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(wicked = great, cool)

KMD for MS: WKD !

T. Fouquet
AIST Tsukuba, Japan
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1. Mass defect and Kendrick mass
2. Few examples of KMD analyses

3. What about new terms ?

4. What about a “real-time” KMD plot ?
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1. KMD ?

Kendrick Mass Defect

KMD analysis =

data processing tool to visualize mass
spectra and/or filter and/or assign ion series
using an additional m/z-related dimension
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1. Atomic mass defect

Kendrick Mass Defect

Atomic mass constant m, = m,(**C)/12
m,(**C) = 12

m,( *H) = 1.007825
m,(**N) = 14.003074

m,(32S) = 31.972071

E. R. Cohen, T. Cvitas, J. G. frey et al, Quantities, Units

and Symbols in Physical Chemistry (3" ed) IUPAC, 2007.
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Preperedfor pubicasion by

Quantities, Units and Symbols in
Physical Chemistry
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1. Atomic mass defect

Kendrick Mass Defect

Atomic mass constant m, = ma(lzC)/lz

Mass excess (atom) A=m,— Am,

Element-dependent / Mass number

Mass of atom
(nucleon number)

et . £ M 4 At Ny

Preperedfor pubicasion by

Quantities, Units and Symbolsin
Physical Chemistry
Fractional mass (atom) = round(m,) —m,

Element-independent

E. R. Cohen, T. Cvitas, J. G. frey et al, Quantities, Units
and Symbols in Physical Chemistry (3" ed) IUPAC, 2007.
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1. Atomic mass defect

Mass excess

Fractional mass (round, half up)
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1. Molecular mass defect

Kendrick Mass Defect

Nominal mass

v

Mass excess (molecule) A=m-—A

»w Polystyrene
composition- | / | C.Ho(CeHg)10oH
dependent Monoisotopic A=10458

mass m=10464.338
A=6.338

Fractional mass (molecule) = round(m) —m

Composition-
independent Fractional mass=-0.338

S. Pourshahian. J. Am. Soc. Mass Spectrom. 2017, 28, 1836.

Mass Defect from Nuclear Physics to Mass Spectral Analysis

Soheil Pourshahian
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1. Molecular mass defect

“mass excess plot”

0-100
3 - Mass excess
25 A=m-—-—A
a 21
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m(C,H40) =2 %12 + 4 % 1.007825 + 15.994915 = 44.026215

A(C,H,0) =2%12+4 %1416 = 44
A(C,H,0) = +0.026215

4000

5000
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Mirrored plot ) “mass defect plot”
~ mass defect !
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1. Molecular mass defect

“mass excess plot”

0-100

3 - Mass excess
A=m-A

mass excess A
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1. Kendrick mass

Kendrick Mass Defect

Atomic mass constant m, = ma(lzC)/lz

m,(1?C) = 12

m( 'H,%C) = 14.015650

E. R. Cohen, T. Cvitas, J. G. frey et al, Quantities, Units

and Symbols in Physical Chemistry (3" ed) IUPAC, 2007.

et . £ M 4 At Ny

mth

Quantities, Units and Symbols in
Physical Chemistry
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1. Kendrick mass

Kendrick Mass Defect

Change of mass scale

'H,1'%C) = 14.015650

H,1%C) = 14

E. Kendrick. Anal. Chem. 1963, 35, 2146

A Mass Scale Based on CH,=14.0000 for High
Resolution Mass Spectrometry of Organic Compounds

EDWARD KENDRICK®

Analytical Research Division, Esso Research and Engineering Co., Linden, N, J.

P The problems of computing, storing,
ond retrieving precisa masses of the
many combinations of elements likely
to occur in the mass spectra of organic
compounds are considerable, They
can be significontly reduced by the
adoption of a mass scole in which the
mass of the CH; radical is taken os
14,0000 mass units. The advantage
of this scole is that ions differing by
one or more CH; groups hove the same
mass defect, The precise mosses of o
series of alkyl nophthalene parent
peuks, ﬁal example, are 127.91%3,

1559195, etc. Becouse
cl mg |denﬂ(ul mass defects, the
similor origin of these peaks is recog-
nizable without reference to tobles
of masses. Tabies of the mass de-
fects for combinations of H, C'% C',
N, ©, 5%, and 5% are presented.

ments makes possible precise mass
measurement to a few parts in 10% or
better. This is sufficient to distinguish
hetween ions having the same mass
number, but different chemical com-
position. The precise mass of an ion is
the sum of the masses of its constituent
elements and the molecular formula ean
usually be found from the mass deter-
mination. This ability to determine the
chemical composition of an ion from a
measurement of its mess gives mass
spectrometry a new dimension.

With the advent of the high resolution.
mass spectrometer have come the
problems of computing, storing, and
compering large amounts of mass data.
The masses of the isotopes of most
elements are known to very high me-
euracy, but the number of eombinations
of theze elements in organie ehemistry
is extremely large. Published tables
coveronly a fraction of the combinstions,

C

Dn:m: focusing mass spectrom-
eterswith of one
part in 5000 or better are now coming
into uee ne analytical instruments.
Commercisl  instruments  after  the
origina] design by Mattauch and Hersog
(7-5) have been deseribed by Voorhies
and cowarkers {i8) and by Craig and
coworkers (6).  Another instrument
based on a design by Nier and Roberts
U 10-14) an besn deseribed by Craig
and Ermock (6) has
pioneered the spplieation nf}m;h resoli-
tion mass spectrometers to orgenie
chemistry.

The high resclution of these instru-

2146 « ANALYTICAL CHEMISTRY

tables of precise
masses are required to give the precise
masses of jans used for internal calibra-
tion standards in high resolution mass
spectra and to convert. the precise mass
measurements made on samples into
molecular formulss. Such tables are
indispensable for high resolution mass
spectrometry.

The mass range to be covered by
these tables has no definite limit.
High resolution mass spectrometers are
corteinly capable of working in the
range up to 500 mass oumbers, an
special applications may eall for spectra.

of compounds having masses as high as
1000, or even higher.

The table of precise masses most
widely used st present is by Beynon
(1), which lists, in addition, the relative
abundances of isotope peaks. This
table, which is based on 0" = 16.00000,
covers combinations of elements up to &
mass number of 250, and is limited to
those confsining mo more then four
oxygen atoms, four nitrogen atoms, and
a tatal of no more then six atoms other
than carbon and hydrogen. Beynon's
table has about 6000 entries, Bey m:m
table has recently heen extended
mase 500 and based on the slmﬂwl&hl
CY = 120000 (#). The inclusion of
sulfur (5% and 8% isotopes) and C*
would increase the size of the table

ver ope and a half
s would be required to
cover the ions up to mass 600.

A mass seale with C*H; = 14.00000
enables the same data up to mass
B00—to be expressed in less than
100,000 entries. ] reduction is a
contequence of the same defeot’s being
repeated at intervals of 14 mass units—
ie., one (CH:) group. Restrictions
similar to those imposed by Beynon
have been used for these tables. No
more than four atoms of oxygen, nitro-
gen, sulfur or carbon-13 and no more
than two atoms of sulfur-34 are allowed
in any combination. The tatal number

! Present addrees, Esso Research, Lid.,
Abingdon, Berkshire, England.
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1. Kendrick mass

Kendrick Mass Defect

KM = m IUPAC -

14.015650
@212(:) [UPAC = 14.015650 o
|
v
CRM( *H,%C) = 14 KM cy | Vx

Change of mass scale —..CG_)RU I eOG

m( 'H,%C) = 14
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1. Generalized Kendrick mass

Nominal mass

}
round(R)

KM = m IUPAC - R

Exact mass
(IUPAC) of
any moiety
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1. Kendrick “mass defect” plot

R = 44.02621 (IUPAC)
HO{CHZ—CHZ—O>'H Repeating unit: C,H,O
0-100 D
KM = m IUPAC b =
- m 44.02621

fractional m = round(m) — m ~ mass defect (MD)
fractional KM = round(KM) — KM ~ Kendrick mass defect (KMD)

“mass defect” plot Kendrick “mass defect” plot

round(44.026215) — 44.026215 = —0.026215 round(44) —44 =0
0.5 -
= 0.4 4 \ = .
2 03] 2 Basis of a KMD
© . [0} .
< 02- < analysis for polymers
5 0.1 - 3
- 0 P
€ 01 4 g
T 02 1 =
£ -0.3 - S
€04 g
-0.5 . ; ; ; . -05 . . . . .
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
molecular mass (Da, uma) molecular mass (Da, uma)
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1. Generalized Kendrick mass (2)

KM = m [upAC - ")
R

' _ round(R
Kendrick UERE KM = m/z IUPAC - (R)
to-charge ratio R
_ round(2R/3) < x < round(2R)
Charg_e SR PSR EIL round(R/x) “recommended range”
resolution-enhanced KM=Z-m/z- R/
Kendrick m/z X © e e
- - enhancement

of resolution

X
KM(R,x,Z) = Z-m/z-ﬁ

KMD (fractional mass~mass defect) = round(KM) — KM
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1. KMD analysis

(Z,%x) Rapid Commun Mass
Z={z,z+1,z+2..} Spectrom. doi:
Anal. Chem. 2017, 89, 2682 < ER 10.1002/rcm.8500
d(%{):+11 s e Pseudo-continuous -
X = roun .. € . =
ST T resolution-enhanced _
Resolution-enhanced y x =round(R) £ 1,23.. €N

Charge-dependent
resolution-enhanced

J. Am. Soc. Mass Spectrom.

J. Am. Soc. Mass 2018, 29, 1611

Spectrom. 2014, 25, 1346

Z=1 + combination in L=z

_ : : = d(R)
x = round(R) ntial analvsi X = roun
Regular seguential analysis Charge-dependent

X
KM(R,x,Z) = Z-m/z 2

KMD (fractional mass~mass defect) = round(KM) — KM
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Major asset

KMD analysis done using

Any spreadsheet Excel 2016
Excel spreadsheet with macro and VBA: Kendo
+ several R programs

Open source E; Li MZmine 240

mMass
MZMine MMmass

+ -
N

B A

Spectra Scope

Commercial programs
Mass Mountaineer, msRepeatFinder, msRepeatFinder
Spectrascope

Mass Mountaineer
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2. Examples: KMD plots

+

o-for-cry-ofn "
Ll

Example 1:

MALDI-MS, PEO

Rotating KMD plot

Enhancement of resolution (isotopic pattern)

RB Cody, T Fouquet. Anal. Chem. 2018, 90, 12854

H Sato, S Nakamura, K Teramoto, T Sato. J Am Soc Mass Spectrom. 2014, 25,

1346 T Fouquet, H Sato. Mass Spectrom. (Tokyo) 2017, 6,

A0055
T Fouquet, H Sato. Anal Chem. 2017, 89, 2682
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2. Examples: KMD plots

A+ + o+
Li , Na , K

il

Example 2:

MALDI-MS, PEO

(pseudo-continuous) Enhancement of resolution

(end-groups, adducted ion)

S. Nakamura, RB Cody, H Sato, T Fouquet. Anal Chem. 2019, 91, 2004

Fouquet T, Nakamura S, Sato H, Cody R. Rapid Commun Mass Spectrom. just accepted
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2. Examples: KMD plots

+ + +
XNa , yNH, , zH

CH,

l.u o oo

Example 3:

ESI-MS, PPO

Charge state distribution (regular KMD plot)
Charge-dependent KMD plot

Enhancement of resolution (end-groups)
Simulator

Q Zheng, Y Zhang, W Diono, T Fouquet, X Zeng, H Kanda, M Goto. Fuel 2019, under review
T Fouquet, RB Cody, Y Ozeki, S Kitagawa, H Ohtani, H Sato. J. Am. Soc. Mass Spectrom. 2018, 29, 1611
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2. Examples: DP plot

“HMI‘I“M l “““HMH..,“CHTCH%(CHZ‘EH%H ;

mhﬂ.“m: Iif “ [T

Example 4:

MALDI-MS, EVA40 vs EVA25

Allied plot: “degree of polymerization” plot (DP plot)

T Fouquet, RB Cody, H Sato. J. Mass Spectrom. 2017, 52, 618

T Fouquet, S Nakamura, H Sato. Rapid Commun. Mass Spectrom. 2016, 30, 973
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2. Examples: Remainders plot

Example 5:

MALDI-TOF/TOF MS, PMMA

Allied plot: “remainders of KM” plot (RKM plot) for low-resolution data

T Fouquet, T Satoh, H Sato. Anal Chem. 2018, 90, 2404

T Nagy, A Kuki, M Zsuga, S Kéki. Anal Chem. 2018, 90, 3892
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3. What about new terms ?

« Kendrick mass analysis
« Kendrick mass defect analysis
« KMD analysis

« Kendrick mass defect spectrum
« Kendrick mass defect plot

« KMD plot

« Kendrick mass plot

« Kendrick mass defect diagram
« Kendrick plot

 resolution-enhanced
« charge-dependent
* pseudo-continuous enhancement

Google

Google TI&RZFEF/(d URL Z AN U

Mass defect
mass excess
fractional mass ~ mass defect

Mass VvsS. mass-to-charge

0.15
0.05

Kendrick plot or K-plot 2~ 00 £

Implied functionof R, x,Z

-0.15

0 200

Fe#hi%z fk &2~— Integration for Innovation 22
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4. What about a real-time K(MD)-plot ?

File  Load Method

Save Method  DataSet

Instant computation of KMD plot while recording data ?

Tools Help

Main

| Gontrol Method: [SpiralPOS

~ | |SP-2000-df spem

Auto Acquisition

g SpecTrace

Data Processing

Process Method: |Spiral-df prm

Gurrent Galibration: | 001

Instrument Monitor

]
J
l

Tareget Plate ID

Target Plate not Loaded

DataSet :

§01-0000000
384 Spot HST Plate

Loaded :

Loaded number of times

e )

Vacuum Gauge

EVAC Ready
Stage(Pa) 9.0E-06
Analyzer(Pa) 9.1E-06
Collision Cell(Pa)

Mirror(Pa) :

Intensity (%)

KMD plot =
not CPU-intensive
from m/z only G

Auto Stage
Drive

Off

Accumulated Spectrum

7 T T
80 90 100 110
Spectrum Number

Laser Intensity ()

Intensity (%)

General | Advanced |
Delay Time (ns) : 250
Detector (%) 871 =

a0 1000
[F] Fix Mass Rangs

Description :

T T
1200 1400

Data Acguisition [ TOF=TOF [ Caliration | Export]

Spectrum Setting
Mass Range : 500] -
Sampling Interval (ns)
5 @1 ©2 ©¢
Data Points
Laser Frequency (Hz) : 250
Intensity Offset (%)

Real Time Smooth OFF

SpecTrace

3000 Sampling Mass Range

1600 1800 2000

500 -

Accumulation Intensity (%) : 0 -

288 kpoints
00}

2000 2400 2600

'

3000/ | Gorrection

20

3200

3400 3600 3800 40

Fe#hi%z fk &2~— Integration for Innovation
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ELEHT

4. What about a real-time K(MD)-plot ?

File  Load Method

Save Method

Instant computation of KMD plot while recording data ?

Main

Auto Acquisition

Data Processing

Instrument Monitor

Tareget Plate ID

Target Plate not Loaded

DataSet :

§01-0000000
384 Spot HST Plate

Loaded :

Loaded number of times

F
Vacuum Gauge
EVAG Ready
Stage(Pa) 0.0E-06
Analyzer(Pa) 0.1E-06
Gollision Celi(Pa)
Mirror(Pa) :

DataSet Tools Help
| Gontrol Method: [SpiralPOS | [SP-2000-dfspem Process Method: [Spiral-dfprm Current Calibration: | 0001-5P-2000-df spem <] [ OFF
] 5 SpecTrace
] P

5 =
g
2 0
2 o]
]
= Auto Stage

Drive
2] off
T y T T T y T T ; T T T T T T T TR
10 2 3 40 50 50 i 80 9 100 1 130 140 150 160 170 180 190 200 e
Spectrum Number (] 1 M[ﬁ
Accumulated Spectrum
General | Advanced|
a0
Delay Time (ns) %0

251 Detector (%) 57 -8
g 20
2
‘a
5 153 H
= Base unit

104

05

ok 1 KMDplot

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000

me

Fix Mass Range

Description :

Data Acquisition | TOF-TOF | Galibration | Export

Laser Frequency (Hz): 250 -

Intensity Offset (4) 00/

[oFF =

Real Time Smooth

Spectrum Setting SpecTrace
Mass Range : 500 - 3000 Sampling Mass Range 500) - | 3000] [ Gomestion |
Sampling Interval (ns) Accumulation Intensity (%) : 0 - 20
05 @1 ©2 ©4
Data Points 288 kpaints

scan by scan

KMD plot
sum

Fe#hi%z fk &2~— Integration for Innovation
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4. What about a real-time K(MD)-plot ?

Instant computation of KMD plot while recording data ?

Examples of use:

= Tracking of sweet spots

Aocumulated Spectrum

L |
General | Advanced
304
Delay Time (re) : 250
a5 ] Detector (%) : 571s -8
g 20 ]
Z
‘o
5 15
=
1.0 4 .
R | L l
P ) ° °
ol a1 - I 4 _
00"y a T T iy T T T T Ly Y T T T T T T . .
800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 anon 3200 a4on 3600 3800 4000 .
o
Fix Mass Range
Description :
Data Acquisition | TOF-TOF | Galibration | Export
Spectrum Setting SpecTrace
Mass Ranee : 500 - 3000 Sampling Mass Range Bon; - 2000 | Gorrection
Sampling Interval (ns) fccumulation Intensity (%) : 0 - 20
0s @1 2 4
@ .
Data Points : 288 kpoints ..' O ,6@ - s’
—— ML e =® .
Laser Frequency (Hz): [250 - @e . et
o .
Intensity Offset (%) [
Feal Time Smooth:  |OFF - Apply
P . .
Hitfiz# £3~— Integration for Innovation 25
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4. What about a real-time K(MD)-plot ?

Instant computation of KMD plot while recording data ?

Examples of use:

= Tracking of sweet spots = Mass defect filtering

Aocumulated Spectrum

30 ]
25 ]
z 20
E
@
g 15
=
10 ]
N l l u
vl ko . TIl.l , Ill.. L I|. | L
500 1000 1200 1400 1600 1800 2000 2200 2400 2600 200

|4

G | | Advance: d
Delay Time (re) : 250
Detector (%) : 571s -8

T
Fix Mass Range

Desoription :

Data Acquisition | TOF-TOF | Galibration | Export

Spectrum Setting SpecTrace
Mass Rangs : 50| - 3000 Sampling Mass Rangs 500) - [ 2000 [ Gorrection |
Sampling Interval (ns) fccumulation Intensity (%) : 0 - 20
0s @1 2 4
Data Points - 288 kpoints
Laser Frequency (Hz) : 250
Intensity Offset (%) [
Real Time Smooth:  [OFF <] Apply

&
anno

.
e 4
o, .ae® @' (]
@e et ©
o .

Fe#hi%z fk &2~— Integration for Innovation
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4. What about a real-time K(MD)-plot ?

Instant computation of KMD plot while recording data ?

= Mass defect filtering .

Aocumulated Spectrum

Examples of use:

Tracking of sweet spots

304

254

20 4

Intensity (%)

| .._..mnmlhlll}”.“.”.

., I.“.“JHI e

= Miscalibration

General | Advanced
Delay Time (re) : 250
Detector (%) : 571s -8

rin
a0 1000 1200 1400 1600 1800 2000 2200 2&00 2600 2800 3000 a200 3400 3600 2900 4000
Fix Mass Range
Description :
Data Acquisition | TOF-TOF | Galibration | Export
Spectrum Setting SpecTrace
Mass Ranee : son; - 3000 Sampling Mass Range Bon; - 2000 | Gorrection
Sampling Interval (ns) fccumulation Intensity (%) : 0 - 20
0s @1 2 4
Data Points - 288 kpoints
Laser Frequency (Hz) : 250
Intensity Offset (%) [
Real Time Smaoth : OFF «]

Apply

: Jl('ml.ﬁ".\“

CORRIRI '." o
'

7 m\"’ o°

Fe#hi%z fk &2~— Integration for Innovation
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