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 How we can one integrate data from different groups?
 How does one ensure data persistence?
 How does one assign intellectual ownership of group data?

« How can this be done for a small research effort like the
battery community?

James M. Caruthers NSF Bettery Workshop, MIT, Cambridge, MA September 8-9, 2008



« How can CyberlInfrastructure aid in the extraction of useful
knowledge from the flood of data ?

* Requirements

— Single time of ingress
— Databases, not folders, that are ontologically enabled
(i.e. can be searched with words/concepts that have chemical meaning)
— Analysis programs integrate with database
— Advanced visualization tools for human processing of information
— Must be low friction - the researcher can focus on chemistry not IT tools

Science: the process of systematically generating

SciAether™ knowledge from data
Aether: the magical substance postulated by the late 19t

century physicists that supported all physical processes
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Data Ingress — e-Lab Notebook

Database — ontologically enabled
|ntegrated analysis environment
*Analysis tools
*Visualization

«Computer-aided discovery

James M. Caruthers
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N

8.

Intuitive interface that creates connections in the database
Ability to easily create new templates
eLLN has to be able to work offline

Interface should allow integration with 3rd party software (e.g.
Chemsketch, etc.)

Ability to attach raw/binary data from instruments

Interface should have ability to enter symbols and equations

The e-Lab Notebook should freeze all data at the end of the day and
time stamp the data — legal IP protocol

Data provenance must be archived

Data must only be ingressed a single time — no copying from paper notebook I
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W ELN Client: Introduction

Wwelcome to the ELH Client

1. Uze the Browse button to zelect wour terplate file

2. Click an the Load D ata buttan

1. File for template M:MPerzonalsE LM Archives\CCD_template] _blank_aryloside_esp2. 2. zip. cpt Browse I

Load Crata E it Client |
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A ELN Client =10l x|

CATALYST
Tabbed layout for

Single Site Polymerization Project ssvelocaly | SavesndlUpload | Easy Navigation

Catalyst Structurel Computational Methodl Hesultsl Comments [Iast'ID]l

Fequest Date and Time I I

Template Uni

T emplate Unique template2

Template Name IS ingle Site Polymernization Project

Template Yerzsion |2_'|

Template Description ISingIe Site Polyrerization Computation T emplate dezigned for Tam Manz

Fequester Ioffline_test_user

Request Tupe |Edit COlor COded fields
Requester ID ID i
- | tell user what is
keywords | req u I red

Marne(s] of Dwner(s] oiline_test_user

D ate Modified/Created |1 1172006 1:07 PM

Record Murnber Inew

Parent Recard Mumber IN;A

| | | Ready September 8-9, 2008




header Catalyst Synthesis | Catalyst Eharacterizatinnl F'u:ul_l,lmerizatiu:unl Cormretts

Performed on
Perfarmed by
Catalyst Mame

Catalyst [nChl String

Catalyst SMILES =tring

Alzo Known Az
Catalyst Batch Mame

Structure Figure

Structure az ChL

[1z71/2006 Z [1:07 PM

IEDrneI Stanciu

Ianti-[EEH A1 ndi2EM e

IInI:hI='I AC20HT6.2CH 3.2 -3-7-13-15(5-113-11-17(19)13-14-18-1

(21T 1214081718150 01 T (COHIHIHICIHDOH DT BEIC] |

IErintzinger's catalyst; [EBIEE i e

fi

Several ways of
identifying the catalyst

Including InChlI and
SMILES

EZrfel-3-7-

[HI:(CTECC

Ianti-[EEH N -nd)2 e oif

>

Catalyst structure
drawing made with
chemsketch

Catalyst structure also
attached in chemsketch
format for easy editing

|anti-[E2H N-nd2EMe k2

~|Ad
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Kinetic Data from NMR

~=  Performed on

Perfarmed by
Catalyzt B atch Mame
Inztrument

Internal Standard
Solvent

Temperature [C]
Kinetic Data

Image of Kinetic Data

[2ra/2007  ZE [5:09PM

INiu:hu:uIas Travia

Metadata and other

I details about the
finova 300 experiment
|PHZCHZ
ITDIuene-dB
[25
MO-NET-1240.csv ~| 24 Raw data
[MO-NET-1240.PNG ~| A attached
0.83m M Ehntzlngar mr 1E’I|-|-1|:E|4'III:; ane Tollowing 5.8ppm
ppa—LULL L S UL LS
T ] Short Summary
] Graph Image
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A ELN Client =1of x|

CATALYST

Single Site Polymerization Project Savelocaly | Saveandlplad |
headell Catalyst Structurel Computational Method  Results | Comments [lazt 1D]|
[, I :I
Partition Function I
Solvation Energies
Electrostatic Contributions I )

to Solvation Energy [keal/mal]

Morelectrostatic Contributions |3-| T
to Solvation Energy [keal/mal]

Custom Parser
automatically
fills out fields
from Gaussian
Log files

SEF Energy in Sobvent |-3. 950062756551 S45E-+03
[kcal/mol]
Job Files
Inputl.cam) File [D: T est fles for scriptial 2 138 1_2 2 0 0_0_0_0_12_55_0_0_0_0_toluenetal 2 13812 200000 1255 00 ( v | £ 2]
Script Generated File I Ll A A
Feheck [ fehk) File feriptha1_2_138_1_2_2_0_0_0_0_0_12_55_0_0_0_0_touenehal_2_138_1_2_2 0_0_0_0_0_12_55_0_0_0_0_tohene.fchk v | & 2
Computation [log] File [seriptha1_2_138_1_2_2_0_0_0_0_0_12_55_0_0_0_0_toluene\al_2_138_1_2 2 0_0_0_0_0_12_55_0_0_0_0_tokiene.out v | & 2
Sequencer [ hat] File [D:T st files for scriptat_2_138_1_2_2_0_0_0_0_0_12_55_0_0_0_0_tokuenehal_2_138_1_2_2_0 0 0 0_0_12 55 0.0 ¢ v | & 2}
NCS4 histary [.out] File [D: T est fles for scriptial 2 138 1_2 2 0 0_0_0_0_12_55_0_0_0_0_toluenetal 2 13812 200000 1255 00 ( v | £ 2]
Fun Script | ™
|Computation (log) File  [fizld_188 | |Ready |
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Data Ingress — e-Lab Notebook

-Database — ontologically enabled
|ntegrated analysis environment
*Analysis tools
*Visualization

«Computer-aided discovery

James M. Caruthers
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Consider a database with 10,000 or more records

Example Query: Find all polymerization data for all non-styrenic olefin monomers for
which the kinetics were measured via NMR 1n toluene for bridged Group IV catalysts.

A | B |
P C N —
ﬂ Dmner N‘:::E;:; leYhexene @- \v
103 (=2
% Solvent(s) _ 140| Performed on 10427005 12 SQL needs to
106| Monomery{s) Gl — understand that TI
07| 142] Ferformed by bkrishna d
108 Activator s) 143 and Zr are Grou
% CoActivator(s) SQI— needs to 144 Kinetic Data Specified | & h p
o- or{s =
Exes 145
it ‘ understand that 1- | & IV metals & what
Uty . Raw Data File 1 @ Time 1 , 1 1 i
i -, |
7 0 1 1 . .
Reaction Scheme Figure \D/ 1 nonStyren IC Olefl n 148 Raw Data File 2 @ Time 1 log
L —{ 149,
‘ { \ ] Raw Data File 3 @ Time 1
" . v 150 aw Data File 3 @ Time oracpar
13 151]
| Al
mRﬂacﬂun Schemeasthl ¢ cersibalaveaction. el 152 Raw Data File 4 @ Time 1 et
ilib] 153
11g|Reaction SchemeasSVG e rslhalatworkie-lab-notehooKCo(s THOCEHIE- 2,6 Me2.5vg 154 Image @ Time 1 ' -
117 155 v
Monomer 1to Catalyst ‘200 156 Y
1113 Mole Ratio 157 "
= 158
Duration of Reaction 158|
120 {sec) 1200 159
121 160l
1122 Temperature (K} 1273 |
193
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Example ontology for aryloxide chemistry  Protége screenshot

) ¥ £ Molecule
| Molecule |_HASA | Charge S
IS A I I | v O Olefin
[MonomerJ [ - ] ) alpha-olefin
IS A | . b [ hasAtoms (multiple Atom)
—_| [ ] (W] hasBonds  (multiple Bond)
| Olefin | |

- [I.]has[:harge (=ingle Charge)
(Ml hasMass (single xsd:float)

IS A~ — — T T T — | () hasMame  (single xsd: string)
aipha-olefi  (Zbuiens]  (buiadien

-5 | « Web Ontology Language (OWL)
| | is W3C standard
- — - » Encodes logic in Description
Logic (DL) format

Legend: | Concept | [Property| [Instance] - Use Protégé as OWL editor
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Design: A semantic analysis layer interacts with a

data retrieval layer
Reasoner
(Racer, Jess)[€

lo-sQL Query—> (ANTLR)

I Results
output

Domain Expert’s

Knowleldge

Relational
Database

ANTLR = ANother Tool for Language Recognition : Parser generator
Racer, Jess: classification of concepts and instances in ontology
OWL = Web Ontology Language

James M. Caruthers NSF Bettery Workshop, MIT, Cambridge, MA September 8-9, 2008



Data Ingress — e-Lab Notebook

Database — ontologically enabled
|ntegrated analysis environment
*Analysis tools
*Visualization

«Computer-aided discovery

James M. Caruthers
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& Applications  Actions

o)

bkrishna's H

CCDE - Choose Project

Choose CCD Project

Jantum

Submit |

SciAether

'@ﬁ] Fri Mov 03

2:01 PM




pe@l] CCDE - Query interface RPN
CCD Database Query

Project: Single site polymerization Experimental Back

Selected Felds

Search Constraints
. 10) aND {PDI

=

Example: (Molecular Weight > 100003 AHND (PDI < 2)

&I Submit |
[

Felds Operators

kp_Predicted
kp_Experimental

Cp_Cone_Angle

ArQ_Cone_fngle

CIBE

Activity

Molecular Weight

PDI

Temperature £ ¥l

SR = — =
Select | |

item count: 11 item count: 6

CCDE - Query Interface




X 4| CCDE - Query Interface d p@ilccoTabler  [EEmPY
CCD Database Query

Project: Single site polymerization Experimental Back

Hie Edit View Command Help

Selected Felds

ima(e ArO Cone_Angle |I_<[ Predicted | p_Experimental | C

97.6 0.23 0.22 35

Search Constraints
. 10) aND {PDI

¥l
=

Example: (Molecular Weight > 100003 AHND (PDI < 2)

&I Submit |
[

Felds Operators
kp_Predicted
kp_Experimental
Cp_Cone_Angle
ArQ_Cone_fngle
CIBE
Activity
Molecular Weight
PDI
Temperature £ ¥l

SR = — =
Select | |

item count: 11 item count: 6

CCDE - Query Interface
CCD Table 1




¥ -4 CCDE - 0 . b€ CCD Table 1

CCD Database Query

Project: Single site polymerization Experimental Back

Hie Edit View Command

Selected Felds

ima(e ArO Cone_Angle |I_<[ Predicted | p_Experimental | C
0 <

97.6 0.23 0.22 35

Search Constraints
. 10) aND {PDI

¥l
=

Example: (Molecular Weight > 100003 AHND (PDI < 2)

&I Submit |
[

Felds Operators

kp_Predicted
kp_Experimental

Cp_Cone_Angle

ArQ_Cone_fngle

CIBE

Activity

Molecular Weight

PDI

Temperature £ ¥l

SR = — =
Select | |

item count: 11 item count: 6




X -4 CCDE - Query Interface ]

CCD Database Query

Project: Single site poly

ization Experi tal Back
Selected Fields

kp Predicted, kp Experimental, GIBEE, Cp Gone &ng.
Ar0_Cone_Angle

= [ P
Search Constraints

(Temperature < 10) AND (PDI < Z)

~N P
Example: (Molecular Weight > 10000 AHND (PDI < 2)

Save Submit |
Felds I

Relds Operators
[kp_Predicted N[ Y
kp_Experimental |<
Cp_Cone_Angle !:

ArQ_Cone_fngle 'AND

CIBE ;OR

Activity HOT

Molecular Weight

PDI

| Temperature 4| £
= = K =

Select |

item count: 11 item count: 6

X | X -4 €cb Table 1 O % | X -4 €CD Graph 1 o X
Fle Edit View Command Help || Fle Edt view axischange Command Helpl
|
Ulad s B> | Taal ]
cch Table | Fan; Elat
|| / |image | &0 Cone_Angle | kp Predicted | kp_Experimental | C N *
j T 97.5 0.23 0.22 35
/lh 1123 0.36 0.34 33
I e T T e T e
|l 116.2 0.36 0.42 33 &
N s =
£
3 66.6 039 0.1 30 =
£ L R SO I LI S SO
*
4 666 0.24 0.27 31 |-|J|
o
v
5 66.5 0.27 0.24 T I B 1 - | ., A D
6 66.44 0.27 0.27 31
7 66.4 0.1 038 30
T T T T T
0.5 1
8 667 0.44 0.46 30 kp_Predicted
q 97 0.51 0.51 26
10 111.9 0.76 0.76 26
1 1148 0.99 0.92 26

‘| X CCDE - Query Interface

|X ccpcraph 1

| X ccD Table 1

Run command

- B 1028am



X -4 CCDE - Query Interface = ']

CCD Database Query

Project: Single site poly ization Experi tal Back

Selected Fields

kp Predicted, kp Experimental, GIBEE, Cp Gone &ng.
Ar0_Cone_Angle

= [ P
Search Constraints

(Temperature < 10) AND (PDI < Z)

~N P
Example: (Molecular Weight > 10000 AHND (PDI < 2)

Save Submit I

Fields |
Relds Operators
[kp_Predicted A Y
kp_Experimental |<
Cp_Cone_Angle =
ArQ_Cone_fngle ‘AND
CIBE ;OR
Activity _||HOT
Molecular Weight
PDI
| Temperature £ V]
= = K =
Select |

item count: 11 item count: 6

* | X -4 cco Table 1 BRI €8 CCD Graph 1 O,
Fle Edit View Command Help || Fle Edit view axischange Command ﬂelpl
I |
Ulad 2 EHid » A2 Uda ]~
cch Table | Fan; Elat
||/ [ image | Ar0 Cone Angle | kp Predicted | kp Experimental | €| % ®
j T 97.5 0.23 0.22 35
/lh 1123 0.36 0.34 33
I e T T e T e
|k 116.2 0.36 0.42 33 &
N 5 ®
£
3 66.6 039 0.1 30 = »
i ']
; L EE— o RS | SIRROREL RRRCERRE S
*
4 666 0.24 0.27 31 |-|J|
o
v
5 66.5 0.27 0.24 T I B 1 - | ., A D
6 66.44 0.27 0.27 31
7 66.4 0.41 038 30 :
T T T T T
0.5 1
8 66.7 0.44 0.46 30 kp_Predicted
q 97 0.51 0.51 26
10 111.9 0.78 0.78 26
1 1148 0.99 092 26

X CCDE - Query Interface

| X ccD Table 1

CCD Graph 1

Run command

- B 1029am



X -4 CCDE - Query Interface 3
CCD Database Query
Project: Single site poly ization Experi tal Back

Selected Fields

kp Predicted, kp Experimental, GIBEE, Cp Gone &ng.
Ar0_Cone_Angle

-

= [ P>
Search Constraints

(Temperature < 10) AND (PDI < Z)

< |

N =

Example: (Molecular Weight > 10000 AHND (PDI < 2)
Save Submit |
Fields |
Relds Operators
[kp_Predicted Y
kp_Experimental
Cp_Cone_Angle
ArQ_Cone_fngle
CIBE
Activity
Molecular Weight
PDI
| Temperature £
= = |
Select
item count: 11 item count: 6

X -4 €CD Table 1
Hie Edit \View Command

O

X

Help |

X -4 €CD Graph 1
Hle Edit View AxisChange Command

Uil S

] o=

B U4

CCD Table |
| /| image | &0 Cone_Angle | kp Predicted | kp_Experimental | C N
0 . 97.6 0.23 0.22 35
1 . . 112.3 0.36 0.34 33
Z . . 116.2 0.36 0.42 33
3 66.6 0.39 0.41 30
4 66.6 0.24 0.27 I
3 66.5 0.27 0.24 k1l
6 66 .44 0.27 0.27 J1
¥ . . 66.4 0.41 0.36 30
] 66.7 0.44 0.46 30
9 7 0.51 0.51 26
10 . . 111.9 0.76 0.76 26
11 . . 114.8 0.99 0.92 26

©ch Plot
= 17
T ®
O
E
o
[ ®
o T ® :
%
|.u|
=3
o
0.5 ®
*
*
®
*
1| #n *
ae’é
T T T T
0.5 1

kp_Predicted

O X
Help |

b dccpTabler<2> 0=

Hie Edit View Command

L] Bl = |
CCD Table |
/| imagge | &0 Cone_Angle | kp_Predicted | kp_Exper| _\
10 111.9 0.78 0.78
114.8 0.93 0.92
97.9 0.4 0.74
146.1 1.35 1.36

Run command

-B §10:32 am



Data Ingress — e-Lab Notebook

Database — ontologically enabled
I ntegrated analysis environment

*Analysis tools

Commercial Packages (MatLab, JMP, etc.)
Personal Codes (MatLab, C++, Fortran, etc.)
Nonlinear Bayesian Statistics

Domain specific tools

*Visualization

«Computer-aided discovery

James M. Caruthers NSF Bettery Workshop, MIT, Cambridge, MA September 8-9, 2008



« Expert knowledge (Prior probability distribution)

p(6) /\/\/\ K,

Hl
IO(G)— p (b, )p(é’ - - p(b, )
» Likelihood function, L(data|0)
N * Both expert knowledge and data

a2 AN fitting are important
e, €

* How to compromise these two
different types of information to
obtain the most reasonable
parameter estimates?

L(data |0)= p(e,)p(e,)-- p(e,) The larger, the better

James M. Caruthers NSF Bettery Workshop, MIT, Cambridge, MA September 8-9, 2008




C, =C,exp(—kt)+¢& C,=2000, k=023, y=1.3

* Non-designed data set

0.2

0.28¢

0.26

k 0.24 ¢

0.22
0.2

018

* Designed data set

2

15

}/ 1

0.5

1000 1500 2000 2500 3000 35

Co

0 ; B L
oo 1000 1500 2000 2500 3000 32300

0.28
0.26

k 0.24
0.22
0.2

018

. . . 0
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500 45 0.2 0.25 0.3

Co

James M. Caruthers
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Data Ingress — e-Lab Notebook

Database — ontologically enabled
|ntegrated analysis environment
*Analysis tools
*Visualization

«Computer-aided discovery

James M. Caruthers
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PURDUE
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Natural Representation of Data PURDUE
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» SciAether — prototype cyberinfrastructure

— Initially developed for catalysis science

— Can be expanded to include a wide range of chemistry/materials/biology research
« Scaleable components

e-Lab Ontologically Linked Advanced
Notebook =) Enabled — Apalysm — Visualization
Database Environment
<E LOW FriCtiOﬂ E
Academic
« Minimum system requirements Cost
— PC with Windows XP $1,200
— Microsoft Office 100 (free)
— Database (MS Access or DB2 or ....) 50 (free)
— ChemSketch — freeware version free
— Analysis software (MatLab, etc. — user’s choice) ??7? (free)

James M. Caruthers NSF Bettery Workshop, MIT, Cambridge, MA September 8-9, 2008



Data Ingress — e-Lab Notebook

Database — ontologically enabled
|ntegrated analysis environment
*Analysis tools
*Visualization

«Computer-aided discovery

James M. Caruthers NSF Bettery Workshop, MIT, Cambridge, MA September 8-9, 2008



Does It work?

James M. Caruthers NSF Bettery Workshop, MIT, Cambridge, MA September 8-9, 2008



A large number of available substituted phenols allow tunability
of steric and electronic variation of the catalyst. Steric

Ly, Vo

A
7 X
L2 HZC/\

n-Bu

©)

M =(Ti,)Zr, Hf

() = [MeB(CyFs)sl

[B(CgF5)al

Electronic

L, ={

Br Br

o
3

HiC CHj cl
o

o

F F

F

Ha Hy [

v

L, ligand

James M. Caruthers
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Batch Polymerization

Time (s)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
° ‘é:“’o
ata, ve, [Hex] = 1.0 M
05 v, [Ti] = 0.0050 M
' . Ce, [B] = 0.0050 M
- A %o o Toluene-d8, 0°C
-1 L AA .
" A LN
m A .
= ‘ ‘.
A
= -1.5 " R ., .
= " L ‘. Kobs = 4.1 X 10 &
E = A ¢ L 4 O
= -2 A .
E = AL .
] A *
-2.5 = A, ® o
] O A, I 4 .
[ ] A *
-3 AA * .
‘ 4 1
Kobs = 1.4 x 107 & kobs = 7.1x10" s
-3.5
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Population Balances

* For active sites
dC

—t=—ki-C-M +kw-(iRi+iPij
1 2

C+M iR, d

Homo-polymerization Kinetics

* Initiation

*

) For living chains of unit length
* Propagation RR+M —F5 R, 4R w w

d—tl=ki -C-M _(kp+kP2,1)'M 'R1+ktM M '(ZRi—FZHJ_kw.Rl
2 2

kpz,l . . . . .
* 2,1-misinsertion Ri+M —=—F, * For living chains with length i
dR,
—L=k (R_;-R)-M=k, -R-M+Kk P_,-M
. pliti-1 I P2, i P2, 151, i-1
* Propagation after P + M —<Proz R t ! o
2,1-misinsertion ~(kn M —kip) Ry
) * For monomer
* . R+M—"=D +R dM oo w
Chain transfer to P+M k5D 4R o= KM=k kg, )M -;Ri ~Kpy 10 M -Zzlpi
monomer . .
k _ ) ) | :
* B hydride chain R—%2->D +C K [; Ri +§P|J M +kis - Ry
transfer k . . . - . . . .
P—% 5D +C * For living chains after 2,1-misinsertion with length i
where C activated catalyst dh, K
all ‘R, -M —k P-M=(ky, -M =k )P
M monomer dt p2,1 -l P211,2 1 (K tﬂ) i
Ri living polymer chain * For terminated chains of length i
Pi dormant polymer chain dD.
Di terminated polymer chain (i=1,2......... ) d_rlz kaw -M - (Ri+R)+kis (R +R)
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* Backside insertion of 1-hexen into [CpTi(OCH;Me,-2,6)Me"|[MeB(CF;);];
OLYP/LALNL2DZ level calculation

11

E (kcal/mol)

III

1V

v

Rx

I — Reactants E=0
II-TSI E~=17.9

IIT — Coordinated m-complex
E,~=12.0

IV-TS2 E,~13.2
V — Products E,~-18.8

Conclusion: adsorption 1s the rate determining step
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Descriptor #1 — ArO ligand cone angle Descriptor #2 — CI binding energy

N

CQ* \\&@
CIB.E. = T

Ti
\ A \(H%
| /k\ - -

N+

& ArO  CHy
& cp ligand cone
d angle = 91.0 deg

d arc ligand cone
angle = 93.1 deqg.

+ E[@}
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kp q — koe-Ea/RT — ,Yaoe-EO/RTe-aEIPS/RT Predictive MOdel
y=1-sin¥(0,/4) - sin%(6,,/4) —

0.4

a = 0.300, f = 0.187, and the following .E
values of A (M- s-1) according to catalyst 5
family: (A) 3.01x108 (m), (B) 5.22x107 £
(o). (C) A = 2.65x107 (#), (D) 6.88x105 & 0] 'S
(), and (E) 1.77x107 (A). o eo®
Insight from analysis L

| < ;c:. 0.4 -

3 ’ . o
Postulate “hot’ catalysis 5 ()

| 2 A
Synthesized, and catalyst -0.8 . .
~2X hotter than reported -0.8 0.4 0 0.4
catalysts logqo(k,) Predicted
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 System has been designed and implemented using
commercial software development tools/practices/people

« Expanding usage of SciAether to other groups at Purdue

 Additional capabilities under-development
«Template Designer for eLN
*Drop down menus for eLN
*Expanded ontologies with user GUI for addition of terms
«Connect to other databases like PubChem via Web Services
*Direct connection to eLN from analysis environment
3D visualization inside of linked analysis environment

 Looking for a few development partners
www.sclacther.org

caruther(@ecn.purdue.due
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