameter as the flow tube. The flow tube and
nitrogen gas were kept at the same temperature by using a temperature control system.
This configuration allowed the study of the effects of temperature and residence time on
the reactions of the primary products within the flow tube. The residence times were
estimated by determining the time it takes for the gas with a known flow rate to pass

through the flow tube with a known internal volume.

Preheated N,

Corona discharge needle

Ribbon

Product Reactivity
Pyroprobe position

Heated flow tube

Thermocouple

Venttube

Figure 3.1. A cut away diagram of the ionization chamber in front of the LQIT. The
pyroprobe (in blue) is shown in both the direct pyrolysis (left) orientation and within the
flow tube (right). The direction of gas flow is indicated by the dashed arrow.
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3.3 Results and Discussion

In order to develop methodology for the determination of the primary products of
fast pyrolysis of carbohydrates, and to examine their secondary reactions, two pyrolysis
probe setups were coupled with a LQIT. In the setup for analysis of the primary
pyrolysis products, the products from the pyroprobe were quenched and ionized by APCI
immediately after evaporation into the ion source, followed by analysis of the product
ions in the LQIT. In the other setup, the pyrolysis products were provided time in a flow
tube to undergo secondary and tertiary reactions before quenching and analysis of the
products.

Six model compounds commonly formed during carbohydrate pyrolysis,®®
glycolaldehyde, hydroxyacetone, furfural, 5-hydroxymethylfurfural, levoglucosan, and
cellobiosan, were examined to select an appropriate APCI method for the analysis of
pyrolysis products. Negative ion mode APCI doped with chloroform has been shown to
create chloride anions that readily attach to carbohydrates with nearly equal efficiencies

and without extensive fragmentation.***’

Each of the six model compounds were
introduced individually into the APCI source by direct injection while using chloroform
dopant to test this methods ability to ionize pyrolysis products. The results obtained
using direct injection show that although this method formed stable chloride anion
adducts with no fragmentation for most compounds, it formed deprotonated
hydroxyacetone instead of a chloride anion adduct and did not ionize glycolaldehyde and
furfural.

Since negative ion mode chloride anion attachment was unable to ionize all of the

model compounds, a complementary ionization technique was tested. Ammonium
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hydroxide dopant in positive ion mode chemical ionization and APCI is known to form
stable ammonium adducts with carbohydrate residues and to produce either protonated
molecules or molecular ions from related low molecular weight molecules.**° Each of
the six model compounds were individually introduced into the APCI source both via
direct injection and by vaporizing them off the heated pyrolysis probe while using
ammonium hydroxide dopant. This approach was found to ionize all six model
compounds without fragmentation. However, the different analytes produced different
types of ions (ammonium adducts, molecular ions and/or protonated molecules) when
they were introduced via direct injection. When the compounds were evaporated from
the heated pyroprobe, on the other hand, the ammonium adducts dominated for most
model compounds. However, furfural, glycolaldehyde and 5-hydroxymethylfurfural still
formed more than one type of ion and hydroxyacetone only produced a molecular ion. It
is important to note that during heated pyroprobe introduction of glycolaldehyde, the
ionized dimer was observed for both ionization methods, indicating that the method that
was used to break down the glycolaldehyde dimer did not result in complete dissociation
or reassociation occurred on the pyroprobe as the solvent evaporated. This may be the
reason for the inability to observe glycolaldehyde in some of the experiments.

Finally, an equimolar mixture of all six model compounds (the concentration of
glycolaldehyde was not exactly known due to the incomplete conversion of its dimer to
glycolaldehyde) was injected into the ion source and analyzed by using both ionization
methods to determine whether the detection of some of the compounds may be hindered
by the presence of compounds with greater ionization efficiencies. The mass spectrum

obtained using positive ion mode with ammonium hydroxide dopant (Figure 3.2) shows
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that all six compounds can be observed if they are present in roughly equal proportions.
Interestingly, only 5-hydroxymethylfurfural produced more than one ion (it produced
two). The response factors of the compounds varied widely.

Chloride attachment APCI did not ionize glycolaldehyde, hydroxyacetone, and
furfural in the mixture introduced via direct injection or by the heated pyroprobe. 5-
Hydroxymethylfurfural, levoglucosan, and cellobiosan produced solely chloride anion
adducts. Levoglucosan and cellobiosan were evaporated and ionized with almost equal
efficiency (Figure 3.3). 5-Hydroxymethylfurfural yielded a very low signal due to its low

chloride anion affinity (it contains only one hydroxyl group).
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Figure 3.2 An APCl/ammonium hydroxide positive ion mass spectrum of an
equimolar mixture of six model compounds introduced via direct injection (the molar
ratio of glycolaldehyde is estimated to be between 0-2 due to the unknown extent of
glycolaldehyde dimer breakdown). All model compounds were ionized but not equally
efficiently.
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Figure 3.3 An APCl/chloroform negative ion mass spectrum of an equimolar mixture
of six model compounds introduced via the heated pyroprobe (the molar ratio of
glycolaldehyde is estimated to be between 0-2 due to the unknown extent of
glycolaldehyde dimer breakdown). Three model compounds were not ionized.

Once it was realized that the ammonium hydroxide dopant method can be used to
ionize all six model compounds but not with equal response factors and that the
chloroform dopant method yields semi-quantitative information for carbohydrates but not
for smaller model compounds, both ionization methods were used to examine the primary
products of fast pyrolysis of cellobiose by using the direct pyrolysis setup described
previously. All but a few pyrolysis products were found to ionize by both methods
(Figure 3.4). All compounds larger than levoglucosan demonstrated 100% ammonium or
chloride attachment. Levoglucosan showed both adducts as well as protonated (positive
ion mode) and deprotonated molecules (negative ion mode). The compounds smaller
than levoglucosan did not show adducts but instead were either protonated (positive ion

mode) or deprotonated (negative ion mode).
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Several primary products were detected for fast pyrolysis of cellobiose (Figure
3.4). Their elemental compositions were determined by using high-resolution
experiments. Many of these products arise from losses of water (18 Da), formaldehyde
(30 Da) and glycolaldehyde (60 Da) in various combinations. Although water,
formaldehyde and glycolaldehyde were not efficiently detected in these experiments,
their formation can be inferred from the reactions observed. In addition to these
compounds, among the products observed, only levoglucosan (MW 162) and 5-
hydroxymethylfurfural (MW 126) have been reported in the literature as major final fast
pyrolysis products of cellobiose.”*?® This is not surprising since most previous studies
have employed GC-MS analysis. For example, the largest molecules observed in such
previous studies were levoglucosan and its isomers.?>% Therefore, it is not unexpected
that several products that had not been previously reported were observed to be present in
large quantities (Table 3.1), including glucose, cellobiosan and cellobiose that has lost
glycolaldehyde or an isomeric molecule. The most abundant product with an elemental
composition of CgH1407 is likely to have the structure shown in Figure 3.4. This
structure is proposed due to the similarity of the ionized molecule’s CAD mass spectrum
to that published for an authentic ion in a previous study.*

Due to the semi-quantitative nature of the chloride attachment method,®
approximate relative quantitation can be achieved for molecules with at least two
hydroxyl groups by considering the relative abundances of their chloride adducts (Table
3.1). The relative molar percent for the molecules that do not form chloride anion
adducts was estimated (Table 3.1) using relative ionization efficiencies for ammonium

cation attachment determined for model compounds under the same conditions as in
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pyrolysis experiments. Deprotonated 5-hydroxymethylfurfural (m/z 127; identified based
on the identical CAD mass spectra measured for the unknown ion and the deprotonated

authentic 5-hydroxymethylfurfural) is considered first.
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Figure 3.4 Mass spectra of the primary products of fast pyrolysis of cellobiose
(C12H2201,) ionized using ammonium attachment in positive ion mode (top) and chloride
attachment in negative ion mode (bottom). All elemental compositions were determined
using high resolution data collected in a LQIT/FT-ICR. lonized levoglucosan has m/z
values of 163 and 180 in the top spectrum and m/z values of 161 and 197 in the bottom
spectrum. All ions with m/z values lower than 170 correspond to protonated molecules
in the top spectrum and deprotonated molecules in the bottom spectrum, and hence have
m/z values that differ by two units. Protonated C4H40, molecule (m/z 85) is only seen in
the top spectrum, while deprotonated CsHgO3 molecule (m/z 113) is only seen in the
bottom spectrum. Otherwise, the spectra show the same ionized molecules. The most
abundant product’s (CgH1407) proposed structure is shown in the top spectrum.
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Based on the mass spectrum shown in Figure 3.2, the ionization efficiency of 5-
hydroxymethylfurfural is 75 + 1 % of that of cellobiosan. To correct for this bias, the
relative abundance measured for 5-hydroxymethylfurfural formed in fast pyrolysis of
cellobiose and ionized by protonation upon ammonium APCI (ion of m/z 127; Figure 4,
top) was multiplied by 1.33, resulting in a corrected relative molar abundance of
15 £ 6 %. This corrected relative molar abundance of 5-hydroxymethylfurfural was then
divided by the relative abundance measured (using the same approach) for cellobiosan
formed in pyrolysis of cellobiose in order to get the molar ratio of these two pyrolysis
products: 0.3 = 0.1 moles of 5-hydroxymethylfurfural for every mole of cellobiosan.
The molar ratio (0.3) was then correlated back to the molecules that could be ionized by
chloride attachment by multiplying it by the relative abundance measured by using
chloride attachment mass spectrometry for cellobiosan produced upon fast pyrolysis of
cellobiose (26 + 3 % when taking into account the *’Cl isotope) to obtain a value 7 + 3 %.
Hence, the approximate relative molar abundance of 5-hydroxymethyl furfural was found
to be 7 + 3 % relative to the abundance of the ions of m/z 257 (most abundant ions in the
bottom spectrum in Figure 3.4).

Based on their measured elemental compositions, the ions of m/z 145 and m/z 85
(Figure 3.4, top), derived from molecules formed upon fast pyrolysis of cellobiose and
ionized by ammonium attachment, are furan derivatives. The ionization efficiencies of
these molecules were assumed to be the same as for 5-hydroxymethylfurfural and their
measured relative abundances were corrected in the same way as that of 5-
hydroxymethylfurfural. The relative abundances of the deprotonated molecules of m/z

161 and 113 (negative ion mode) are not included in Table 3.1. The former is an isomer
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of levoglucosan (that does not form a chloride adduct like levoglucosan), not a furan
derivative, and neither one is a chloride adduct; hence, it is not possible at this time to
reasonably estimate their ionization efficiencies. The approximate relative abundances of

the most abundant primary products of fast pyrolysis of cellobiose are listed in Table 3.1.

Table 3.1 Approximated average relative molar abundances of the primary products
of fast pyrolysis of cellobiose normalized to the most abundant product (with standard
deviations based on three experiments).

MW Elemental Average Relative Molar
Composition Abundance (%)
84 C4sH405 8+7
114 CsHsO3 Not Estimated
126 CsHeO3 7+3
144 CsHgO4 13+£9
162 (no adduct CeH1005 Not Estimated
formation)
162 CsH100s5 10+4
180 CeH12054 70+9
222 CgH1407 100+ 0
252 CyH1505 11+3
264 C10H1605 17+4
282 C19H1809 61 +19
324 C12H20010 20+ 3
342 C1oH»,011 34+6

In order to determine the types of secondary reactions that may be expected for
the primary fast pyrolysis products of cellobiose, it was pyrolyzed inside the flow tube
(depicted in Figure 3.1). The primary products of cellobiose were allowed to react for 2 s
and 11 s at two different temperatures (300 °C and 400 °C). Similar product distributions

were measured using both ionization methods. Hence, only results obtained using
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positive ion mode ionization are discussed below. Figure 3.5 shows that most of the
primary fast pyrolysis products of cellobiose react away, ultimately producing anhydro-
oligosaccharides up to cellopentosan or an isomer under the conditions used. The ability

4145 The most abundant

of anhydrosugars to polymerize is not a new phenomenon.
primary product of cellobiose with the elemental composition CgH;407 (its ammonium
adduct has the m/z value of 240) reacts away rapidly. Hence, it is not unexpected that
this product has not been reported in the literature. These findings demonstrate that a
method other than GC/MS is needed to detect many of the products formed upon
reactions of the primary pyrolysis products of cellobiose (and other carbohydrates).
These results also suggest that the larger anhydro-oligosaccharides (cellotetrosan,
cellopentosan, etc., or their isomers) that have been detected in bio-oils via HPLC
analysis are likely, in part, to be formed via polymerization reactions of the primary fast
pyrolysis products as opposed to incomplete breakdown of the pyrolyzed carbohydrate.”
This hypothesis was confirmed by measuring CAD mass spectra for selected fragment
ions of authentic cellotriosan (MW 486 Da) after ionization by chloride attachment.
These CAD mass spectra were compared to those measured for the analogous fragment
ions of the unknown trimer pyrolysis product formed from cellobiose within the flow
tube (m/z 521; Figure 5). The MS? mass spectra of the chloride attached cellotriosan and
unknown trimer (m/z 521) display solely HCI loss resulting in fragment ions of m/z 485.
The ions of m/z 485 correspond to the deprotonated cellotriosan and unknown trimer
molecules. They were isolated and subjected to further CAD to obtain the mass spectra

presented in Figure 3.6, left. The deprotonated trimer produced several fragment ions of

various m/z values that are not produced during the CAD of authentic deprotonated
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cellotriosan (i.e., ions of m/z 467, 365, and 347) but both produced an abundant fragment
ion of m/z 323 corresponding to the loss of a molecule with a MW of 162 Da. The
fragment ions of m/z 323 were isolated and subjected to CAD to produce the spectra in
Figure 3.6, right. Several new fragment ions were produced upon CAD of ions of m/z of
323 formed from the unknown trimer compared to those produced from authentic
cellotriosan (i.e., ions of m/z 305, 275, and 203). From the CAD mass spectra presented

in Figure 3.6, the unknown trimer is concluded to be a mixture of isomers, including

cellotriosan.
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Figure 3.5 Mass spectra collected after the primary products of fast pyrolysis of
cellobiose were allowed to undergo reactions for 2 s at 300 °C (top), 2s at 400 °C
(middle) and 11 s at 400 °C (bottom) and ionized using ammonium attachment in positive
ion mode. All elemental compositions were determined using high resolution data
collected in an LQIT/FT-ICR. All ions with m/z values lower than 170 correspond to
protonated molecules.
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Figure 3.6 CAD mass spectra measured for authentic cellotriosan ionized via chloride
attachment in negative ion mode and the unknown trimer (ionized in the same manner)
formed upon pyrolysis of cellobiose in the flow tube. The chloride attached cellotriosan
and trimer (m/z 521) were isolated and subjected to CAD which resulted in HCI loss,
forming fragment ions of m/z 485, corresponding to the deprotonated molecules of
cellotriosan and the unknown trimer. These deprotonated molecules were subjected to
CAD to obtain the mass spectra shown top left and bottom left, respectively. Both ions
produced an abundant fragment ion corresponding to the loss of a molecule with MW
162 Da to yield an ion of m/z 323. The fragment ions of m/z 323 were isolated and
subjected to CAD to produce the mass spectra shown top right and bottom right,
respectively.

3.4 Conclusions

Two fast pyrolysis/tandem mass spectrometry systems were devised, one to
determine the primary products of fast pyrolysis of carbohydrates and another one to
study how changes in temperature and residence time change the extent of secondary
reactions of the primary products in order to simulate a pyrolysis reactor. Two
complementary ionization methods were chosen to detect the pyrolysis products: APCI

doped with chloroform in the negative ion mode and APCI doped with ammonium
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hydroxide in the positive ion mode. Examination of an equimolar mixture of six model
compounds commonly produced during carbohydrate pyrolysis (glycolaldehyde,
hydroxyacetone, furfural, 5-hydroxymethylfurfural, levoglucosan, and cellobiosan)
demonstrated that the positive ion mode APCI doped with ammonium hydroxide allows
the detection of all these compounds but they do not have equal response factors. On the
other hand, examination of the same mixture by using the negative ion mode APCI
method revealed roughly equal ionization efficiency for compounds with at least two
hydroxyl groups, consistent with previous studies for this method.*> Hence, this
ionization method allows semiquantitative analysis of carbohydrates produced during
pyrolysis of oligosaccharides. However, this method cannot be used to detect pyrolysis
products with fewer than two hydroxyl groups. A rough estimate of the relative molar
abundances of the pyrolysis products that did not form chloride anion adducts was
obtained using ionization efficiencies of model compounds determined using ammonium
attachment in positive ion mode or chloride attachment in negative ion mode.

The fast pyrolysis/MS systems described above were used to examine fast
pyrolysis of cellobiose. The primary fast pyrolysis products of cellobiose were
determined to consist of only a handful of compounds that quickly polymerize to form
anhydro-oligosaccharides when allowed to react at high temperatures for an extended
period of time. The primary and secondary fast pyrolysis products of cellobiose include
compounds that cannot be detected using GC/MS analysis that was employed in many
previous studies.’® These findings demonstrate that a method other than GC/MS is
necessary to detect the primary, secondary and possibly also final products of fast

pyrolysis of carbohydrates. Further, the results suggest that the complexity of bio-oils
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arises, in part, from a variety of polymerization reactions of the primary pyrolysis
products. Comparison of the CAD mass spectra measured for authentic deprotonated
cellotriosan and the deprotonated unknown trimer formed in flow tube pyrolysis of
cellobiose suggests that along with the formation of cellotriosan, other isomers are also
formed in the flow tube, likely due to polymerization of the primary products. Hence, the
use of residence times that are as short as possible should allow the generation of a bio-
oil with a simple molecular composition from carbohydrates, including cellulose.
Finally, the pyrolysis/MS methods developed here require only micrograms of sample
and provide a fast approach for the examination of the influence of pyrolysis conditions
and different feedstocks on the primary and secondary pyrolysis products of

carbohydrates.
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CHAPTER 4: COMPARISON OF MOLECULES' STRUCTURES IN COAL AND
PETROLEUM ASPHALTENES BY USING MASS SPECTROMETRY

4.1 Introduction

Asphaltenes are the heaviest fraction of crude oil and are defined as the fraction
that is soluble in toluene and insoluble in n-heptane.’® Most of the compounds present in
asphaltenes are believed to be aromatic in nature but their exact structures are still
unknown. Asphaltenes present major problems in crude oil transportation and refining,
which are getting worse as heavier crude oil reserves are being utilized due to the world-
wide depletion of the lighter crude oil reserves.**® The problems caused by asphaltenes

increase the production cost of crude oil.**

A better understanding of asphaltenes is
needed in order to solve these problems. To date, the molecular weight distribution of
asphaltenes is still debated™™** and only limited work has been carried out to determine

the structures of asphaltene molecules.”*®

Once the understanding of asphaltenes’
molecular structures has been substantially improved, methods may be developed for
reducing or eliminating the problems they cause and for converting them into useful
compounds.®

Asphaltenes are believed to be comprised of island and/or archipelago type

molecules.® Island type molecules consist of a single aromatic core made up of several

fused aromatic rings with alkyl chains branching from that core.® Archipelago type
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molecules contain several smaller aromatic cores that are connected by alkyl bridges, and
that have alkyl chains branching from the cores.! Many experiments, ranging from time
resolved fluorescence depolarization, Taylor dispersion diffusion, and NMR pulsed field
gradient measurements, have indicated that asphaltenes mainly consist of island type

3,20-23

molecules. However, some studies, such as using NMR with average structural

parameter calculations and thermal cracking, have provided evidence in support of the
presence of a small amount of archipelago type molecules in asphaltenes, as well.**%
We recently published a study that compared the fragmentation patters produced by
collisionally-activated dissociation (CAD) of ionized asphaltenes with those of ionized
model compounds that concluded that island like molecules dominate. No evidence was
found in support of the existence of archipelago type molecules.*®

One of the approaches that some research groups have attempted to address the
lack of knowledge of asphaltenes’ molecular structures is comparing chemical and
physical properties of coal and petroleum asphaltenes. The molecular weight distribution
(MWD) for coal asphaltenes has been determined to be much smaller, about half, of that
of petroleum asphaltenes.’*?*%"  Since fewer isomers and isobars are possible at lower
molecular weights, the likelihood of determining molecular structures for coal
asphaltenes is much higher than for petroleum asphaltenes.?

For this study, coal and petroleum asphaltene samples were analyzed with tandem
mass spectrometry experiments utilizing CAD were carried out using a Thermo Scientific
linear quadrupole ion trap (LQIT) and a LQIT coupled with an FT-ICR. Several

molecular ions with varying m/z values derived from the coal and petroleum asphaltenes

were isolated and fragmented to probe their structural characteristics. Comparison of their
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fragmentation pathways yielded information about the differences in the molecular
structures of coal and petroleum asphaltenes.

Asphaltenes are very challenging to analyze using mass spectrometry.'®
Asphaltenes are predisposed to degrade and aggregate when they are introduced into the
gas phase.”® Once in the gas phase, the ability to ionize a mixture as complex as
asphaltenes is a problem when using ionization methods such as electrospray ionization
(ESI) and matrix assisted laser desorption/ionization (MALDI) due to the fact that both
methods preferentially ionize polar molecules.?® For the study presented in this chapter,
atmospheric pressure chemical ionization (APCI) was used because it has less of an
ionization bias and has been shown to be an appropriate method for petroleum analysis.*
Carbon disulfide was used as the solvent to dissolve and ionize the asphaltenes with
APCI. This approach has been shown to produce only stable molecular ions for

asphaltene model compounds.™

4.2 Experimental

Chemicals. The petroleum asphaltene sample originated from a Russian oil field
and was obtained by heptane precipitation. The coal asphaltenes were kindly donated by
Dr. Oliver Mullins. The coal asphaltenes had been extracted from coal that originated
from Tanito Harum, Indonesia. The coal liquefaction and asphaltene extraction method
has been previously described in the literature.?* Carbon disulfide (>99.9%) and heptanes
(99+%) were purchased from Sigma Aldrich (St. Louis, MO) and used without further
purification. Both asphaltenes samples were sonicated for one hour in n-heptanes and

centrifuged to remove any remaining maltene content.
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Instrumentation. A Thermo Scientific LTQ linear quadrupole ion trap (LQIT) and

a LQIT coupled to a 7 Tesla Fourier transform - ion cyclotron resonance (FT-ICR) mass
spectrometer were used for mass spectrometric analyses. The asphaltenes were dissolved
in carbon disulfide at a concentration of 0.5 g/mL and then introduced into the APCI
source via direct infusion from a Hamilton 500 pL syringe through the instrument’s
syringe pump at a rate of 20 pL per minute. The APCI source was set at 300°C. Several
ions were isolated and subjected to collisionally activated dissociation (CAD). The
isolation window used was either 0.3 or 2 m/z-units (selected m/z value £+ 1) and a CAD
energy of 35 arbitrary units was used. Both were controlled by the LTQ software. The
LQIT-FT-ICR instrument was used to determine the elemental compositions of

interesting ions, utilizing the accurate mass measurement capability of the FT-ICR.

4.3 Results and Discussion

Presented here is a study that compares asphaltenes derived from liquefied coal to
those derived from petroleum. The asphaltenes were dissolved in carbon disulfide and
ionized via positive mode APCI to produce stable molecular ions (M*). The full (MS%)
mass spectra measured for these ions yielded information about the samples MWDs. The
CAD (MS?) mass spectra measured for the isolated ions yielded information about the
molecular structures of the compounds present in the samples. The average molecular
weight (MW) of both samples was derived from the MWDs by using Equation 4.1 and
the values are given in Table 4.1.

Z?* area (all peaks)

AVG MW = (4.1)

Y. area (all peaks)
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One of the structural features that was examined was the approximate minimum
combined length of the alkyl chains branching from the aromatic core. The minimum
combined length of the alkyl chains was experimentally determined by isolating several
molecular ions of different m/z values, subjecting them to CAD and determine the
number of carbon atoms lost, until the corresponding fragment ions’ abundance was
below two percent (arbitrarily chosen) relative to the abundance of the most abundant
ion, as described previously.® The same fragment ions that were used to determine the
minimum combined length of the alkyl chains were used to determine the molecule’s
core size (methylene functional groups possibly left onto the core after benzylic
cleavages of the alkyl chains were included in this estimate). An example of both
calculations is illustrated in Figure 4.1 for a model compound. The calculation of the
number of fused rings that comprise the core is a rough estimate as it does not take into
account the presence of heteroatoms and the exact number of methylene groups left on
the core is unknown, but these factors should not change the final results to a significant
degree. The accuracy of these conclusions are still being investigated and are only used
here for comparison purposes because of the lack of adequate model compounds that
accurately duplicate the CAD mass spectra collected for asphaltenes.

The last structural feature considered was the approximate relative heteroaromatic
sulfur content in the samples. A rough estimate of the amount of heteroaromatic sulfur
present in the ions was obtained from the abundance of the fragment ions formed by the
loss of hydrogen sulfide (34 Da) relative to that of the most abundant fragment ion in the
CAD mass spectrum. High resolution experiments confirmed this assignment (exact

mass measurement: 33.96236 Da). This conclusion is also supported by preliminary
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results using model compounds with sulfur containing heteroaromatic rings that showed

hydrogen sulfide loss upon CAD in a LQIT.*®
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Figure 4.1 CAD mass spectrum measured for 1-butyl-3-propylnaphthalene molecular
ion of m/z 226 generated by APCI/CS,. An approximation of the minimum total number
of carbons in all alkyl chains and the core size is obtained from the smallest fragment ion
of m/z 141 (resulting from the loss of propene from the ion of m/z 183 formed by the loss
of a propyl radical from the molecular ion), revealing the presence of at least six carbon
atoms in all alkyl chains and two fused rings in the core (with an attached methylene

group).

Figure 4.2, below, displays a direct comparison of the MWD measured for the
coal and petroleum asphaltene samples. The observed MWD for coal asphaltenes ranges
from 200 up to 800 Daltons (Da) with a weighted MW average of 443 + 33 Da, whereas
the MWD for the petroleum asphaltenes ranges from 275 up to 1500 Da with a weighted
MW average of 708 £ 14 Da. These data are in good agreement with previous studies

that were conducted on coal and petroleum asphaltenes by using different methods.™
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Figure 4.2 APCI/CS, mass spectra of coal asphaltenes (top) and petroleum
asphaltenes (bottom).

The hydrogen to carbon ratios measured using other experimental methods (87-91
wt% carbon : 5-7 wt% hydrogen in coal asphaltenes and 79-82 wt% carbon : 7-8 wt%
hydrogen in petroleum asphaltenes) suggest that a larger number of carbons is present in
the aromatic core than in the alkyl chains in coal asphaltenes when compared to

petroleum asphaltenes.?*2

To experimentally compare the relative aromaticity of the
molecules present in the coal and petroleum asphaltenes, CAD was conducted on many
molecular ions derived from both samples. A relatively wide (2 m/z-units) window was
used during the isolation event for the MS/MS experiments due to poor signal intensity
resulting from the extreme complexity of the mixture. High resolution data collected
both in our laboratory and in others have found that this 2 m/z window may contain
between five and fifteen abundant isobaric ions, all of which may contribute to the CAD

mass spectrum.® Hence, a narrower isolation window of 0.3 Da was used in some cases

to help reduce the effects of the additional ions. However, the main fragment ions and
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fragmentation patterns were found to be independent of the size of the isolation window,
as shown in Figure 4.3.

Typical CAD mass spectra for ions of m/z 677 + 1 Da derived from coal and
petroleum asphaltenes are shown in Figure 4.4. These CAD mass spectra are similar to
ones measured previously for petroleum asphaltenes, depicting steadily decreasing
abundances for fragment ions formed by the loss of larger alkyl radicals from the
aromatic core.'®** High resolution data, like the one shown in Figure 4.5, was conducted

to positively identify the fragments as alkyl radicals.
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Figure 4.3 The top two mass spectra show the isolation of ions of m/z 515 from
petroleum asphaltenes by using a 2 Da (top) and a 0.3 Da (bottom) isolation window.
The bottom two mass spectra show CAD products measured in the LQIT for the isolated
ions using a 2 Da (top) and a 0.3 Da (bottom) isolation window.
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Figure 4.4 CAD mass spectra measured for ions of m/z 677 £ 1 derived from coal
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The fragmentation patterns shown in Figure 4.4 are currently thought to be the
result of the fragmentation of ionized island type molecules. lonized archipelago type
molecules are expected to undergo facile losses of large highly aromatic neutral
molecules, based on studies conducted with asphaltenes model compounds.’® When
looking at Figure 4.4, it can be noted that the most favored neutral fragments correspond
to a series of alkyl radicals ranging from methyl up to an alkyl radical 19 carbons in
length. This series of alkyl radicals cannot be lost from an ion of m/z 677 due to its small
size and hence are likely formed from a mixture of isomers and/or isobars containing
alkyl chains of various lengths. The decay in the abundance of ions formed upon alkyl
radical losses, with ions corresponding to short alkyl losses being higher in abundance,
suggests that shorter alkyl groups are much more prominent in asphaltenes molecules
than longer alkyl groups. Based on Figure 4.4, the ions of m/z 677 £ 1 derived from coal
asphaltenes appear to contain a total number of at least 5 carbons in side chains with a
core size of about 12 fused aromatic rings. On the other hand, the ions derived from
petroleum asphaltenes have a total of at least 19 carbons in side chains with a core of
about 8 aromatic rings. These core sizes are larger than previously reported.?%** The
reason for this is still being investigated. The results for ions of m/z 677 + 1, along with
the other ions studied, are displayed in Table 4.1. These results suggest that coal
asphaltenes contain a much higher aromatic carbon to alkane carbon ratio than petroleum
asphaltenes. The CAD mass spectra measured for ions with several m/z values suggest
that the total number of carbons in all side chains in coal and petroleum asphaltenes range

from at least 3 up to 6 carbons and at least 6 up to 35 carbons, respectively.
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While the above results are true for ionized asphaltenes of both types when
comparing similar m/z values, the data presented in Table 4.1 show that this is not true
when comparing the most abundant molecules of each type (roughly, ions of m/z 440 for
coal and ions of m/z 710 for petroleum asphaltenes). The comparison of the data for ions
of m/z 456 for coal and m/z 704 for petroleum asphaltenes indicates that the typical
petroleum and coal asphaltenes have a similarly sized polyaromatic core of about eight
fused rings. However, the coal asphaltenes only have about four carbons making up its
alkyl chains while the petroleum asphaltenes have up to twenty two carbons in their alkyl
chains.

CAD mass spectra of ions derived from asphaltenes also yield a very rough
estimate for their relative heteroaromatic sulfur content. Preliminary heteroaromatic
model compound data indicate that heteroaromatic sulfur atoms can be lost as neutral
hydrogen sulfide (MW 34 Da) when the ionized model compounds are subjected to
CAD.* Some ions derived from asphaltenes lose a neutral molecule with MW of 34 Da
upon CAD, as well. High-resolution spectra, similar to the one shown in Figure 4.5, were
carried out to verify that this loss corresponds to H,S. Table 4.1 lists the relative
abundances of fragment ions formed upon this loss for several molecular ions of different
m/z values. Based on the fragment ions’ relative abundances, a rough estimate for the
relative heteroaromatic sulfur content may be obtained. Figure 4.6 shows the CAD mass
spectra of molecular ions of m/z values near the center of the MWD for both coal and
petroleum asphaltenes to illustrate the differences in the relative abundances of the

fragment ions resulting from the loss of hydrogen sulfide.
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Figure 4.6 CAD mass spectra of ions of m/z 418 + 1 derived from coal asphaltenes
(top) and ions of m/z 704 + 1 derived from petroleum asphaltenes (bottom) with a zoom
window on the fragment ions formed upon loss of hydrogen sulfide, with their relative
abundance compared to the most abundant fragment ion.

Based on the results presented in Figure 4.6, the relative heteroaromatic sulfur
content is higher in petroleum asphaltenes than in coal asphaltenes. Table 4.1 shows that
this is true for ions with a variety of different m/z values. Even though the nature of the
hydrogen sulfide loss is not completely understood, these findings are in agreement with
previously measured bulk elemental compositions of coal and petroleum asphaltenes
(0.1-1 wt% sulfur in coal asphaltenes and 7-9 wt% sulfur petroleum asphaltenes),
providing some support for this technique’s ability to compare relative heteroaromatic

sulfur content.?2%
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Table 4.1 Molecular weight distributions (MWD) and average molecular weights
(AVG MW) determined for molecules in coal and petroleum asphaltenes, as well as the
estimated minimum total number of carbon atoms in all side chains, estimated core sizes,
and relative abundances of the ions produced by neutral hydrogen sulfide loss, given for
ions with selected m/z values. The differences between the petroleum and coal samples
(petroleum — coal) are given in the last column.

Difference
Coal Petroleum (Petroleum — Coal)
MWD 200 Da - 800 Da 275 Da - 1450 Da --
AVG MW 443 + 33 Da 708 £ 14 Da 265 Da
lon of m/z 220
Carbons in Side Chains 3 -- -
Estimated Core Size 3 -- --
Relative Percent Hydrogen
Sulfide Loss 0 -- -
lon of m/z 285
Carbons in Side Chains 4 -- --
Estimated Core Size 4 -- -
Relative Percent Hydrogen
Sulfide Loss 1 -- --
lon of m/z 325
Carbons in Side Chains 4 -- --
Estimated Core Size 5 -- -
Relative Percent Hydrogen
Sulfide Loss 0 -- --
lon of m/z 360
Carbons in Side Chains 5 5 0
Estimated Core Size 6 6 0
Relative Percent Hydrogen
Sulfide Loss 1 1 0
lon of m/z 418
Carbons in Side Chains 4 6 2
Estimated Core Size 7 6 -1
Relative Percent Hydrogen
Sulfide Loss 0 1 1
lon of m/z 456
Carbons in Side Chains 4 8 4
Estimated Core Size 8 7 -1
Relative Percent Hydrogen
Sulfide Loss 1 2 1
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Difference
Coal Petroleum (Petroleum — Coal)
lon of m/z 490
Carbons in Side Chains 5 11 6
Estimated Core Size 8 6 -2
Relative Percent Hydrogen
Sulfide Loss 1 2 1
lon of m/z 515
Carbons in Side Chains 5 10 5
Estimated Core Size 9 7 -2
Relative Percent Hydrogen
Sulfide Loss 1 2 1
lon of m/z 530
Carbons in Side Chains 5 12 7
Estimated Core Size 9 7 -2
Relative Percent Hydrogen
Sulfide Loss 1 2 1
lon of m/z 606
Carbons in Side Chains 5 17 12
Estimated Core Size 10 7 -3
Relative Percent Hydrogen
Sulfide Loss 1 4 3
lon of m/z 647
Carbons in Side Chains 5 17 12
Estimated Core Size 11 8 -3
Relative Percent Hydrogen
Sulfide Loss 1 5 4
lon of m/z 677
Carbons in Side Chains 5 19 14
Estimated Core Size 12 8 -4
Relative Percent Hydrogen
Sulfide Loss 1 6 5
lon of m/z 688
Carbons in Side Chains 6 22 16
Estimated Core Size 12 7 -5
Relative Percent Hydrogen
Sulfide Loss 1 6 5
lon of m/z 704
Carbons in Side Chains 6 22 16
Estimated Core Size 12 8 -4
Relative Percent Hydrogen
Sulfide Loss 1 7 6
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Difference
Coal Petroleum (Petroleum — Coal)
lon of m/z 736
Carbons in Side Chains 5 17 12
Estimated Core Size 13 10 -3
Relative Percent Hydrogen
Sulfide Loss 1 10 9
lon of m/z 780
Carbons in Side Chains -- 25 --
Estimated Core Size -- 8 --
Relative Percent Hydrogen
Sulfide Loss -- 9 -
lon of m/z 810
Carbons in Side Chains -- 26 --
Estimated Core Size -- 9 --
Relative Percent Hydrogen
Sulfide Loss -- 10 --
lon of m/z 850
Carbons in Side Chains -- 27 --
Estimated Core Size -- 9 --
Relative Percent Hydrogen
Sulfide Loss -- 11 --
lon of m/z 875
Carbons in Side Chains -- 35 --
Estimated Core Size -- 7 --
Relative Percent Hydrogen
Sulfide Loss -- 23 --
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Figure 4.7 Graph illustrating the differences (petroleum — coal) between the coal
asphaltenes and the petroleum asphaltenes as a function of their molecular size: relative
abundances of ions produced from hydrogen sulfide loss, the estimated minimum total
number of carbons in all side chains, and the approximate core size.

The differences between the coal and petroleum asphaltenes samples shown in
Table 4.1 are graphed as a function of the size of the ions in Figure 4.7. Figure 4.7
suggests that petroleum and coal asphaltenes are relatively similar in chain length, core
size, and extent of hydrogen sulfide loss at low MW and that the differences gradually
increase with MW. While bulk analysis methods can also measure these differences, they

are unable to track how they change with MW like this method.

4.4 Conclusions

The MWDs collected for coal and petroleum asphaltenes by using APCI with
carbon disulfide as the ionizing reagent in an LQIT were found to agree with a previous

study that used laser deposition/ionization coupled to a time-of-flight mass
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spectrometer.’®  The observed MWD and average MWs for coal and petroleum
asphaltenes range from 200 up to 800 Da with 443 + 33 Da average MW and from 275
up to 1500 Da with 708 * 14 Da average MW, respectively. The CAD mass spectra for
molecular ions of several m/z values showed a striking decrease in alkane carbon content
relative to aromatic carbon content in petroleum (a total of about 35 carbons maximum in
all side chains) vs. coal asphaltenes (a total of about 6 carbons maximum in all side
chains). Further, the core size of coal asphaltenes was estimated to range from 3 up to 13
rings while that for petroleum asphaltenes range from 6 up to 10 rings. Previous studies
conducted on coal and petroleum asphaltenes measured smaller core sizes then those
presented here, which is likely due to the lack of appropriate model compounds needed to
refine our methods.”*?*** The measured trends reported here, on the other hand, are
expected to be accurate. From these results it was concluded that the aromatic carbon to
alkane carbon ratio in coal asphaltenes is much higher than that of petroleum asphaltenes,
independent of the MW. Nevertheless, when comparing the most abundant molecules in
both the petroleum and coal asphaltenes, the molecules have similarly sized aromatic
cores of about eight fused rings but very different total lengths of the alkyl side chains,
with coal asphaltenes having about 4 total carbons in alkyl chains and petroleum
asphaltenes having about 22 total carbons in alkyl chains. The lower alkane content
measured for coal aspahltenes than petroleum asphaltenes agrees with bulk elemental
compositions determined previously: 87-91 wt% carbon : 5-7 wt% hydrogen in coal
asphaltenes and 79-82 wt% carbon : 7-8 wt% hydrogen in petroleum asphaltenes.?*%
The relative abundance of the fragment ion due to hydrogen sulfide loss from petroleum

asphaltenes was much higher than that of the coal asphaltenes. This is also in agreement
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with bulk elemental analysis carried out by others that showed that coal and petroleum
asphaltenes contain 0.1-1 wt% and 7-9 wt% sulfur, respectively.?*> The agreement of
these results with previous results collected using different techniques helps validate this

technique.
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CHAPTER 5: COMPARISON OF THE STRUCTURES OF MOLECULES IN
PETROLEUM ASPHALTENES BEFORE AND AFTER MILD AND HARSH
HYDROCRACKING.

5.1 Introduction

As discussed in section 4.1, asphaltenes are the heaviest fraction of crude oil and
cause many problems during crude oil processing that increase production costs.°
More needs to be known about asphaltenes in order to be able to knowledgably devise a
solution to these problems. Unfortunately, the study of asphaltenes is not an easy task
due to their extreme complexity. A better understanding of their molecular structures
would greatly help in developing prevention strategies for the problems caused by
asphaltenes.”* To date, only limited amount of work has been carried out to determine
the molecular structures of asphaltenes.***® Island and archipelago type structures have
been proposed for molecules present in asphaltenes.’ Island-type molecules have one
aromatic core with alkyl chains branching off while archipelago-type molecules have
several smaller aromatic cores linked by alkyl chains, with alkyl chains branching off.
An example structure of both island-type molecules and archipelago-type molecules are
shown in Figure 5.1. The studies that have been conducted thus far have concluded that
the predominant molecular structural type present in asphaltenes is the island type, with

little evidence of archipelago-type structures.®**%
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Figure 5.1 Example structures of an island-type asphaltene molecule (left) and an
archipelago-type molecule (right).

One process that is currently utilized to partially upgrade asphaltenes into more
useful compounds is hydrocracking.??* This process involves heating of the crude oil to
a high temperature under a high pressure hydrogen atmosphere, resulting in catalytic

| 24,25

hydrogenation of the molecules within the oi The hydrogenation results in the

removal of sulfur and nitrogen heteroatoms and saturation of double and triple bonds,

2425 previous studies on

thus converting molecules such as olefins into alkanes.
hydrocracked asphaltenes by using bulk elemental analysis found that the asphaltenes
became more hydrogen deficient and had a reduced amount of heteroatoms, such as
sulfur and nitrogen.?® Hence, it was concluded that during the hydrocracking process, the
alkyl chains that branch off of the aromatic core are cleaved off.*® Analysis of

hydrocracked asphaltenes has yet to be studied at the molecular level by using mass

spectrometry.
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In the study discussed in this chapter, tandem mass spectrometry with
collisionally-activated dissociation (CAD) was used to study the effects of “mild” and
“harsh” hydrocracking conditions on the molecular structures of asphaltenes. The exact
conditions of the hydrocracking processes were a trade secret of our industrial
collaborators who donated the samples. The only information that we were provided was
that some of the samples were hydrocracked at a low temperature and pressure while
other samples were hydrocracked at a higher temperature and pressure. The same
method that was used in the experiments described in Chapter 4 was used here. The
sample was dissolved in carbon disulfide (CS;) and ionized via atmospheric pressure
chemical ionization (APCI). This method was chosen due to its ability to ionize a wide
range asphaltenes model compounds by only producing one type of an ion per compound,

the molecular ion (M™).?’

5.2 Experimental

Chemicals. All of the asphaltene samples studied here originated from an oil field
in Russia. Two series of samples (obtained at two different times), each containing two
sets (each set is a from a different feedstock) of samples, were analyzed during this study.
All samples were collected under identical conditions. The first digit in the sample name
denotes whether it belonged to the first or second series of samples. Of the ten samples
analysed, four were unprocessed (U), four were processed under mild conditions (M),
and two were processed under harsh conditions (H), which is denoted by the second digit
of samples’ name. The third digit of the samples’ names indicates which feedstock was

being processed from that series (i.e., 1H1 corresponds to sample 1U1 after the harsh
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hydrocracking treatment). Table 5.1 provides a list of all the samples that were analyzed
and the hydrocracking treatment they were exposed to. Carbon disulfide (CS;) (>99.9%)
was purchased from Sigma Aldrich (St. Louis, MO) and used without purification.

Instrumentation. A Thermo Scientific LTQ linear quadrupole ion trap (LQIT)

mass spectrometer was used for mass spectrometric analyses. The asphaltenes samples
were dissolved in carbon disulfide at a concentration of 0.5 g/mL and then introduced
into the APCI source via direct infusion from a Hamilton 500 puL syringe through the
instrument’s syringe pump at a rate of 20 pL per minute. The APCI source was set at
450°C for the first series of samples and 300°C for the second series. This difference in
temperature was due to a refinement in the mass spectrometric technique between the
time when the first samples were analyzed and the time when the second set was received
to prevent ion-molecule reactions during nebulization. The temperature was found to
effect the molecular weight distribution (MWD) and the amount of energy required
during CAD but since each series is not being directly compared to the other, these
changes were found to be irrelevant). Several radical cations were isolated and subjected
to CAD. An isolation window of 2 Da (selected m/z value £ 1 Da) and a CAD energy of

35-60 arbitrary units was used. Both were controlled by the LTQ software.



105

Table 5.1 A list of the asphaltenes samples examined.

Asphaltene Sample Processing
1U1 Unprocessed Feedstock
1M1 1U1 Processed Using Mild
Hydrocracking Conditions
1H1 1U1 Processed Using Harsh
Hydrocracking Conditions
1U2 Unprocessed Feedstock
1M2 1U2 Processed Using Mild
Hydrocracking Conditions
1H2 1U2 Processed Using Harsh
Hydrocracking Conditions
2U1 Unprocessed Feedstock
2M1 2U1 Processed Using Mild
Hydrocracking Conditions
2U2 Unprocessed Feedstock
2M2 2U2 Processed Using Mild

Hydrocracking Conditions

5.3 Results and Discussion

During this study, ten asphaltenes samples were examined that were exposed to
none or various levels of hydrocracking treatment. Of the ten samples, four were
different unprocessed feed stocks that were not exposed to hydrocracking, four were
exposed to a mild hydrocracking process, and two were exposed to a harsh hydrocracking
process. The samples were ionized using APCI with CS2 as the ionization reagent to

produce stable molecular ions. The MWDs measured for the both series of samples



106

(Figure 5.2 and 5.3) range from about 300 up to 1800 Da for the first series and 300 -
1400 Da for the second series. On the other hand, the center of the MWD, which was
denoted by the most abundant peak in the distribution and indicated by a dashed red line
in Figure 5.2 and 5.3, is shifted to a lower m/z value for samples subjected to the mild
hydrocracking process and to an even lower m/z value for the samples subjected to the
harsh hydrocracking process. For the first samples series, the center of the MWD shifted
from ~750 Da for unprocessed asphaltenes to ~650 for asphaltenes that were mildly
hydrocracked and to ~550 for asphaltenes that were harshly hydrocracked, with a similar
trend observed for the second sample series. This shift in the center of the MWD
indicates that the asphaltene molecules are being fragmented into smaller molecules
during the hydrocracking process but it does not specify where the fragmentation is
occurring in the molecule. The same trend is shown in Figure 5.3 for the unprocessed

feedstocks and those subjected to mild hydrocracking from the second set of samples.
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Figure 5.2 Mass spectra showing the MWD for the six samples in the first set of
samples. The red dashed line indicates the center of the MWD (the most abundant
compounds in the distribution). Comparing the mass spectra of the untreated samples
(LU1 and 1U2) to those that were hydrocracked under different intensities (1M1 = 1M2 <
1H1 = 1H2) the center of the MWD shifts from 750 Da for 1U1 and 1U2 to 650 Da for
1M1 and 1M2 and to 550 Da for 1H1 and 1H2. The m/z values of ions with elevated
relative abundances that are marked with a star are due to polyethylene glycol
contamination.
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Figure 5.3 Mass spectra showing the MWD for four samples in the second set of
samples. The red dashed line indicates the center of each MWD. Comparing the mass
spectra measured for the hydrocracked feedstocks (2M1 and 2M2) to those of the
corresponding untreated feedstocks (2U1 and 2U2) shows that hydrocracking shifts the
centers of the MWDs to lower mass values, the same trend that was observed for the first
set of samples.

Many ions derived from each sample were isolated and subjected to CAD to
examine the structural changes caused by the hydrocracking processes. The major
fragmentation pathway that was observed for each ion was the loss of neutral alkyl
radicals of various lengths, with the loss of shorter radicals being more predominant than
longer ones. The minimum combined length of the alkyl chains for a given set of
molecular ions was approximated by isolating molecular ions with a narrow m/z range
(2 m/z window), subjecting them to CAD, and determining the maximum number of
apparent methylene losses (methylenes are actually not lost) in the mass spectrum, until

the corresponding fragment ions’ abundance is below two percent (value chosen
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randomly) relative to the abundance of the most abundant ion, as described previously.*?
Based on Figure 5.4, which shows CAD mass spectra measured for ions of m/z 704

derived from 1U1, 1M1, and 1H1, increasing the intensity of the hydrocracking process

shortens the lengths of the alkyl chains. Hence, the hydrocracking process breaks entire
or partial alkyl chains off the aromatic core of the molecule. The same trend can be
observed for the samples 1U2 (a total of 25 alkyl carbons lost), 1M2 (a total of 13 alkyl
carbons lost), and 1H2 (a total of 7 alkyl carbons lost) in Figure 5.5, 2U1 (a total of 26
alkyl carbons lost) and 2M1 (a total of 8 alkyl carbons lost) in Figure 5.6, and 2U2 (a
total of 30 alkyl carbons lost) and 2M2 (a total of 18 alkyl carbons lost) in Figure 5.7.

A rough estimate of the relative heteroaromatic sulfur present within an
asphaltene sample may also be obtained using CAD. CAD mass spectra measured for
molecular ions of asphaltene molecules occasionally show fragment ions formed from
loss of a neutral molecule of MW of 34 Da. Previous model compound studies suggest
that this loss corresponds to hydrogen sulfide.** High resolution experiments, conducted
in our lab, have confirmed this assumption. As mentioned above, one of the goals of
hydrocracking is to remove heteroatoms, such as sulfur.”® If this was successful, the
relative abundance of the fragment ions formed from hydrogen sulfide loss should
decrease as the intensity of hydrocracking is increased. This is indeed what was

observed, as shown in Figures 5.4 - 5.7,
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Figure 5.4 CAD mass spectra of ions of m/z 704 isolated from ionized asphaltene
samples 1U1, 1M1, and 1H1. Comparing the mass spectra of the untreated sample (1U1)
to those that were hydrocracked under different intensities (1M1 < 1H1), the number of
alkyl carbons that brake off of the core is reduced and the relative abundance of the ions
produced by hydrogen sulfide loss is reduced for hydrocracked samples.
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Figure 5.5 CAD mass spectra of ions of m/z 704 isolated from ionized asphaltene

samples 1U2, 1M2, and 1H2. Comparing the mass spectra of the untreated sample (1U2)

to those that were hydrocracked under different intensities (1M2 < 1H2) the number of
alkyl carbons that brake off of the core is reduced and the relative abundance of the ions
produced by hydrogen sulfide loss is reduced for hydrocracked samples.
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Figure 5.6 CAD mass spectra of ions of m/z 704 isolated from ionized asphaltene
samples 2U1 and 2M1. Comparing the mass spectrum measured for the hydrocracked
feedstock (2M1) to the mass spectrum of the corresponding untreated feedstocks (2U1)
the number of alkyl carbons that brake off of the core is reduced and the relative
abundance of the ions produced by hydrogen sulfide loss is reduced.
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Figure 5.7 CAD mass spectra of ions of m/z 704 isolated from ionized asphaltene
samples 2U2 and 2M2. Comparing the mass spectrum measured for the hydrocracked
feedstock (2M2) to the mass spectrum of the corresponding untreated feedstocks (2U2)
the number of alkyl carbons that brake off of the core is reduced and the relative
abundance of the ions produced by hydrogen sulfide loss is reduced.
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The breaking of alkyl chains and the reduction of sulfur content during
hydrocracking was evident from the CAD of ions of varying m/z values for each of the
sample sets studied but the effect was less obvious for ions of low m/z values than the

ions of high m/z values (Figures 5.4 - 5.7). Figure 5.8 illustrates this for ions of m/z 460.
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Figure 5.8 CAD mass spectra of ions of m/z 460 isolated from ionized asphaltene

samples 2U2 and 2M2. Comparing the mass spectrum measured for the hydrocracked
feedstock (2M2) to the mass spectrum of the corresponding untreated feedstocks (2U2)
the number of alkyl carbons that brake off of the core is reduced and the relative
abundance of the ions produced by hydrogen sulfide loss is reduced.

5.4 Conclusions

In this study, tandem mass spectrometry experiments using APCI with carbon
disulfide to ionize asphaltenes samples in an LQIT provided insightful information
regarding the effects of hydrocracking on the molecular structures of asphaltenes. For
each of the asphaltenes samples, the center of the MWD shifted to lower mass after the

sample was subjected to mild hydrocracking and even to lower mass after harsher
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hydrocracking. While this information indicates that the asphaltenes molecules are
breaking down during hydrocracking, it does not specify where the breakdown is
occurring within the molecules. CAD experiments indicated that the molecular
breakdown during hydrocracking was due to the cleavage of alkyl chains off and
heteroatoms out of the aromatic core of the molecule. The extent of this breakdown was
found to increase when using harsher hydrocracking conditions. No observable change
occurred to the aromatic cores. The shortening and/or cleavage of alkyl chains during
hydrocracking is most likely what produces light alkanes?® and more hydrogen deficient

asphaltene molecules that are known to be produced during asphaltene hydrocracking.?®
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CHAPTER 6: A MASS SPECTROMETRIC STUDY COMPARING THE
MOLECULAR STRUCTURE OF FIELD DEPOSIT ASPHALTENES AND HEPTANE
PRECIPITATED ASPHALTENES

6.1 Introduction

As discussed in Chapters 4 and 5, asphaltenes are the heaviest fraction of crude
oil and create many problems for the oil industry, both during the transportation of crude
oil from a reservoir as well as during refinement."™ For this reason, asphaltenes have
been studied at length to gain a better understanding into their bulk properties and
behavior, with a recent push to learn more about their molecular structures.”*?*
Asphaltenes are defined as being soluble in toluene and insoluble in heptane.’® To date,
the vast majority of asphaltenes that have been studied were heptane precipitated

asphaltenes (HPAs) in a laboratory setting,">***

with no studies probing the molecular
structures of field deposit asphaltenes (FDAS), the actual problematic compounds that
clog crude oil pipelines, to determine if they are structurally similar to HPAs.?® If FDAs
are found to have dramatically different molecular structure than HPAs, then all of the
characterization that has been conducted on HPAs will do little to solve the problems that
are caused by FDAs.

In the study described in this chapter, tandem mass spectrometry with

collisionally-activated dissociation (CAD) was used to study the structural differences of

FDAs and HPAs that originated from the same oil well. The samples were dissolved in
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carbon disulfide (CS,) and ionized via atmospheric pressure chemical ionization (APCI).
This ionization method was chosen because it ionizes the majority of the different types
of molecules present in asphaltenes® to produce only one type of an ion per compound,

the molecular ion (M™).?’

6.2 Experimental

Chemicals. Carbon disulfide (>99.9%), and n-heptane (99%) were purchased
from Sigma Aldrich (St. Louis, MO) and used without purification. The FDA sample
and the crude oil from which the HPA sample was precipitated originated from an oil
well in Wyoming and were donated by Andy Yen at Nalco. The HPA sample was
precipitated out by using a method derived from a published procedure.”® The
precipitation was achieved by adding 50 mL of n-heptane to 5 g of crude oil and then
sonicating the mixture for 15 minutes to ensure adequate mixing. The mixture was then
stored over night, filtered, and rinsed with n-heptane.

Instrumentation. A Thermo Scientific LTQ linear quadrupole ion trap (LQIT)

mass spectrometer was used for mass spectrometric analyses. The asphaltenes samples
were dissolved in carbon disulfide at a concentration of 0.5 g/mL and then introduced
into the APCI source via direct infusion from a Hamilton 500 pL syringe through the
instrument’s syringe pump at a rate of 20 pL per minute. The APCI source was set to
300°C. The molecular ions of the asphaltene model compounds and asphaltene samples
were isolated and subjected to CAD at a collision energy of 35 arbitrary units with an
isolation window of m/z 2 (selected m/z value £ 1). All parameters were controlled by

the LTQ software.
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6.3 Results and Discussion

Two asphaltene samples, one heptane precipitated from crude oil and one
collected from an asphaltene deposit inside a crude oil transfer line, both originating from
the same oil well, were studied to determine any structural differences in their molecular
make up. The samples were dissolved in carbon disulfide and ionized using APCI to
produce stable molecular ions. The full (MS') mass spectra measured for these ions
yielded information about the samples MWDs. The CAD (MS?) mass spectra measured
for several isolated ions yielded information about the molecular structures of the
compounds present in the samples. The average molecular weight (MW) of both samples
was derived from the MWDs by using Equation 4.1 and the values are given in Table 6.1.

As described in Chapter 4, one of the structural features of asphaltenes that can be
examined using CAD is the approximate minimum for the total number of carbons in the
combined alkyl chains branching from the aromatic core. The minimum number of
carbons in the alkyl chains was experimentally determined by isolating several molecular
ions of different m/z values, subjecting them to CAD and determining the number of
consecutive formal methylene losses (no methylenes are actually lost) in the mass
spectrum until the corresponding fragment ions’ abundance was below two percent
(arbitrarily chosen) relative to the abundance of the most abundant ion. The same
fragment ions that were used to determine the minimum combined length of the alkyl
chains were used to determine the molecule’s core size (methylene functional groups
possibly left onto the core after benzylic cleavages of the alkyl chains were included in
this estimate). The calculation of the number of fused rings that comprise the core is a

rough estimate as it does not take into account the presence of heteroatoms and the exact
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number of methylene groups left on the core is unknown, but these factors should not
change the final results to a significant degree.

Another structural feature experimentally determined was the approximate
relative heteroaromatic sulfur content in the samples. A rough estimate of the amount of
heteroaromatic sulfur present in the ions was obtained from the abundance of the
fragment ions formed by the loss of hydrogen sulfide (34 Da) relative to that of the most
abundant fragment ion in the CAD mass spectrum. High resolution experiments
confirmed that hydrogen sulfide is the molecule lost from the ions in this fragmentation
(exact mass measurement: 33.96236 Da). Our preliminary results obtained for molecular
ions of model compounds with sulfur containing heteroaromatic rings showed hydrogen
sulfide loss upon CAD in a LQIT.*

Figure 6.1, below, displays a direct comparison of the MWD measured for the
FDAs and HPAs samples. The observed MWD for both samples range from 100 up to
1200 Daltons (Da). The calculated weighted MW average for was slightly different for
the two samples, with the HPAs having an average MW of 545 + 8 Da and FDAs

494 + 29 Da, indicating that HPAs are composed of larger molecules.
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Figure 6.1 APCI/CS; mass spectra of HPAs (top) and FDAs (bottom).

Experiments using CAD were then conducted to probe the differences in
molecular structures of the compounds present in each sample. As explained in Chapter
4, a relatively wide (2 m/z-units) window was used during the isolation event for the
MS/MS experiments. Hence, the isolated ion population may contain between two and
fifteen abundant isobaric ions (and several isomeric ions), all of which may contribute to
the CAD mass spectrum.® As shown in Figure 4.3, substantial narrowing of this
isolation window still shows the same dominant fragment ions; hence, data obtained
using the broader isolation window should be fine for our qualitative comparison.
Typical CAD mass spectra for ions of m/z 442 + 1 Da derived from HPAs and FDAs are

shown in Figure 6.2. These CAD mass spectra are similar to the ones measured
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previously for petroleum asphaltenes, depicting steadily decreasing abundances for
fragment ions formed by the loss of larger alkyl radicals from the aromatic core.’* CAD
mass spectra of ions derived from asphaltenes yield an estimate of the number of carbons
present in alkyl chains and the aromatic core and very rough estimate for their relative
heteroaromatic sulfur content as described above. Figure 6.2 shows the CAD mass
spectra of molecular ions for both HPAs and FDAs to illustrate the differences in the
molecular structure for the two samples.

When looking at Figure 6.2, it can be noted that the most favored neutral
fragments correspond to a series of alkyl radicals ranging from methyl up to an alkyl
radical at least 12 carbons in length for HPAs and 21 carbons in length for FDAs. The
decay in the abundances of the alkyl radicals as a function of their size suggests that
shorter alkyl groups are much more prominent in asphaltenes molecules than longer alkyl
groups. The results for ions of m/z 422 + 1, along with the other ions studied, are
displayed in Table 6.1. These results suggest that in general, HPAs contain a smaller
number of carbons in their alkyl chains than FDAs. The CAD mass spectra measured for
ions with several m/z values (Table 6.1) show that the minimum total number of carbons
in all side chains in HPAs and FDAs range from at least 12 up to at least 37 carbons and
from at least 18 up to at least 40 carbons, respectively. Based on the results presented in
Figure 6.2, the relative heteroaromatic sulfur content is higher in FDAs (10% relative
abundance) than in HPAs (5% relative abundance). Table 6.1 shows that this is true for

ions with a variety of different m/z values.
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Figure 6.2 CAD mass spectra measured for ions of m/z 422 + 1 derived from HPAs
(top) and FDAs (bottom). The total number of carbons in the side chains and the relative
abundance of the fragment ion produced due to the loss of hydrogen sulfide are labeled in
the mass spectra.
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Table 6.1 Molecular weight distributions (MWD) and average molecular weights
(AVG MW) determined for molecules in FDAs and HPAs, as well as the estimated
minimum total number of carbon atoms in all side chains and relative abundances of the
ions produced by neutral hydrogen sulfide loss, given for ions with selected m/z values.
The differences between the FDAs and HPAs (FDAs — HPASs) are given in the last
column,

Difference
FDAs HPAs (FDAs — HPASs)
MWD 100 Da - 1200 Da 100 Da - 1200 Da --
AVG MW 494 + 29 Da 545 + 8 Da 17
lon of m/z 423
Carbons in Side Chains 18 16 2
Relative Percent Hydrogen
Sulfide Loss 3 4 -1
lon of m/z 442
Carbons in Side Chains 20 14 6
Relative Percent Hydrogen
Sulfide Loss 6 3 3
lon of m/z 452
Carbons in Side Chains 20 12 8
Relative Percent Hydrogen
Sulfide Loss 4 2 2
lon of m/z 509
Carbons in Side Chains 24 15 9
Relative Percent Hydrogen
Sulfide Loss 5 4 1
lon of m/z 515
Carbons in Side Chains 22 17 5
Relative Percent Hydrogen
Sulfide Loss 5 4 1
lon of m/z 536
Carbons in Side Chains 25 20 5
Relative Percent Hydrogen
Sulfide Loss 5 5 0
lon of m/z 591
Carbons in Side Chains 27 23 4
Relative Percent Hydrogen
Sulfide Loss 7.0 4 3
lon of m/z 606
Carbons in Side Chains 28 23 4
Relative Percent Hydrogen
Sulfide Loss 15 5 10
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Table 6.1, continued

Difference
FDAs HPAs (FDAs — HPASs)
lon of m/z 624
Carbons in Side Chains 29 28 1
Relative Percent Hydrogen
Sulfide Loss 28 9 19
lon of m/z 722
Carbons in Side Chains 34 32 2
Relative Percent Hydrogen
Sulfide Loss 29 24 5
lon of m/z 736
Carbons in Side Chains 34 32 2
Relative Percent Hydrogen
Sulfide Loss 33 27 6
lon of m/z 755
Carbons in Side Chains 35 33 2
Relative Percent Hydrogen
Sulfide Loss 18 7 11
lon of m/z 801
Carbons in Side Chains 40 37 3
Relative Percent Hydrogen
Sulfide Loss 32 9 23
lon of m/z 822
Carbons in Side Chains 37 37 0
Relative Percent Hydrogen
Sulfide Loss 31 10 21
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Figure 6.3 Graph illustrating the differences (FDAs — HPAs) between the FDAs and
the HPAs as a function of their molecular size: relative abundances of ions produced
from hydrogen sulfide loss and the estimated minimum total number of carbons in all
side chains.

The differences between the FDAs and HPAs shown in Table 6.1 are graphed as a
function of the size of the ions in Figure 6.3. Figure 6.3 suggests that ions of a wide
range of different m/z values derived from FDAs and HPAs have similar alkyl chain
lengths. However, while the extent of hydrogen sulfide loss from ions of small m/z-
values is comparable for FDAs and HPAs, it can vary as much as by 23% for ions of
greater m/z in these two samples. These results suggest that the molecules in FDAs and
HPAs are quite similar structurally and hence, that HPAs are a suitable substitute for

FDAs.
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6.4 Conclusions

The MWDs measured for FDAs and HPAs by using APCI with carbon disulfide
as the ionizing reagent in an LQIT were found to be quite similar. The observed MWD
for both samples ranges from 100 up to 1200 Daltons (Da). The calculated weighted
MW average for each sample was found to be 545 + 8 Da for HPAs and 494 + 29 Da for
FDAs, indicating that HPAs are composed of somewhat larger molecules. The CAD
mass spectra measured for molecular ions of several m/z values showed similar alkane
carbon content for both samples, with FDAs having slightly higher alkane carbon
content. The total number of carbons in all side chains in HPAs and FDAs was found to
range from at least 12 up to at least 37 carbons and at least 18 up to at least 40 carbons,
respectively. Finally, the relative abundance of the fragment ion due to hydrogen sulfide
loss from ions derived from FDAs was much higher than that for the HPAs. While these
differences are intriguing, the findings suggest that HPAs are indeed a good substitute for

FDAs.
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CHAPTER 7: EXAMINATION OF SOLVENT/REAGENT EFFECTS ON
ATMOSPHERIC PRESSURE CHEMICAL IONIZATION OF ASPHALTENES IN A
SEARCH FOR A REPLACEMENT FOR CARBON DISULFIDE

7.1 Introduction

As discussed in Chapters 4-6, asphaltenes are the heaviest fraction of crude oil
and cause many problems during crude oil processing, thus increasing production
costs.’* More needs to be known about asphaltenes in order to address these problems,
but owing to their complexity, asphaltenes are not easy to study. Hence, only a limited
amount of work has been carried out thus far to determine their molecular structures.**®
For the proposed two different types of molecules believed to be present in asphaltenes,
most of the data support island type structures (aromatic core with alkyl chains branching
off), with only a small amount of evidence suggesting that archipelago-type molecules
(several small aromatic cores linked by alkyl chains are also present.>®*"2

The method that was utilized to analyze asphaltenes in the studies discussed in
Chapters 4-6 proved very successful. The asphaltenes were ionized using an atmospheric
pressure chemical ionization (APCI) source infused with the sample dissolved in carbon
disulfide (CS,) from an external syringe pump. CS; acts as the ionizing reagent during
APCI, as discussed in section 2.2.1, and is known to produce solely stable molecular ions

for asphaltene model compounds.?® The molecular ions derived from asphaltenes were

then isolated and subjected to collisionally activated dissociation (CAD) to determine
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their structural features. The instruments that were used for these analyses were Thermo
Scientific LTQ linear quadrupole ion traps (LQIT), which only can isolate ions with m/z
range of 0.3 units or larger for the XL model and 0.8 units for the classic model (the
classic model was used for the majority of these studies). Usually, an isolation window
of m/z of 2 units was used for these experiments due to the extreme complexity of
asphaltenes, which resulted in a low ion signal when smaller isolation windows were
used. However, high resolution data collected both in our laboratory and in others have
found that a 2 m/z-unit isolation window may result in isolation of an ion population that
contains more than ten abundant isobaric ions, all of which may contribute to the CAD
mass spectrum.?*® For example, Figure 7.1 shows a high resolution mass spectrum of an
isolated asphaltene ion cluster with a range of m/z values from 528.0 up to 528.5 Da that

contains nine peaks with greater than twenty five percent relative abundance.
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Figure 7.1 High resolution mass spectrum of an isolated asphaltene ion cluster of m/z
ranging from 528.0 up to 528.5 Da. Nine peaks have greater than twenty five percent
relative abundance, indicated by the red dashed line, illustrating the extreme complexity
of asphaltenes.

To reduce the number of ions that contribute to a CAD mass spectrum measured
for ions derived from asphaltenes, a chromatographic separation of the molecules is
needed prior to mass spectrometric analysis. To develop a successful chromatographic
method that can be used on-line with APCI, a solvent that can be used both in high
performance liquid chromatography (HPLC) and APCI needs to be found. A solvent
compatible with HPLC does not damage or corrode the internal components of the HPLC
or the column and results in a good separation of the sample molecules. A solvent is
considered compatible with APCI if it produces one ion per compound (i.e., the
molecular ion M™" or the protonated molecule M+H"). Promising work has already been
conducted using preparatory HPLC of asphaltenes®® but the solvent, N-methyl-2-

pyrrolidone, used in these studies is not compatible with APCI due to its high proton
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affinity (923.5 kJ/mol) and high boiling point, hindering it’s removal from the mass
spectrometer after use.?’” CS; is also not compatible with HPLC.?®%°

To find a proper solvent for on-line HPLC/MS analysis, four solvents known to
dissolve asphaltenes were tested to determine their compatibility with APCI:

33 dichloromethane (DCM),***  toluene,®** and tetrahydrofuran

chloroform,
(THF).***® Tandem mass spectrometric analysis of an asphaltene sample and selected
asphaltene model compounds was conducted using APCI with each of the four solvents.
Both island type and archipelago type model compounds were studied. The mass

spectrometric data collected for each solvent were compared to data collected using CS;

as the solvent.

7.2 Experimental

Chemicals. The asphaltene sample used here originated from an oil field in
Russia. The four asphaltene model compounds studied were provided by Professor
Murray Gray (University of Alberta, Edmonton, Alberta, Canada). Figure 7.2 shows the
structures of the asphaltene model compounds that were studied. Carbon disulfide
(>99.9%), toluene (>99.9%), dichloromethane (>99.9%), chloroform (>99.9%) with
amylene stabilizer, and tetrahydrofuran (>99.9%) were purchased from Sigma Aldrich
(St. Louis, MO) and used without purification.

Instrumentation. A Thermo Scientific LTQ linear quadrupole ion trap (LQIT)

mass spectrometer was used for mass spectrometric analyses. The asphaltenes sample
and model compounds were dissolved in each solvent at a concentration of 0.5 g/mL and

then introduced into the APCI source via direct infusion from a Hamilton 500 pL syringe
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through the instrument’s syringe pump at a rate of 20 pL per minute. The APCI source
was set to 300°C. The ions derived from the model compounds and asphaltenes were
isolated and subjected to CAD. A isolation windows of 1 m/z-unit (selected m/z
value = 0.5) and 2 m/z-units (selected m/z value = 1) were used for isolation of ions
derived from the model compounds and asphaltenes, respectively. All instrument

parameters were controlled by the LTQ software.

(A) B)
CgH13 6 CgH13 CroHz1 CioHz1
CeHi3 O CeHis C1oH24 CioHz1
Mass = 538.45 Da Mass = 762.70 Da
©) D)
N
\‘\[/J\ /l\v~\/]\\\/|l\ 1\ I;\J
Mass = 535.23 Da Mass = 549.25 Da

Figure 7.2 Structures and masses of the model compounds that were studied.

7.3 Results and Discussion

APCI of model compounds was studied first to determine the types of ions that
are produced during APCI using each solvent. The same results were obtained for all

model compounds. Hence, only the results obtained for model compound A are
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discussed below. Figure 7.3 shows the mass spectrum of A obtained using APCI with

CS2 as the solvent/ionization reagent to serve as a comparison point for the mass spectra

collected using the other solvents and shown in Figures 7.4 - 7.7.

Figure 7.3
solvent/ionization reagent for APCI.
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produced (the additional peaks at m/z 539.5 and 540.5 are due to C** isotopes).
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Figure 7.4 Mass spectrum of compound A when chloroform was the
solvent/ionization reagent during APCI. Stable molecular ion along with many adduct
ions formed from chloroform were detected (indicated with blue arrows).
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Figure 7.5 Mass spectrum of compound A when dichloromethane was used as the
solvent/ionization reagent during APCI. Stable molecular ion, protonated molecule, and
many additional adduct ions formed from dichloromethane during APCI (indicated with
blue arrows) were formed.
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Figure 7.6 Mass spectrum of compound A when toluene was used as the
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Figure 7.7 Mass spectrum of compound A when tetrahydrofuran was used as the
solvent/ionization reagent during APCI. Stable protonated molecule is the only type of
ion produced (the additional peak at m/z 540.4 is due to C** isotopes).



140

Using the mass spectrum collected by using APCI with CS, as the
solvent/ionization reagent (Figure 7.3) as a reference for the "ideal” spectrum (only one
ion produced per molecule), the viability of each solvent for APCI of asphaltenes can be
easily determined. For chloroform as the solvent (Figure 7.4), A forms abundant
molecular ion but also a variety of adduct ions. The formation of adduct ions is
undesirable for the analysis of asphaltenes due to further convolution of an already
complex mixture. Adduct ions were also observed when DCM was used as the solvent
(Figure 7.5), along with molecular ions and protonated molecules. Toluene as the solvent
(Figure 7.6) produced minor adduct ions along with abundant molecular ion and
protonated molecule. THF (Figure 7.7) was the only new solvent that did not produce
any adduct ions but instead was found to produce solely protonated molecules for all
model compounds (with the exception of compound B that was found to produce only
molecular ions).

CAD of the adduct ions observed for the model compounds was then conducted
to learn how they fragment. Figure 7.8 shows the CAD mass spectra for three of the
adduct ions produced from compound A when using chloroform, ions of m/z of 607.5
(top left), 621.3 (top right), and 656.3 (bottom). All the adduct ions displayed fragment
ions that can be attributed to the solvent, with the loss of HCI being evident for all three
adduct ions. The same was found to be true for DCM (Figure 7.9). The adducts that

formed with toluene were able to attributed to toluene as shown in Figure 7.10.
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Figure 7.8

CAD mass spectra of three adduct ions formed upon APCI of A when
chloroform was the solvent/ionization reagent.
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Figure 7.9

CAD mass spectra of two adduct ions formed upon APCI of A when
DCM was the solvent/ionization reagent.
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Figure 7.10 CAD mass spectra of two adduct ions formed upon APCI of A when
toluene was the solvent/ionization reagent.

The fragmentation patterns of both the protonated model compounds and their
molecular ions were also studied to determine whether the change from CS; to THF
changes the CAD mass spectra produced for ions derived from asphaltenes. Some
changes are likely since CS, produces molecular ions but THF protonated molecules.
Figure 7.11 shows MS? - MS* mass spectra for both the protonated molecules (left) and
the molecular ions (right) for A. These CAD mass spectra show vastly different
fragmentation patterns for protonated molecules and molecular ions. Hence, different
fragmentation patterns are also expected when CAD mass spectra are measured for

isolated protonated molecules and molecular ions derived from asphaltenes.
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Figure 7.11  CAD mass spectra of the protonated molecules (left) and the molecular
ions (right) formed upon APCI of A when toluene was the solvent/ionization reagent.

Each solvent was then used in conjunction with APCI to ionize an actual
asphaltenes sample. Figure 7.12 shows the molecular weight distribution (MWD) of the
same asphaltene sample dissolved in each of the solvents of interest, along with CS, for

comparison.
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Figure 7.12  Mass spectra of the asphaltene sample dissolved in carbon disulfide (top),
chloroform (middle left), dichloromethane (middle right), tetrahydrofuran (bottom left),
and toluene (bottom right).

The mass spectra in Figure 7.12 show that all of the solvents, expect toluene, have
little effect on the MWD of the sample. The MWD ranges from about 300 Da to 1400
Da for CS2, chloroform, DCM, and THF. Toluene, on the other hand, produces very
abundant solvent related ions at low m/z-values that suppress the signal of the ions
derived from asphaltenes at higher m/z values. CAD was then conducted on several
isolated ions to determine whether adduct ions similar to those that were found for the
model compounds would also be observed for asphaltenes. Figures 7.13 - 7.16 compare

CAD mass spectra for ions of m/z 600 + 1 for the new solvents (red) and CS, (black).
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Figure 7.13  CAD mass spectrum collected for ions of m/z values of 600 + 1 when
chloroform was used as the solvent (red) overlaid with the CAD mass spectrum collected
for the same ions when CS; was used as the solvent (black). Two new fragment ion
clusters are observed in the CAD mass spectrum with chloroform as the solvent. These
new fragment ions are due to adducts.
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Figure 7.14  CAD mass spectrum collected for ions of m/z values of 600 = 1 when
DCM was used as the solvent (red) overlaid with the CAD mass spectrum collected for
the same ions when CS; was used as the solvent (black). Two new fragment ion clusters
are observed in the CAD spectrum with DCM as the solvent. These new fragment ions
are due to adducts.
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Figure 7.15 CAD mass spectrum collected for ions of m/z 600 + 1 when toluene was
used as the solvent (red) overlaid with the CAD mass spectrum collected for the same
ions when CS, was used as the solvent (black). Two new fragment ion clusters are
observed in the CAD spectrum with toluene as the solvent. These new fragment ions are
due to adducts.
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Figure 7.16  CAD mass spectrum collected for ions of m/z 600 + 1 when THF was
used as the solvent (red) overlaid with the CAD mass spectrum collected for the same
ions when CS, was used as the solvent (black). No new fragment ion clusters are
observed in the CAD spectrum with THF as the solvent.



147

A typical CAD mass spectrum of an asphaltene sample ionized using APCI with
CS; as the solvent/ionization reagent (black CAD spectra in Figures 7.13 - 7.16) has
several distinct features: some fragment ions are produced from water loss (-18 Da from
parent ion), hydrogen sulfide loss (-34 Da from parent ion), and the loss of a methyl
radical (-15 Da from parent ion) with many additional consecutive formal methylene
losses (no methylenes are actually lost) that form a decay profile. In Figures 7.13 - 7.15,
new fragment ions appear in the CAD mass spectra when the solvents chloroform, DCM,
or toluene were used. These new fragment ions are a direct result of the adduct ions that
are formed during APCI of asphaltene molecules, as observed with the model
compounds. The new fragment ions that are produced with chloroform correspond to the
losses of HCI and CHCI; from the parent ion. The fragment ions formed using DCM
correspond to losses of HCI and CH,CI from the parent ion. Lastly, the fragment ions
that were the result of fragmentation of toluene adduct ions correspond to losses of
[toluene - H] and [toluene + CH; - H]. The fragment ions corresponding to the loss of
HCI for chloroform and DCM overlap with the fragment ions formed from the loss of
hydrogen sulfide. The relative abundances of the fragment ions produced from the loss
of hydrogen sulfide may yield information regarding the sulfur content of the molecule,
which cannot be determined with the overlapping peaks generated by solvent adduct ions.
For the solvent THF, the CAD mass spectrum is almost identical to the mass spectrum
collected CS; is the solvent (Figure 7.16). This result is surprising as it indicates that
ionized asphaltenes fragment in a very similar fashion whether they are ionized to form

molecular cations or protonated molecules. This is very interesting since the model
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compounds analyzed here fragment very differently depending on whether they are

radical cations or protonated molecules, as shown in Figure 7.11.

7.4 Conclusions

In this study, mass spectrometry results obtained using APCI with chloroform,
THF, DCM, and toluene as the solvent/ionization reagent were compared to those
obtained using carbon disulfide for asphaltene model compounds and real asphaltenes.
The purpose of these experiments was to find a solvent that is suitable for on-line HPLC
separation of asphaltenes prior to mass spectrometric analysis in order to simplify the
mixtures prior to analysis. Hence, the solvent has to be compatible with HPLC (i.e., does
not degrade or damage the columns) and with APCI (i.e., produce only one ion per
compound). Three of the four solvents studied, toluene, chloroform, and DCM, produced
several different ions for the asphaltene model compounds upon APCI. This will
convolute the CAD mass spectra measured for asphaltenes by producing new solvent
dependent/related fragment ions. THF was found to only form one ion per model
compound, the protonated molecule, except for one model compound B that was found to
produce the molecular ion. The CAD mass spectra measured for isolated ions derived
from the asphaltene sample ionized by APCI using THF as the solvent/ionization reagent
were almost identical to the mass spectra obtained using CS,. These results suggest that
THF is a suitable, HPLC compatible, replacement for CS2 when analyzing asphaltenes

using APCI.
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CHAPTER 8: DEVELOPMENT OF A HIGH-THROUGHPUT LASER-INDUSED
ACOUSTIC DESORPTION PROBE WITH RASTER SAMPLING COUPLED TO
ATOMSPHERIC PRESSURE CHEMICAL IONIZATION

8.1 Introduction

The analysis of thermally labile and nonvolatile analytes by mass spectrometry
has long been a struggle but the development of soft ionization techniques such as matrix
assisted acoustic desorption (MALDI) and electrospray ionization (ESI) have gone a long
way in improving the analysis of those molecules."> On the other hand, both MALDI
and ESI preferentially ionize the most polar molecules with easily ionizable functional

" Laser-

groups and are unable to ionize nonpolar compounds, such as hydrocarbons.®
induced acoustic desorption (LIAD) was then developed for the evaporation of thermally
labile and nonvolatile analytes that could then be ionized using any ionization method.
LIAD involves firing a pulsed laser at the backside of a thin foil to generate acoustic
waves that propagate through the foil and evaporate the intact neutral analyte molecules
from the front side of the foil.>™* To date, much of the research utilizing LIAD was
performed using high vacuum instruments such as Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometers capable of electron ionization (EI) and chemical
ionization (CI)."*™ LIAD coupled with these ionization methods inside of an FT-ICR

has been shown to facilitate mass spectrometric analysis of biomolecules, such as

peptides, and various petroleum samples, ranging from saturated hydrocarbons to



155

asphaltenes.’>*® The increasing popularity of atmospheric pressure ionization techniques
has led to the coupling of LIAD to ESI and atmospheric pressure chemical ionization
(APCI)."19%° Careful considerations are required when choosing what ionization method
to couple with LIAD. If the ionization method has an inherent bias, such as ESI, the
method will suffer from that same bias and will be unable to analyze nonpolar
compounds. LIAD/APCI has been successfully used to analyze both polar and nonpolar
hydrocarbons.”?® Nevertheless, LIAD/APCI does have its limitations, such as being able
to only sample a small fraction of the analyte molecules deposited on the surface of the
LIAD foil, and the inability to efficiently desorb large thermally labile molecules, such as
asphaltenes.

Work conducted using a high-power LIAD probe that was developed for high-
vacuum experiments demonstrated that higher laser power densities produce stronger
acoustic waves that can desorb larger analytes.?# The same high-power LIAD probe
was used in the initial LIAD/APCI experiments.””* While high-power LIAD/APCI
allowed for the analysis of larger compounds compared to fiber LIAD, the shot to shot
reproducibility was poor, especially for asphaltene samples. It is believed that the long
laser beam path was a major factor leading to the poor reproducibility. The long beam
path results in beam divergence causing a large loss in laser power density between the
laser exit slit and the back of the foil. Non-optimal alignment of the mirrors inside the
probe also resulted in laser power density to be lost. Further, the alignment of the inner
mirrors is quite time consuming due to the inability to make fine adjustments, and the
alignment easily drifts as a result of vibrations. Another major weakness of the

conventional LIAD probe, described in section 2.6.4, is that only about 26.5 mm? of a foil
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with a total surface area of 227 mm? can be irradiated by the laser (Figure 2.16). Thus,
only around twelve percent of the total sample deposited on the foil is utilized. In an
effort to eliminate these problems, a new high-power LIAD probe capable of rastering the

sample was developed.

8.2 Experimental

All experiments were performed using a Thermo Scientific LTQ linear
quadrupole ion trap (LQIT) equipped with an APCI source and operated in the positive
ion mode. The APCI source was operated at 300 °C, with a sheath gas flow rate of 40-50
(arbitrary units), and an auxiliary gas rate of 5 (arbitrary units). The instruments transfer
capillary was kept at 275 °C. The ionization reagent for LIAD/APCI was either carbon
disulfide directly infused into the source at 20 ul/min, or no solvent was used allowing
the nitrogen nebulizer gas to serve as the chemical ionization reagent. The use of both
carbon disulfide and nitrogen as ionization reagents produced molecular ions for all
analyte molecules desorbed through LIAD

A Continuum Minilite Nd:YAG laser (model Continuum Minilite 11, model ML
1) set to 532 nm wavelength with 12 mJ nominal power (at 532 nm) at a repetition rate of
10 Hz, 1 cm™ line width, < 3 mrad divergence, and beam diameter of 3 mm, was used to
perform LIAD. Kinematically mounted high-power reflective mirrors were used to
control the light beam path in the new LIAD setup.” The sample was deposited onto the

LIAD foil using the dry drop method, described prevoulsy.'®
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8.3 Novel High Throughput LIAD Probe

Many of the design limiting factors that played a role in the development of the
initial LIAD probes for FT-ICR, such as desorbing the molecules on axis with the
electron beam and the magnetic field, that required the inner mirror assembly are no
longer an issue.?>* This allowed the removal of the inner mirror assembly eliminating
alignment and laser power densities issues associated with them. To further reduce the
reproducibility problems and loss of laser power density that were present in the first
LIAD/APCI setup on a LQIT,” a new LIAD probe was designed with three telecentric
lenses to focus and re-collimate then refocus the laser beam as it travels to the backside of
the foil (laser spot on the back of the foils was around 0.3 mm in diameter). The focusing
and recollimating of the laser beam minimizes beam divergence over the three foot beam
path.

The probe was constructed of two identical brass tubes (295 mm long, 0.736”
outer diameter, and 0.535”-40 threads) with three lens holders (0.5” long, 0.5” aperture
inner diameter) one at each end and one in the center. The lens holders contained a
telecentric lens (Plano-Convex Lens, 0.5” diameter, f = 150.0 mm, Ar-coated). One of
the brass tubes acts as a spacer that is twice the focal length of the lenses resulting in the
beam being focused via the first lens and recollimated by the second lens as shown in
Figure 8.1. The third lens focuses the laser beam onto the backside of the foil. By
changing the distance of the third lens from the foil the focusing volume at the foil can be
manipulated. Each of the brass tubes had clearance holes drilled along their length to
help facilitate cooling when the laser was fired. The minimization of heating inside of

the brass tubes helps reduce the expansion of the metal lens holders and spacer tubes.
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Figure 8.1 Depiction of the novel high-throughput LIAD probe. The lens holders that
are threaded into the spacer tubes are not shown in this diagram (reproduced from
Reference 23).

The probe shown in Figure 8.1 fits into an adapter built into the raster assembly
that connects to the atmospheric ionization chamber on the front of the LQIT. The other
end of the probe is held in place via a custom holder secured to a breadboard that sits on
the table in front of the instrument. The probe has to be removed every time a new
sample foil is introduced and can be done without moving the external kinematically
mounted mirrors preventing the need for realignment of the laser between each sample.

A photograph of the high throughput probe is provided in Figure 8.2.
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Figure 8.2 Image of the novel high-throughput LIAD probe. The probe is held by the
raster assembly on the left and a custom holder on the right. The new probe can easily be
removed to change sample without disturbing any of the kinematic mirrors shown on the
right side of the image (picture reproduced from Reference 23).

8.3.1 New LIAD Probe Performance

The new high-throughput LIAD probe greatly increases the ease of laser beam
alignment to the back of the foil when compared to the original setup.”? The telecentric
lenses also greatly reduce the amount of power lost as the laser beam travels to the foil.
The original LIAD setup suffered from about 75% loss in laser power by the time the
beam hit the LIAD foil.?> The new probe containing the telecentric lenses was found to
only lose 2% of the initial laser power. The reduction in the amount of power increased
the maximum potential power density on the backside of the foil from 2000 MW/cm™ to
8200 MW/cm™. The power densities were measured using an Ophir power meter (model

no. 720287), placed either at the head of the laser or where the foil is placed.
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The new probe was then evaluated by testing its ability to desorb asphaltenes the
spectrum of which is shown in Figure 8.3. The asphaltene sample was dissolved in
carbon disulfide at a concentration of roughly 1mg/mL and deposited on the titanium foil
using the dry drop method, as described previously.'® The titanium foil was then placed
into the raster assembly (described below) and the asphaltenes were desorbed using
LIAD. The desorbed asphaltene molecules were ionized using APCI with nitrogen as the
ionization reagent. The corona discharge ionizes the nitrogen to form N, which in turn
abstracts an electron from an asphaltene molecule, forming a radical cation. The
measured molecular weight distribution (MWD) of the asphaltenes was found to range
from m/z 200 up to m/z 1050. These results are in good agreement with previous
measurements using LIAD/EI (70 eV) as shown in Figure 8.3. The initial LIAD/APCI
setup did not yield signals for asphaltenes’ but the higher power that is able to reach the
foil using the new probe, better desorption of molecules such as asphaltenes can be

achieved.
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Figure 8.3 Mass spectrum of Khafji asphaltenes measured using high vacuum
LIAD/EI (70 eV) in a 3T FT-ICR (top) and a mass spectrum of the same asphaltene
sample ionized via LIAD/APCI using nitrogen as the chemical ionization reagent in a
LQIT. The MWDs measured using both methods are in good agreement with one
another (reproduced from Reference 23).

8.4 Novel High-Throughput LIAD Raster Assembly

In order to utilize more than twelve percent of the analyte deposited onto the
LIAD foil when using the traditional LIAD probe, a rastering assembly was built. For
the assembly to be successful, it needed to allow for the movement of the foil in the x-
and y-directions with a fixed laser beam path to be able to sample a significant portion of
the surface and allow the new high-throughput probe to be maneuvered in the z-direction

to change the focal volume and power density of the laser beam at the backside of the
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LIAD foil. The setup also needs to allow for easy addition and removal of LIAD foils
that will not disturb the optics to prevent the need to realign the laser between each
sample.

The raster LIAD assembly bolts to the front of the ionization chamber of the
Thermo Scientific LQIT after removal of the original front access door, as shown in
Figure 8.4. The same bolts (#4/40) and 90° lock pins that attached the original door also
attach the assembly. The assembly contains an adjustable brass holder (inner diameter
0.74”, outer diameter 1.03”) to hold the final 3.75” tip of the probe for the high
throughput in place. The adjustments allow optimization of the probe time in the x- and
y-directions to overlap the analyte plume produced during LIAD with the corona
discharge needle for more efficient ionization. The holder also allows for movement of
the probe in the z-direction to change the focal volume and power density of the laser
beam at the backside of the foil. The LIAD foil is held in place via four screws with
washers at each corner of the foil stage. The stage is attached to the assembly by two
perpendicular threaded rods (1/32” thread) that allow movement of the stage in the x- and
y-directions enabling a large portion of the foil to be sampled. The movement of the
threaded rods is achieved by manually turning one of two knobs that connected to via a
cable drives. One knob will move the stage in the y-direction (up and down) and the
other knob controls movement in the x-direction (right and left). Detailed pictures of the

rastering assembly are shown in Figure 8.5.
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Figure 8.4 CAD drawing of the rastering assembly (left) and a photo of the Thermo
Scientific LQIT ionization chamber with the front access door open (right). The rastering
assembly replaces the front door while using the original hardware for attachment
(reproduced from Reference 23).

Figure 8.5 Images of the raster LIAD assembly (reproduced from Reference 23).



164

8.4.1 Performance
The new LIAD assembly that is able to raster significantly increases the area of
the foil that can be irradiated compared to the traditional LIAD probe, as shown in Figure
8.6. Roughly about 133 mm? of the foil was sampled using the raster assembly compared
to 26.5 mm? for the conventional setup. That indicates that five times more sample can

be analyzed.

i
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: | l p 13 t.V | | |

Figure 8.6 Image comparing a foil used in the raster LIAD assembly to a foil used in
the conventional LIAD probe (reproduced from Reference 23).

The previous work conducted on the conventional LIAD/APCI found that a
quarter of the sample (6.63 mm? of the foil) had to be evaporated using LIAD to produce
an adequate signal-to-noise ratio.” That meant that only four experiments could be
conducted per foil. The raster assembly is able to sample roughly 133 mm? of the foil
surface, but only half of that surface area can be used to allow a space in between the
sampling rows on the back of the foil. Allowing for space in between sampling rows

helps prevent overlap of consecutive shots as to maximum amount of analyte molecules
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able to be desorbed with any given laser pulse. With that in mind, around ten
experiments can now be conducted per foil, almost three times as many than the
conventional setup. With the increased foil size and sampling area, multiple analytes can
be placed on the foil in different areas (discussed in more detail in Chapter 9), further
increasing the through-put of this method.

The use of the new raster assembly also helps improve sensitivity and
reproducibility. The increased sampling surface area available allows prolonged LIAD
experiments which increases the number of mass spectra that can be collected by the
LQIT. That then can be averaged to reduce the affect of uneven sample on the surface of
the foil or low sample concentration. The effects of being able to average a large number
of mass spectra after an experiment using the raster LIAD assembly is shown in Figure
8.7. The top image in Figure 8.7 is a total ion chromatogram collected during a 3.75
minute raster LIAD experiment utilizing the entire available sampling surface area and
resulting in the collection of about 920 mass spectra. The signal obtained in the first 30
seconds of the total ion chromatogram is a collection of background mass spectra to
allow for background subtraction. The peaks in the chromatogram correspond to areas of
the foil that contained a higher concentration of analyte and low intensity areas of the
chromatogram correspond to sections of the foil that had lower concentrations of analyte.
The dry drop method that was used to deposit the sample to the foil does not generally
form a uniform sample layer onto the foil. A better sample deposition method was

developed to solve this problem, as described in Chapter 9.
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Total ion current as a function of time for a raster LIAD experiment (top).
The mass spectrum, on bottom, was produced by averaging all of the ~922 mass spectra
collected between t = 0.50 min to t = 3.75 min and subtracting the background (t = 0 min
to t = 0.50 min). The desorbed octaethyl porphyrin molecules (MW = 600 Da) were
ionized using APCI with carbon disulfide as the chemical ionization reagent (reproduced
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8.5 Conclusions

A new high-throughput LIAD probe using a telecentric lens pair along with a
raster assembly was developed to improve the capabilities of LIAD/APCI. The new
probe increases the laser power density that reaches the LIAD foil to 98% of the initial
laser output from the 25% that was achieved using the conventional LIAD probe via the
reduction of beam divergence.?* The increase in laser power at the LIAD foil allows for
better desorption of heavy analytes, such as asphaltenes, that could not be analyzed using
the previous method.’

The raster assembly was created so that a greater surface area of the LIAD foil
can be sampled. The assembly can be easily attached to the ionization chamber of the
Thermo Scientific LQIT by removing the front door. The rastering stage moves in the x-
y plane by a person twisting one of two knobs attached to two perpendicular threaded
rods. The knobs have since been replaced with electric motors under computer control to
automate the system. The raster assembly was found to improve sensitivity and
reproducibility by increasing the number of mass spectra that can be collected and
averaged during the course of a LIAD experiment. More experiments can also be
conducted per LIAD foil because of the dramatic increase in available sampling area

using the raster setup (133 mm?) over the conventional setup (26.5 mm?).
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CHAPTER 9: DESIGN AND DEVELOPMENT OF A DRYING GAS CHAMBER FOR
PREPARING LIAD FOILS

9.1 Introduction

As previously mentioned in Chapter 8, laser induced acoustic desorption (LIAD)
is a technique for the evaporation of nonvolatile neutral molecules into the gas phase. It
has proven useful for the mass spectrometric analysis of biomolecules and large
hydrocarbons.’* The ability to couple LIAD to almost any ionization technique has been
shown to be beneficial for the mass spectrometric analysis of a variety of analytes.”®
LIAD uses a pulsed laser beam focused onto the backside of a metal foil that contains a
layer of the analyte on the front side.>”® When the laser hits the backside of the foil
acoustic waves are generated. They propagate through the foil and evaporate neutral
analyte molecules from the front side that are then ionized.”® In these experiments, good
reproducibility and large signal depend on the uniformity of the analyte layer on the
foil.

Previous sample deposition methods utilized for LIAD foil preparation were
discussed in Chapter 2.6.3. Electrospray deposition can be used to create a rather
uniform sample layer on the foil surface but is only effective for polar analytes.*! The

deposition of nonpolar analytes, such as petroleum samples, is normally performed using

the dry drop method.> The downside to this method is that the analyte layer on the
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surface of the foil is highly non-uniform, likely because the solvent moves towards the
outside of the foil during sample deposition since the adhesion forces of the solvent to the
foil are weaker than the cohesion forces between the solvent molecules. This migration
of the solvent as it evaporates results in areas of high and low analyte concentration on
the foil surface. In an effort to minimize this effect, the foil is softly spun to redistribute
the analyte more evenly as the solvent is evaporating. This is a difficult process that
requires much practice as spinning too fast will cause the sample to fall off of the foil and
spinning too slowly will not effectively redistribute the analyte solution. The dry drop
method cannot be used for thermally labile compounds because the foil is slightly heated
to help facilitate evaporation of solvent.

Both electrospray deposition and dry drop methods were most effective with the
circular LIAD foils for the original probes. The raster LIAD assembly discussed in
Chapter 8 requires larger foils that are rectangular in shape. For these foils, the dry drop
method produces layers of analyte molecules that are even less uniform and the foil is too
large for the spray cone formed during electrospray deposition to cover entire foil. A
chamber utilizing drying gas to facilitate evaporation of the solvent was developed for the
rectangular foils to resolve the problems faced using the other sample deposition

methods.

9.2 Design and Construction of the Drying Gas Chamber

The chamber that was made to address the problems of non-uniform sample
deposition onto LIAD foils consists of four parts that are denoted A, B, C, and D. Part A

is the base block shown in Figure 9.1 consisting of a milled piece of stainless steel that is
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2.505” long x 1.495” wide x 1.455” tall. A rectangular region that is 1.314” long X
1.054” wide x 0.715” deep was removed from the center of A. In the bottom of the
cavity formed from the removal of the rectangular block two addition wells were milled
to collect solvent that may leak off the edges of the foil. The wells were 0.592” long x
0.273” wide x 0.681” deep and were separated by a 0.145” spacing centered along the
length of A. The top surface of A also contains four threaded holes that are 1.000” deep
for 6-32 bolts in each of the corners located 0.250” from both the long and short sides.
Figure 9.2 gives all of the relevant dimensions are for A and all other components.

Part B holds the LIAD foil and was constructed of Teflon with dimensions 1.300”
long and 1.000” wide and was designed to fit into the cavity of A. A centered 0.14” deep
cavity was recessed into the top of B that is 1.008” long x 0.870” wide. Two 0.13”
diameter clearance holes were drilled through the recessed region of B directly above the
solvent collection wells in A. Both holes were placed 0.491” from the long side of the
block and 0.385” from the short side of the block with 0.371” space between the holes,
measurements were made from the center of the holes. After B is placed into A, a
rectangular titanium foil can be inserted into the recessed cavity of B. The foil
dimensions are 1.004” long x 0.841” wide x 12.7 um thick. The same foil sheets as those
used to make the conventional circular LIAD foils were used to make these foils.

Parts C1 and C2 are interchangeable forming mandrels made from stainless steel
and are mushroom shaped when viewed from the side. The lower and upper sections of
C1 and C2 have dimensions of 1.000” long x 0.850” wide and 1.299” long x 0.998” wide
x 0.185” tall. A notch cut at a 90-degree angle transitions the upper and lower sections of

C1. A rectangular shape cut out was removed from the center of C1 with dimensions
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0.801” long x 0.661” wide. C1 is placed on top of B with the lower section of C1 fitting
into the recessed cavity in B. C1 forms a seal between the foil edges and B, allowing the
foil to be exposed in the cut out in the center of C1. The area of exposed foil is where the
analyte is deposited after the chamber is fully assembled. C2 can be used instead of C1
to allow for two separate regions for sample deposition, so a foil can be produced with
two different analytes on different section of the foil. C2 is identical to C1 expect C2 has
a 0.980” wide divider through its center, so that the two identical cutouts of 0.350” long x
0.661” wide are formed.

The last piece of the assembly is the lid, part D. D sits onto the top of A and is
fastened to A with four 6-32 allen head bolts, each 1” in length. The bolts pass though
clearance holes in D (0.250” from each edge) and thread into the tapped holes in A. A
circular viton o-ring, 0.799” ID and 3/32” thick, sits in a 0.130” deep recessed circular
channel centered on the lid both horizontally and vertically with an outer radius of 0.510”
on the underside of D. The o-ring helps to compress C1/C2 into B as the lid is tightened
down with the bolts, effectively sealing the edges of the titanium foil to prevent solvent
from leaking off of the foil. A second viton o-ring, 19/16” ID and 3/32” thick, rests in a
rectangular channel of the same depth but with dimensions of 1.740” long x 1.380” wide
centered on the lid horizontally and vertically. In the center of D a clearance hole with a
0.380” was drilled.

When to bolts holding A and D together are fully tightened the large o-ring on the
underside of D forms a seal between A and D to prevent excess leakage of drying gas
from the chamber as solvent is evaporated off of the foil. A 19/22-19/38 rubber septum

is then placed into the clearance hole in D with two 22-gauge needles are inserted into the
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septum with one of the needles having a 90 degree bend in the shaft so that the tip will be
parallel with the titanium foil once passed through the septum. The bent needle is then
attached to a compressed gas cylinder of an inert dry gas, such as argon or nitrogen. The
bend in the needle is requires so the gas is not blowing directly onto the surface of the
foil, which would blow away the sample in the area leave a region of bare foil. The
second needle was used as the exhaust allowing the drying gas to leave the chamber to

prevent pressure build up.

Figure 9.1 The parts of the LIAD foil sample preparation chamber. Each part is
labeled for easy referencing in the description of the chamber above. A is the base and
contains the primary cavity, B the foil holder, C1/C2 are the forming mandrels, and D is
the lid. C1 and C2 are interchangeable mandrels with C1 allowing only one analyte to be
deposited on the foil surface and C2 allowing two analytes to be deposited on the foil
surface (reproduced from Reference 10).
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Figure 9.2 Computer aided design of the components of the LIAD foil drying gas
chamber, dimensions given in inches (reproduced from Reference 10).

The sample is added after the chamber is fully assembled and the foil is inside but
before the septum is inserted. The analyte solution is pipetted onto the surface of the foil
until a thin layer of solvent covers the entire foil surface. The more volatile the solvent
the faster the evaporation but solvents with low volatility, such as water, can also be used.
The septum is then inserted while letting the drying gas flow at at a low rate (just a few
bubbles per second when the needle is inserted into water) over the sample. For very
volatile solvents, such as carbon disulfide, 10 minutes is normally more than enough time
to evaporate all of the solvent. Once the solvent has fully evaporated, the septum is
removed to check the condition of the foil. If the sample concentration is too low, the

previous steps are repeated until the desired concentration is achieved.
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The sample layer on the surface of the foil is visually more uniform than when
using the dry drop method as shown in Figure 9.3. The foils presented in Figure 9.3 had
asphaltenes deposited on their surface. Asphaltenes are primarily made up of nonpolar
hydrocarbons and hence cannot be deposited using electrospray. Figure 9.4 shows the
total ion chromatogram from a LIAD rastering experiment using a foil that was prepared
with the dry drop method (top) and a foil prepared using the drying gas chamber
(bottom). The signal in the total ion chromatogram produced while a foil prepared using
the drying gas chamber was rastered was much more stable, indicating that the sample
layer was more uniform that that produced using the dry drop method. The drying
chamber also simplifies the production of the regular foils needed for raster LIAD
experiments. The forming mandrel C2 was found to successfully produce foils with two
distinct sections of analyte as shown in Figure 9.5. The ability to analyze foils with two
separate analytes on them will further help increase sample throughput for LIAD

experiments.

Figure 9.3 Comparison of a LIAD foil with asphaltenes deposited on it by using the
dry drop method (left) and a LIAD foil with asphaltenes deposited on it by using the
drying gas chamber (right). A visual comparison of the two samples indicates that the
sample is deposited much more uniformly using the drying gas chamber (reproduced
from Reference 10).
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Figure 9.4 The total ion chromatogram generated upon LIAD rastering a foil
prepared using the dry drop method (top) compared to a total ion chromatogram
generated upon LIAD rastering a foil prepared using the drying gas chamber (bottom).
The laser began firing at 0.5 minutes for both experiments; the sporadic signal is a result
of variations in the sample layer uniformity. The signal in the bottom chromatogram is
more consistent than in the top chromatogram, indicating that a much more uniform layer
of analyte was deposited onto the foil when using the drying gas chamber (reproduced
from Reference 10).
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Figure 9.5 A LIAD foil prepared using forming mandrels C2 in the drying gas
chamber. Brilliant green was deposited on the left side of the foil and octaethyl
porphyrin was deposited on the right side (reproduced from Reference 10).

9.3 Conclusions

A LIAD foil preparation chamber was developed to deposit samples on the new
rectangular foils that are required for the new raster LIAD assembly presented in Chapter
8. The chamber uses inert drying gas to evaporate solvent in order to leave a uniform
analyte sample layer on the foil surface. The chamber can be used to prepare foils of
both polar and nonpolar analytes, unlike electrospray deposition, and it produces a more
uniform sample layer than the dry drop method. The deposition chamber also has
interchangeable forming mandrels that allow for either one or two analytes to be

deposited onto the surface.
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