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Let’s define “M
olecules”

Processing m
aterials

�
For separation, transport, 
reaction, heat control
–

Solvents, adsorbents, 
m

em
branes

–
C

atalysts, additives
–

H
eat transfer fluids

C
hem

ical products

�
M

olecular products
–

API, plastic

�
Form

ulated products
–

D
rug product, personal care 

products, paints

�
D

evices / Functional 
products (barriers, delivery) 
–

transderm
al patch, filter 

cartridge

G
ani, N

g, C
om

p C
hem

E
ng, 2015, 81, 70 



D
epartm

ent of C
hem

ical Engineering
D

epartm
ent of C

hem
ical Engineering

O
utline

�
W

hat m
olecules can do for PSE

–
W

hy design processing m
aterials?

–
C

hallenges in integrated m
olecule and process 

design

�
W

hat PSE can do for m
olecules?

–
“Sim

ple” m
ixtures

–
Em

bedding experim
ents in product design
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Process feasibility
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R
ing-closing m

etathesis w
ith a G
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Productivity

Separation tim
e depends on:

�
the reflux ratio profile

�
the reboilerduty profile

�
the solvent

G
iovanoglou, B

arlatier, A
djim

an, P
istikopoulos, C

ordiner, A
IC

hE
J., 2003, 49, 3095. 

18 hours
15 hours

B
atch extractive distillation 
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C
apital cost

S
chilling, Tillm

anns, Lam
pe, H

opp, G
ross, B

ardow, M
ol

S
ys D

es E
ng, 2017, 2, 301
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Environm
ental im

pact
Anti-solvent/cooling

crystallisation
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A
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ater:
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E
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ater:
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Solvents
as

problem

�
4

kg
solvent/kg

A
P

I
�

m
illions

oftons
used

annually
�

60%
ofenergy

used
in

A
P

Iproduction
�

50%
ofG

H
G

em
issions

Jim
énez-G

onzález, C
urzons, C

onstable, C
unningham

, C
lean Tech E

nv
P

ol, 2005, 
Jim

énez-G
onzález et al., O

rg P
rocess R

es D
ev., 2011, 15, 900.
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Environm
ental im

pact
Anti-solvent/cooling
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The choice of processing m
aterials can im

pact 
all aspects of process perform

ance

feasibility
productivity

capital cost
environm

ental im
pact
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The research goal

C
an w

e develop P
S

E
 tools that em

bed m
olecular decisions 

as an integral part of process synthesis / design? 

D
efinition and 

quantification 
of m

eaningful 
design m

etrics

A
lgorithm

s: 
com

plexity, 
nonconvexity, 

infeasibility

Integration of 
advanced 
property 

prediction 
m

ethods in 
overall design 

problem

Q
uantification / 
m

itigation of 
the im

pact of 
uncertainty in 

property 
prediction on 

design

A
ndres-M

artinez &
 

Flores-Tlacuahuac
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W
hat m

akes a good m
etric?

�
M

any advances have been based on property
m

etrics
–

they are easiest to aim
 for and intuitive

–
they are of lim

ited value in the context of process design

�
It can be difficult to trade-off com

peting objectives 
–

C
O

2 capture by chem
isorption

P
apadopoulos et al, M

S
D

E
, 2016



D
epartm

ent of C
hem

ical Engineering
D

epartm
ent of C

hem
ical Engineering

W
hat m

akes a good m
etric?

�
M

uch of the literature is based on property
m

etrics
–

they are easiest to aim
 for and intuitive

–
they are of lim

ited value in the context of process design

�
D

ifficult to trade-off com
peting objectives 

�
Im

provem
ents in properties do not necessarily lead to 

im
provem

ents in process perform
ance

•••
•••

•••
••• S

tage 1

c
f0
P
0
F
0

N
s,1

R
etentate

P
erm

eate

G
u, P

hD
 thesis, 2016
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M
etrics for m

olecular and process design

�
M

olecular structure is just another process variable

�
The sam

e perform
ance m

etrics apply as for process optim
isation

–
properties don’t have an intrinsic value

�
W

e face the sam
e challenges as for other process optim

isation 
problem

s  
–

cf. yesterday’s discussion; sustainability of industrial system
s?

–
key question is how

 to estim
ate the sustainability of processes 

containing novel processing m
aterials

�
standard green chem

istry concepts are not sufficiently holistic
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The research goal

C
an w

e develop P
S

E
 tools that em

bed m
olecular decisions 

as an integral part of process synthesis / design? 

D
efinition and 

quantification 
of m

eaningful 
design m

etrics

A
lgorithm

s: 
com

plexity, 
nonconvexity, 

infeasibility

Integration of 
advanced 
property 

prediction 
m

ethods in 
overall design 

problem

Q
uantification / 
m

itigation of 
the im

pact of 
uncertainty in 

property 
prediction on 

design

A
ndres-M

artinez &
 

Flores-Tlacuahuac



D
epartm

ent of C
hem

ical Engineering
D

epartm
ent of C

hem
ical Engineering

ethene

butane

O
R

C
 fluid and cycle design

3,175 “feasible” 
m

olecules from
 

com
bining functional 

groups

2
1

3

4
4s

T (K)

S (J m
ol -1 K

-1)

octane

C
ase Study 1

[20
oC

-110
oC

]
C

ase Study 2 
[20

oC
-200

oC
]

C
ase Study 3

[35
oC

-80
oC

]
%

 infeasible
fluids in the design space 

based on feasibility tests
98.4%

91.6%
99.1%

�
C

an w
e design algorithm

s to explore the design space reliably and efficiently? 
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The research goal

C
an w

e develop P
S

E
 tools that em

bed m
olecular decisions 

as an integral part of process synthesis / design? 

D
efinition and 

quantification 
of m

eaningful 
design m

etrics

A
lgorithm

s: 
com

plexity, 
nonconvexity, 

infeasibility

Integration of 
advanced 
property 

prediction 
m

ethods in 
overall design 

problem

Q
uantification / 
m

itigation of 
the im

pact of 
uncertainty in 

property 
prediction on 

design

A
ndres-M

artinez &
 

Flores-Tlacuahuac
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Property prediction needs 
in m

olecular and process design

M
olecular structure

M
aterial structure

P
roperties

E
quipm

ent

P
rocess

P
erform

ance m
etrics

Predictive structure-property m
odels
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Transferability in structure-property m
odels 

�
Transferable m

odels central to com
puter-aided m

olecular design
–

Q
uantum

 m
echanics

–
M

olecular sim
ulations (M

onte C
arlo, M

olecular D
ynam

ics)
–

C
oarse-grained sim

ulations
–

G
roup contribution m

ethods
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Property prediction needs 
in m

olecular and process design

M
olecular structure

M
aterial structure

therm
odynam

ics
transport

kinetics
environm

ent
safety/health

cost

E
quipm

ent

P
rocess

P
erform

ance m
etrics

S
olvents: Fluid separations

H
eat transfer fluids: R

efrigeration

S
olvents: C

rystallisation
S

olvents: R
eactions

S
orbents: A

dsorption

Film
s: M

em
brane separations

C
atalysts: R

eactions



D
epartm

ent of C
hem

ical Engineering
D

epartm
ent of C

hem
ical Engineering

R
ecent progress in property prediction

“R
apid im

provem
ents in our ability to m

odel 
physical and chem

ical processes at the atom
istic 

scale over the last tw
o decades …

”
G

ubbins
&

 M
oore

“O
ne also sees fertile interactions developing betw

een m
olecular 

sim
ulators and “system

s” (process design and optim
ization) 

researchers. There is very m
uch to be gained if these com

m
unities join 

forces to address com
plex process and product design problem

s w
ith 

the help of M
C

 sim
ulations”

Theodorou

“A
dm

ittedly, the slow
ness

of M
D

 precludes replacing 
group contribution m

ethods in a com
binatorial 

approach to m
olecular design”

M
aginn &

 E
lliott

IE
C

R
 , 2011
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K
ey challenges

�
M

any property prediction m
ethods are not w

ell-behaved
–

high com
putational cost (from

 sim
ulations to Q

M
)

–
non-differentiable (M

C
)

–
require the solution of one or m

ore optim
isation problem

s 
(M

M
, Q

M
, or even an equation of state!)

¾
how

 do w
e em

bed them
 in process m

odels?
¾

how
 do w

e solve the resulting optim
isation problem

s?

�
M

any prediction m
ethods are lacking or not sufficiently w

ell developed
–

there are great opportunities for P
S

E
 researchers to get involved in 

property prediction, as users and as developers
–

collaboration w
ith physical chem

ists, m
olecular sim

ulators
�

property prediction m
ethods are not usually designed w

ith process m
odelling in 

m
ind
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The research goal

C
an w

e develop P
S

E
 tools that em

bed m
olecular decisions 

as an integral part of process synthesis / design? 

D
efinition and 

quantification 
of m

eaningful 
design m

etrics

A
lgorithm

s: 
com

plexity, 
nonconvexity, 

infeasibility

Integration of 
advanced 
property 

prediction 
m

ethods in 
overall design 

problem

Q
uantification / 
m

itigation of 
the im

pact of 
uncertainty in 

property 
prediction on 

design

A
ndres-M

artinez &
 

Flores-Tlacuahuac
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Q
uantifying / m

itigating the im
pact of uncertainty

�
The usual questions apply

–
U

ncertainty quantification, robust design

–
From

 M
onday: goal-oriented uncertainty m

odelling; uncertainty propagation 
am

ong subsystem
s

�
In addition, w

hen it com
es to property m

odels, accuracy is 
(som

etim
es) a m

atter of choice
–

H
ow

 to choose or even develop structure-property m
odels that m

inim
ise 

uncertainty for the problem
 of interest? 

0
0.1

0.2
0.3

0.4
0.5

C3H8O
3

C10H10N2O
2

C6H6O

C3H8O
3

C10H19Cl2N

C10H23N

C10H20O

frequency of occurrence



D
epartm

ent of C
hem

ical Engineering
D

epartm
ent of C

hem
ical Engineering

M
odels of w

ater

�
W

hich properties w
ere used in developing the m

odel? 
�

W
hat im

pact does this have on the perform
ance of the m

odel?

•

•

P
roperty

𝝆𝝆
𝑳𝑳

𝑷𝑷
𝑪𝑪
𝑷𝑷

A
A

D
 (%

)
1.1

0.34
0.04

“S
tandard m

odel”

“E
xtended m

odel”
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Effect on m
ixture properties –

w
ater + C

O
2 + m

onoethanolam
ine

S
A

FT-V
R

 M
ie

Full S
peciation m

odel, Zhang et al.

E
xtended m

odel
S

tandard m
odel
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N
ot so transferable m

odels

�
H

ow
 do w

e choose the right m
odel for our purpose? 

–
iterative design from

 a generic m
odel to a m

ore targeted m
odel

–
a library of P

areto-optim
al m

odels
–

autom
atic re-estim

ation of transferable param
eters

–
can w

e base our choice on process m
etrics rather than property 

m
etrics?



D
epartm

ent of C
hem

ical Engineering
D

epartm
ent of C

hem
ical Engineering

Four challenges along the w
ay

C
an w

e develop P
S

E
 tools that em

bed m
olecular decisions 

as an integral part of process synthesis / design? 

D
efinition and 

quantification 
of m

eaningful 
design m

etrics

A
lgorithm

s: 
com

plexity, 
nonconvexity, 

infeasibility

Integration of 
advanced 
property 

prediction 
m

ethods in 
overall design 

problem

Q
uantification / 
m

itigation of 
the im

pact of 
uncertainty in 

property 
prediction on 

design

A
ndres-M

artinez &
 

Flores-Tlacuahuac
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The discovery process

D
esigning a product that does the right thing 

and can be m
anufactured …

 optim
ally

�
C

urrent lim
itations: 

–
C

ostly, tim
e-consum

ing, highly iterative process
–

Lack of fundam
ental understanding of key physical phenom

ena lim
its 

innovation

A
djim

an et al., 2017, http://hdl.handle.net/10044/1/53609
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“Sim
ple” m

ixture design

�
W

here the relevant structure-property m
odels exist, w

e can form
ulate a 

design problem
–

applications to solvent design, adhesive design, lubricant design
–

key challenges in algorithm
 design

�
com

binatorial nature of problem
�

high degree of nonlinearity
�

solutions are unlikely to be optim
al

¾
need a step change in num

erical m
ethods

–
w

hat about m
anufacturability?

that optim
ises a

perform
ance 

m
easure.

2 
ingredients

n 
ingredients

up to n
com

ponents

D
esign a 

product w
ith:
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Tow
ards m

anufacturability / structured products

�
Predictive challenges along the chain:
–

m
olecular structure -m

aterial structure
–

structure-processing-function
–

m
aterial stability

�
H

ow
 do w

e know
 how

 easy it w
ill be to m

ake a novel m
olecule or 

m
aterial?

–
m

easuring m
anufacturability

–
predicting m

anufacturability
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D
iscovering “m

anufacturable” drug candidates

�
H

ow
 to provide 

sufficient quantities 
of m

aterial for early 
stage screening of 
drugs?

�
C

ontinuous set-up 
for reaction 
screening 

P
erera

et al., S
cience, 2018
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H
igh throughput reaction “optim

isation”

5760 reactions

P
erera

et al., S
cience, 2018
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D
iscovering structured products

�
H

igh throughput m
icrofluidic SAN

/XS (Sm
all-Angle N

eutron / X-ray 
Scattering)

A
dam

o
et al., S

oft M
atter, 2018

H
eym

ann
et al., IU

C
JR

,2014
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H
igh throughput experim

ental (H
TE) platform

s

�
An exciting opportunity to acquire m

uch needed data, including data 
relating structure and processing

�
C

urrently used principally to gather a lot of data and obtain insights 
or m

aps of behaviour

�
PSE questions
–

w
hat is the best set of experim

ents? 
–

how
 can w

e use the data to build m
odels that support product 

design? 
–

product design w
ith H

TE in the loop? 

�
M

ore questions –
data processing

–
too m

uch data goes to w
aste

–
how

 can it be interpreted
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C
oncluding rem

arks

�
M

olecules/m
aterials as process variables

–
M

etrics and algorithm
s: a tw

ist on the usual PSE challenges
–

Property prediction: 
�

how
 can w

e m
ake further use of state-of-the-art property 

prediction techniques?
�

do w
e need to engage in the developm

ent of new
 or m

odified 
m

ethods for structure-property m
odels?

�
w

hat is a good property m
odel? Tailoring transferable m

odels 
to reduce uncertainty

�
Product design
–

M
etrics (m

anufacturability) and algorithm
s

–
Em

bedding em
erging H

TE techniques into PSE tools
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