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MALDI TOF MS and Application Space

Entire application space
(Molar mass, Structure Structure space

\ _______ accessible by direct
MALDI screen

Mitigating Discrimination
(Limits of sample info)

- Molar Mass

- Structure

Exploiting Discrimination
(Specificity for a particular
application)

- Use properties to focus on
portion of sample of interest
- e.g. Dissolution/solvent
extraction

Important properties:
Proton Affinity, Cation Affinity, lonization Potential, Electron Affininty, solubility,

iInstrument dvnamic range. ...°Eastman Kodak Company, 2008



Approach

« Understand boundaries (discrimination)
of application space

« Understand dynamics of the boundaries

* Manipulate the boundaries to our
advantage

— Mitigate discrimination - more general
sample expression

— Exploit discrimination - more specific
expression

©Eastman Kodak Company, 2008



Outline

Understanding and Mitigating

e Size Discrimination - MALDI response vs reality
— SEC separations and MALDI

e Structure Discrimination - discrimination issues for EK
materials applications

— Polymer applications (single material)
» Functional HPLC separation - LC-MALDI

— Display applications (electron transfer)
« Spatial information (not separation) - Imaging

©Eastman Kodak Company, 2008



MALDI Response vs. Reality

Size (Molar Mass) discrimination

« Understanding the Y-axis
« MALDI relative to SEC
« SEC-MALDI

Collaboration with Tom Mourey (Kodak), Steve Balke (U of Toronto), and
Kevin Owens (Drexel U)
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MALD/I-TOF MS molar detection
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SEC concentration detection
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Converting SEC Weight Distributions to Number
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Mourey, T. H.; Hoteling, A. J.; Owens, K. G.; Balke, S. T. J. Appl. Poly. Sci. 2005, 97(2), 627-639.



Differential Number Distributions - Comparison
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Differential Number Distributions - Comparison
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Quantitative Comparisons Using Cumulative Number Distributions
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Mourey, T. H.; Hoteling, A. J.; Owens, K. G.; Balke, S. T. J. Appl. Poly. Sci. 2005, 97(2), 627-639.



Narrow MWD PMMA Cumulative Distributions

MALD/I mass range ~ 9,000
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MALD/I Mass Range Limitations

« Quantitative mass range of ~9,000 - 10,000

* Dynamic range needed for broad MWD

polymers currently unrealistic for MALD/I
TOF MS instruments.
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MALD/I-TOF MS Dynamic Range Considerations
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Required Dynamic Range Ratio (R) for

Range of Molar

Required Dynamic

Distribution Masses 99.9% Range Ratio of
quantile Detector (R)

Poisson 4,400 274
M,=5,000

Schulz-Zimm, k=2, 28,100 2584
M,=5,000

Flory-Schulz 47,600 13,618
M,=5,000

heoretical Distributions

living polymerization or anionic
polymerization

addition or free radical
polymerization

step-growth or condensation
polymerization

MALD/I-TOF MS dynamic range ~ 256X
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Mitigating Molar Mass Discrimination
+ SEC-MALDI

Structure space
accessible by direct
MALDI screen

—-—— oy,
- =~

Mitigating Discrimination
(Limits of sample info)

- Molar Mass

- Structure
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Discrete SEC Fractions: 0.2 mL collection volume

Broad PMMA Sample
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Comparison of high molar mass fractions
- Effect of faction collection size (relates to rate of deposition for automated device)
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MALD/I-TOF and SEC (analysis) of Fractions
- Comparison of 0.2 mL fractions
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Even narrow SEC fractions are affected by molar mass discrimination issues
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Off-line SEC-MALD/I using Chromatography Deposition Interface
(Collaboration with B&L)

Heated Nebulizer Deposition Unit (LabConnections/Leap)

- SEC eluent mixed with matrix solution and sprayed directly onto MALD/I sample plate.

- Automation eliminates time consuming manual fraction collection and subsequent
sample preparation.

— PC Colu

ML MM AN

HEXHEEEEHSE

= | |pLC
Mixing Cell =~ [ [ _Pump %

Matrix
Solution
N, « Nozzle
block
capillary heater
X-Y '~ Sample /
motor\_ Matrix -
stage Co-deposit
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Subsequent Analysis of SEC Track on MALD/I Plate
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- SEC separation, (t, o InM) - higher molar mass fractions contain broader mass range
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Molar Mass Discrimination Summary

 We now have a way to understand what
portion of the polymer molar mass distribution

we are observing with MALDI
« Mitigate using SEC combined with MALDI
« EXxploit
— If we know low molar mass region is
representative (e.g. correlates with problem)

— Dissolution/precipitation; solvent extraction,
dialysis (target low MW)

©Eastman Kodak Company, 2008



MALDI Discrimination and Polymer Applications

Structure discrimination (Polymer)

 We use MALDI primarily for structure
Information
— End group information

« R&D and manufacturing applications (single
material) - mixture of end-groups

« Sample preparation
* Functional separation

©Eastman Kodak Company, 2008



Understanding Sample Preparation

« Complex Polymer Samples - mixture of
structure features

« Components of a mixture can express
differently depending on:
— Matrix conditions?
— Solvent?

— lonization reagent
* Protonation vs cationization
« Affinity for different cations

1 Hoteling, A. J.; Erb, W. J.; Tyson, R. J.; Owens, K. G., Anal. Chem. 2004, 76(17), 5157-5164
2 Hoteling, A. J.; Mourey, T. H.; Owens, K. G., Anal. Chem. 2005, 77(3), 750-756



Example: PEG w/ Mixture of End-Groups
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Example: PEG w/ Mixture of End-Groups

- End-group expression varies with sample prep conditions
- Can usually choose conditions to observe trends for a range of samples
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Mitigating Structure Discrimination
« HPLC-MALDI (Functional separation)

Structure space
accessible by direct
MALDI screen

—-—— oy,
- =~

Mitigating Discrimination
(Limits of sample info)

- Structure

©Eastman Kodak Company, 2008



LC-MALDI

Direct MALD/I is compromised in the quantitative expression of end-
group chemistry

— Discrimination effects (molar mass and structural)

— Limited dynamic range.

Mitigate using HPLC functional separations

— Corresponding quantitative axis for the end group expressed by MALD/I
LC method development can be a bottleneck

— Coelution of fractions of different functionality

— Superposition of distributions of function distributions

Use of HPLC-MALDI to accelerate the HPLC method development

— Rapid peak-tracking and peak purity assessment for candidate HPLC
methods

Demonstrated using a polycarbonate example
— Design of experiments (DOE) for the synthetic and process understanding

Nichols, W.F.; Hoteling, A. J. Proc 46th ASMS Conf Mass Spectrom Allied Topics 2007, TPG 108.



Complex Single Material

The polycarbonate is manufactured for use in an imaging process that
requires a specified degree of cross-linking (correct end-groups).

— By-products (incorrect end-groups) produced can inhibit cross-linking
resulting in material failure in the imaging process.

— Direct MALD/I was used to provide semi-quantitative end-group data for the
original DOE and subsequent manufacturing process verification.

The same 19 sample DOE used to elucidate a workflow for HPLC-DAD end-
group analysis directed by LC-MALDI.
— Broad range of end groups to challenge the analytical strategy.

— Quantitative comparison HPLC-DAD vs. original direct MALD/I end group data
* Product correlations
 End group correlations to process parameters
« DOE statistical signal-to-noise for process correlations (confidence factors)
« Determination of discrimination in direct MALD/I using negative correlation

CH, |C|) ﬁ
CH,

©Eastman Kodak Company, 2008



End-group Mixture
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Direct MALD/I Analysis of Polycarbonate Materials from DOE
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LC-MALDI

Heated Nebulizer Deposition Unit (LabConnections/Leap)

- HPLC eluent mixed with matrix solution and sprayed directly onto MALD/I sample plate.
- Automation eliminates time consuming manual fraction collection and subsequent
sample preparation.

HPLC

Column
—> s

Mixing Cell -

Matrix
Pump %

Matrix
Solution
N, «~ Nozzle
block
capillary heater
X-Y /Sample/ ||~
motor\‘_ Matrix
stage Co-deposit
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LC-MALDI Total lon Chromatograms

LC-MALDI Total lon Chromatograms are produced by rastering the LC

Transform deposition in a fully automated mode of data acquisition.

100+

98\\\\\

Unprocessed LC-MALDI TIC

Beginning of chromatogram

N

LI I B B
10.00

LI I B B
20.00

LI I B B
30.00

LA B B
40.00

L B B
50.00

LI R I B B
60.00

LI B B B
70.00

LI B B
80.00

LI B I B B
90.00

LI R I B
100.00

—— Time



ACD/IntelliXtract Processing of the LC-MALDI TIC

Peak detection algorithms automatically process LC/MS data, based on
structure input, and generate resultant mass chromatograms with a
corresponding table of peaks and spectral labels for the m/z data.
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Chromatographic Fidelity and Retention Time Variance

« Chromatographic fidelity is successfully maintained for the HPLC deposition process
and subsequent automated MALDI analysis relative to HPLC-DAD.

» Additionally, RT reproducibility enables DAD peak assignments from LC-MALDI data.
The run-to-run RT variance for LC-MALDI = 0.6 % RSD compared to HPLC-DAD =
0.2 % RSD. The REL RT variance between HPLC-DAD and the corresponding LC-
MALDI is 0.49% RSD
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Peak-Tracking & Peak Purity for 3 Candidate Methods

« Examples of LC-MALDI chromatograms representing 3 different sets of
chromatographic selectivities

« ACD/IntelliXtract rapid evaluation of data for peak tracking and peak purity

« Numerous coelutions are evident in Methods 1 and 2 relative to Method 3

2 4
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LC-MALDI Automated Peak Assignment Table
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- | 141931 [ 066 16.22 0.50 022 |DEG-3
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2182.30 | 0.05 51.69 1.60 0.69 |di-bPA-5
169331 | 4.10 52.77 1.63 0.71 |Cl4
1568.30 1.83 55.06 1.70 0.74__|CYC-4
1928.31 1.43 58.38 1.80 0.78 |bPA-4
2579.30 1.76 60.60 1.87 0.81 |DEG-6
244631 | 5.03 62.40 1.93 0.83 _|PROD-6
2159.30 1.21 64.07 1.98 0.86 |Carb-4
. . 2079.30 2.51 68.51 2.11 0.92 [CI5
o oo M ate i al Fal I ure 1953.30 | 0.38 72.15 2.23 0.97 _|cvcs
| 2314.30 1.86 72.72 2.24 0.97 |bPA-5
3 2966.30 | 2.88 73.14 2.26 0.98 |DEG-7
2833.30 4.46 74.75 2.31 1.00 [PROD-7
2545.31 | 0.57 76.89 2.37 1.03__[Carb-5
1795.30 | 0.06 79.07 2.44 1.06 |di-bPA-4
2465.31 1.31 80.14 2.47 1.07__|Cl6
oo 3352.30 0.14 81.35 2.51 1.09 |DEG-8
2701.30 1.31 81.75 252 1.09 |bPA-6
3220.30 | 259 82.70 255 111 [PROD-8
bl A 0 B A L0h. N, Jaa YAAI oo it ad oo\ s el b N0 i ali) ga, 2341.31 | 031 83.90 2.59 112 |CYC-6
° 3 A o s 75 75 PA MR O M7 oS oS 5oTTTEs ) TS & PRI A VN s 2933.29 1.83 85.65 2.64 1.15 Carb-6
fewenon Time e 374031 | 053 87.79 271 117 |DEG-9
2852.30 | 2.69 87.92 2.71 1.18 [Cl7
E 3088.30 1.70 89.79 2.77 1.20 |bPA-7
E 3609.30 0.62 89.92 2.77 1.20 _[PROD-9
s 3320.31 | 0.58 92.59 2.86 1.24 _|Carb-7
E 2727.30 | 0.10 93.00 2.87 124 _|cYyCc-7
oo 2490.30 | 0.01 93.80 2.89 1.25 |Acet-6
ot . . 4128.30 | 0.06 93.80 2.89 1.25 |DEG-10
3 M a‘te rl al Fa| I ure 3238.30 | 0.59 95.80 2.96 1.28__|CI-8
o] 3474.30 | 0.23 96.20 2.97 1.29 |bPA-8
3 3994.30 | 0.35 96.20 2.97 1.29 [PROD-10
§°73 3707.30 | 0.19 99.27 3.06 1.33 _ [Carb-8
£ oo 4382.30 | 0.40 101.14 3.12 1.35 |PROD-11
4 3626.30 | 0.87 101.53 3.13 136 |CI9
ooy 3861.30 0.24 101.93 3.15 1.36  |bPA-9
o 4094.30 | 0.08 103.94 3.21 139 [Carb-9
E 476829 | 0.21 104.87 3.24 1.40 _|PROD-12
oors 4013.29 | 0.60 105.67 3.26 141 [CI10
3 424730 | 0.1 106.20 3.28 142 |bPA-10
- | ACD/IntelliXtract assignment
B QY)¥Y J s A

‘ table from LC-MALDI TIC

50 Py
Retention Time (min)



LC-MALDI Assignment Table Translated to LC-DAD

HPLC-DAD sample differentiation from the DOE

Reference Mat'l

Wwwwm

0 5 10 15 20 25 30 35 40 45 50 55
Retention Time (min)

Material Failure

o
5]
=
o
[
(4]
[N
o

25 30 35 40 45 50 55

Retention Time (min) . .
Material Failure

tR CrT Area% rG-1 rG-2 Primary [Coelutions
2733 0.683 0.12 0.06 0.02
2.913 0.863 211 0.07 0.03 Prod-1
3.359 1.309 0.54 0.11 0.05
4.006 1.956 0.71 0.16 0.07
4.499 2.449 4.23 0.20 0.09 PROD-2/DEG-2
5.006 2.956 0.34 0.24 0.11
5.819 3.769 0.78 0.31 0.14 BPA-1
7.613 5.563 0.60 0.46 0.20 Carb-1
8.019 5.969 0.35 0.49 0.21 DEG-3
8.339 6.289 3.43 0.52 0.23 PROD-3
8.559 6.509 2.65 0.53 0.23 CI-2
10.326 8.276 0.09 0.68 0.30
10.659 8.609 0.13 0.71 0.31
11.159 9.109 0.77 0.75 0.33 BPA-2
11.646 9.596 0.21 0.79 0.35
13.219 11.169 0.14 0.91 0.40
13.759 11.709 1.09 0.96 0.42 Carb-2/DEG-4
14.259 12.209 3.47 1.00 0.44 PROD-4
15.159 13.109 1.84 1.07 0.47 CI-3
15.786 13.736 0.62 113 0.49 Cyc-3
16.206 14.16 0.23 1.16 0.51
17.219 15.169 0.18 1.24 0.55
17.879 15.829 0.84 1.30 0.57 BPA-3
19.199 17.149 0.30 1.40 0.62
19.733 17.683 0.67 1.45 0.64 DEG-5
20.386 18.336 3.55 1.50 0.66 PROD-5/CAR-
21.119 19.069 0.29 1.56 0.69
21.892 19.842 2.02 1.63 0.71 Cl-4
22.873 20.823 0.38 171 0.75 CYC-4
23.246 21.196 0.17 174 0.76
23.693 21.643 0.26 177 0.78
24.013 21.963 0.86 1.80 0.79 bPA-4
24.926 22.876 0.66 1.87 0.82 DEG-6
25.626 23.576 2.94 1.93 0.85 PROD-6
26.139 24.089 0.55 1.97 0.87 Carb-4
26.666 24.616 0.32 2.02 0.89
27.479 25.429 1.84 2.08 0.92 CI-5
28.173 26.123 0.46 2.14 0.94
28.973 26.923 1.60 221 0.97 bPA-5/CYC-5/DEG-7
29.833 27.783 2.92 2.28 1.00 PROD-7
30.653 28.603 0.48 2.34 1.03
31.046 28.996 0.54 2.37 1.04 Carb-5
31.839 29.789 1.87 2.44 1.07 Cl-6
32.493 30.443 0.68 2.49 1.10 DEG-8
32.819 30.769 0.74 252 111 BPA-6
33.193 31.143 2.45 2.55 1.12 PROD-8 CYC-6
34.139 32.089 0.82 2.63 1.15 Carb-6
34.426 32.376 0.45 2.65 117
35.206 33.156 2.44 272 1.19 CI-7 DEG-9
35.879 33.829 2.41 277 122 PROD-9/bPA-7
36.346 34.296 0.26 2.81 1.23
36.952 34.902 0.51 2.86 1.26 Carb-7
37.099 35.049 0.41 2.87 1.26 CYC-7/DEG-10
37.466 35.416 0.90 2.90 1.27
37.893 35.843 1.22 2.94 1.29
38.093 36.043 2.23 2.95 1.30 PROD-10/BPA-8/CI-8
38.726 36.676 0.08 3.00 132
39.313 37.263 1.22 3.05 1.34 Carb-8
39.553 37.503 0.09 3.07 1.35
39.986 37.936 2.62 3.11 1.37 PROD-11
40.313 38.263 0.64 3.13 1.38 CI-9/BPA-9
40.946 38.896 1.12 3.19 1.40 Carb-9
41.499 39.449 1.23 3.23 1.42 PROD-12
41.813 39.763 1.37 3.26 1.43 Cl-10

Table of LC-DAD peak assignments




Comparison of Area %

Direct MALDI vs LC-DAD (Partial Table)

Sample-1 Sample-2 Sample-3 Sample-5 Sample-10
MALDI LC-DAD [MALDI LC-DAD (MALDI LC-DAD [MALDI LC-DAD [MALDI LC-DAD
Series Label | Series % | Series % || Series % | Series % || Series % | Series % || Series % | Series % || Series % | Series %
A 83.9 71.6 72.2 54.5 85.8 76.8 77.1 60.7 56.1 41.1
Z 2.8 6.5 3.1 7.0 14.8 16.4 24.9
X 0.8 0.8 0.8 4.2 5.3 10.6 8.8
B 3.3 6.0 3.2 5.8 7.0 9.6 5.3 8.0 6.1 8.5
C 10.9 14.6 24.3 28.8 4.6 6.3 2.0 4.5 6.2 10.3
F
D 1.9 4.1 0.4 3.5 2.7 3.3 4.4 6.6 4.6 6.4

« Appears to be discrimination towards the desired
product (“A Series”) in Direct MALDI

— Especially in the case of the “Z-series”.

©Eastman Kodak Company, 2008




JMP Evaluation - Direct MALD/I vs. LC-DAD Correlation
Product Purity

[Multivariate ]

Correlation

New M Product DAD Product

New M Product 1.00 0.99
RAD Product 0.9 1.00
[ScaterplotMatix ) Product end-group series

o shows a strong correlation
- ‘/ for the two analytical

| - techniques to directionally
60 Direct MALDI - -/

Product Series / / evaluate the DOE
“7 e i variations.
20 /
-‘.//
80
o
70 — °
= . /
o / LC-DAD -
i Product Series

30- /
04/ /

T T T T T T T T T T T 1
2 40 60 8 100 10 20 30D 40 50 60 7 &«
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DOE Overview - Process Understanding

« JMP software used for comparison of the DOE results for process
understanding

Confidence level increase of 3-4x for HPLC-DAD relative to direct MALDI.

« Critical end group chemistries correlated to manufacturing parameters

Z-Series

X-Series

<+— Better confidence

<— Better Precision

Correlations to Manf. Direct MALD/I HPLC-DAD
Parameters

Cl Prob >F 0.1447 0.0543
Cl F Ratio TEA 19.0000 43.3100
Cl F Ratio CTB Temp 13.2700 25.4000
Carb Prob >F 0.1313 0.0285
Carb F Ratio TEA 19.0000 75.0714
Carb F Ratio CTB Temp 13.9592 44.9081

©Eastman Kodak Company, 2008



DOE Overview - Analyte Suppression

 JMP revealed Direct MALD/I end-group suppression effects.
(Suppression effects are noted by negative correlations > -0.5000)

— MALDI: Cyclic species in the presence of bis-Phenol A end-group
showed a negative correlation (- 0.6974).

— LC-DAD: Cyclic vs. bis-phenol A correlation (0.2180)

« Analyte suppression mitigated using LC detector for
guantitation.

©Eastman Kodak Company, 2008



HPLC-MALDI Summary

The chromatographic fidelity of LC-MALDI, relative to HPLC-DAD, is
maintained.

LC method development bottleneck removed using ACD/IntelliXtract
for facile peak-tracking.

Statistical comparison demonstrated an improvement in end group
guantitation by HPLC-DAD relative to direct MALDI with respect to:

— Statistical signal-to-noise for correlations of end group to
manufacturing process (confidence)

— Mitigation of direct MALD/I discrimination effects

LC-MALDI provided a systematic approach to HPLC-DAD method
development and an accelerated path for quantitative determinations of
end-group chemistry for material understanding.

Mitigating Discrimination
— LC detector addresses dynamic range limitation
— Chromatography addresses analyte-suppression
— Precision improvement using chromatography

©Eastman Kodak Company, 2008



MALD/I Discrimination and Display Applications

Structure discrimination (OLED materials)

« OLED materials readily ionize by LD/l and MALDI forming
radical cations

« Can analyze directly from intact display device

* Discrimination issues observed with mixtures similar to
Redox effect in electrospray.

 Investigate w/ respect to 2-step model (R. Knochenmuss)

Work done in collaboration with Rich Knochenmuss (Novartis), Dave
Giesen (Kodak), and Jerome Lenhard (Kodak)

©Eastman Kodak Company, 2008



Introduction

« Certain analytes appear in LDI or MALDI mass
spectra as radical ions

— Electron transfer (ET) reactions in the desorption/ablation
plume are believed to determine the observed mass
spectrum.

« Knochenmuss introduced the two-step model of UV-
MALDI ionization [1] predicts MALDI spectra based
on the thermodynamics and kinetics of matrix-analyte
lon-molecule plume reactions.

 ET-MALDI has not been well characterized nor has
the two-step model been validated for ET reactions.

[1] R. Knochenmuss, Anal. Chem. 2003, 75, 2199.

©Eastman Kodak Company, 2008
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CAS#: 123847-85-8 CAS#: 104751-29-9 CAS#: 122648-99-1

Analytes investigated. A= m-TDATA, B =TTB, C = NPB, D = rubrene,
and E = D2NA
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Study LD/l and MALDI Behavior - Test
relative to Two-Step Model (Knochenmuss)

Methods

« MALDI-ToF mass spectra were recorded for binary and complex
mixtures of analytes, in several matrixes.

« The analytes span a wide range of electron transfer driving force.

« Where ionization potentials were not experimentally known, they were
calculated by ab-initio methods.

« Oxidation potentials were measured for all analytes.

« The matrix/analyte ratios were varied over a wide range, and the effect
of laser power was also studied.

Hoteling, A. J.; Nichols, W. F.; Giesen, D. J.; Lenhard, J. R.; Knochenmuss, R. Eur. J. Mass Spectrom. 2006, 12, 345-358.



Experimental and Calculated lonization Potentials, Eox

Compound Expt. IP Calc. IP Eox

(eV) (eV) (V vs. SCE)
Analyte A 6.04 0.423, 0.707¢
Analyte B 6.28 0.728, 0.907¢
Analyte C 6.45 0.820, 1.009¢
Analyte D 6.412 6.50 0.884
dithranol 6.94 ca. 2.1
(trihydroxy anthracene)
Analyte E 7.06 1.273
anthracene 7.432 7.41 1.33b
5-MeO SA 8.24 8.09
dithranol 8.17 ca. 2.1
(1,8-dihydroxyanthrone)
2,5 DHB 8.054 8.19 1.20°b
DCTB 8.22 ca. 2.1
nicotinic acid 9.382 9.63

Notes: SA = salicyclic acid, MeO = methoxy, Me = methyl, DHB = dihydroxybenzoic acid.
a) NIST Webbook b) irreversible c) two reversible waves

The calculated IP values are corrected by linear regression to experimental data
for the compounds shown and five other compounds.
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Computed IP vs. Experimental Eox

2.5
o
—~ 2
2
X
o
w15 -
©
= ¢ .
o
£ 17 . 2,5 DHB
2 o
x
W 0.5 A .
0 . |
55 6.5 7.5 8.5
Computed lonization Potential (eV)

Good correlation (except 2,5 DHB) demonstrates that computed IP and
experimental Eox are equivalent indicators of ET-MALD/I performance.
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100+

100+

MALDI of analyte mix
in DCTB matrix
%,
B
X 10
1 E D C
Omm L {\ T
LR LR R \ \ \ \ \ \ \ \ \ \
A
B
LDI of
analyte mix
%,
X110 D
\
E \\ C
¥
0 e ———————
400 450 500 550 600 650 700 750 800
m/z

ET-MALDI / LDI Characteristics

 All species are observed as radical
cations.

« The substances with the highest
oxidation potentials / IPs give the
smallest signals.

« All analyte IPs are below that of the
DCTB matrix.

These data suggest that the mass spectra
are determined by secondary reactions
taking place in the expansion plume:

M*+A >M+A* (1)
A*+B > A+B* (2)

M = matrix, A = analyte, and B = second
analyte

©Eastman Kodak Company, 2008



MALDE fon Signal

Theoretical MALDI Prediction

Matrix/Analyte

Matrix mixing ratio

| v | KHE: |

Analytes
A B

i

] RILLH B

|

206:2:1

200:3:1

2041

20:5:1

206

| | |
0 20M) ) BN}

m'z, [

| |
LI UL

Ref 1: R. Knochenmuss, Anal. Chem. 2003, 75, 2199

e Calculations from Ref. 1,
showing matrix and analyte
suppression, via reactions 1
& 2, for proton transfer
secondary reactions
matched experiment.

« If ET MALDI is also
described by the two-step
model, similar suppression
effects should be observed.

M*+A > M+A* (1)
A*+B >A+B* (2



MALDI Signal

ET-MALDI and the Two-Step Model

X10

'y -

M/A=660000

i

l

DB C A

l M/A=66000 |

e e
matrix
DCTB

1

l M/A=6600

Predicted

'MSE

M*+A >M+A* (1) ll | M/A=660

i

M/A=73

200 300 400

500
m/z

600 700 800

Equimolar Five-Analyte Mix in DCTB

Reaction 1 causes
suppression of matrix as
analyte concentration
increases. [1]

(Matrix Suppression Effect —

MSE)

Observed

Even at matrix/analyte mole
ratio of 6600, matrix is
strongly suppressed.

This is more efficient than
usually found for suppression
by proton transfer.

[1] R. Knochenmuss, Anal. Chem. 2003, 75, 2199.



thermodynamically least-favorable analyte ions as analyte concentration
increases. [1] (Analyte Suppression Effect —

ET-MALDI and the Two-Step Model

Predicted: Reactions 1 and 2 cause suppression of the

ASE)

Observed: Strong suppression of high IP analytes at higher
concentrations (lower M/A) and in LDI.

1.20 |
LD . MALDI X P Eox
1.00 - é eV V
o il A: 6.04 042
< 0801 o B: 6.28 0.78
® .
o = C: 6.45 0.82
5 2OV — D: 6.50 0.88
= X E: 7.06 1.27
£ 0401 L) DCTB:
< EDCBA 0 EDCBA| 8.22 ca. 2.1
0.20 - c
o I I
I
0.00 '_i_ . . .
77 690 6900 69000 690000

Me+A > M+ A (1)

At+RB = A + Rt

(2)

[M]/[A] Mole Ratio

[1] R. Knochenmuss, Anal. Chem. 2003, 75| 2199.



Matrix Peaks

D
100 /\ A
(] B M/A=660000
100, DCTB ° A
: M/A=66000
0+ A L A R R RN Ry ARRn N AR LAAARARARE

» MSE \ :

w M*+A > M+A* (1)

: M/A=6600
0 IR R R R R R RN R ‘”"\”"\”"\“”\‘”‘\””\“”\””\”“”“””\A‘\””‘
100+
% b M/A=660
0:‘ . T
A
100 ASE
B %
. D*+A>D+A*(2)} D M/A=73
R Y SN A WA B W

m/z

Spectra represent equimolar mixture of A and D in DCTB matrix.

©Eastman Kodak Company, 2008

Energetics of MSE
and ASE

IP  EoX
Analyte A 6.04 0.42
Analyte D 6.50 0.88
Matrix DCTB 8.22 2.1

» Matrix ions can abstract
electrons from analyte
neutrals (reaction 1). This
causes MSE.

« Analyte D ions can abstract
electrons from analyte A
(reaction 2). This causes
ASE of D by A.

* These reactions are
efficient at high
concentration (low M/A)
(plume collisions).



Matrix Peaks

100

R E

. M/A=530000 :
100, DCTB

TM+A SM+ AT E P Eox

%] ‘ Analyte A 6.04 0.42

ot 2 0300 Analyte D 6.50 0.88

D Analyte E 7.06 1.27

1007 Matrix DCTB 8.22 2.1

%%

M/A=530 IE « Analyte D was suppressed by A.
O B e Here E is suppressed by D.
1007 E++D > E+D* » Suppression is predictable from
% the ET energetics.

; M/A=60

O B e

D

100+

%]

] E

. M/A=1 | |

150 200 250 300 350 400 450 500 550 /M/Z

Spectra represent equimolar mixture of D and E in DCTB matrix.
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100

100

%
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%

1 Fluence

100

1 Matrix Peaks
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Suppression Effects
vs. Laser Fluence

» Higher fluence creates more
primary matrix ions.

* If excess primary ions are
available, analyte cannot
suppress the matrix.
(reaction 1)

 If more charges are available
to all analytes, the mass
spectrum becomes more
representative of the sample
composition. (reaction 2)

M*+A > M+A* (1)
A*+B >A+B* (2

Spectrarepresent equimolar mixture of the five analytes in DCTB matrix.
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Matrix Peaks

N

100 ET Energetics and
] Matrix Choice
‘%i D
] M/A=65000
07 j l\ /\\\ \L T IP EOX
Analyte D 6.50 0.88
1007 Analyte E ~ 7.06 1.27
% Dithranol 6.94 2.1
| M/AZ6500 b (trihydroxy form)
ol _ H‘_H‘l“ Dithranol 81 21
D (keto form)
100i
« Analyte E is not observed,
%] even at low M/A. (Small signal
| M/A=650 E at low M/A due to direct
o] L n L lonization)
100- 0 « Apparently, the IP of dithranol
| matrix is insufficiently high to
%- abstract an electron from E.
] M/A=70 =
50 200 250 300 | 350 400 aso | 800 | ss0 Mm/z

Spectra represent equimolar mixture of D and E in Dithranol matrix.
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Normalized Peak Area

Exception to Thermodynamic Predictability

At high dilution, analyte-analyte collisions are rare (reaction 2), and
matrix-analyte reaction becomes limiting (reaction 1).

In this example, the matrix-analyte reaction does not reach
equilibrium if:  AIP > approx. 1.75 eV and AEox > approx. 1.25V

1.20 A
LD MALDI \
AIP, AEOX vs.
1.00 — | DCTB matrix:
eV V
0-80 1 A: 2.18 1.68
e B: 1.94 1.32
| (C: 1.77 1.28]
040 D: 1.72 1.22
E: 116 0.83
EDCBA
0.20 1{EDCBA
0.00 = . . I L
0 6900 69000 690000

[M]/[A] Mole Ratio



ET MALDI / LDI Conclusions

In-plume, ion-molecule ET reactions lead to a general relative suppression of
higher IP/Eox matrix and analytes, in positive polarity.

In ET MALDI, MSE, and ASE can be mitigated via matrix choice, laser
fluence, and M/A ratio.

In ET MALDI, high M/A ratios or laser fluence reduced suppression effects,
but intensities never quantitatively reflected the composition of the original
sample.

These characteristics are indicative of, and predicted by, the two-step model
of MALDI ionization.

Consistent with the model, mass spectra can be predicted and interpreted
based on the thermodynamics of plume reactions.

Both ab-initio estimates of gas-phase IPs and solution-phase oxidation
potentials were found to be useful thermodynamic quantities.

Exceptions to thermodynamic predictability were observed for large IP or Eox
differences between matrix and analyte, if the M/A ratio is also high.

©Eastman Kodak Company, 2008



Conclusion

Understand boundaries (discrimination) of application space
— MALDI relative to SEC
— MALDI relative to HPLC

Understand dynamics of the boundaries
— SEC-MALDI
— HPLC-MALDI

Manipulate the boundaries to our advantage
— Mitigate discrimination - more general sample expression
— EXxploit discrimination - more specific expression

Chromatography can help mitigate analyte-suppression

— Dynamic range
— Analyte suppression

©Eastman Kodak Company, 2008
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Display Application - Spatial resolution
(Imaging)

* Use understanding to guide analysis of
Intact devices.

« Want pixel resolved information

* Investigation of TOF-TOF with YAG
Laser

©Eastman Kodak Company, 2008



OLED bare (zoom in on image)

Fie Edit Yew Tools Compass Help
= R @ iy B I
Imaging Display Checklist

Step 1: Set sequence
properties

Step 2- Load zample image

Step 3: Set three teach
paints

Step 4: Define
measuement regions Lsing
the add rectangle or

add polygon tool

Step 5: Start automatic run.
If you want to go back to
edit measwrement regions,
you first have to delete the
acquired data.

Step b- Load results [done
automatically at the end of a
un)

Step 7: Define result filkers
with Chrl-click into the:
spectrum display or using the
add filter button.

Mo Function Image
Reqgions
< ] >
Spectrum Display
au.
15
10
05
A
T T T T
200 400 B00 800 miz
1 il REREA) S8 FosiEqE) Filter List: | oled v| [sawess.] [ add. | [ Edi. |
O Region Raster [um] | autoecute Method | [ Spectum O Fiker Mame Filter Methad Hits )
1 40,40 Imaging-pik Ol [mEmE G016105Da+1 Da 188
O 5 E02E5420a+3Da 133 —
[my K B037212Da+1Da 177
[ Ez 7955624 Da 1 Da 308 b
For Help, press F1 TOFUser RODX¥141¥082 | (270,176) px (-12127,11007) pm
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OLED bare (with molecular image mass 602 over digital image)

Fie Edit Yew Tools Compass Help

B = By 3 LB R 4| s v &

@ Y i

Checklist

Step 1: Set sequence
properties

Step 2- Load zample image

Step 3: Set three teach
paints

Step 4: Define
measuement regions Lsing
the add rectangle or

add polygon tool

Step 5: Start automatic run.
If you want to go back to
edit measwrement regions,
you first have to delete the
acquired data.

Step b- Load results [done
automatically at the end of a
un)

Step 7: Define result filkers
with Chrl-click into the:
spectrum display or using the
add filter button.

Image Mo Funckion
L>
Results
au. *0e-3
400
200
T T T T T T T T T T T T T
B 600 601 602 B03 604 603 BOG BO7 603 609 610 611 miz
1 Measurement Region(z], 303 Position(z] Filter List: | oled = [Sage Az ] [ Add.. ] [ Edi.. ]
O Region Raster [um] | autoecute Method | [ Spectum O Fiker Mame Filter Methad Hits ~
1 40,40 Imaging-pik Ol [ E 5017018 0a+1Da 186
4 E ax1Da
[mERE 7955624 Da+1Da 308
] 8216391 Da+1Da 309 b
For Help, press F1 TOFUser RODX¥159¥095 | (304,203) px (-11412,10492) pm ‘Ymean|¥max= 0.0156
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OLED with DCTB matrix applied molecular image mass 602-red; 508-blue

uflexlmagin led-DCTB.mi

File Edit Yew Tools Compass Help

BEedE B &

B e iyl B8 @

| LB % 4 | Qe v &

Checklist

Step 1: Set sequence
properties

Step 2: Load zample image

Step 3: Set three teach
paints

Step 4: Define
measurement regions using
the add rectanale or

add polygon ool

Step 5: Start automatic run.
If you want to go back to
edit measurement regions,
you first have to delete the
acquired data

Step 6: Load results [done
automatically at the end of a
)

Step 7: Define result filters
with Chrl-click inta the
spectum dizplay or using the
add filter button.

Imnage Mo Function
L>
Results
a.. Owverall Average Spectrum
~
24
14
I I el
T T T T
200 400 600 g00 miz
1 Measurement Region(s), 428 Position(s) Filker List: | oeld-matris = [Sage As...] [ Add.. ] [ Edi... ]
O Region Raster [pm]  autc¥ecute Method | [J Spectum O Filter Name Filter Methad Hits A
1 40,40 Imaging-pik ] [ 6029652 Da+ 30a 358
O ROl ROI Ol my T H 558.6003 Da + 1 Da 57
] Rol2 ROl om H: 508.4951 Da+10a 108
“
For Help, press F1 TOFUser ROOX161¥125 | (308,257) px {-11303,9452) pm ‘mean)Ymax= 0.0238
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By-Product Profile - DOE S/N Improvement using LC-DAD

Mono-Chloro End-Group

Direct MALDI Response DAD Response
Sum mary.edl=it SummaAaLLeimit
RSquare 0.951145 RSquare 0.976167
RSquare Adj 0.706872 RSquare Adj
R Frror >
Mean of Response 2178947 Mean of Response 56
Observations (or Sum Wgts) 19 Observations (or SumWgts) 19
[Analysis of Variance J Analysis of Variance
Source DF SumofSquares Mean Square F Ratio Source DF SumofSquares Mean Square F Ratio
Model 15 329.29750 21.9532 Model 15 937.15937 62.4773
Error 3 16.91408 56 Prob>F Error 3 22.88063 76 Prob>F
C.Total 18 346.21158 0.1447 C.Total 18 960.04000 00543
[Effect Tests | Effect Tests —

Source Nparm DF Sumof Squares FRato Prob>F Source Nparm  DF Sumof Squares FRato Prob>F
Water(0.03,0.17) 1 1 11.56000 2.0504 0.2476 Water(0.03,0.17) 1 1 57.38063 75235 00712
DECF(1.25,1.35) 1 1 1.69000 0.2998 06221 DECF(1.25,1.35) 1 1 13.87562 18193 0.2702
TEA(1.9,2.1) 1 1 10712250  19.0000  0.0223 TEA(L92D) 11 33033062 433114 00071
‘CTBTemp(5,25) 101 74.82250 132710 0.0357 —CIBTemp(525) 11 19390562 254240 00150
Pyrldlne(O 7'09) 1 1 9.30250 1.6500 0.2892 Pyridine(0.7,0.9) 1 1 58.14063 76231 0.0701
Water*DECF 1 1 1.82250 03233 0.6094 Water*DECF 1 1 0.00062 0.0001 0.9933
Water*TEA 11 11.56000 20504 02476 Water*TEA 11 500563 65631 00831
DECFTEA 1 1 1.69000 02998 06221 DECFTEA 101 517562 0678 04705
Water*CTB Temp 11 280000 05126 05257 Weer*CTB Temp 11 796068 10464 03816
DECF*CTB Temp 1 1 9.00000 15963 02057 DECF*CTB Temp 11 1173062 15381 03031
TEA*CTB Temp 11 7482250 132710 00357 JEACTBTenp, 11 1802302 236810 DO
m 1 1 5.00000 15963 02057 Water*Fyn'dl.ne 1 1 15.40562 2019 0.2504
DECF*Pyridine 11 280000 05126 05257 ?:;E*;ﬂif;”e 1 1 12:?022 égj; 825’2
TEA*Pyridine 1 1 9.30250 1.6500 0.2892 -,

. CTB Temp*Pyridine 11 022563  0029%6 08744
CTB Temp*Pyridine 1 1 1.82250 0.3233 0.6094
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Evaluation of Direct MALD/I Discrimination using JMP

* Negative correlation in MALDI by itself points out a suppression of the cyclic
oligomer series by the bisphenol A end-group series.

\ Multivariate

\ Correlations

New M MonochloroNew M 1-CarbamatéNew M 1-Extra DE®lew M 1-Bispheny | A endNew M 2-Bispheny | ANew M CyclilNew M 1-Formate endNew M 2-Formate enc

New M Monochloro 1.0000 0.9965 0.3733 0.4703 0.1606 0.7161 0.2196 0.198:
New M 1-Carbamate 0.9965 1.0000 0.3445 0.4500 0.1548 0.7038 02117 0.191
New M 1-Extra DEG 0.3733 0.3445 1.0000 0.1801 0.3174 0.5598 0.6535 0.632!
New M 1-Bispheny | A end 0.4703 -0.4500 0.1801 1.0000 0.3437 0.0892 0.087.
New M 2-Bispheny | A 0.1606 0.1548 03174 0.3437 1.0000  -0.4240 0.4781 0.365
New M Cyclic 0.7161 0.7038 0.5598 0.4240 1.0000 0.3530 0.348
New M I-Formate end 0.2196 02117 0.6535 20.0892 04781  0.3530 1.0000 0.885
New M 2-Formate ends 0.1988 0.1916 0.6326 0.0874 0.3658  -0.3481 0.8856 1.000

* The negative correlation has disappeared evaluating LC-DAD by itself, showing
that the suppression is mitigated using LC-DAD for quantitation.

\ Multivariate |

\ Correlations \
DAD Monochloro DAD 1-Carbamate DAD 1-DEG DAD Cyclic DAD 1-Bisphenyl A end

DAD Monochloro 1.0000 0.9683  0.3662  0.6169 -0.386¢
DAD 1-Carbamate 0.9683 1.0000 03375  0.5666 -0.3557
DAD 1-DEG 0.3662 03375  1.0000  0.7435 0.3297
DAD Cyclic 0.6169 0.5666  0.7435  1.0000

DAD 1-Bisphenyl A end -0.3868 -0.3557 0.3297 0.2180 1.000C



