cHAPTER 10

Mass Spectrometry Il
Spectral Interpretation and Applications

J.J. Thompson in 1913 first used mass spectrometry (MS) to demonstrate that neon gas consisted
- of a mixture of nonradioactive isotopes, *°Ne and ?Ne, The atomic weight of neon listed in a modern
~ periodic table is 20.18. Thompson obtained two peaks in the mass spectrum of neon, at masses of
- 20 and 22 with a roughly 10:1 intensity ratio, but no peak at mass 20.18. This work was revolution-
ary because it demonstrated that elements existed as isotopes with different atomic weights and
simultaneously explained why the apparent atomic weight of an element based on chemical reactions
was not a whole number. Neon in fact has three natural isotopes, but >'Ne is present in much smaller
amounts than the other two isotopes. In 1923, Francis W. Aston used a higher-resolution instrument
he designed to determine the atomic weights of the elements and the isotope ratios of each particular
element. This was extremely useful to inorganic chemists and helped solve many of the problems
concerning the position of elements in the periodic table at that time. During World War II, Nier at
~ the University of Minnesota developed the high-resolution double-focusing instrument that permit-
ted the analysis and separation of **U from 2**U, aiding in the development of the atomic bomb.

, In the 1940s, the first commercial mass spectrometers were developed for petroleum analysis.
- Subsequent instrument developments, many of them only in the past decade, have led to the wide-
- spread use of MS in many branches of science. It has been estimated (Busch) that a billion mass
- spectra are recorded daily.

MS is a powerful analytical tool with vast applications in organic, inorganic, environmental,
polymer, and physical chemistry, physics, geology, climatology, paleontology, archaeology, mate-
rials science, biology, and medicine. Advances in MS instrumentation have made possible major
'~ advances in our understanding of the human genome, protein structure, and drug metabolism. For
example, intact viruses of millions of daltons have been analyzed by MS using electrospray ioniza-
tion (ESI) with retention of viral activity and structure (Fuerstenau et al.). Commercial hyphenated
- gas chromatography (GC)-MS” and liquid chromatography (LC)-MS” systems permit rapid, sensi-
- tive biomonitoring of humans for exposure to chemicals, including chemicals used by terrorists. It
f IS impossible to cover all applications of MS in one chapter, but examples of important uses of both

molecular and atomic MS will be presented. In addition, this chapter introduces the interpretation

- Of simple mass spectra for the identification of molecules.

101 INTERPRETATION OF MASS SPECTRA: STRUCTURAL
DETERMINATION OF SIMPLE MOLECULES

- The major reasons for learning to interpret mass spectra of molecules are so that the structure of
40 unknown compound can be deduced and an un known molecule can be completely and unamblgt:l-
- Ously identified. For even fairly small organic molecules, a thorough knowledge of structural organic
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~ The mass spectra we will study have pe
 echniques enhance the molecular ion but
 gifficult Consequently, the following dis

ands. The ions that appear in these s
~ esolution mass spectra; the m/z values
palf-integral values in Table 10.1 later in
obtained by high-resolution MS, also di

WithT::z:e?:eat::xgzgl:::;:gzZS;:;::LSPectra. The first is to compare the spectrum you have

ghg e Snteepratation orod ass spectral database, The second is to evaluate the spec-
trum u i p'?ce ur.e described subsequently. In either case, once an unknown
compound nas sen hl entified fr'o'm Its mass spectrum, the pure compound should be obtained
and analyzed under t elsame: conditions as the sample for confirmation. Over 10 million chemical
compounds have been identified. No mass spectral database contains spectra for every possible
compqund. alttllough mass spectral databases of over 719,000 compounds are available, such as
the Wiley Registry of Mass Spectral Data, 10th edition (www.wiley.com/go/databases), ~$8,000
on DVD-ROM. The mass §pectral database from the US National Institute for Standards and
Technology (NIST) (Www.nist.gov/srd/nista.cfm) contains EI spectra for 212,961 compounds in the
2011 release z:fnd may ble pyrchased from a number of licensed vendors. Limited mass spectra from
NIST are available online in the NIST Chemistry WebBook (http:/webbook.nist.gov). Commercial
vendors and publishers offer specialized mass spectral libraries of compounds, such as environmen-
tal compounds, pharmaceuticals, natural products, and oil industry compounds. As discussed in the
following, many compounds of the same empirical formula may exist as multiple structural isomers,
with substituents such as halogen or alkyl groups attached at different locations. For example, there
are 46 possible different pentachlorobiphenyls. Such isomers may have essentially indistinguishable
EI mass spectra. As we will see in Chapter 12, these may be separable by GC coupled to an MS
instrument and the isomers distinguished by their GC retention index (RI) (cf. Section 12.9) values.
Many MS spectral databases also provide some GC-RI values for this purpose.

In practice, the analyte spectrum is entered into the computer, which compares it to the spectra
in the stored database using a search algorithm. There are a number of algorithms currently avail-
able, including probability-based matching, designed by Professor F. W. McLafferty and coworkers
at Cornell University; the INCOS dot-product algorithm; and the NIST library search algorithm.
These algorithms use pattern matching, peak intensities, weighting factors, and other information
from the spectrum to compare the candidate spectrum to spectra in the library database. The search
will result in a list of possible candidate compounds with a probability attached to the “match.”
The analyst should visually compare the candidate spectra to that of the analyte. Using knowledge,
judgment, and experience, the analyst then chooses which of the candidate compounds matches the
unknown compound. This spectral matching method in theory requires little training on the part
of the analyst to identify the compound but requires pure compounds, a good mass spectrum of the
sample, and a comprehensive mass spectral database. The technique of identifying a pure compound
by comparing its spectrum with known spectra works well if we already know something about the
compound (e.g., odor, color, melting point, functional groups present from an infrared (IR) 5 pand
trum, and elements present from combustion analysis) and if the compound’s mass spectrum is in
our database. This enables us to make an informed deduction as to the identity of the compound
by direct comparison with the library spectrum. Unfortunately, this is not always the case; more
frequently, the nature of the sample is not known. Furthermore: the sample‘ may not be pure, an'd
therefore, direct comparison of spectra will not constitute a valid confirmation of the compound’s

dentity, It s possible that spectra in a database are not identified correctly. It is not prudent to rely

Completely on a i tch, especially for a complete unknown, since there are many cases V-
y on a library match, esp v polychlorinated biphenyls (PCBs),

Multiple compounds with very simil ss spectra; for example,
S y similar mass sp ; .
dioxins, and polychlorinated diphenyl ethers (PCDEs) with the same number of Cl substituents each

en obtained by electron ionization (EI) since other
gre.a‘}y'reduce fragmentation, making structural analysis
Cussion is concerned mostly with EI spectra of pure com-
pectra are al| positively charged ions. These are also low-
are{ measured only to the units place. (We will explain the
this chapter.) Exact MWs, which are not integer values, are
scussed later in this chapter.
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Figure 10.2 A mass spectrum of methane, CH,.

Table 10.2 Mass Spectral Data for Methane

miz Relative Abundance
1 3.1

2 017

12 1.0

13 3.9

14 9.2

15 85

16 100

17 1.11

In this chapter, we shall emphasize compounds with molecular ions that can be identified or
deduced with reasonable certainty. If the molecular ion is present, it must have the highest m/z in
the spectrum, excluding the effects of isotopes. Examples are shown for methane (Figure 10.2,
Table 10.2), methanol (Figure 10.3, Table 10.3), and benzene (Figure 10.4, Table 10.1). In each case,
the molecular ion was very abundant and not difficult to identify. This is not always the case, as |
will be seen in later examples. The student should note that in. most of the mass‘spectra usesl as
examples, the molecular ion m/z value is marked by a black triangle on the.x-axls. The x-axis is
in units of m/z, while the y-axis is relative abundance, even though these units are not .marked on
the spectra. The most intense peak is set to 100%, and the rest of the peaks are normalized to that
Peak. The structure of the compound is also shown on the spectrum, using a shortha{\d method
that does not show the hydrogen atoms or the carbon atoms. The. methanol spectrum (Figure 19.3)
demonstrates clearly that the molecular ion is not the base peak in the spectrum; the fragment ion

a mlz = 31 is the most abundant ion. . :
When a molecule is ionized by electron impact, it undergoes the reaction

M+e — M"+e +¢€°

T, 4 molecular ion is always adical cation, usually with a single positive charge. It is-.evidom
that if an organic mizi::ﬁle loses :elcctmn, it must be left with an unpaired ele.ctroq (i.e.. it is a@d—
wi""’*“mwmwmm unpaired electron. This radical ion with an unpaired
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of Table 10.4 shows that oxygen has two important isotopes, '0 and 80, separated by 2 Da, v

a relative abundance "*0/'%0 of 0.2%. The number of oxygen atoms in a molecular ion can be c:
culated from
M+2 (11(#C atoms))’

=0.20(#0 atoms) +

200

This equation again ignores the contribution from hydrogen. Compounds containing the

Cl and Br will be discussed later in this chapter. Iodine does not affect the equation, since i

monoisotopic. R
For example, the mass spectrum of methanol, CH,0H, is shown in Figure 10.3, and the mass

spectral data for methanol are shown in Table 10.3. Figure 10.3 notes with the triangle that the

molecular ion is at m/z = 32. (This can be deduced with practice; aliphatic alcohols often fragment

by loss of a proton or water. Is there an M — 18 peak in the methanol spectrum corresponding to loss

of water?) The ratio of (M + 1)/M, the m/z = 33 peak to that at m/z = 32, s 1.0/66 or 1.5%, indicating

not more than one carbon atom. Also, the (M + 2)/M ratio, miz 34/32, is 0.21%; inserting one carbon

atom and 0.21 for the ratio into Equation 10.3 shows us that only one oxygen atom is present in the

» iOn'

dm"'ﬁtﬁ some other interesting points in the methanol spectrum. For instance, the most abun-
: e base peak) is at m/z = 31, indicating that methanol ve easily loses one hydroge?

atom and forms CH,0. Anot B o '

Another abundant peak is at m/z = 29, indicat; thanol loses threé
r _ - 0o p cating that methan -

b
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Table 10.5 Mass Spectral Data for H,0

miz Relative Abundance
1 ' <0.1

16 1.0

17 21

18 100

19 0.08

20 0.22

bulthereisalsoapeaklistodindletabbatmlz=2ﬂ.the(M+2)‘pea!:eausedby‘H,'SO.Itsabun- :
dance is approximately 0.2% of the abundance of 18 ('H,"*0), confirming that only one oxygen atom ..
ispresemind;th_m(M-pl)peakisonlyOﬂS%ofﬂleMpeak.Whlchdoesnotallow )
L hmm,mulmmthe number of oxygen atoms in a com-
g PWM.in' : < of low abundance, and oxygen-containing compounds often
» 3 ensity or not detected. In practice, the observation of
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Figure 10.7 A mass spectrum of bromomathane (or methyl bromide), CH,Br, showing the characteristic
1:1 ratio of the M/(M + 2) peaks for a compound containing a single Br atom.

Table 10.7 Mass Spectral Data for CH,Br
mi/z Relative Abundance m/z Relative Abundance

12 12 48 0.95
13 14 79 10
14 38 81 10
15 59 91 42
16 0.62 92 24
39.5 0.19 93 6.8
40.5 0.20 94 100
46 13 95 09
46.5 0.30 9 -
47 23 L B
475 0.28

of
mdinginaCimwnhnonched.mmemWhmmmm a methyl group

10.1.5 Halogen Isotopic Clusters |
~ If more than one chlorine atom of me, J:m'wwdm
~ cluster patterns” are seen in the mass spectrum. FE® © - values for the peak ratios are given in
~ Table 108, The patterns arise as follows: the distribution of masses in each ion may be “CI"Cl.
~ Ifwe have two Cl atoms present in 4n ion: 1003,

-~ TICRCI %CIC, or MCIC. The ¥CLYCI at et

~ distributions occurring is approximately 1

''''''

o the probaily o these tope
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