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Everything You Need to Know Everything You Need to Know 
About Mass SpectrometryAbout Mass Spectrometry

(in 10 minutes or less)(in 10 minutes or less)

�� J.J. Thomson (1910)J.J. Thomson (1910)
–– parabola mass spectrographparabola mass spectrograph
–– positive and negative ionspositive and negative ions
–– isotopes of neonisotopes of neon



Mass Spectrometric Alphabet SoupMass Spectrometric Alphabet Soup

EIEI
CICI
FABFAB
FIBFIB
FDFD
APCIAPCI
ESPESP
TSPTSP

MSMSMSMS
LDLD
MALDIMALDI
TOFTOF
QQQQQQ
EBEBEBEB
BEEBBEEB
EBQQEBQQ

FIFI
ECINECIN
NICINICI
PPINICIPPINICI
GCMSGCMS
LCMSLCMS
ICPMSICPMS
PBPB

ITMSITMS
FTMSFTMS
RIMSRIMS
LAMMALAMMA
PDMSPDMS
ICPMSICPMS
FTMSFTMS
ROOMSROOMS



Some Concepts to ClarifySome Concepts to Clarify

�� relative molecular massrelative molecular mass
�� chemicalchemical vsvs monoisotopic molecular massmonoisotopic molecular mass
�� what the mass spectrometer really measureswhat the mass spectrometer really measures
�� isotope patterns isotope patterns 
�� accurate mass vs. high resolutionaccurate mass vs. high resolution
�� accurate mass measurementsaccurate mass measurements
�� one does not prove a structure:  one can only one does not prove a structure:  one can only 

disprove it!disprove it!



Atomic WeightAtomic Weight
vsvs

Relative Atomic MassRelative Atomic Mass

�� Weight measures the influence of an external Weight measures the influence of an external 
gravitational field on a quantity of mattergravitational field on a quantity of matter

�� Mass is a measure of the amount of matter, Mass is a measure of the amount of matter, 
independent of any gravitational fieldindependent of any gravitational field

�� mass of an atom of mass of an atom of 1616O = 1.65979 x 10O = 1.65979 x 10--2424 gramsgrams
��

1212C is the current standardC is the current standard
�� the dalton is the accepted atomic mass unitthe dalton is the accepted atomic mass unit



The Oxygen StandardThe Oxygen Standard

�� the a.m.u. was originally defined to be 1/16 the the a.m.u. was originally defined to be 1/16 the 
atomic mass of oxygenatomic mass of oxygen

�� oxygen discovered (1929) to include two minor oxygen discovered (1929) to include two minor 
isotopes isotopes –– 1717O (0.04%) and O (0.04%) and 1818O (0.2%)O (0.2%)

�� chemists’ scale based on wet chemical measure of chemists’ scale based on wet chemical measure of 
oxygen’s mass, “in error” because of the presence oxygen’s mass, “in error” because of the presence 
of the minor isotopesof the minor isotopes

�� physicists’ scale focused on intrinsic mass of the  physicists’ scale focused on intrinsic mass of the  
1616O isotopeO isotope

�� scales differed by 0.0044scales differed by 0.0044 amuamu
�� IUPAC standardization efforts began in 1956IUPAC standardization efforts began in 1956



The Carbon StandardThe Carbon Standard

�� IUPAC adopted the IUPAC adopted the 1212C standard in 1960C standard in 1960
�� amuamu = 1/12 of the mass of a = 1/12 of the mass of a 1212C atomC atom
�� defined in reference to a specific isotope defined in reference to a specific isotope 

rather than on an element (including all of rather than on an element (including all of 
its naturally occurring isotopes)its naturally occurring isotopes)

�� simple conversion of all chemists’ and simple conversion of all chemists’ and 
physicists’ tabulations to the physicists’ tabulations to the 1212C standardC standard





I conceive, therefore, that when we say the atomic weight of, I conceive, therefore, that when we say the atomic weight of, 
for instance, calcium is 40, we really express the fact that, whfor instance, calcium is 40, we really express the fact that, while the ile the 
majority of calcium atoms have an actual atomic weight of 40, thmajority of calcium atoms have an actual atomic weight of 40, there ere 
are not a few of which are represented by 39 or 41, a less numbeare not a few of which are represented by 39 or 41, a less number by r by 
38 or 42, and so on.38 or 42, and so on.

Is it not possible… that these heavier and lighter atoms may Is it not possible… that these heavier and lighter atoms may 
have been… sorted out by a process resembling chemical have been… sorted out by a process resembling chemical 
fractionation?  This sorting out may have  taken place… while fractionation?  This sorting out may have  taken place… while 
atomic matter was condensing..., but also… in geological ages byatomic matter was condensing..., but also… in geological ages by
successive solutions and successive solutions and reprecipitations reprecipitations of the various earths.  … I of the various earths.  … I 
do not think it beyond the power of chemistry to test this feasido not think it beyond the power of chemistry to test this feasibility.bility.

W. Crookes (1886)
address to the British Association,

Birmingham



Monoisotopic vs. Chemical Monoisotopic vs. Chemical 
Relative Molecular MassRelative Molecular Mass

�� relative molecular mass (r.m.m.), in daltonsrelative molecular mass (r.m.m.), in daltons
�� chemical (average) chemical (average) ---- using periodic table atomic using periodic table atomic 

masses (weighted averages)masses (weighted averages)
�� monoisotopic monoisotopic ---- using the lowest mass stable isotope using the lowest mass stable isotope 

(an arguable rule)(an arguable rule)
�� nominal (integral) mass  nominal (integral) mass  ---- no decimal placesno decimal places
�� accurate (exact) mass accurate (exact) mass ---- four decimal placesfour decimal places
�� mass defect (sufficiency or deficiency)mass defect (sufficiency or deficiency)
�� which one to use?which one to use?



Monoisotopic accurate masses of Monoisotopic accurate masses of 
selected elementsselected elements

��
1212C   C   –– 12.0000012.00000

��
1313C   C   –– 13.0033613.00336

��
11H    H    –– 1.0078251.007825

��
1414N   N   –– 14.0030714.00307

��
1616O   O   –– 15.9949115.99491

��
1818O   O   –– 17.9991617.99916

��
1919F    F    –– 18.998418.9984

��
3232S    S    –– 31.972131.9721

��
3434S    S    –– 33.9678733.96787

��
3535Cl   Cl   –– 34.968934.9689

��
3737Cl   Cl   –– 36.965936.9659

�� HH00 –– 1.0078251.007825
�� HH++ –– 1.0072761.007276

�� Sources of masses and abundances:Sources of masses and abundances:
–– P. P. DeBievreDeBievre,  I.L. Barnes (1985).  ,  I.L. Barnes (1985).  

Int’l J. Mass Spectrometry & Int’l J. Mass Spectrometry & 
Ion ProcessesIon Processes 65,21165,211--30.30.

–– CRC HandbookCRC Handbook
–– O.A.O.A. MamerMamer & A.& A. LesimpleLesimple

(2004). (2004). JASMSJASMS 15,62615,626
–– your friendly local mass your friendly local mass 

spectroscopistspectroscopist



An Example:An Example:
hexatriacontanehexatriacontane, C, C3636HH7474

�� C C 36 x 12.0000 = 432.000036 x 12.0000 = 432.0000
�� H H 74 x   1.0078 =   74.577274 x   1.0078 =   74.5772

––––––––––––––––
506.5772506.5772

�� 65 hydrogen atoms  65 hydrogen atoms  
contribute 0.5 contribute 0.5 da da of       of       
excess massexcess mass

12.011  = 432.39612.011  = 432.396
1.008  =   74.5921.008  =   74.592

––––––––––––––
506.988506.988

36 x 12   =   43236 x 12   =   432
74 x   1   =     7474 x   1   =     74

––––––––––––––
506506



An Example:An Example:
CC1414HH1212NOFClNOFCl22

�� C C 14 x 12.0000 = 168.000014 x 12.0000 = 168.0000
�� H H 12 x   1.0078 =   12.093612 x   1.0078 =   12.0936
�� N      1 x  14.0031=   14.0031N      1 x  14.0031=   14.0031
�� O      1 x 15.9949 =   15.9949O      1 x 15.9949 =   15.9949
�� F       1 x 18.9984 =   18.9984F       1 x 18.9984 =   18.9984
��

3535Cl   2 x 34.9689 =   69.9378Cl   2 x 34.9689 =   69.9378
––––––––––––––––
299.0278299.0278

12.001  = 168.15412.001  = 168.154
1.008  =   12.0961.008  =   12.096
14.007 =   14.00714.007 =   14.007
15.999 =   15.99915.999 =   15.999
18.998 =   18.99818.998 =   18.998
35.45   =   70.90035.45   =   70.900

––––––––––––––
300.154300.154



High Resolution High Resolution vs vs Accurate Accurate 
Mass MeasurementMass Measurement

�� high resolution high resolution ---- ability to distinguish ability to distinguish 
different elemental compositionsdifferent elemental compositions

�� accurate mass measurement accurate mass measurement ---- precise precise 
relative mass measurement (to 4 decimal relative mass measurement (to 4 decimal 
places or more)places or more)

�� high resolution nominal mass measurementhigh resolution nominal mass measurement
�� low resolution accurate mass measurementlow resolution accurate mass measurement
�� see K. see K. Biemann Biemann (1990) (1990) Methods in Methods in 

EnzymologyEnzymology 193,295193,295--305305



LCLC--MS MS ---- a difficult courtshipa difficult courtship

P.J. Arpino (1982). Trends in 
Analytical Chemistry 1,154.



Comparison of Gas LoadsComparison of Gas Loads

�� Packed column GC Packed column GC ---- 33--55 mLmL/min/min
�� Capillary column GC Capillary column GC ---- 0.5 0.5 -- 1.51.5 mLmL/min/min
�� Conventional HPLC Conventional HPLC ---- 11--33 mLmL/min/min

»» hexane hexane ---- 180 180 -- 540540 mLmL/min/min
»» chloroformchloroform ---- 280 280 -- 840840 mLmL/min/min
»» methanolmethanol ---- 350 350 -- 16501650 mLmL/min/min
»» water water ---- 1250 1250 -- 37203720 mLmL/min/min



LCLC--MS Historical PerspectiveMS Historical Perspective

�� DLI (direct liquid introduction)DLI (direct liquid introduction)
–– Tal’roseTal’rose et alet al. (1968) . (1968) Russian J PhysRussian J Phys ChemChem 42,165842,1658--64.64.
–– Baldwin &Baldwin & McLaffertyMcLafferty (1973) (1973) Org MassOrg Mass SpectromSpectrom 7,11117,1111--12.12.

�� Moving belt interfaceMoving belt interface
–– Scott Scott et al.et al. (1974) (1974) JJ ChromatogChromatog 99,39599,395--405.405.
–– McFadden McFadden et al.et al. (1976) (1976) JJ ChromatogChromatog 122,389122,389--96.96.

�� API andAPI and APcIAPcI
–– Horning Horning et alet al. (1974) . (1974) JJ Chromatog SciChromatog Sci 12,72512,725--9.9.



LCLC--MS Historical PerspectiveMS Historical Perspective

�� Particle Beam (MAGIC)Particle Beam (MAGIC)
–– Willoughby & Browner (1984) Willoughby & Browner (1984) AnalAnal ChemChem 56,262556,2625--31. 31. 

�� Continuous flow FABContinuous flow FAB
–– CaprioliCaprioli, Fan & Cottrell (1986) , Fan & Cottrell (1986) AnalAnal ChemChem 58,294958,2949--54.54.

�� ThermosprayThermospray
–– BlakleyBlakley,, CarmodyCarmody & Vestal (1980) & Vestal (1980) AnalAnal ChemChem 52,163652,1636--41.41.

�� ElectrosprayElectrospray
–– Yamashita &Yamashita & FennFenn (1984) (1984) J PhysJ Phys ChemChem 88,445288,4452--9.9.



The LCThe LC--MS problem domainMS problem domain



“No instrument is functioning so well“No instrument is functioning so well
that it cannot be disassembled,that it cannot be disassembled,

altered, reassembledaltered, reassembled
and and perhapsperhaps improved.”improved.”

M.L. VestalM.L. Vestal
Salt Lake CitySalt Lake City

circa 1981circa 1981



APCI & ElectrosprayAPCI & Electrospray
�� API = Atmospheric Pressure IonizationAPI = Atmospheric Pressure Ionization

–– APCI = Atmospheric Pressure Chemical APCI = Atmospheric Pressure Chemical 
IonizationIonization

–– ESP = ElectrosprayESP = Electrospray

�� Soft ionization (minimal fragmentation)Soft ionization (minimal fragmentation)
�� Applicable to polar, waterApplicable to polar, water--soluble soluble 

molecules (i.e. pharmaceuticals)molecules (i.e. pharmaceuticals)
�� ESP ESP -- most notable direct application to most notable direct application to 

peptides (pharmaceuticals of the future).peptides (pharmaceuticals of the future).



Tandem Mass SpectrometryTandem Mass Spectrometry
(MS(MS--MS)MS)

�� Relative molecular mass is important, but Relative molecular mass is important, but 
insufficient to identify a structureinsufficient to identify a structure

�� Structure elucidation and confirmationStructure elucidation and confirmation
�� Necessary to fragment the molecular ions Necessary to fragment the molecular ions 

produced by APCI & ESPproduced by APCI & ESP
�� Products, parents, constant neutral loss by Products, parents, constant neutral loss by 

collisioncollision--inducedinduced decompositondecompositon (CID)(CID)
�� IonIon--genetic relationships genetic relationships ---- true MStrue MS--MSMS
�� “Up Front CID” “Up Front CID” ---- poor man’s MSpoor man’s MS--MSMS



DroloxifeneDroloxifene

�� CC2626HH2929NONO22 r.m.m. 387r.m.m. 387
�� Breast cancerBreast cancer
�� OsteoporosisOsteoporosis ��
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MSMS--MS of Droloxifene:MS of Droloxifene:
Products of m/z 388 [M+H]Products of m/z 388 [M+H]++

�� 20 V collision energy20 V collision energy
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TrovafloxacinTrovafloxacin

�� “Quinolone” antibiotic“Quinolone” antibiotic
�� CC2020HH1515NN44OO33FF33 r.m.m. 416r.m.m. 416
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HPLC Considerations for LCHPLC Considerations for LC--MS: MS: 
Compatible Mobile PhasesCompatible Mobile Phases

�� Volatile buffer salts!Volatile buffer salts!
–– NHNH44 formateformate, NH, NH44 acetate (pH ~4 to 9)acetate (pH ~4 to 9)
–– 0.1% (v/v) trifluoroacetic acid (down to pH 2) or 0.1% (v/v) trifluoroacetic acid (down to pH 2) or 

ammoniumammonium trifluoroacetatetrifluoroacetate

�� Some volatile buffers don’t work wellSome volatile buffers don’t work well
–– TFA suppression and the TFA fixTFA suppression and the TFA fix
–– Triethylamine suppressionTriethylamine suppression

�� Substitution of nonvolatile buffer saltsSubstitution of nonvolatile buffer salts



�� ESP LCESP LC--MS using a MS using a 
potassium phosphate potassium phosphate 
mobile phasemobile phase

�� Accumulation on the Accumulation on the 
striker platestriker plate

�� A stalagmite or a A stalagmite or a 
stalactite?stalactite?

No Phosphates!!!!!!No Phosphates!!!!!!



Phosphates in the mass spectrometerPhosphates in the mass spectrometer

�� HH33POPO44 –– 9898
�� KHKH22POPO44 –– 136136
�� KK22HPOHPO44 –– 174174
�� KK33POPO4 4 –– 212212

��
3939K K –– 93.3%93.3%

��
4141K K –– 6.7%6.7%



Problems with TEAProblems with TEA

�� triethylamine (TEA) a common mobile triethylamine (TEA) a common mobile 
phase additive for peak shape conditioningphase additive for peak shape conditioning

�� a “volatile” buffer salta “volatile” buffer salt
�� However, it quenches the ion signal!!!However, it quenches the ion signal!!!
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HPLC Considerations for LCHPLC Considerations for LC--MS:  MS:  
Miscellaneous PointsMiscellaneous Points

�� Put a UVPut a UV--VisVis detector in line!detector in line!
�� Common organic components are OKCommon organic components are OK
�� Gradients are OKGradients are OK
�� Small bore columns are OKSmall bore columns are OK



UVUV--Active Components that Active Components that 
Don’t RespondDon’t Respond

�� “Volatile” small molecules“Volatile” small molecules
–– methyl andmethyl and propyl parabenspropyl parabens
–– benzoic acidbenzoic acid
–– simple aromatic aminessimple aromatic amines
–– simple aromaticsimple aromatic aldehydesaldehydes



UVUV--Silent ComponentsSilent Components

�� The mass spectrometer is a more universal The mass spectrometer is a more universal 
detector?detector?

�� Compounds with no UV chromophoreCompounds with no UV chromophore
–– azithromycinazithromycin
–– other azalide antibioticsother azalide antibiotics

�� UVUV--silent excipients in drug product silent excipients in drug product 
formulationsformulations
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Multiply Charged Spectrum of a Multiply Charged Spectrum of a 
ProteinProtein

�� bovine serum albuminbovine serum albumin
�� measured measured aveave mol mass of 66,424 daltonsmol mass of 66,424 daltons
�� two additional proteins at higher massestwo additional proteins at higher masses
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Doubly Charged Molecular IonsDoubly Charged Molecular Ions

�� macrolide antibioticsmacrolide antibiotics
–– erythromycinerythromycin
–– azithromycin (FAB, too)azithromycin (FAB, too)
–– other other macrolidesmacrolides
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Doubly Charged Molecular IonDoubly Charged Molecular Ion

�� substituted adenine analogsubstituted adenine analog
�� r.m.m. 804 daltonsr.m.m. 804 daltons
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But how small can you go?But how small can you go?

�� GaskellGaskell (1997) predicts most abundant (1997) predicts most abundant 
charge state based on number of basic sitescharge state based on number of basic sites
–– 18851885 DaDa peptide with 4 “basic” sites predicts  peptide with 4 “basic” sites predicts  

+4 charge state most abundant +4 charge state most abundant 

�� peptides from digests peptides from digests ---- as small as 950 as small as 950 DaDa
–– abundant [M+2H]abundant [M+2H]2+2+

–– dependent upon instrumentationdependent upon instrumentation
–– dependent upon operating conditionsdependent upon operating conditions



How low can How low can 
you go?you go?



PGE2 agonist processPGE2 agonist process--related impurityrelated impurity

�� PGE2 agonistPGE2 agonist
–– CC2525HH2828NN22OO55SS
–– r.m.m. 468r.m.m. 468
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PGE2 agonist processPGE2 agonist process--related impurityrelated impurity

�� Found in an impurity Found in an impurity 
screen for this drug screen for this drug 
substancesubstance

�� Screen proposed m/z 374 Screen proposed m/z 374 
as the [M+H]as the [M+H]++



PGE2 agonist processPGE2 agonist process--related impurityrelated impurity

�� m/z 374 is indeed the m/z 374 is indeed the 
most prominent most prominent 
feature, but is it the  feature, but is it the  
real molecular ion?real molecular ion?

�� molecular ion and protonmolecular ion and proton--
bound dimer?bound dimer?

�� molecular ion and doubly molecular ion and doubly 
charged mol ion?charged mol ion?



PGE2 agonist processPGE2 agonist process--related impurityrelated impurity

�� if m/z 747 is [2M+H]if m/z 747 is [2M+H]++, , 
msms--ms should generate ms should generate 
m/z 374m/z 374

�� unusual 23 dalton unusual 23 dalton 
differences in msdifferences in ms--ms of ms of 
m/z 374m/z 374



PGE2 agonist processPGE2 agonist process--related impurityrelated impurity

�� m/z 374 is indeed the m/z 374 is indeed the 
most prominent most prominent 
feature, but it’s a feature, but it’s a 
doubly charged iondoubly charged ion

�� m/z 747 is the real m/z 747 is the real 
[M+H][M+H]++!!



PGE2 agonist processPGE2 agonist process--related impurityrelated impurity

�� PGE2 agonistPGE2 agonist
–– CC2525HH2828NN22OO55SS
–– r.m.m. 468r.m.m. 468

�� impurityimpurity
–– CC3636HH3434NN44OO1010SS22

–– r.m.m. 746r.m.m. 746
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PGE2 agonist processPGE2 agonist process--related impurityrelated impurity
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Polyisotopic ElementsPolyisotopic Elements

�� Chemical atomic massChemical atomic mass vsvs monoisotopic monoisotopic 
atomic massatomic mass

�� Carbon Carbon ---- 12.011 (periodic table)12.011 (periodic table)
–– 1212C C -- 12.0000 12.0000 -- 98.9%98.9%
–– 1313C C -- 13.0033 13.0033 -- 1.1%1.1%

�� Chlorine Chlorine ---- 35.453 (periodic table)35.453 (periodic table)
–– 3535Cl Cl -- 34.9689 34.9689 -- 75.8%75.8%
–– 3737Cl Cl -- 36.9659 36.9659 -- 24.2%24.2%



Isotope patternsIsotope patterns

�� for Cfor C1414HH1212NOFClNOFCl22, r.m.m. 299  , r.m.m. 299  DaDa..
�� m/z 269 is neutral loss of methylaminem/z 269 is neutral loss of methylamine
�� m/z 234 is further loss of Clm/z 234 is further loss of Cl11

�� isotope patterns match predictionsisotope patterns match predictions



PGE2 agonist processPGE2 agonist process--related impurityrelated impurity

�� PGE2 agonistPGE2 agonist
–– CC2525HH2828NN22OO55SS
–– r.m.m. 468r.m.m. 468

�� impurityimpurity
–– CC3636HH3434NN44OO1010SS22

–– r.m.m. 746r.m.m. 746
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PGE2 agonist processPGE2 agonist process--related impurityrelated impurity

�� Isotope pattern for the Isotope pattern for the 
m/z 747 [M+H]m/z 747 [M+H]++.  P+2 is .  P+2 is 
24.6% of P.  (24.6% of P.  (3434S = 4.2%)S = 4.2%)

�� prediction for elemental prediction for elemental 
composition with two composition with two 
sulfur atomssulfur atoms

�� prediction replacing prediction replacing 
sulfurs with carbon and sulfurs with carbon and 
hydrogenhydrogen



PGE2 agonist processPGE2 agonist process--related impurity related impurity 

m/z assignment Observed Acc Mass Elemental composition Expected Acc Mass Agreement 
      
747 [M+H]+ 747.1790 C36H35N4O10S2 747.1795 -0.7 ppm 
   C42H29N5O7S 747.1788 0.2 ppm. 
   C44H31N2O8S 747.1801 -1.6 ppm 
   C39H31N4O10S 747.1761 3.8 ppm 
   C39H33N5O7S 747.1821 -4.3 ppm 
      
351 [M+2H-HCOOH]2+ 351.0869 C35H34N4O8S2 351.0909 11.4 ppm 
      
328 [M+2H-2(HCOOH)]2+ 328.0868 C34H32N4O6S2 328.0882 4.3 ppm 
      
 

Accurate mass measurementsAccurate mass measurements



Concepts ClarifiedConcepts Clarified

�� relative molecular massrelative molecular mass
�� chemicalchemical vs vs monoisotopic molecular massmonoisotopic molecular mass
�� what the mass spectrometer really measureswhat the mass spectrometer really measures
�� isotope patterns isotope patterns 
�� accurate mass vs. high resolutionaccurate mass vs. high resolution
�� accurate mass measurementsaccurate mass measurements
�� contributions to a structure identificationcontributions to a structure identification





It is as important to understand what a It is as important to understand what a 
technique technique CANNOTCANNOT tell you as it is to tell you as it is to 

understand what it can tell you.understand what it can tell you.

Words of Wisdom:Words of Wisdom:


