CHEM 322 Name
Exam 3 Fall 2009

Due at the beginning of class Monday, October 16
NO LATE PAPERS ACCEPTED!

Complete these problems on separate paper and staple it to these sheets when you are
finished. Please put your name or initials on each sheet as well. Clearly mark your answers.
YOU MUST SHOW YOUR WORK TO RECEIVE CREDIT.

Instructions

e This is NOT an open-book, open-note take exam. You MAY NOT consult any human or
nonhuman resource besides Dr. Lamp as you complete the exam. This exam MUST be
completed INDIVIDUALLY and in your own words. Group work or plagiarism will result in a
zero for the exam.

¢ You will be allowed to ask Dr. Lamp a maximum of two (2) questions regarding the exam.
Additional questions may be asked at a 3-point penalty per question. If you are working on
the exam in the evening, you may try to reach Dr. Lamp on his cell phone at 660-341-0067
before 10:00 PM.

o Before opening the exam, prepare for it like you would for a traditional, in-class exam.
Review concepts and examples from the text, as well as those discussed in class. This
preparation will help to maximize your effort on the exam and allow you to complete it more
efficiently.

Time Restriction

You may spend no more than two (2) hours working on this exam. This must be in one
continuous block of time. You are on your honor to adhere to this restriction and record the time
spent in the chart below.

Date Time Began Time Finished Total Time

Total Time Spent on the Exam

Pledge

| pledge on my honor that | have completed the exam in accordance with the above instructions
and that | have not provided or received unethical assistance. | realize that failure to comply
with these instructions will result in a score of zero on the exam.

Signature Date




Complete these problems on separate paper and staple it to this sheet when you are finished.
Please initial each sheet as well. Clearly mark your answers. YOU MUST SHOW YOUR
WORK TO RECEIVE CREDIT.

Warm-up (2 points each)

1.

A cascade of electrons between a series of dynodes in
an electron multiplier results in the high sensitivity of the device.

A fourier transform must be applied to deconvolute the mass spectrum from data obtained
from an __ion cyclotron resonance mass analyzer..

Answer in a sentence or two, or with a calculation. Complete seven of the following.
Clearly indicate which problem is not to be graded. (14 points each)

3.

Mass spectra from electron impact (El) sources are typically much more complicated than
those from chemical ionization (ClI), explain why this is the case. Why do typical MS
instruments designed for organic mass spectrometry often have both El and CI capabilities?
El sources are hard ionization sources, with ions formed after collision with high energy
electrons, producing excited state ions that are typically susceptible to extensive
fragmentation. As a result, the molecular ion peak (M") is typically very small or nonexistent
in a mass spectrum collected using an El source.

Cl sources are soft ionization sources, with ions produced by collisions with lower energy
reagent gas ions, that tend to produce spectra with much less fragmentation. As a result of
reactions with the ionizing gas in the source, the molecular ion peak, which is typically
strong, occurs at (M+1)" or (M-1)".

The combination of El and CI capabilities is fairly trivial in terms of hardware and provide the
opportunity to get both molecular ion and fragmentation information.

The overall resolving power of a mass spectrometer is the result of limitations from all
components of the MS. Describe how each of the following serves to limit resolution in a
MS experiment.

a. The ionization source (such as an El source)
Most mass analyzers separation ions on the basis of their kinetic energy, velocity, or
momentum. Each of these parameters depends on the extraction of a packet of ions from
the ionization source that has a very narrow spread in the parameter being filtered.
Depending on the design of the source and extraction ion optics, ions of a single m/z may
exit the source with a spread in kinetic energy (or velocity or momentum). The larger the
spread, the less effective the mass separation will be.

b. The mass analyzer (such as a quadropole)
In their filtering mechanism, most mass analyzers utilize controlled electric or magnetic fields
to manipulate ions. Therefore, the ability to precisely control these fields plays a major role
in differentiating ions of similar mass to charge.

c. The detector (such as an electron multiplier)
Since the role of the detector is to basically count ions, it has very little impact on the
resolution of the MS experiment. | suppose in a TOF experiment, the response time of the
detector would be very important, so that ions with slightly different flight times could be
resolved.



5. Electrospray ionization (ESI) and MALDI are two relatively new approaches to ionizing large
molecules. Compare how ions are formed in each process and discuss the similarities and
differences in the spectra observed from the two sources.

The two main big molecule ionization sources we discussed were MALDI and Electrospray

ionization.

MALDI: The analyte is dispersed in a MALDI matrix (a molecule that readily sublimes when
it absorbs energetic photons) and deposited onto a target. The target is irradiated with a
laser pulse, resulting in absorption and sublimation of the matrix (including the analyte)
and ionization. The result is the formation of intact molecular ions, most are singly
charged. Benefits: Soft ionization source. Good for molar mass determination.
Challenges: Pulsed source, need mass analyzer that can handle pulsed introduction.
Need appropriate matrix.

Electrospray: The sample solution flows through a needle which is subject to a large electric
field. As solution leaves the needle, it obtains a charge. Electrostatic repulsion causes
the charged stream to break into smaller charged droplet, which continue to “explode”
until solvent is essentially evaporated and ionized analyte remains. This is a more
energetic ionization source, capable of producing multiply charged ions and fragments.
Benefits: Continuous source. No additional sample handling steps. Challenges: May
lead to complex spectra. Need to remove some sample to produce lower pressure for
mass analyzer.

6. Both inductively coupled plasma (ICP) and atmospheric pressure chemical ionization (APCI)
sources use similar approaches to interface the source to a mass analyzer. Sketch the
interface used and describe how the interface allows the two different pressure regimes to
work together.
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I'd expect a diagram like the portion of Figure 9.14 from your text, shown above. The key to
the interface is its ability to step the pressure down from atmospheric to the vacuum
necessary for the MS to function. This is accomplished by inserting cooled “cones” between
the ionization source and the MS. The sampler cone is a small cooled orifice whose
purpose is to allow only a small fraction of the gas expelled from the plasma to pass. Since
the sample is on the central axis of the source, it is transmitted somewhat preferentially to
the argon plasma gas. As the gas passes through the sampler, it moves into a region of
lower pressure, where the gas expands. The central region passes through another orifice,
the skimmer cone, and into the mass analyzer.

7. Describe the phenomena that give rise to Raman scattering.

As a photon interacts with a molecule, electronic couple can excite the molecule of a short-
lived virtual state. These virtual states differ in energy from the ground states by the size in
energy of the incident photon. If a molecule is excited from the lowest ground vibrational
state to a virtual state and falls back to a vibrationally excited ground state, the energy of the



scattered photon will be diminished (Stokes Scattering). If a vibrationally excited state
molecule is excited to a virtual state and relaxes to a non-vibrationally excited ground state,
an increase in the energy of the scattered photon results (Anti-Stokes). Since the transitions
for Stokes scattering are more probable than Anti-Stokes, Stokes lines are more intense.

Generally, absorption bands in atomic spectra are much narrower than those in spectra of
molecules. Clearly explain why this is so, using orbital energy diagrams to illustrate your
points.

I'd expect a diagram like this:
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Your discussion should focus on the fact that while molecules, like atoms, have discreet
electronic energy levels, they also possess rotational and vibration energy levels. These
rotational and vibration states sit on top of each electronic energy level, providing a much
larger number of possible transitions for the molecule to undergo. Any diagrams that you
draw should indicate these additional transitions.

Currently, two of the most popular mass analyzers are the quadropole mass filter and the
time of flight mass analyzer. These two devices have very different principles of operation.
Clearly describe how each device serves to separate ions and the key benefits and
limitations of each device.

Quad: As they move through the mass filter, ions are subject
to both AC and DC potentials. Depending on their size, ions
may be influenced differently by the RF and DC components.
For example, heavy ions are least influenced by the RF
component, while light ions are most influenced by the RF.
The balance between DC and RF determines whether an ion
will have a stable path. Spectra can be scanned by
systematically adjusting either the RF or DC voltages.
Benefits: Small, able to handle higher pressures, able to scan
spectra rapidly. Challenges: relatively low resolving power. Mgecn 114 A qwingpile s gecmacies




TOF: The TOF mass analyzer relies on the fact that ions that s i
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moving at different velocities (KE =mv?®/2). Therefore, ions are e s | L
formed in a pulse and the time that takes the ions to move |ﬂm$’:ﬂ‘.‘;“ | \ i ocns ” e s
through the field free region of the flight tube is measured. Figare 1.8 Principle of a .ot fight mass specirometes. A bunch o
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mass to charge of individual ions. Benefits: potential for high

resolution and very fast analysis. Challenges: depending on

the length of the drift tube, vacuum requirements might be

demanding. Need to coordinate ionization and detection

timing.

10. The mating of mass spectrometry and separations techniques has been and continues to be
an area of great interest. Why is this so? Select one separation technique and clearly
describe how mass spectrometry has been incorporated as a detection scheme for the
separation. Draw a diagram of the instrument and describe in detail how the separation and
mass analysis components are interfaced and how ions are formed.

Mating separations and MS allows the analyst to work with more complex samples while
obtaining both quantitative and identification information on components of the sample. The
key challenge in interfacing separations and MS is the very different conditions at which
each instrument operates. For example, in traditional HPLC, eluent exits the column at
mL/min flow rates, resulting in a large amount of material exiting the LC in a short time. If all
of this material were introduced into the MS, it would be impossible to maintain the high
vacuum conditions required to provide a large mean free path for the ions produced in the
MS. Therefore, a significant effort has been made optimizing the interface. Since it can
tolerate larger pressures, quadropole mass analyzers have been the most popular for
interfacing with separation techniques.

GC: For capillary column GC, the low mass flow of gas
allows the end of the capillary to be inserted directly into
the ionization source of the MS. For packed column GC, a
jet separator is typically used to preferentially allow analyte
to pass into the source, discarding much of the carrier gas.
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Figure 27-14 Schematic of a jet separator.  (Courtesy of Dufont Inst
Wilmington, .}
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CE: The most common interface for CE is electrospray. Skimmer

Since the volume of material leaving the separation o] P Second
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I. B, Fenn et al., Science, 1989, 246, 65.)

spectrometer is somewhat diminished. Similar approaches
are used for LC and CE (sampler and skimmer, etc...)
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