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The total number of pages in this application should not exceed 17,
excluding possible appendices (confirmation letter of financing institution,
software license,...) which may be taken into account by the Tier-1
Allocation Board.

European Union’s Horizon 2020 research and innovation programme
(consolidator ERC grant agreement No 647755 — DYNPOR (2015-2020))

In the last decades, significant progress has been made in the field of
computational chemistry ™M, making it possible for advanced molecular
dynamics methods, which have the potential to model chemical reactions
at operating conditions, to enter the scene. @ Furthermore, for an optimal
design of heterogeneous catalysts, a thorough understanding of
elementary reaction steps on a molecular level is crucial. Solely based on
experimental data, it has shown extremely challenging to gather such
information due to the large number of reactions that take place
simultaneously, which can be overcome by complementing the
experimental information with theoretical simulations. [ Therefore, the
quest to attain chemical accuracy (4 kJ/mol for the energy barriers and
one order of magnitude for the pre-exponential factors) using ab initio
techniques is of utmost importance. A recent contribution to this quest is
done by Piccini et al. I by presenting a divide-and-conquer strategy,
enabling them to attain this chemical accuracy for the methylation of
ethene, propene and trans-2-butene, key reaction steps in the methanol-
to-olefin process. 123 With their results, they emphasize on the importance
of accounting for the anharmonic behavior of the system. Therefore, we
would like to simulate the same three reactions using advanced molecular
dynamics, since these techniques are able to directly account for the
dynamic behavior of the system. [2 In this way, the selected enhanced
sampling technique can be benchmarked and its potential can be
demonstrated. Thus, computationally quite expensive umbrella sampling !
simulations of the methylation of ethene, propene and trans-2-butene will
be performed in this Tierl-project to enable us to aid in the quest for
chemical accuracy with ab initio simulations.
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Figure 1: Calculated heats of activation at 623K for the methylation of ethene, propene and
trans-2-butene, where Anharm-Hybrid represents the divide-and-conquer method proposed
by Piccini et al. which attains chemical accuracy. 4
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For optimal catalyst design, a thorough understanding of elementary
reaction steps on a molecular level is crucial. Therefore, the quest to attain
chemical accuracy (4 kJ/mol for the energy barriers and one order of
magnitude for the pre-exponential factors) using ab initio techniques is of
utmost importance. A recent contribution is done by Piccini et al. by
presenting a divide-and-conquer strategy, emphasizing on the importance
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of the anharmonic behavior of the system. Therefore, we would like to
simulate the same reactions using umbrella sampling, since this technique
is able to directly account for the dynamic behavior of the system enabling
us to aid in the quest for chemical accuracy with ab initio simulations.

European Research Council under the European Union’s Horizon 2020
research and innovation programme (consolidator ERC grant agreement
No 647755 — DYNPOR (2015-2020))

The conformation letter is added in the Appendix.
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To perform all simulations proposed in this study, a computing time of over
3000 node days is needed to obtain accurate statistical averages from the
umbrella sampling simulations. Running several multi-node jobs in parallel
is imperative to complete this project in an acceptable timeframe. The
ability to run a large number of jobs simultaneously on the Tier-1
infrastructure is therefore essential for the success of this research.
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During this study, three types of calculations will be performed using the
CP2K software package on a periodic model of H-ZSM-5 consisting of 289
atoms and guest molecules with up to 18 atoms. The computational
requirements for this study have been carefully considered based on test
simulations on similar systems, performed on both the Tier-2 infrastructure
at Ghent University (golett cluster) and the Tier-1 infrastructure at the
University of Leuven. Based on the scaling tests (see item 10), we will
perform multi-node jobs on 2 nodes.

Calculation flow:
1. Abinitio MD simulations (MD)

In a first step, ab initio molecular dynamics simulations are
performed to study the nature, stability and dynamic interaction of
the adsorbed hydrocarbon and methanol. Each simulation will be
performed in the NPT ensemble at realistic reaction conditions,
namely 623 K and 1 atm. A simulation length of 50 ps is required to
allow sufficient equilibration before the system will be biased in step
2 and step 3. MD simulations of comparable systems have shown
that a 5 ps simulation requires approximately 4 node days on Tier-1
(Breniac). Therefore, it is expected that each of the 3 co-adsorbed
alkene/methanol simulations will require 40 node days.
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2.

Creation of umbrellas

Next, different windows for umbrella sampling will be created along
a predefined coordinate which is capable of unambiguously
describing the studied methylation reaction. To create the windows,
we drive the system from the reactants corresponding to adsorbed
methanol and the alkene to the products, namely water and the
methylated alkene, along the reaction coordinate in a
metadynamics (MTD) simulation. Furthermore, the MTD
simulations allow us to obtain a first estimate of the free energy
profiles and methylation barriers. Simulations are carried out in the
NVT ensemble at 623 K with a typical simulation length of 80 - 100
ps, depending on the height of the free energy barrier. Based on
test simulations performed on the Tier-1 infrastructure (Breniac),
Tier-2 infrastructure (golett cluster) and previous experience with
MTD simulations on similar systems, each simulation is expected to
take up approximately 60 node days.

Umbrella sampling (US)

To refine the free energy profile and cracking barrier estimates from
the MTD simulations, umbrella sampling simulations are carried out
on the 3 methylation reactions. The reaction coordinate as
identified in step 2 is divided in overlapping umbrella windows from
the reactant to the product state. At least 25 equidistant windows
are required to reconstruct the free energy profile properly. For
each of these 25 positions along the reaction coordinate, a 50 ps
biased molecular dynamics simulation is needed to obtain a
converged free energy profile. The simulations will again run in the
NVT ensemble at 623 K, thus requiring 40 node days per window.
The 25 MD simulations for each reaction can be easily run in
parallel with respect to each other to reduce the wall time for this
type of simulations.

Table 1 summarizes the estimated node and core days for each simulation

type.
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Table 1. Estimated core and node days for each simulation type.

Job # of Node days per Total node | Total core
type simulations simulation days days
MD 3 40 (= 20 days x 2 nodes) 120 3360
MTD 3 60 (= 30 days x 2 nodes) 180 5040
us 3x25 40 (= 20 days x 2 nodes) 3000 84000
3300 92400

Table 2 summarizes the requirements for scratch space and long-term
storage for each simulation type. Because of the long simulation times, a
complete MD trajectory cannot be obtained within the wall time limit of 72
hours, but requires several restarts. As a result, the scratch volume per
simulation is relatively low.

Table 2. Estimated scratch space and long-term storage for each simulation type.

Job Scratch Lcs):log;r;e:am Total scratch Total long term

type [GB/run] [GB/I‘L?FI] [GB] storage [GB]

MD 0.5 35 3x05=15 3x35=105

MTD 1 10 3x1=3 3x10=30

us 1 10 75x1=75 75 x 10 = 750
79.5 790.5
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Molecular dynamics simulations and umbrella sampling will be performed
using the CP2K software package (http://www.cp2k.org/) with the
PLUMED code (http://www.plumed.org), which are both freely available
under the GPL license. The required version of the program (CP2K/3.0-
intel-2016a-PLUMED-2.2.1-impi-5.1.2.150) is already available on Tier-1.

A scaling test for the CP2K software package (version CP2K/3.0-intel-
2016a) on TIER1 (Breniac) has been conducted using a model system
similar to the systems under study, namely a 2-hexene molecule adsorbed
in H-ZSM-5. Short NVT simulations (2000 steps) have been performed on
28, 56, 112, 224 and 448 cores of the Tier-1 cluster. The results of the
scaling test are summarized in Table 3. In Figure 2, the speedup
normalized to the 28 core simulation is plotted for the short scaling test
MD simulations. This graph indicates that optimal scaling is achieved up to
2 nodes.
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Table 3. Summary of the scaling test of a 2000 steps MD simulation on a 2-hexene
molecule adsorbed in a H-ZSM-5 unit cell.

# nodes # cores Wall clock time (s) Speedup Efficiency
1 28 29952 1.00 1.00
2 56 16044 1.87 0.93
4 112 10164 2.95 0.74
8 224 6522 4.60 0.57
16 448 5286 5.67 0.35
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Figure 2. Speedup normalized to 28 cores for an ab initio MD simulation on a 2-hexene
molecule adsorbed in H-ZSM-5 as a model system using the CP2K software package.
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We estimate that the proposed simulations can be completed over a time
period of approximately 6 months. Similar usage on a monthly basis is
expected. For each of the 3 reactions under investigation, first an MD and
MTD simulation will be performed. Hereafter, the 25 US simulations are
calculated in parallel. The 3 reactions will be studied in parallel which will
take 6 months to complete. This estimated timeframe takes into account
the actual runtime of the simulations, as well as intermediate data analysis
tasks and frequent job restarts.

Since each simulation (MD, MTD and US) cannot be completed within the
wall time of 72 hours, several job restarts are required. For each run, a
maximum of 500Mb of scratch space is required. After 72 hours, all data is
automatically transferred to the Tier2 scratch storage and the Tierl
scratch space is cleared again before the job is restarted. Consequently,
scratch volume per simulation is relatively low and the load on the Tierl
scratch will be minimal. Moreover, the data transfer is thus spread equally
over the duration of the project. The data transfer of the input files at the
start of the job is negligible (approximately 300KB).

List of granted research projects of the Flemish TIER1 system:

e Dynamical kinetic study of zeolite catalyzed reactions (K. De
Wispelaere, 4371 node days, 07/07/2014 — 31/12/2014)

e Exploring the kinetics and selectivity of butene cracking using
molecular dynamics simulations (J. Van der Mynsbrugge, 4864
node days, 01/01/2015 — 30/06/2015)

e Characterizing adsorption properties of C4 — C6 alkenes on H-
ZSM-5 using molecular dynamics simulations (P. Cnhudde, 4260
node days, 13/07/2015 — 31/12/2015)
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e Dynamical first principle benchmark studies on alkene methylation
in H-ZSM-5 (K. De Wispelaere, 1400 node days, 01/12/2015 —
30/06/2016)

e Ab initio molecular dynamics study on the role of water in the
reaction mechanism during methanol conversion in H-SAPO-34 (S.
Bailleul, 4880 node days, 01/03/2016 — 31/08/2016)

e DFT study of reaction paths in zeolite-catalyzed 2-hexene cracking
(P. Cnudde, 4536 node days, 15/08/2016 — 31/12/2016)

e Dynamical first principle modelling of zeolite dealumination in H-
SSZ-13 (K. De Wispelaere, 3624 node days, 01/07/2016 -
31/10/2016)

e Benchmark study of ab initio molecular dynamics simulations for
the methylation of HMB (S. Bailleul, 4812 node days, 1/11/2016 —
30/04/2017)

¢ Ab initio study on the stability of cracking intermediates (P. Cnhudde,
4920 node days, 03/07/2017 — 03/01/2018)

List of scientific output within the framework of granted computing time:

e http://dx.doi.org/10.1016/j.jcat.2017.03.007
e http://dx.doi.org/10.1016/}.jcat.2016.11.010
e http://dx.doi.org/10.1016/j.jcat.2016.05.018
e http://dx.doi.org/10.1002/cctc.201600650

e http://dx.doi.org/10.1039/C5CY02073E

e http://dx.doi.org/10.1021/acscatal.5b02139
e http://dx.doi.org/10.1002/chem.201500473
e http://dx.doi.org/10.1016/j.jcat.2015.01.013

No
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Appendix: Conformation letter

I Ref. Ares(2015)644832 - 16/02/2015

European Research Council
Executive Agency

Established by the European Commission

Brussels,

Veronique VAN SPEYBROECK
UNIVERSITEIT GENT
Technologiepark 903

9052 ZWILINAARDE
BELGIUM

Subject: Invitation to grant preparation
H2020 - ERC-2014-CoG
647755 - DYNPOR

Dear Veronique VAN SPEYBROECK,

We are pleased to inform you that the European Research Council Executive Agency (ERCEA) is
now in a position to initiate the preparation of the grant agreement for your abovementioned proposal.

The ERCEA intends to follow the Evaluation Report advice which has been already transmitted to you
and consequently, it is estimated that the maximum EU financial contribution to your project could
be up to 1 993 750.00 Euro for a period of up to 60 months.

With reference to the submitted proposal and its evaluation, the grant preparation shall be based on
the following:

The deadline for the submission of the data required for the grant agreement, including any
additional documents, as detailed in the Annex attached is 02/03/2015.

Failure to respect the deadline indicated above will be considered as a wish not to enter into
the grant preparation and, therefore, to withdraw your proposal. In such a case, the ERCEA
will initiate the procedures to reject your proposal, unless alternative arrangements have been
accepted by the ERCEA.

Considering the above, we expect the granting process to be completed as soon as possible, and within
4 weeks of the date of this letter.

The grant preparation process, including communication with the ERCEA, and the subsequent
signature of the Grant Agreement, shall be carried out through the Research Participant Portal Grant
Management Service (PP GMS). By logging into your individual account in the Participant Portal and
selecting the project under the Grant Management Service section, each step of the grant preparation
process can be followed, and all relevant documents consulted, at any time.

(2R ERC Executive Agency — Grant Management Department

wouien BE-1049 Brussels, Belgium | hup-/fere curopa eu | Email: ERC-COG-GRANTING( s curopa cu

ey
- European e
Commission | for
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Please see however in the Annex of this letter the additional documents required which you will
have to submit by email to the officer in charge of your project (see: “Additional Information
for the grant preparation attached to this invitation™).

The Grant Agreement preparation data provided through the Participant Portal (pre-filled with the
information already available in the Beneficiary Register, and structured data from your proposal) are
needed in order to prepare the grant agreement and provide programme-wide statistical information.

Kindly note that some information related to the legal and financial status of participants is read-only
and may only be updated by the Legal Entity Appointed Representative (LEAR) of the organisations
concerned through the Participant Portal hitp://ec.europa.eu/research/participants/portal. It is
therefore important to ensure that all participants are aware of the need to appoint a LEAR, within 2
weeks from the date of dispatch of this invitation letter.

Further information providing practical details on grant preparation as well as technical guidance, are
available in the H2020 Online Manual section of the Participant Portal.

This letter should not be regarded under any circumstances as a formal commitment by the
ERCEA to provide financial support, as this depends on the satisfactory and timely conclusion
of grant agreement preparation and on the satisfactory finalisation of the ethics review process
(where applicable).

In case your project needs to undergo an ethics review and/or assessment by the ERCEA, you will,
if not already the case, be soon contacted by our Scientific Department (Ethics team). We draw your
attention to the fact that the granting process cannot be finalised and your project can not start until
all ethical issues are either cleared or have been considered by the Ethics team as having to be cleared
during the course of the project.

Should you need further details conceming the granting process, you are invited to contact
the officer in charge of your project { Mr. Kris PIOT - functional e-mail address

ERC-COG-GRANTING(@ec.europa.eu)

Yours sincerely,

Marja HENNESSY
Head of Unit
ERC Executive Agency

Enclosure(s):
Annex: Additional Information for the grant preparation

cc: Nathalie Vandepitte

ERC Executive Agency — Grant Management Diepartment

o BE-1049 Brussels, Belgium | hitpoifere.curopa.ey | Email: ERC-COG-GRANTING(@ee surapa.c

m Eurapean
Commission
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Annex: Additional Information for the grant preparation

Please remember that Horizon 2020 actions (1.e. projects) must be implemented in accordance with the
assessed proposal. The Description of the Action must not differ from the proposal (see also below).
This is without prejudice to any corrections needed:

» as a result of' an ethical review,

* to ensure the project conforms to the applicable rules, e.g. legal and financial rules,

» to remove clerical errors or clear inconsistencies,

+ when, under exceptional circumstances, a participant is removed during grant preparation.

In line with the above, the following should be taken into account for the ERC grant agreement
preparation:

1. Description of the Action (DoA, Annex 1 to the grant agreement) and Estimated
budget for the action (Annex 2)

The Description of the Action (DoA, Annex | to the grant agreement) should include the narrative
description of the budget, as in the proposal. The budget table should only be shown in the Estimated
budget for the action (Annex 2).

Therefore, when preparing it, please remember to remove the budget table from your proposal (Part
B), before uploading the Description of the Action (DoA) in the Participant portal. However tables that
provide additional information (e.g. more detailed breakdown of certain cost categories) compared to
the budget table of Annex 2 can remain. All eligible costs must be included in the narrative budget
description of the DoA. Please remember to use whole Euro values only.

Description of the Action (Annex 1) — Part A: please note that section 1.3. Workplan Tables -
Detailed implementation does not have to be filled in for the ERC grant preparation.

2. Statement of Changes (SoC)

In addition to the submission of the data through the system please also provide a one page statement
describing any changes that have been made in the Description of the Action compared to the original
proposal.

Even in case there are no changes in the DoA from the original proposal, please include a clear
statement ("Statement of changes", to be uploaded in the Participant portal).

3. Supplementary Agreement (SA)

Please use the model for H2020 ERC supplementary agreement found at the ERC Documents website
(to be sent by email to the officer in charge of your project).

4. PI's passport

Only if the PI has not provided a copy of his/her identity document during the interview (evaluation
of proposal) or this document has been modified or renewed, then the PI is requested to provide a
copy of such a document (to be sent by email to the officer in charge of your project).

ERC Executive Agency — Grant Management Department

wen  BE-1049 Brussels, Belgium | hippoiere europa.ey | Email: ERC-COG-GRANTING (@ee curopa,cu

Har
Commission | foe
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5. Links to other useful documents and guidelines:

Participant Portal

Proposal Management and Grant Preparation

Grant Preparation

Grant signature

Rl ERC Executive Agency — Grant Management Department

restien BE-1049 Brussels, Belgium | httpoliere.curopa.cu | Email: ERC-COG-GRANTING @ec.curopa.cu

n Eurapean
Commission
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Should you have any questions or encounter any difficulties during the electronic

submission of an Application, please contact by e-mail:

Associatie KU Leuven: hpcinfo@kuleuven.be

Associatie Universiteit Gent: hpc@ugent.be

Associatie Universiteit Hogescholen Antwerpen: hpc@uantwerpen.be

Associatie Universiteit Hogescholen Limburg: geertjan.bex@uhasselt.be

Universitaire Associatie Brussel: hpc@vub.ac.be

For the other institutions: caroline.volckaert @FWO.be
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