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Í

N
A

D
L

A
B

E
M

FA
C

U
LT

Y
O

F
SC

IE
N

C
E

D
E

PA
R

T
M

E
N

T
O

F
PH

Y
SI

C
S

A
B

ST
R

A
C

T
O

F
T

H
E

D
O

C
TO

R
A

L
T

H
E

SI
S

SE
L

F-
A

SS
E

M
B

LY
IN

D
IB

L
O

C
K

C
O

PO
LY

M
E

R
SY

ST
E

M
S:

IN
SI

G
H

T
FR

O
M

D
IS

SI
PA

T
IV

E
PA

R
T

IC
L

E
D

Y
N

A
M

IC
S

A
ut

ho
r:

Z
B

Y
ŠE
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ÍR

O
D

O
V

Ě
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Ú

stı́nad
L

abem
v

letech
2008-2013

v
rám

cidoktorského

studia
P1703

Počı́tačové
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Ú

stı́nad
L

abem
.
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goals
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application
of
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odeling
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rich
phase

beha-

vior
of

the
diblock
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er-hom

opolym
ers

system
s

and
system

s
of

diblock
copolym

ers
w

ith

em
bedded

nanoparticles.A
tfirst,the

thesis
deals

w
ith

conform
ationaland

dynam
ic

behaviorof

coarse-grained
polym

erm
odels.T

hree
hom

opolym
erm

odels
are

investigated
and

the
results

are

com
pared

w
ith

predictions
given

by
the

R
ouse

theory
w
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is

considered
as

a
standard

theory

forunentangled
polym

erm
elts.T

hen
technicalaspectsofsim

ulationsoflam
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orphology
are

investigated.T
he

incom
m

ensurability
ofsim

ulation
box

size
and

lam
ellarm
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ination
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lam
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oriented
lam

ellarplanes.T
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then
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m

icrophase
behavior

of
lam

ellae
form

ing
diblock
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phase
behavior,
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disordered

and
lam

ellar
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and

betw
een

the
disordered

and
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o
phase

regions,w
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predicted
for
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er-hom

opolym
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m
elt

of
poly(ethylethylene)

and
poly(dim

ethylsiloxane)
hom

opoly-

m
ers

and
corresponding

poly(ethylethylene)-poly(dim
ethylsiloxane)diblock

copolym
er.Finally,

the
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focuses
on

the
system

s
based

on
poly(styrene-b-2-vinylpyridine)

(PS-PV
P)

diblock
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ers

in
w

hich
the

gold
nanoparticles,

grafted
w

ith
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P
hom
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he
effect

of
nanoparticle’s

volum
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fraction
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of
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diblock
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er
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orphology
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nanocom

posites
is

presented
in

phase
diagram

s.T
he

predicted
behavior

of
the

nanocom
posites
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in
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ent

w
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experim
ental
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on

the

sam
e

orsim
ilarrelated

system
s.

6



R
ef

er
en

ce

[1
]

A
.J

.M
eu

le
r,

M
.A

.H
ill

m
ye

r,
F.

B
at

es
,M

ac
ro

m
ol

ec
ul

es
20

09
,4

2,
72

21
-7

25
0.

[2
]

A
.K

.K
ha

nd
pu

r,
S.

Fö
rs

te
r,

F.
S.

B
at

es
,I

.W
.H

am
le

y,
A

.J
.R

ya
n,

W
.B

ra
s,

K
.A

lm
da

l,
K

.

M
or

te
ns

en
,M

ac
ro

m
ol

ec
ul

es
19

95
,2

8,
87

96
-8

80
6.

[3
]

T.
In

ou
e,

T.
So

en
,T

.H
as

hi
m

ot
o,

H
.K

aw
ai

,J
.P

ol
ym

.S
ci

.P
ol

ym
.P

hy
s.

19
69

,7
,1

28
3-

13
01

.

[4
]

M
.G

er
va

is
,B

.G
al

lo
t,

M
ac

ro
m

ol
.C

he
m

.1
97

3,
17

1,
15

7-
17

8.

[5
]

T.
H

as
hi

m
ot

o,
K

.N
ag

at
os

hi
,A

.T
od

o,
H

.H
as

eg
aw

a,
H

.K
aw

ai
,M

ac
ro

m
ol

ec
ul

es
19

74
,7

,

36
4-

37
3.

[6
]

D
.

A
.

H
aj

du
k,

P.
E

.
H

ar
pe

r,
S.

M
.

G
ru

ne
r,

C
h.

C
.

H
on

ec
ke

r,
G

.
K

im
,

E
.

L
.

T
ho

m
as

,

M
ac

ro
m

ol
ec

ul
es

19
94

,2
7,

40
63

-4
07

5.

[7
]

E
.W

.C
oc

hr
an

,C
.J

.G
ar

ci
a-

C
er

ve
ra

,G
.H

.F
re

de
ri

ck
so

n,
M

ac
ro

m
ol

ec
ul

es
20

06
,3

9,
24

49
-

24
51

.

[8
]

G
.H

.F
re

dr
ic

ks
on

,F
.S

.B
at

es
,A

nn
u.

R
ev

.M
at

.S
ci

.1
99

6,
26

,5
01

-5
50

.

[9
]

G
.M

.M
cC

le
lla

nd
,M

.W
.H

ar
t,

C
.T

.R
et

tn
er

,M
.E

.B
es

t,
K

.R
.C

ar
te

r,
B

.D
.T

er
ri

s,
A

pp
l.

Ph
ys

.L
et

t.
20

02
,8

1,
14

83
-1

48
5.

[1
0]

M
.P

.S
to

yk
ov

ic
h,

M
.M

ul
le

r,
S.

O
.K

im
,H

.H
.S

ol
ak

,E
.W

.E
dw

ar
ds

,J
.J

.d
e

Pa
bl

o,
P.

F.

N
ea

le
y,

Sc
ie

nc
e

20
05

,3
08

,1
44

2-
14

46
.

[1
1]

H
.L

.R
os

an
o,

M
.C

la
us

e,
M

ic
ro

em
ul

si
on

Sy
st

em
s

(1
st

E
d.

,C
R

C
Pr

es
s,

19
87

).

[1
2]

F.
S.

B
at

es
,W

.W
.M

au
re

r,
P.

M
.L

ip
ic

,M
.A

.H
ill

m
ye

r,
K

.A
lm

da
l,

K
.M

or
te

ns
en

,G
.H

.

Fr
ed

ri
ck

so
n,

T.
P.

L
od

ge
,P

hy
s.

R
ev

.L
et

t.
19

97
,7

9,
84

9-
85

2.

[1
3]

R
.B

.T
ho

m
ps

on
,V

.V
.G

in
zb

ur
g,

M
.W

.M
at

se
n,

A
.C

.B
al

as
z,

Sc
ie

nc
e

20
01

,2
92

,2
46

9-

24
72

.

26

A
bs

tr
ak

td
is

er
ta

čn
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ýs

le
dk

y
js

ou
po

ro
vn

án
y

s
R

ou
se

ho
te

or
iı́,

kt
er

á
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ýc
h

si
m

ul
ac

ı́.
K

om
pl

ex
nı́

fá
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ů.
V

liv
m

no
žs
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1
Introduction

In
the

lasttw
o

decades,diblock
copolym

ers(D
B

C
s)have

been
extensively

studied
by

experim
ent

and
theory

[1,2].T
he

D
B

C
sare

com
posed

oftw
o

chem
ically

incom
patible

hom
opolym

ersthatare

covalently
bonded.T

hey
are

able
to

self-assem
ble

into
four

periodically
ordered

nanostructures

thatm
inim

ize
contacts

betw
een

the
tw

o
hom

opolym
ers;nam

ely:lam
ellae,hexagonally

packed

cylinders,spheres
ordered

to
body-center-cubic

lattice
[3–5],and

a
gyroid

phase
[6,7].

D
ynam

ics
ofthe

D
B

C
nanostructures

as
w

ellas
theirstatic

properties
are

now
w

elldescribed

[8]and
D

B
C

sare
w

idely
used

in
variousapplicationssuch

asenhancem
entofcom

puterm
em

ory,

nanoscale
tem

plating
ornanoscale

separations[9,10],justto
m

ention
a

few
.N

everthelessincrease

of
industrial

interest
in

further
applications

of
advanced

m
aterials

as
w

ell
as

in
design

and

m
anufacture

of
tailor-m

ade
m

aterials
has

indicated
that

pure
D

B
C

system
s

cannot
satisfy

all

practical
dem

ands
and

m
ore

com
plex

system
s

such
as

m
ixtures

and
m

elts
of

the
D

B
C

s
w

ith

another
com

pounds
are

required.
A

m
ong

plethora
of

system
s

and
their

possible
applications

tw
o

system
s

are
of

specialinterest:(i)
ternary

m
elts

of
D

B
C

w
ith

additionaltw
o

incom
patible

hom
opolym

ersand
(ii)D

B
C

sw
ith

em
bedded

inorganic
nanoparticles(N

Ps).T
he

form
ersystem

s

have
ability

to
stabilize

a
bicontinuous

m
icroem

ulsion
(B

µE
)

phase
[11,12]

w
hile

in
the

latter

system
s,the

em
bedded

N
Ps

enhance
D

B
C

features
and

affectthe
D

B
C

m
orphologies

[13–15].

T
he

properties
and

m
orphology

of
the

D
B

C
-hom

opolym
ers

and
nanocom

posite
system

s

are
influenced

by
a

large
num

ber
of

param
eters.

It
is

im
practical

to
explore

effects
of

these

param
eters

solely
by

experim
entaltechniques,and

therefore,theoreticalapproaches
along

w
ith

com
putersim

ulations
are

em
ployed

to
com

plem
entthe

experim
ents.C

om
putersim

ulations
[16]

can
describe,

depending
on

m
odels

em
ployed,

a
detailed

m
olecular-level

picture
of

system

structures
as

w
ellas

hydrodynam
ics

ofm
icrophase

separations.

T
he

tim
e

and
length

scales
of

the
dynam

ic
processes

corresponding
to

the
relevantm

aterial

propertiesofthe
D

B
C

-hom
opolym

ersand
nanocom

posite
system

sare
beyond

the
lim

itofatom
is-

tic
m

odeling
and

sim
ulationsofthese

system
srely

on
coarse-grain

m
odelsthatretain

only
the

m
ost
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ec
ifi

c
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em
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tr
y.
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lly
,t

he
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lts

al
so
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ed
th

at
in
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m
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em
s

su
ch

as
na

no
co

m
po

si
te

s,
th

e
or

de
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ng
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th
e

di
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k

co
po

-
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m
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s

do
es
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ts

im
pl

y
te

m
pl

at
e

th
e

sp
at
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lo
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an

iz
at

io
n

of
th

e
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no
pa

rt
ic

le
s;

th
e

na
no

pa
rt

ic
le

co
nc

en
tr

at
io

n
is

no
ta

”p
as

si
ve
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al

ar
”

an
d
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n

af
fe

ct
th
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lf
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em
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y

of
th

e
di
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k
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24

es
se

nt
ia

lf
ea

tu
re

so
ft

he
sy

st
em

sp
ec

ie
s.

H
oo

ge
rb

ru
gg

e
an

d
K

oe
lm

an
[1

7]
in

tr
od

uc
ed

a
m

es
os

ca
le

te
ch

ni
qu

e
to

si
m

ul
at

e
hy

dr
od

yn
am

ic
be

ha
vi

or
,c

al
le

d
di

ss
ip

at
iv

e
pa

rt
ic

le
dy

na
m

ic
s

(D
PD

).
D

PD

is
a

co
m

pu
ta

tio
na

lt
oo

lf
or

si
m

ul
at

in
g

N
ew

to
ni

an
an

d
no

n-
N

ew
to

ni
an

flu
id

s,
in

cl
ud

in
g

po
ly

m
er

sy
st

em
s

[1
8,

19
],

on
m

es
os

co
pi

c
le

ng
th

an
d

tim
e

sc
al

es
.P

re
se

nt
ly

fo
r

po
ly

m
er

sy
st

em
s,

D
PD

ha
s

be
en

us
ed

to
si

m
ul

at
e

st
at

ic
an

d
dy

na
m

ic
pr

op
er

tie
s

of
po

ly
m

er
m

el
ts

[2
0]

,s
el

f-
as

se
m

bl
y

of

D
B

C
s

in
bu

lk
[2

1]
,u

nd
er

sh
ea

r
[2

2]
an

d
in

co
nfi

ne
m

en
t[

23
,2

4]
,a

nd
se

lf
-a

ss
em

bl
y

of
N

Ps
in

D
B

C
s

[2
5,

26
],

ju
st

to
m

en
tio

n
a

fe
w

.
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4
C

onclusions

T
he

thesisused
dissipative

particle
dynam

ics(D
PD

),m
esoscopic

sim
ulation

technique,to
explore

the
m

icrophase
behaviorofthe

diblock
copolym

er-hom
opolym

erssystem
sand

system
sofdiblock

copolym
ers

w
ith

em
bedded

inorganic
nanoparticles.

First,w
e

studied
the

scaling
behaviorforthe

conform
ationaland

dynam
ic

properties
ofthree

coarse-grain
polym

er
m

odels
typically

em
ployed

in
D

PD
sim

ulations
of

unentangled
polym

er

m
elts.T

he
scaling

behavior
of

the
firstm

odelfollow
ed

the
R

ouse
m

odelexactly
for

the
chain

lengthsgreaterthan
about20.T

he
second

m
odelused

FE
N

E
spring

equivalentto
harm

onic
spring

of
the

firstm
odeland

w
e

found
thatits

scaling
behavior

w
as

identicalto
thatof

the
firstm

odel.

T
he

third
m

odel
represented

a
real

polyethylene
at

m
esoscale

and
unlike

the
first

and
second

polym
erm

odels,itexhibited
a

bending
stiffness.T

he
third

m
odelw

ith
m

ore
than

ten
m

esoscopic

beads
obeyed

the
R

ouse
scaling

exactly
forthe

conform
ationalproperties

and
also

ratherw
ellfor

the
center-of-m

ass
self-diffusion

coefficient.T
he

increase
of

the
viscosity

w
ith

the
chain

length

w
as

found
to

be
ratherdifferentthan

thatpredicted
by

the
R

ouse
theory.

Second,w
e

studied
the

effects
ofthe

box
size

on
the

lam
ellarstructure

ofdiblock
copolym

er

m
elts.W

e
determ

ined
the

naturallam
ellar

spacing,w
hich

corresponds
to

a
lam

ellar
w

idth
of

a

lam
ellarstructure

w
ith

the
low

estfree
energy,by

varying
the

box
lengths

atfixed
system

volum
e

and
equalizing

the
pressure

in
each

direction.
W

e
found

that
for

various
system

volum
es

and

lam
ellarorientations

this
approach

resulted
in

the
sam

e
value

ofthe
naturallam

ellarspacing.

T
hird,w

e
predicted

the
phase

diagram
ofternary

polym
erm

elts
com

prising
oflow

m
olecular

w
eightpoly(dim

ethylsiloxane)
(PD

M
S)

and
poly(ethylethylene)

(PE
E

)
hom

opolym
ers,and

a

nearly
sym

m
etric

PD
M

S-PE
E

diblock
copolym

er.In
contrastto

the
experim

entalphase
diagram

ofthe
PD

M
S/PE

E
/PD

M
S-PE

E
m

eltthatshow
sdisordered,lam

ellar,bicontinuousm
icroem

ulsion

and
m

ulti-phaseregions,them
esoscalem

odelphasediagram
sonly

displayed
disordered,lam

ellar,

and
tw

o-phase
regions

w
ith

a
L

ifshitz
point

located
at

concentrations
w

here
the

experim
ental

phase
diagram

exhibits
a

narrow
channelofbicontinuous

m
icroem

ulsion.D
espite

the
sim

plicity

23

2
A

im
softhe

T
hesis

T
he

general
goal

of
the

thesis
is

application
of

m
esoscale

sim
ulations

on
the

rich
m

icrophase

behavior
of

the
diblock

copolym
er-hom

opolym
ers

system
s

and
system

s
of

diblock
copolym

ers

w
ith

em
bedded

inorganic
nanoparticles.T

he
thesis

firstdeals
w

ith
conform

ationaland
dynam

ic

behavior
of

coarse-grain
polym

er
m

odels
and

technical
aspects

of
sim

ulation
of

the
lam

ellar

m
orphology.T

hen,the
thesis

focuses
on

m
icrophase

behavior
of

the
lam

ellae
form

ing
diblock

copolym
er-hom

opolym
ers

system
s

and
on

the
system

s
based

on
PS-b-PV

P
diblock

copolym
ers

in
w

hich
the

gold
nanoparticles

grafted
w

ith
a

m
ixture

of
PS

and
PV

P
short

hom
oligands

are

dispersed.

T
he
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Fig.6:
Phase

diagram
s

of
PS-PV

P
D

B
C

s
em

bedded
w

ith
gold

N
Ps

as
a

function
of

the
rela-

tive
D

B
C

com
position,

f,and
N

P
volum

e
fraction,

V
f .N

Ps
w

ere
functionalized

w
ith

a
m

ixture
of

PS/PV
P

hom
oligands

in
various

ratios:
(a)

PS
12

(f
P

S
=

1.0),
(b)

PS
11 PV

P
1

(f
P

S
=

0.92),
(c)

PS
9 PV

P
3

(f
P

S
=

0.75),(d)
PS

6 PV
P

6
(f

P
S

=
0.5),(e)

PS
3 PV

P
9

(f
P

S
=

0.25),(f)
PS

1 PV
P

11

(f
P

S
=

0.08),and
(g)PV

P
12

(f
P

S
=

0.0).FourdifferentD
B

C
m

orphologies
w

ere
considered

as
polym

eric
m

atrix:lam
ellae

(f
=

0.5
and

0.4),gyroid
(f

=
0.35),hexagonally

packed
cylinders

(f
=

0.3,0.25
and

0.2),
and

spheres
(f

=
0.1).

Sym
bols

legend:
circles,

spherical
m

orpho-
logy;triangles,cylindricalm

orphology;squares,gyroid
phase;diam

onds,lam
ellarm

orphology.
T

he
em

pty
sym

bols
denote

m
orphologically

perfect
structures

w
hile

filled
sym

bols
represent

m
orphologically

im
perfectstructures.L

ines
in

phase
diagram

s
are

a
guide

forthe
eye

only.
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w
ith

the
predictions

from
the

R
ouse

theory.W
e

see
thatthe

sim
ulated

R
∗e

agrees
quite

w
ellw

ith

the
R

ouse
scaling

even
atsm

all
N

,exceptthe
sim

ulated
R

∗e
for

K
∗H

=
10

w
hich

is
below

the

R
ouse

predictions.A
t
N

<
10,the

sim
ulated

values
of

R
∗g

are
higherthan

the
R

ouse
values.T

he

results
fordiffusion

ofcenter-of-m
ass

ofthe
polym

erchain
D

∗
and

viscosity
η

∗
(both

notshow
n

here)suggestthatthat
D

∗
is

only
m

arginally
influenced

by
the

chain
stiffness

and
exhibits

rather

sm
alldeviations

only
at

N
<

10
and

the
deviations

slightly
increase

w
ith

increasing
K

∗H
.U

nlike

for
D

∗,
η

∗
is

strongly
influenced

by
the

chain
stiffness.

R
esults

of
the

sim
ulated

η ∗
displays

rathersignificantdeviationsfrom
the

R
ouse

theory
atN

<
(20−

30)and
the

deviationsare
m

ore

pronounced
forstifferpolym

ers.

M
odel2

w
as

aim
ed

to
explore

how
the

conform
ationaland

dynam
ic

behaviorofthe
previous

polym
er

m
odel,

i.e.M
odel

1,
is

influenced
by

replacem
ent

of
the

harm
onic

spring
w

ith
the

FE
N

E
spring.For

M
odel2,w

e
thus

found
equivalentvalues

of
FE

N
E

spring
stiffness

K
∗F

that

corresponds
to

K
∗H

=
{2,4,6,10}.Sim

ilarly
as

for
M

odel1,w
e

observed
tw

o
scaling

regim
es.

For
N

>
(20−

30),M
odel2

is
in

the
R

ouse
regim

e.T
he

values
of

sim
ulated

R
∗e
(N

),
R

∗g
(N

),

D
∗
(N

)
and

η ∗
(N

)
m

atch
those

ofM
odel1.

M
odel3

is
a

coarse-grain
representation

ofpolyethylene
(PE

)[35,36].D
ue

to
the

presence
of

the
bending

stiffness,the
PE

chains
becom

e
m

ore
stretched

than
those

ofM
odel1

and
M

odel2.

T
his

is
reflected

on
Flory’s

characteristic
ratio

C
N

and
its

asym
ptotic

value,
C

∞
≃

1.77,thatis

largerthan
those

ofM
odel1

and
M

odel2,butstillw
ellbelow

the
value

forrealPE
,C

P
E

∞
∼

8
[37].

Fig.2
displays

the
dynam

ic
properties

D
,
ξ

and
η

w
here

the
sim

ulation
values

of
ξ

for
N

>
10

oscillates
around

a
constantvalue

as
assum

ed
in

the
R

ouse
theory.H

ence
forlarge

N
,the

scaling

behavior
for

D
agrees

rather
w

ell
w

ith
the

R
ouse

m
odel.For

sm
all

N
,
D

and
equivalently

ξ

m
oderately

deviate
from

the
R

ouse
scaling

as
seen

in
Figs.2a

and
2b.T

he
results

for
η

(Fig.2c)

also
exhibittw

o
distinctscaling

regim
es:a

sm
allincrease

of
η

w
ith

N
for

N
<

10
follow

ed
by

a
sharper

increase
of

η
for

the
larger

N
.T

he
coarse-grain

m
odelof

PE
thus

does
notobey

the

R
ouse

scaling
in

the
case

ofthe
viscosity.
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Fig.5:T
he

phase
diagram

along
the

Φ
H

−
T

isopleth
forA

3 /B
4 /A

9 -B
9

m
odelsystem

thatm
im

ics
the

PD
M

S/PE
E

/PD
M

S-PE
E

m
elt.L

A
M

,D
IS

and
2Φ

denote
the

lam
ellar,disordered

and
tw

o-
phase

regions,respectively.D
ashed

linesrepresentthe
phase

boundariesbetw
een

the
regionsand

dotted
line

indicates
the

estim
ated

uncertainties
of

the
boundaries.E

m
pty

circles,squares
and

triangles
representsim

ulation
points.

in
Fig.5.T

he
phase

diagram
thus

exhibits
three

distinctregions:a
high-tem

perature
disordered

region,a
m

icrophase-separated
region

w
ith

a
lam

ellar
phase,and

a
2Φ

m
acrophase-separated

region.T
he

L
ifshitz

pointcorresponding
to

the
intersection

betw
een

the
line

ofdisorder-lam
ellar

transitionsand
the

line
ofcriticalpointsislocated

ataboutΦ
H

=
0.84±

0.01
and

T
=

303±
3

K
.

In
contrastto

the
experim

entalphase
diagram

thatdisplays
disordered,lam

ellar,B
µE

and
m

ulti-

phase
regions,the

D
PD

phase
diagram

exhibits
only

disordered,lam
ellar,and

2Φ
regions.T

he

L
ifshitz

pointforthe
m

odelis
located

atconcentrations
corresponding

to
the

narrow
channelof

B
µE

in
the

experim
entalphase

diagram
.
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Fig.2:(a)T
he

C
O

M
self-diffusion

coefficient
D

,(b)bead
friction

coefficient
ξ

and
(c)viscosity

η
as

a
function

of
the

chain
length

N
for

M
odel

3.T
he

sym
bols

represent
sim

ulation
results,

solid
line

denotes
a

constantvalue
of

ξ
and

dashed
lines

correspond
to

fitto
f

(N
)

=
A

0 N
A

1;
(a)

A
0

=
5.81

113 ,
A

1
=

−
0.90

5
and

(c)
A

0
=

0.13
1 ,

A
1

=
0.42

3 .
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Fig.4:(a,d)D
iagonalcom

ponents
ofthe

pressure
tensor,(b,e)variance

ofdiagonalcom
ponents

ofthe
pressure

tensor,P
v
a
r ,and

(c,f)off-diagonalcom
ponentsofthe

pressure
tensorasa

function
ofthe

lam
ellarspacing,W

∗
′,forcubic

boxes
w

ith
the

volum
e

V
∗

=
32

3.L
eftand

rightcolum
ns

correspond
to

the
lam

ellar
orientation

n
=

(n
x ,n

y ,0)
and

n
=

(n
x ,n

y ,n
z ),respectively.T

he
dashed

lines
indicate

the
position

ofnaturallam
ellarspacing

W
∗n .
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Fig.3:(a)
L

am
ellar

spacing
averaged

over
24

independentD
PD

sim
ulations,

W
∗,and

(b)
pre-

ferential
lam

ellar
spacing,

W
∗p
r
ef ,as

a
function

of
the

box
length

L
∗,and

relaxation
scenarios

(IN
IT

1
and

IN
IT

2).T
he

dashed
line

denotes
an

average
overvalues

of
W

∗
forall

L
∗

studied.
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