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Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

• Extremely high resolving power

• Many (new) types of MSn

• New instrumentation

Qi, Y.; Witt, M.; Jertz, R.; Baykut, G.; Barrow, M. P.; Nikolaev, E. N.; 
O'Connor, P. B., Absorption-mode spectra on the dynamically 
harmonized Fourier transform ion cyclotron resonance cell. Rapid 
Commun. Mass Spectrom. 26 (17),(2012) 2021-2026.



Tandem Mass Spectrometry or MS/MS

MS/MSMS/MS/MS, or MS3

Benefits: 
1.Extremely high 
specificity
2.More structural 
information

Limitations:
1.Isolation window
2.Fragmentation 
efficiency
3.Ion Losses

Isolation

Fragmentation
Isolation

Fragmentation

CID/CAD, IRMPD
ECD, ETC, EID, EDD, EIEIO
UVPD (193 nm, 213 nm, 266 nm)



Shaw, J. B.; ….; Brodbelt, J. S., Complete Protein Characterization Using Top-Down Mass 
Spectrometry and Ultraviolet Photodissociation. J Am Chem Soc 2013, 135 (34), 12646-12651.



But, what if we don’t need to 
isolate prior to fragmentation?



Two-dimensional Mass Spectrometry



P. Pfändler, G. Bodenhausen, J. Rapin, M.-E. Walser, T. Gäumann, J. Am. Chem. Soc. 110 (1988) 5625-5628.

Principle of 2D FT-ICR MS: Modulation

Horizontal: 1k transients (narrow band)
Vertical: 120 scan lines.
Total: 120,000 data points



Lecture overview
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m/z
Relative 
Intensity Description Theoretical Mass Error

290.07239 0.47 C10H17N3O3PS 290.07228 0.411
278.07227 0.57 C9H16N3O3PSH 278.07228 -0.009
276.05665 0.39 C9H15N3O3PS 276.05663 0.075
274.13167 0.41 C11H21N3O3P 274.13150 0.596
274.07733 0.60 C10H16N3O2PSH 274.07736 -0.128
262.05342 0.09 C9H15N2O3PS 262.05355 -0.493
262.04083 0.27 C8H13N3O3PS 262.04098 -0.556
250.04110 0.15 C7H13N3O3PS 250.04098 0.489
246.04608 0.45 C8H13N3O2PS 246.04606 0.059
244.03039 0.37 C8H11N3O2PS 244.03041 -0.088
242.10537 0.22 C10H17N3O2P 242.10529 0.325
233.01443 0.59 C7H10N2O3PS 233.01443 0.012
230.01457 0.11 C7H9N3O2PS 230.01476 -0.825
228.08968 0.12 C9H15N3O2P 228.08964 0.165
218.01495 0.06 C6H9N3O2PS 218.01476 0.872
212.00441 0.06 C7H7N3OPS 212.00420 0.991
207.08940 0.14 C7H16N2O3P 207.08931 0.465
197.09803 0.08 C9H15N3S 197.09812 -0.459
196.14446 0.16 C10H18N3O 196.14444 0.124
196.09034 0.14 C9H14N3S 196.09029 0.226
195.13652 0.12 C10H17N3O 195.13661 -0.491
182.12885 0.16 C9H16N3O 182.12879 0.332
182.07458 0.08 C8H12N3S 182.07464 -0.349
181.12101 0.35 C9H15N3O 181.12096 0.255
180.11315 0.46 C9H14N3O 180.11314 0.070
179.05809 0.03 C5H12N2O3P 179.05801 0.488
168.11314 0.11 C8H14N3O 168.11314 -0.004
168.05902 0.11 C7H10N3S 168.05899 0.155
166.09747 0.07 C8H12N3O 166.09749 -0.098
166.04342 0.02 C7H8N3S 166.04334 0.480
165.12605 0.07 C9H15N3 165.12605 0.033
164.11825 0.62 C9H14N3 164.11822 0.172
163.11050 0.06 C9H13N3 163.11040 0.643
152.08186 0.28 C7H10N3O 152.08184 0.170
151.02672 0.13 C3H8N2O3P 151.02671 0.097
150.10263 0.18 C8H12N3 150.10257 0.368
138.06627 0.05 C6H8N3O 138.06619 0.617
136.08691 0.06 C7H10N3 136.08692 -0.090
124.98209 0.22 C2H6O2PS 124.98206 0.218
108.05562 0.04 C5H6N3 108.05562 0.000

Pirimiphos-methyl 
assignments

Absolute Average: 
0.312 ppm
Standard Deviation: 
0.385 ppm



Assignments - 2D IRMPD

IRMPD

Abs. Ave. Std. Dev.

0.20 ppm 0.24 ppm

IRMPD

Abs. Ave. Std. Dev.

0.15 ppm 0.26 ppm

IRMPD

Abs. Ave. Std. Dev.

0.29 ppm 0.49 ppm

IRMPD

Abs. Ave. Std. Dev.

0.42 ppm 0.30 ppm

IRMPD

Abs. Ave. Std. Dev.

0.23 ppm 0.26 ppm

IRMPD

Abs. Ave. Std. Dev.

0.19 ppm 0.36 ppm

IRMPD

Abs. Ave. Std. Dev.

0.22 ppm 0.32 ppm



Assignments - 2D EID

EID
Abs. 
Ave. Std. Dev.
0.09 
ppm 0.19 ppm

EID
Abs. 
Ave. Std. Dev.
0.31 
ppm 0.39 ppm

EID
Abs. 
Ave. Std. Dev.
0.50 
ppm 0.54 ppm

EID
Abs. 
Ave. Std. Dev.
0.15 
ppm 0.17 ppm

EID
Abs. 
Ave. Std. Dev.
0.55 
ppm 0.77 ppm

EID
Abs. 
Ave. Std. Dev.
0.52 
ppm 0.96 ppm

EID
Abs. 
Ave. Std. Dev.
0.91 
ppm 1.16 ppm
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Charge reduced species 

Polymer analysis by 2D ECD

• Information
dense 2D 
spectrum



Charge reduced species 

Polymer analysis by 2D ECD



Autocorrelation line

Polymer analysis by 2D ECD



Charge reduced species
(3+ à 2+) 

Polymer analysis by 2D ECD



Charge reduced species
(3+ à 2+) 

Charge reduced 
species (2+ à
1+) 

Polymer analysis by 2D ECD



Charge reduced species
(3+ à 2+) 

Charge reduced 
species (2+ à
1+) Fragment lines

Polymer analysis by 2D ECD



Fragment ion scans

Polymer analysis by 2D ECD



Fragment ion scans

Polymer analysis by 2D ECD



• Zoom in of 
region shows 
isotopic 
distribution

Polymer analysis by 2D ECD



Isotopic envelope

Polymer analysis by 2D ECD
Combined R = 435,000,000



• Spacing of lines 
is equal to that 
of (monomer 
mass)/3 due to 
charge

Precursor 
spacing 

(monomer 
mass) / 3

Precursor 
spacing 

(monomer 
mass) / 3

Polymer analysis by 2D ECD



• Neutral losses 
from charged 
reduced 
species

• Fragments on 
the same 
intercept 
means the loss 
is equal from 
the charged 
reduced 
speciesNeutral loss 

lines

-Et•-CH3H5O•-C5H9NO •

Polymer analysis by 2D ECD



• Neutral losses 
from charged 
reduced 
species

• Fragments on 
the same 
intercept 
means the loss 
is equal from 
the charged 
reduced 
speciesNeutral loss 

lines

-Et•-CH3H5O•-C5H9NO •

Hydrogen 
initiated neutral 

losses

Polymer analysis by 2D ECD



Conclusions
• ECD fragmentation can be used to analyze a polyoxazoline 
• 2D mass analysis gives significant fragment information

Polymer analysis by 2D ECD



Lecture overview

• 2DMS for agrichemical analysis.
• 2DMS for polymer analysis.
• 2DMS for monoclonal antibodies.
• Distinguishing phosphopeptides using 

2DMS
• 2DMS – UVPD
• 2DMS on a linear ion trap







Extracted Lines Resolution



Peak Picking Resolution

• Δx: 0.094 m/z
• Δy: 0.089 m/z



PTM Detection -Antibody
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Phosphorylation

• Serine, Threonine or Tyrosine
• Phosphoester linkage.

• Regulation of intercellular 
processes

• Cell signalling pathway

• Change activity, subcellular 
location, degradation and 
interaction with other proteins

• Limit of RP-LC: the 
phosphopeptide loss during the 
sample preparation or the liquid 
chromatography



InfraRed Multi-Photon Dissociation

• CO2 laser (10.6 µm photons)
• Resonance with the P-O stretch of 

the phosphate (9.6-11 μm) Correia, C. F.;  Balaj, P. O.;  Scuderi, D.;  Maitre, P.; 
Ohanessian, G. J. Am. Chem. Soc. 2008, 130, 3359-3370.

Figure. IRMPD spectra. Fragmentation efficiencies 
defined as -ln(P/F + P), with F being the sum of fragment 
abundances and P the abundance of the intact 
precursor.



2D MS IRMPD Analysis of Phosphopeptides
Figure. 2D FT-ICR spectra
IRMPD of the Phosphomix,
y: 8192 lines, x: 1 megapoints

Direct infusion.
10 Phosphopeptides.
No prior separation.

In pink and purple, precursor
lines.
In black, auto-correlation line.
In blue and green, neutral loss
lines.

Horizontal: 1,048,576k transients (broadband)
Vertical: 8,192 scan lines.
Total: 8,589,934,592 data points



Comparison 1D/2D
Full MS

Loss of Ph07
Hydrophobic peptide

x=y



Zoom into 
a region



Zoom into a 
region

Black 1E6
Red 1E7

Green 1E8
Threshold

1 048 576 points

8 192 lines

Horizontal: 1,048,576k transients (broadband)
Vertical: 8,192 scan lines.
Total: 8,589,934,592 data points



Phosphate Neutral Losses

Detection of the Phosphopeptides



Extracted fragment Line of Ph06

In red: fragments without Phosphate
In green: fragments with Phosphate



Ph01
Ph02
Ph03

Ph04

Ph05
Ph06

Ph08

Ph09

Ph10

Fragmentation of the Phosphopeptides
In red fragment without Phosphate
In green fragment with Phosphate

All Results

Advantages of 2DMS strategy:
Direct infusion
Quick identification with neutral loss 
lines
IRMPD selectively fragment 
phosphopeptides
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solariX – Laser Setup

Dichroic mirror 
allows co-alignment 
of UV and IR beams

Coherent ExciStar XS, 
193 nm
Synrad 48-2, 10.6 µm



UVPD-2DMS: Ubiquitin

8192 lines x 1 MW (just under 4 hours)

UVPD: 193 nm, 4 shots @ 6 mJ
(~0.4 mJ in cell)



Horizontal lines

6+ 7+

8+ 9+

17.3
%

14.6
%

8%

4%

10+ : 9%

Scintillation noise
Precursor
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Linear Ion Trap Geometry

1. Maria van Agthoven, Peter B. O’Connor, 2 Dimensional Mass Spectrometry in a Linear Ion Trap UK Patent GB1615469, 2016.
2.  Maria van Agthoven and Peter B. O’Connor, Rapid Communications in Mass Spectrometry 2017, 31 (8), 674-684



2D MS in a Linear Ion Trap with SWIM

1. Maria van Agthoven, Peter B. O’Connor, 2 Dimensional Mass Spectrometry in a Linear Ion Trap UK Patent GB1615469, 2016.
2.  Maria van Agthoven and Peter B. O’Connor, Rapid Communications in Mass Spectrometry 2017, 31 (8), 674-684

• Simion ion 
trajectory 
simulations show 
that 2DMS can be 
done on a linear 
ion trap.

• We have built a 
LIT-2DMS system 
and are in the 
process of testing 
the prototype.

• If coupled to a TOF 
mass analyzer, a 
LIT-TOF instrument 
could allow full 
2DMS experiments 
in less than 10 
seconds.











The fundamental concept of SWIM:

Through each of the succeeding 
scans, calculate a SWIFT pulse with 
steadily incrementing cycles of a 
sine wave.

This will have the effect of 
modulating ion radius rapidly on the 
right end of the spectrum and slowly 
on the left end, and linearly varying 
modulation frequencies in between.

When combined with a radius-
dependent fragmentation method, to 
create a ‘fragmentation zone’, this 
allows 2DMS.



Horizontal: 16k transients (narrow band)
Vertical: 128 scan lines.
Total: 2,097,152 data points



MaXis ETD II Q-TOF

Quadrupole and 
lens control 

systems

UV laser 
and 
beam 
optics

Slide from Dr.  Nathan Cassidy, Verdel Instruments Ltd.

Verdel Instruments: 2DMS using UVPD on a Q-TOF



Instrument Modifications 
• Transformed 

quadrupole to linear 
ion trap (LIT).

• Drive the RF with our 
own tank circuit 
amplifier.

• Control of LIT lenses 
with DC trapping amp.

Slide from Dr.  Nathan Cassidy, Verdel Instruments Ltd.



Excitation of Ions 

• Linear relation between 
excitation frequency 
and z/m of ejected ion

Slide from Dr.  Nathan Cassidy, Verdel Instruments Ltd.



Substance P: 449.9 m/z isotope pattern 

Slide from Dr.  Nathan Cassidy, Verdel Instruments Ltd.





2-Dimensional mass spectrometry
• 2-dimensional mass spectrometry (2DMS) is now feasible, and bordering on 

the routine, for a wide range of samples in FTICR mass spectrometry.

• 2DMS can be achieved by modulating ions through a fragmentation zone (with 
frequencies dependent on m/z) using the Gaumann pulse sequence or the 
SWIM methods.  Fragments will appear at the modulation frequencies thus 
correlating fragments with their precursors.  The Fourier transform can extract 
those frequencies.

• 2DMS requires large data sets, currently up to 2B data points or more, which 
wasn’t really feasible to process in the 1990’s, but it now can be done.

• 2DMS can be done with a range of fragmentation methods, including IRMPD, 
ExD, and UVPD.  

• 2DMS can be done on a linear ion trap, and we’ve spun out Verdel Instruments 
to achieve this commercially.
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