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h?Bb S?. h?2bBb ?�b #22M T2`7Q`K2/ BM i?2 7`�K2rQ`F Q7 i?2 J�`B2 aFƈQ/QrbF�@*m`B2

�+iBQM AhL ǴL�MQk6mMǴX J�Mv `2bmHib BM+Hm/2/ BM i?Bb h?2bBb r2`2 Q#i�BM2/ i?�MFb iQ �

+QHH�#Q`�iBp2 2zQ`i Q7 b2p2`�H T�`iM2`b Q7 i?2 L�MQk6mM M2irQ`F �M/ `2b2�`+?2`b #2HQM;BM;

iQ Qi?2` BMbiBimiBQMbX

BBB



 



�#bi`�+i

h?Bb i?2bBb Bb /2pQi2/ iQ i?2 i?2Q`2iB+�H �M/ +QKTmi�iBQM�H bim/v �i �iQKBbiB+ �M/ KQH2+mH�`

b+�H2b Q7 i?2 T`QT2`iB2b Q7 MQp2H Q`;�MB+ M�MQT�`iB+H2b +�HH2/ ǳZm�ibQK2bǴ Up2bB+H2b K�/2 #v

KBtBM; *h�" +�iBQMB+ bm`7�+i�Mi �M/ +?QH2bi2`QHV �b r2HH �b i?2 BMi2`�+iBQMb Q7 Zm�ibQK2b

rBi? /Bz2`2Mi ivT2b Q7 ~mQ`2b+2Mi KQH2+mH2bX h?2 K2i?Q/QHQ;v 2KTHQv2/ Bb +QKTmi�iBQM�H

KQH2+mH�` KQ/2HHBM;X Ai BM+Hm/2b KQ/2HHBM; Q7 i?2 BMi2`�+iBQMb #2ir22M KQH2+mH2b �i /B7@

72`2Mi b+�H2b �M/ `2bQHmiBQMb U.6h 2H2+i`QMB+ bi`m+im`2 +�H+mH�iBQMb- �iQKBbiB+ KQH2+mH�`

K2+?�MB+b 7Q`+2 }2H/b �M/ +Q�`b2@;`�BM KQH2+mH�` K2+?�MB+b 7Q`+2 }2H/bV �M/ KQH2+mH�` /v@

M�KB+b bBKmH�iBQMb �i �iQKBbiB+ �M/ +Q�`b2@;`�BM KQH2+mH�` `2bQHmiBQMbX JQbi Q7 i?2 `2bmHib

?�p2 Q#b2`p�#H2 +QMb2[m2M+2b i?�i ?�p2 #22M +QM}`K2/ 2tT2`BK2Mi�HHvX

h?2 i?2bBb Bb /BpB/2/ BMiQ �M AMi`Q/m+iBQM iQ i?2 iQTB+ UrBi? � #`B27 2tTH�M�iBQM Q7

i?2 K�BM 2tT2`BK2Mi�H `2bmHib �M/ i?2 K�BM i?2Q`2iB+�H +QM+2TibV- � +?�Ti2` /2b+`B#BM; BM

/2i�BH i?2 K2i?Q/b iQ #2 2KTHQv2/ BM i?2 i?2bBb- 7Qm` +?�Ti2`b +QMi�BMBM; M2r `2bmHib �M/

� +?�Ti2` rBi? +QM+HmbBQMb �M/ T2`bT2+iBp2bX

h?2 `2bmHib Q7 i?2 i?2bBb �`2 T`2b2Mi2/ BM irQ T�`ibX h?2 }`bi T�`i U*?�Ti2`b j �M/ 9V

+QMi�BMb i?2 `2bmHib +QM+2`MBM; i?2 bBKmH�iBQMb �M/ +�H+mH�iBQMb Q7 bi`m+im`2 �M/ T`QT2`iB2b

Q7 i?2 Zm�ibQK2 p2bB+H2 7`QK �iQKBbiB+ �M/ +Q�`b2@;`�BM KQH2+mH�` bBKmH�iBQMbX h?2 b2+QM/

T�`i U*?�Ti2`b 8 �M/ eV +QMi�BMb i?2 bBKmH�iBQM bim/v Q7 i?2 BMi2`�+iBQM Q7 Zm�ibQK2 p2bB+H2b

rBi? /Bz2`2Mi ivT2b Q7 /v2bX

h?2 �iQKBbiB+ bBKmH�iBQM `2bmHib T`2b2Mi2/ BM *?�Ti2` j T`QpB/2 � /2i�BH2/ +?�`�+i2`B@

x�iBQM Q7 i?2 T`QT2`iB2b Q7 i?2 Zm�ibQK2 #BH�v2`X h?2 KQH2+mH�` Q`;�MBx�iBQM Q7 i?2 +QKTQ@

M2Mib �+`Qbb i?2 #BH�v2` UTQbBiBQMBM;- Q`B2Mi�iBQM �M/ /BzmbBQM Q7 i?2 +QKTQM2Mi KQH2+mH2bV

p



r�b bim/B2/ �b r2HH �b K2+?�MB+�H T`QT2`iB2b bm+? �b #2M/BM; KQ/mHmb �M/ �`2� 2tT�MbBQM

KQ/mHmbX h?2 2z2+i Q7 i2KT2`�im`2 �M/ �//2/ b�Hi r�b �HbQ �M�Hvx2/X _2K�`F�#Hv- Bi r�b

7QmM/ i?�i i?2 Q`B2Mi�iBQM Q7 i?2 KQH2+mH2b ?�b � bTQMi�M2Qmb bvKK2i`v #`2�FBM; #2ir22M

i?2 irQ H2�~2ib Q7 i?2 #BH�v2` �M/ bi�i2b rBi? /Bz2`2Mi Q`B2Mi�iBQMb +Q2tBbi- � i?2Q`2iB+�H

T`2/B+iBQM i?�i ?�b #22M i2bi2/ 2tT2`BK2Mi�HHvX

AM *?�Ti2` 9 irQ +Q�`b2@;`�BM J�`iBMB@ivT2 T�`�K2i`Bx�iBQMb Q7 � 7Q`+2 }2H/ 7Q` *h�"

bm`7�+i�Mi UQM2 7Q` 2tTHB+Bi bQHp2Mi �M/ QM2 7Q` BKTHB+Bi bQHp2Mi bBKmH�iBQMbV r�b /2p2HQT2/

�M/ bm++2bb7mHHv i2bi2/ �;�BMbi �iQKBbiB+ bBKmH�iBQMbX h?2 KQ/2H r�b 7m`i?2` 2KTHQv2/ iQ

T2`7Q`K bBKmH�iBQMb Q7 7mHH Zm�ibQK2 p2bB+H2bX h?2b2 bBKmH�iBQMb `2p2�H2/ i?�i i?2 Zm�i@

bQK2 p2bB+H2 Bb K�/2 Q7 TH�M�` 7�+2b HBMF2/ #v +m`p2/ /272+ib- � FBM/ Q7 p2bB+H2 Q`;�MBx�iBQM

M2p2` 7QmM/ #27Q`2X h?2b2 T`2/B+iBQMb r2`2 +QM}`K2/ #v 2tT2`BK2Mi�H *`vQ@h1J BK�;2bX

*?�Ti2`b 8 �M/ e bi�`i #v /2p2HQTBM; U7`QK .6hV *>�_JJ +QKT�iB#H2 �iQKBbiB+

7Q`+2 }2H/b 7Q` bBKmH�iBQM Q7 /Bz2`2Mi /v2b U~mQ`2b+2BM BM *?�Ti2` 9 �M/ .B. �M/ .BA

BM *?�Ti2` 8VX h?2b2 7Q`+2 }2H/b r2`2 2KTHQv2/ BM KQH2+mH�` /vM�KB+b bBKmH�iBQMb Q7

i?2 BMi2`�+iBQMb Q7 i?2b2 /v2b rBi? Zm�ibQK2bX h?2 `2bmHib /2KQMbi`�i2 i?�i /2bTBi2 i?2

?v/`QT?BHB+ ~mQ`2b+2BM /v2 BMi2`�+ib bi`QM;Hv rBi? Zm�ibQK2 UpB� 2H2+i`Qbi�iB+ BMi2`�+iBQMbV-

i?2 �/bQ`TiBQM Q7 i?2 /v2 +QKT2i2b rBi? i?2 KQ`2 7�pQ`�#H2 7Q`K�iBQM Q7 bQHm#H2 KQH2+mH�`

+Hmbi2`bX >2M+2- � KQ`2 bmBi�#H2 �TT`Q�+? Bb iQ 2KTHQv ?v/`QT?Q#B+ /v2b bm+? �b .BA �M/

.B.X h?2 bBKmH�iBQMb `2TQ`i2/ BM i?2 i?2bBb b?Qr i?�i i?2b2 /v2b �`2 BMi2;`�i2/ BM i?2

#BH�v2` rBi?Qmi /27Q`KBM; Q` �Hi2`BM; i?2 Zm�ibQK2 �M/ rBi?Qmi �;;`2;�iBM; BMbB/2 i?2

Zm�ibQK2 #BH�v2`- i?mb T`QpB/BM; bmBi�#H2 �Hi2`M�iBp2b 7Q` /2p2HQTBM; ~mQ`2b+2Mi p2bB+H2bX

h?2 +QM+HmbBQMb �M/ T2`bT2+iBp2b b2+iBQM b?Qrb i?�i i?2 i?2bBb MQi QMHv T`2b2Mi K�Mv

M2r `2bmHib #mi �HbQ ?�b K�Mv TQbbB#H2 7mim`2 T2`bT2+iBp2b BM /Bz2`2Mi /B`2+iBQMb, p2bB+H2b

rBi? `2bQM�Mi 2M2`;v i`�Mb72`- +QM+2Tim�H �bT2+ib `2;�`/BM; i?2 bTQMi�M2Qmb b2H7@�bb2K#Hv

Q7 p2bB+H2b- TQbbB#BHBiv Q7 `2TH�+BM; i?2 +QKTQM2Mib #v Qi?2` /Bz2`2Mi #BH�v2` +QKTQM2MibX

�HH i?2b2 QTiBQMb ?�p2 #22M BMBiB�HHv 2tTHQ`2/ �M/ �HH Q7 i?2K �`2 p2`v T`QKBbBM;X

pB



Ai Bb BMp�Hm�#H2 iQ ?�p2 � 7`B2M/ r?Q b?�`2b vQm`
BMi2`2bib �M/ ?2HTb vQm bi�v KQiBp�i2/X

J�`v�K JB`x�F?�MB

�+FMQrH2/;K2Mib

:`�iBim/2 Bb QM2 Q7 i?2 KQbi TQr2`7mH ?mK�M 2KQiBQMb- #2+�mb2 Bi MQi QMHv 2M�#H2b mb iQ

�TT`2+B�i2 r?�i r2 �H`2�/v ?�p2- #mi �HbQ ?2HTb iQ �ii`�+i M2r i?BM;b BMiQ Qm` HBp2bX

6B`bi Q7 �HH- A rQmH/ HBF2 iQ i?�MF ar�T�M EX S�iB- 7`QK i?2 CL*�a_X hQ #2 ?Qbi2/ BM

i?�i BMbiBimiBQM 7Q` irQ v2�`b r�b � #B; +?�HH2M;2 7Q` K2- bQ A �TT`2+B�i2 ?BK p2`v Km+?

7Q` ?Bb ?2HT �M/ bmTTQ`iX hQ i?2 hal /2T�`iK2Mi r?2`2 A #2HQM;2/- � #B; i?�MF vQm 7Q`

#2BM; Kv 7�KBHv i?2`2c a?m#?�DBi- �#?B`QQT- �`F�KBi�- ar�biBF�- �b?pBMB- .B#v�DvQiB �M/

"Qi?`�- �M/ }M�HHv �MmbQQv� S�iB 7Q` #2BM; i?2 ǴK�Ƕ�KǴ Q7 mb �HHX hQ Kv 7`B2M/ a2`;BQ-

7Q` �HH i?2 +Qz22 #`2�Fb iQ;2i?2` BM i?2 �K�xBM; +�KTmb BM i?2 KB//H2 Q7 i?2 rBH/2`M2bbX

6BM�HHv iQ S`Q7X S`�F�b?- 7Q` ?2HTBM; K2 rBi? �HH i?2 /Qm#ib �M/ bQHpBM; T`Q#H2Kb rBi? J.
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bBKmH�iBQMbX .?�Mv�p��/5

A rQmH/ HBF2 iQ i?�MF iQ i?2 L�MQk7mM 7�KBHv �M/ i?2 J�`B2 *m`B2 AMBiB�H h`�BMBM;

L2irQ`F UAhLV T`Q;`�K 7mM/2/ #v i?2 1m`QT2�M *QKKBbbBQM i?`Qm;? i?2 6Sd@J�`B2 *m`B2

�+iBQMbX 6`QK "2M;�Hm`m iQ "�`+2HQM�- T�bbBM; #v "Q`/2�mt- >�MMQp2` �M/ S�`K�- A ?�/

i?2 +?�M+2 iQ K22i �M/ b?�`2 b+B2M+2 rBi? `2�HHv i�H2Mi2/ T2QTH2- �M/ H2�`M 7`QK i?2K �HQM;

i?2 r�vX hQ a2`;BQ- �MiQMBQ- .�pB/2- .QKM�- G�m`�- S�QHQ- o�H2MiBM�- Gm+�- aH�p�XXX 7Q` �HH

i?2 ;QQ/ iBK2b r2 bT2M/ iQ;2i?2` /m`BM; i?2 K22iBM;bX aT2+B�HHv i?�MFb iQ �MiQMBQ 7Q` MQi

QMHv ?2HTBM; K2 rBi? Kv i?2bBb rQ`F- #mi �HbQ 7Q` #2+QKBM; � 7`B2M/ /m`BM; i?Bb DQm`M2vX

1H K2m i`2#�HH /2 i2bB MQ ?�;mûb 2bi�i TQbbB#H2 b2Mb2 H� +QHǦH�#Q`�+BƦ B T2`i¨Mv2` �H ;`mT

L�MQKQHX S`BK2` /2 iQi �;`�B` � H� .`�X LQ`� o2MiQb�- T2` +QM}�` �K# KB B ?�p2`@K2 /QM�i

HǶQTQ`imMBi�i /2 K�`t�` U� HǶŐM/B�V T2`ǁ i�K#û /2 iQ`M�` U� HǶA*J�"VX S2` 72`@K2 T�`iő+BT

/2Hb b2KBM�`Bb B `2mMBQMb BMi2`M2b /2H ;`mT [m2 i�Mi KǶ?�M �Dm/�i 2M 2H /2b2MpQHmT�K2Mi /2 H�

i2bB B +QK MQ- T2` ?�p2` TQ;mi ;�m/B` /2 H� ;`�M 7�KőHB� [m2 ûb L�MQKQH- i�Mi � MBp2HH +B2Miő}+

+QK T2`bQM�HX :`¨+B2b �Hb S`Q7bX C�mK2 B *mM T2` /QM�`@K2 HǶQTQ`imMBi�i /Ƕ�T`2M/`2 /BMi`2

2H b2m ;`mT /ǶBMp2biB;�+BƦX � T2`bQM2b +H�m- +QK �MiQMBQ- :mBHH2K- GB/B� 6- J�`B�M� B CQb2T

T2H b2m BMi2`ĕb B bmTQ`i 2M K2m i`2#�HH- T2` iQi2b H2b /Bb+mbbBQMb B bm;;2`BK2MibX :`¨+B2b5 1M

HǶ¨K#Bi T2`bQM�H- pmHH /QM�` H2b ;`¨+B2b � iQib 2Hb +QKT�Mvb /2 L�MQKQHX úb BM+`2ś#H2 T2Mb�`

2M iQi� H� ;2Mi [m2 ?2 TQ;mi +QMĕBt2` B �K# H� [m2 ?2 TQ;mi +QKT�`iB` �[m2bib /Qb ȹHiBKb
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�Mvb /2 i2bBX :2Mi /2 KQHi� [m�HBi�i [m2 7� [m2 HǶ�K#B2Mi /2 i`2#�HH bB;mB BKKBHHQ`�#H2X

h`Q#�`û � 7�Hi�` KQK2Mib +QK �[m2bib, +�7ĕb � T`BK2`� ?Q`� /2H K�iő- CQb2Tc 2H bmTQ`i

K2Mi�H T2` 2b+`Bm`2 H� i2bB B 2H bmTTQ`i 7őbB+ T2` HǶ2b+�H�/� B 2H `mMMBM;- �/`Bc iQi 2H [m2

KǶ?�b 72i `Bm`2 B i`2#�HH�` �K# im- :mBHH2Kc 2H /B� � /B� �H /2bT�it B H2b MQbi`2b +QMp2`b2b-

6`�M+2b+c 2Hb +�72b /�p�Mi /2H K�T� /2H KƦM- CQz`2c HQb ?QH�b v H�b KBMB@+QMp2`b�+BQM2b +QM

J�`ő� 2M H� j� TH�Mi�- �Btő +QK iQib 2Hb /BM�`b � H�b Rj?- TH�Mb B +2H2#`�+BQMb �K# H� Gő/B�

"- S�mH�- AMûb- hQMB- *�`H2b- .�pB/- _�KQM- ǀb+�`- Cm/Bi- aBKQM�- �H#2`i- JB[m2H- aQHĕM2-

L�i?�Hv- *�`H�- h2`2b�- J�`BQ- CQb2- �M;2H- J�`+- 1/m- C�pBXXX

S2` �Hi`� #�M/�- �H HH�`; /2 H� K2p� i2bB ?2 iBM;mi HǶQTQ`imMBi�i /2 +QHǦH�#Q`�` 2M

/B72`2Mib ;`mTb /ǶBMp2biB;�+BƦX PM QM2 ?�M/- A rQmH/ HBF2 iQ i?�MF S`Q7X �MM� S�BM2HHB-

.`�X *`BbiBM� aBbb� �M/ .`�X 6`�M+2b+� h2`2MxB�MB 7Q` ?QbiBM; K2 BM lMBp2`+Bi¨ /B S�`K�

7Q` j KQMi?bX S2` �Hi`� #�M/�- � H� .`�X J�`BM� AX :B�MMQiiB B .`�X "2`i� :mKő@�m/2MBb

UA"1*V B .`�X AKK� _�i2`� UA*J�"V T2H i`2#�HH KBti2 i�M ǴtmHQǴ [m2 2Mb ?� [m2/�iX LQ

b2KT`2 2b iĕ HǶQTQ`imMBi�i /2 Tm#HB+�` mM �`iB+H2 �K# mM� #QM� �KB;�X SQ` ȹHiBKQ- �H .`X

1M`B[m2 *?�+ƦM UA*JJV TQ` 2H BMi2`+�K#BQ /2 2K�BHb v �vm/� T�`� +�H+mH�` H�b T`QTB2/�/2b

2H�biB+�b /2 Mm2bi`Q bBbi2K�X

�T`Q}iQ i�K#û T2` �;`�B` � H2b K2p2b �KB;m2b B �KB+b- 2Hb [m2 ?�M TQ;mi 2bi�` Kûb �

T`QT T2`ǁ i�K#û �[m2HHb [m2 ?�M 2bi�i iQi B 2bi�` HHmMvX 1Hb [m2 2K +QM2Bt2M /2 b2KT`2 B

+QM2Bt2M iQi 2H K2m 2b7Q`Ï 2M T`BK2`� T2`bQM� T2` ?�p2` �``B#�i }Mb �[mő- T2`ǁ i�K#û iQib

�[m2HHb [m2 ?2 �M�i +QM2Bt2Mi /m`�M �[m2bib �Mvb /2 i2bB B [m2 KǶ?�M �Dm/�i � +QMiBMm�`X

Bt



� iQib 2HHbc "2`i�- JB`2B�- P`BQH- �MM�- 62``�M- CQb2T- �/`B�M� B a�`�- ;`¨+B2b 2M 2bT2+B�H5

h�K#û � H� K2p� 7�KőHB�c T�T�- K�K�- :Hǁ`B� B LB2Hb B �pBb- T2` iQi 2H [m2 ?2m 72i T2` b2`

[mB bƦ+ B 2bi�` QM pmHHX

h2bB ?QM2i�FQ �#2Mim`� ?�M/B2M2i�FQ #�i xm 2x�;mix2� Bx�M /�- 2i� �xF2M ?B`m m`i2

?�m2F xm`2FBM T�`i2F�ix2�X l`i2 ?Q`B2i�FQ #�FQBix� QbQ #2`2xB� 2i� 2x#2`/BM� Bx�M /�X

1bF2``BF �bFQ- 2bF2``BF �bFQ 2i� 2bF2``BF �bFQ MB`2 H�M xB2MiB}FQ�M 2M;�B�ix2�;�iBF- Xi2t

;mxiB�F B`�Fm``Bx 2i� xmx2MF2i�F 2i� ;QK2M/BQ�F 2;BM2xX J�Bi2 x�BimiX

� pQb�Hi`2b mb pQHB� /2Bt�` T2H }M�HX ZmB2`Q 2KT2x�` TQ` u�KBH�- T�`� KB ?�b bB/Q mM�

7m2Mi2 /2 2M2`;ő�- #m2MQb KQK2MiQb 2 BMbTB`�+BƦMX :`�+B�b v i2 /2b2Q HQ K2DQ` TQ` [m2

i2 HQ K2`2+2bX .�pB/- 2H K2DQ` +QKT�Ƣ2`Q /2 i`�#�DQ [m2 b2 Tm2/2 i2M2`X :`�+B�b TQ` im

�vm/� +QMbi�Mi2- `2bQHp2` KBb /m/�b- �vm/�`K2 +QM KB i`�#�DQ v TQ` 2H T�T2` DmMiQb [m2

i2M2KQbX J2 bB2MiQ Kmv �7Q`imM�/� TQ` ?�#2`i2 i2MB/Q i�M +2`+� 2M 2bi� ȹHiBK� 2i�T� /2

H� i2bBbX A CQ`/BXXX H� T2`bQM� Kûb +H�m B BKTQ`i�Mi /Ƕ�[m2bi T2`őQ/2 T2` KBX :`¨+B2b T2` b2`
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A /B/MǶi r�Mi iQ Dmbi FMQr M�K2b Q7 i?BM;bX A `2@

K2K#2` `2�HHv r�MiBM; iQ FMQr ?Qr Bi �HH rQ`F2/X

1HBx�#2i? "H�+F#m`M

1
AMi`Q/m+iBQM

AM RNN3- i?2 LQ#2H S`Bx2 BM *?2KBbi`v r�b �r�`/2/ DQBMiHv iQ q�Hi2` EQ?M 7Q` ?Bb /2p2H@

QTK2Mi Q7 i?2 /2MbBiv@7mM+iBQM�H i?2Q`v �M/ CQ?M �X SQTH2 7Q` ?Bb /2p2HQTK2Mi Q7 +QK@

Tmi�iBQM�H K2i?Q/b BM [m�MimK +?2KBbi`vX h?Bb r�b i?2 }`bi iBK2 BM ?BbiQ`v i?�i i?2

T`Bx2 r�b ;Bp2M iQ � rQ`F i?�i +QMi�BM2/ KQH2+mH�` KQ/2HHBM; +QKTmi2` bBKmH�iBQMbX AM

kyRj- i?`22 TBQM22`b Q7 +QKTmi�iBQM�H #BQT?vbB+b �M/ bi`m+im`�H #BQHQ;v- J�`iBM E�`THmb-

�`B2? q�`b?2H- �M/ JB+?�2H G2pBii- r2`2 �r�`/2/ i?2 LQ#2H S`Bx2 BM *?2KBbi`v- 7Q` i?2

/2p2HQTK2Mi Q7 KmHiBb+�H2 K2i?Q/b 7Q` +QKTH2t bvbi2KbX h?2v r2`2 `2+Q;MBx2/ 7Q` i?2B`

/2p2HQTK2Mi �M/ �TTHB+�iBQM Q7 K2i?Q/b iQ bBKmH�i2 i?2 #2?�pBQ` Q7 KQH2+mH2b �i p�`BQmb

R



AMi`Q/m+iBQM

b+�H2b- 7`QK bBKTH2 KQH2+mH2b iQ T`Qi2BMbX

h?2b2 KBH2biQM2b +QmH/ #2 b22M �b i?2 /�rM Q7 � M2r 2`� 7Q` +?2KBbi`v- i?2 2`� Q7

2tT2`BK2Mib #�b2/ QM +QKTmi2` bBKmH�iBQMbX PM QM2 ?�M/- i?2b2 KQH2+mH�` KQ/2HHBM; bBK@

mH�iBQMb ?�p2 bQK2 �/p�Mi�;2b p2`bmb i?2 i`�/BiBQM�H 2tT2`BK2Mi�H K2i?Q/X 6Q` BMbi�M+2-

i?2 BM+`2�b2 BM bT�iB�H `2bQHmiBQM- r?B+? BM7Q`Kb �#Qmi i?2 2t�+i KQH2+mH�` +QM7Q`K�iBQM

Q7 #mBH/BM; #HQ+Fb T`QpB/BM; � KQ`2 +QKTH2i2 TB+im`2 Q7 �Mv bvbi2K- Q` i?2 /2+`2�b2 BM

i?2 +Qbi Q7 2tT2`BK2MibX PM i?2 Qi?2` ?�M/- bBKmH�iBQMb �HbQ ?QH/ �/p�Mi�;2b p2`bmb i?2

Tm`2Hv i?2Q`2iB+�H �TT`Q�+?X 6Q` 2t�KTH2- i?2v T`QpB/2 Km+? KQ`2 pBbm�HHv �TT2�HBM; BM@

7Q`K�iBQM- 7�+BHBi�iBM; i?2 BMi2`T`2i�iBQM Q7 i?2Q`2iB+�H KQ/2Hb- r?B+? +�M #2 mMrB2H/v �M/

7`�;BH2 U2bT2+B�HHv r?2M i?2v �`2 H�`;2VX >Qr2p2`- bBKmH�iBQMb U�b � M2r K2i?Q/V- �`2

MQi BMi2M/2/ iQ bm#biBimi2 �Mv Q7 i?2 Qi?2` irQ �TT`Q�+?2b- #mi iQ +QKTH2K2Mi

#Qi? Q7 i?2K- �+iBM; �b � #`B/;2 #2ir22M i?2K- 2MH�`;BM; Q` 2p2M +QKTH2iBM;

i?2 TB+im`2 Q7 i?2 `2�HBiv i?�i +?2KBbi`v T`QpB/2bX

PM2 Q7 i?2 }2H/b r?2`2 bBKmH�iBQM K2i?Q/b ?�p2 ?�/ � #B;;2` BKT�+i Bb i?�i Q7 i?2

BMp2biB;�iBQM Q7 #BQKQH2+mH2bj9- �M/ i?Bb- �i i?2 b�K2 iBK2- ?�b #`Qm;?i � `2K�`F�#H2

T`Q;`2bb BM b2p2`�H }2H/bX h?2 bBKmH�iBQM Q7 #BQHQ;B+�H bvbi2Kbkk Bb QM2 Q7 i?2 #2bi 2t@

�KTH2bX h?�i T`Q;`2bb ?�b #`Qm;?i mM/2`bi�M/BM; Q7 #BQHQ;B+�H T?2MQK2M� �M/ i?2 `2@

H�iBQMb?BTb BM i?Qb2 bvbi2Kb- iQ � }2H/ i?�i ?�/ #27Q`2 � H�+F Q7 b+B2MiB}+ �++m`�+v �M/

K�i?2K�iB+�HfT?2MQK2MQHQ;B+�H i`�+i�#BHBivX J2i?Q/b iQ bim/v #BQHQ;B+�H bvbi2Kb `2[mB`2

+QMbB/2`BM; � #B; �KQmMi Q7 T�`�K2i2`b- �HH Q7 i?2K +`BiB+�H 7Q` i?2 7mM+iBQMBM;- K�FBM; i?2

bim/v Q7 i?Qb2 bvbi2Kb �M/ i?2B` K2+?�MBbKb `2�HHv +QKTH2tX JQH2+mH�` KQ/2HHBM; K2i?Q/@

QHQ;v �ii2KTib iQ 2HBKBM�i2 i?2 M�im`�H p�`B�#BHBiv Q7 � #BQHQ;B+�H bvbi2K bQ i?�i /Bz2`2M+2b

BM #2?�pBQ` +�M #2 KQ`2 +H2�`Hv B/2MiB}2/X .2p2HQTK2Mi Q7 KQ/2`M +QKTmi2`b ?�b T�`�H@

H2H2/ i?2 M22/ 7Q` [m�MiBi�iBp2 mM/2`bi�M/BM; Q7 +QKTH2t #BQHQ;B+�H T`Q#H2Kb- �M/ Bi ?�b

�++2H2`�i2/ i?2 /2p2HQTK2Mi Q7 KQbi KQ/2HBM; bim/B2b- iQ +`2�i2 � KQ/2H i?�i Bb bBKTH2 v2i

`2i�BMb i?2 2bb2MiB�H T?vbB+�H �M/ #BQHQ;B+�H �ii`B#mi2bkRX

k
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qBi?BM i?2 }2H/ Q7 #BQKQH2+mH2b- � T�`iB+mH�` +�b2 Q7 2bT2+B�H `2H2p�M+2 Bb i?�i Q7 p2bB+H2b-

r?B+? �`2 BMi`Q/m+2/ �M/ 2tTH�BM2/ BM i?2 M2ti b2+iBQMX

RXR o2bB+H2b �b M�MQbi`m+im`2/ bvbi2Kb

o2bB+H2b �`2 bT?2`B+�H Q#D2+ib 2M+HQbBM; � HB[mB/ +QKT�`iK2Mi UHmK2MV- rBi? � /B�K2i2`

`�M;BM; 7`QK ky MK iQ � 72r i?Qmb�M/ Q7 M�MQK2i2`b- b2T�`�i2/ 7`QK Bib bm``QmM/BM;b #v �i

H2�bi QM2 i?BM K2K#`�M2 +QMbBbiBM; Q7 � #BH�v2` UmMBH�K2HH�`V Q` b2p2`�H H�v2`b UKmHiBH�K2HH�`V

Q7 �KT?BT?BHB+ KQH2+mH2bjy Ub22 6B;m`2 RXRVX h?2v +�M #2 +H�bbB}2/ #v i?2B` bBx2- #2BM; i?2

7Q+mb Q7 i?Bb rQ`F i?Qb2 +�HH2/ alob UbK�HH mMBH�K2HH�` p2bB+H2b- bBx2 I kyy MK �M/ bBM;H2

#BH�v2`VX 6Q` � KQ`2 /2i�BH2/ BM7Q`K�iBQM b22 `279RX

Figure 1.1: Schematic representation of some possible vesicular structures.

o2bB+H2b �`2 7Q`K2/ #v �KT?BT?BHB+ KQH2+mH2bX h?2 i2`K `2H�i2b iQ i?2 7�+i i?�i �HH

�KT?BT?BHB+ KQH2+mH2b +QMbBbi Q7 �i H2�bi irQ T�`ib- QM2 r?B+? Bb bQHm#H2 BM � bQHp2Mi Ui?2

HvQT?BHB+ T�`iV �M/ QM2 r?B+? Bb BMbQHm#H2 Ui?2 HvQT?Q#B+ T�`iVX q?2M i?2 bQHp2Mi Bb r�i2`-

QM2 mbm�HHv i�HFb �#Qmi i?2 ?v/`QT?BHB+ �M/ ?v/`QT?Q#B+ T�`ib- `2bT2+iBp2HvX

o2bB+H2b +�M #2 7Q`K2/ #v �KT?BT?BHB+ KQH2+mH2b bm+? �b bm`7�+i�Mib Q`f�M/ T?QbT?Q@

HBTB/b- #mi K�v �HbQ #2 T`2T�`2/ 7`QK K�+`QKQH2+mH�` �M�HQ;m2b- i?Bb Bb- �KT?BT?BHB+ #HQ+F

j



AMi`Q/m+iBQM

Figure 1.2: Schematic representation of the different types of vesicle drug delivery systems. Vesicles consist of a

bilayer that can be composed of cationic, anionic, or neutral phospholipids, as well as surfactants, which enclose an

aqueous core. Both the bilayer and the aqueous space can incorporate hydrophobic or hydrophilic compounds, re-

spectively.

+QTQHvK2`b UǴTQHvK2`bQK2bǴVR9X

PM QM2 ?�M/- i?Qb2 7Q`K2/ #v T?QbT?QHBTB/b �`2 FMQrM �b HBTB/ p2bB+H2b Q` HBTQbQK2b-

r?B+? mbm�HHv ?�p2 �MBQMB+ +?�`�+i2`X PM i?2 Qi?2` ?�M/- i?2 QM2b 7Q`K2/ #v bm`7�+i�Mib

+�M #2 2Bi?2` +�iBQMB+ Q` �MBQMB+ p2bB+H2bX "2bB/2b- p2bB+H2b 7Q`K2/ #v i?2 +QK#BM�iBQM Q7 �

HBTB/ �M/ � bm`7�+i�Mi 2tBbiX PM2 2t�KTH2 Q7 i?Qb2 �`2 MBQbQK2b- r?Qb2 K�BM �KT?BT?BHB+

+QKTQM2Mi Bb � MQM@BQMB+ bm`7�+i�Mi i?�i 7Q`Kb � #BH�v2` mTQM i?2 �//BiBQM Q7 +?QH2bi2`QH

U2X;X- /B+2ivH T?QbT?�i2V9kX �MQi?2` 2t�KTH2 �`2 +�iBQMB+ p2bB+H2b- i?�i +�M #2 7Q`K2/ #v

+�iBQMB+ HBTB/bX �KQM; �HH- +�iBQMB+ p2bB+H2b ?�p2 bQK2 �/p�Mi�;2b Qp2` p2bB+H2b 7Q`K2/

#v T?QbT?QHBTB/b Q` MQM@BQMB+ bm`7�+i�Mib- �b i?2v �`2 bBKTH2 �M/ [mB+F iQ 7Q`KmH�i2- �M/

�`2 +QMbiBimi2/ #v `2�/BHv �p�BH�#H2 BM;`2/B2Mib i?�i �`2 +?2KB+�HHv bi�#H2 �;�BMbi QtB/�iBp2

/2;`�/�iBQM98X

o2bB+H2b +�M TH�v � K�DQ` `QH2 BM KQ/2HBM; #BQHQ;B+�H K2K#`�M2b- i`�MbTQ`i �M/ i�`;2iBM;

Q7 �+iBp2 �;2Mib9RX AM `2+2Mi v2�`b- p2bB+H2b ?�p2 #2+QK2 i?2 p2?B+H2 Q7 +?QB+2 BM /`m;

9
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/2HBp2`vRy-9j- Ub22 �M BHHmbi`�iBp2 b+?2K2 BM 6B;m`2 RXkVX o2bB+mH�` /`m; /2HBp2`v `2/m+2b i?2

+Qbi Q7 i?2`�Tv #v BKT`Qp2/ #BQ�p�BH�#BHBiv Q7 K2/B+�iBQM- 2bT2+B�HHv BM i?2 +�b2 Q7 TQQ`Hv

bQHm#H2 /`m;bX h?2v +�M BM+Q`TQ`�i2 #Qi? ?v/`QT?BHB+ �M/ ?v/`QT?Q#B+ /`m;b- /2H�vBM;

/`m; 2HBKBM�iBQM Q7 `�TB/Hv K2i�#QHBx�#H2 /`m;b- �M/ rQ`F �b bmbi�BM2/ `2H2�b2 bvbi2KbX

h?mb- #�b2/ QM i?�i- K�Mv i2+?MQHQ;B+�H BMMQp�iBQMb ?�p2 �`Bb2M 7`QK i?2 �TTHB+�iBQMb Q7

p2bB+H2 bvbi2K BM Q`/2` iQ bQHp2 i?2 T`Q#H2Kb Q7 /`m; BMbQHm#BHBiv- BMbi�#BHBiv- �M/ `�TB/

/2;`�/�iBQMX 6m`i?2`KQ`2- HBTB/ p2bB+H2b ?�p2 #22M 7QmM/ iQ #2 Q7 p�Hm2 BM BKKmMQHQ;v-

K2K#`�M2 #BQHQ;v- /B�;MQbiB+ i2+?MB[m2b- �M/ KQbi `2+2MiHv- ;2M2iB+ 2M;BM22`BM;jkX

6BM�HHv- � rQ`H/ Kmbi #2 b�B/ �#Qmi i?2 bB;MB}+�Mi `QH2 Q7 bK�HH KQH2+mH2b BM p2bB+H2

7Q`K�iBQM �M/ bi�#BHBx�iBQMX AM+Q`TQ`�iBQM Q7 +2`i�BM +QKTQM2Mib BMiQ M�im`�H Q` �`iB}+B�H

K2K#`�M2b +�M bi�#BHBx2 �M/ `B;B/B7v i?2 K2K#`�M2 #BH�v2`b Q7 i?2 p2bB+H2bX *?QH2bi2`QH-

7Q` BMbi�M+2- ?�b T`Qp2M iQ BM~m2M+2 i?2 K2K#`�M2 Q`;�MBx�iBQM- �z2+iBM; i?2 K2K#`�M2

T2`K2�#BHBiv iQ BQMb- i?2 +QKT`2bbB#BHBiv Q7 i?2 #BH�v2`b- �M/ i?2 /BzmbBQM Q7 Qtv;2MjNX

*?QH2bi2`QH- BM+Q`TQ`�i2/ BMiQ HBTQbQK2b 7Q` 2t�KTH2- TH�vb �M BKTQ`i�Mi `QH2 BM #BQK2/B+�H

�TTHB+�iBQMbX Aib �#BHBiv iQ KQ/mH�i2 i?2 T?vbB+Q@+?2KB+�H T`QT2`iB2b Q7 HBTB/ #BH�v2`b ?�b

#22M 2KTHQv2/ iQ bi�#BHBx2 HBTQbQK2b 7Q` i?2B` �TTHB+�iBQM BM /`m; /2HBp2`v Q` �M�HviB+�H

b+B2M+2NX *QMbB/2`BM; KBt2/ bvbi2K 7Q` p2bB+H2 7Q`K�iBQM +QmH/ ;Bp2 `Bb2 iQ � M2r bQ`i Q7

BKTQ`i�Mi- 2K2`;BM; +H�bb Q7 b2H7@�bb2K#H2/ p2bB+mH�` bvbi2KbdX

RXRXR *QM/BiBQMb 7Q` p2bB+H2 7Q`K�iBQM

�KT?BT?BHB+ KQH2+mH2b /BbT2`b2/ BM � bQHp2Mi +�M 7Q`K � H�`;2 p�`B2iv Q7 �;;`2;�i2b Q7 p2`v

/Bz2`2Mi KQ`T?QHQ;B2b �M/ bBx2bk8X .2T2M/BM; QM �KT?BT?BH2UbV +QM+2Mi`�iBQM- i2KT2`�im`2

�M/ bQHp2Mi T`QT2`iB2b- i?2 �KT?BT?BH2b +�M 2Bi?2` #2 /BbbQHp2/ BM bQHmiBQM Q` 7Q`K KQMQH�v2`

�;;`2;�i2b HBF2 KB+2HH2b UbT?2`B+�H Q` +vHBM/`B+�HV Q` �bb2K#H2 BMiQ #BH�v2`bX 1t�KTH2b Q7

#BH�v2` �;;`2;�i2b �`2 TH�M�` H�K2HH�2- +HQb2/ ?QHHQr bT?2`2b Up2bB+H2bV �M/ #B@+QMiBMmQmb

UbTQM;2 HBF2V K2bQT?�b2bX � +QKTH2i2 `2pB2r Q7 �HH i?2 TQbbB#H2 �KT?BT?BH2 T?�b2b +�M #2

7QmM/ BM `272`2M+2k8-jyX

8
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o2bB+mH�iBQM BM �M �[m2Qmb bQHmiBQM Bb +QMbB/2`2/ � bTQMi�M2Qmb T`Q+2bb /`Bp2M #v KBM@

BKBx�iBQM Q7 7`22 2M2`;v- �b- ;Bp2M � TH�M�` T�i+? Q7 K2K#`�M2- i?2 MQMTQH�` ?v/`QT?Q#B+

T�`i `2T2Hb i?2 +QMi�+i rBi? TQH�` r�i2` KQH2+mH2bX q?2M i?Bb /`BpBM; 7Q`+2 Bb bm{+B2MiHv

?B;? iQ Qp2`+QK2 i?2 +Q``2bTQM/BM; #2M/BM; `2bBbi�M+2 Q7 i?2 TH�M�` K2K#`�M2- i?2 +m`pBM;

Q7 i?2 T�i+? BMiQ � bT?2`2 #2+QK2b TQbbB#H2- #`BM;BM; i?2 7Q`K�iBQM Q7 � p2bB+H2 Q7 KBMBK�H

bBx2k-R3X

hrQ +QKKQM r�vb iQ BM/m+2 bTQMi�M2Qmb p2bB+mH�iBQM �`2 i?2 i?2`KQ/vM�KB+ p2bB+H2

7Q`K�iBQM �TT`Q�+? �M/ i?2 FBM2iB+ p2bB+H2 7Q`K�iBQM �TT`Q�+?- H2�/BM; iQ 2[mBHB#`BmK �M/

MQM@2[mBHB#`BmK bi`m+im`2b `2bT2+iBp2HvX PM QM2 ?�M/- BM i?2 i?2`KQ/vM�KB+ +�b2- � +HQb2/

p2bB+H2 UQ` � +m`p2/ bm`7�+2 BM ;2M2`�HV `2[mB`2b i?2 2tBbi2M+2 Q7 �bvKK2i`v #2ir22M i?2

BMM2` �M/ 2ti2`M�H K2K#`�M2 H�v2`bX h?2 2�bB2bi �M/ KQbi +QKKQM r�v iQ BM/m+2 bTQMi�@

M2Qmb p2bB+mH�iBQM Bb i?�i Q7 KBtBM; irQ /Bz2`2Mi �KT?BT?BH2bj3-99X �b �M 2t�KTH2 Q7 i?Bb-

KBtBM; +�iBQMB+ �M/ �MBQMB+ �KT?BT?BH2b 7�+BHBi�i2b i?2 #BH�v2` �bvKK2i`v #v BMi`Q/m+BM;

i?2 �//BiBQM�H /2;`22 Q7 7`22/QK Q7 i?2 #BH�v2` +QKTQbBiBQM9yX 6B;m`2 RXj b?Qrb �M 2t�K@

Figure 1.3: On the left panel, cryo-TEM image of CTAB/SOS (molecules zoomed are coloured in black and orange, re-

spectively) system showing equilibrium sponteneous unilamellar20 vesicles. On the right panel, cryo-TEM image of

DMPC/DLA (molecules zoomed are colored in blue and red, respectively) forming highly stable unilamellar vesicles37

with spontaneous curvature induced by bilayer asymmetry.
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TH2 Q7 *h�"faPa U+�iBQMB+ �M/ �MBQMB+ bm`7�+i�Mib- `2bT2+iBp2HvV i?�i 7Q`K 2[mBHB#`BmK

mMBH�K2HH�` p2bB+H2b bTQMi�M2QmbHvX L2p2`i?2H2bb- Qi?2` 7�+iQ`b i?�i +�M BM/m+2 �bvKK2i`v

#2ir22M i?2 H�v2`b 2tBbiX �M 2t�KTH2 Bb i?2 +�b2 Q7 .JS*f.a� HBTB/ #�b2/ bvbi2K- BM

r?B+? QM2 Q7 i?2 +QKTQM2Mib BM/m+2b i?2 +m`p�im`2 /m2 iQ Bib /Bz2`2Mi bi`m+im`2 Ub22 6B;@

m`2 RXjVX PM i?2 Qi?2` ?�M/- BM i?2 FBM2iB+ +�b2- bTQMi�M2Qmb p2bB+mH�iBQM Q++m`b /m2 iQ

BMBiB�H �;;`2;�iBQM- i?�i ?�TT2Mb Q7i2M QM � p2`v 7�bi iBK2 b+�H2 URy−� @ Ry−� bVX q?BH2 i?Bb

BMBiB�H �;;`2;�iBQM Bb p2`v 7�bi- QM+2 p2bB+H2b �`2 7Q`K2/ i?2v +�M +QMiBMm2 iQ 2pQHp2 Qp2`

HQM;2` iBK2 b+�H2b UmT iQ r22Fb Q` KQMi?bVX h?Bb bm;;2bib i?�i i?Bb ivT2 Q7 bTQMi�M2Qmb

p2bB+mH�iBQM H2�/b iQ Qmi Q7 2[mBHB#`BmK- FBM2iB+�HHv +QMi`QHH2/- K2i�@bi�#H2 bi`m+im`2bX h?2

FBM2iB+b Q7 bTQMi�M2Qmb p2bB+H2 7Q`K�iBQM ?�b #22M i`�/BiBQM�HHv H2bb bim/B2/X >Qr2p2`- �

`2pB2r QM i?2 FBM2iB+b Q7 KQ`T?QHQ;B+�H +?�M;2b BM kyyjR8 #QQbi2/ i?2 `2b2�`+? BM i?2 iQTB+-

�M/ bBM+2 i?2M KQ`2 bim/B2b r2`2 Tm#HBb?2/- +Qp2`BM; #Qi? 2tT2`BK2Mib �M/ KQ/2HHBM; Ub22

�M 2t�KTH2 BM rQ`FkjVX .2+�MQ�i2 p2bB+H2b �`2 �M 2t�KTH2 Q7 FBM2iB+ p2bB+mH�iBQMk3X

�MQi?2` F2v +QM+2Ti Bb i?2 QM2 BMi`Q/m+2/ #v Ab`�2H�+?pBHB 2i �HXRN BM RNde- i?2 +QM+2Ti

Q7 KQH2+mH�` T�+FBM; T�`�K2i2`X Ai mb2b bQK2 bBKTH2 ;2QK2i`B+�H +QMbB/2`�iBQMb iQ 2tTH�BM

i?2 �#BHBiv Q7 � ;Bp2M �KT?BT?BH2 iQ T�+F BMiQ p2`v bK�HH bT?2`B+�H KB+2HH2b Q` +QMp2`b2Hv

iQ �bb2K#H2 BMiQ H�K2HH�` T?�b2 #BH�v2`bX h?2 B/2� Bb i?�i �M �KT?BT?BHB+ KQH2+mH2 +�M

#2 /2b+`B#2/ #v � bBM;H2 /BK2MbBQMH2bb T�`�K2i2` T i?�i +QK#BM2b i?2 pQHmK2 Q7 i?2 ?v@

/`QT?Q#B+ TQ`iBQM Q7 i?2 bm`7�+i�Mi KQH2+mH2- v- i?2 H2M;i? Q7 i?2 ?v/`Q+�`#QM +?�BMb- H-

�M/ i?2 2z2+iBp2 �`2� T2` ?2�/ ;`QmT- �X h?2b2 i?`22 [m�MiBiB2b +�M #2 +QK#BM2/ BM � bBM;H2

/BK2MbBQMH2bb [m�MiBiv FMQrM �b i?2 T�+FBM; T�`�K2i2`- p- /2}M2/ �b

p =
v
la
, URXRV

.Bz2`2Mi p�Hm2b Q7 i?2 T�+FBM; T�`�K2i2` p +Q``2bTQM/ iQ /Bz2`2Mi b2H7@�bb2K#H2/ bmT`�@

KQH2+mH�` bi`m+im`2bX �b Bi +�M #2 b22M BM 6B;m`2 RX9- `�M;2b 7Q` i?2 T�+FBM; T�`�K2i2` i?�i

+Q``2bTQM/ iQ /Bz2`2Mi bmT`�KQH2+mH�` b?�T2b �`2 /2}M2/- 7`QK KB+2HH2b iQ p2bB+H2b �M/

BMp2`i2/ KB+2HH2bX �i i?2 b�K2 iBK2- #v i?2 /2}MBiBQM Q7 i?2 7Q`KmH� RXR- i?2 T�+FBM;

d
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Figure 1.4: Different packing parameter values are related to different molecular shapes with their corresponding

supramolecular assemblies. Figure partly taken from ref.17.

T�`�K2i2` /2T2M/b QM i?2 KQH2+mH�` ;2QK2i`v- /2}M2/ #v v- l �M/ aX h?2 pQHmK2 p �M/

i?2 i�BH H2M;i? H �`2 }t2/ #mi i?2 2z2+iBp2 �`2� T2` ?2�/ ;`QmT a- KB;?i #2 �z2+i2/ #v

i2KT2`�im`2 Q` BQMB+ 7Q`+2b- 7Q` 2t�KTH2X h?mb- i?2 7Q`K ;BpBM; i?2 KBMBKmK 7`22 2M2`;v

7Q` i?2 T�`�K2i2` a /2i2`KBM2b i?2 QTiBK�H �;;`2;�i2X h?2 bBKTH2bi QM2b �`2 bT?2`B+�H �M/

+vHBM/`B+�H KB+2HH2b �M/ #BH�v2`b- r?B+? �`2 +?�`�+i2`Bx2/ #v +2`i�BM p�Hm2b Q7 i?2 T�+FBM;

T�`�K2i2` �b b?QrM BM h�#H2 RXRX

Table1.1: Packingparametervaluesdescribing thesupramolecularassemblyandthecorrespondencemolecular shape

of the volume occupied by an amphiphilic molecule.

amT`�KQH2+mH�` �bb2K#Hv S�+FBM; T�`�K2i2` JQH2+mH�` b?�T2
aT?2`B+�H KB+2HH2b I Rfj +QM2
*vHBM/`B+�H KB+2HH2b Rfj I T IRfk i`mM+�i2/ +QM2

o2bB+H2b Rfk I T I R i`mM+�i2/ +QM2
SH�M�` #BH�v2` ∼ R +vHBM/2`

AMp2`i2/ KB+2HH2b = R BMp2`i2/ i`mM+�i2/ +QM2
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h?2 ?v/`QT?Q#B+ BMi2`�+iBQM- �b r2HH �b i?2 2z2+iBp2 KQH2+mH2 +QM7Q`K�iBQM- /2i2`KBM2b

i?2 i�BH pQHmK2 �M/ H2M;i?X "`�M+?2/ �M/ /Qm#H2@i�BH2/ bm`7�+i�Mib- 7Q` 2t�KTH2- b?Qr �

Km+? #B;;2` i�BH pQHmK2 �M/ ?2M+2 �`2 KQ`2 T`QM2 iQ T�+F BMiQ #BH�v2`@#�b2/ bi`m+im`2b-

HBF2 p2bB+H2b Q` H�K2HH�2- `�i?2` i?�M BMiQ KB+2HH2bRN-9yX

"�b2/ QM i?2 2tTH�BM2/ T�+FBM; T�`�K2i2` +QM+2Ti- BM RNNR- a�7`�M 2i �HXjj T2`7Q`K2/

� bim/v +QMbB/2`BM; irQ �KT?BT?BHB+ KQH2+mH2b r?B+? b2T�`�i2Hv /Q MQi 7Q`K bTQMi�M2QmbHv

p2bB+H2b- #mi Qi?2` bi`m+im`2b HBF2 KB+2HH2b- BM �[m2Qmb K2/B�X h?2v b�r i?�i i?2B` MQM@B/2�H

KBtBM; ;�p2 `Bb2 iQ � T�+FBM; T�`�K2i2` i?�i +Q``2bTQM/2/ iQ i?2 7Q`K�iBQM Q7 p2bB+mH�`

M�MQbi`m+im`2b Ub22 h�#H2 RXRVX h?Bb 2M�#H2/ � M2r r�v Q7 p2bB+H2 7Q`K�iBQM #v 7QHHQr@

BM; �M BM/B`2+i bi`�i2;v, biB``BM; i?2 /B`2+iBQM�HBiv Q7 i?2 bTQMi�M2Qmb �bb2K#Hv #v i?2

�/2[m�i2 +?QB+2 Q` /2bB;M Q7 i?2 T`2+m`bQ` KQH2+mH2 bi`m+im`2bjRX 6QHHQrBM; i?Bb bi`�i2;v-

Bi Bb TQbbB#H2 iQ KBKB+ +�b2b r?2`2 p2bB+mH�iBQM Bb bTQMi�M2Qmb 7`QK i?2 i?2`KQ/vM�KB+

T2`bT2+iBp2X �b �M 2t�KTH2- r2 ?�p2 i?2 +�b2 2KTHQvBM; �MBQMB+ UbQ/BmK /Q/2vH bmHT?�i2V

�M/ +�iBQMB+ U/Q/2+vH�KKQMBmK +?HQ`B/2V bm`7�+i�Mib- r?B+? 7Q`K +�iBQMB+ p2bB+H2b8X h?2b2

irQ +QKTQM2Mib ?�p2 � }t2/ pQHmK2 �M/ �`2� T2` ?2�/ ;`QmT- Bi Bb 2�bv iQ +QKTmi2 i?2

T�+FBM; T�`�K2i2`- �M/ Bi Bb FMQrM i?�i bm+? T�+FBM; T�`�K2i2` ;Bp2b `Bb2 iQ i?2 7Q`K�iBQM

Q7 p2bB+H2bX h?2M- Bi Bb TQbbB#H2 iQ bm#biBimi2 QM2 Q` #Qi? Q7 i?2 Q`B;BM�H +QKTQM2Mib 7Q`

Qi?2`UbV i?�i K�BMi�BM i?2 b�K2 T�+FBM; T�`�K2i2` p�Hm2 UKBKB+FBM;V- �M/ i?2 bTQMi�M2Qmb

7Q`K�iBQM Q7 p2bB+H2b Bb 2Mbm`2/X

.2bTBi2 �HH i?2 `2b2�`+? /QM2 +QMbB/2`BM; �HH i?2 p2bB+mH�` bvbi2Kb- mM/Qm#i2/Hv- HBTQ@

bQK2b �`2 biBHH i?2 KQbi rB/2Hv mb2/ �b bmT`�KQH2+mH�` �bb2K#HB2b 7Q` M�MQK2/B+BM2- /m2

iQ i?2B` ;`2�i p2`b�iBHBiv BM bBx2- +QKTQbBiBQM- bm`7�+2 +?�`�+i2`BbiB+b �M/ +�T�+Biv 7Q` BM@

i2;`�iBM; �M/ 2M+�TbmH�iBM; #BQ�+iBp2 KQH2+mH2bX JQ`2Qp2`- i?2v �`2 r2HH `2+Q;MBx2/ �b

T?�`K�+2miB+�H +�``B2`b #2+�mb2 Q7 i?2B` #BQ+QKT�iB#BHBiv- #BQ/2;`�/�#BHBiv �M/ HQr iQtB+@

Bivje-ReX L2p2`i?2H2bb- QM2 Q7 i?2 K�DQ` T`Q#H2Kb HBKBiBM; i?2 rB/2bT`2�/ mb2 Q7 HBTQbQK2b Bb

i?2B` TQQ` bi�#BHBiv- #Qi? T?vbB+�H U+QHHQB/�HV- i?Bb Bb- i?2 i2M/2M+v 7Q` �;;`2;�iBQM Q` 7mbBQM

Q7 p2bB+H2b iQ 7Q`K H�`;2` �M/ ?2i2`Q;2M2Qmb T�`iB+H2b- �M/ +?2KB+�H- BX2X- ?v/`QHvbBb Q7 2bi2`

N
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;`QmTb �M/ QtB/�iBQM Q7 mMb�im`�i2/ +?�BMbRX

h?2 M22/ 7Q` �Hi2`M�iBp2 p2bB+mH�` bvbi2Kb rBi? 2M?�M+2/ T`QT2`iB2b +QKT�`2/ iQ i?Qb2

Q7 HBTQbQK2b �M/ i?2B` +m``2Mi �Hi2`M�iBp2b Ubm+? �b +�iBQMB+ p2bB+H2bV ?�b H2/ iQ i?2 /2bB;M

Q7 �Hi2`M�iBp2 M�MQp2bB+H2bX AM T�`iB+mH�`- +�iBQMB+ p2bB+H2b �`2 ;QQ/ +�M/B/�i2b /m2 iQ i?2B`

+�T�+Biv iQ BMi2`�+i rBi? #BQKQH2+mH2bX hrQ 2t�KTH2b Q7 i?Bb �`2 p2bB+H2b UK�/2 Q7 KBt2/

+�iBQMB+ HBTB/bV BMi2`�+iBM; rBi? .L�9- Q` p2bB+H2b UK�/2 Q7 bm`7�+i�Mib HBF2 [m�i2`M�`v

MBi`Q;2M KQB2ivV �+iBM; �b #�+i2`B+B/2bkdX

RXk Zm�ibQK2c � mMB[m2 *�iBQMB+ o2bB+H2 K�/2 Q7 *h�" �M/ *?QH2b@

i2`QH

�b b?QrM BM i?2 T`2pBQmb b2+iBQM- � TQbbB#H2 `Qmi2 7Q` p2bB+H2 7Q`K�iBQM Bb KBtBM; irQ

+QKTQM2Mib i?�i- /2bTBi2 BM/BpB/m�HHv i?2v K�v MQi b2H7@�bb2K#H2 BMiQ p2bB+H2b- i?2v /Q bQ

r?2M BMi2`�+iBM; iQ;2i?2`X AM `2+2Mi v2�`b- � M2r M�MQp2bB+H2 bvbi2K ?�b #22M /2p2HQT2/ �i

Figure 1.5: CTAB quaternary ammonium surfactant, and cholesterol sterol chemical structures. Dynamic light scat-

tering (DLS) measurements and cryo-TEM images showing the stability of the Quatsome system. DLS measurements

and cryo-TEM images are kindly provided byNanomol group (ICMAB-CSIC).
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A*J�" �M/ T`Qp2M p2`v T`QKBbBM; 7QHHQrBM; i?Bb �TT`Q�+?, i?2 Zm�ibQK2 Q` Za- +QKTQb2/

Q7 [m�i2`M�`v �KKQMBmK bm`7�+i�Mib �M/ bi2`QHb U6B;m`2 RX8VX h?Qb2 +QKTQM2Mib b2T�`�i2/

7Q`K KB+2HH2b �M/ +`vbi�Hb `2bT2+iBp2Hv- #mi i?2 �/2[m�i2 KBtBM; Q7 i?2K `2bmHib BM i?2

7Q`K�iBQM Q7 bK�HH mMBH�K2HH�` #BH�v2` p2bB+H2b Q7 H2bb i?�M Ryy MK BM /B�K2i2`RkX

h?Bb bvbi2K Bb bi�#H2 7Q` T2`BQ/b �b HQM; �b b2p2`�H v2�`b- Bib KQ`T?QHQ;v /Q2b MQi +?�M;2

mTQM `BbBM; i2KT2`�im`2 Q` /BHmiBQM- �M/ Bi b?Qrb Qmibi�M/BM; p2bB+H2@iQ@p2bB+H2 ?QKQ;2M2@

Biv `2;�`/BM; bBx2- H�K2HH�`Biv- �M/ K2K#`�M2 bmT`�KQH2+mH�` Q`;�MBx�iBQM3-RR Ub22 6B;m`2

RX8VX Zm�ibQK2 bvbi2K 7mH}HHb i?2 bi`m+im`�H �M/ T?vbB+Q@+?2KB+�H `2[mB`2K2Mib iQ #2 � TQ@

i2MiB�H 2M+�TbmH�iBQM TH�i7Q`K 7Q` bBi2@bT2+B}+ /2HBp2`v Q7 #Qi? ?v/`QT?BHB+ �M/ ?v/`QT?Q#B+

KQH2+mH2be-k9X J�Mv 7mM+iBQM�HBx�iBQMb +�M #2 BKTH2K2Mi2/ bBKmHi�M2QmbHv BM Zm�ibQK2b-

2Bi?2` #v +Qp�H2Mi �ii�+?K2Mi iQ bi2`QH@HBF2 KQH2+mH2b Q` #v 2H2+i`Qbi�iB+ BMi2`�+iBQM rBi?

i?2 +�iBQMB+ �KKQMBmK ?2�/ Q7 bm`7�+i�Mi mMBib- Q` #v ?v/`QT?Q#B+ BMi2`�+iBQM rBi? i?2

#BH�v2`X h?2 Za bvbi2K Bb #2BM; �+iBp2Hv 2KTHQv2/ 7Q` /2p2HQTBM; M2r �TTHB+�iBQMb- 7Q`

BMbi�M+2 7Q` 2M?�M+BM; bT2+B}+ #BQ�+iBpBiv Q7 T`Qi2BMb �M/ T`Qi2+iBM; i?2K �;�BMbi T`2K�@

im`2 /2;`�/�iBQM BM iQTB+�H T?�`K�+2miB+�H 7Q`KmH�iBQMbd- Q` 7Q` i?2 iQTB+�H /2HBp2`v Q7 i?2

`2+QK#BM�Mi ?mK�M 2TB/2`K�H ;`Qri? 7�+iQ` U`?@1:6V iQ i`2�i +QKTH2t rQmM/bj8- Q` 7Q`

�+iBM; �b ~mQ`2b+2Mi T`Q#2 7Q` #BQBK�;BM; �TTHB+�iBQMbjX AM T�`iB+mH�`- i?Bb H�bi +�b2 rBHH

Figure 1.6: Quatsome characteristics of formation path. Left: Light intensity weighted distribution of hydrodynamic

diameters dIZE obtained by DLS, showing largely overlapping size distributions for Quatsomes obtained with ultra-

sounds (US) and DELOS-SUSP. Right: cryo-TEM images showing small unilamellar vesicles. Experimental results are

provided byNanomol group (ICMAB-CSIC).
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#2 �M�Hvx2/ BM /2Ti? BM QM2 Q7 i?2 +?�Ti2`b Q7 i?Bb i?2bBbX

Zm�ibQK2b +�M #2 Q#i�BM2/ 7QHHQrBM; /Bz2`2Mi T`2T�`�iBQM `Qmi2b- `2bmHiBM; BM T`�+iB@

+�HHv B/2MiB+�H +?�`�+i2`BbiB+b3X Ai ?�b #22M 7QmM/ i?�i bBx2 /Bbi`B#miBQMb- p2bB+H2 KQ`T?QHQ;v

�M/ ζ@TQi2MiB�H �`2 T`�+iB+�HHv B/2MiB+�H r?2M Zm�ibQK2b �`2 T`2T�`2/ mbBM; mHi`�bQmM/b

UlaV Q` i?2 /2T`2bbm`Bx�iBQM Q7 � *P�@2tT�M/2/ HB[mB/ U.1GPa@alaSV Ub22 6B;m`2 RXeVX �

7mHH /2b+`BTiBQM Q7 i?2 K2i?Q/b �`2 �HbQ ;Bp2M BM i?2 �MM2t- 6B;m`2 �XRX AM #Qi? +�b2b bK�HH

mMBH�K2HH�` p2bB+H2b �`2 Q#i�BM2/- rBi? � ζ@TQi2MiB�H Q7 ∼Ryy KoX

�i i?Bb TQBMi Bi Bb rQ`i? #`B2~v BMi`Q/m+BM; i?2 +QKTQM2Mib Q7 i?2 Zm�ibQK2 p2bB+H2c

*h�" bm`7�+i�Mi �M/ +?QH2bi2`QHX PM i?2 QM2 ?�M/- i?2 bm`7�+i�Mi (LU*>�V�)+"`− FMQrM �b

*h�" U+2ivHi`BK2i?vH�KKQMBmK #`QKB/2V- Bb � [m�i2`M�`v �KKQMBmK +�iBQMB+ bm`7�+i�Mi-

r?B+? ?�b � #`QKB/2 �MBQM �b +QmMi2`BQMX Ai Bb mb2/ BM K�Mv +QKK2`+B�H T`Q/m+ib bm+?

�b ?�B` +QM/BiBQMBM; T`Q/m+ib Q` �MiBb2TiB+ +?2KB+�HbX �b b?QrM BM 6B;m`2 RX8- *h�" BM

r�i2` b2H7@�bb2K#H2b BM KB+2HH2b rBi? � +K+ Q7 ≈ �.� KJ �i k8 ◦*ke-kNX PM i?2 Qi?2` ?�M/-

+?QH2bi2`QH- *��>��P- Bb � bi2`QH U� +QK#BM�iBQM bi2`QB/ �M/ �H+Q?QHV �M/ � HBTB/ 7QmM/ BM i?2

+2HH K2K#`�M2b Q7 �HH #Q/v iBbbm2bX *?QH2bi2`QH BM r�i2` 7Q`Kb +`vbi�Hb /m2 iQ Bib BMbQHm#BHBiv

Ub22 6B;m`2 RX8VX

Figure 1.7: Schematic illustration of the Quatsome vesicle with the Chol/CTAB bimolecular amphiphile components.

Snapshot of the synthon made of 1 CTAB and 1 Chol from an all-atomic MD trajectory of this thesis, surrounded by

watermolecules.
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AM i?2 rQ`F #v 62``2`@h�bB2b 2i �HXRk-Rj- i?2 Zm�ibQK2 bvbi2K K�/2 Q7 � R,R KBtim`2 Q7

*h�" �M/ +?QH2bi2`QH KQH2+mH2b- r�b /2b+`B#2/ BM /2i�BH 7Q` i?2 }`bi iBK2X AM �//BiBQM- i?2

}`bi �HH@�iQKB+ KQH2+mH�` /vM�KB+b UJ.V bBKmH�iBQMb �#Qmi i?2 Zm�ibQK2 r2`2 +�``B2/ QmiX

Ai r�b T`2/B+i2/ i?�i i?2 bvM2`;v #2ir22M i?2 +2ivHi`BK2i?vH �KKQMBmK U*h�+V Q7 *h�"

�M/ *?QH KQH2+mH2b rQmH/ K�F2 i?2K b2H7@�bb2K#H2 BMiQ #BKQH2+mH�` �KT?BT?BH2b- +�HH2/

bvMi?QMb Ub22 6B;m`2 RXdVX Ai r�b �HbQ T`2/B+i2/ i?�i i?Bb rQmH/ H2�/ iQ i?2 7Q`K�iBQM Q7 �

#BH�v2`- �M/ i?2`2�7i2`- Q7 � p2bB+H2X h?Bb r�b +QM}`K2/ #v i?2 `2bmHib Q7 i?2 bBKmH�iBQMb-

�M/ i?2 2tT2`BK2Mi�H `2bmHibX

J. bBKmH�iBQMb r2`2 Q7 ;`2�i BKTQ`i�M+2 iQ mM/2`bi�M/ 7mM/�K2Mi�H +QM+2Tib Q7 i?2

Zm�ibQK2 BM ;2M2`�H- �M/ Q7 i?2 bvMi?QM BM T�`iB+mH�`, �b � /2}MBiBQM- � bvMi?QM Bb 7QmM/

r?2M � *h�" KQH2+mH2 �M/ � +?QH2bi2`QH KQH2+mH2 7Q`K �M 2MiBiv rBi? � bi`QM; ?v/`QT?Q@

#B+ BMi2`�+iBQM- rBi? � p�Hm2 Q7 7`22 2M2`;v U˵: 4 Ɛ9Xd F+�HfKQHV H�`;2 2MQm;? iQ +QMbB/2`

i?Bb � MQM+Qp�H2Mi KQH2+mH�` �bbQ+B�iBQM Ub22 6B;m`2 RX3VX h?Bb 7`22 2M2`;v ;Bp2b � mMB[m2

bmT`�KQH2+mH�` bvMi?QM- T`QpB/BM; � M2r #mBH/BM; #HQ+F mMBi 7Q` +QKTH2t bi`m+im`2 7Q`K�@

iBQM Ub22 bM�Tb?Qi Q7 6B;m`2 RXd �M/ RX3VX h?2 2[mBHB#`BmK bi�i2 Q#i�BM2/ BM i?2 bBKmH�iBQMb

+Q``2bTQM/b iQ �M �bbQ+B�iBQM Q7 i?2 +?QH2bi2`QH KQH2+mH2 rBi? i?2 ?v/`Q+�`#QM +?�BM Q7 i?2

Figure1.8: Evolutionof theGibbs freeenergyof interactionbetweenasingleCTABandasinglecholesterolmolecule in

water as a function of the intermolecular distance. A snapshot fromMD simulations, showing on the right, the initial

state of the simulation, and on the left, the structure of the Chol/CTAB supramolecular synthon at the free-energy

minimum state. This Figure is reproduced from ref.12 with permission fromAmerican Chemistry Society.
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bm`7�+i�MiX h?2 KBbK�i+? BM bBx2 #2ir22M i?2 irQ KQH2+mH�` 2MiBiB2b �M/ i?2 `B;B/Biv Q7

i?2 +?QH2bi2`QH KQH2+mH2 T`Q/m+2b � /27Q`K�iBQM Q7 i?2 TQH�` �KKQMBmK ?2�/;`QmT Q7 i?2

bm`7�+i�Mi �`QmM/ i?2 TQH�` Qtv;2M ;`QmT Q7 +?QH2bi2`QH- �b Bi +�M #2 Q#b2`p2/ �HbQ BM 6B;m`2

RXdX JQ`2Qp2`- i?2 +?QH2bi2`QH ?�b � p2`v HQr bQHm#BHBiv BM r�i2`- bQ Bi i2M/b iQ BMi2`�+i rBi?

*h�" BM Q`/2` iQ `2/m+2 i?2 +QMi�+i rBi? r�i2`RkX

�HbQ- i?2 T�+FBM; T�`�K2i2` Q7 i?2 *h�"@*?QH bvMi?QM +�M #2 2biBK�i2/- �TT`QtBK�i@

BM; i?2 H2M;i? UlV Q7 i?2 ?v/`Q+�`#QM i�BH #v i?�i Q7 i?2 +?QH2bi2`QH KQH2+mH2 URXdj MKV-

�M/ +QKTmiBM; i?2 pQHmK2 UvV #v i?2 bmK Q7 #Qi? UyX89 Y yX9y 4 yXN9 MK�VX h?2 p�Hm2 Q7

i?2 �`2� T2` ?2�/ ;`QmT r�b i�F2M �b 2[m�H iQ i?2 p�Hm2 7Q` Tm`2 *h�" Ua 4 yXe9 MK�V-

bBM+2 i?2 ?2�/;`QmT Q7 i?2 bvMi?QM +QBM+B/2b rBi? i?�i Q7 i?2 *h�" bm`7�+i�Mi Ub22 i?2

bBKmH�iBQM bM�Tb?Qi BM 6B;m`2 RXdVX lbBM; i?2b2 p�Hm2b- Bi r�b Q#i�BM2/ � p�Hm2 Q7 T 4 yX38-

r?B+? Bb +QMbBbi2Mi rBi? i?2 T�+FBM; T�`�K2i2` p�Hm2 7Q` p2bB+H2 7Q`K�iBQM Ub22 h�#H2 RXRVX

�HH i?2b2 T`2pBQmb `2bmHib b?Qr i?�i i?Bb bvMi?QM- K�/2 Q7 i?2 �bbQ+B�iBQM Q7 i?2 +�iBQMB+

bm`7�+i�Mi �M/ bi2`QH- #2+QK2b �M 2z2+iBp2 �KT?BT?BHB+ b2H7@�bb2K#H2/ Q#D2+i rBi? � ?v@

/`QT?BHB+ ?2�/ �M/ irQ HQM; ?v/`QT?Q#B+ �HFvH i�BHbX h?2 ;2QK2i`B+ +?�`�+i2`BbiB+b Q7 i?2

bvMi?QM �`2 p2`v bBKBH�` iQ i?Qb2 Q7 T?QbT?QHBTB/b i?�i 7Q`K #BH�v2`b U7Q` Bib ?v/`QT?Q#B+

�M/ ?v/`QT?BHB+ T�`ibVX

aQ 7�`- i?2b2 MQp2H Za M�MQbi`m+im`2b ?�p2 T`Qp2M iQ #2 p2`v BMi2`2biBM; BM i2`Kb Q7

i?2B` T?vbB+Q@+?2KB+�H T`QT2`iB2b �M/ i?2B` �TTHB+�#BHBivX aBM+2 i?2B` r2`2 }`bi Q#i�BM2/-

rB/2 `�M;2 Q7 2tT2`BK2Mi�H rQ`F ?�p2 #22M /QM2 BM i?2 L�MQKQH ;`QmT �i A*J�" rBi? i?2

�BK Q7 ;BpBM; � T`QKBbBM; �TTHB+�#BHBiv bm+? �b 7m+iBQM�HBxBM; rBi? /v2b Q` T`Qi2BMbX h?mb-

iQ #2 �#H2 iQ /Q � `�iBQM�H /2bB;M Q7 i?2 Zm�ibQK2 bvbi2K �M/ KQ/B}+�iBQMb 7Q` 7mim`2

�TTHB+�iBQMb- Bi Bb � Kmbi iQ /22THv mM/2`bi�M/ Bib bi`m+im`2 �M/ BMi2`�+iBQMb �i � KQH2+mH�`

b+�H2X

JQH2+mH�` KQ/2HBM; Bb � K�im`2 b+B2M+2 `2�/v iQ #2 mb2/ #v i?2 +?2KBbi- �M/ MQi Dmbi i?2

i?2Q`2iB+�H +?2KBbiX .2bFiQT +QKTmi2`b �`2 MQr 7�bi 2MQm;? iQ /Q K2�MBM;7mH +�H+mH�iBQMbX

h?2 TQbBiBp2 2tT2`B2M+2 Q7 ?Qr p�Hm�#H2 i?2 BM7Q`K�iBQM ;Bp2M #v J. bBKmH�iBQMb r�b rBi?
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i?2 Zm�ibQK2 +�b2 DmbiB}2b i?2 bi`�i2;v 7QHHQr2/ BM i?Bb i?2bBb- BX2X- iQ bim/v i?Bb bvbi2K

mbBM; T`2+Bb2Hv J. bBKmH�iBQMbX "2bB/2b- �Hi?Qm;? i?2 2tT2`BK2Mi�H rQ`F �#Qmi i?Bb bvbi2K

?�b �/p�M+2/ T`QKBM2MiHv- i?2 bBKmH�iBQM rQ`F ?�b `2K�BM2/ mM2tTHQ`2/- `2BM7Q`+BM; i?2

KQiBp�iBQM 7Q` i?2 T`2b2Mi i?2bBbX

RXj P`;�MBx�iBQM Q7 i?2 i?2bBb �M/ P#D2+iBp2b

h?2 K�BM ;Q�H Q7 i?Bb i?2bBb Bb iQ bim/v BM /2i�BH i?2 Zm�ibQK2 p2bB+mH�` bvbi2K- i?�i

Bb � mMB[m2 bvbi2K rBi? Qmibi�M/BM; T?vbB+�H �M/ +?2KB+�H T`QT2`iB2bX q2 #2HB2p2 i?�i

i?2 ;QQ/ T`QT2`iB2b i?�i i?2 Zm�ibQK2 ?�b b?QrM bQ 7�` /2b2`p2 i?2 2zQ`i Q7 �+[mB`BM; �

/22T KQH2+mH�` mM/2`bi�M/BM;X AM 7�+i- i?Bb mM/2`bi�M/BM; Bb `2[mB`2/ 7Q` i?2 Zm�ibQK2

iQ �ii�BM Bib 7mHH TQi2MiB�H- r?2M Bi +QK2b iQ �TTHB+�#BHBivX h?2 i?2bBb Bb /BpB/2/ BM i?`22

T�`ib, AM T�`i A- i?2 bvbi2Kb �M/ K2i?Q/b �`2 BMi`Q/m+2/X AM T�`i AA- i?2 Zm�ibQK2 bvb@

i2K Bb bim/B2/ rBi? J. bBKmH�iBQMbX AM T�`i AAA- r2 bim/v i?2 BMi2`�+iBQM Q7 Za rBi? /v2bX

h?2 rQ`F 2M/b rBi? +QM+HmbBQMb �M/ T2`bT2+iBp2bX h?2 Q#D2+iBp2b Q7 2�+? T�`i �`2 �b 7QHHQrb,

S�_h A, h?2 ;Q�H Bb iQ T`QpB/2 �M BMi`Q/m+iBQM Q7 i?2 rQ`F- +QMi2tim�HBxBM; Bi �M/

b?QrBM; i?2 bi�i2 Q7 i?2 �`i- BM *?�Ti2` R- �M/ iQ /2b+`B#2 BM /2i�BH i?2 K2i?Q/b �M/ iQQHb

2KTHQv2/- BM *?�Ti2` kX

S�_h AA, JQH2+mH�` /vM�KB+b bBKmH�iBQMb Q7 i?2 Zm�ibQK2 bvbi2K, h?2 K�BM

;Q�H Q7 i?Bb }`bi T�`i Q7 i?2 i?2bBb Bb iQ /2p2HQT FMQrH2/;2 Q7 i?2 bi`m+im`2 �M/ /vM�KB+b Q7

i?2 Zm�ibQK2 bvbi2K �i i?2 �iQKB+ �M/ KQH2+mH�` H2p2HX h?2 i2+?MB[m2 2KTHQv2/ rBHH #2

KQH2+mH�` /vM�KB+b UJ.V bBKmH�iBQMb- �i /Bz2`2Mi `2bQHmiBQM b+�H2bX

Ç *?�Ti2` j, h?2 Q#D2+iBp2 Bb iQ Q#i�BM � @/2i�BH2/- �HH@�iQKB+ �M�HvbBb Q7 i?2 Zm�i@

bQK2 #BH�v2`, i?2 KQH2+mH�` bi`m+im`2 �M/ Q`;�MBx�iBQM- i?2 2z2+i Q7 i2KT2`�im`2 Q`

i?2 BMi2`�+iBQM Q7 BQMb- i?2 2H�biB+ T`QT2`iB2b- 2i+X
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Ç *?�Ti2` 9, h?2 �K#BiBQmb #mi +H2�` ;Q�H Bb iQ Q#i�BM � KQH2+mH�` TB+im`2 Q7 i?2 7mHH

Zm�ibQK2 p2bB+H2 #v mbBM; +Q�`b2@;`�BM J. bBKmH�iBQMb- BM Q`/2` iQ bim/v Bi �i i?2

KQH2+mH�` H2p2HX

S�_h AAA, AMi2`�+iBQM Q7 Zm�ibQK2 bvbi2K rBi? /v2b, h?2 K�BM Q#D2+iBp2 Q7

i?2 b2+QM/ T�`i Q7 i?2 i?2bBb Bb iQ 2tTHQ`2 i?2 TQbbB#BHBiB2b Q7 7mM+iBQM�HBxBM; i?2 Zm�ibQK2-

mbBM; Bi �b � K2�M 7Q` M�MQbi`m+im`BM; b2p2`�H /v2 KQH2+mH2b Q7 /Bz2`2Mi M�im`2 BM �[m2Qmb

K2/B�X

Ç *?�Ti2` 8, h?2 K�BM ;Q�H ?2`2 Bb iQ mM/2`bi�M/ i?2 K2+?�MBbK Q7 BMi2`�+iBQM Q7

r�i2`@bQHm#H2 /v2b- HBF2 ~mQ`2b+2BM- Qp2` i?2 Zm�ibQK2 bm`7�+2X � b2+QM/�`v #mi biBHH

BKTQ`i�Mi Q#D2+iBp2 Bb iQ T`QT2`Hv KQ/2H i?2 /v2- 7Q` Q#i�BMBM; `2HB�#H2 `2bmHibX

Ç *?�Ti2` e, h?2 ;Q�H Bb iQ 2tTHQ`2 Qi?2` �Hi2`M�iBp2b 7Q` /2+Q`�iBM; i?2 Zm�ibQK2

#BH�v2`- BM T�`iB+mH�` mbBM; �M ?v/`QT?Q#B+ 7�KBHv Q7 /v2b- i?2 +�`#Q+v�MBM2bX
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Figure 2.1: General scheme classifyingmolecular modellingmethods for the calculation of forces and energies inMD

simulations within its physics details and cost of calculation.
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� ;Bp2M bi�iBbiB+�H K2+?�MB+�H 2Mb2K#H2X hvTB+�H +?QB+2b BM+Hm/2 i?2 +�MQMB+�H ULohV �M/

BbQi?2`K�HĜBbQ#�`B+ ULShV 2Mb2K#H2bX �Mv pB�#H2 JQMi2 *�`HQ T`Q+2/m`2 Kmbi b�KTH2 i?2

"QHixK�MM /Bbi`B#miBQM �M/ mT?QH/ i?2 T`BM+BTH2 Q7 /2i�BH2/ #�H�M+2 UKB+`Qb+QTB+ `2p2`bB#BH@

BivVX h?mb- M2r +QM};m`�iBQMb �`2 `2D2+i2/ Q` �++2Ti2/ /2T2M/BM; QM � ;Bp2M T`Q#�#BHBbiB+

kk
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+`Bi2`BQMj8X S`QpB/2/ i?�i i?2 b�KTHBM; T`Q+2/m`2 Bb 2`;Q/B+d UBX2X 2p2`v TQBMi BM +QM};@

m`�iBQM bT�+2 Bb �++2bbB#H2 7`QK �Mv Qi?2` TQBMiV- JQMi2 *�`HQ b�KTHBM; +�M #2 +QmTH2/

rBi? bi�iBbiB+�H K2+?�MB+b iQ Q#i�BM i?2 2[mBHB#`BmK i?2`KQ/vM�KB+ T`QT2`iB2b Q7 � bvbi2KX

�b �M 2t�KTH2- J* K2i?Q/b ?�p2 #22M Q7i2M 2tTHQBi2/ 7Q` +QM7Q`K�iBQM +�H+mH�iBQMb QM

T`Qi2BMbk9X

J. �M/ J* bBKmH�iBQMb `2[mB`2 K2i?Q/b iQ +�H+mH�i2 i?2 2M2`;B2bX h?Qb2 �`2 i?2 JJ

�M/ ZJ K2i?Q/b /2b+`B#2/ #2HQr,

JQH2+mH�` K2+?�MB+b UJJV K2i?Q/b �`2 #�b2/ QM +H�bbB+�H K2+?�MB+bX JJ K2i?@

Q/b �`2 +QKTmi�iBQM�HHv p2`v +?2�T �M/ +�M #2 �TTHB2/ iQ bvbi2Kb �b H�`;2 �b KBHHBQMb Q7

�iQKbX h?2v 2KTHQv 7Q`+2 }2H/b +QKT`Bb2/ Q7 T�`�K2i2` b2ib �M/ bT2+B}+ 7mM+iBQM�H 7Q`Kb

iQ KQ/2H i?2 KQH2+mH�` TQi2MiB�H 2M2`;v �b i?2 BMi2`�+iBQMb #2ir22M T�B`b Q7 �iQKbX AM J.

bBKmH�iBQMb- i?2v KQ/2H KQH2+mH�` #2?�pBQm` Qp2` iBK2X hrQ #`Q�/ �`2�b Q7 bim/v i?�i

;Bp2 `Bb2 iQ irQ �TT`Q�+?2b i?�i 2KTHQv JJ K2i?Q/b +�M #2 /2}M2/, BM i?2 +QMi2ti Q7

2H2+i`QMB+ bi`m+im`2 +�H+mH�iBQMb- i?2 mb2 Q7 ?v#`B/ [m�MimK K2+?�MB+b@KQH2+mH�` K2+?�M@

B+b UZJ,JJV �TT`Q�+?- �M/ BM i?2 +QMi2ti Q7 +H�bbB+�H L2riQMB�M K2+?�MB+b- i?2 mb2 Q7

KQH2+mH�` /vM�KB+b UJ.VX

Zm�MimK K2+?�MB+b UZJV K2i?Q/b #�b2 i?2B` +QKTmi�iBQMb bQH2Hv QM i?2 H�rb

Q7 i?2B` M�K2- T`2/QKBM�MiHv i?2 a+?`ƺ/BM;2` 2[m�iBQM U1[m�iBQM kXRVX h?2`2 �`2 K�Mv

/Bz2`2Mi K2i?Q/b 7Q` i?2 +�H+mH�iBQM Q7 2H2+i`QMB+ bi`m+im`2X 6Q` 2t�KTH2- b2KB@2KTB`B+�H

+�H+mH�iBQMb �`2 `2H�iBp2Hv BM2tT2MbBp2 �M/ T`QpB/2 `2�bQM�#H2 [m�HBi�iBp2 /2b+`BTiBQMb Q7

KQH2+mH�` bvbi2Kb �M/ 7�B`Hv �++m`�i2 [m�MiBi�iBp2 T`2/B+iBQMb Q7 2M2`;B2b �M/ bi`m+im`2b

7Q` bvbi2Kb r?2`2 ;QQ/ T�`�K2i2` b2ib 2tBbibX AM +QMi`�bi- /2MbBiv 7mM+iBQM�H i?2Q`v U.6hV

+QKTmi�iBQMb �`2 KQ`2 2tT2MbBp2 #mi T`QpB/2 ?B;? [m�HBiv [m�MiBi�iBp2 T`2/B+iBQMb 7Q` �

#`Q�/ `�M;2 Q7 bvbi2Kbc i?2v �`2 MQi HBKBi2/ iQ �Mv bT2+B}+ b2i Q7 2H2K2Mib- +H�bb Q7 bvbi2K

Q` +?2KB+�H 2MpB`QMK2MiX

Hψ(⃗r, R⃗) = Eψ(⃗r, R⃗) UkXRV

AM i?Bb i?2bBb r2 ?�p2 mb2/ KQH2+mH�` /vM�KB+b UJ.V bBKmH�iBQMb �M/ /Bz2`2Mi K2i?Q/b

kj



J2i?Q/b, JQH2+mH�` JQ/2HHBM;

7`QK #Qi? JJ �M/ ZJ �TT`Q�+?2b iQ /2b+`B#2 i?2 KQH2+mH�` 2M2`;B2b bm+? �b .6h 7`QK

ZJ- �M/ �HH@�iQKB+ �M/ +Q�`b2@;`�BM 7Q`+2 }2H/b 7`QK JJX �HH i?2b2 K2i?Q/b ?�p2 #22M

2KTHQv2/ 7Q` bBKmH�iBM; /Bz2`2Mi +QKTH2t T`Q#H2Kb- 7Q` 2t�KTH2- .6h K2i?Q/ ?�b #22M

2KTHQv2/ iQ T�`�K2i`Bx2 JJ 7Q`+2 }2H/b 7Q` J. bBKmH�iBQMbX �i i?2 b�K2 iBK2- rBi?BM

J.- irQ KQ/�HBiB2b ?�p2 #22M 2KTHQv2/- �HH@�iQKB+ U��V bBKmH�iBQMb �M/ +Q�`b2@;`�BM

U*:V bBKmH�iBQMbX .6h ?�b #22M 2KTHQv2/ 7Q` i?2 ;2QK2i`v QTiBKBx�iBQM Q7 M2r KQ/2Hb-

i?Qb2 /2p2HQT2/ BM i?Bb rQ`FX J. ?�b #22M mb2/ 7Q` bBKmH�iBM; i?2 i`�D2+iQ`B2b Q7 i?2

�M�Hvx2/ bvbi2KbX �b Bi +�M #2 b22M- i?2 bBKmH�iQ` Bb +QMiBMmQmbHv +QM7`QMi2/ rBi? [m2biBQMb

+QM+2`MBM; i?2 +?QB+2 Q7 i2+?MB[m2b- #2+�mb2 � #2rBH/2`BM; p�`B2iv Q7 +QKTmi�iBQM�H iQQHb Bb

�p�BH�#H2X q2 #2HB2p2 i?�i- iQ K�F2 � `�iBQM�H +?QB+2- � ;QQ/ mM/2`bi�M/BM; Q7 i?2 T?vbB+b

#2?BM/ 2�+? i2+?MB[m2 Bb 2bb2MiB�HX �++Q`/BM;Hv- � /2i�BH2/ 2tTH�M�iBQM Q7 i?2 T`BM+BTH2b

mM/2`HvBM; 2p2`v 2KTHQv2/ K2i?Q/ rBHH #2 T`QpB/2/X

kXR JQH2+mH�` JQ/2HHBM;, .2MbBiv 6mM+iBQM�H h?2Q`v

.2MbBiv 6mM+iBQM�H h?2Q`v U.6hV +�M #2 /2}M2/ �b �M 2H2+i`QM +Q``2H�iBQM K2i?Q/ i?�i +�M

H2�/ iQ ?B;?Hv �++m`�i2 p�Hm2b Q7 i?2 2M2`;B2b Q7 �iQKB+ �M/ KQH2+mH�` bvbi2KbX >Qr2p2`-

i?Bb �++m`�+v +QK2b �i � bB;MB}+�Mi +QKTmi�iBQM�H +Qbi- HBKBiBM; i?2 �TTHB+�iBQM Q7 i?2b2

K2i?Q/b iQ `2H�iBp2Hv bK�HH KQH2+mH2bX A7 r2 r�Mi iQ �Mbr2` [m2biBQMb i?�i +�M QMHv #2

�//`2bb2/ #v KQ/2HBM; H�`;2 MmK#2` Q7 �iQKb- �MQi?2` �TT`Q�+? M22/b iQ #2 i�F2MX

.6h T`QpB/2b i?Bb �Hi2`M�iBp2ky-kNX h?2 `m/BK2Mib Q7 i?Bb i?2Q`v �`2 Q`B;BM�i2/ 7`QK

i?2 h?QK�b@62`KB@.B`�+ KQ/2H Q7 i?2 RNkyb �M/ 7`QK aH�i2`Ƕb rQ`F BM i?2 RN8ybX h?2

>Q?2M#2`;@EQ?M i?2Q`2K- r?B+? T`Qp2b i?2 2tBbi2M+2 Q7 � mMB[m2 7mM+iBQM�H i?�i /2i2`KBM2b

i?2 ;`QmM/ bi�i2 2M2`;v �M/ /2MbBiv Q7 � bvbi2K- r�b Tm#HBb?2/ BM RNe9kyX "mi- Bi r�b MQi

mMiBH i?2 RNNyb i?�i .6h #2+�K2 rB/2Hv mb2/X �Hi?Qm;? i?2 i?2Q`v Bib2H7 Bb [mBi2 T`2+Bb2-

Bib BKTH2K2Mi�iBQM ?�b MQi #22M bQX _2b2�`+?2`b +QMiBMm2 iQ rQ`F iQ `2}M2 �M/ BKT`Qp2

i?2 KQ/2Hb- �M/ 2�+? v2�` K�Mv M2r /2MbBiv 7mM+iBQM�H �TT`QtBK�iBQMb U.6�bV �`2 Qz2`2/

iQ i?2 +QKTmi�iBQM�H +?2KBbi`v +QKKmMBivX

k9
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h?2 #�bB+ T`2KBb2 #2?BM/ .6h Bb i?�i i?2 2M2`;v �M/ �bbQ+B�i2/ T`QT2`iB2b Q7 �Mv

bvbi2K +QMi�BMBM; 2H2+i`QMb �`2 +�H+mH�#H2 7`QK i?2 T`Q#�#BHBiv /Bbi`B#miBQM i?�i Bb i?2 iQi�H

2H2+i`QM /2MbBiv- ρ( #»r )X lbBM; �M Q`#Bi�H #�bBb b2i- i?Bb [m�MiBiv +�M #2 2�bBHv Q#i�BM2/ �b,

ρ( #»r H) =

PDDVQJFE∑

J
φ�

J (
#»r H) UkXkV

>2`2 i?2 TQbBiBQM p2+iQ`- #»r H- `2T`2b2Mib �HH bT�+2 +QQ`/BM�i2b 7Q` i?2 bvbi2K �b /2}M2/ #v

� ;`B/ ;X h?2 T`Q#�#BHBiv Q7 Q#b2`pBM; �M 2H2+i`QM BM i?2 pQHmK2 2H2K2Mi �i #»r H Bb ρ #»r HX

q?BH2 Bi K�v #2 BMimBiBp2Hv mb27mH iQ TB+im`2 i?2 pQHmK2 bm``QmM/BM; � KQH2+mH2 �b /BpB/2/

BMiQ � i?`22@/BK2MbBQM�H `2+i�M;mH�` ;`B/ Q7 bK�HH +m#B+ 2H2K2Mib- i?2 ;`B/b ivTB+�HHv mb2/

BM +�H+mH�iBQMb 2KTHQv bT?2`B+�H �M/ `�/B�H +QQ`/BM�i2b +2Mi2`2/ QM 2�+? �iQKX

�Hi?Qm;? Bi ;2M2`�HHv T`Q/m+2b Km+? KQ`2 �++m`�i2 `2bmHib- ivTB+�H .6h BKTH2K2Mi�@

iBQMb mb2 Km+? Q7 i?2 b�K2 +QKTmi�iBQM�H BM7`�bi`m+im`2 �b i?2 >�`i`22@6Q+F K2i?Q/- r?B+?

�++QmMib 7Q` Bib bT22/ �M/ 2{+B2M+vX AM Bib ǴTm`2Ǵ 7Q`K- .6h mb2b i?2 7QHHQrBM; 2tT`2bbBQM

7Q` i?2 2M2`;v �b � 7mM+iBQM�H Q7 i?2 /2MbBiv,

E%'5[ρ( #»r )] = T[ρ( #»r )] + V/& + J[ρ( #»r )] + E9$[ρ( #»r )] UkXjV

h?2 }`bi i?`22 i2`Kb +QK2 7`QK i?2 >�`i`22@6Q+F i?2Q`vRN-R9X h?2 }M�H i2`K Bb FMQrM �b

i?2 2t+?�M;2@+Q``2H�iBQM i2`KX Ai KQ/2Hb i?2 T�`ib Q7 i?2 2H2+i`QM@2H2+i`QM BMi2`�+iBQMb i?�i

�`2 M2;H2+i2/ #v >�`i`22@6Q+F i?2Q`vX

h?Qb2 BM+Hm/2 2t+?�M;2 �M/ +Q``2H�iBQM BMi2`�+iBQMbX lMHBF2 i?2 +QmHQK#B+ `2TmHbBQMb-

r?B+? �`2 2p�Hm�i2/ mbBM; BMi2;`�Hb BMpQHpBM; #�bBb 7mM+iBQMb- i?Bb M2r [m�MiBiv Bb 2p�Hm�i2/

#v bmKKBM; Qp2` � ;`B/ Q7 TQBMib- rBi? 2�+? pQHmK2 2H2K2Mi KmHiBTHB2/ #v � r2B;?iBM;

7�+iQ`- rHX h?Bb i2+?MB[m2 r�b bm;;2bi2/ #v EQ?M �M/ a?�K BM RNe8kNX h?2 �//BiBQM�H

rQ`F `2[mB`2/ b+�H2b KQ`2 Q` H2bb i?2 b�K2 �b � >�`i`22@6Q+F +�H+mH�iBQM- �HHQrBM; .6h

KQ/2Hb iQ bim/v � rB/2 `�M;2 Q7 bvbi2Kb- BM+Hm/BM; QM2b rBi? p2`v H�`;2 MmK#2` Q7 �iQKbX

lM7Q`imM�i2Hv- i?2 2t�+i bT2+B}+�iBQM Q7 19$ Bb MQi FMQrMX Aib 7Q`K ?�b #22M TQbimH�i2/

k8



J2i?Q/b, JQH2+mH�` JQ/2HHBM;

7`QK i?2 2[m�iBQMb /2b+`B#BM; � mMB7Q`K 2H2+i`QM ;�b- 7`QK i?2 2t�+i bQHmiBQM Q7 i?2 ?v/`Q;2M

�iQK- #v T�`�K2i`Bx�iBQM rBi? 2tT2`BK2Mib- �M/ BM Qi?2` 7�b?BQMb- ;BpBM; `Bb2 iQ � KmHiBim/2

Q7 /2MbBiv 7mM+iBQM�H �TT`QtBK�iBQMb U.6�bVX h?2 KQ`2 `2H2p�Mi 7mM+iBQM�Hb �`2, i?2 HQ+�H

/2MbBiv �TT`QtBK�iBQM UG.�V9y- i?2 ;2M2`�HBb2/ ;`�/B2Mib �TT`QtBK�iBQM U::�V9- ?v#`B/

7mM+iBQM�Hb3X 6m`i?2`KQ`2- QM+2 i?2 +?QB+2 Q7 i?2 2t+?�M;2@+Q``2H�iBQM 2M2`;v 7mM+iBQM�H Bb

K�/2- i?2 �++m`�+v Q7 �Mv [m�MimK +�H+mH�iBQM rBHH /2T2M/ QM i?2 #�bBb b2i +?QB+2X h?2`2

�`2 irQ K�BM +�i2;Q`B2b Q7 #�bBb b2i99, i?2 aH�i2`@ivT2 P`#Bi�Hb UahPV �M/ i?2 :�mbbB�M@

ivT2 P`#Bi�Hb U:hPVX

AM i?Bb i?2bBb r2 rBHH 2KTHQv .6h iQ Q#i�BM 2[mBHB#`BmK KQH2+mH�` bi`m+im`2b- +?�`;2

/Bbi`B#miBQMb �M/ KQH2+mH�` +QM7Q`K�iBQM�H 2M2`;B2bX J�BMHv BM *?�Ti2`b 8 �M/ eX

kXk JQH2+mH�` JQ/2HHBM;, 6Q`+2 6B2H/ �HH@�iQKB+ JQH2+mH�` .vM�K@

B+b UJJ@J.V

J. ?�b #2+QK2 � TQTmH�` �M/ bm++2bb7mH K2i?Q/QHQ;v iQ BMp2biB;�i2 i?2 #2?�pBQ` Q7 KQH2+@

mH�` bvbi2Kb �i �M �iQKBbiB+ �M/ KQH2+mH�` b+�H2- #2+�mb2 Bi T`QpB/2b bi`m+im`�H BM7Q`K�iBQM

�i i2KTQ`�H �M/ bT�iB�H `2bQHmiBQMb Km+? }M2` i?�M i?Qb2 �+?B2p2/ #v KQbi 2tT2`BK2Mi�H

i2+?MB[m2bX hrQ K2i?Q/b rBi?BM i?2 J. �TT`Q�+? �`2 �HH@�iQKB+ U��V �M/ +Q�`b2@;`�BM

U*:V K2i?Q/bX h?2 }`bi QM2 Bb 2tTH�BM2/ BM i?Bb b2+iBQM- �M/ i?2 b2+QM/ QM2 BM i?2 M2tiX

h?2 mb2 Q7 �HH@�iQKB+ J. bBKmH�iBQMb iQ bim/v � KQH2+mH�` bvbi2K `2[mB`2b i?`22 K�BM

bi2Tb �b `2T`2b2Mi2/ BM 6B;m`2 kXkX h?2 }`bi bi2T Bb �#Qmi i?2 /2bB;M Q7 i?2 KQH2+mH�`

�iQKBbiB+ bi`m+im`2 �M/ i?2 2MpB`QMK2Mi- #�b2/ QM i?2B` +?2KBbi`vX h?2 b2+QM/ QM2 Bb

�#Qmi i?2 BMi2`�+iBQM KQ/2Hb #2ir22M �iQKb- r?B+? +Q``2bTQM/b iQ i?2 T?vbB+�H@+?2KBbi`v

T�`iX h?Bb +QMbBbib BM bim/vBM; i?2 �iQKBbiB+ BMi2`�+iBQMb BMbB/2 i?2 KQH2+mH2 Q` rBi? �MQi?2`

KQH2+mH2b BM � r2HH@/2}M2/ i?2`KQ/vM�KB+ bvbi2KX �M/ }M�HHv- i?2 H�bi bi2T Bb �#Qmi i?2

K2i?Q/b bBKmH�iBM; i?2 KQiBQM Q7 �iQKb #�b2/ QM T?vbB+bX PM+2 ?�pBM; �HH i?Bb BM7Q`K�iBQM

Bi Bb TQbbB#H2 iQ K�F2 `2H2p�Mi T`2/B+iBQMbX h?Bb i?`22 bi2Tb �`2 bmKK�`Bx2/ BM i?2 7QHHQrBM;

b+?2K2 U6B;m`2 kXkVX

ke
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Figure 2.2: General scheme of the different parts of the all-atomMD simulationsmethodology.

6Q` i?2 H�bi bi2T- /Bz2`2Mi �H;Q`Bi?Kb ?�p2 #22M /2bB;M2/ iQ BMi2;`�i2 MmK2`B+�HHv i?2

2[m�iBQMb Q7 KQiBQMX �HbQ- K�Mv T`Q;`�Kb �M/ +QKTmi�iBQM�H iQQHb �`2 `2�/BHv �p�BH�#H2 7Q`

T2`7Q`KBM; J. bBKmH�iBQMb bm+? �b G�JJSa9k- :_PJ�*a8- L�J.9R- .GnSP*u93

�M/ K�Mv Qi?2`bX AM i?Bb i?2bBb- r2 rBHH 2KTHQv KQbiHv L�J. +Q/2 7Q` ��@J. bBKm@

H�iBQMb #mi �HbQ :_PJ�*a 7Q` *:@J. bBKmH�iBQMbX PM QM2 ?�M/- L�J. UL�MQb+�H2

JQH2+mH�` .vM�KB+bV- +�M #2 /2}M2/ �b � T�`�HH2H KQH2+mH�` /vM�KB+b +Q/2 /2bB;M2/ 7Q`

?B;? T2`7Q`K�M+2 bBKmH�iBQM Q7 H�`;2 #BQKQH2+mH�` bvbi2KbX L�J. 2KTHQvb i?2 T`BQ`BiBx2/

K2bb�;2@/`Bp2M 2t2+miBQM +�T�#BHBiB2b Q7 i?2 *?�`K++f*QMp2`b2 T�`�HH2H `mMiBK2 bvbi2K-

�HHQrBM; 2t+2HH2Mi T�`�HH2H b+�HBM; QM #Qi? K�bbBp2Hv T�`�HH2H bmT2`+QKTmi2`b �M/ +QKKQ/Biv

rQ`Fbi�iBQM +Hmbi2`bX h?2 bQm`+2 +Q/2 Bb /Bbi`B#mi2/ mM/2` i?2 lMBp2`bBiv Q7 AHHBMQBbfL*a�

PT2M aQm`+2 GB+2Mb2 UrrrXFbXmBm+X2/mf_2b2�`+?fM�K/fV iQ �HHQr b+B2MiBbib iQi�H 7`22/QK

Q7 mb2 �M/ KQ/B}+�iBQM Q7 +Q/2X PM i?2 Qi?2` ?�M/- :_PJ�*a Bb � p2`b�iBH2 T�+F�;2

iQ T2`7Q`K KQH2+mH�` /vM�KB+b rBi? ?mM/`2/b iQ KBHHBQMb Q7 T�`iB+H2bX Ai Bb T`BK�`BHv /2@
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2zQ`i Bb ?m;2 Ub22 6B;m`2 kXRV �M/ i?mb- Bi Bb mb2/ QMHv BM bK�HH bvbi2Kb �M/ iBK2 b+�H2b
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6Q`+2 6B2H/ 6mM+iBQMb

hQ /2p2HQT � M2r 7Q`+2 }2H/ }H2- i?Bb Bb- iQ KQ/2H i?2 BMi2`�+iBQMb 7Q` �HH �iQKb Q7 � bvbi2K-

QM2 �bbmK2b i?�i 2p2`v �iQK 2tT2`B2M+2b � 7Q`+2 bT2+B}2/ #v � KQ/2H 7Q`+2 }2H/ �++QmMiBM;

7Q` i?2 BMi2`�+iBQM Q7 i?�i �iQK rBi? i?2 `2bi Q7 i?2 bvbi2KX hQ/�v- bm+? KQ/2H 7Q`+2 }2H/b

T`2b2Mi � ;QQ/ +QKT`QKBb2 #2ir22M �++m`�+v �M/ +QKTmi�iBQM�H 2{+B2M+vX h?2M- i?2 iQi�H

TQi2MiB�H 2M2`;v Q7 � KQH2+mH�` bvbi2K +�M #2 2tT`2bb2/ �b 7QHHQrb #v irQ +QMi`B#miBQMb,
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#2 +?2+F2/kj-j9X

Ç AMi2`KQH2+mH�` Q` MQM@#QM/2/ BMi2`�+iBQMb- /2b+`B#2 i?2 BMi2`�+iBQMb MQi `2@

H�i2/ iQ +?2KB+�H #QM/bX h?2 }`bi i2`K Q7 i?2 1[m�iBQM kX8 Bb FMQrM �b G2MM�`/@

CQM2b Q` p�M /2` q��Hb TQi2MiB�H �M/ i?2 b2+QM/ QM2 Bb *QmHQK#Ƕb 7Q`+2 �M/ /2b+`B#2b

i?2 2M2`;v Q7 BMi2`�+iBQM #2ir22M +?�`;2b,
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Figure 2.3: A graph showing functional form of the Lennard-Jones potential.
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Ç AMi`�KQH2+mH�` Q` #QM/2/ BMi2`�+iBQMb- /2b+`B#2 i?2 BMi2`�+iBQMb #2ir22M �iQKb

Q7 i?2 b�K2 KQH2+mH2X AM 1[m�iBQM kXe- #QM/b +Q``2bTQM/b iQ 2�+? +Qp�H2Mi #QM/ BM

i?2 bvbi2K- �M;H2b `272`b iQ i?2 �M;H2 #2ir22M 2�+? T�B` Q7 +Qp�H2Mi #QM/b b?�`BM;
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Figure 2.4: Schematic diagrams illustrating the various contributions to the bonded potential energy: a) bonds, b) an-

gles, c) dihedrals and d) improper angles.
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�HFvH KQB2iB2b �`2 �bbB;M2/ �p�BH�#H2 T�`�K2i2`b 7`QK *:2M66X L2ti- i�FBM; �/p�Mi�;2 Q7
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�i KQH2+mH�` H2p2H JSkfeĜjR:U/V J2`x@EQHHK�M +?�`;2bX

>Qr2p2`- BM bQK2 +�b2b M2r T�`�K2i2`b K�v #2 `2[mB`2/- Q7i2M r?2M KQ`2 +QKTH2t

7mM+iBQM�H ;`QmTb Q` HBMF2`b �`2 �//2/X h?2M- Bi rBHH #2 M2+2bb�`v iQ �bbB;M rBH/+�`/b Q`

�// 2tTHB+Bi T�`�K2i2`bX h?Bb bBim�iBQM Ui?2 M22/ Q7 M2r T�`�K2i2`bV Bb B/2MiB}2/ #v i?2

T`2b2M+2 Q7 r�`MBM;b BM i?2 #mBHi QmiTmi 7Q`+2 }2H/ }H2X lbm�HHv- i?2b2 r�`MBM;b �`2 BM i?2

7Q`K Q7 ǴT2M�Hiv b+Q`2bǴ �bbQ+B�i2/ rBi? i?2 T�`iB�H +?�`;2b �M/ T�`�K2i2`bX q?2M i?�i

Q++m`b- i?2 M2r T�`�K2i2`b M22/ iQ #2 7QmM/ #v K2�Mb Q7 ZJ +�H+mH�iBQMb- �M/ i?2 r?QH2

bvbi2K Kmbi #2 p�HB/�i2/X S2M�HiB2b #2ir22M Ry �M/ 8y BM/B+�i2 i?�i bQK2 #�bB+ p�HB/�iBQM

Bb `2+QKK2M/2/c T2M�HiB2b ?B;?2` i?�M 8y �`2 mbm�HHv �bbQ+B�i2/ rBi? T�`�K2i2`b Q` +?�`;2b

i?�i M22/ �//BiBQM�H QTiBKBx�iBQM8RX

jj



J2i?Q/b, JQH2+mH�` JQ/2HHBM;

S�`�K2i`Bx�iBQM S`Q+2/m`2 7Q` L2r *QKTQmM/b

q?2M rQ`FBM; rBi? � M2r +QKTQmM/- i?2`2 rBHH mbm�HHv #2 � MmK#2` Q7 T�`�K2i2`b i?�i M22/

iQ #2 p�HB/�i2/ �M/ QTiBKBx2/X �b 2tTH�BM2/ BM i?2 T`2pBQmb bm#b2+iBQM- QM+2 BMBiB�H ;m2bb2b

�`2 �bbB;M2/ iQ i?2 M2r T�`�K2i2`b- i?2 mb2` b?QmH/ i2bi i?Qb2 T�`�K2i2`b iQ /2i2`KBM2 B7

QTiBKBx�iBQM Bb `2[mB`2/X

:2QK2i`v PTiBKBx�iBQM, h?2 r�v i?2 iQi�H 2M2`;v Ui?2 bmK Q7 i?2 2H2+i`QMB+ �M/ Mm+H2�`

`2TmHbBQM 2M2`;B2bV Q7 � KQH2+mH�` bvbi2K p�`B2b rBi? � bK�HH +?�M;2 BM Bib bi`m+im`2 Bb

/2b+`B#2/ #v Bib TQi2MiB�H 2M2`;v bm`7�+2 US1aV- r?B+? K�i?2K�iB+�HHv HBMFb i?2 KQH2+mH�`

bi`m+im`2 �M/ i?2 `2bmHi�Mi 2M2`;vX q2 mb2/ ZJ +�H+mH�iBQMb Ub22 b2+iBQM kXRV #v K2�Mb

Q7 :�mbbB�MyN bQ7ir�`2 7Q` QTiBKBx�iBQM Q7 i?2 KQH2+mH�` bi`m+im`2 �b r2HH �b i?2 2M2`;v

�M/ Qi?2` `2H�i2/ T`QT2`iB2bX h?2 bi`m+im`�H +?�M;2b i?�i i?2 KQH2+mH2 mM/2`;Q2b BM i?2

+Qm`b2 Q7 QTiBKBx�iBQM +�M #2 pBbm�HBx2/ BM :�mbboB2rRyX AM Qm` +�b2- r2 �`2 BMi2`2bi2/

BM Q#i�BMBM; �M 2M2`;v KBMBKmKX � +QM/BiBQM 7Q` Q#i�BMBM; � b�iBb7�+iQ`v p�Hm2 Bb i?�i

7`2[m2M+B2b `2H�i2/ iQ i?2 b2+QM/ /2`Bp�iBp2 Q7 i?2 2M2`;v ?�p2 � y BK�;BM�`v T�`iX

6Q` KQ`2 /2i�BHb- BM *?�Ti2` 8 i?2`2 Bb �M 2t�KTH2 Q7 i?2 T�`�K2i`Bx�iBQM T`Q+2/m`2 7Q` �

M2r +QKTQmM/- i?2 +�b2 Q7 ~mQ`2b+2BM KQH2+mH2X AM i?�i +?�Ti2` r2 2tTH�BM ?Qr r2 T�`iBiBQM

i?2 KQH2+mH2 BMiQ 7`�;K2Mib- B/2MiB7v KQ/2H +QKTQmM/b �M/ /2`Bp2 T�`�K2i2`b #v �M�HQ;v-

�bb2K#H2 KQH2+mH2b �M/ +QMbi`m+i KQH2+mH�` iQTQHQ;v }H2- T2`7Q`K 2M2`;v KBMBKBx�iBQM �M/

B/2MiBiv TQi2MiB�H Bbbm2b- B/2MiB7v �M/ QTiBKBx2 �Mv KBbbBM; BMi2`M�H T�`�K2i2` �M/ p�HB/�i2

i?2 M2r KQ/2H mbBM; 2tT2`BK2Mi�H /�i�8dX

kXkXj J. aBKmH�iBQM J2i?Q/

amKK�`BxBM;- QM+2 �M BMBiB�H b2i Q7 +QQ`/BM�i2b ?�b #22M ;2M2`�i2/ Ub2+iBQM kXkXRV- 2M2`;v

KBMBKBx�iBQM Bb T2`7Q`K2/ iQ #`BM; i?2 bvbi2K iQ � KBMBKmK Q7 i?2 TQi2MiB�H 2M2`;v H�M/@

b+�T2 Ub2+iBQM kXkXkVX a2p2`�H MmK2`B+�H K2i?Q/b +�M #2 2KTHQv2/ iQ �++QKTHBb? i?2 KBM@

BKBx�iBQM- BM i?Bb +�b2 #2BM; Qm` +?QB+2 i?2 bi22T2bi /2b+2Mi �H;Q`Bi?KRX JQ`2Qp2`- BMBiB�H

p2HQ+BiB2b �`2 �bbB;M2/ � `�M/QK p�Hm2 i�F2M 7`QK � J�tr2HH@"QHixK�MM /Bbi`B#miBQMX
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Figure 2.5: Scheme of theMD simulationmethod.

AMi2`�+iBQMb #2ir22M i?2 �iQKb- BX2X i?2 BMi2`�iQKB+ 7Q`+2b- +�M #2 +�H+mH�i2/ #�b2/

QM p�`BQmb K2i?Q/b- `�M;BM; 7`QK /2MbBiv 7mM+iBQM�H i?2Q`v U.6hV iQ +H�bbB+�H TQi2MiB�HbX

h?2b2 7Q`+2b /2i2`KBM2 i?2 �++2H2`�iBQM Q7 i?2 �iQKb �M/ �HHQr iQ T`QT�;�i2 i?2 TQbBiBQMb

�M/ p2HQ+BiB2b �+`Qbb i?2 bBKmH�iBQM iBK2- iQ i?2 M2ti /Bb+`2iBx2/ iBK2 bi2TX _2T2�iBM; i?Bb

T`Q+2/m`2 vB2H/b � b2`B2b Q7 bM�Tb?Qib- /2b+`B#BM; i?2 i`�D2+iQ`v Q7 i?2 bvbi2K BM T?�b2 bT�+2-

r?B+? +�M #2 �M�Hvx2/ iQ 2ti`�+i i?2 /2bB`2/ T`QT2`iB2b Ub22 b+?2K2 BM 6B;m`2 kX8VX

LmK2`B+�H AMi2;`�iBQM Q7 i?2 L2riQMB�M 1[m�iBQM Q7 JQiBQM

�HH@�iQKB+ KQH2+mH�` /vM�KB+b bBKmH�iBQMb �`2 � i2+?MB[m2 7Q` +QKTmiBM; i?2 2[mBHB#`BmK

�M/ i`�MbTQ`i T`QT2`iB2b Q7 � +H�bbB+�H K�Mv@#Q/v bvbi2KX AM i?Bb +QMi2ti- i?2 rQ`/ +H�bbB+�H

`272`b iQ i?2 7�+i i?�i i?2 J.K2i?Q/ Bb #�b2/ BM bQHpBM; MmK2`B+�HHv i?2 L2riQMǶb 2[m�iBQMb

Q7 KQiBQM U+H�bbB+�H K2+?�MB+bV

FJ = mJaJ; aJ =
dvJ
dt

; vJ =
drJ
dt

, UkXdV

7Q` i?2 BMi2`�+iBM; T�`iB+H2b Q7 i?2 bvbi2K U�iQKb Q` KQH2+mH2V i?�i r2 r�Mi iQ bBKmH�i2X

AM �HH@�iQKB+ J. bBKmH�iBQMb- �iQKb �`2 +QMbB/2`2/ �b +H�bbB+�H 2MiBiB2b- Q#2vBM; L2riQMǶb

G�rb Q7 KQiBQMX 1H2+i`QMb �`2 MQi +QMbB/2`2/ BM +H�bbB+�H J.X h?Bb K2i?Q/ Bb �M 2t+2HH2Mi

�TT`QtBK�iBQM 7Q` � rB/2 `�M;2 Q7 bQ7i K�ii2` bvbi2Kb /2bTBi2 Bi ?�b bQK2 HBKBi�iBQMbX

.Bz2`2Mi �H;Q`Bi?Kb ?�p2 #22M /2bB;M2/ iQ BMi2;`�i2 MmK2`B+�HHv i?2 2[m�iBQMb Q7 KQ@

j8



J2i?Q/b, JQH2+mH�` JQ/2HHBM;

iBQMX h?2 KQbi +QKKQMHv mb2/ iBK2 BMi2;`�iBQM �H;Q`Bi?K Bb T`Q#�#Hv i?2 bQ@+�HH2/ o2`H2i

�H;Q`Bi?KR3X h?2 #�bB+ B/2� Bb iQ r`Bi2 irQ i?B`/@Q`/2` h�vHQ` 2tT�MbBQMb 7Q` i?2 TQbBiBQMb

Q7 i?2 �iQKb- QM2 7Q`r�`/ �M/ QM2 #�+Fr�`/ BM iBK2X � T`Q#H2K rBi? i?Bb p2`bBQM Q7 i?2

o2`H2i �H;Q`Bi?K Bb i?�i p2HQ+BiB2b �`2 MQi /B`2+iHv +�H+mH�i2/X � #2ii2` BKTH2K2Mi�iBQM Q7

i?2 b�K2 #�bB+ �H;Q`Bi?K Bb i?2 bQ@+�HH2/ p2HQ+Biv o2`H2i9d b+?2K2- r?2`2 TQbBiBQMb- p2HQ+B@

iB2b �M/ �++2H2`�iBQMb �`2 +QKTmi2/ �i iBK2 UiYδiVX h?2 o2HQ+Biv@o2`H2i �H;Q`Bi?K Q#i�BMb

`2+m`bBp2Hv i?2 TQbBiBQM �M/ p2HQ+Biv �i i?2 M2ti iBK2 bi2T U`O+�- pO+�V 7`QK i?2 +m``2Mi QM2

U`O- pOV- �bbmKBM; i?�i i?2 7Q`+2 6O 4 6U`OV Bb +QKTmi2/X AM i?2 7QHHQrBM; 2[m�iBQMb i?Bb

�H;Q`Bi?K Bb b?QrM Ur?2`2 KN Bb i?2 K�bbV,

half− kick; rJ(t+ δt) = rJ + vJ(t)δt+
�
�
aJ(t)δt� UkX3V

drift; vJ
(
t+

δt
�

)
= vJ(t) + aJ(t)

δt
�

UkXNV

computer− force, aJ(t+ δt) = − �
mJ

∇V(r(t+ δt)) UkXRyV

half− kick; vJ(t+ δt) = vJ
(
t+

δt
�

)
+ aJ(t+ δt)

δt
�

UkXRRV

h?2 �H;Q`Bi?K Bb +QKTQb2/ #v 7Qm` bi2Tb �b b?Qr �#Qp2X h?2 K�BM TQBMi- ?Qr2p2`- Bb i?�i

#2BM; BM �M BMBiB�H TQbBiBQM �M/ p2HQ+Biv U`O- pOV- �M/ r�MiBM; iQ +�H+mH�i2 i?2 M2ti TQbBiBQM

U`O+�V- �M BMi2`K2/B�i2 p2HQ+Biv +�HH2/ ?�H7@FB+F Bb +�H+mH�i2/ rBi? i?2 1[m�iBQM kX3X h?Bb

M2r p2HQ+Biv UpO+�/�V- 1[m�iBQM kXN- rBHH #2 /Bz2`2Mi 7`QK i?2 BMBiB�H QM2 UpOV �M/ i?2 }M�H

QM2 UpO+�VX h?2M- i?2 }M�H p2HQ+Biv UpO+�V +�M #2 +�H+mH�i2/ U1[m�iBQM kXRRV �M/ mb2/ iQ

+QKTmi2 i?2 }M�H TQbBiBQM U`O+�VX h?Bb Bb +QKKQMHv �+?B2p2/ pB� MmK2`B+�H BMi2;`�iBQM #v

/Bb+`2iBxBM; i?2 iBK2 BMiQ bK�HH BMi2`p�Hb +�HH2/ i?2 iBK2 bi2T Uδi Q` ˵iVX h?2 iBK2 bi2T

/2}M2b i?2 `2bQHmiBQM Q7 i?2 MmK2`B+�H BMi2;`�iBQM- i?mb- Bi rBHH 2tBbi � i`�/2 Qz #2ir22M

+?QQbBM; � iBK2 bi2T bm{+B2MiHv bK�HH iQ +�Tim`2 pB#`�iBQMb Q7 �iQKb Q` bm{+B2MiHv H�`;2

iQ #2 +QKTmi�iBQM�HHv 2{+B2MiX AM i?2 �HH@�iQKB+ bBKmH�iBQMb T2`7Q`K2/ BM i?Bb i?2bBb �

iBK2bi2T Q7 k 7b Bb 2KTHQv2/- �b KQH2+mH2b b2H2+i2/ BM i?Bb 7`�K2rQ`F �`2 ~2tB#H2 �M/ i?2

je
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Figure 2.6: Graphic scheme of the Verlet-Velocity trajectory.

#QM/b �`2 `B;B/- r?B+? K2�Mb i?�i i?2 QMHv HBKBi�iBQM rBHH #2 i?2 H�+F Q7 pB#`�iBQM Q7 i?2

�iQKbX

h?2 o2HQ+Biv@o2`H2i Bb �M 2{+B2Mi �H;Q`Bi?K i?�i ;Bp2b �++m`�i2 `2bmHib rBi? 72r 2[m�@

iBQMb- rBi? b?Q`i iBK2 Q7 +�H+mH�iBQMX JQ`2 /2i�BH2/ /Bb+mbbBQM Q7 KQ`2 +QKTH2t �H;Q`Bi?Kb

�M/ i?2B` HBKBi�iBQMb +�M #2 7QmM/ BM +?�Ti2` 9 Q7 i2ti#QQF #v 6`2MF2H �M/ aKBiReX

"QmM/�`v *QM/BiBQMb

h?Bb b2+iBQM p2`b2b �#Qmi #QmM/�`v +QM/BiBQMb- r?B+? �`2 � 7mM/�K2Mi�H +QKTmi�iBQM�H

+QM+2Ti 7Q` �Mv 2{+B2Mi bBKmH�iBQM T`Q;`�KX h?2 /2b+`BTiBQM Q7 i?2 +QM+2Ti �M/ � /Bb+mbbBQM

�#Qmi Bi 7QHHQrbX

Figure 2.7: Schematic representation of periodic boundary conditions. Figure reproduced from ref.16.

h?2 KQp2K2Mi Q7 �iQKb rBi? � bBKmH�iBQM T`Q;`�K Bb +QM}M2/ iQ � bBKmH�iBQM #Qt

rBi? }MBi2 pQHmK2X � T`Q#H2K �`Bb2b r?2M �iQKb `2�+? i?2 #QmM/�`v Q7 i?2 #QtX qBi?Qmi

jd



J2i?Q/b, JQH2+mH�` JQ/2HHBM;

#QmM/�`v +QM/BiBQMb- i?Bb bBim�iBQM rQmH/ 2Mi�BH �Hi2`�iBQMb Q7 i?2 bvbi2K /m2 iQ BMi2`�+iBQMb

rBi? i?2 r�HHbX h?Bb Bb �pQB/2/ #v +QMbB/2`BM; i?�i 2[m�H #Qt2b U7Q` i?2 +�b2 Q7 T2`BQ/B+

#QmM/�`v +QM/BiBQMbV �`2 TH�+2/ �`QmM/ i?2 #Qt Q7 BMi2`2bi- BM �HH /B`2+iBQMbX AM i?Bb r�v-

� T�`iB+H2 BMi2`�+ib rBi? i?2 `2bi Q7 i?2 T�`iB+H2b BM Bib #Qt #mi �HbQ rBi? �HH i?2 T�`iB+H2b BM

i?2 BM}MBi2Hv K�Mv T2`BQ/B+ #Qt2bX hQ bBKmH�i2 #mHF T`QT2`iB2b- i?Bb #QmM/�`v +QM/BiBQMb

KBKB+FBM; �M BM}MBi2 #mHF �`2 M2+2bb�`vX h?Bb +�M #2 b22M BM 6B;m`2 kXdX LQi2 i?�i /Bz2`2Mi

+?QB+2b Q7 #QmM/�`v +QM/BiBQMb 2tBbi- H2�/BM; iQ /Bz2`2Mi #2?�pBQ` Q7 i?2 bvbi2KX AM i?Bb

rQ`F- r2 2KTHQv i?2 T2`BQ/B+ #QmM/�`v +QM/BiBQMbX

aQHp2Mi JQ/2Hb 7Q` *>�_JJ

*>�_JJ 7Q`+2 }2H/ Bb /2bB;M2/ iQ #2 2KTHQv2/ BM +QM/2Mb2/ T?�b2 bBKmH�iBQMb- ?2M+2 i?2

M2+2bbBiv Q7 ?�pBM; � KQ/2H 7Q` i?2 bQHp2Mi Q7 i?2 bvbi2K iQ #2 bBKmH�i2/X J�DQ` 2zQ`ib

?�p2 #22M /QM2 iQ /2p2HQT KQ/2Hb Q7 r�i2`c 7Q` `2pB2rb Q7 i?2 /2p2HQTK2Mi Q7 r�i2` KQ/2Hb-

b22jN-kd Q` i?2 r2#bBi2N BM r?B+? KQbi Q7 i?2 r�i2` KQ/2Hb �p�BH�#H2 BM HBi2`�im`2 �`2 HBbi2/

�M/ +QKT�`2/X "2HQr i?2 KQ/2Hb mb2/ BM i?Bb rQ`F �`2 T`2b2Mi2/X

h?2 r�i2` KQ/2H mb2/ BM i?Bb rQ`F +�M #2 /2b+`B#2/ �b `B;B/- MQM@TQH�`Bx�#H2X h?Bb ivT2

Q7 KQ/2H ?�b � HQM; rQ`FBM; i`�D2+iQ`v Qp2` i?2 H�bi 7Q`iv v2�`bX h?2`2 �`2 b2p2`�H KQ/2Hb

Q7 i?Bb +�i2;Q`v- HBF2 i?2 hASjS- hAS9S- hAS8S- aS*f1 �M/ hAS9Sfkyy8X h?mb- �Hi?Qm;?

MQ KQ/2H `2T`Q/m+2b �HH i?2 T`QT2`iB2b- bQK2 KQ/2Hb T2`7Q`K #2ii2` i?�M Qi?2`bX Ai Bb +H2�`

i?�i i?2`2 �`2 HBKBi�iBQMb 7Q` `B;B/ MQM@TQH�`Bx�#H2 KQ/2HbX AM i?2 `272`2M+28j- Rd T`QT2`iB2b

Q7 r�i2` �`2 /Bb+mbb2/- BM+Hm/BM; p�TQm` �M/ bQHB/ T?�b2bX h?Qb2 �`2 i�F2M BMiQ �++QmMi iQ

2p�Hm�i2 i?2 T2`7Q`K�M+2 Q7 � r�i2` KQ/2HX

_B;B/- MQM@TQH�`Bx�#H2 KQ/2Hb +�M #2 ivTB+�HHv +H�bbB}2/ BMiQ i?`22 /Bz2`2Mi 7�KBHB2b-

M�K2Hv- KQ/2Hb rBi? i?`22 BMi2`�+iBQM bBi2b- KQ/2Hb rBi? 7Qm` BMi2`�+iBQM bBi2b �M/ KQ/2Hb

rBi? }p2 BMi2`�+iBQM bBi2bX _2;�`/H2bb Q7 i?2 MmK#2` Q7 bBi2b- Bi Bb �Hr�vb i?2 +�b2 i?�i �

bBM;H2 G2MM�`/@CQM2b BMi2`�+iBQM bBi2 Bb HQ+�i2/ QM i?2 TQbBiBQM Q7 i?2 Qtv;2M �iQKX h?2

K�BM /Bz2`2M+2 #2ir22M i?`22- 7Qm` �M/ }p2 bBi2b KQ/2Hb Bb i?2 r�v BM r?B+? i?2 T�`iB�H
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+?�`;2b �`2 /Bbi`B#mi2/ rBi?BM i?2 KQH2+mH2X *QKKQM KQ/2Hb rBi? i?`22 BMi2`�+iBQM bBi2b

�`2 hASjS �M/ aS*f1X AM i?2b2 KQ/2Hb- � T�`iB�H TQbBiBp2 +?�`;2 Bb TH�+2/ QM 2�+? Q7 i?2

?v/`Q;2M �iQKbX

Table 2.1: Table describes the LJ parameters and the charge of each atom of thewatermolecule of TIP3model.

�iQK ε UF+�HfKQHV σ U³V [ U2V
P yXR8k jX8je @yX3j9
> yXy9e yX99N @yX9Rd

h?2 KQ/2H hASjS r�b T`QTQb2/ #v CQ`;2Mb2M 2i �HX BM RN3jk8X h?2 irQ T�`�K2i2`b Q7

i?2 G2MM�`/@CQM2b UGCV BMi2`�+iBQM Ub22 h�#H2 kXRV r2`2 +?Qb2M iQ `2T`Q/m+2 i?2 /2MbBiv Q7

r�i2` �i `QQK i2KT2`�im`2 �M/ T`2bbm`2 �M/ i?2 p�TQ`Bx�iBQM 2Mi?�HTv �i `QQK i2KT2`@

�im`2X h?2 hASjS p2`bBQM mb2/ BM *>�_JJ r?B+? BM+Hm/2b GC +2Mi`2b QM i?2 ?v/`Q;2M

�iQKb Bb T`Q#�#Hv i?2 KQbi TQTmH�` KQ/2H Q7 r�i2` 2bT2+B�HHv #2+�mb2 Bi Bb [mBi2 Q7i2M mb2/

iQ /2b+`B#2 r�i2` BMi2`�+iBQMb BM bvbi2Kb BM+Hm/BM; #BQHQ;B+�H KQH2+mH2b UBX2X- T`Qi2BMb Q`

Mm+H2B+ �+B/bV �M/ �HbQ #2+�mb2 Q7 Bib bBKTHB+Biv �M/ ?B;? +QKTmi�iBQM�H 2{+B2M+vX h?2

bi�M/�`/ T�`�K2i`Bx�iBQM Q7 �iQKB+ +?�`;2b BM *>�_JJ 7Q` KQbi KQH2+mH2b Bb /QM2 BM

T`2b2M+2 Q7 hASjS r�i2`X 6Q` �HH i?2b2 `2�bQMb- Bi Bb i?2 QM2 b2H2+i 7Q` i?Bb rQ`FX

h?2`KQ/vM�KB+ 1Mb2K#H2b

AM +H�bbB+�H bi�iBbiB+�H K2+?�MB+b- i?2 /2b+`BTiBQM Q7 � K�Mv@#Q/v bvbi2K Bb #�b2/ QM i?2

+QM+2Tib Q7 bi�iBbiB+�H 2Mb2K#H2bX �++Q`/BM; iQ i?2 2ti2`M�H +QM/BiBQMb r2 +�M /BbiBM;mBb?

i?`22 7mM/�K2Mi�H 2Mb2K#H2b, UBV i?2 KB+`Q+�MQMB+�H ULo1V 2Mb2K#H2 /2b+`B#BM; � T2`72+iHv

BbQH�i2/ bvbi2K- UBBV i?2 +�MQMB+�H ULohV 2Mb2K#H2 /2b+`B#BM; � bvbi2K 2t+?�M;BM; 2M2`;v

rBi? � ?2�i #�i? Q7 � ;Bp2M }t2/ i2KT2`�im`2- �M/ UBBBV i?2 ;`�M/ +�MQMB+�H UμohV 2Mb2K#H2

jN



J2i?Q/b, JQH2+mH�` JQ/2HHBM;

/2b+`B#BM; � bvbi2K r?B+? +�M 2t+?�M;2 #Qi? 2M2`;v �M/ T�`iB+H2b rBi? � `2b2`pQB` �i �

;Bp2M }t2/ i2KT2`�im`2 �M/ +?2KB+�H TQi2MiB�HX AM �#b2M+2 Q7 2ti2`M�H 7Q`+2b i?2 JQH2+mH�`

.vM�KB+b bBKmH�iBQMb /2b+`B#2 � T2`72+iHv BbQH�i2/ bvbi2K �M/ T`QpB/2b �M 2t�+i /2b+`BTiBQM

Q7 i?2 KB+`Q+�MQMB+�H T�`iBiBQM 7mM+iBQMX h?2 iQi�H 2M2`;v Bb +QMb2`p2/ 7Q` � }t2/ MmK#2`

Q7 T�`iB+H2b �M/ i?2 pQHmK2 ULo1VX AM i?Bb 2Mb2K#H2- i?2 i2KT2`�im`2 �M/ i?2 T`2bbm`2 �`2

MQi +QMi`QH p�`B�#H2b #mi `�i?2` i?2v �`2 Q#i�BM2/ �b QmiTmi Q7 i?2 bBKmH�iBQMX h2KT2`�im`2

UhV �M/ T`2bbm`2 USV �`2 Q#i�BM2/ �b 7QHHQrbX h?2 i2KT2`�im`2 h Bb `2H�i2/ rBi? FBM2iB+

2M2`;v Q7 i?2 �iQKb 7`QK i?2 1[mBT�`iBiBQM h?2Q`2KRe,

KCT =
�EL
NG

, UkXRkV

r?2`2 FC Bb i?2 "QHixK�MM +QMbi�Mi- 1L +Q``2bTQM/b iQ i?2 iQi�H FBM2iB+ 2M2`;v 2[m�H iQ

UKp�J Vfk Q7 i?2 bvbi2K- �M/ LG +Q``2bTQM/b iQ i?2 MmK#2` Q7 /2;`22b Q7 7`22/QK UjL Ĝ j 7Q`

� bvbi2K Q7 L T�`iB+H2b rBi? }t2/ iQi�H KQK2MimKVX h?2 T`2bbm`2 - S- Bb Q#i�BM2/ 7`QK i?2

oB`B�H h?2Q`2KRe,

P = ρKCT+
�
δV

(∑

J<K
r⃗JKF⃗(⃗rJK)

)
UkXRjV

r?2`2 / Bb i?2 /BK2MbBQM�HBiv Q7 i?2 bvbi2K mbm�HHv 2[m�H iQ j- �M/ 6U`JKV Bb i?2 7Q`+2

#2ir22M T�`iB+H2b i �M/ j �i � /Bbi�M+2 `JKX h?2 }`bi i2`K Q7 i?2 1[m�iBQM kXRj +Q``2bTQM/b

iQ i?2 B/2�H ;�b T`2bbm`2 r?2`2�b i?2 b2+QM/ i2`K UpB`B�H i2`KV Bb #�b2/ QM i?2 BMi2`�+iBQMbX

AM ;2M2`�H- bm+? T2`72+iHv BbQH�i2/ bvbi2K /Q2b MQi Q++m` BM K�i2`B�H b+B2M+2- #2+�mb2 QM2

T`272`b iQ +QMi`QH i2KT2`�im`2 �M/ T`2bbm`2- �M/ i?2`27Q`2 i?2 bvbi2K Bb QT2M iQ i?2 2ti2`M�H

2MpB`QMK2Mi �M/ rBHH i?2`K�HBx2X AM i?Bb +�b2- Qi?2` 2Mb2K#H2b bm+? mb Loh Q` LSh �`2

2KTHQv2/X

h?2 +�MQMB+�H T�`iBiBQM 7mM+iBQM Loh Bb /2}M2/ �b � K2+?�MB+�H bvbi2K- r?B+? Bb BM

i?2`K�H 2[mBHB#`BmK rBi? � ?2�i #�i?X AM i?Bb +�b2 i?2 2M2`;v Q7 i?2 bvbi2K p�`B2b #2+�mb2

i?2`2 Bb �M 2t+?�M;2 Q7 2M2`;v UBM i?2 7Q`K Q7 ?2�iV rBi? i?2 i?2`KQbi�i �i � +2`i�BM

i2KT2`�im`2 hX q2 +�M bBKmH�i2 i?Bb T?2MQK2MQM #v BKTH2K2MiBM; 2ti2`M�H 7Q`+2b i?�i
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*?�T2` k

bBKmH�i2 i?2 i?2`KQbi�i Q` i?2 2M2`;v 2t+?�M;2 rBi? i?2 i?2`KQbi�iX h?Bb Bb /QM2 #v

�TTHvBM; �M 2ti2`M�H MQM +QMb2`p�iBp2 7Q`+2- r?B+? Bb � 7mM+iBQM Q7 �iQK p2HQ+BiB2b UBM i?2

b�K2 r�v �b h Bb `2H�i2/ iQ i?2 �iQKB+ p2HQ+BiB2b- b22 1[m�iBQM kXRkVX A7 1L Bb i?�i ?B;? i?�i

i?2 i2KT2`�im`2 Bb `�BbBM;- Bi rBHH #2 �TTHB2/ � 7`B+iBQM 7Q`+2 Qp2` �HH i?2 �iQKb i?�i rBHH

BKTHv � /2+`2�b2 Q7 i?2 1L �M/ i?mb Q7 hX *QMp2`b2Hv- B7 1L Bb iQQ HQr i?2 �H;Q`Bi?K �TTHB2b

� 2ti2`M�H 7Q`+2 BM+`2�bBM; �iQKB+ p2HQ+BiB2bX h?2`2 �`2 /Bz2`2Mi �H;Q`Bi?Kb i?�i �+?B2p2

i?Bb Q#D2+iBp2X AM T�`iB+mH�`- L�J. mb2b i?2 G�M;2pBM h?2`KQbi�i9RX

Mv̇ = F(r)− γv+
√

�γKCT
M

R(t) UkXR9V

r?2`2 p Bb i?2 p2HQ+Biv �i 2�+? �iQK- 6 Bb i?2 7Q`+2 Qp2` 2�+? �iQK- ` Bb i?2 TQbBiBQM- γ Bb

i?2 7`B+iBQM +Q2{+B2Mi- E# Bb i?2 "QHixK�MM +QMbi�Mi- h Bb i?2 i2KT2`�im`2- �M/ _UiV Bb �

mMBp�`B�i2 :�mbbB�M `�M/QK T`Q+2bbX h?2 +QmTHBM; iQ i?2 `2b2`pQB` Bb KQ/2HH2/ #v �//BM;

i?2 ~m+im�iBM; Ui?2 _UiV i2`KV �M/ /BbbBT�iBp2 Uγp i2`KV 7Q`+2b iQ i?2 L2riQMB�M 2[m�iBQMb

Q7 KQiBQM U+QKT�`2 1[m�iBQM kXd �M/ kXR9VX

A7 r2 rQ`F �i +QMbi�Mi T`2bbm`2- i?2 bvbi2K Bb rQ`FBM; BM +QMi�+i rBi? � #�`Qbi�i-

i?mb i?2 2Mb2K#H2 rBHH #2 BbQ#�`B+@BbQi?2`K�H ULShVX h?Bb bi�iBbiB+�H K2+?�MB+�H 2Mb2K#H2

T`QTQb2b � KQ/B}2/ b2i Q7 2[m�iBQMb Q7 KQiBQM BM+Hm/BM; �M 2ti2`M�H 7Q`+2 /m2 iQ i?2 TBbiQM

U#�`Qbi�iVX AM i?Bb +�b2- B7 i?2 T`2bbm`2 Q7 i?2 bvbi2K Bb �#Qp2 i?2 i�`;2i2/ T`2bbm`2 i?2

�H;Q`Bi?K rBHH BM+`2�b2 i?2 pQHmK2 �M/ pB+2p2`b�- �TTHvBM; �M 2ti2`M�H 7Q`+2X .Bz2`2Mi

�H;Q`Bi?Kb 2tBbi- �M/ BM T�`iB+mH�`- L�J. mb2b i?2 G�M;2pBM@TBbiQM K2i?Q/RkX

AM `2H�iBQM rBi? i?2 T`2pBQmb T�`�;`�T?- Bi 2tBbib �MQi?2` 2Mb2K#H2 mb2/ BM bBKmH�iBQM-

r?B+? Bb � p�`B�iBQM Q7 i?2 LγS[h i?2`KQ/vM�KB+ 2Mb2K#H2X h?Bb p�`B�iBQM `2;mH�i2b i?2

iQi�H T`2bbm`2 Q7 i?2 bvbi2K BM QM2 /B`2+iBQM U�tBb x T2`T2M/B+mH�` iQ i?2 K2K#`�M2 Q`

i?2 BMi2`7�+2VX Aib �TTHB+�iBQM Bb �TT`QT`B�i2 r?2M ?�pBM; �M BMi2`7�+2- �M/ i?2 ;Q�H Bb iQ

�+?B2p2 � bmT2`}+B�H i2MbBQM γX AM i?2 T�`iB+mH�` +�b2 Q7 #BH�v2`b- QM2 �bbmK2b i?�i i?2

bm`7�+2 i2MbBQM Q` H�i2`�H T`2bbm`2 Q7 � bvKK2i`B+ #BH�v2`9N BM i?2 `2biBM; bi�i2 Bb x2`Q-

�M/ i?�i H�i2`�H T`2bbm`2 rBi?BM 2�+? KQMQH�v2` K�MB72bib Bib2H7 /B`2+iHv QMHv BM i?2 H�i2`�H
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J2i?Q/b, JQH2+mH�` JQ/2HHBM;

+QKT`2bbB#BHBiv- r?2M i?2 K2K#`�M2 Bb bm#D2+i iQ � H�i2`�H bi`2bbjjX

kXj JQH2+mH�` JQ/2HHBM;, *Q�`b2@:`�BM2/ JQH2+mH�` .vM�KB+b

AM i?Bb b2+iBQM- r2 H2�p2 #2?BM/ i?2 �HH@�iQKB+ U��V 7`�K2rQ`F �M/ 2tTH�BM i?2 Qi?2`

7`�K2rQ`F i?�i ?�b #22M 2KTHQv2/ BM i?Bb i?2bBb 7Q` J. bBKmH�iBQMb- BX2X- +Q�`b2@;`�BM

U*:VX

AM Q`/2` iQ Tmb? i?2 HBKBib Q7 `2�+?�#H2 i2KTQ`�H �M/ bT�iB�H b+�H2b Q7 #BQKQH2+mH�`

bvbi2KbǶ bBKmH�iBQMb rBi? `2bT2+i iQ �� bi�M/�`/b- +Q�`b2@;`�BM2/ U*:V KQ/2Hb +�M #2

miBHBx2/X *Q�`b2@;`�BM K2i?Q/ Bb #�b2/ QM HQr2`BM; i?2 `2bQHmiBQM Q7 i?2 bvbi2KǶb KQ/2HX

h?Bb Bb �+?B2p2/ #v ;`QmTBM; �iQKb BMiQ i?2 bQ@+�HH2/ *: #2�/b Q` Tb2m/Q@�iQKbX h?2

H2p2H Q7 +Q�`b2@;`�BMBM; /2T2M/b QM i?2 MmK#2` Q7 �iQKb `2T`2b2Mi2/ #v QM2 *: #2�/X

h?mb- i?2 ?B;?2` i?2 MmK#2` Q7 �iQKb T2` #2�/- i?2 HQr2` i?2 KQ/2H `2bQHmiBQM �M/ i?2

MmK#2` Q7 /2;`22b Q7 7`22/QK Q7 i?2 bvbi2KX LQi2 i?�i i?Bb *: #2�/b BMi2`�+i rBi? QM2

�MQi?2` rBi? KQ`2 +QKTmi�iBQM�HHv 2{+B2Mi TQi2MiB�Hb i?�M i?2 �iQKb Q7 i?2 �� K2i?Q/j9X

h?2 +QK#BM�iBQM Q7 i?Bb K2i?Q/ rBi? i?2 +QMiBMmQmb BKT`Qp2K2Mi Q7 +QKTmi2` ?�`/r�`2

�M/ i?2 `2+2MiHv@�+[mB`2/ �#BHBiv Q7 KQbi +QKKQM J. bQ7ir�`2 T�+F�;2b Ubm+? �b L�J.

�M/ :_PJ�*aV iQ `mM 2{+B2MiHv QM H�`;2 MmK#2`b Q7 +QKTmiBM; MQ/2b BM+Hm/BM; :Slb-

�HH2pB�i2b bQK2 Q7 i?2 T`Q#H2Kb i?�i �� bBKmH�iBQMb 7�+2 r?2M /2�HBM; rBi? i?2 Q`/2`b

Q7 K�;MBim/2 UQ7 bvbi2K bBx2 �M/ iBK2 b+�H2V `2[mB`2/ 7Q` i?2 bim/v Q7 T?2MQK2M� HBF2

b2H7@�bb2K#Hv Q` ;`Qri? Q7 �;;`2;�i2bR8X

J�Mv *: KQ/2Hb ?�p2 #22M T`QTQb2/ Qp2` i?2 v2�`bX hrQ 2t�KTH2b Q7 bm++2bb7mH *:

KQ/2Hb �`2 J�`iBMBjR �M/ *JJ@*:9e- r?B+? �`2 BKTH2K2Mi2/ BM +m``2Mi KQH2+mH�` /v@

M�KB+b UJ.V bQ7ir�`2X LQi �HH *: KQ/2Hb �`2 +`2�i2/ 2[m�HHv- �M/ +�`2 Kmbi #2 i�F2M

r?2M T`2T�`BM; i?2 bvbi2K �M/ +?QQbBM; i?2 K2i?Q/ Q7 +Q�`b2@;`�BMBM;X h?2`2 �`2 i?`22

/BbiBM+i �TT`Q�+?2b 7Q` +Q�`b2@;`�BMBM; � bvbi2K, 2M2`;v@#�b2/jR-je- 7Q`+2@K�i+?BM;j- �M/

bi`m+im`2@#�b2/ K2i?Q/bjdX AM 2M2`;v@#�b2/ *:- i?2 BMi2`�+iBQM TQi2MiB�Hb Q7 i?2 *: #2�/b

�`2 /2`Bp2/ �M/ T�`�K2i2`Bx2/ bm+? i?�i i?2 7`22 2M2`;B2b Q` 2M2`;B2b Q7 i?2 �HH@�iQK U��V
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*?�T2` k

bvbi2K �`2 `2T`Q/m+2/X AM i?2 7Q`+2@K�i+?BM; K2i?Q/- i?2 bmK Q7 i?2 �iQKBbiB+ 7Q`+2b �`2

K�TT2/ QMiQ i?2 +Q``2bTQM/BM; *: #2�/bX G�biHv- i?2 bi`m+im`2@#�b2/ *: K2i?Q/ `2HB2b

QM `2T`Q/m+BM; BMi2`�+iBQMb Q#i�BM2/ 7`QK �iQKBbiB+ bBKmH�iBQMb- Q7i2M BM i?2 7Q`K Q7 `�/B�H

/Bbi`B#miBQM 7mM+iBQMbX

LQi QMHv i?Bb K2i?Q/b T`QpB/2 i?2 2tTH�BM2/ �/p�Mi�;2b BM +QKTmi�iBQM�H �bT2+ib- #mi

�HbQ �i � +QM+2Tim�H H2p2H- �b BM bQK2 +�b2b i?2 BMi2`T`2i�iBQM Q7 i?2 `2bmHib `2[mB`2 i?2 iBK2

�M/ H2M;i? b+�H2b i?�i �`2 `2�+?�#H2 #v +Q�`b2@;`�BMXj3-jkX qBi? `2bT2+i iQ i?Bb i?2bBb- i?Bb

K2i?Q/ ?�b #`Qm;?i bB;MB}+�Mi BMMQp�iBQM- �b i?2 bvbi2K i?�i r2 �M�Hvx2 ?�/ MQi #22M

bBKmH�i2/ BM i?Bb K�MM2` #27Q`2X h?Bb ?�b �HHQr2/ mb iQ 2tT2`B2M+2 �i }`bi ?�M/ �HH i?2

K2MiBQM2/ #2M2}ibX AM �//BiBQM- Bi ?�b K2�Mi �HbQ � K2i?Q/QHQ;B+�H BMMQp�iBQM 7Q` i?2

;`QmT r?2`2 i?Bb i?2bBb Bb /2p2HQT2/- �b Bi ?�/ #22M #�`2Hv mb2/ #27Q`2X �HH i?2b2 `2�bQMb

+QMbiBimi2 i?2 KQiBp�iBQM 7Q` i?2 mb2 Q7 *: �M/ BM T�`iB+mH�` i?2 J�_hALA KQ/2H- i?�i Bb

2tTH�BM2/ BM i?2 M2ti b2+iBQMX

kXjXR J�_hALA JQ/2H

�KQM; i?2 �p�BH�#H2 *: KQ/2Hb- i?2 J�`iBMB KQ/2Hjy-jk- Bb ;�BMBM; BM+`2�bBM; TQTmH�`Biv

/m2 iQ Bib 2{+B2M+vX h?2 J�`iBMB KQ/2H Bb #�b2/ QM � #mBH/BM; #HQ+F T`BM+BTH2c mb2b � 7Qm`@

iQ@QM2 K�TTBM; b+?2K2c QM �p2`�;2 7Qm` ?2�pv �iQKb �`2 `2T`2b2Mi2/ #v QM2 BMi2`�+iBQM

bBi2 Q` #2�/X h?Qb2 ;`QmTb Q7 �iQKb �`2 `2TH�+2/ #v � bBM;H2 #2�/ r?B+? BMi2`�+ib rBi?

Qi?2` #2�/b rBi? �M 2z2+iBp2 BMi2`�+iBQM /2bB;M2/ iQ K�BMi�BM i?2 +?2KB+�H bT2+B}+Bivjk-jRX

� `2TQbBiQ`v Q7 K�Mv KQH2+mH2b bm+? �b HBTB/b- BQMb- bm`7�+i�Mib- 2i+X r?2`2 i?Bb K�TTBM;

?�b #22M �TTHB2/ Bb �p�BH�#H2 �i i?2 bBi2 Q7 i?2 /2p2HQT2`b Q7 J�`iBMBX 1t�KTH2b Q7 i?Bb +�M

#2 b22M BM 6B;m`2 kX3X L2p2`i?2H2bb- QM2 +�M +�``v QM i?2 K2MiBQM2/ K�TTBM; 7Q` KQH2+mH2b

i?�i �`2 MQi �p�BH�#H2 BM i?2 `2TQbBiQ`v #v 7QHHQrBM; i?2 #mBH/BM; #HQ+F T`BM+BTH2- �M 2t�KTH2

Q7 i?�i #2BM; 2tTH�BM2/ 7Q` i?2 +�b2 Q7 i?2 *h�" KQH2+mH2 BM +?�Ti2` 9 Q7 i?2 T`2b2Mi i?2bBbX

h?Bb KQ/2H ?�b #22M 2KTHQv2/ KQbiHv BM bBKmH�iBQMb Q7 T`QT2`iB2b Q7 HBTB/ K2K#`�M2b

�M/ T`Qi2BMb BM K2K#`�M2bjkX _2+2Mi rQ`Fb �HbQ 2KTHQv i?2 J�`iBMB KQ/2H iQ bBKmH�i2 bvb@
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J2i?Q/b, JQH2+mH�` JQ/2HHBM;

Figure 2.8: Martini mapping examples of selected molecules: (A) Standard water particle representing four water

molecules, (B) Polarizable water molecule with embedded charges, (C) DMPC lipid, (D) Polysaccharide fragment, (E)

Peptide, (F) DNA fragment, (G) Polystyrene fragment, (H) Fullerenemolecule. In all casesMartini CG beads are shown

as cyan transparent beads overlaying the atomistic structure. This Figure is reproduced from ref.32 with permission

from The Royal Society of Chemistry.

i2Kb BMpQHpBM; /Bp2`b2 bm`7�+i�Mib bm+? �b �MBQMB+ a.a KB+2HH2b88- xrBii2`BQMB+ TQHvU2i?vH2M2

QtB/2V bm`7�+i�Mi KB+2HH2b88- i?2 2z2+i Q7 b�Hi BM KB+2HH2b98�M/ HBTB/ b2H7@�bb2K#H2/ M�MQT�`iB@

+H2b +�TT2/ rBi? xrBii2`BQMB+ bm`7�+i�MibRjX J�_hALA KQ/2H r�b Q`B;BM�HHv T�`�K2i2`Bx2/

iQ bim/v HBTB/ #BH�v2`b �M/ Bb K�BMHv BKTH2K2Mi2/ BM i?2 J. T`Q;`�K :_PJ�*a8- #mi

�HbQ L�J.9RX aBM+2 i?2 BKTH2K2Mi�iBQM Q7 J�_hALA Bb bBKTH2` BM :_PJ�*a i?�M BM

L�J.- r2 ?�p2 2KTHQv2/ i?Bb T`Q;`�K BM KQbi Q7 Qm` *:@J. bBKmH�iBQMbX JQ`2Qp2`-

:_PJ�*a +QK2b rBi? � H�`;2 b2H2+iBQM Q7 ~2tB#H2 iQQHb 7Q` i`�D2+iQ`v �M�HvbBbX

� KQ`2 /2i�BH2/ 2tTH�M�iBQM Q7 i?2 rQ`FBM; T`BM+BTH2 #�b2/ BM � 7Qm`@iQ@QM2 K�TTBM;jkX

h?2 KQ/2H K�Tb 9 Q` 8 ?2�pv �iQKb U*-L-PV �M/ i?2B` �bbQ+B�i2/ ?v/`Q;2M �iQKb iQ �

bBM;H2 #2�/- �Hi?Qm;? bQK2 bT2+B}+ +�b2b U2X;X KQH2+mH2b rBi? `BM;bV `2[mB`2 i`2�iK2Mi

rBi? ?B;?2` `2bQHmiBQMX AM i?2 J�`iBMB KQ/2H- i?2`2 �`2 7Qm` ;2M2`B+ ivT2b Q7 #2�/b UZ 4

+?�`;2/- S 4 TQH�`- L 4 MQM@TQH�` �M/ * 4 �TQH�`V �M/- rBi?BM 2�+? K�BM ivT2- bm#ivT2b

�`2 /BbiBM;mBb?2/ #v � H2ii2` /2MQiBM; i?2 ?v/`Q;2M #QM/BM; +�T�#BHBiB2b U/ 4 /QMQ`- � 4

�++2TiQ`- /� 4 #Qi?- �M/ y 4 MQM2V Q` #v MmK#2`b BM/B+�iBM; i?2 /2;`22 Q7 TQH�`Biv UR iQ

8VX ai�M/�`/ K�bb2b Q7 2�+? #2�/ Bb �bbB;M2/ iQ dk �Km X h?2 mb2 Q7 bi�M/�`/ K�bb2b vB2H/b
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� KQ`2 +QKTmi�iBQM�HHv 2{+B2Mi KQ/2H- #mi K�v H2�/ iQ mM/2``2T`2b2Mi2/ /vM�KB+b Q7 i?2

bvbi2KjRX 6Q` i?Bb `2�bQM- K�bb2b +�M #2 K�Mm�HHv �/Dmbi2/ 7Q` #2�/bX � ;QQ/ 2t�KTH2 Bb

i?2 +�b2 Q7 i?2 +?QH2bi2`QH J�`iBMB KQ/2Hkk BM r?B+? bQK2 Q7 i?2 #2�/ K�bb2b �`2 98 �KmX

AM i?2 J�_hALA KQ/2H- MQM@#QM/2/ BMi2`�+iBQMb �`2 /2b+`B#2/ #v � b?B7i2/ G2MM�`/@

CQM2b UGCV Rk@e TQi2MiB�H Q7 i?2 7Q`K,

U-+(r) = �εJK
[(σ JK

r

)��
−
(σ JK
r

)�]
UkXR8V

r?2`2 εJK Bb i?2 bi`2M;i? Q7 i?2 BMi2`�+iBQM #2ir22M irQ #2�/b- �M/ σ JK `2T`2b2Mib i?2 bK�HH2bi

/Bbi�M+2 #2ir22M irQ #2�/bX h?2 2z2+iBp2 bBx2 Q7 σ JK4yX9d MK Bb �bbmK2/ 7Q` 2�+? #2�/

2t+2Ti i?2 bT2+B�HBx2/ +H�bb2b 7Q` �MiB7`22x2 T�`iB+H2b �M/ `BM; bi`m+im`2bX

h?2 BMi2`�+iBQMb BM i?Bb KQ/2H �`2 /BpB/2/ BM Ry H2p2HbX h?2 BMi2`�+iBQM bi`2M;i? p�Hm2b

ε Q7 2�+? BMi2`�+iBQM H2p2H �`2 `2TQ`i2/ BMjRX h?2 H2p2H A BMi2`�+iBQM KQ/2Hb bi`QM; TQH�`

BMi2`�+iBQMb �b BM #mHF r�i2`- H2p2Hb AA �M/ AAA KQ/2H KQ`2 pQH�iBH2 HB[mB/b bm+? �b 2i?�MQH Q`

�+2iQM2- H2p2H Ao KQ/2Hb i?2 MQM@TQH�` BMi2`�+iBQMb BM �HBT?�iB+ +?�BMb- �M/ H2p2Hb oƐoAAA

�`2 mb2/ iQ KBKB+ p�`BQmb /2;`22b Q7 ?v/`QT?Q#B+ `2TmHbBQM #2ir22M TQH�` �M/ MQM@TQH�`

T?�b2bX G2p2H As }M�HHv /2b+`B#2b i?2 BMi2`�+iBQM #2ir22M +?�`;2/ T�`iB+H2b �M/ � p2`v

�TQH�` K2/BmKX

*?�`;2/ T�`iB+H2b BM i?2 J�`iBMB 7Q`+2 }2H/ #2�` � 7mHH +?�`;2 [JK r?B+? BMi2`�+ib pB� �

b?B7i2/ *QmHQK#B+ TQi2MiB�H Q7 i?2 7Q`K,

UFM(r) =
qJqK

�πε�εSr
UkXReV

rBi? � }2H/ p�Hm2 Q7 i?2 `2H�iBp2 /B2H2+i`B+ +QMbi�Mi- εS4R8X LQi2 i?�i i?2 *QmHQK# BM@

i2`�+iBQM Bb +QKTmi2/ rBi? � }t2/ /B2H2+i`B+ +QMbi�Mi �M/ � +mi Qz rBi? � `2�+iBQM }2H/

KBKB+FBM; i?2 2z2+i Q7 � ?QKQ;2M2Qmb /B2H2+i`B+ 2MpB`QMK2Mi #2vQM/ i?2 +miQz `�/Bmb-

BM+Hm/BM; i?2 2z2+i Q7 BQMB+ bi`2M;i?8yX LQM2 1r�H/ bmKK�iBQM M2Bi?2` SJ1 K2i?Q/b �`2

2KTHQv2/ rBi? J�_hALAX
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J2i?Q/b, JQH2+mH�` JQ/2HHBM;

"QM/2/ BMi2`�+iBQMb #2ir22M *: #2�/b �`2 /2b+`B#2/ #v � r2�F ?�`KQMB+ TQi2MiB�H,

VCPOE(R) =
�
�
KCPOE(R− RCPOE)

� UkXRdV

r?2`2 i?2 2[mBHB#`BmK #QM/ /Bbi�M+2 Bb ?2H/ �i _CPOE 4 σ JK 4 yX9d MK- �M/ i?2 7Q`+2 +QMbi�Mi

Bb ;Bp2M #v ECPOE4Rk8y FC KQH−� MK−� 7Q` �HH #2�/bX *?�BM biBzM2bb Bb �+?B2p2/ i?`Qm;? �

r2�F ?�`KQMB+ TQi2MiB�H 7Q` i?2 �M;H2b,

VBOHMF(θ) =
�
�
KBOHMF(cos(θ)− cos(θ�))� UkXR3V

r?2`2 p�Hm2b 7Q` θ� 4 ∼R3y �M/ ∼Rky 7Q` �HBT?�iB+ +?�BMb �M/ i`�Mb@mMb�im`�i2/ #QM/

�M/ +Bb@/Qm#H2 #QM/ `2bT2+iBp2HvX �M/ EBOHMF 4 k8 �M/ 98 FCǦKQH−�ǦMK−� 7Q` �HBT?�iB+

+?�BMb �M/ i`�Mb@mMb�im`�i2/ #QM/ �M/ +Bb@/Qm#H2 #QM/ `2bT2+iBp2HvX 6Q` `BM; T�`iB+H2b BM

i?2 J�`iBMB KQ/2H- �M BKT`QT2` /B?2/`�H �M;H2 TQi2MiB�H Bb mb2/ iQ T`2p2Mi Qmi@Q7@TH�M2

/BbiQ`iBQMb Q7 KQ`2 +QKTHB+�i2/ ;2QK2i`B2b,

VJE(θ) = KJE(cos(θ)− cos(θJE))
� UkXRNV

aBKTHB}2/ TQi2MiB�Hb 7Q` i?2 BMi2`�+iBQM bBi2b U#2�/bV T`QpB/2 � `2/m+iBQM BM i?2 /2;`22b

Q7 7`22/QK- r?B+? 2M�#H2b i?2 mb2 Q7 HQM;2` iBK2 bi2Tb 7Q` i?2 BMi2;`�iBQM Q7 L2riQMǶb

2[m�iBQMb Q7 KQiBQMX h`�/BiBQM�H p�Hm2b 7Q` θi BM �� KQH2+mH�` /vM�KB+b 7�HH BM i?2 `�M;2

Q7 yX8@kXy 7b- r?BH2 rBi? i?2 J�`iBMB 7Q`+2 }2H/ Bi Bb bm;;2bi2/ iQ mb2 � iBK2 bi2T Q7 9y@8y 7b-

�Hi?Qm;? bQK2iBK2b � bK�HH2` iBK2 bi2T Bb `2[mB`2/ 7Q` bi�#BHBiv Uky@jy 7bVX

kXjXk 1tTHB+Bi �M/ AKTHB+Bi aQHp2Mi

6Q` r�i2` KQH2+mH2b- r2 ?�p2 2KTHQv2/ i?2 bi�M/�`/ J�`iBMB *: r�i2` KQ/2HjkX h?2

+QKTH2tBiv Q7 HB[mB/ r�i2` UrBi? bm#bi�MiB�H �MBbQi`QTB+ ?v/`Q;2M #QM/BM; BMi2`�+iBQMbV

+�MMQi #2 bBKmH�i2/ #v � bBM;H2 #2�/X 6Q` i?Bb `2�bQM- i?2 *: KQ/2H Q7 r�i2` Bb +QKTQb2/
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*?�T2` k

Q7 � KBtim`2 Q7 S� bT?2`B+�H #2�/b �M/ bT2+B�H �6 U�MiB@7`22xBM;V #2�/bX PM2 S� #2�/

+Q``2bTQM/b iQ 9 r�i2` KQH2+mH2b �M/ i?2 MmK#2` Q7 �6 #2�/b Bb QM2 7Q` 2�+? i2M S� #2�/bX

h?2 ?B;?Hv BMi2`�+iBM; S� #2�/b- r?2M H2i �HQM2- i2M/ iQ 7Q`K BbQi`QTB+ +`vbi�Hb �i `QQK

i2KT2`�im`2- r?B+? �`2 /Bb`mTi2/ #v i?2 �6 #2�/bX qBi? i?Bb KBtim`2 Q7 irQ #2�/b QM2

Q#i�BMb � ?B;?Hv BMi2`�+iBM; HB[mB/ �i `QQK i2KT2`�im`2 r?B+? `2b2K#H2b r�i2`X JQ`2 /2i�BHb

QM i?2 J�`iBMB r�i2` KQ/2H +�M #2 7QmM/ BM `27Xjk �M/ `27XjRX

AM i?2 +�b2 Q7 J�`iBMB BKTHB+Bi bQHp2Mi bBKmH�iBQMb- r2 2KTHQv2/ i?2 `2+2MiHv /2p2HQT2/

.`v J�`iBMB 7Q`+2 }2H/kX AM .`v J�`iBMB- QM2 +QMbB/2`b i?2 b�K2 #2�/ ivT2b �b BM bi�M/�`/

J�`iBMB 2t+2Ti 7Q` r�i2`- r?B+? Bb MQi BM+Hm/2/ 2tTHB+BiHvX h?2 2[m�iBQMb 7Q` i?2 7Q`+2 }2H/

�`2 i?2 b�K2 �b BM bi�M/�`/ J�`iBMB #mi i?2 bi`2M;i? Q7 i?2 BMi2`�+iBQMb Bb KQ/B}2/ iQ i�F2

BMiQ �++QmMi i?2 7�+i i?�i r�i2` Bb +QMbB/2`2/ BKTHB+BiHvkX h?2`27Q`2- i?2 b�K2 KQ/2H Q7

*h�" rBi? i?2 b�K2 #2�/ /2}MBiBQMb /2p2HQT2/ 7Q` bi�M/�`/ J�`iBMB U6B;m`2 kX3V +�M #2

mb2/ 7Q` .`v J�`iBMB rBi?Qmi �Mv KQ/B}+�iBQM- 2t+2Ti 7Q` i?2 p�Hm2b Q7 i?2 T�`�K2i2`b Q7

i?2 BMi2`�+iBQMbX

kX9 �M�HvbBb Q7 _2bmHib

lT iQ i?Bb TQBMi r2 ?�p2 2ti2MbBp2Hv 2tTH�BM2/ �HH i?2 K2i?Q/b �M/ i2+?MB[m2b `2H�i2/ iQ i?2

+QKTmi�iBQM Q7 i?2 bBKmH�iBQMbX >Qr2p2`- �M 2[m�HHv BKTQ`i�Mi iQQH BM i?Bb i?2bBb �`2 i?2

K2i?Q/b `2H�i2/ iQ i?2 pBbm�HBx�iBQM �M/ �M�HvbBb Q7 `2bmHibX AM i?Bb b2+iBQM- r2 BMi`Q/m+2

�M/ 2tTH�BM i?Qb2X

oBbm�HBx�iBQM UbM�Tb?Qib �M/ KQpB2bV, q2 2KTHQv2/ i?2 oBbm�H JQH2+mH�` .v@

M�KB+b UoJ.V T`Q;`�KkR 7Q` /BbTH�vBM; KQH2+mH2b +QMi�BMBM; �Mv MmK#2` Q7 �iQKbX lb2`@

/2}M2/ �iQK b2H2+iBQMb +�M #2 /BbTH�v2/ BM �Mv Q7 i?2 bi�M/�`/ KQH2+mH�` `2T`2b2Mi�iBQMbX

"2bB/2b- i?2 T`Q;`�K `2�/b /�i� }H2b mbBM; �M 2ti2MbB#H2 THm;BM bvbi2K- �M/ bmTTQ`ib "�#2H

THm;BM- 7Q` +QMp2`bBQM Q7 Qi?2` 7Q`K�ibX h?`22 �M�HvbBb 72�im`2b Q7 i?Bb T`Q;`�K �`2 ?B;?@

HB;?i2/- 7Q` i?2B` `2H2p�M+2 BM i?Bb i?2bBbX 6B`biHv- i?Bb T`Q;`�K �HHQrb i?2 pBbm�HBx�iBQM Q7

/vM�KB+ KQH2+mH�` /�i�- MQi QMHv 7Q` L�J. #mi 7Q` Qi?2` bBKmH�iBQM T�+F�;2b HBF2 :`QK�+b
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J2i?Q/b, JQH2+mH�` JQ/2HHBM;

Q` �K#2`X h?2 /�i� +�M #2 mb2/ iQ �MBK�i2 i?2 KQH2+mH2 Q` iQ THQi p�`B�iBQM Qp2` iBK2 BM

KQH2+mH�` T`QT2`iB2b bm+? �b �M;H2b- /B?2/`�Hb- BMi2`�iQKB+ /Bbi�M+2b- Q` 2M2`;B2b Qp2` iBK2X

a2+QM/Hv- KQH2+mH�` �M�HvbBb +�M #2 /QM2- bm+? �b +QKTmiBM; i?2 +2Mi2` Q7 K�bb Q7 b2ib Q7

�iQKbX 6BM�HHv- �M/ p2`v `2H2p�MiHv BM i?Bb i?2bBb- oJ. mb2b i?2 7`22Hv �p�BH�#H2 Svi?QM

�M/ h+H b+`BTiBM; H�M;m�;2b 7Q` T`Q+2bbBM; i2ti +QKK�M/bX h?Bb �HHQrb iQ r`Bi2 �M/ HQ�/

i�BHQ`@K�/2 b+`BTib 7Q` �M�HvbBb- HBF2 +QKTmiBM; i?2 /BzmbBQM +Q2{+B2MiX h?2 2tTH�M�iBQM

7Q` i?2 2KTHQv2/ i�BHQ`@K�/2 b+`BTib BM i?Bb i?2bBb Bb ;Bp2M BM 2�+? +Q``2bTQM/BM; +?�Ti2`X

>Qr2p2`- Bi Bb rQ`i? BMi`Q/m+BM; ?2`2 irQ 2ti2MbBp2Hv@mb2/ �M�HvbBb b+`BTib- /m2 iQ i?2B`

T`2b2M+2 �+`Qbb i?2 r?QH2 rQ`FX h?Qb2 �`2 i?2 /2MbBiv T`Q}H2 �M/ i?2 `�/B�H /Bbi`B#miBQM

7mM+iBQMX

.2MbBiv S`Q}H2, � bBKTH2 #mi p2`v BM7Q`K�iBp2 bi`m+im`�H 7mM+iBQM Bb i?2 /2MbBiv

T`Q}H2X Ai Bb +QKTmi2/ #v /BpB/BM; � H2M;i?- �`2� Q` pQHmK2 BM /Bz2`2MiB�H T�`ib �M/ +QmMiBM;

i?2 MmK#2` Q7 �iQKb T2` T�`iX AM T�`iB+mH�`- i?2 /2MbBiv T`Q}H2 iQQHRd Bb � bQ7ir�`2 T�+F�;2

i?�i +QKTmi2b QM2@/BK2MbBQM�H /2MbBiv T`Q}H2b Q7 KQH2+mH�` bvbi2KbX AiǶb b+`BTi Bb r`Bii2M

BM h+H �M/ Bb TH�i7Q`K@BM/2T2M/2Mic Bi rBHH i?2`27Q`2 rQ`F QM �Mv Q7 i?2 TH�i7Q`Kb bmTTQ`i2/

#v i?2 oJ. bvbi2KX h?2 �H;Q`Bi?K `2T`2b2Mib i?2 K�bb /2MbBiv T`Q}H2 �HQM; i?2 x@�tBb

BM i?Bb +�b2- rBi? � ;`�MmH�`Biv Q7 ëxX Ai +�M +QKTmi2 i?2 /2MbBiv U�iQKbV- K�bb U/�HiQMV-

Figure 2.9: Example taken from ref.17 of the computation of themass density profile of a lipid bilayer.

93



*?�T2` k

+?�`;2 U2H2K2Mi�`v +?�`;2bV Q` 2H2+i`QMB+ /2MbBiv- �M/ Bib p�Hm2 Bb i�F2M 7`QK /Bz2`2Mi �iQKB+

�ii`B#mi2b Ub22 6B;m`2 kXNVX

GBF2 K�Mv �H;Q`Bi?Kb- QM2 Q7 i?2 HBKBi�iBQMb Bb i?�i i?2 �H;Q`Bi?K +QMbB/2`b TQBMi@HBF2

�iQKb BMbi2�/ Q7 pQHmK2i`B+ /Bbi`B#miBQMbc i?2 iQQH rQmH/ i?2`27Q`2 #2 BM�TT`QT`B�i2 iQ

+QKTmi2 i?2 /2MbBiv Q7 BbQH�i2/ �iQKb rBi? bm#@³ `2bQHmiBQM U� b2imT ;2M2`�HHv QmibB/2 i?2

b+QT2 Q7 J.VX

_�/B�H /Bbi`B#miBQM 7mM+iBQM, AM bi�iBbiB+�H K2+?�MB+b- i?2 `�/B�H /Bbi`B#miBQM 7mM+@

iBQM- UQ` T�B` +Q``2H�iBQM 7mM+iBQMV ;U`V- /2b+`B#2b ?Qr /2MbBiv p�`B2b �b � 7mM+iBQM Q7 /Bbi�M+2

7`QK � `272`2M+2 T�`iB+H2 Ub22 6B;m`2 kXRyVX *QM+2Tim�HHv- Bi Bb i?2 `�iBQ #2ir22M i?2 �p2`�;2

MmK#2` /2MbBiv ρU`V �i � /Bbi�M+2 ` 7`QK �Mv ;Bp2M �iQK U7Q` bBKTHB+Biv Bi Bb �bbmK2/ i?�i

�HH �iQKb �`2 B/2MiB+�HV- �M/ i?2 /2MbBiv �i � /Bbi�M+2 ` 7`QK �M �iQK BM �M B/2�H ;�b Ui?�i

?�b i?2 b�K2 Qp2`�HH /2MbBivVX AM � bBKmH�iBQM- Bi Bb bi`�B;?i7Q`r�`/ iQ K2�bm`2 ;U`V, Bi Bb

bBKTHv +QKTmi2/ �b i?2 /Bbi`B#miBQM Q7 /Bbi�M+2b #2ir22M �HH T�`iB+H2b Q7 i?2 bvbi2KX "v

+QMbi`m+iBQM- ;U`V Bb 2[m�H iQ R BM �M B/2�H ;�b- �M/ �Mv /2pB�iBQM 7`QK i?�i p�Hm2 `2~2+ib

+Q``2H�iBQMb #2ir22M i?2 T�`iB+H2b /m2 iQ i?2 BMi2`KQH2+mH�` BMi2`�+iBQMbReX h?Bb ;2M2`�H

i?2K2 Bb /2TB+i2/ BM 6B;m`2 kXRy- r?2`2 i?2 #Hm2 T�`iB+H2 Bb Qm` `272`2M+2 T�`iB+H2- �M/ `2/

T�`iB+H2b �`2 i?Qb2 r?B+? �`2 rBi?BM i?2 +B`+mH�` b?2HH- /Qii2/ BM ;`2vX

Figure 2.10: Schematic plot of a typical radial distribution function and the corresponding atomic structure.
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_272`2M+2b

(R) �`KBDQ- GX URNeeVX JBMBKBx�iBQM Q7 7mM+iBQMb ?�pBM; GBTb+?Bix +QMiBMmQmb }`bi T�`iB�H
/2`Bp�iBp2bX S�+B}+ CQm`M�H Q7 J�i?2K�iB+b- ReURV- RĜjX

(k) �`M�`2x- *X- lmbBi�HQ- CX CX- J�bK�M- JX 6X- AM;ƦH7bbQM- >X AX- /2 CQM;- .X >X- J2HQ-
JX LX- S2`BQH2- sX- /2 o`B2b- �X >X- � J�``BMF- aX CX UkyR9VX .`v J�`iBMB- � *Q�`b2@
:`�BM2/ 6Q`+2 6B2H/ 7Q` GBTB/ J2K#`�M2 aBKmH�iBQMb rBi? AKTHB+Bi aQHp2MiX CQm`M�H
Q7 *?2KB+�H h?2Q`v �M/ *QKTmi�iBQM- RRURV- keyĜkd8X

(j) �viQM- :X aX � oQi?- :X �X UkyydVX JmHiBb+�H2 bBKmH�iBQM Q7 i`�MbK2K#`�M2 T`Qi2BMbX
CQm`M�H Q7 ai`m+im`�H "BQHQ;v- R8dUjV- 8dyĜ8d3X

(9) "2+F2- �X .X URN33VX .2MbBiv@7mM+iBQM�H 2t+?�M;2@2M2`;v �TT`QtBK�iBQM rBi? +Q``2+i
�bvKTiQiB+ #2?�pBQ`X S?vbB+�H _2pB2r �- j3UeV- jyN3ĜjRyyX

(8) "2`2M/b2M- >X CX *X- p�M /2` aTQ2H- .X- � p�M .`mM2M- _X URNN8VX :_PJ�*a,
� K2bb�;2@T�bbBM; T�`�HH2H KQH2+mH�` /vM�KB+b BKTH2K2Mi�iBQMX *QKTmi2` S?vbB+b
*QKKmMB+�iBQMb- NRUR@jV- 9jĜ8eX

(e) "2`K�M- >X JX UkyyyVX h?2 S`Qi2BM .�i� "�MFX Lm+H2B+ �+B/b _2b2�`+?- k3URV-
kj8Ĝk9kX

(d) "B`F?Qz- :X .X URN9kVX q?�i Bb i?2 1`;Q/B+ h?2Q`2K\ h?2 �K2`B+�M J�i?2K�iB+�H
JQMi?Hv- 9NU9V- kkkĜkkeX

(3) *?�B- CX@.X � >2�/@:Q`/QM- JX Ukyy3VX GQM;@`�M;2 +Q``2+i2/ ?v#`B/ /2MbBiv 7mM+@
iBQM�Hb rBi? /�KT2/ �iQKĜ�iQK /BbT2`bBQM +Q``2+iBQMbX S?vbB+�H *?2KBbi`v *?2KB+�H
S?vbB+b- RyU99V- eeR8ĜeekyX

(N) *?�THBM- JX UkyyyVX q�i2` JQ/2Hb ?iiT,ffrrrRXHb#mX�+XmFfr�i2`fr�i2`nKQ/2HbX?iKHX

(Ry) .2MMBM;iQM- _X- E2Bi?- hX �X- � JBHH�K- CX JX UkyReVX :�mbboB2r- o2`bBQM eX

(RR) 6�M- CX .X � J�HQxQpbFv- uX JX UkyRjVX S�mHB 2t+HmbBQM T`BM+BTH2X AMi2`M�iBQM�H
CQm`M�H Q7 JQ/2`M S?vbB+b "- kdUR8V- Rjekyk9YX

(Rk) 62HH2`- aX 1X- w?�M;- uX- S�biQ`- _X qX- � "`QQFb- "X _X URNN8VX *QMbi�Mi T`2b@
bm`2 KQH2+mH�` /vM�KB+b bBKmH�iBQM, h?2 G�M;2pBM TBbiQM K2i?Q/X h?2 CQm`M�H Q7
*?2KB+�H S?vbB+b- RyjURRV- 9eRjĜ9ekRX

(Rj) 62`M�M/2x@Gm2M;Q- sX- *�K�+?Q- CX- � 6�`�m/Q- CX UkyRdVX *QKTmi2` aBKmH�iBQMb Q7
GBTB/ L�MQT�`iB+H2bX L�MQK�i2`B�Hb- dURkV- 9eRYX
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J2i?Q/b, JQH2+mH�` JQ/2HHBM;

(R9) 6Q+F- oX URNjyVX L?2`mM;bK2i?Q/2 xm` GbmM; /2b [m�Mi2MK2+?�MBb+?2M J2?`F`T2`@
T`Q#H2KbX w2Bib+?`B7i 7m` S?vbBF- eRUR@kV- RkeĜR93X

(R8) 6`2/2`Bt- SX qX CX JX- S�iK�MB/Bb- AX- � J�``BMF- aX CX UkyR3VX JQH2+mH�` bBKmH�@
iBQMb Q7 b2H7@�bb2K#HBM; #BQ@BMbTB`2/ bmT`�KQH2+mH�` bvbi2Kb �M/ i?2B` +QMM2+iBQM iQ
2tT2`BK2MibX *?2KB+�H aQ+B2iv _2pB2rb- 9dURyV- j9dyĜj93NX

(Re) 6`2MF2H- .X � aKBi- "X UkyyRVX lM/2`bi�M/BM; JQH2+mH�` aBKmH�iBQMX P`H�M/Q- 6G-
la�, �+�/2KB+ S`2bb- AM+X- kM/ 2/BiBQMX

(Rd) :BQ`;BMQ- hX UkyR9VX *QKTmiBM; R@. �iQKB+ /2MbBiB2b BM K�+`QKQH2+mH�` bBKmH�iBQMb,
h?2 /2MbBiv T`Q}H2 iQQH 7Q` oJ.X *QKTmi2` S?vbB+b *QKKmMB+�iBQMb- R38URV- jRdĜ
jkkX

(R3) :`m#KɃHH2`- >X- >2HH2`- >X- qBM/2Kmi?- �X- � a+?mHi2M- EX URNNRVX :2M2`�HBx2/
o2`H2i �H;Q`Bi?K 7Q` 1{+B2Mi JQH2+mH�` .vM�KB+b aBKmH�iBQMb rBi? GQM;@`�M;2 AM@
i2`�+iBQMbX JQH2+mH�` aBKmH�iBQM- eUR@jV- RkRĜR9kX

(RN) >�`i`22- .X _X Ukyy3VX h?2 q�p2 J2+?�MB+b Q7 �M �iQK rBi? � LQM@*QmHQK# *2Mi`�H
6B2H/X S�`i AX h?2Q`v �M/ J2i?Q/bX J�i?2K�iB+�H S`Q+22/BM;b Q7 i?2 *�K#`B/;2
S?BHQbQT?B+�H aQ+B2iv- k9UyRV- 3NĜRRyX

(ky) >Q?2M#2`;- SX � EQ?M- qX URNe9VX AM?QKQ;2M2Qmb 1H2+i`QM :�bX S?vbB+�H _2pB2r-
RjeUj"V- "3e9Ĝ"3dRX

(kR) >mKT?`2v- qX- .�HF2- �X- � a+?mHi2M- EX URNNeVX oJ., oBbm�H KQH2+mH�` /vM�KB+bX
CQm`M�H Q7 JQH2+mH�` :`�T?B+b- R9URV- jjĜj3X

(kk) AHH�@hmb2i- aX- J�H�bTBM�- .X *X- � 6�`�m/Q- CX UkyR3VX *Q�`b2@;`�BM2/ KQH2+mH�`
/vM�KB+b bBKmH�iBQM Q7 i?2 BMi2`7�+2 #2?�pBQm` �M/ b2H7@�bb2K#Hv Q7 *h�" +�iBQMB+
bm`7�+i�MibX S?vbB+�H *?2KBbi`v *?2KB+�H S?vbB+b- kyU9RV- ke9kkĜke9jyX

(kj) C2Mb2M- CX >X UkyRyVX JQH2+mH�` JQ/2HBM; "�bB+bX "Q+� _�iQM, h�vHQ` � 6`�M+Bb
:`QmTX

(k9) CQM2b- .X URNN3VX h>_1�.1_, T`Qi2BM b2[m2M+2 i?`2�/BM; #v /Qm#H2 /vM�KB+ T`Q@
;`�KKBM;- pQHmK2 jk- UTTX k38ĜjRRVX 1Hb2pB2`X

(k8) CQ`;2Mb2M- qX GX- *?�M/`�b2F?�`- CX- J�/m`�- CX .X- AKT2v- _X qX- � EH2BM- JX GX
URN3jVX *QKT�`BbQM Q7 bBKTH2 TQi2MiB�H 7mM+iBQMb 7Q` bBKmH�iBM; HB[mB/ r�i2`X h?2
CQm`M�H Q7 *?2KB+�H S?vbB+b- dNUkV- NkeĜNj8X

(ke) CQ`;2Mb2M- qX GX- J�tr2HH- .X aX- � hB`�/Q@_Bp2b- CX URNNeVX .2p2HQTK2Mi �M/ h2biBM;
Q7 i?2 PSGa �HH@�iQK 6Q`+2 6B2H/ QM *QM7Q`K�iBQM�H 1M2`;2iB+b �M/ S`QT2`iB2b Q7
P`;�MB+ GB[mB/bX CQm`M�H Q7 i?2 �K2`B+�M *?2KB+�H aQ+B2iv- RR3U98V- RRkk8ĜRRkjeX

(kd) CQ`;2Mb2M- qX GX � hB`�/Q@_Bp2b- CX Ukyy8VX SQi2MiB�H 2M2`;v 7mM+iBQMb 7Q` �iQKB+@
H2p2H bBKmH�iBQMb Q7 r�i2` �M/ Q`;�MB+ �M/ #BQKQH2+mH�` bvbi2KbX S`Q+22/BM;b Q7 i?2
L�iBQM�H �+�/2Kv Q7 a+B2M+2b- RykURNV- eee8ĜeedyX
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(k3) EH2vr2;i- :X CX � Al*` UkyydVX *`vbi�HHQ;`�T?B+ `2}M2K2Mi Q7 HB;�M/ +QKTH2t2bX
�+i� *`vbi�HHQ;`�T?B+� a2+iBQM ., "BQHQ;B+�H *`vbi�HHQ;`�T?v- ejURV- N9ĜRyyX

(kN) EQ?M- qX � a?�K- GX CX URNe8VX a2H7@*QMbBbi2Mi 1[m�iBQMb AM+Hm/BM; 1t+?�M;2 �M/
*Q``2H�iBQM 1z2+ibX S?vbB+�H _2pB2r- R9yU9�V- �RRjjĜ�RRj3X

(jy) J�``BMF- aX CX- /2 o`B2b- �X >X- � J�`F- �X 1X Ukyy9VX *Q�`b2 :`�BM2/ JQ/2H 7Q`
a2KB[m�MiBi�iBp2 GBTB/ aBKmH�iBQMbX h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v "- Ry3UkV-
d8yĜdeyX

(jR) J�``BMF- aX CX- _Bbb2H�/�- >X CX- u2}KQp- aX- hB2H2K�M- .X SX- � /2 o`B2b- �X >X UkyydVX
h?2 J�_hALA 6Q`+2 6B2H/,Ƙ *Q�`b2 :`�BM2/ JQ/2H 7Q` "BQKQH2+mH�` aBKmH�iBQMbX h?2
CQm`M�H Q7 S?vbB+�H *?2KBbi`v "- RRRUkdV- d3RkĜd3k9X

(jk) J�``BMF- aX CX � hB2H2K�M- .X SX UkyRjVX S2`bT2+iBp2 QM i?2 J�`iBMB KQ/2HX *?2KB+�H
aQ+B2iv _2pB2rb- 9kUReV- e3yRĜe3kkX

(jj) J�`b?- .X URNNeVX G�i2`�H T`2bbm`2 BM K2K#`�M2bX "BQ+?BKB+� 2i "BQT?vbB+� �+i�
U""�V @ _2pB2rb QM "BQK2K#`�M2b- Rk3eUjV- R3jĜkkjX

(j9) J2`+?�Mi- "X �X � J�/m`�- CX .X UkyRRVX � _2pB2r Q7 *Q�`b2@:`�BM2/ JQH2+mH�`
.vM�KB+b h2+?MB[m2b iQ �++2bb 1ti2M/2/ aT�iB�H �M/ h2KTQ`�H a+�H2b BM "BQKQH2+mH�`
aBKmH�iBQMb- pQHmK2 d- UTTX edĜ3dVX 1Hb2pB2`X

(j8) J2i`QTQHBb- LX- _Qb2M#Hmi?- �X qX- _Qb2M#Hmi?- JX LX- h2HH2`- �X >X- � h2HH2`- 1X
URN8jVX 1[m�iBQM Q7 ai�i2 *�H+mH�iBQMb #v 6�bi *QKTmiBM; J�+?BM2bX h?2 CQm`M�H Q7
*?2KB+�H S?vbB+b- kRUeV- Ry3dĜRyNkX

(je) JQMiB+2HHB- GX- E�M/�b�Kv- aX EX- S2`BQH2- sX- G�`bQM- _X :X- hB2H2K�M- .X SX- �
J�``BMF- aX@CX Ukyy3VX h?2 J�_hALA *Q�`b2@:`�BM2/ 6Q`+2 6B2H/, 1ti2MbBQM iQ
S`Qi2BMbX CX *?2KX h?2Q`v *QKTmiX- 9U8V- 3RNĜ3j9X

(jd) JɃHH2`@SH�i?2- 6X UkyykVX *Q�`b2@:`�BMBM; BM SQHvK2` aBKmH�iBQM, 6`QK i?2 �iQK@
BbiB+ iQ i?2 J2bQb+QTB+ a+�H2 �M/ "�+FX *?2KS?vb*?2K- jUNV- d89ĜdeNX

(j3) LQB/- qX :X UkyRjVX S2`bT2+iBp2, *Q�`b2@;`�BM2/ KQ/2Hb 7Q` #BQKQH2+mH�` bvbi2KbX
h?2 CQm`M�H Q7 *?2KB+�H S?vbB+b- RjNUNV- yNyNyRYX

(jN) Pmv�M;- CX 6X � "2ii2Mb- _X SX �X UkyR8VX JQ/2HHBM; q�i2`, � GB72iBK2 1MB;K�X
*>AJA� AMi2`M�iBQM�H CQm`M�H 7Q` *?2KBbi`v- eNUjV- Ry9ĜRRRX

(9y) S2`/2r- CX SX � um2- qX URN3eVX �++m`�i2 �M/ bBKTH2 /2MbBiv 7mM+iBQM�H 7Q` i?2
2H2+i`QMB+ 2t+?�M;2 2M2`;v, :2M2`�HBx2/ ;`�/B2Mi �TT`QtBK�iBQMX S?vbB+�H _2pB2r "-
jjURkV- 33yyĜ33ykX

(9R) S?BHHBTb- CX *X- "`�mM- _X- q�M;- qX- :mK#�`i- CX- h�DF?Q`b?B/- 1X- oBHH�- 1X- *?BTQi-
*X- aF22H- _X .X- E�Hû- GX- � a+?mHi2M- EX Ukyy8VX a+�H�#H2 KQH2+mH�` /vM�KB+b rBi?
L�J.X CQm`M�H Q7 *QKTmi�iBQM�H *?2KBbi`v- keUReV- Rd3RĜR3ykX
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J2i?Q/b, JQH2+mH�` JQ/2HHBM;

(9k) SHBKTiQM- aX URNN8VX 6�bi S�`�HH2H �H;Q`Bi?Kb 7Q` a?Q`i@_�M;2 JQH2+mH�` .vM�KB+bX
CQm`M�H Q7 *QKTmi�iBQM�H S?vbB+b- RRdURV- RĜRNX

(9j) _�TT2- �X EX- *�b2rBi- *X CX- *QHr2HH- EX aX- :Q//�`/- qX �X- � aFBz- qX JX URNNkVX
l66- � 7mHH T2`BQ/B+ i�#H2 7Q`+2 }2H/ 7Q` KQH2+mH�` K2+?�MB+b �M/ KQH2+mH�` /vM�KB+b
bBKmH�iBQMbX CQm`M�H Q7 i?2 �K2`B+�M *?2KB+�H aQ+B2iv- RR9Uk8V- Ryyk9ĜRyyj8X

(99) _Qb2M#2`;- "X CX � a?�pBii- AX URNd8VX �#BMBiBQ a*6 �M/ *A bim/B2b QM i?2 ;`QmM/
bi�i2 Q7 i?2 r�i2` KQH2+mH2X AX *QKT�`BbQM Q7 *:hP �M/ ahP #�bBb b2ib M2�` i?2
>�`i`22Ĝ6Q+F HBKBiX h?2 CQm`M�H Q7 *?2KB+�H S?vbB+b- ejU8V- kRekĜkRd9X

(98) a�M;r�B- �X oX � am`2b?FmK�`- _X UkyRRVX *Q�`b2@:`�BM2/ JQH2+mH�` .vM�KB+b
aBKmH�iBQMb Q7 i?2 aT?2`2 iQ _Q/ h`�MbBiBQM BM am`7�+i�Mi JB+2HH2bX G�M;KmB`- kdURRV-
eek3Ĝeej3X

(9e) a?BMQ/�- qX- .2o�M2- _X- � EH2BM- JX GX UkyydVX JmHiB@T`QT2`iv }iiBM; �M/ T�`�K@
2i2`Bx�iBQM Q7 � +Q�`b2 ;`�BM2/ KQ/2H 7Q` �[m2Qmb bm`7�+i�MibX JQH2+mH�` aBKmH�iBQM-
jjUR@kV- kdĜjeX

(9d) aT`2Bi2`- ZX � q�Hi2`- JX URNNNVX *H�bbB+�H JQH2+mH�` .vM�KB+b aBKmH�iBQM rBi? i?2
o2HQ+Biv o2`H2i �H;Q`Bi?K �i ai`QM; 1ti2`M�H J�;M2iB+ 6B2H/bX CQm`M�H Q7 *QKTmi�@
iBQM�H S?vbB+b- R8kURV- RykĜRRNX

(93) hQ/Q`Qp- AX hX- aKBi?- qX- h`�+?2MFQ- EX- � .Qp2- JX hX UkyyeVX .GnSPGunj,
M2r /BK2MbBQMb BM KQH2+mH�` /vM�KB+b bBKmH�iBQMb pB� K�bbBp2 T�`�HH2HBbKX CQm`M�H
Q7 J�i2`B�Hb *?2KBbi`v- ReUkyV- RNRRYX

(9N) h`�śFB�- JX- q�`b+?�rbFB- .X 1X- G�K#2`i- PX- _B;�m/- CX@GX- � .2p�mt- SX 6X UkyykVX
�bvKK2i`B+�H J2K#`�M2b �M/ am`7�+2 h2MbBQMX "BQT?vbB+�H CQm`M�H- 3jUjV- R99jĜ
R989X

(8y) o�M .2` aTQ2H- .X- GBM/�?H- 1X- >2bb- "X- :`Q2M?Q7- :X- J�`F- �X 1X- � "2`2M/b2M-
>X CX *X Ukyy8VX :_PJ�*a, 6�bi- ~2tB#H2- �M/ 7`22X CQm`M�H Q7 *QKTmi�iBQM�H
*?2KBbi`v- keUReV- RdyRĜRdR3X

(8R) o�MQKK2bH�2;?2- EX- >�i+?2`- 1X- �+?�`v�- *X- EmM/m- aX- w?QM;- aX- a?BK- CX- .�`@
B�M- 1X- :mp2M+?- PX- GQT2b- SX- oQ`Q#vQp- AX- � J�+F2`2HH- �X .X UkyyNVX *>�_JJ
;2M2`�H 7Q`+2 }2H/, � 7Q`+2 }2H/ 7Q` /`m;@HBF2 KQH2+mH2b +QKT�iB#H2 rBi? i?2 *>�_JJ
�HH@�iQK �//BiBp2 #BQHQ;B+�H 7Q`+2 }2H/bX CQm`M�H Q7 *QKTmi�iBQM�H *?2KBbi`v- jRU9V-
L�X

(8k) o�MQKK2bH�2;?2- EX- _�K�M- 1X SX- � J�+E2`2HH- �X .X UkyRkVX �miQK�iBQM Q7
i?2 *>�_JJ :2M2`�H 6Q`+2 6B2H/ U*:2M66V AA, �bbB;MK2Mi Q7 "QM/2/ S�`�K2i2`b
�M/ S�`iB�H �iQKB+ *?�`;2bX CQm`M�H Q7 *?2KB+�H AM7Q`K�iBQM �M/ JQ/2HBM;- 8kURkV-
jR88ĜjRe3X

(8j) o2;�- *X � �#�b+�H- CX GX 6X UkyRRVX aBKmH�iBM; r�i2` rBi? `B;B/ MQM@TQH�`Bx�#H2
KQ/2Hb, � ;2M2`�H T2`bT2+iBp2X S?vbB+�H *?2KBbi`v *?2KB+�H S?vbB+b- RjU99V- RNeejĜ
RNe33X
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(89) q�M;- CX- qQH7- _X JX- *�H/r2HH- CX qX- EQHHK�M- SX �X- � *�b2- .X �X Ukyy9VX
.2p2HQTK2Mi �M/ i2biBM; Q7 � ;2M2`�H �K#2` 7Q`+2 }2H/X CQm`M�H Q7 *QKTmi�iBQM�H
*?2KBbi`v- k8UNV- RR8dĜRRd9X

(88) q�M;- aX � G�`bQM- _X :X UkyR8VX *Q�`b2@:`�BM2/ JQH2+mH�` .vM�KB+b aBKmH�iBQM Q7
a2H7@�bb2K#Hv �M/ am`7�+2 �/bQ`TiBQM Q7 AQMB+ am`7�+i�Mib lbBM; �M AKTHB+Bi q�i2`
JQ/2HX G�M;KmB`- jRU9V- RkekĜRkdRX

(8e) q�bb2M��`- hX �X- AM;ƦH7bbQM- >X AX- "ƺ+FK�MM- _X �X- hB2H2K�M- .X SX- � J�``BMF-
aX CX UkyR8VX *QKTmi�iBQM�H GBTB/QKB+b rBi? BMb�M2 , � o2`b�iBH2 hQQH 7Q` :2M2`�iBM;
*mbiQK J2K#`�M2b 7Q` JQH2+mH�` aBKmH�iBQMbX CQm`M�H Q7 *?2KB+�H h?2Q`v �M/
*QKTmi�iBQM- RRU8V- kR99ĜkR88X

(8d) w?m- sX- GQT2b- SX 1X JX- � J�+E2`2HH- �X .X UkyRkVX _2+2Mi /2p2HQTK2Mib �M/ �TTHB@
+�iBQMb Q7 i?2 *>�_JJ 7Q`+2 }2H/bX qBH2v AMi2`/Bb+BTHBM�`v _2pB2rb, *QKTmi�iBQM�H
JQH2+mH�` a+B2M+2- kURV- RedĜR38X
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6Q` � `2b2�`+? rQ`F2` i?2 mM7Q`;Qii2M KQK2Mib

Q7 ?Bb HB72 �`2 i?Qb2 `�`2 QM2b r?B+? +QK2 �7i2`
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Table 3.1: Composition of the systems considered in theMD simulations, including total number of atoms, numbers of

water, components’ molecules and counterions, the simulation time and the equilibrated box size.

�iQKb UiQi�HV KQH2+X r�i2`f*h�+f*?QHf"`− aBK iBK2 "Qt aBx2
aR kjdkd 899jf89f89f89 Ryd Mb kkeX8 MK�

Figure 3.1: Snapshot of S1 simulation. On the left, snapshots of each of the components. Oxygen atoms of the choles-

terolmolecules (red spheres) andnitrogenatomsof theCTABsurfactants (blue spheres) havebeenhighlighted. On the

right, we show the simulation box where the Quatsome system is shown, indicating the size of the box in each spatial

direction.

h?2 2KTHQv2/ 7Q`+2 }2H/ �M/ �HH i?2 i2+?MB+�H /2i�BHb Q7 i?2 bBKmH�iBQM �`2 i?2 b�K2 �b BM

i?2 T`2pBQmbHv Tm#HBb?2/ rQ`FRR rBi? i?2 QMHv /Bz2`2M+2 i?�i i?2 bBKmH�iBQM r�b 2ti2M/2/

7Q` �M �//BiBQM�H iBK2 Q7 Ryd Mb mbBM; i?2 L�J. kXRR bQ7ir�`2kjX h?2 bBKmH�iBQMb r2`2

T2`7Q`K2/ mbBM; i?2 LShγ 2Mb2K#H2 K�BMi�BMBM; i?2 Za #BH�v2` �i k8 ◦*- R �iK Q7 T`2bbm`2

�M/ x2`Q i2MbBQM iQ KBKB+ � p2bB+H2 #BH�v2` Ub22 h�#H2 jXRVX h?2 bBKmH�i2/ bvbi2K UZaV
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+QMi�+i rBi? r�i2`V �M/ bm`7�+i�Mi KQH2+mH2b �`2 /27Q`K2/ BM � r�v bBKBH�` iQ i?�i /2b+`B#2/

BM i?2 BMi`Q/m+iBQM +?�Ti2` Ub22 6B;m`2 jXk r?2`2 `2/ bT?2`2b U*?QHV �`2 KQ`2 ?B//2M BMiQ

i?2 K2K#`�M2 i?�M #Hm2 QM2b U*h�+VVX

Figure 3.2: Snapshot of theQuatsome bilayer in water. It focuses on the bilayer areawhich is replicated thanks to the

boundary conditions applied. Blue spheres representing the nitrogen atoms of the CTABmolecules limit the surface-

water interface of themembrane. Pink spheres represent the bromide counterions.
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� KQ`2 [m�MiBi�iBp2 /2b+`BTiBQM Q7 i?2 #BH�v2` bi`m+im`2 Bb ;Bp2M #v i?2 �iQKB+ /2MbBiv
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Figure 3.3: Average density profile of the Quatsome components; CTAB and cholesterol. It represents the density

value vs. the distance in where the zero corresponds to the centre of the box simulation. The interest is focused on

those atoms that would appear to have an affinity with the interface. Therefore, the following atoms density profiles

were decided to study: the nitrogen atom of the CTA+ group, the oxygen atom corresponding to the Chol molecule

and also all the corresponding carbon atoms of CTA+ andCholmolecule, the oxygen atomof thewater and finally the

bromide counterion.
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?�p2 +QKTmi2/ i?�i RyW Q7 *h�+ KQH2+mH2b ?�p2 � "`− BQM �/bQ`#2/ QM iQT- �M/ i?2

dkW Q7 i?2 *h�+ KQH2+mH2b ?�p2 � "`− BQM b?�`2/ rBi? +?QH2bi2`QH U6B;m`2 jX9VX 6Q` i?Bb

+QKTmi�iBQM- i?2 }`bi bi2T Bb iQ b2H2+i i?2 BQM T�B` iQ #2 bim/B2/- BM i?Bb +�b2 "`@L UMBi`Q;2M

�iQK 7`QK i?2 *h�"VX h?2 ;U`V Bb +�H+mH�i2/ 7Q` i?2 T�B`- �M/ i?2 /Bbi�M+2 �i i?2 /2TH2iBQM

Bb `2�/ Ub22 �``Qrb BM 6B;m`2 jX9VX h?2M- � ?QK2K�/2 b+`BTi +QmMib i?2 MmK#2` Q7 #`QKB/2

BQMb �i i?2 ;Bp2M `2�/ /Bbi�M+2- �M/ i?2M i?2 T2`+2Mi�;2 Bb +�H+mH�i2/X

Figure 3.4: Radial distribution function, g(r), computed between the bromide anion and the polar headgroup (N atom)

of the CTA+. Two peaks appear corresponding to two possible locations of bromide atoms coloured in pink and dark-

pink. Snapshot image from theMD simulation shows that the first peak of the g(r) corresponds to when the bromide

atom is located between CTA+ and Chol head groups whereas in the second peak the bromide counterion is located

above the CTA+ molecule.
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�MBQMB+ BQMbX h?Bb T2`bT2+iBp2 Bb bQK2i?BM; BMi2`2biBM; iQ 7m`i?2` bim/v- �b BQMB+ M2ib +QmH/

TH�v �M BKTQ`i�Mi `QH2 BM BMi2`7�+B�H T?2MQK2M� bm+? �b +?�`;2 i`�Mb72`- +`vbi�H ;`Qri?-

M�MQb+�H2 b2H7@�bb2K#Hv �M/ +QHHQB/�H bi�#BHBivj9X

AM Qm` bBKmH�iBQMb r2 Q#b2`p2 i?�i "`− +Qmi2`BQMb ?�p2 mT iQ 8 ?v/`�i�i2/ MmK#2` Ub22

6B;m`2 jX8@U#VVX ai`m+im`�H �``�M;2K2Mib Q7 r�i2` KQH2+mH2b �`QmM/ i?2 #`QKB/2 BQM �`2

[m�MiB}2/ #v `�/B�H T�B` /Bbi`B#miBQM 7mM+iBQM- ;U`V- #v i?2 "`@P- "`@L$5"#- "`@P$IPM `�/B�H

/Bbi`B#miBQM 7mM+iBQMb- �M/ i?2 `2bmHib Q#i�BM2/ 7`QK Qm` bBKmH�iBQMb �`2 /2TB+i2/ BM 6B;m`2

jX8@U/VX h?2 "`@r�i2` �M/ "`@P$IPM ?�p2 i?2 b�K2 /Bbi�M+2- jXN ³X

�b "`− +Qmi2`BQMb bi`QM;Hv BMi2`�+i rBi? i?2 Qtv;2M �iQK Q7 i?2 *?QH UT`Qp2M #v Qm`

bBKmH�iBQMb #mi �HbQ 2tT2`BK2Mi�HHv8V- r2 Q#b2`p2/ BMi2`2biBM; T?2MQK2M� BM Qm` i`�D2+@

iQ`B2bX "`− +QmMi2`BQMb /`�; i?2 +QQ`/BM�iBM; r�i2` BMbB/2 i?2 Za K2K#`�M2X AM 6B;m`2

jX8@U+V- "`− +Qmi2`BQMb +QHQm`2/ BM ;`22M �`2 i?2 QM2b �#H2 iQ +`Qbb i?2 Za K2K#`�M2- �M/

i?2 QM2b +QHQ`2/ BM v2HHQr �`2 i?Qb2 7m`i?2` i?�M 8 ³ �TT�`i 7`QK i?2 Qtv;2M �iQKX AM

i?�i r�v- Bi Bb TQbbB#H2 iQ /`�r � +Q``2H�iBQM HBM2 #2ir22M "`− +QmMi2`BQMb �M/ i?2B` r�i2`b

#v ?v/`Q;2M #QM/b 7Q`KBM; Q`/2`2/ bi`m+im`2b �b b?QrM BM 6B;m`2 jX8@U+VX AM i?2 6B;m`2

jX8@U�V irQ +?�BMb �`2 BM/B+�i2/- BM K�;2Mi� �M/ TBMF- BM Q`/2` iQ ?B;?HB;?i i?2 BQM M2i-

#mi �HbQ #2+�mb2 Bi Bb Q#b2`p2/ ?Qr "`− +Qmi2`BQMb +�M #2 b?�`2/ 2Bi?2` #v irQ +?QH2bi2`QH
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Figure 3.5: (a) Snapshots of the ions at theQS surface-water interface. CTA+ and cholesterolmolecules are in licorice

representation and adsorbed anions are shown as spheres with their van der Waals radii. Bromide ions coloured

in green and yellow are the one adsorbed at 3 Å and 5 Å distance from the oxygen atom of the cholesterol. Water

molecules at 2.5 Å distance from bromide ions are also represented in van der Waals radii. (b) Is the same as (a) but

with the ion nets painted in magenta and pink colours in order to show two different ion-nets formed. (c) Top view of

the QS surface highlighting laterally correlated ions that share oxygen atoms in their first coordination shell (green)

and second (yellow).(d) Radial pair distribution function of the bromide interactionswith cholesterol, CTABandwater

molecules.

KQH2+mH2b Q` #v QM2 *?QH �M/ QM2 *h�" KQH2+mH2 �i i?2 b�K2 iBK2X

6BM�HHv- Bi Kmbi #2 K2MiBQM2/ i?�i i?2b2 r�i2` M2irQ`Fb �TT2�` �HbQ rBi?Qmi i?2 T`2b@

2M+2 Q7 BQMbc i?2v �`2 BM/m+2/ #v i?2 *?QH2bi2`QH KQH2+mH2bX h?Bb T?2MQK2M� ?�b #22M

Q#b2`p2/ BM .SS*,*?QH #BH�v2`X _2bmHib 7`QK J. bBKmH�iBQMb Q7 i?Bb #BH�v2` +�M #2 7QmM/

BM i?2 �MM2t- b2+iBQM �XkXRX
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jXRX9 .B77mbBQM +Q277B+B2Mi bim/v

h?2 `2K�BMBM; b2+iBQMb Q7 i?2 �M�HvbBb �i k8 ◦* �`2 Q7 iBK2@/2T2M/2Mi T`QT2`iB2b- bi�`iBM;

#v i?2 /BzmbBQM +Q2{+B2MiX h?2 /BzmbBQM +Q2{+B2Mi- �HbQ +�HH2/ /BzmbBpBiv- Bb �M BKTQ`@

i�Mi T�`�K2i2` BM/B+�iBp2 Q7 i?2 /BzmbBQM KQ#BHBivX Ai Bb � T?vbB+�H +QMbi�Mi /2T2M/2Mi QM

KQH2+mH2 bBx2 �M/ Qi?2` T`QT2`iB2b Q7 i?2 /BzmbBM; bm#bi�M+2 �b r2HH �b QM i2KT2`�im`2 �M/

T`2bbm`2X AM i?Bb bim/v- i?2 i2KT2`�im`2 UkN3 EV �M/ T`2bbm`2 UR �iKV rBHH #2 }t2/ p�Hm2bX

h?2 b+`BTi mb2/ iQ +�H+mH�i2 i?2 /BzmbBQM +Q2{+B2Mi Bb #�b2/ QM i?2 b2H2+iBQM Q7 QM2 �iQK

Q7 BMi2`2bi- �M/ i?2 +�H+mH�iBQM Q7 i?2 K2�M b[m�`2 /BbTH�+2K2Mi UJa.V- r?Qb2 bHQT2 rBHH

T`QpB/2 i?2 /BzmbBQM +Q2{+B2Mi 7Q` i?�i T�`iB+mH�` �iQKX

h?2 bi�iBbiB+�H �M�HvbBb Q7 i?2b2 i`�D2+iQ`B2b b?Qrb i?�i i?2 KQiBQM Bb "`QrMB�M- bBM+2

i?2 K2�M b[m�`2/ /BbTH�+2K2Mi UJa.V BM i?2 su TH�M2 7QHHQrb � bi`�B;?i HBM2 rBi? iBK2X

h?2 H�i2`�H /BzmbBQM +Q2{+B2Mi . Bb �HbQ /2i2`KBM2/ #v }iiBM; iQ i?2 1BMbi2BM `2H�iBQMb?BT

Ja.UiV 4 9.iX S�`iB+mH�`BxBM; i?2 2tT`2bbBQM 7Q` i?2 t �M/ v �t2b- r2 Q#i�BM i?2 7QHHQrBM;

2[m�iBQMb,

< x� >= �DY˵t

< y� >= �DZ˵t UjXRV

6Q+mb QM i?2 bBKmH�iBQMb `mM 7Q` i?2 bvbi2Kb bim/B2/c Zm�ibQK2b- `2H2p�Mi `2bmHib ?�p2

#22M Q#i�BM2/X 6B;m`2 jXe b?Qrb � "`QrMB�M /BzmbBQM KQp2K2Mi Q7 i?2 �iQKb b2H2+i2/X Ai Bb

`2K�`F�#H2 i?�i #Qi? s �M/ u /B`2+iBQMb b?Qr � ?QKQ;2M2Qmb KQp2K2Mi �Hi?Qm;? �iQKb

�`2 �#H2 iQ 2tTHQ`2 KQ`2 `2;BQMb BM u /B`2+iBQM i?�M s /B`2+iBQM rBi?BM i?2 bBKmH�iBQM iBK2X

h?Bb +�M #2 2tTH�BM2/ #2+�mb2 i?2 /BzmbBpBiv 2M u /B`2+iBQM BM Za Bb QM2 Q`/2` Q7 K�;MBim/2

#B;;2` i?�M s /B`2+iBQM- r?B+? K2�Mb i?�i i?2 /BzmbBQM Bb 7�bi2` Ub22 h�#H2 jXkVX

.BzmbBpBiv Bb ;2M2`�HHv /2b+`B#2/ 7Q` � ;Bp2M T�B` Q7 bT2+B2bX 6Q` � KmHiB@+QKTQM2Mi

bvbi2K- Bi Bb /2b+`B#2/ 7Q` 2�+? T�B` Q7 bT2+B2b BM i?2 bvbi2KX h?2 ?B;?2` i?2 /BzmbBpBiv

UQ7 QM2 bm#bi�M+2 rBi? `2bT2+i iQ �MQi?2`V- i?2 7�bi2` i?2v /Bzmb2 BMiQ 2�+? Qi?2`X 6Q` i?2

ee
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Figure3.6: Trajectory inXandYdirectionof a randomnitrogenatomofCTA+molecule (Quatsome). Different colours

corresponds to different consecutive simulations. The trajectory starts with: sim 1 (dark-blue), then sim 2 (blue), fol-

lowed by sim 3 (green) and finally sim 4 (dark-green).

Table 3.2: Diffusion coefficient values of carbon atoms located in in the CTA+ molecule’s head as a representation of

theQS in cm2/s.

.BzmbBQM +Q2{+B2Mi * U*h�+V
h4kN3 E .Y 9XeǦRy−� +K�fb

.Z 8XkǦRy−� +K�fb

bim/v Q7 i?2 /BzmbBQM +Q2{+B2Mi Q7 Za bvbi2K Bi ?�b #22M b2H2+i2/ i?2 * �iQK Q7 i?2 ?2�/

Q7 i?2 *h�+ KQH2+mH2bX h?2 /BzmbBQM +Q2{+B2Mi 7Q` i?2 bim/v Q7 Za Bb +�H+mH�i2/ QMHv BM s

�M/ u /B`2+iBQMb- #2+�mb2 Qm` bvbi2K �`2 +QM7Q`K2/ �b p2bB+H2b �M/ iQ K�BMi�BM Bib M�im`�H

bi`m+im`2- i?2 p2bB+H2 +�MMQi /Bzmb2 BM w /B`2+iBQM UQi?2`rBb2 Bi rQmH/ HQb2 Bib bi�#BHBivVX

�b r2 �`2 +QKT�`BM; i?2 /BzmbBQM +Q2{+B2Mi BM HB[mB/ T?�b2b- Bi r�b +QMbB/2`2/ iQ

+QKT�`2 i?2 p�Hm2b Q7 i?2 Za rBi? i?Qb2 Q7 r�i2` �M/ T?QbT?QHBTB/ K2K#`�M2bX 6Q` i?2

b�K2 i2KT2`�im`2 �M/ T`2bbm`2- Bi Bb `2�bQM�#H2 iQ i?BMF i?�i i?2 p�Hm2 Q7 i?2 /2MbBiv Q7 i?2

KQH2+mH2b BM K2K#`�M2b BM ;2M2`�H rQmH/ #2 Km+? ?B;?2`- �M/ i?�i i?2B` KQ#BHBiv rQmH/

#2 HQr2` i?�M r�i2`- r?B+? BKTHB2b � Km+? HQr2` /BzmbBQM +Q2{+B2MiX

_2K�`F�#Hv- r2 MQiB+2 i?�i 7Q` T?QbT?QHBTB/b- i?2 p�Hm2 Bb BM i?2 b�K2 Q`/2` Q7 K�;MB@

ed
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im/2- Ry−� +K�fbX aQ- #2+�mb2 T?QbT?QHBTB/ K2K#`�M2b Kmbi #2 BM � ~mB/ bi�i2 7Q` MQ`K�H

+2HH 7mM+iBQMBM;- Bi Bb i?2 bi`m+im`2 Q7 ~mB/ #BH�v2`b i?�i Bb `2H2p�Mi iQ mM/2`bi�M/ i?2 BMi2`@

�+iBQMb BM KQH2+mH�` /2i�BHX "�b2/ QM i?Bb- �M/ +QKT�`BM; #Qi? /BzmbBQM +Q2{+B2Mi p�Hm2b

�M/ �HbQ i?2 Q`B2Mi�iBQMb Q7 i?2 *?QH2bi2`QH �M/ *h�+ i�BHb BMbB/2 i?2 K2K#`�M2- Bi Bb

TQbbB#H2 iQ �{`K i?�i Za Bib2H7 #2?�p2b �b � ~mB/ K2K#`�M2X

h?Bb `2bmHi Bb +QMbBbi2Mi rBi? i?2 QM2 Q#b2`p2/ #v �iQK 7Q`+2 KB+`Qb+QTv- BM r?B+? i?2

7Q`+2@b2T�`�iBQM +m`p2b Qp2` �M �`2� Q7 i?2 bmTTQ`i2/ Za K2K#`�M2 r2`2 +�H+mH�i2/X �HH

i?2 /2i�BHb Q7 i?Bb bim/v +�M #2 7QmM/ BM Bib +Q``2bTQM/BM; rQ`FR9X

AM +QM+HmbBQM- #Qi? i?2 KQH2+mH�` /vM�KB+b bBKmH�iBQMb `mM �M/ i?2 +�H+mH�iBQM Q7 i?2

/BzmbBQM +Q2{+B2Mi p�Hm2b T`Qp2 i?�i �HH i?2 KQH2+mH2b i?�i +QMbiBimi2 i?2 Za bvbi2K ?�p2 �

/BzmbBQM KQp2K2Mi BM �M Q`/2` Q7 K�;MBim/2 Q7 Ry−� +K�fbX h?mb- i?2 Za bvbi2K #2?�p2b

�b � ~mB/ K2K#`�M2- �b Bib /BzmbBQM +Q2{+B2Mi +�M #2 +QKT�`2/ iQ i?2 T?QbT?QHBTB/Ƕb

/BzmbBQM +Q2{+B2MiX

jXRX8 P`B2Mi�iBQM Q7 Zm�ibQK2 +QKTQM2Mib

h?2 Za #BH�v2` �i k8 ◦C Bb b?QrM BM 6B;m`2 jXdX q2 b?Qr i?2 `2bmHib 7Q` i?2 iBHi �M;H2

Q7 *h�+ rBi? `2bT2+i iQ iBK2- �b r2HH �b `2T`2b2Mi�iBp2 bM�Tb?Qib Q7 i?2 #BH�v2`- b?QrBM;

i?2 iBHi Q7 #Qi? *h�+ �M/ *?QH KQH2+mH2bX h?2 iBHi �M;H2 Bb i?2 �M;H2 7Q`K2/ #v i?2

/B`2+iBQM T2`T2M/B+mH�` iQ i?2 bm`7�+2 TH�M2- �M/ i?2 /B`2+iBQM /2i2`KBM2/ #v i?2 L �iQK

Q7 i?2 *h�" �M/ Bib +2Mi`2 Q7 K�bb2bX 6Q` *?QH- i?2 iBHi r�b �Hr�vb i?2 b�K2 �b i?2

QM2 `2TQ`i2/ 7Q` *h�+ U/�i� b?QrM BM 6B;m`2 �X8 BM �MM2tV- bQ i?2 iBHi �M;H2b BM 6B;m`2

jXd +Q``2bTQM/ iQ i?2 iBHi Q7 i?2 *h�+@*?QH bvMi?QMX h?2 }`bi `2K�`F�#H2 Q#b2`p�iBQM Bb

i?�i i?2 bvKK2i`v rBi?BM i?2 #BH�v2` Bb bTQMi�M2QmbHv #`QF2M- BM i?2 b2Mb2 i?�i i?2 *h�+

bm`7�+i�Mi KQH2+mH2b ?�p2 /Bz2`2Mi iBHib BM 2�+? H2�~2i Q7 i?2 #BH�v2`X Ai Bb BMi2`2biBM; iQ

MQi2 i?�i � bBKBH�` bvKK2i`v #`2�FBM; ?�b #22M T`2pBQmbHv Q#b2`p2/ BM J. bBKmH�iBQMb

Q7 Qi?2` bi�#H2 p2bB+H2b U+�i�MBQMB+ bm`7�+i�Mi p2bB+H2bV- b22 `272`2M+29- 6B;m`2 RX Ai Bb �HbQ

`2K�`F�#H2 i?�i #BH�v2` �bvKK2i`v Bb � M2+2bb�`v `2[mBbBi2 7Q` bvbi2Kb 7Q`KBM; bT?2`B+�H
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p2bB+H2b BM #mHF bQHmiBQMjR- �b BM i?2 +�b2b Q7 Qm` Za bvbi2K Q` i?2 +�i�MBQMB+ bm`7�+i�Mi

KBtim`2b +QMbB/2`2/ BM `272`2M+29X

Figure3.7: Results obtained inMDsimulationsof aQS_H2Obilayer at25◦C (noadded salt). The left plot shows the tilt
angle forCTA+molecules (averagedover a leaflet) vs. timeduring theMDsimulations. The data for each leaflet of the

bilayer is indicated in a different color. The residence time into different states with different tilt angles are indicated

in the figure. Right: representative snapshots of the states indicated in grey in the left plot. For each case we show

the full bilayer and to facilitate the visualization we also show partial views with only CTA+ or only Chol molecules.

Themolecules at each leaflet are colored different (blue or orange) in correspondencewith the left plot. N atoms from

the CTA+ headgroups are indicated as green spheres and Br− ions are shown as yellow spheres. The shadow region

corresponds to the region occupied bywatermolecules.

JQ`2 BKTQ`i�MiHv- MQi QMHv i?2 �p2`�;2 iBHi �M;H2 Bb /Bz2`2Mi BM 2�+? H2�~2i Q7 i?2

#BH�v2`- #mi �HbQ i?2 #2?�pBQ` Q7 i?�i �M;H2 �b � 7mM+iBQM Q7 iBK2X AM QM2 Q7 i?2 H2�~2ib- i?2

*h�+ ~m+im�i2b �`QmM/ �M �p2`�;2 iBHi Q7 Ry◦ U6B;m`2 jXdVX AM i?2 Qi?2` H2�~2i- i?2 *h�+

KQH2+mH2b #2?�p2 BM bm+? � r�v i?�i i?2v DmKT #2ir22M /Bz2`2Mi bi�i2b- i?�i �`2 /2}M2/

#v � p�Hm2 Q7 i?2 iBHi �M;H2- `2K�BMBM; BM i?2b2 bi�i2b /m`BM; iBK2 BMi2`p�Hb Q7 ky@jy MbX h?2

Q#b2`p2/ bi�i2b ?�p2 �M;H2 p�Hm2b Q7 ∼Rj◦ �M/ ∼R8◦X h?2 H2M;i? Q7 i?2 iBK2 BMi2`p�Hb �`2

bm#bi�MiB�H BM +QKT�`BbQM iQ i?2 iBK2 b+�H2 Q7 i?2 bBKmH�iBQMX

h?Bb bBKmH�iBQM `2bmHib �`2 BM HBM2 rBi?- �M/ ?2HT2/ iQ i?2 BMi2`T`2i�iBQM Q7- i?2 7QHHQrBM;

2tT2`BK2Mi�H `2bmHibX �M 2tT2`BK2Mi�H bim/v �i M�MQb+�H2 Q7 � *?QH,*h�" Za #BH�v2` r�b

eN



�iQKBbiB+ bBKmH�iBQMb Q7 � Zm�ibQK2 #BH�v2`

Figure3.8: Molecular interpretationof thedifferent topographical domainsobserved in the supportedQSmembranes

byAFM, as domainswith different tilt angles for the CTA+–Chol bimolecular synthon. TheCTA+ andChol structures

are shown inCPKrepresentation. Figure reproduced fromref.14 withpermission fromTheRoyal SocietyofChemistry.

T2`7Q`K2/ BM +QHH�#Q`�iBQM rBi? .`�X J�`BM� AX :B�MMQiiB �M/ .`�X "2`i� :mKő@�m/2MBb

7`QK A"1* �M/ .`�X AKK� _�i2`� 7`QK A*�J"@*aA*- BM Q`/2` iQ bim/v Bib K2+?�MB+�H

T`QT2`iB2b #v �6JX � Zm�ibQK2 K2K#`�M2 r�b bT`2�/ Qp2` � KB+� bm`7�+2 7Q` jy KBM

�i `QQK i2KT2`�im`2- �M/ Bi r�b Q#b2`p2/ i?�i /QK�BMb Q7 /Bz2`2Mi i?B+FM2bb2b +Q2tBbi2/

�b b?QrM BM 6B;m`2 jX3X q2 T`QTQb2 � KQH2+mH�` BMi2`T`2i�iBQM Ub22 6B;m`2 jX3V 7Q` i?2

?2i2`Q;2M2Qmb iQTQ;`�T?v UT?�b2 +Q2tBbi2M+2V Q#b2`p2/ 7Q` i?2 Za K2K#`�M2X h?2 �6J

K2�bm`2K2Mib b?Qr2/ i?�i i?2 /Bz2`2Mi /QK�BMb Q7 i?B+FM2bb2b r2`2 �bbQ+B�i2/ rBi? p2`v

bBKBH�`- �Hi?Qm;? /Bb+2`MB#H2- M�MQK2+?�MB+�H `2bBbi�M+2X "�b2/ QM bBKmH�iBQM `2bmHib QM

6B;m`2 jXd- r2 T`QTQb2 i?�i i?2 iBHi �M;H2 Q7 i?2 bvMi?QM Q7 *h�+ �M/ *?QH Bb /Bz2`2Mi

BM i?2 /Bz2`2Mi `2;BQMb Q` /QK�BMb- �M/ i?mb i?�i i?2 ?2i2`Q;2M2BiB2b Q#b2`p2/ �`2 /m2 iQ

/Bz2`2Mi iBHi �M;H2b- `�i?2` i?�M /m2 iQ /Bz2`2Mi +?2KB+�H +QKTQbBiBQMb UT?�b2 b2T�`�iBQMVX

dy
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jXRXe 1H�biB+ T`QT2`iB2b

h?2 BKTQ`i�M+2 Q7 i?2 K�i2`B�H T`QT2`iB2b Q7 Za K2K#`�M2b 7Q` Bib 7mM+iBQM�HBx�iBQM Bb

r2HH 2bi�#HBb?2/X LQi�#Hv- i?2 2H�biB+ T`QT2`iB2b Q7 i?2 K2K#`�M2- r?B+? /2T2M/ QM Bib

+QKTQbBiBQM- +�M /B`2+iHv BM~m2M+2 BM i?2 7mM+iBQM �M/ Bib Q`;�MBx�iBQMdX .2i2`KBMBM;

i?2b2 T`QT2`iB2b Bb i?2`27Q`2 F2v 7Q` � K2+?�MBbiB+ mM/2`bi�M/BM; Q7 ?Qr i?2 Zm�ibQK2

bvbi2K 7mM+iBQMbX AM i?Bb b2+iBQM r2 �`2 ;QBM; iQ }`biHv 2p�Hm�i2 i?2 #2M/BM; `B;B/Biv �b ?�b

;2M2`�i2/ +QMbB/2`�#H2 BMi2`2bi /m2 iQ i?2 /B`2+i BKTHB+�iBQMb Q7 #BH�v2` +m`p�im`2 Q7 i?2

Zm�ibQK2 p2bB+H2b �M/ b2+QM/Hv i?2 2z2+i Q7 i?2 i2MbBQM QM i?2 Za #BH�v2` �M/ b22 ?Qr Bi

K�v �z2+i iQ i?2 BMi2`M�H bi`m+im`2X

"2M/BM; `B;B/Biv

a2p2`�H 2tT2`BK2Mi�H K2i?Q/b 2tBbi iQ +�H+mH�i2 i?2 #2M/BM; `B;B/Biv Q7 HBTB/ #BH�v2`b- bm+?

�b +`vQ@h1J Q` bK�HH@�M;H2 s@`�v b+�ii2`BM; Ua�saV- #mi Bi +�M �HbQ #2 +QKTmi2/ 7`QK

bBKmH�iBQMbX h?mb- r2 ?�p2 mb2/ � M2r K2i?Q/ i?�i Q#i�BMb i?2 #2M/BM; `B;B/Biv 7`QK

J. i`�D2+iQ`B2b #v 7QHHQrBM; i?2 KB+`Qb+QTB+ ~m+im�iBQMb Q7 HBTB/ iBHib �M/ bTH�vbRdX h?2

�H;Q`Bi?K /2`Bp2/ 7`QK i?Bb K2i?Q/ Bb bmBi�#H2 7Q` K2K#`�M2b rBi? #BM�`v KBtim`2b Q7 HBTB/b

BM i?2 HB[mB/ Q`/2`2/ �M/ /BbQ`/2`2/ T?�b2bX h?mb- r2 ?�p2 2KTHQv2/ Bi 7Q` Qm` bvbi2K Q7

KBt2/ *h�"f+?QH2bi2`QH- �M/ r2 ?�p2 mb2/ Bi �HbQ rBi? � .SS*f+?QH2bi2`QH KBt2/ bvbi2K

7Q` +QKT�`BbQM Tm`TQb2bX

h?2 bi`�i2;v mb2/ #v i?2 �H;Q`Bi?K iQ Q#i�BM i?2 #2M/BM; `B;B/Biv Bb iQ }`bi +�H+mH�i2 i?2

/Bbi`B#miBQM Q7 HBTB/ bTH�v 7`QK � r2HH@+QMp2`;2/ J. bBKmH�iBQM i`�D2+iQ`B2b �M/ i?2M 2ti`�+i

i?2 #2M/BM; `B;B/Biv KQ/mHmb 7`QK � [m�/`�iB+ }iRdX 6Q` i?�i- Bi Bb M2+2b�`v }`bi iQ /2}M2

i?2 ?2�/ ;`QmT �M/ i�BH �M/ i?2 /B`2+iQ` p2+iQ` i?�i +QMM2+ib i?2 ?2�/ �M/ i�BH ;`QmTb

7Q` i?2 KQH2+mH2b r2 r�Mi iQ bim/vX 6Q` �HH@�iQK bvbi2K- i?2 7QHHQrBM; b2i Q7 �iQKb UBM

*>�_JJje 7Q`+2@}2H/ MQi�iBQMbV �`2 mb2/, 7Q` i?2 *h�+ bm`7�+i�Mi r2 mb2 i?2 MBi`Q;2M

ULV �iQK �M/ i?2 H�bi +�`#QM �iQKb U*R9- *R8- *ReV Q7 i?2 KQH2+mH2 �b ?2�/ �M/ i�BH

`2bT2+iBp2Hv- �M/ 7Q` i?2 /B`2+iQ` p2+iQ` r2 mb2 i?2 i?`22 +�`#QM �iQKb #2HQr L U*R- *k-
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Figure 3.9: Structures of all-atom CTA+ (left), cholesterol (center) and DPPC lipid (right) molecules highlighting posi-

tions of the atoms (in transparent spheres) used for definition of local director vector (yellow line).

*jc 7Q` i?2 +?QH2bi2`QH KQH2+mH2- i?2 /B`2+iQ` p2+iQ` +QMM2+ib *j U?2�/ ;`QmTV �M/ *Rd

Ui�BHV �iQKb QM i?2 `BM;c 7Q` i?2 irQ@i�BH .SS* T?QbTQHBTB/- i?2 /B`2+iQ` p2+iQ` U*k- *kR-

*kk- *kj- *jR- *jk- *jjV +QMM2+ib i?2 +2Mi2` Q7 K�bb U*PJV Q7 i?2 ?2�/@;`QmTb `2;BQMb

/2}M2/ #v S- iQ i?2 H�bi i?`22 i2`KBM�H +�`#QM BM 2�+? HBTB/ i�BH U*jR9- *jR8- *jRe *kR9-

*kR8- *kReVX

PM+2 i?2 bTH�vb ?�p2 #22M +�H+mH�i2/- i?2B` /Bbi`B#miBQM +�M #2 Q#i�BM2/ �M/ mb2/ iQ

/2i2`KBM2 i?2 #2M/BM; `B;B/Biv mbBM; i?2 2[m�iBQM U8V Q7 i?2 b2+iBQM h?2Q`2iB+�H "�+F;`QmM/

BM i?2 rQ`FRdX 6B`biHv- Bi Bb `2[mB`2/ iQ iQ }t i?2 �`2� T2` ?2�/ ;`QmTX h?2 �H;Q`Bi?K i?2M

+�H+mH�i2b i?2 bTH�v /Bbi`B#miBQM #�b2/ QM i?2 J. i`�D2+iQ`B2b- �M/ i?2M i?2 TQi2MiB�H K2�M

7Q`+2 USJ6V- 7Q` }M�HHv +QKTmiBM; i?2 #2M/BM; `B;B/Biv p�Hm2 Ub22 6B;m`2 jXRyVX

AM i?2 +�b2 Q7 i?2 *h�"f*?QH bvbi2K- i?2 �`2� T2` TQH�` ?2�/;`QmT Bb b2i iQ 8d ³�-

+�H+mH�i2/ 7`QK i?2 J. i`�D2+iQ`B2bX 6Q` i?2 .SS*f*?QH- Bi Bb e8 ³�X SHQib b?QrM BM 6B;m`2

jXRy +Q``2bTQM/b iQ i?2 bvbi2K *h�"f*?QH iQ i?2 H�bi kk Mb Q7 i?2 aR bBKmH�iBQM Ub22 h�#H2

dk
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Figure 3.10: Figures generated from the algorithm17. On the left, the splay distribution and on the right the PMF of

the CTA+ and cholesterol molecules.

jXRVX L2p2`i?2H2bb- r2 +�H+mH�i2/ i?2 #2M/BM; `B;B/Biv 7Q` �HH i?2 aR i`�D2+iQ`v /BpB/BM; Bi BM

b2+iBQMb- �M/ r2 +�H+mH�i2/ i?2 r2B;?i2/ �`Bi?K2iB+ K2�M Q#i�BMBM; � p�Hm2 Q7 E$ 4 j8 F#h

± RX q2 �HbQ +QKTmi2/ i?2 +QMi`B#miBQM Q7 *h�" �M/ *?QH +QKTQM2Mib iQ i?2 E$- �M/ r2

2biBK�i2/ � 93W �M/ � 8kW #v i?2 *h�" �M/ *?QH `2bT2+iBp2Hv- �HKQbi b?QrBM; i?2 b�K2

+QMi`B#miBQM 2�+?X h?Bb Qmibi�M/BM; `2bmHi bmTTQ`ib i?2 +QM+2Ti Q7 i?2 bvMi?QM 2tTH�BM2/

BM i?2 BMi`Q/m+iBQMc *h�" �M/ *?QH �+i �b � mMBiX h?2 +�H+mH�iBQMb rBi? i?2 .SS*@*?QH

bvbi2K i?`2r �M mM`2HB�#H2 p�Hm2- bQ i?2 rQ`F #v .QFiQ`Qp� 2i �HXd r�b +QMbmHi2/- r?2`2

i?2 #2M/BM; `B;B/Biv p�Hm2b Q7 kR T?QbTQHBTB/b r2`2 Q#i�BM2/ 7`QK `2�H@bT�+2 ~m+im�iBQMb

U_a6V �M�HvbBbRe Q7 i?2 J. i`�D2+iQ`B2bX h?2 Q#i�BM2/ p�Hm2b r2`2 E$ 4 ∼R8@9y F#hX �b

Bi +�M #2 b22M- Qm` p�Hm2 Q#i�BM2/ 7Q` i?2 *h�"f*?QH bvbi2K Bb rBi?BM i?�i `�M;2- r?B+?

K2�Mb i?�i i?2 #2M/BM; `B;B/Biv Q7 Qm` bvbi2K Bb +QKT�`�#H2 iQ i?�i Q7 Qi?2` T?QbT?QHBTB/bX

�`2� 2tT�MbBQM KQ/mHmb �M/ 2772+i Q7 i2MbBQM

AM ;2M2`�H- K2K#`�M2 /BK2MbBQMb �M/ K2+?�MB+�H T`QT2`iB2b UBX2X- #BH�v2` i?B+FM2bb- #2M/BM;

�M/ bi`2i+?BM; biBzM2bb Q` K2K#`�M2 i2MbBQMV +�M �z2+i i?2 7mM+iBQMb Q7 �Mv K2K#`�M2k9X

�b � +QMb2[m2M+2 � H�`;2 MmK#2` Q7 i2+?MB[m2b BM+Hm/BM; �iQKB+ 7Q`+2 KB+`Qb+QTv BK�;BM;

�M/ KQH2+mH�` /vM�KB+b bBKmH�iBQMb �`2 2KTHQv2/ iQ ;2i BMbB;?ib �#Qmi i?2 bi`m+im`2 �M/

dj
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K2+?�MB+�H T`QT2`iB2b Q7 #BQHQ;B+�H K2K#`�M2bR9X q2 ?�p2 +QMbB/2`2/ R8 J. bBKmH�iBQMb

#�b2/ QM aR bBKmH�iBQM �M/ ?�p2 BM+`2�b2/ ;`�/m�HHv i?2 bm`7�+2 i2MbBQM Q7 i?2 K2K#`�M2

7`QK BMBiB�H p�Hm2 γ 4 y iQ γ 4 jyy /vMf+K BM Q`/2` iQ bim/v bQK2 K2+?�MB+�H T`QT2`iB2b

Q7 i?2 Zm�ibQK2 #BH�v2`X �HH +QKTmi�iBQM�H /2i�BHb Q7 bBKmH�iBQMb T2`7Q`K2/ �`2 ;Bp2M BM

h�#H2 �Xj BM �MM2tX

AM i?2 +H�bbB+�H 2H�biB+ KQ/2H- i?2 K2K#`�M2 `2bTQMb2 iQ � ;Bp2M bi`2bb Bb �bbmK2/ iQ

#2 HBM2�` 7Q` bK�HH /27Q`K�iBQMb �M/ Bb +?�`�+i2`Bx2/ #v i?`22 2H�biB+ KQ/mHB, i?2 �`2�

2tT�MbBQM KQ/mHmb UK"V- i?2 b?2�` KQ/mHmb UμV- �M/ i?2 #2M/BM; biBzM2bb U"VRNX AM i?Bb

bim/v r2 ?�p2 2p�Hm�i2/ i?2 �`2� 2tT�MbBQM KQ/mHmb E" i?`Qm;? Qm` bBKmH�iBQMbX h?Bb

T�`�K2i2` Bb /2}M2/ BM i?2 7QHHQrBM; 7Q`KmH� jXk,

K"
−� =

�
AP

(
∂A
∂γ

)
UjXkV

r?2`2 A Bb i?2 �`2�- A� i?2 BMBiB�H �`2�- �M/ γ i?2 �TTHB2/ i2MbBQMX h?Bb 7Q`KmH� BM/B+�i2b

i?�i i?2 �`2� p�`B2b HBM2�`Hv rBi? `2bT2+i iQ i?2 i2MbBQM- #v i?2 +QMbi�Mi A�/K"X am+?

+QMbi�Mi Bb BM 7�+i i?2 bHQT2 Q7 i?2 ;`�T? i?�i THQib i?2 �`2� T2` KQH2+mH2 p2`bmb i?2 bm`7�+2

i2MbBQM UBM i?2 HBM2�` T?�b2V- �M/ i?mb K" +�M #2 +QKTmi2/ �b i?2 BMBiB�H �`2� A� /BpB/2/

#v i?2 bHQT2X

6B;m`2 jXRR b?Qrb T`2+Bb2Hv i?�i BM7Q`K�iBQM- �M/ Bi +�M #2 b22M ?Qr i?2 �`2� T2` TQH�`

?2�/ ;`QmT Q7 i?2 #BH�v2` BM+`2�b2b rBi? BM+`2�bBM; K2K#`�M2 i2MbBQM- BM/B+�iBM; HQQb2MBM;

Q7 T�+FBM; Q7 i?2 bvMi?QM bi`m+im`2 BM i?2 #BH�v2`X h?2 �`2� T2` TQH�` ?2�/ ;`QmT BM+`2�b2/

7`QK 83 ³� iQ eR ³� UiQi�H BM+`2�b2 Q7 8X8%V r?2M i?2 K2K#`�M2 i2MbBQM BM+`2�b2/ 7`QK y iQ

8y /vMf+K- vB2H/BM; �M �`2� 2tT�MbBQM KQ/mHmb UE"V Q7 R3dj /vMf+Kc i?Bb bBKmH�iBQM@#�b2/

p�Hm2 Q7 E" Bb bHB;?iHv H�`;2` i?�M i?�i Q7 +�i�MBQMB+ p2bB+H2b UaPaf*h�"V9 rBi? � p�Hm2 Q7

Rekj /vMf+K �M/ Bb �M Q`/2` Q7 K�;MBim/2 bK�HH2` i?�M i?2 p�Hm2 7`QK J. bBKmH�iBQM Q7

.SS* #BH�v2`Ry- Rjy ± ey /vMf+K- Q` i?2 2tT2`BK2Mi�H p�Hm2 Q7 k9R /vMf+K `2TQ`i2/ 7Q`

.PS* #BH�v2`k8X
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Figure 3.11: Time-averaged area per polar head group as function ofmembrane tension. The coloured area shows the

regionwhere themembrane collapses after certain time, which has been indicated by cross-diamond pairs.

h?Bb `2bmHib +H2�`Hv b?Qrb i?�i Za #BH�v2` Bb KQ`2 `B;B/ i?�M +�i�MBQMB+ p2bB+H2b �M/

2p2M i?�M T?QbT?QHBTB/ QM2bX h?Bb +�M #2 2tTH�BM2/ 7`QK i?2 KQH2+mH�` TQBMi Q7 pB2r �b

i?2 +?QH2bi2`QH KQH2+mH2b BMbB/2 i?2 K2K#`�M2 T`Q/m+2b � +QM/2MbBM; 2z2+i #v Q`/2`BM; i?2

~mB/ T?�b2 BM i?2 K2K#`�M2Rj-eX L2p2`i?2H2bb- i?Bb +?�`�+i2`BbiB+ Q7 i?2 +?QH2bi2`QH Bb `2H�i2/

rBi? �M BM+`2�b2 BM i?2 HBTB/ #BH�v2` i?B+FM2bb- �b 7Q` 2t�KTH2 BMjyX "mi- �b 2tTH�BM2/ BM i?2

BMi`Q/m+iBQMRR �M/ T`Q#2/ BM i?2 T`2pBQmb b2+iBQM jXR- +?QH2bi2`QH Bb T�`i Q7 i?2 bvMi?QM rBi?

i?2 *h�" +QKTQM2Mi UBM Za #BH�v2`V- bQ Bi K�v BM/m+2 +QM/2MbBM; 2z2+i H2�/BM; iQ KQ`2

`B;B/Biv Q7 i?2 K2K#`�M2- #mi MQi #HQ+FBM; i?2 ~mB/Biv Q7 i?2 K2K#`�M2 Bib2H7 Q` �z2+iBM;

i?2 T?vbB+@+?2KB+�H T`QT2`iB2b UBX2X i?B+FM2bbVX

6Q` p�Hm2b �#Qp2 Ryy /vMf+K- i?2 �`2� T2` KQH2+mH2 /Q2b MQi bi�#BHBx2 �`QmM/ � p�Hm2

#mi F22Tb BM+`2�bBM;- mMiBH i?2 #BH�v2` +QHH�Tb2bX h?Bb ?�b #22M BM/B+�i2/ BM i?2 ;`�T? Q7

6B;m`2 jXRR- �b i?2 +QHQ`2/ �`2�X "2bB/2b- � /2i�BH Q7 i?Bb T`Q+2bb +�M �HbQ #2 b22M BM 6B;m`2

jXRk- �M/ BM i?2 pB/2Q HBMF2/ iQ i?2 Z_ +Q/2 BM BiX

q2 �HbQ +QM+Hm/2/ i?�i r?BH2 i?2 Za K2K#`�M2 Bb 2ti2M/BM; Bib bi`m+im`�H �M/ K2+?�M@

B+�H T`QT2`iB2b �i KQH2+mH�` H2p2H +?�M;2X AM ;2M2`�H r?�i r2 Q#b2`p2/ Bb i?�i �i HQr p�Hm2b

Q7 γ i?2 #BH�v2` 2t?B#Bib /BbQ`/2`2/ �HFvH +?�BM +?�`�+i2`BbiB+b- BM/B+�iBM; i?�i bvbi2K Bb BM

HB[mB/@Q`/2`2/ UG/V T?�b2X PM i?2 +QMi`�`v- �i ?B;? p�Hm2b Q7 γ U�M/ #27Q`2 +QHH�TbBM;V-

d8
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Figure 3.12: Snapshots of the simulation of the QS bilayer at γ = 110 dyn/cm. On the left at 0 ns time in which the

bilayer is Ld phase and on the right at 44 ns time is shown the bilayer at S phase.

i?2 #BH�v2` Bb �i ;2H UaV T?�b2 rBi? iBHi2/ �M/ Q`/2`2/ �HFvH +?�BMbX �M 2t�KTH2 Q7 ?Qr i?2

iBHi �M;H2 Q7 i?2 *h�+ +?�M;2b rBi?BM iBK2 �i γ 4 RRy /vMf+K Ub�K2 bBKmH�iBQM �b BM i?2

6B;m`2 jXRkV Bb b?QrM BM 6B;m`2 �Xe BM �MM2tX

jXk 1772+i Q7 h2KT2`�im`2

q2 T2`7Q`K2/ }p2 KQ`2 �HH@�iQKB+ J. bBKmH�iBQMb iQ bim/v i?2 2z2+i Q7 i2KT2`�im`2 UTV

QM i?2 Za K2K#`�M2X h?Bb T�`�K2i2` ?�b #22M b2H2+i2/ 7Q` bim/v #2+�mb2 i?2 HBi2`�im`2

`2TQ`ib i?�i Bi ?�b � #B; 2z2+i QM i?2 T`QT2`iB2b Q7 HBTB/@#�b2/ #BH�v2`bRkX hQ i?Bb 2M/- r2

?�p2 i�F2M bBKmH�iBQM aR �b bi�`iBM; TQBMi- �M/ r2 ?�p2 2ti2M/2/ Bi �MQi?2` ∼dy@RRy Mb-

p�`vBM; i?2 i2KT2`�im`2X �HH +QKTmi�iBQM�H /2i�BHb �`2 i?2 b�K2 �b i?Qb2 BM h�#H2 jXR- rBi?

i?2 QMHv /Bz2`2M+2 #2BM; i?�i r2 ?�p2 +QMbB/2`2/ i?2 7QHHQrBM; i2KT2`�im`2b, Ry ◦*- R8 ◦*-

ky ◦*- k8 ◦*- j8 ◦* �M/ 8y ◦*X �//BiBQM�H /2i�BHb Q7 i?2 bBKmH�iBQM �`2 ;Bp2M BM �MM2t-

de
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h�#H2 �XkX

q2 ?�p2 bim/B2/ i?2 2z2+i Q7 T QM i?2 i?B+FM2bb �M/ �`2� T2` KQH2+mH2X h?2 `2bmHib

�`2 bmKK�`Bx2/ BM h�#H2 jXj- r2 Q#b2`p2/ MQ +?�M;2b `2;�`/BM; i?2 i?B+FM2bb �M/ � bK�HH

;`�/m�H BM+`2�b2 BM i?2 �`2� T2` KQH2+mH2 �i 8y ◦*X AM �MM2t2b- 6B;m`2 �Xj- r2 THQi i?2

/2MbBiv T`Q}H2b Q7 i?2 K2K#`�M2 �i Ry ◦* �M/ 8y ◦*- �M/ r2 Q#b2`p2 i?�i #Qi? T`Q}H2b �`2

�HKQbi 2[m�H iQ i?2 QM2 +Q``2bTQM/BM; iQ k8 ◦*- +QM+Hm/BM; i?�i i?2 i2KT2`�im`2 /Q2b MQi

�Hi2` i?2 KQH2+mH�` Q`;�MBx�iBQM Q7 i?2 Zm�ibQK2 #BH�v2`X

Table 3.3: Values of area permolecule and thickness vs. temperature.

h U◦*V �`2� KQH2+X U³�V h?B+FM2bb UMKV
Ry 8dX3d 9Xj
R8 8dXeN 9Xj
ky 8dXNe 9Xj
k8 8dXN3 9Xj
j8 83X9j 9Xj
8y 83XNN 9Xj

h?Bb `2bmHib �`2 BM HBM2 rBi? 2tT2`BK2Mi�H rQ`FRk- r?2`2 i?2 +QHHQB/�H bi`m+im`2 Q7 i?2

Zm�ibQK2 r�b bim/B2/- �M/ Q#b2`p2/ i?�i i?2 KQ`T?QHQ;v /Q2b MQi +?�M;2 mTQM BM+`2�bBM;

i2KT2`�im`2X h?Bb Bb BM +QMi`�bi rBi? Qi?2` HBTB/B+ bvbi2KbX �b �M 2t�KTH2- i?2 pQHmK2i`B+

i?B+FM2bb Q7 +?�`;2/ K2K#`�M2b- +QKTQb2/ Q7 .PSa Q` .GSa HBTB/b- HBM2�`Hv /2+`2�b2b rBi?

i?2 i2KT2`�im`2jkX

*QMi`�`v iQ i?2 +�b2 Q7 i?2 i?B+FM2bb �M/ i?2 �`2� T2` KQH2+mH2- i?�i ?�p2 � r2�F
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Figure 3.13: Comparison of the tilt angle of the CTA+ molecules with respect to time and angle distribution and the

distribution of the tilt angle of the CTA+ molecules at 15 ◦C, 25 ◦C and 50 ◦C.
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�M;H2 bi�i2b +?�M;BM; 7�bi2` �i ?B;?2` i2KT2`�im`2b- �b 2tTH�BM2/ BM T`2pBQmb T�`�;`�T?-
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Figure 3.14: AFM topographical images for the QS membrane supported on mica, in ultrapure water. It shows the

increaseof theexperimental temperature. Figurehasbeenadapted fromtheoriginal on in ref.14 withpermission from

The Royal Society of Chemistry.
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Table 3.4: Composition of the systems considered in theMD simulations, including total number of atoms, number of

molecules; counterions for the ionic species, the simulation time and the equilibrated size box.
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Figure 3.15: Interaction of anions with the QS components according to MD simulations at 25 DJSDC. a) Radial corre-
lation function g(r) computed between the anions (Br− or Cl−) and the polar headgroups (O atom of Chol or N atom

of CTA+) calculated from simulations. b) Snapshots of molecular configurations extracted fromMD simulations that

contribute to the g(r) function shown in (a). CTA+ molecule is shown in blue, Chol molecule in yellow and ions as Van

derWaals spheres (Cl− cyan, Br− brown). c) Cartoon showing schematically the ionic correlations found in the sim-

ulations. A full sphere indicates that the peak corresponds to adsorption of an anion inside the bilayer, shared be-

tweenCTA+ andChol and a dotted sphere indicates that the peak corresponds to an anion adsorbedon topof aCTA+

molecule, as indicated in (a).
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KQH2+mH2b ?�p2 � "`− BQM b?�`2/ rBi? +?QH2bi2`QH U6B;m`2 jXR8@U#VVX AM i?2 bBKmH�iBQMb rBi?

�//2/ L�*H UakV- r2 Q#b2`p2 i?�i 3W Q7 *h�+ KQH2+mH2b ?�p2 � "`− �/bQ`#2/ QM iQT �M/

kW Q7 *h�+ KQH2+mH2b ?�p2 *H− �MBQMb �/bQ`#2/ QM iQT- r?BH2 � eeW ?�p2 "`− �M/ NW

?�p2 *H− BQMb b?�`2/ rBi? *?QH U?2M+2 � iQi�H Q7 d8W Q7 *h�+@*?QH bvMi?QMb b?�`2 �M

3R



�iQKBbiB+ bBKmH�iBQMb Q7 � Zm�ibQK2 #BH�v2`

�MBQMVX

lT iQ i?Bb TQBMi r2 ?�p2 bim/B2/ i?2 BQMbǶ Q`;�MBx�iBQM �i HQ+�H H2p2H rBi?BM i?2 #BH�v2`-

#mi r2 �HbQ bim/B2/ i?2 BKT�+i Q7 i?2 BQMb BM i?2 Za bi`m+im`2 �i ;HQ#�H H2p2HX Pm` bBK@

mH�iBQMb BM/B+�i2 i?�i i?2 "`− �M/ *H− BQMb +�M 7Q`K Q`/2`2/ bi`m+im`2b r?2M �/bQ`#BM;

�i i?2 BMi2`7�+2 Q7 i?2 Za K2K#`�M2 BM r�i2`X h?2 �ii`�+iBQM #2ir22M M2B;?#Qm`BM; BQMb

BM/m+2b � M2i 7Q`K2/ #v i?2 bm``QmM/BM; r�i2` KQH2+mH2bX

h?2 HQ+�H BQMbǶ Q`;�MBx�iBQM `2bmHib 7`QK bBKmH�iBQMb �`2 BM �;`22K2Mi rBi? i?2 2tT2`@

BK2Mi�H `2bmHib Q7 �6JR9- BM r?B+? Bi ?�b #22M bim/B2/ � bmTTQ`i2/ Za K2K#`�M2 rBi?

i?2 T`2b2M+2 Q7 Ryy KJ L�*HX AM i?Qb2 2tT2`BK2Mib- i?2 H�i2`�H BMi2`�+iBQMb #2ir22M i?2

KQH2+mH2b Q7 i?2 k. Q`/2`2/ Za bi`m+im`2 r2`2 2tTHQ`2/ #v K2�bm`BM; i?2 K�tBKmK 7Q`+2

i?2 K2K#`�M2 Bb �#H2 iQ rBi?bi�M/ #27Q`2 Bib `mTim`2 U#`2�Fi?`Qm;? 7Q`+2- 6CV- mM/2` i?2

�TTHB+�iBQM Q7 �M 2ti2`M�H T`2bbm`2X h?Qb2 2tT2`BK2Mib b?Qr �M BM+`2�b2 BM i?2 6C �7i2` i?2

�//BiBQM Q7 BQMb- r?B+? Bb BMi2`T`2i2/ iQ;2i?2` rBi? r?�i r�b b22M BM i?2 bBKmH�iBQMb �b i?2

BQMb BM i?2 ?v/`QT?Q#B+ `2;BQM #HQ+FBM; i?2 H�i2`�H KQ#BHBiv Q7 i?2 K2K#`�M2X h?Bb Bb �HbQ

b22M BM Qi?2` T?QbT?QHBTB/ #BH�v2`bkR-keX

�b Bi r�b b22M i?�i i?2 i2KT2`�im`2 ?�/ �M 2z2+i BM i?2 iBHi �M;H2 Q7 i?2 H2�~2ib Q7 i?2

#BH�v2` U�b 2tTH�BM2/ BM i?2 T`2pBQmb bm#b2+iBQMV- Bi Bb �HbQ BMp2biB;�i2/ i?2 TQbbB#H2 2z2+i Q7

i?2 �//2/ b�Hi BM i?Bb T�`�K2i2`X 6B;m`2 jXRe@U#V b?Qrb i?2 `2bmHib Q7 i?Bb �M�HvbBbX 6B;m`2

jXRe@U�V +QMi�BMb i?2 p�Hm2b Q7 i?2 �M;H2b Q7 #Qi? H2�~2ib U�i k8 ◦*V rBi? `2bT2+i iQ iBK2-

r?BH2 6B;m`2 jXRe@U+V ?�b i?2 /Bbi`B#miBQMb Q7 i?Qb2 �M;H2b 7Q` #Qi? i?2 +�b2b rBi? �M/ rBi?@

Qmi �//2/ b�HiX AM 6B;m`2 jXRe@U�V r2 Q#b2`p2 �;�BM i?�i i?2 i�BHb Q7 i?2 *h�+ KQH2+mH2b

7`QK i?2 irQ H2�~2ib ?�p2 /Bz2`2Mi �p2`�;2 iBHi �M;H2b URyǞ �M/ R9Ǟ `2bT2+iBp2HvV #mi i?�i

i?2 ∼ ky Mb HQM; DmKTb Q#b2`p2/ BM �#b2M+2 Q7 b�Hi �`2 MQi Q#b2`p2/ BM T`2b2M+2 Q7 �//2/

b�HiX AM i?Bb +�b2- i?2 ~m+im�iBQM #2ir22M /Bz2`2Mi Q`B2Mi�iBQMb i�F2 TH�+2 �i Km+? b?Q`i2`

iBK2 b+�H2b- Q7 i?2 Q`/2` Q7 R Mb Q` H2bbX AM 6B;m`2 jXRe@U+V- r2 Q#b2`p2 i?�i i?2 T`2b2M+2 Q7

b�Hi /Q2b MQi �z2+i i?2 #`2�FBM; bvKK2i`v Q7 i?2 #BH�v2`X

3k



*?�Ti2` j

Figure 3.16: (a) Shows the tilt angle for CTA+ molecules (averaged over a leaflet) vs. time during theMD simulations.

The data for each leaflet of the bilayer is indicated in a different color as in Figure 3.7. (a) Snapshot of theMD simula-

tions of a QS bilayer at 25 ºCwith added salt (NaCl) (result from S2 simulation). (c) Distribution of values of tilt angles

of CTA+ molecules for the QS system with water and with added salt (NaCl). Results show similar behavior in both

cases pointing out two peaks corresponding to the different orientations described in themain article.
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8UdV- 3kNĜ39yX

(k) *�#`2`�- AX- 1HBxQM/Q- 1X- 1bi2#�M- PX- *Q`+?2`Q- CX GX- J2H;�`2DQ- JX- SmHB/Q- .X- *Ʀ`@
/Q#�- �X- JQ`2MQ- 1X- lMxm2i�- lX- o�x[m2x- 1X- �#�bQHQ- AX- a+?r�`ix- aX- oBHH�p2`/2-
�X- �H#2`B+BQ- 6X- _QvQ- JX- :�`+ő�@S�`�DQ- JX 6X- o2MiQb�- LX- � o2+B�M�- CX UkyRjVX
JmHiB7mM+iBQM�H L�MQp2bB+H2@"BQ�+iBp2 *QMDm;�i2b S`2T�`2/ #v � PM2@ai2T a+�H�#H2
J2i?Q/ lbBM; *P k @1tT�M/2/ aQHp2MibX L�MQ G2ii2`b- RjU3V- jdeeĜjdd9X

(j) *�Mb2HH- 6X � �vKQMB2`- *X UkyyNVX .2bB;M Q7 7mM+iBQM�H M�MQbi`m+im`2/ K�i2`B�Hb
mbBM; bmT2`+`BiB+�H ~mB/bX h?2 CQm`M�H Q7 amT2`+`BiB+�H 6HmB/b- 9dUjV- 8y3Ĝ8ReX

(9) *?2M- *X@?X- hB�M- *X@�X- � *?Bm- *X@+X UkyRdVX h?2 1z2+ib Q7 �HFvH *?�BM *QK#BM�@
iBQMb QM i?2 ai`m+im`�H �M/ J2+?�MB+�H S`QT2`iB2b Q7 "BQKBK2iB+ AQM S�B` �KT?BT?BH2
"BH�v2`bX "BQ2M;BM22`BM;- 9U9V- 39YX

(8) .Ƕ�M;2HQ- SX- JB;HBQ`�iB- oX- � :mB/QMB- GX UkyRyVX >v/`�iBQM S`QT2`iB2b Q7 i?2
"`QKB/2 �[m� AQM, i?2 AMi2`TH�v Q7 6B`bi S`BM+BTH2 �M/ *H�bbB+�H JQH2+mH�` .vM�KB+b-
�M/ s@`�v �#bQ`TiBQM aT2+i`Qb+QTvX AMQ`;�MB+ *?2KBbi`v- 9NUNV- 9kk9Ĝ9kjRX

(e) .2H *�biBHHQ@a�Mi�2HH�- hX- J�H/QM�/Q@o�H/2``�K�- CX- 6�`�m/Q- CX- � J�`iőM@JQHBM�-
�X UkyReVX aT2+B}+ AQM 1z2+ib BM *?QH2bi2`QH JQMQH�v2`bX J�i2`B�Hb- NU8V- j9yYX

(d) .QFiQ`Qp�- JX- >�``B2b- .X- � E?2H�b?pBHB- :X UkyRdVX .2i2`KBM�iBQM Q7 #2M/BM;
`B;B/Biv �M/ iBHi KQ/mHmb Q7 HBTB/ K2K#`�M2b 7`QK `2�H@bT�+2 ~m+im�iBQM �M�HvbBb
Q7 KQH2+mH�` /vM�KB+b bBKmH�iBQMbX S?vbB+�H *?2KBbi`v *?2KB+�H S?vbB+b- RNUk8V-
Re3yeĜRe3R3X

(3) 1HBxQM/Q- 1X- o2+B�M�- CX- � o2MiQb�- LX UkyRkVX L�MQbi`m+im`BM; KQH2+mH�` K�i2`B�Hb
�b T�`iB+H2b �M/ p2bB+H2b 7Q` /`m; /2HBp2`v- mbBM; +QKT`2bb2/ �M/ bmT2`+`BiB+�H ~mB/bX
L�MQK2/B+BM2- dUNV- RjNRĜR9y3X

(N) 1p�Mb- 6X � q2MM2`bi`ƺK- >X URNNRVX h?2 +QHHQB/�H /QK�BM, q?2`2 T?vbB+b- +?2K@
Bbi`v- #BQHQ;v �M/ i2+?MQHQ;v K22iX
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�iQKBbiB+ bBKmH�iBQMb Q7 � Zm�ibQK2 #BH�v2`

(Ry) 62HH2`- aX 1X- o2M�#H2- _X JX- � S�biQ`- _X qX URNNdVX *QKTmi2` aBKmH�iBQM Q7 �
.SS* S?QbT?QHBTB/ "BH�v2`,Ƙ ai`m+im`�H *?�M;2b �b � 6mM+iBQM Q7 JQH2+mH�` am`7�+2
�`2�X G�M;KmB`- RjUk9V- e888Ĝe8eRX

(RR) 62``2`@h�bB2b- GX- JQ`2MQ@*�HpQ- 1X- *�MQ@a�`�#B�- JX- �;mBH2HH�@�`xQ- JX- �M;2HQp�-
�X- G2bB2m`- aX- _B+�`i- aX- 6�`�m/Q- CX- o2MiQb�- LX- � o2+B�M�- CX UkyRjVX Zm�ibQK2b,
o2bB+H2b 6Q`K2/ #v a2H7@�bb2K#Hv Q7 ai2`QHb �M/ Zm�i2`M�`v �KKQMBmK am`7�+i�MibX
G�M;KmB`- kNUkkV- e8RNĜe8k3X

(Rk) :`BK�H/B- LX- �M/`�/2- 6X- a2;QpB�- LX- 62``2`@h�bB2b- GX- a�H�- aX- o2+B�M�- CX- �
o2MiQb�- LX UkyReVX GBTB/@#�b2/ M�MQp2bB+H2b 7Q` M�MQK2/B+BM2X *?2KB+�H aQ+B2iv
_2pB2rb- 98UkjV- e8kyĜe898X

(Rj) :mKő@�m/2MBb- "X- *Qbi�- GX- *�`H�- 6X- *QKBM- 6X- a�Mx- 6X- � :B�MMQiiB- JX UkyReVX
ai`m+im`2 �M/ L�MQK2+?�MB+b Q7 JQ/2H J2K#`�M2b #v �iQKB+ 6Q`+2 JB+`Qb+QTv �M/
aT2+i`Qb+QTv, AMbB;?ib BMiQ i?2 _QH2 Q7 *?QH2bi2`QH �M/ aT?BM;QHBTB/bX J2K#`�M2b-
eU9V- 83YX

(R9) :mKB@�m/2MBb- "X- AHH� hmb2i- aX- :`BK�H/B- LX- S�b[mBM�- GX- 62``2`@h�bB2b- GX- a�Mx@
*�``�b+Q- 6X- o2+B�M�- CX- _�i2`�- AX- 6�`�m/Q- CX- o2MiQb�- LX- � :B�MMQiiB- JX AX
UkyR3VX AMbB;?ib BMiQ i?2 bi`m+im`2 �M/ M�MQK2+?�MB+b Q7 i?2 Zm�ibQK2 K2K#`�M2
#v 7Q`+2 bT2+i`Qb+QTv K2�bm`2K2Mib �M/ KQH2+mH�` bBKmH�iBQMbX L�MQb+�H2X

(R8) C2MMBM;b- CX- "2BD�- JX- _B+?2x- �X SX- *QQT2`- aX .X- JB;MQi- SX 1X- h?m`2+?i- EX CX-
C�+F- EX aX- � >Qr/H2- aX JX UkyRkVX PM2@SQi avMi?2bBb Q7 "HQ+F *QTQHvK2`b BM amT2`@
+`BiB+�H *�`#QM .BQtB/2, � aBKTH2 o2`b�iBH2 _Qmi2 iQ L�MQbi`m+im`2/ JB+`QT�`iB+H2bX
CQm`M�H Q7 i?2 �K2`B+�M *?2KB+�H aQ+B2iv- Rj9URyV- 9ddkĜ9d3RX

(Re) CQ?M2`- LX- >�``B2b- .X- � E?2H�b?pBHB- :X UkyR9VX *m`p�im`2 �M/ GBTB/ S�+FBM;
JQ/mH�i2 i?2 1H�biB+ S`QT2`iB2b Q7 GBTB/ �bb2K#HB2b, *QKT�`BM; > AA �M/ G�K2HH�`
S?�b2bX h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v G2ii2`b- 8UkjV- 9kyRĜ9kyeX

(Rd) CQ?M2`- LX- >�``B2b- .X- � E?2H�b?pBHB- :X UkyReVX AKTH2K2Mi�iBQM Q7 � K2i?Q/QH@
Q;v 7Q` /2i2`KBMBM; 2H�biB+ T`QT2`iB2b Q7 HBTB/ �bb2K#HB2b 7`QK KQH2+mH�` /vM�KB+b
bBKmH�iBQMbX "J* "BQBM7Q`K�iB+b- RdURVX

(R3) EmMx- qX UkyRyVX aT2+B}+ BQM 2z2+ib BM +QHHQB/�H �M/ #BQHQ;B+�H bvbi2KbX *m``2Mi
PTBMBQM BM *QHHQB/ � AMi2`7�+2 a+B2M+2- R8UR@kV- j9ĜjNX

(RN) G2MQ`K�M/- :X- >ûMQM- aX- _B+?2`i- �X- aBKûQM- CX- � :�HH2i- 6X UkyyRVX .B`2+i
J2�bm`2K2Mi Q7 i?2 �`2� 1tT�MbBQM �M/ a?2�` JQ/mHB Q7 i?2 >mK�M _2/ "HQQ/ *2HH
J2K#`�M2 aF2H2iQMX "BQT?vbB+�H CQm`M�H- 3RURV- 9jĜ8eX

(ky) J�`iőM@JQHBM�- �X- _Q/`ő;m2x@"2�b- *X- � 6�`�m/Q- CX UkyRyVX *?�`;2 _2p2`b�H BM
�MBQMB+ GBTQbQK2b, 1tT2`BK2Mi�H .2KQMbi`�iBQM �M/ JQH2+mH�` P`B;BMX S?vbB+�H
_2pB2r G2ii2`b- Ry9UReV- Re3RyjYX

(kR) J�`iőM@JQHBM�- �X- _Q/`ő;m2x@"2�b- *X- � 6�`�m/Q- CX UkyRkVX 1z2+i Q7 *�H+BmK �M/
J�;M2bBmK QM S?QbT?�iB/vHb2`BM2 J2K#`�M2b, 1tT2`BK2Mib �M/ �HH@�iQKB+ aBKm@
H�iBQMbX "BQT?vbB+�H CQm`M�H- RykUNV- kyN8ĜkRyjX

3e



*?�Ti2` j

(kk) S�b[m�HB- AX � "2iiBMB- _X Ukyy3VX �`2 T?�`K�+2miB+b `2�HHv ;QBM; bmT2`+`BiB+�H\ AM@
i2`M�iBQM�H CQm`M�H Q7 S?�`K�+2miB+b- je9UkV- RdeĜR3dX

(kj) S?BHHBTb- CX *X- "`�mM- _X- q�M;- qX- :mK#�`i- CX- h�DF?Q`b?B/- 1X- oBHH�- 1X- *?BTQi-
*X- aF22H- _X .X- E�Hû- GX- � a+?mHi2M- EX Ukyy8VX a+�H�#H2 KQH2+mH�` /vM�KB+b rBi?
L�J.X CQm`M�H Q7 *QKTmi�iBQM�H *?2KBbi`v- keUReV- Rd3RĜR3ykX

(k9) SB+�b- GX- _B+Q- 6X- � a+?2m`BM;- aX UkyRkVX .B`2+i J2�bm`2K2Mi Q7 i?2 J2+?�MB+�H
S`QT2`iB2b Q7 GBTB/ S?�b2b BM amTTQ`i2/ "BH�v2`bX "BQT?vbB+�H CQm`M�H- RykURV- GyRĜ
GyjX

(k8) _2//v- �X aX- q�`b?�pB�F- .X hX- � *?�+?BbpBHBb- JX UkyRkVX 1z2+i Q7 K2K#`�M2
i2MbBQM QM i?2 T?vbB+�H T`QT2`iB2b Q7 .PS* HBTB/ #BH�v2` K2K#`�M2X "BQ+?BKB+� 2i
"BQT?vbB+� �+i� U""�V @ "BQK2K#`�M2b- R3R3UNV- kkdRĜkk3RX

(ke) _2/QM/Q@JQ`�i�- GX- :B�MMQiiB- JX AX- � a�Mx- 6X UkyRjVX ai`m+im`�H BKT�+i Q7 +�iBQMb
QM HBTB/ #BH�v2` KQ/2Hb, L�MQK2+?�MB+�H T`QT2`iB2b #v �6J@7Q`+2 bT2+i`Qb+QTvX
JQH2+mH�` J2K#`�M2 "BQHQ;v- jRURV- RdĜk3X

(kd) _2p2`+?QM- 1X � �/�KB- _X UkyyeVX L�MQK�i2`B�Hb �M/ bmT2`+`BiB+�H ~mB/bX h?2
CQm`M�H Q7 amT2`+`BiB+�H 6HmB/b- jdURV- RĜkkX

(k3) _B++B- JX- aTBDF2`- SX- � oQśi+?QpbFv- EX UkyR9VX q�i2`@BM/m+2/ +Q``2H�iBQM #2ir22M
bBM;H2 BQMb BK�;2/ �i i?2 bQHB/ĜHB[mB/ BMi2`7�+2X L�im`2 *QKKmMB+�iBQMb- 8URVX

(kN) _B++B- JX- h`2r#v- qX- *�7QHH�- *X- � oQśi+?QpbFv- EX UkyRdVX .B`2+i Q#b2`p�iBQM Q7
i?2 /vM�KB+b Q7 bBM;H2 K2i�H BQMb �i i?2 BMi2`7�+2 rBi? bQHB/b BM �[m2Qmb bQHmiBQMbX
a+B2MiB}+ _2TQ`ib- dURVX

(jy) _Ʀ;- hX- S�b2MFB2rB+x@:B2`mH�- JX- o�iimH�BM2M- AX- � E�`iimM2M- JX UkyyNVX P`/2`@
BM; 2z2+ib Q7 +?QH2bi2`QH �M/ Bib �M�HQ;m2bX "BQ+?BKB+� 2i "BQT?vbB+� �+i� U""�V @
"BQK2K#`�M2b- Rd33URV- NdĜRkRX

(jR) a�7`�M- aX �X- SBM+mb- SX- � �M/2HK�M- .X URNNyVX h?2Q`v Q7 aTQMi�M2Qmb o2bB+H2
6Q`K�iBQM BM am`7�+i�Mi JBtim`2bX a+B2M+2- k93U9N8jV- j89Ĝj8eX

(jk) ax2F2Hv- SX- .pB`- hX- �bQ`- _X- _2b?- _X- ai2BM2`- �X- ax2F2Hv- PX- :BMb#m`;- �X-
JQb2MFBb- CX- :m`�HMB+F- oX- .�M- uX- qQH7- hX- h�K#m`m- *X- � _�pBp- lX UkyRRVX
1z2+i Q7 h2KT2`�im`2 QM i?2 ai`m+im`2 Q7 *?�`;2/ J2K#`�M2bX h?2 CQm`M�H Q7
S?vbB+�H *?2KBbi`v "- RR8U9NV- R98yRĜR98yeX

(jj) hB2H2K�M- .X SX- J�``BMF- aX CX- � "2`2M/b2M- >X CX *X URNNdVX � +QKTmi2` T2`bT2+iBp2
Q7 K2K#`�M2b, KQH2+mH�` /vM�KB+b bim/B2b Q7 HBTB/ #BH�v2` bvbi2KbX "BQ+?BKB+� 2i
"BQT?vbB+� �+i� U""�V @ _2pB2rb QM "BQK2K#`�M2b- RjjRUjV- kj8ĜkdyX

(j9) h`2r#v- qX- 6�`�m/Q- CX- � oQśi+?QpbFv�- EX UkyR3VX GQM;@HBp2/ BQMB+ M�MQ@/QK�BMb
KQ/mH�i2 i?2 biBzM2bb Q7 HBTB/ K2K#`�M2bX L�MQb+�H2 Ubm#KBii2/VX
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A r�b i�m;?i i?�i i?2 r�v Q7 T`Q;`2bb r�b M2Bi?2`

brB7i MQ` 2�bvX

J�`B2 *m`B2

4
*: aBKmH�iBQMb,

GQQbBM; /2i�BH iQ ;�BM BMbB;?i

AM i?2 T`2pBQmb +?�Ti2`- � T?vbB+Q@+?2KB+�H +?�`�+i2`Bx�iBQM Q7 i?2 Zm�ibQK2 TH�M�` #BH�v2`

r�b +�``B2/ QmiX �HH@�iQKB+ KQH2+mH�` /vM�KB+b bBKmH�iBQMb r2`2 2KTHQv2/ iQ Q#i�BM � 7mHH

�iQK@H2p2H i?2Q`2iB+�H mM/2`bi�M/BM;X >Qr2p2`- � #B;;2` TB+im`2 i?�i 2M+QKT�bb2b i?2 r?QH2

p2bB+H2 bvbi2K Bb biBHH H�+FBM;X 1p2M bBKTH2 [m2biBQMb bm+? �b i?2 2tBbi2M+2 Q7 �bvKK2i`B2b

BM i?2 Za K2K#`�M2 �`2 mM+2`i�BMX �i i?Bb TQBMi- T2`7Q`KBM; bBKmH�iBQMb Q7 i?2 r?QH2

Zm�ibQK2 p2bB+H2 rQmH/ QT2M mT � r?QH2 M2r /BK2MbBQM T2`bT2+iBp2 Q7 i?2 bvbi2KX

3N



*: aBKmH�iBQMb, GQQbBM; /2i�BH iQ ;�BM BMbB;?i

h?2 K�BM ;Q�H Q7 i?Bb +?�Ti2`- i?mb- Bb iQ Q#i�BM i?2 Q`;�MBx�iBQM Q7 i?2 7mHH bT?2`B+�H

p2bB+H2 UK�BMi�BMBM; i?2 b�K2 T`QTQ`iBQM R,R Q7 +?QH,+i�# +QKTQM2Mib +QMbB/2`2/ BM +?�Ti2`

jVX h?2 Q`;�MBx�iBQM Q7 �KT?BT?BHB+ KQH2+mH2b i?�i b2H7@�bb2K#H2 7Q`KBM; p2bB+H2b +�M H2�/

iQ i?2`KQ/vM�KB+�HHv bi�#H2 bi`m+im`2bX h?2 i?2Q`2iB+�H `2[mB`2K2Mib 7Q` bm+? bi�#BHBiv

�`2 r2HH `2TQ`i2/ BM HBi2`�im`2R3- BX2X- i?2 T`2b2M+2 Q7 � KBt2/ bvbi2K �M/ i?2 T`2b2M+2

Q7 �bvKK2i`B2b BMbB/2 i?2 K2K#`�M2X h?2 }`bi QM2 Bb 7mH}HH2/ #v i?2 Zm�ibQK2- �M/ i?mb

BMp2biB;�iBM; i?2 b2+QM/ Bb i?2 KQiBp�iBQM 7Q` i?Bb +?�Ti2`X �HH i?Bb K�F2b i?2 Za bvbi2K p2`v

BMi2`2biBM; �M/ i?2 `2bmHib 7`QK bBKmH�iBQMb Q7 i?2 7mHH p2bB+H2 p2`v p�Hm�#H2X L2p2`i?2H2bb-

i?2 H2M;i? �M/ iBK2 b+�H2b M22/2/ iQ bim/v i?2 7Q`K�iBQM Q7 p2bB+H2b �M/ i?2B` BMi2`�+iBQMb

�`2 7�` 7`QK #2BM; 72�bB#H2 BM �HH@�iQKB+ U��V J. bBKmH�iBQMbX h?Bb ?�b KQiBp�i2/ i?2 mb2

Q7 J. bBKmH�iBQMb Q7 +Q�`b2@;`�BM U*:V KQ/2HR9X *: KQ/2Hb 7Q+mb QM 2bb2MiB�H 72�im`2b-

�p2`�;BM; Qp2` H2bb BKTQ`i�Mi �iQKBbiB+ /2i�BHbX

h?Bb +?�Ti2` p2`b2b �#Qmi i?2 bi2Tb i�F2M iQ #2 �#H2 iQ bBKmH�i2 i?2 Zm�ibQK2 p2bB+H2

rBi? i?2 *: i2+?MB[m2- �M/ Bib `2bmHibX h?2 }`bi Q#bi�+H2 +�K2 r?2M Bi r�b MQiB+2/ i?�i

i?2`2 r�b MQ �/2[m�i2 *: KQ/2H Q7 QM2 Q7 i?2 +QKTQM2Mib Q7 i?2 Zm�ibQK2- i?2 *h�"X

h?2 +?QH2bi2`QH KQ/2H- QM i?2 +QMi`�`v- r�b �p�BH�#H2X q2 T`QTQb2/ � *: *h�" KQ/2H

�M/ T2`7Q`K2/ *: J. bBKmH�iBQMb BM Q`/2` iQ +?2+F i?2 +Q``2+iM2bb Q7 bm+? KQ/2H- �b Bi Bb

2tTH�BM2/ BM � H�i2` b2+iBQMX PM+2 i?Bb r�b /QM2- r2 KQp2/ QM rBi? i?2 T`2T�`�iBQM Q7 i?2

Zm�ibQK2 p2bB+H2 bBKmH�iBQM- 2tT2+iBM; iQ Q#i�BM � bT?2`B+�H p2bB+H2 �M/ rBi? i?2 �BK Q7

bim/vBM; i?2 bi�#BHBiv- i?2 Q`;�MBx�iBQM Q7 i?2 +QKTQM2Mib �M/ i?2 TQi2MiB�H T`2b2M+2 �M/

+�mb2 Q7 �bvKK2i`B2bX

9XR J�`iBMB JQ/2Hb Q7 *?QH2bi2`QH �M/ *h�"

AM i?Bb b2+iBQM r2 /2b+`B#2 i?2 +?QH2bi2`QH �M/ *h�" J�`iBMB KQ/2Hb 2KTHQv2/ BM i?2 *:

J. bBKmH�iBQMb- 7QHHQrBM; i?2 K2i?Q/QHQ;v /2b+`B#2/ BM b2+iBQM kXjX

h?2 KQH2+mH2 *��>��P FMQr �b *?QH2bi2`QH UUjβV@+?QH2bi@8@2M@j@QHV Bb �M bi2`QH- � ivT2

Q7 HBTB/ KQH2+mH2X *?QH2bi2`QH T`2b2Mib � bT2+B�H +?�HH2M;2 7Q` +Q�`b2@;`�BMBM; /m2 iQ Bib
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+QKTHB+�i2/ HQ+�H bi`m+im`2- b22 6B;m`2 9XR@U�VX h?2 J�`iBMB KQ/2H Bb #�b2/ QM � 7Qm`@iQ@

QM2 K�TT�BM;- BX2X- QM �p2`�;2 7Qm` ?2�pv �iQKb THmb �bbQ+B�i2/ ?v/`Q;2Mb �`2 `2T`2b2Mi2/

#v � bBM;H2 BMi2`�+iBQM +2Mi2`X "mi- iQ `2T`2b2Mi i?2 ;2QK2i`v Q7 bK�HH `BM;@HBF2 7`�;K2Mib Q`

KQH2+mH2b- i?2 ;2M2`�H 7Qm`@iQ@QM2 K�TTBM; �TT`Q�+? Bb iQQ +Q�`b2X _BM;@HBF2 KQH2+mH2b �`2

i?2`27Q`2 K�TT2/ rBi? � ?B;?2` `2bQHmiBQM Q7 mT iQ irQ MQM@?v/`Q;2M �iQKb iQ QM2 J�`iBMB

T�`iB+H2RjX

h?2 }`bi +?QH2bi2`QH KQ/2H r�b /2p2HQT2/ #v J�``BMF 2i �HXRk BM kyydX Ai r�b /2}M2/

#v 2B;?i T�`iB+H2b, bBt `2T`2b2MiBM; i?2 bi2`QH #Q/v �M/ irQ 7Q` i?2 b?Q`i i�BHX h?2 K�T@

TBM; T`QTQb2/ �HHQr2/ i?2 TH�M�` bi`m+im`2/ #�b2/ QM j,R #�bBb- mbBM; bT2+B�H T�`iB+H2 b2i-

H�#2H2/ ǴaǴX AM 2�`Hv kyR9- .�BHv 2i �HX9 /2p2HQT2/ �M �++m`�i2 +Q�`b2@;`�BM2/ KQ/2H 7Q` i?2

+?QH2bi2`QHX lbBM; `272`2M+2 �iQKBbiB+ bBKmH�iBQMb- i?2v bvbi2K�iB+�HHv KQ/B}2/ +?QH2bi2`QH

#QM/2/ T�`�K2i2`b BM J�`iBMB iQ BKT`Qp2 Bib T2`7Q`K�M+2X AM H�i2` kyR9- rBi? i?2 T`2b2M@

i�iBQM Q7 i?2 .`v J�`iBMB 6Q`+2 6B2H/ JQ/2Hk- � KQ/B}2/ +?QH2bi2`QH KQ/2H #�b2/ QM .�BHv

2i �HX9 rQ`F r�b mb2/ iQ BKT`Qp2 i?2 #2?�pBQm` Q7 +?QH2bi2`QH BM HBTB/ K2K#`�M2b- K�BMHv

iQ T`2p2Mi i?2 Qp2`Q`/2`BM; Q7 /QK�BMbXkX h?2`27Q`2- 7QHHQrBM; i?2 b�K2 bi`�i2;v i?2v �HbQ

BKTH2K2Mi2/ i?2 BKT`Qp2K2Mib BM i?2 +?QH2bi2`QH KQ/2H BM i?2 bi�M/�`/ J�`iBMBRyX

*?QH2bi2`QH ?�b 7Qm` `B;B/ `BM;b- r?B+? J�`iBMB ?�b �//`2bb2/ rBi? i?2 bK�HH2` ivT2

ǴaǴ T�`iB+H2b- �b r2HH �b irQ K2i?vH ;`QmTb T2`T2M/B+mH�` iQ i?2 `BM; �M/ � #`�M+?2/ i�BHX

�++Q`/BM; iQ i?2 /2}MBiBQM Q7 J�`iBMB #2�/bRk- r2 ?�p2 K�TT2/ i?2 bi2`QH #Q/v �b 8 bT2+B�H@

�TQH�` #2�/b Q7 ivT2 a*� �M/ a*� �M/ i?2 ?2�/ ;`QmT iQ QM2 aS� UTQH�`V #2�/ �b b?QrM BM

6B;m`2 9XR@U#VX 6BM�HHv i?2 �HFvHB+ i�BHb r2`2 K�TT2/ iQ a*� �M/ *� #2�/bX

h?2 bm`7�+i�Mi (LU*>�V�)+"`− FMQrM �b *h�" U+2i`BKQMBmK #`QKB/2 Q` +2ivHi`BK2i?v@

H�KKQMBmK #`QKB/2 Q` ?2t�/2+vHi`BK2i?vH�KKQMBmK #`QKB/2- b22 6B;m`2 9XR@U+V- Bb � [m�@

i2`M�`v �KKQMBmK +�iBQMB+ bm`7�+i�Mi- r?B+? ?�b � #`QKB/2 �MBQM �b +QmMi2`BQMX

h?2`2 Bb b+�`+2 HBi2`�im`2 �#Qmi *h�" +Q�`b2@;`�BMBM;RN- i?mb r2 /2+B/2/ iQ /2p2HQT

Qm` QrM K�TTBM; #�b2/ QM i?2 7Qm`@iQ@QM2 T?BHQbQT?vX G�i2` QM- r2 T2`7Q`K2/ � K2iB+mHQmb

bim/vN BM Q`/2` iQ +?2+F i?2 T`2/B+iBQMb Q7 i?2 KQ/2H �M/ T`Qp2 i?�i Bi Bb � bmBi�#H2 QM2 iQ
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Figure 4.1: (a) and (c) show the structural formula of cholesterol and CTAB, respec vely with its hydrophobic tail
highlighted. (b) The cholesterol all-atomic structure in CPK representa on (oxygen atom from the head group painted
in red, hydrogen atoms painted in white and carbon atoms in black). The coarse-grain beads of the Mar ni model
are shown as large spheres named with its type bead. The sterol body of the coarse-grainded cholesterol is shown in
orange, the hydropholic part in red and the alkyl tail in blue. (d) Correspondence between the atomis c and coarse-
grained (Mar ni) model of CTA+. In the atomis c model, all atoms are shown in CPK representa on. The coarse-
grain beads of the Mar ni model are shown as large spheres including all atoms subsumed into the same bead. The
hydrophobic beads of type C1 beads are shown in orange and the hydrophilic charged bead of typeQ0 is shown in blue.
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#2 mb2/ 7Q` 7mim`2 rQ`FbX

�++Q`/BM; iQ i?2 /2}MBiBQM Q7 J�`iBMB #2�/bRk- r2 ?�p2 K�TT2/ i?2 �HFvHB+ i�BHb iQ

9 ?v/`QT?Q#B+ #2�/b Q7 ivT2 *� Ui?2 KQbi �TQH�` #2�/ ivT2 �HHQr2/ BM J�`iBMB- �b Bi Bb

2tTH�BM2/ BM +?�Ti2` k- K2i?Q/bV �M/ i?2 ?2�/;`QmT iQ QM2 Z� #2�/- �b b?QrM BM 6B;m`2

9XR@U/VX lbBM; i?Bb +Q�`b2@;`�BM T`Q+2/m`2- r2 ?�p2 `2TH�+2/ i?2 �iQKB+ KQ/2H Q7 *h�+

rBi? ek �iQKb #v � *: KQ/2H rBi? QMHv 8 #2�/bX h?2 "`− +QmMi2`BQM Bb K�TT2/ iQ � ZB

#2�/- r?B+? +Q``2bTQM/b BM J�`iBMB iQ � ?v/`�i2/ �MBQMX

9Xk J�`iBMB J. aBKmH�iBQMb Q7 *h�"

PM+2 i?2 KQ/2H ?�b #22M /2p2HQT2/- BM i?Bb b2+iBQM r2 T`2b2Mi � b2`B2b Q7 J�`iBMB J.

bBKmH�iBQMb rBi? i?2 *: *h�" KQ/2HX h?2 Q#D2+iBp2 r�b iQ +QKT�`2 bQK2 #�bB+ +?2KB+�H

72�im`2b Q7 bm+? KQ/2H rBi? i?Qb2 Q7 i?2 `2�H KQH2+mH2X

q2 +QMbB/2` #Qi? i?2 2tTHB+Bi bQHp2Mi J�`iBMB 7Q`+2 }2H/ Uq@J�`iBMBV �M/ i?2 BKTHB+Bi

bQHp2Mi p2`bBQM Q7 i?2 J�`iBMB 7Q`+2 }2H/ UǴ/`vǴ J�`iBMB- .@J�`iBMBV 7Q` *h�"X 6B`bi- r2

+QKT�`2 i?2 T`2/B+iBQMb Q7 J. bBKmH�iBQMb Q7 *h�" #2ir22M 2tTHB+Bi �M/ BKTHB+Bi bQHp2Mi

+Q�`b2@;`�BM KQ/2Hb �M/ �HbQ rBi? �HH@�iQKB+ J. bBKmH�iBQMb r?2M TQbbB#H2X AM T�`iB+mH�`-

r2 +QMbB/2` i?2 T`2/B+iBQMb 7Q` i?2 TQi2MiB�H K2�M 7Q`+2 USJ6V Q7 i`�Mb72` Q7 *h�" BM

/Bz2`2Mi bBim�iBQMb Ur�i2`fp�+mmK BMi2`7�+2- r�i2`fQ`;�MB+ bQHp2Mi BMi2`7�+2 �M/ T`2@7Q`K2/

*h�" KB+2HH2 BM r�i2`VX h?2M- r2 +QMbB/2` J. bBKmH�iBQMb Q7 #Qi? +Q�`b2@;`�BM KQ/2Hb 7Q`

i?2 b2H7@�bb2K#Hv Q7 *h�" BM � H�`;2 bvbi2K rBi? K�Mv KB+2HH2b- bQ r2 �`2 �#H2 iQ Q#b2`p2

KB+2HH2 7Q`K�iBQM- KB+2HH2 7mbBQM �M/ bm`7�+i�Mi 2t+?�M;2 r?B+? �`2 2p2Mib i?�i �`2 `�`2Hv

Q#b2`p2/ BM �HH@�iQKB+ J. bBKmH�iBQMbX � bmKK�`v Q7 �HH bBKmH�iBQMb Bb ;Bp2M BM h�#H2 9XRX

aBKmH�iBQMb aR@�- aR@J- ak@J �M/ ak@. +Q``2bTQM/ iQ � +QKT�`BbQM Q7 i?2 /Bz2`2Mi

KQ/2Hb BM i?2 +�b2 Q7 � bBM;H2 *h�" KQH2+mH2 �/bQ`#2/ �i �M BMi2`7�+2X q2 +QMbB/2` �

r�i2`fp�+mmK BMi2`7�+2 7Q` aR@� �M/ aR@J �M/ r�i2`fQ`;�MB+ bQHp2Mi BMi2`7�+2 BM i?2 +�b2

Q7 ak@J �M/ ak@.X aBKmH�iBQMb aj@�- aj@J �M/ aj@. +Q``2bTQM/ iQ i?2 bBKmH�iBQM Q7 �

bBM;H2 *h�" KB+2HH2 BM r�i2` mbBM; i?2 i?`22 KQ/2Hb /2b+`B#2/ BM i?2 T`2pBQmb bm#b2+iBQMX
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Table 4.1: Summary of simula ons performed in this work. We indicate a code for each kind of system and type of
model, number of molecules of each type, total number of atoms or CG beads in each simula on, equilibrium size of
the system and temperature.

avbi2K �M/ JQ/2H *h�"
KQH2+X

q�i2`
KQH2+X

�6
KQH2+X

P`;�MB+
KQH2+X

hQi�H �iQKb
Q` *: #2�/b aBx2 h

aR@� BMi2`7�+2 @ �� R kN39 @ @ NyR8 kk MK� × ky MK kN3 E
aR@J BMi2`7�+2 @ q@J�`iBMB R dk9 dy @ 3yy R3 MK� × ky MK kN3 E
ak@J BMi2`7�+2 @ q@J�`iBMB R j8d9 jNd kyy 8ddd kN MK� × R9 MK jyj E
ak@. BMi2`7�+2 @ .@J�`iBMB R @ @ kyy R3ye ky MK� × R8 MK jyj E
aj@� KB+2HH2 @ �� dk kRRde @ @ e3ye9 e × Rj × N MK� kN3 E
aj@J KB+2HH2 @ q@J�`iBMB dk R9ejd R889 @ Redkj Rk × Rj × R9 MK� kN3 E
aj@. KB+2HH2 @ .@J�`iBMB dk @ @ @ 9jk RkX8 × RjX8 × Rj MK� kN3 E
a9@J KB+2HH2b @ q@J�`iBMB Ryyy RR8yyy Rjyyy @ Rj9yyy k9 × k9 × jk MK� jyj E
a9@. KB+2HH2b @ .@J�`iBMB Ryyy @ @ @ eyyy jy × jy × 9y MK� jyj E

6BM�HHv- BM bBKmH�iBQMb a9@J �M/ a9@. r2 bim/v i?2 b2H7@�bb2K#Hv Q7 K�Mv *h�" KQH2+mH2b

BM KmHiBTH2 KB+2HH2b mbBM; #Qi? J�`iBMB 7Q`+2}2H/bX �HH J. bBKmH�iBQMb `2TQ`i2/ BM h�#H2

9XR r2`2 T2`7Q`K2/ mbBM; 2Bi?2` L�J.R8 Q` :_PJ�*akR-R- �b BM/B+�i2/ BM i?2 7QHHQrBM;

bm#b2+iBQMbX aM�Tb?Qib �M/ �M�HvbBb Q7 i?2 `2bmHib r2`2 Q#i�BM2/ mbBM; oJ. T`Q;`�K3 rBi?

?QK2@K�/2 �M�HvbBb b+`BTib- �M/ 7Q` i?2 bBKmH�iBQMb /QM2 rBi? :_PJ�*a r2 �HbQ mb2/

i?2 �M�HvbBb iQQHb �p�BH�#H2 rBi? i?Bb T�+F�;2RX

9XkXR AMi2`7�+2 bBKmH�iBQMb

AM bBKmH�iBQMb aR@� �M/ aR@J- r2 bim/v i?2 �/bQ`TiBQM Q7 *h�" �i � r�i2`fp�+mmK BMi2`@

7�+2 +QMbB/2`BM; �HH@�iQKB+ UaR@�V �M/ *: J�`iBMB KQ/2H rBi? 2tTHB+Bi r�i2` UaR@JVX h?2

bBKmH�iBQM bvbi2K +QMbBbib Q7 � bBM;H2 *h�+ KQH2+mH2- Bib "`− +QmMi2`BQM �M/ � r�i2` bH�#

BM +QMi�+i rBi? � H�`;2 p�+mmK Ub22 h�#H2 9XRVX

AM i?2 +�b2 Q7 ak@J �M/ ak@. bBKmH�iBQMb- r2 ?�p2 +QMbB/2`2/ *: KQ/2Hb UrBi? 2tTHB+Bi

�M/ BKTHB+Bi bQHp2Mi `2bT2+iBp2HvV 7Q` i?2 �/bQ`TiBQM Q7 � *h�" KQH2+mH2 �i � r�i2`fQ`;�MB+

bQHp2Mi BMi2`7�+2X h?2 Q`;�MB+ bQHp2Mi +QMbB/2`2/ ?2`2 Bb i?2 b�K2 �b +QMbB/2`2/ BMkk 7Q` i?2

+QKT�`BbQM Q7 bm`7�+i�Mi �/bQ`TiBQM BM bi�M/�`/ �M/ .`v J�`iBMB *: KQ/2HbX 1�+? Q`;�MB+

bQHp2Mi KQH2+mH2 Bb � HBM2�` �HFvH +?�BM rBi? N J�`iBMB *: #2�/b Q7 *� ivT2X h?2 bBKmH�i2/

bvbi2K +QMbBbib Q7 � bBM;H2 *h�+ KQH2+mH2- Bib "`− +QmMi2`BQM- �M Q`;�MB+ bQHp2Mi bH�# rBi?

kyy Q`;�MB+ bQHp2Mi KQH2+mH2b �M/ � r�i2` bH�# Ur?B+? ?�b 2tTHB+Bi r�i2` KQH2+mH2b BM i?2
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ak@J +�b2 �M/ � p�+mmK BM i?2 ak@. +�b2- b22 h�#H2 9XRVX

Ai b?QmH/ #2 MQi2/ i?�i i?Bb +?QB+2 Q7 i?2 bQHp2Mi Bb mM`2�HBbiB+ BM i?2 b2Mb2 i?�i N *:

J�`iBMB #2�/b +Q``2bTQM/ iQ je +�`#QM �iQKb- bQ i?Bb +?�BM rBHH +Q``2bTQM/ iQ ?2t�i`B+QM@

i�M2 U*��>��V r?B+? Bb bQHB/ �i `QQK +QM/BiBQMb UK2HiBM; TQBMi j93 EVX lM7Q`imM�i2Hv- Bi Bb

MQi TQbbB#H2 iQ mb2 bQHp2Mib +Q``2bTQM/BM; iQ bK�HH2` MmK#2` Q7 J�`iBMB *: #2�/b #2+�mb2

i?2v /Q MQi K�BMi�BM � bi�#H2 +QM/2Mb2/ HB[mB/ T?�b2- T�`iB+mH�`Hv BM i?2 .`v J�`iBMB +�b2X

Ai b22Kb i?�i i?2 J�`iBMB 7Q`+2 }2H/ ?�b HBKBi�iBQMb iQ KQ/2H Q`;�MB+ bQHp2Mib- T`Q#�#Hv

#2+�mb2 +Q?2bBQM KQH2+mH�` 2M2`;B2b BM � `2�H +QM/2Mb2/ T?�b2 �`2 ?B;?2` i?�M i?Qb2 +QMbB/@

2`2/ #v i?2 bBKTHB}2/ J�`iBMB �M/ .`v J�`iBMB 7Q`+2 }2H/X h?2`27Q`2- r2 2KTHQv ?2`2 i?Bb

KQ/2H 7Q` �M Q`;�MB+ bQHp2Mi �b BM T`2pBQmb rQ`Fbkk QMHv �b � i2+?MB+�H iQQH 7Q` +QKT�`BbQM

#2ir22M bi�M/�`/ �M/ .`v J�`iBMB KQ/2Hb #mi r2 b?QmH/ F22T BM KBM/ i?�i i?Bb J�`iBMB

Q`;�MB+ bQHp2Mi /Q2b MQi `2�HHv +Q``2bTQM/ iQ � KQ/2H 7Q` �Mv `2�H HB[mB/ M@�HF�M2X

h?2 J. bBKmH�iBQMb Q7 i?2b2 bvbi2Kb UaR@�- aR@J- ak@J �M/ ak@.V r2`2 T2`7Q`K2/

mbBM; i?2 L�J. kXRk T`Q;`�KR8X AM �HH +�b2b- r2 2KTHQv2/ � G�M;2pBM i?2`KQbi�i iQ K�BM@

i�BM i?2 i2KT2`�im`2 +QMbi�MiX AM bBKmH�iBQM ak@J r2 �HbQ 2KTHQv2/ � G�M;2pBM TBbiQM iQ

K�BMi�BM i?2 T`2bbm`2 �i R �iKX h?2 iBK2 bi2T r�b k 7b BM �HH@�iQKB+ J. bBKmH�iBQMb UaR@�V

�M/ ky 7b BM *: J. bBKmH�iBQMb UaR@J- ak@J- ak@.VX �HH Qi?2` T�`�K2i2`b Q7 i?2 bBKmH�@

iBQM r2`2 bi�M/�`/ 7Q` �HH@�iQKB+ Q` J�`iBMB J. bBKmH�iBQMb rBi? L�J.X h?2 Q#D2+iBp2

Q7 i?2b2 LSh Q` Loh bBKmH�iBQMb r�b iQ Q#i�BM 2[mBHB#`�i2/ BMi2`7�+2b 7Q` bm#b2[m2Mi 7`22

2M2`;v +�H+mH�iBQMbX .m2 iQ i?2 bK�HH bBx2 Q7 i?2 bBKmH�i2/ bvbi2Kb- b?Q`i `mMb r2`2 2MQm;?

iQ Q#i�BM 2[mBHB#`BmKX AM i?2 +�b2 Q7 i?2 r�i2`fp�+mmK BMi2`7�+2- r2 +QMbB/2`2/ 9 Mb 7Q`

aR@� �M/ k Mb 7Q` aR@JX AM i?2 +�b2 Q7 i?2 r�i2`fQ`;�MB+ bQHp2Mi BMi2`7�+2- r2 mb2/ HQM;2`

iBK2b /m2 iQ i?2 T`2b2M+2 Q7 i?2 Q`;�MB+ bQHp2MiX q2 +QMbB/2`2/ Ry Mb 7Q` i?2 2tTHB+Bi r�i2`

+�b2 Uak@JV �M/ d Mb 7Q` i?2 BKTHB+Bi bQHp2Mi +�b2 Uak@.VX

ai�`iBM; 7`QK i?2 `2bmHib Q7 i?2b2 Loh Q` LSh J. bBKmH�iBQMb- r2 ?�p2 T2`7Q`K2/

7`22@2M2`;v +�H+mH�iBQMb mbBM; i?2 �/�TiBp2 "B�bBM; 6Q`+2 U�"6V i2+?MB[m2 �b BKTH2K2Mi2/

BM L�J.dX AM i?2b2 #B�b2/ J. bBKmH�iBQMb r2 Q#i�BM i?2 7`22 2M2`;v T`Q}H2 Ui?2 TQi2MiB�H

N8



*: aBKmH�iBQMb, GQQbBM; /2i�BH iQ ;�BM BMbB;?i

Q7 K2�M 7Q`+2- SJ6V T`2/B+i2/ #v 2�+? KQ/2H 7Q` i?2 �/bQ`TiBQM Q7 i?2 *h�" KQH2+mH2 �i

i?2 BMi2`7�+2b �M/ Bib i`�Mb72` iQ i?2 /Bz2`2Mi T?�b2bX AM i?2b2 bBKmH�iBQMb- r2 b2H2+i2/ �b

� ;2M2`�HBx2/ Ǵ`2�+iBQM +QQ`/BM�i2Ǵ i?2 TQbBiBQM Q7 i?2 *h�" ?2�/;`QmT BM i?2 /B`2+iBQM

T2`T2M/B+mH�` iQ i?2 BMi2`7�+2 Uz �tBbV bQ i?2 Q`B;BM Uz = yV Bb HQ+�i2/ �i i?2 2[mBHB#`BmK

TQbBiBQM Q7 i?2 *h�" ?2�/;`QmT �i i?2 BMi2`7�+2X AM i?2 J.@�"6 bBKmH�iBQMb- i?2 *h�"

KQH2+mH2 Bb 7Q`+2/ iQ b�KTH2 � H�`;2 BMi2`p�H Q7 p�Hm2b Q7 z- 2Mi2`BM; BMiQ 2�+? Q7 i?2 #mHF

T?�b2bX h?2 7Q`+2 +QMbi�Mi 2KTHQv2/ BM i?2 �"6 +�H+mH�iBQM r�b 8y F+�HǦKQH−�Ǧ³−�X

SJ6 Q7 *h�" BM 2�+? +�b2 r�b Q#i�BM2/ rBi? � yXR ³ `2bQHmiBQMX h?2 bBKmH�iBQM iBK2 7Q`

2�+? J.@�"6 `mM UaR@�- aR@J- ak@J �M/ ak@.V- Bb k3- 9yy- Ryy �M/ 3yy Mb `2bT2+iBp2HvX

AM 6B;m`2 9Xk@UiQTV- r2 b?Qr i?2 SJ6 �bbQ+B�i2/ iQ i?2 i`�Mb72` Q7 *h�+ iQ 2�+? T?�b2X

Figure 4.2: Poten al of mean force (PMF) of a CTA+ surfactant as func on of the distance from the interface in two
situa ons: a water slab in contact with vacuum (top panel) and a water slab in contact with a organic solvent slab
(bo om panel). The origin of coordinates is taken at the interface, with z < 0 corresponding to the water phase and
z > 0 to the vacuum or organic phase. In both cases we include a representa ve snapshot with the CTAB molecule
emphasized (CTA+ tail and headgroup are shown in green and pink respec vely, Br− is shown in dark-blue). Thewater
slab is always on the le side and the dashed line indicates the interface.

Ne
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AM i?2 �HH@�iQKB+ bBKmH�iBQM UaR@�V- i?2 i`�Mb72` Q7 i?2 KQH2+mH2 7`QK i?2 BMi2`7�+2 iQ i?2

r�i2` T?�b2 ?�b � +Qbi Q7 �#Qmi 9 F+�HfKQH- r?2`2�b BM i?2 J�`iBMB *: KQ/2H UaR@JV

r2 Q#i�BM � bB;MB}+�MiHv H�`;2` p�Hm2 Q7 �#Qmi e F+�HfKQHX h?2 KQbi BKTQ`i�Mi /Bz2`2M+2

#2ir22M i?2 irQ KQ/2Hb +Q``2bTQM/b iQ i?2 i`�Mb72` Q7 i?2 KQH2+mH2 7`QK i?2 BMi2`7�+2 iQ

i?2 p�+mmK `2;BQMX AM i?2 +�b2 Q7 i?2 +Q�`b2@;`�BM UaR@JV bBKmH�iBQM- i?2 7`22 2M2`;v +Qbi

Q7 i`�Mb72` Q7 i?2 KQH2+mH2 7`QK i?2 BMi2`7�+2 iQ p�+mmK Bb QMHv bHB;?iHv H�`;2` i?�M i?2

+Qbi Q7 i`�Mb72``BM; i?2 KQH2+mH2 7`QK i?2 BMi2`7�+2 iQ i?2 r�i2` T?�b2 Ub22 6B;m`2 9Xk@

UiQTVX >Qr2p2`- BM i?2 +�b2 Q7 i?2 �HH@�iQKB+ bBKmH�iBQM UaR@�V- i?Bb i`�Mb72` Bb Km+? KQ`2

/B{+mHi �b BM/B+�i2/ #v i?2 bi22T BM+`2�b2 BM i?2 SJ6X AM i?2 �HH@�iQKB+ bBKmH�iBQM- r?2M

KQpBM; i?2 *h�+ 7`QK i?2 BMi2`7�+2- i?2 KQH2+mH2 i`B2b iQ `2i�BM i?2 bQHp�iBQM r�i2` Q7

Bib TQH�` ?2�/;`QmT �M/ /27Q`Kb i?2 BMi2`7�+2 Ui?Bb Bb- BM 7�+i- � `2�HBbiB+ 72�im`2 Q7 i?2

�HH@�iQKB+ bBKmH�iBQMbVX h?Bb i2M/2M+v iQ `2i�BM i?2 bQHp�iBQM r�i2` Bb MQi Q#b2`p2/ BM i?2

aR@J bBKmH�iBQM �M/ Bi Bb T`Q#�#Hv /m2 iQ i?2 bBKTHB+Biv Q7 i?2 J�`iBMB r�i2` KQ/2H �M/

i?2 bBKTHB}2/ bm`7�+i�Mi@r�i2` BMi2`�+iBQMb 2KTHQv2/ BM i?Bb +�b2X

AM 6B;m`2 9Xk@U#QiiQKV- r2 +QKT�`2 i?2 SJ6 7Q` i`�Mb72` Q7 � bBM;H2 bm`7�+i�Mi 7`QK

i?2 BMi2`7�+2 iQ �Mv Q7 i?2 T?�b2b mbBM; #Qi? 7Q`+2 }2H/b Uak@J �M/ ak@. bBKmH�iBQMbVX

h?2 `2bmHiBM; SJ6b ?�p2 bBKBH�` b?�T2b #mi i?2 2M2`;B2b `2[mB`2/ iQ i`�Mb72` i?2 bm`7�+i�Mi

iQ i?2 r�i2` Q` i?2 Q`;�MB+ T?�b2 �`2 ?B;?2` 7Q` bBKmH�iBQM ak@J r?B+? 2KTHQvb bi�M/�`/

U2tTHB+Bi bQHp2MiV J�`iBMB 7Q`+2}2H/X �++Q`/BM; iQ i?2 `2bmHib BM 6B;m`2 9Xk- i?2 bi�M/�`/

J�`iBMB 7Q`+2 }2H/ ;Bp2b H�`;2` �/bQ`TiBQM 7`22 2M2`;B2b 7Q` *h�" �i BMi2`7�+2b i?�M �HH@

�iQKB+ �M/ BKTHB+Bi bQHp2Mi J�`iBMB KQ/2HbX h?2 b2+QM/ bBKmH�iBQM U6B;m`2 9Xk- #QiiQKV

�HbQ b?Qrb i?�i i?2 T`272``2/ HQ+�iBQM Q7 i?2 bm`7�+i�Mi KQH2+mH2 Bb rBi? Bib ?2�/ ;`QmT �i

i?2 BMi2`7�+2 �M/ i?2 i�BH BKK2`b2/ BM i?2 ?v/`Q+�`#QM bH�#X

Ai Bb �HbQ BMi2`2biBM; iQ +QKT�`2 i?2 `2bmHib 7Q` #Qi? BMi2`7�+2b rBi? i?2 b�K2 KQ/2H

UaR@J �M/ ak@J- r?B+? 2KTHQv bi�M/�`/ J�`iBMB 7Q`+2 }2H/VX �++Q`/BM; iQ 6B;m`2 9Xk- i?2

�/bQ`TiBQM Q7 *h�" iQ i?2 r�i2`fQ`;�MB+ bQHp2Mi BMi2`7�+2 Bb bm#bi�MiB�HHv KQ`2 7�pQm`�#H2

i?�M i?2 �/bQ`TiBQM �i i?2 r�i2`fp�+mmK BMi2`7�+2 Ue F+�HfKQH �b +QKT�`2/ iQ Ry F+�HfKQHVX

Nd
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9XkXk aBM;H2 JB+2HH2 bBKmH�iBQMb

AM i?Bb +�b2- r2 +QKT�`2 bBKmH�iBQMb 7Q` i?2 i?`22 KQ/2Hb U�HH@�iQKB+ �M/ *: mbBM; bi�M/�`/

J�`iBMB �M/ .`v J�`iBMBV BM i?2 +�b2 Q7 � T`2@�bb2K#H2/ KB+2HH2 Q7 *h�" BM r�i2`X h?2

�HH@�iQKB+ J. bBKmH�iBQMb Uaj@�V +Q``2bTQM/ iQ �M 2ti2MbBQM U� +QMiBMm�iBQM Q7 i?2 J.

i`�D2+iQ`vV Q7 � T`2pBQmb �HH@�iQKB+ bBKmH�iBQM `2TQ`i2/ BM Qm` T`2pBQmb rQ`F8- BM r?B+? r2

+QMbB/2` � T`2@7Q`K2/ KB+2HH2 Q7 dk *h�"KQH2+mH2b BM r�i2`X �++Q`/BM; iQ i?2 2tT2`BK2Mi�H

/�i�Re- i?Bb MmK#2` Q7 bm`7�+i�Mib BM � KB+2HH2 +Q``2bTQM/b iQ i?2 �p2`�;2 �;;`2;�iBQM

MmK#2` 7QmM/ 7Q` *h�" +QM+2Mi`�iBQMb 8@Ry KJX aBKmH�iBQM aj@J +Q``2bTQM/b iQ � +Q�`b2@

;`�BM J. bBKmH�iBQM mbBM; i?2 J�`iBMB KQ/2H rBi? 2tTHB+Bi r�i2`X h?2 BMBiB�H +QM};m`�iBQM

7Q` i?Bb bBKmH�iBQM r�b Q#i�BM2/ mbBM; oJ.3 iQ +QMp2`i iQ +Q�`b2@;`�BM i?2 2[mBHB#`�i2/ �HH@

�iQKB+ +QM};m`�iBQM Q7 i?2 *h�" KB+2HH2 Q#i�BM2/ BM aj@�X *: q�i2` �M/ �6 #2�/b r2`2

�//2/ mbBM; i?2 :`QK�+b bQHp�i2 iQQHRX h?2 BMBiB�H +QM};m`�iBQM 7Q` aj@. bBKmH�iBQM U.`v

J�`iBMB 7Q`+2 }2H/V r�b Q#i�BM2/ #v bBKTHv `2KQpBM; �HH r�i2` US9 �M/ �6 #2�/bV 7`QK �M

2[mBHB#`�i2/ aj@J +QM};m`�iBQMX J. bBKmH�iBQMb Q7 �HH i?2b2 bBM;H2 KB+2HH2 KQ/2Hb Uaj@�-

aj@J- aj@.V r2`2 T2`7Q`K2/ mbBM; i?2 L�J. T`Q;`�KR8 p2`bBQM kXN U�b BM i?2 Q`B;BM�H

�HH@�iQKB+ bim/v8 V mbBM; � G�M;2pBM i?2`KQbi�i iQ K�BMi�BM i?2 i2KT2`�im`2 �i kN3 EX

AM aj@� �M/ aj@J bBKmH�iBQMb r2 �HbQ 2KTHQv i?2 G�M;2pBM TBbiQM ULSh bBKmH�iBQMbV �b

BKTH2K2Mi2/ BM L�J. iQ K�BMi�BM i?2 T`2bbm`2 �i R �iKX h?2 T`Q/m+iBQM `mM 7Q` aj@�-

aj@J �M/ aj@. bBKmH�iBQMb ?�b e8 Mb- 9d Mb �M/ Ry9N Mb `2bT2+iBp2HvX

6`QK i?2 bBKmH�iBQM `2bmHib- r2 ?�p2 +QKTmi2/ i?2 `�/Bmb Q7 ;v`�iBQM RH Q7 i?2 KB+2HH2b

�M/ Bib T`BM+BT�H KQK2Mib Q7 BM2`iB� �p2`�;2/ Qp2` �HH +QM};m`�iBQMb 7`QK i?2 2[mBHB#`�i2/

J. i`�D2+iQ`vX h?2 /B�K2i2` D Q7 i?2 KB+2HH2b r�b +QKTmi2/ 7`QK i?2 �p2`�;2 `�/Bmb Q7

;v`�iBQM RH rBi? i?2 7Q`KmH�ky,

D = �
√

�
�
RH = �

√√√√√√
�
�

�
/∑
J=�

mJ

/∑

J=�
mJ (⃗rJ(t)− r⃗$.(t))�, U9XRV

N3
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r?2`2 r⃗J �M/ mJ �`2 i?2 TQbBiBQM �M/ K�bb Q7 i?2 ?2�/;`QmT Q7 2�+? bm`7�+i�Mi- r⃗$. Bb

i?2 +2Mi`2 Q7 K�bb Q7 i?2 N *h�" KQH2+mH2b �M/ i?2 MmK2`B+�H 7�+iQ` �++QmMib 7Q` i?2

;2QK2i`B+�H `2H�iBQM #2ir22M i?2 `�/Bmb Q7 � bT?2`2 �M/ i?2 `�/Bmb Q7 ;v`�iBQM Q7 � bT?2`2

rBi? mMB7Q`K /2MbBivX h?2 2++2Mi`B+Biv Q7 i?2 KB+2HH2 r�b +QKTmi2/ 7`QK i?2 KQK2Mib Q7

BM2`iB� mbBM; i?2 2[m�iBQMky,

e = �− INJO
IBW

, U9XkV

r?2`2 INJO Bb i?2 KBMBKmK T`BM+BT�H KQK2Mi Q7 BM2`iB� �M/ IBW Bb i?2 �p2`�;2 Q7 i?2 i?`22

T`BM+BT�H KQK2Mib Q7 BM2`iB�X q2 ?�p2 �HbQ +QKTmi2/ i?2 /2;`22 Q7 BQMBx�iBQM α Q7 i?2 *h�"

KQH2+mH2b BM i?2 7QHHQrBM; r�vX q2 ?�p2 }`bi +QKTmi2/ i?2 `�/B�H /Bbi`B#miBQM 7mM+iBQM

#2ir22M i?2 "`− BQMb �M/ i?2 *h�+ ?2�/;`QmTeX h?2 BQMb BM i?2 }`bi +QQ`/BM�iBQM b?2HH

Q7 i?2 *h�+ ?2�/;`QmT r2`2 +QMbB/2`2/ �b �/bQ`#2/ BQMb bQ r2 +�M Q#i�BM i?2 MmK#2` Q7

�/bQ`#2/ BQMb NBET 7Q` �HH i?2 +QM};m`�iBQMb BM i?2 T`Q/m+iBQM `mMX >2M+2- i?2 /2;`22 Q7

BQMBx�iBQM α r�b +QKTmi2/ 7`QK i?2 �p2`�;2 MmK#2` Q7 �/bQ`#2/ BQMb < NBET > U�p2`�;2/

Qp2` �HH i?2 T`Q/m+iBQM `mMV �b,

α = �− < NBET >

N$5"#
, U9XjV

r?2`2 N$5"# Bb i?2 MmK#2` Q7 bm`7�+i�Mi KQH2+mH2bX

�b BM i?2 T`2pBQmb bm#b2+iBQM- bi�`iBM; 7`QK i?2 2[mBHB#`BmK bBKmH�iBQMb Q7 i?2 KB+2HH2

bvbi2Kb- r2 ?�p2 T2`7Q`K2/ 7`22 2M2`;v +�H+mH�iBQMb mbBM; #B�b2/ J. bBKmH�iBQMb rBi? i?2

�"6 i2+?MB[m2dX AM i?2b2 bBKmH�iBQMb- r2 b2H2+i2/ �b � ;2M2`�HBx2/ Ǵ`2�+iBQM +QQ`/BM�i2Ǵ i?2

/Bbi�M+2 #2ir22M � b2H2+i2/ *h�" ?2�/;`QmT �M/ i?2 +2Mi`2 Q7 i?2 KB+2HH2X AM i?2 J.@�"6

bBKmH�iBQMb- i?2 b2H2+i2/ *h�" KQH2+mH2 Bb 7Q`+2/ iQ H2�p2 i?2 KB+2HH2- b�KTHBM; /Bz2`2Mi

p�Hm2b Q7 i?2 `�/B�H /Bbi�M+2 r 7`QK i?2 +2Mi`2 Q7 i?2 KB+2HH2 mMiBH Bi 2Mi2`b +QKTH2i2Hv

i?2 r�i2` T?�b2- H2�pBM; i?2 KB+2HH2X h?2 7Q`+2 +QMbi�Mi 2KTHQv2/ BM i?2 +�H+mH�iBQM r�b

Ry F+�HǦKQH−�Ǧ³−�X SJ6 Q7 *h�" BM 2�+? +�b2 r�b Q#i�BM2/ rBi? � yXR ³ `2bQHmiBQMX

h?2 bBKmH�iBQM iBK2 7Q` 2�+? J.@�"6 `mM Uaj@�- aj@J- �M/ aj@.V- Bb 93- je- �M/ Ryy Mb

`2bT2+iBp2HvX

NN
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h?2 `2bmHib Q7 i?2 bBKmH�iBQMb- BM+Hm/BM; bBx2- b?�T2- �M/ bi`m+im`2 Q7 i?2 KB+2HH2 �`2

bmKK�`Bx2/ BM h�#H2 9Xk �M/ BM 6B;m`2 9XjX AM �HH +�b2b- i?2 T`2@�bb2K#H2/ KB+2HH2b r2`2

bi�#H2 /m`BM; i?2 bBKmH�iBQMbX AM i?2 �HH@�iQKB+ bBKmH�iBQM Uaj@�V- r2 Q#b2`p2 � *h�"

KQH2+mH2 H2�pBM; i?2 KB+2HH2- r?2`2�b BM i?2 *: bBKmH�iBQMb �HH KQH2+mH2b `2K�BM BM i?2

KB+2HH2X

Table 4.2: Results of single micelle simula ons. D is the diameter of the micelle, e its eccentricity and α the degree
of ioniza on of CTAB molecules (see Methods sec on for details).

aBKmH�iBQM . e α
aj@� U�HH@�iQKB+V 9XdN MK yXkN yXej
aj@J UJ�`iBMBV 9X89 MK yXR9 yXd3

aj@. U.`v J�`iBMBV 9X9k MK yXRk yXdj

q2 MQi2 i?�i �HH i?`22 KQ/2Hb T`2/B+i p2`v bBKBH�` /B�K2i2`b 7Q` i?2 KB+2HH2b Uh�#H2

9XRVX h?2 b?�T2 Q7 i?2 KB+2HH2 Bb �HKQbi bT?2`B+�H 7Q` *: bBKmH�iBQMb Ub22 2++2Mi`B+Biv e BM

h�#H2 9XkV #mi Bi ?�b � bB;MB}+�Mi 2++2Mi`B+Biv BM i?2 +�b2 Q7 �HH@�iQKB+ bBKmH�iBQMb Uaj@�V-

BM/B+�iBM; � bT?2`QB/�H b?�T2X h?Bb +�M �HbQ #2 b22M BM i?2 bM�Tb?Qib b?QrM BM 6B;m`2

9Xj�VX AM h�#H2 9Xk r2 �HbQ `2TQ`i i?2 /2;`22 Q7 BQMBx�iBQM α Q7 i?2 KB+2HH2 7Q` i?2 i?`22

KQ/2HbX h?2 Q#i�BM2/ p�Hm2b �`2 p2`v bBKBH�`- �Hi?Qm;? BM i?2 �HH@�iQKB+ Uaj@�V bBKmH�iBQM

r2 Q#b2`p2 � HQr2` BQMBx�iBQM U?B;?2` +QM/2Mb�iBQM Q7 BQMbV �b +QKT�`2/ rBi? aj@J �M/

aj@. bBKmH�iBQMbX

*QM+2`MBM; i?2 bi`m+im`2 Q7 i?2 KB+2HH2b- i?2 i?`22 KQ/2Hb T`2/B+i p2`v bBKBH�` /Bbi`B@

#miBQMb 7Q` i?2 ?v/`Q+�`#QM i�BH BMbB/2 i?2 KB+2HH2 Ub22 6B;m`2 9XjV- �Hi?Qm;? i?2 �HH@�iQKB+

KQ/2H T`2/B+ib � KQ`2 bi`m+im`2/ T`Q}H2 rBi? � T2�F �#b2Mi BM J�`iBMB KQ/2HbX h?2 T`Q}H2b

+Q``2bTQM/BM; iQ TQH�` ?2�/;`QmT �M/ i?2 +QmMi2`BQMb �`2 p2`v bBKBH�` BM i?2 +�b2 Q7 i?2

bi�M/�`/ �M/ .`v J�`iBMB KQ/2HbX h?2 �HH@�iQKB+ KQ/2H b?Qrb � KQ`2 #`Q�/ /Bbi`B#miBQM

Q7 ?2�/;`QmT �M/ BQMb i?�M i?2 J�`iBMB KQ/2Hb- T`Q#�#Hv /m2 iQ i?2 /Bz2`2Mi b?�T2 Q7 i?2

KB+2HH2 U�b b22M BM h�#H2 9Xk- i?2 KB+2HH2 7`QK i?2 �HH@�iQKB+ KQ/2H ?�b bm#bi�MiB�HHv H�`;2`

2++2Mi`B+BivVX

Ryy
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Figure 4.3: (a) Snapshot of CTAB micelle from all-atomic (S3-A), W-Mar ni (S3-M) and D-Mar ni (S3-D) simula ons.
Carbon atoms or beads are colored in cyan with licorice representa on and nitrogen and bromide atoms or beads
are colored in blue and orange, respec vely, with VdW representa on. (b) Number density of beads (hydrocarbon tail
beads are denoted by C, headgroup beads are denoted byN and ion bead by Br) as func on of the distance from centre
of the micelle (in the AA case we have divided the atom density between 4 to account for the equivalence between
1 bead to 4 heavy atoms). The inset shows a magnifica on to show more clearly the loca on of the headgroup and
counterions.

q2 ?�p2 �HbQ +QKTmi2/ U6B;m`2 9X9V i?2 SJ6 �bbQ+B�i2/ iQ i?2 `2KQp�H Q7 � bBM;H2

*h�" KQH2+mH2 7`QK i?2 KB+2HH2 iQ i?2 r�i2` T?�b2X AMi2`2biBM;Hv- i?2 .`v J�`iBMB KQ/2H

T`2/B+ib � 7`22 2M2`;v p2`v +HQb2 iQ i?�i T`2/B+i2/ #v i?2 �� KQ/2H U�Hi?Qm;? i?2 2M2`;v

T`Q}H2 Bb � #Bi KQ`2 bi22T2` 7Q` �HH@�iQKB+ bBKmH�iBQMbVX AM +QMi`�bi- i?2 bBKmH�iBQMb mbBM;

i?2 bi�M/�`/ J�`iBMB 7Q`+2 }2H/ T`2/B+i � HQr2` 7`22 2M2`;v U≈Ry F+�HfKQH �b +QKT�`2/ iQ

≈Rj F+�HfKQHVX

RyR
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Figure 4.4: Poten al of mean force (PMF) of a CTAB surfactant as func on of the distance (in nm) between the CTAB
headgroup and the centre of mass of a CTAB micelle. We also show two simula on snapshots, corresponding to the
situa ons of CTAB inside the micelle and CTAB extracted from the micelle. The CTAB molecule extracted from the
micelle is emphasized (green sphere for the tail and pink for the head group). All other CTAB molecules are shown in
bond representa on (orange for the tails and blue for the headgroups). Bromide ions are shown as yellow spheres.

9XkXj aBKmH�iBQM Q7 i?2 b2H7@�bb2K#Hv Q7 K�Mv KB+2HH2b

a2H7@�bb2K#Hv Q7 � bm`7�+i�Mi bQHmiBQM BM KmHiBTH2 KB+2HH2b Bb �HKQbi BKTQbbB#H2 iQ bim/v

mbBM; �HH@�iQKB+ KQ/2Hb /m2 iQ i?2 H�`;2 �KQmMi Q7 �iQKb �M/ i?2 HQM; iBK2 b+�H2b `2[mB`2/X

AM i?Bb b2+iBQM- r2 bim/B2/ i?2 b2H7@�bb2K#Hv Q7 � H�`;2 MmK#2` Q7 *h�" KQH2+mH2b BMiQ

KB+2HH2b mbBM; #Qi? bi�M/�`/ �M/ .`v J�`iBMB 7Q`+2 }2H/b UbBKmH�iBQMb a9@J �M/ a9@.VX

h?Qb2 J. bBKmH�iBQMb r2`2 T2`7Q`K2/ mbBM; :_PJ�*aR p8XRX9 �M/ pXkyR3 `2bT2+@

iBp2HvX h?2 BMi2;`�iBQM iBK2 bi2T r�b ky 7b �M/ b?Q`i `�M;2 +QmHQK# BMi2`�+iBQMb r2`2

+�H+mH�i2/ mbBM; � `2�+iBQM }2H/ rBi? � +mi Qz Q7 RXk MK �M/ RXR MK 7Q` .`v J�`iBMB �M/

bi�M/�`/ J�`iBMB `2bT2+iBp2HvX h?2 T�`�K2i2`b 7Q` i?2 bBKmH�iBQMb r2`2 +?Qb2M 7QHHQrBM;

i?2 Tm#HBb?2/ BKTH2K2Mi�iBQMb Q7 #Qi? bi�M/�`/Rj �M/ .`vk J�`iBMB 7Q`+2 }2H/bX h?2 MQM@

#QM/2/ G2MM�`/@CQM2b BMi2`�+iBQMb 7Q` .`v J�`iBMB Ua9@.V r2`2 b?B7i2/ �i yXN MK rBi?
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� +mi Qz RXk MK- r?BH2 7Q` bi�M/�`/ J�`iBMB Ua9@JV i?2 G2MM�`/@CQM2b BMi2`�+iBQMb r2`2

KQ/B}2/ mbBM; TQi2MiB�H b?B7i p2`H2i QTiBQM Q7 :_PJ�*a rBi? � +mi Qz Q7 RXR MKX

h?2 LSh 2Mb2K#H2 r�b mb2/ 7Q` a9@J bBKmH�iBQM rBi? 2tTHB+Bi bQHp2Mi- mbBM; � LQb2@

>QQp2` i?2`KQbi�i �M/ i?2 S�``BM2HHQ@_�?K�M #�`Qbi�i UT`2bbm`2 S 4 R #�`VX h?2 2[mBHB#@

`BmK bBx2 Q#i�BM2/ 7Q` i?2 bBKmH�iBQM +2HH Bb `2TQ`i2/ BM h�#H2 9XRX qBi? i?Bb 2[mBHB#`BmK

pQHmK2- bBKmH�iBQM a9@J +Q``2bTQM/ iQ � +QM+2Mi`�iBQM Q7 *h�" �#Qmi ≈ ��� KJX h?2

Loh 2Mb2K#H2 r�b mb2/ 7Q` BKTHB+Bi bQHp2Mi bBKmH�iBQMb Ua9@.V- mbBM; i?2 "mbbB@.QM�/BQ@

S�``BM2HHQ i?2`KQbi�ijX h?2 bBx2 Q7 i?2 bBKmH�iBQM #Qt 7Q` a9@. Uh�#H2 9XRV r�b +?Qb2M

�b i?2 b�K2 2KTHQv2/ BM i?2 BMBiB�H +QM/BiBQMb Q7 bBKmH�iBQM a9@JX AM 7�+i- �HbQ i?2 BMBiB�H

+QQ`/BM�i2b Q7 i?2 *h�" KQH2+mH2b r2`2 i?2 b�K2- bQ #Qi? bBKmH�iBQMb bi�`i2/ 7`QK i?2

b�K2 BMBiB�H +QM/BiBQMbX h?2 p�Hm2b 7Q` �HH T�`�K2i2`b MQi /2i�BH2/ �#Qp2 U/2+�v iBK2b 7Q`

i?2 i?2`KQbi�i �M/ #�`Qbi�ibXXXV r2`2 i?Qb2 HBbi2/ �b i?2 /27�mHi p�Hm2b bm;;2bi2/ r?2M

mbBM; J�`iBMB 7Q`+2}2H/ QM :_PJ�*aX h?2 MmK#2` Q7 +Hmbi2`b UKB+2HH2bV r�b KQMBiQ`2/

/m`BM; i?2 bBKmH�iBQM mbBM; i?2 +HmbibBx2 iQQH Q7 :_PJ�*aX h?2b2 bBKmH�iBQMb r2`2 T2`@

7Q`K2/ mMiBH r2 Q#b2`p2/ i?�i i?2 MmK#2` Q7 +Hmbi2`b `2K�BM2/ bi�#H2 /m`BM; � bm#bi�MiB�H

iBK2 UKm+? H�`;2` i?�M i?2 BMBiB�H iBK2 Q7 7Q`K�iBQM Q7 i?2 +Hmbi2`bVX h?2 H2M;i? Q7 i?2

T`Q/m+iBQM `mM r�b jj9 Mb 7Q` a9@J �M/ d3y Mb 7Q` a9@.X

h?2 `2bmHib �`2 bmKK�`Bx2/ BM 6B;m`2 9X8 �M/ 9XeX JQpB2b Q7 i?2 bBKmH�iBQMb- b?QrBM;

i?2 b2H7@�bb2K#Hv T`Q+2bb �`2 �HbQ �p�BH�#H2 BM i?2 Z_ +Q/2 BM 6B;m`2 9X8X

AM i?2 +�b2 Q7 i?2 bi�M/�`/ J�`iBMB 7Q`+2 }2H/ bBKmH�iBQM Ua9@JV- r2 Q#b2`p2 i?2 7Q`@

K�iBQM Q7 KB+2HH2b 6B;m`2 9X8@U�VX �b b?QrM BM 6B;m`2 9X8@U#V- �7i2` ��� Mb Q7 bBKmH�iBQM

Ub22 6B;m`2 9X8V i?2 MmK#2` Q7 KB+2HH2b �b � 7mM+iBQM Q7 iBK2 ~m+im�i2b �`QmM/ ≈ �� KB+2HH2b

r?B+? +Q``2bTQM/b iQ �M �p2`�;2 �;;`2;�iBQM MmK#2` Q7 ≈ �� *h�" KQH2+mH2b T2` KB+2HH2X

h?2`2 Bb Q7 +Qm`b2 � /Bbi`B#miBQM Q7 bBx2bX 6Q` 2t�KTH2- BM i?2 +QM};m`�iBQM b?QrM BM 6B;m`2

9X8@U�V- r2 ?�p2 � 72r bK�HH bT?2`B+�H KB+2HH2b rBi? QMHv ≈ ��− �� bm`7�+i�Mi KQH2+mH2b �M/

#B; 2HQM;�i2/ KB+2HH2b rBi? ≈ ���− ��� KQH2+mH2bX lM7Q`imM�i2Hv- rBi? Qm` bK�HH MmK#2` Q7

KB+2HH2b �i 2[mBHB#`BmK- r2 /Q MQi ?�p2 2MQm;? bi�iBbiB+b iQ T`QpB/2 �M �++m`�i2 +�H+mH�iBQM

Ryj



*: aBKmH�iBQMb, GQQbBM; /2i�BH iQ ;�BM BMbB;?i

Figure 4.5: (a) Snapshots from self-assembly simula ons with Mar ni force field (S4-M in Table 4.1) at different mes:
t = ��� ns (le ) and t = ��� ns (right). In order to track surfactant exchange and fission and fusion of micelles, we
have coloured the surfactant molecules at short mes in (a), le panel, according to the micelle to which they belong
at that me. In the right panel, corresponding to a later me, we can observe amixture of colours in individual micelles
which indicates exchange of molecules and micelle fission and fusion. In all cases counterions are represented as cyan
dots and in water and AF beads are represented as grey dots. (b) Plot of the number of micelles in simula on S4-M as
a func on of simula on me. The QR code shows the surfactant exchange and fission and fusion of the micelles in (a).

Q7 i?2 bBx2 /Bbi`B#miBQM Q7 i?2 KB+2HH2bX

q2 �HbQ `2+�HH i?�i BM 6B;m`2 9X8@U#V r2 Q#b2`p2 ~m+im�iBQMb BM i?2 MmK#2` Q7 KB+2HH2bX

h?Bb Bb /m2 iQ 7mbBQM �M/ `mTim`2 Q7 KB+2HH2b �M/ 2t+?�M;2 Q7 *h�" KQH2+mH2b #2ir22M i?2

KB+2HH2b Q#b2`p2/ /m`BM; i?2 bBKmH�iBQMb- �b BHHmbi`�i2/ BM 6B;m`2 9X8@U�VX PM+2 i?2 �p2`�;2

MmK#2` Q7 KB+2HH2b Bb bi�#BHBx2/- i?2b2 T`Q+2bb2b �`2 biBHH Q#b2`p2/ BM i?2 iBK2 b+�H2b Q7 i?2

bBKmH�iBQM BM � r�v i?�i K�BMi�BM i?2 �p2`�;2 MmK#2` Q7 KB+2HH2bX h?Bb Bb r?�i Bi b?QmH/

#2 2tT2+i2/ BM � bBim�iBQM BM r?B+? i?2 bBKmH�iBQMb +Q``2+iHv `2T`Q/m+2 � i?2`KQ/vM�KB+

2[mBHB#`BmK bBim�iBQMX

�b +QKT�`2/ rBi? 2tT2`BK2Mi�H `2bmHib- i?2 KB+2HH2b Q#i�BM2/ 7`QK a9@J bBKmH�iBQMb

?�p2 iQQ HQr �;;`2;�iBQM MmK#2`bX �++Q`/BM; iQ 2tT2`BK2Mi�H /�i�- i?2 +QM+2Mi`�iBQM
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+Q``2bTQM/BM; iQ a9@J Bb �#Qp2 i?2 b2+QM/ KB+2HH�` +QM+2Mi`�iBQM Q7 *h�"RR �M/ 2HQM;�i2/

KB+2HH2b rBi? �;;`2;�iBQM MmK#2`b Q7 ≈ ��� �`2 2tT2+i2/X

AM i?2 +�b2 Q7 i?2 .`v J�`iBMB bBKmH�iBQM Ua9@.V- i?2 bBim�iBQM Bb +QKTH2i2Hv /Bz2`2Mi

Ub22 6B;m`2 9XeVX �i b?Q`i iBK2b U≈ �� MbV- r2 Q#b2`p2 i?2 7Q`K�iBQM Q7 bT?2`B+�H KB+2HH2b #mi

�i HQM;2` iBK2b U≈ ���− ��� MbV i?2b2 KB+2HH2b +Q�H2b+2 iQ ;Bp2 QMHv � 72r H�`;2- 2HQM;�i2/

KB+2HH2b Ub22 6B;m`2 9X8VX "mi �i 2p2M HQM;2` iBK2b- i?2 KB+2HH2b 7mb2 ;BpBM; `Bb2 iQ i?`22 H�`;2-

2HQM;�i2/ KB+2HH2bX h?2b2 i?`22 bm`pBpBM; KB+2HH2b �HbQ �;;`2;�i2 U�i ≈ ��� Mb Q7 bBKmH�iBQMV-

;BpBM; `Bb2 iQ � H�`;2` bi`m+im`2 �b b22M BM 6B;m`2 9XeX �b b22M BM i?2 6B;m`2 9Xe- i?2 i?`22

`2K�BMBM; KB+2HH2b K�BMi�BM i?2B` B/2MiBiv BMbB/2 i?Bb H�`;2` bi`m+im`2- rBi?Qmi 7mbBM; BMiQ �

H�`;2` KB+2HH2X h?Bb �;;`2;�i2/ bi�i2 Bb K�BMi�BM2/ mMiBH i?2 2M/ Q7 i?2 bBKmH�iBQM Ud3y MbVX

h?2`27Q`2- i?2 .`v J�`iBMB 7Q`+2}2H/ T`2/B+ib �M mM`2�HBbiB+ +QHH�Tb2 Q7 i?2 bvbi2KX h?Bb

2z2+i ?�b #22M Q#b2`p2/ BM T`2pBQmb rQ`Fb Q7 � /Bz2`2Mi U�MBQMB+V bm`7�+i�Mikk- BM r?B+?

Figure 4.6: Number of micelles as a func on of simula on me for the DryMar ni model (D-Mar ni), simula on S4-D
in Table 4.1. The insets (a) and (b) are snapshots corresponding to t = �� ns and t = ��� ns respec vely. In all cases
counterions are represented as cyan dots. Inset (c) shows an image of the final structure obtained in the case of Dry
Mar ni S4-D simula ons in two different orienta ons (we also add a cartoon for the sake of clarity). The color codes
employed here have the same meaning as in Figure 4.5.
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Bi r�b T`QTQb2/ � KQ/B}+�iBQM Q7 i?2 .`v J�`iBMB 7Q`+2 }2H/ U�M �`iB}+B�H BM+`2�b2 Q7 i?2

/B2H2+i`B+ +QMbi�Mi- i?2 mb2 Q7 SJ1 2H2+i`Qbi�iB+b �M/ � `2T�`�K2i`Bx�iBQMV iQ +Q``2+i 7Q` i?2

2t+2bbBp2 �;;`2;�iBQM #2?�pBQm`X q2 �HbQ i`B2/ iQ BKTH2K2Mi i?2B` KQ/B}+�iBQMb BM i?2 7Q`+2

}2H/ U`2bmHib MQi b?QrMV #mi rBi?Qmi bm++2bb UMQ BKT`Qp2K2Mib BM i?2 Qp2`�HH `2bmHib �M/ �

bm#bi�MiB�H BM+`2�b2 Q7 +QKTmi�iBQM�H iBK2VX �HbQ- Bi Bb BMi2`2biBM; iQ MQi2 i?�i i?2 `2bmHib

T`2b2Mi2/ BM i?2 T`2pBQmb bm#b2+iBQMb BM/B+�i2 i?�i i?2 .`v J�`iBMB 7Q`+2 }2H/ `2T`Q/m+2b

[mBi2 �++m`�i2Hv i?2 `2bmHib 7`QK �HH@�iQKB+ J. bBKmH�iBQMb- BM+Hm/BM; TQi2MiB�Hb Q7 K2�M

7Q`+2 Ub22 6B;m`2 9Xk �M/ 9X9VX �i i?Bb TQBMi- �M/ ;Bp2M i?2 �;`22K2Mi #2ir22M �HH@�iQKB+

�M/ .`v J�`iBMB 7`22 2M2`;v +�H+mH�iBQMb- r2 K�v rQM/2` r?2i?2` i?2 2t+2bb Q7 �;;`2;�iBQM

T`2/B+i2/ #v i?2 .`v J�`iBMB b2H7@�bb2K#Hv bBKmH�iBQMb Bb � T`Q#H2K iQ #2 �ii`B#mi2/ iQ

bQK2 BMi`BMbB+ /272+i Q7 i?2 .`v J�`iBMB KQ/2H Q` Bb � KQ`2 ;2M2`�H T`Q#H2K r?B+? rBHH �HbQ

�`Bb2 BM �� bBKmH�iBQMb B7 r2 ?�/ 2MQm;? +QKTmi�iBQM�H `2bQm`+2b iQ T2`7Q`K b2H7@�bb2K#Hv

bBKmH�iBQMb rBi? i?�i KQ/2HX

9Xj J�`iBMB J. bBKmH�iBQMb Q7 R,R *h�",*?QHc Zm�ibQK2 o2bB+H2

LQr i?�i r2 +QmMi rBi? � T`QT2` KQ/2H Q7 +?QH2bi2`QH �M/ *h�"N- r2 �`2 `2�/v iQ T`Q+22/

rBi? i?2 K�BM Q#D2+iBp2 Q7 i?Bb +?�Ti2`, iQ +�``v Qmi i?2 bBKmH�iBQM Q7 i?2 7mHH Zm�ibQK2

p2bB+H2 BM Q`/2` iQ b?2/ HB;?i QM i?2 +QKTQbBiBQM �M/ KQH2+mH�` Q`;�MBx�iBQM BM i?2 BMM2`

�M/ Qmi2` H�v2` Q7 i?2 Zm�ibQK2 #BH�v2`X h?mb- r2 ?�p2 T2`7Q`K2/ � i?2Q`2iB+�H �M�HvbBb

rBi? KQH2+mH�` `2bQHmiBQM Q7 � 7mHH Zm�ibQK2 p2bB+H2X

Ai Kmbi #2 i�F2M BMiQ �++QmMi i?�i i?Bb bvbi2K `2[mB`2b H�`;2 iBK2 �M/ H2M;i? b+�H2bX

h?mb- r2 rBHH 2KTHQv .`v J�`iBMB 6Q`+2 6B2H/ 7Q` Qm` bBKmH�iBQMb 7Q` irQ K�BM `2�bQMb, QM

QM2 ?�M/ Bi mb2b BKTHB+Bi bQHp2Mi- +QMbB/2`�#Hv `2/m+BM; i?2 iBK2 �M/ H2M;i? b+�H2b- �M/ QM

i?2 Qi?2` ?�M/- Bi ?�b T`Qp2M iQ +Q``2+iHv T`2/B+i bQK2 T`QT2`iB2b Q7 BMi2`2bi Q7 i?2 *h�"

�M/ +?QH2bi2`QH KQH2+mH2bX

>�pBM; +QMbB/2`2/ �M/ i`B2/ i?2 bBKmH�iBQM Q7 i?2 b2H7@�bb2K#Hv Q7 i?2 Za p2bB+H2- /m2

iQ bQK2 HBKBi�iBQMb Bi r�b /2+B/2/ }M�HHv iQ bi�`i i?2 bBKmH�iBQM rBi? i?2 p2bB+H2 �H`2�/v
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#mBHi- mbBM; BKTHB+Bi bQHp2MiX AM i?2 7QHHQrBM; bm#b2+iBQMb- r2 /2b+`B#2 i?2 `2bmHib Q7 i?2

i?2Q`2iB+�H �M�HvbBb- rBi? KQH2+mH�` `2bQHmiBQM- Q7 i?2 7mHH Zm�ibQK2 p2bB+H2X

9XjXR o2bB+H2 "mBH/ mT

>2`2 r2 /2b+`B#2 BM /2i�BH i?2 T`QiQ+QHb �M/ 2KTHQv2/ K2i?Q/QHQ;B2bX h?2 bBKmH�i2/ bvbi2K

+QMbBbib Q7 i?2 Zm�ibQK2 p2bB+H2 K�/2 Q7 #v � R,R `�iBQ Q7 *h�" bm`7�+i�Mi �M/ +?QH2bi2`QH

KQH2+mH2b mbBM; BKTHB+Bi bQHp2MiX AM Qm` KQH2+mH�` /vM�KB+b UJ.V bBKmH�iBQMb- r2 /2b+`B#2

�HH +?2KB+�H bT2+B2b U+?QH2bi2`QH- *h�+ �M/ #`QKB/2 +QmMi2`BQMV mbBM; +Q�`b2@;`�BMBM;-

K2�MBM; i?�i r2 ?�p2 `2/m+2/ UBM +QKT�`BbQM rBi? �M �HH@�iQK /2b+`BTiBQMV i?2 MmK#2` Q7

/2;`22b Q7 7`22/QKX

h?2 2KTHQv2/ 7Q`+2 }2H/ 7Q` i?2 +?QH2bi2`QH �M/ *h�" KQH2+mH2b r�b i?2 .`v J�`iBMB

7Q`+2 }2H/kX AM i?2 +�b2 Q7 i?2 +?QH2bi2`QH r2 2KTHQv2/ i?2 KQ/2H �p�BH�#H2 BM i?2 `272`2M+2k

�M/ BM i?2 +�b2 Q7 i?2 *h�" r2 2KTHQv2/ i?2 QM2 BM `272`2M+2NX

h?2 #mBH/ mT Q7 i?2 bvbi2K +QMbB/2`b T`2pBQmb 2tT2`BK2Mi�H �M/ i?2Q`2iB+�H `2bmHib

�p�BH�#H2 BM `27X8X "�b2/ QM i?Qb2 /�i�- r2 2biBK�i2/ i?2 MmK#2` Q7 KQH2+mH2b +QMi�BM2/

BM � bBM;H2 p2bB+H2 Q7 � Zm�ibQK2 �M/ Bib /B�K2i2`X AM i?Bb r�v- i?2 bi�`iBM; TQBMi Q7 i?2

bBKmH�iBQM Q7 i?2 bBM;H2 Zm�ibQK2 p2bB+H2 Bb KQ`2 `2�HBbiB+X h?2 p2bB+H2 r�b +QMbi`m+i2/ mbBM;

i?2 *>�_J;mB iQQHRd +QMbB/2`BM; ky89 +?QH2bi2`QH �M/ ky89 k-j@/BT?2MvH@k@+v+HQT`QT2M@

R@QM2 U.S*V �b bi�`iBM; +QM};m`�iBQMX �b *h�" KQH2+mH2 Bb MQi �p�BH�#H2 BM *>�_J;mB

iQQH- Qm` bi`�i2;v r�b iQ b2H2+i � bBKBH�` bm`7�+i�Mi UBM i2`Kb Q7 MmK#2` Q7 #2�/bV- Q#i�BM

i?2 bvbi2K rBi? Bi �M/ i?2M `2TH�+2 �HH i?2 .S* KQH2+mH2b 7Q` i?2 *h�" QM2bX G�i2` QM-

r2 �// i?2 +QmMi2`BQMb "`− mbBM; BMb2`i@KQH2+mH2b iQQH 7`QK :_PJ�*a T�+F�;2X AM i?2

2M/- r2 Q#i�BM2/ �b bi�`iBM; TQBMi � bBM;H2 p2bB+H2 bvbi2K +QMi�BMBM; +?QH2bi2`QH �M/ *h�+

KQH2+mH2b UKQH�` `�iBQ R,RV �M/ Bib +QmMi2`BQMb BM BKTHB+Bi bQHp2MiX h?2 /BK2MbBQMb Q7 i?2

+m#B+ bBKmH�iBQM #Qt �`2 jRX3 MK BM i?2 t- v �M/ x@�t2bX h?2 iQi�H MmK#2` Q7 KQH2+mH2b

r�b 9RR3 �M/ i?2 bBKmH�iBQM #Qt +QMi�BMb � iQi�H Q7 k3Xd8e #2�/bX h?2 BMBiB�H Q`B2Mi�iBQM

7Q` i?2 p2bB+H2 r�b +QKTH2i2Hv `�M/QK �M/ /2i2`KBM2/ #v *>�_J;mB iQQH #2BM; i?2 BMBiB�H
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Figure 4.7: Ini al configura on of the Quatsome vesicle made of CTA+ (blue) and cholesterol (orange). On the le ,
snapshot of the full structure that shows the random distribu on assigned from the CHARMgui tool of both compo-
nents. On the right, snapshot of the full structure of the vesicle as well, but only poin ng out the beads corresponding
to the head groups of each component; CTA+ in blue and cholesterol in orange. In this way, is possible to observe the
inner and the outer layer limits.

/B�K2i2` Q7 i?2 p2bB+H2 ky MKX h?2 BMBiB�H +QM};m`�iBQM Q7 i?2 bvbi2K Bb b?QrM BM 6B;m`2

9XdX

9XjXk aBKmH�iBQMbǰ `2bmHib

�HH i?2 bBKmH�iBQMb �`2 T2`7Q`K2/ mbBM; :_PJ�*a bQ7ir�`2kR-R p2`bBQM kyR3X h?2 2[m�@

iBQMb Q7 KQiBQM r2`2 bQHp2/ rBi? � iBK2 bi2T Q7 ky 7bX AM �HH Qm` bBKmH�iBQMb- i?2 i2KT2`�im`2

r�b K�BMi�BM2/ +QMbi�Mi Ujyj EVX h?2 Loh 2Mb2K#H2 r�b mb2/ 7Q` BKTHB+Bi bQHp2Mi bBKm@

H�iBQM- mbBM; i?2 "mbbB@.QM�/BQ@S�``BM2HHQ i?2`KQbi�ijX q2 2KTHQv2/ T2`BQ/B+ #QmM/�`v

+QM/BiBQMb BM �HH /B`2+iBQMbX h?2 H2M;i? Q7 i?2 T`Q/m+iBQM `mM r�b RyyR Mb- r?B+? Bb 2MQm;?

iBK2 iQ Q#b2`p2 i?2 bi�#BHBiv Q7 i?2 p2bB+H2X h?2 }`bi Ryy Mb +Q``2bTQM/2/ iQ i?2 �/DmbiK2Mi

Q7 �`2� T2` ?2�/ ;`QmT Q7 i?2 +QKTQM2Mib- bm+? �b Bi r�b +H2�`Hv Q#b2`p2/ ?Qr i?2 H�v2`b

bHB;?iHv /27Q`K 7`QK i?2 BMBiB�H +QM};m`�iBQM `2bmHiBM; BM � p2bB+H2 Q7 bK�HH2` /B�K2i2` i?�M

ky MK UBMBiB�H }t2/ p�Hm2VX

h?2 `2bmHib Q7 i?2 bBKmH�iBQM b?Qr � bi�#H2 p2bB+H2 rBi? �M �TT`QtBK�i2Hv bT?2`B+�H b?�T2

�b b?QrM BM 6B;m`2 9X3@U�VX q2 Q#b2`p2 ?QKQ;2M2Qmb /Bbi`B#miBQM Q7 i?2 irQ +QKTQM2Mib

UBX2X b2;`2;�iBQM Q` �;;`2;�iBQM Q7 �Mv Q7 i?2 +QKTQM2Mib Bb MQi Q#b2`p2/VX h?2 BMi2`M�H

bi`m+im`2 Q7 i?2 p2bB+H2 Bb � #BH�v2`- �b BHHmbi`�i2/ BM 6B;m`2 9X3@U#VX Ai Bb BKTQ`i�Mi iQ
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Figure 4.8: Simula on Results. (a) Loosing detail to gain insight. Snapshot of an equilibrated (303 K) full Quatsome vesi-
cle and (b) cross sec on of (a). The head groups of the CTA+ and cholesterol molecules are shown as blue and orange
balls, respec vely. Their tails are shown schema cally as cylinders. (c) Radial distribu on of vesicle components. Le :
radial density profile with ϱ(r) calculated as the number of head group beads per nm3. Right: accumulated (integrated)
number of molecules of each component. We also indicate the peaks (R1 and R2) in the CTA+ head group distribu on
corresponding to the inner and outer radius of the vesicle and its minimum corresponding to the separa on between
layers. (d) Detailed snapshot showing the internal molecular organiza on. We select a 7 Å cut of the QS vesicle,
showing regions with perfectly ordered planar bilayers (see zoom) and disordered regions.
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`2+�HH i?�i i?2 p2bB+H2 #BH�v2` Bb BM � ~mB/ bi�i2- �M/ i?2 +QKTQM2Mib b?Qr 7`22 KQ#BHBiv

Q7 i?2 +QKTQM2Mib rBi?BM i?2 H�v2`bX JQH2+mH2b �`2 �#H2 iQ /Bzmb2 �KQM; i?2 H�v2`b �M/

i?2v �`2 �HbQ �#H2 iQ brBi+? 7`QK QM2 H�v2` iQ �MQi?2` BM bQK2 +�b2bX AM �//BiBQM- 6B;m`2

9X3@U#V +H2�`Hv b?Qrb BM � [m�HBi�iBp2 r�v ?Qr +?QH2bi2`QH Bb �Hr�vb bHB;?iHv ?B//2M 7`QK i?2

BMi2`7�+2b Q7 i?2 Za bm`7�+2- � 7�+i i?�i- +�M #2 Q#b2`p2/ #Qi? BM Qmi2` �M/ BMM2` H�v2` Q7

i?2 p2bB+H2X h?2 [m�MiBi�iBp2 �M�HvbBb Q7 i?2 bT�iB�H /Bbi`B#miBQM Q7 i?2 p2bB+H2 +QKTQM2Mib

U6B;m`2 9X3@U+VV �HbQ +QM}`Kb i?Bb KQ`2 BMi2`M�H HQ+�HBx�iBQM Q7 +?QH2bi2`QH Ub22 Q`�M;2 HBM2

BM i?2 };m`2VX h?2 `�/B�H /Bbi`B#miBQM Q7 *h�+ ?2�/ ;`QmTb ?�b T2�Fb �i `�/B�H /Bbi�M+2b Q7

_� 4 8Xk MK �M/ _� 4 3X3 MK U+Q``2bTQM/BM; iQ i?2 BMM2` �M/ Qmi2` H�v2`- `2bT2+iBp2HvVX �i

dX8 MK r2 Q#b2`p2 � KBMBKmK Q7 i?2 /Bbi`B#miBQM Q7 #Qi? +QKTQM2Mib- +Q``2bTQM/BM; iQ i?2

7`QMiB2` #2ir22M i?2 irQ H�v2`bX h?2`27Q`2- i�FBM; BMiQ �++QmMi i?2 bBx2 Q7 i?2 *h�+ ?2�/

;`QmT #2�/ UyX9d MKV- i?2 /B�K2i2` Q7 i?2 bBKmH�i2/ p2bB+H2 +�M #2 2biBK�i2/ �b ∼R3@RN MKX

h?Bb bBx2 +Q``2bTQM/b iQ i?2 bK�HH2` Zm�ibQK2b i?�i ?�p2 #22M Q#b2`p2/ 2tT2`BK2Mi�HHv Ub22

6B;m`2 9XN@U�VVX

6`QK 6B;m`2 9X3@U+V r2 2biBK�i2 � #BH�v2` i?B+FM2bb Q7 9Xyd MK i?B+FM2bb BM �;`22K2Mi

rBi? i?2 QM2b +�H+mH�i2/ BM �� bBKmH�iBQMb8 �M/ 2tT2`BK2MibX q2 ?�p2 �HbQ +�H+mH�i2/

i?2 �++mKmH�i2/ MmK#2` Q7 KQH2+mH2b �b � 7mM+iBQM Q7 i?2 `�/B�H /Bbi�M+2 �p2`�;2 Qp2` �HH

2[mBHB#`BmK +QM};m`�iBQMb U6B;m`2 9X3@U+VVX q2 Q#i�BM 3dR KQH2+mH2b Q7 +?QH2bi2`QH �M/ 3dR

KQH2+mH2b Q7 *h�" BM i?2 BMM2` H�v2` U�M/ +Q``2bTQM/BM;Hv- r2 ?�p2 RR3j KQH2+mH2b Q7 2�+?

+QKTQM2Mi BM i?2 Qmi2` H�v2`VX h?2`27Q`2- �M BKTQ`i�Mi `2bmHi Bb i?�i i?2 KQH�` `�iBQ Q7 i?2

+QKTQM2Mib Q7 i?2 bvbi2K Bb R,R BM #Qi? H�v2`bX Ai K2�Mb i?�i Bi /Q2b 2tBbi bvKK2i`v Q7 i?2

/Bbi`B#miBQM +QKTQbBiBQM BM i?2 Zm�ibQK2 p2bB+H2X

GQQFBM; BM /2i�BH �i 6B;m`2 9X3@U+V- QM2 +�M /Bb+2`M TH�M�` 7�+2b #`2�FBM; i?2 bT?2`B+Biv

Q7 i?2 p2bB+H2 Bib2H7X AM Q`/2` iQ �M�Hvx2 BM KQ`2 /2i�BH i?Bb [m2biBQM- r2 ?�p2 b2H2+i2/ � d

³ b2+iBQM Q7 i?2 p2bB+H2 �M/ xQQK2/ Bi BM 6B;m`2 9X3@U/V- BM Q`/2` iQ [m�HBi�iBp2Hv Q#b2`p2

i?2 +QKTQM2MibǶ Q`;�MBx�iBQM BMbB/2 i?2 p2bB+H2X q2 Q#b2`p2 i?�i i?2 Zm�ibQK2 bvbi2K Q`@

;�MBx2b 7Q`KBM; `2;BQMb rBi? TH�M�` #BH�v2`b �M/ `2;BQMb rBi? /272+ib- BM Q`/2` iQ ;2M2`�i2
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� +HQb2/ p2bB+H2X Ai Bb BKTQ`i�Mi iQ bi`2bb i?�i i?2 +?QH2bi2`QH@*h�" bvMi?QM Bb T`2b2Mi

i?`Qm;?Qmi i?2 r?QH2 p2bB+H2- F22TBM; Bib �mi?2MiB+ Q`B2Mi�iBQM R,R BM i?2 TH�M�` `2;BQMb

�M/ b?QrBM; bi`QM; /27Q`K�iBQMb BM i?2 /272+i `2;BQMbX >Qr2p2`- r2 ?�p2 MQi Q#b2`p2/

�Mv b2;`2;�iBQM Q7 +?QH2bi2`QH Q` *h�" KQH2+mH2b BM i?2 /272+i `2;BQMc i?2 KQH�` `�iBQ Bb

K�BMi�BM2/X h?2 T`2b2M+2 Q7 i?2b2 7�+2ib +�M �HbQ #2 /Bb+2`M2/ 2tT2`BK2Mi�HHv- �b b?QrM BM

+`vQ@h1J BK�;2b Ub22 6B;m`2 9XN@U#V T`QpB/2/ #v i?2 ;`QmT L�MQKQHX

Figure 4.9: (a) Vesicle diameter distribu on histogram determined by analyzing cryo-TEM images of 8700 Chol-CTAB
Quatsomes prepared by sonica on. The experimental vesicle size distribu on is adequately fi ed by a Gaussian distri-
bu on (red line) and shows only small devia ons from the equilibrium radius. (b) Cryo-TEM image showing Quatsome
unilamellar vesicles. Planar faces observed are pointed with yellow arrows. These results have been provided by
Nanomol group (ICMAB-CSIC)
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Pp2`�HH- Qm` +�H+mH�iBQMb bm;;2bi i?�i i?2 T`2b2M+2 Q7 /272+ib Bb i?2 `2bTQMbB#H2 7Q` i?2

+m`p�im`2 Q7 i?2 #BH�v2`X Ai Bb BKTQ`i�Mi iQ bi�M/ Qmi i?�i i?2 bvMi?QM Bb K�BMi�BMBM;

�HH �`QmM/ i?2 H�v2`b- F22TBM; Bib �mi?2MiB+ R,R `�iBQ BM i?2 TH�M�` `2;BQMb �M/ +QKTH2i2Hv

/27Q`K2/ BM i?2 /272+i `2;BQMbX q2 /B/ MQi Q#b2`p2/ b2;`2;�iBQM Q7 +?QH2bi2`QH Q` *h�"

KQH2+mH2b BM i?2 /272+i `2;BQMb- �b i?2 KQH�` `�iBQ Bb K�BMi�BM2/X h?2b2 `2bmHib �`2 +QK@

TH2i2Hv `2�bQM�#H2 �b �M �bvKK2i`v Bb M22/2/ BM Q`/2` iQ BM/m+2 i?2 bTQMi�M2Qmb +m`p�im`2-

Qi?2`rBb2 r2 rQmH/ ?�p2 TH�M�` #BH�v2`b- HBF2 /Bb+b- �M/ MQi p2bB+H2bX q2 �bbmK2 #�b2/ QM

Qm` `2bmHib i?�i r2 ?�p2 � ;2QK2i`B+ �bvKK2i`v i?�i BM/m+2b � bTQMi�M2Qmb +m`p�im`2 iQ

i?2 TH�M�` H�v2`b i?�i QM+2 �`2 +HQb2/ i?2v �`2 bi�#H2 rBi? iBK2X

RRk
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(R) �#`�?�K- JX CX- Jm`iQH�- hX- a+?mHx- _X- S�HH- aX- aKBi?- CX *X- >2bb- "X- � GBM/�?H-
1X UkyR8VX :_PJ�*a, >B;? T2`7Q`K�M+2 KQH2+mH�` bBKmH�iBQMb i?`Qm;? KmHiB@H2p2H
T�`�HH2HBbK 7`QK H�TiQTb iQ bmT2`+QKTmi2`bX aQ7ir�`2s- R@k- RNĜk8X

(k) �`M�`2x- *X- lmbBi�HQ- CX CX- J�bK�M- JX 6X- AM;ƦH7bbQM- >X AX- /2 CQM;- .X >X- J2HQ-
JX LX- S2`BQH2- sX- /2 o`B2b- �X >X- � J�``BMF- aX CX UkyR9VX .`v J�`iBMB- � *Q�`b2@
:`�BM2/ 6Q`+2 6B2H/ 7Q` GBTB/ J2K#`�M2 aBKmH�iBQMb rBi? AKTHB+Bi aQHp2MiX CQm`M�H
Q7 *?2KB+�H h?2Q`v �M/ *QKTmi�iBQM- RRURV- keyĜkd8X

(j) "mbbB- :X- .QM�/BQ- .X- � S�``BM2HHQ- JX UkyydVX *�MQMB+�H b�KTHBM; i?`Qm;? p2HQ+Biv
`2b+�HBM;X h?2 CQm`M�H Q7 *?2KB+�H S?vbB+b- RkeURV- yR9RyRYX

(9) .�BHv- JX .X- PHb2M- "X LX- a+?H2bBM;2`- SX >X- P`v- .X aX- � "�F2`- LX �X UkyR9VX
AKT`Qp2/ *Q�`b2@:`�BM2/ JQ/2HBM; Q7 *?QH2bi2`QH@*QMi�BMBM; GBTB/ "BH�v2`bX CQm`M�H
Q7 *?2KB+�H h?2Q`v �M/ *QKTmi�iBQM- RyU8V- kRjdĜkR8yX

(8) 62``2`@h�bB2b- GX- JQ`2MQ@*�HpQ- 1X- *�MQ@a�`�#B�- JX- �;mBH2HH�@�`xQ- JX- �M;2HQp�-
�X- G2bB2m`- aX- _B+�`i- aX- 6�`�m/Q- CX- o2MiQb�- LX- � o2+B�M�- CX UkyRjVX Zm�ibQK2b,
o2bB+H2b 6Q`K2/ #v a2H7@�bb2K#Hv Q7 ai2`QHb �M/ Zm�i2`M�`v �KKQMBmK am`7�+i�MibX
G�M;KmB`- kNUkkV- e8RNĜe8k3X

(e) 6`2MF2H- .X � aKBi- "X UkyyRVX lM/2`bi�M/BM; JQH2+mH�` aBKmH�iBQMX P`H�M/Q- 6G-
la�, �+�/2KB+ S`2bb- AM+X- kM/ 2/BiBQMX

(d) >ûMBM- CX- 6BQ`BM- :X- *?BTQi- *X- � EH2BM- JX GX UkyRyVX 1tTHQ`BM; JmHiB/BK2MbBQM�H
6`22 1M2`;v G�M/b+�T2b lbBM; hBK2@.2T2M/2Mi "B�b2b QM *QHH2+iBp2 o�`B�#H2bX CQm`@
M�H Q7 *?2KB+�H h?2Q`v �M/ *QKTmi�iBQM- eURV- j8Ĝ9dX

(3) >mKT?`2v- qX- .�HF2- �X- � a+?mHi2M- EX URNNeVX oJ., oBbm�H KQH2+mH�` /vM�KB+bX
CQm`M�H Q7 JQH2+mH�` :`�T?B+b- R9URV- jjĜj3X

(N) AHH�@hmb2i- aX- J�H�bTBM�- .X *X- � 6�`�m/Q- CX UkyR3VX *Q�`b2@;`�BM2/ KQH2+mH�`
/vM�KB+b bBKmH�iBQM Q7 i?2 BMi2`7�+2 #2?�pBQm` �M/ b2H7@�bb2K#Hv Q7 *h�" +�iBQMB+
bm`7�+i�MibX S?vbB+�H *?2KBbi`v *?2KB+�H S?vbB+b- kyU9RV- ke9kkĜke9jyX

(Ry) AM;ƦH7bbQM- >X AX- GQT2x- *X �X- lmbBi�HQ- CX CX- /2 CQM;- .X >X- :QT�H- aX JX- S2`BQH2-
sX- � J�``BMF- aX CX UkyR9VX h?2 TQr2` Q7 +Q�`b2 ;`�BMBM; BM #BQKQH2+mH�` bBKmH�iBQMbX
qBH2v AMi2`/Bb+BTHBM�`v _2pB2rb, *QKTmi�iBQM�H JQH2+mH�` a+B2M+2- 9UjV- kk8Ĝk93X
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(RR) J�;Mmb "2`;bi`ƺK- GX UkyReVX a2+QM/ *J* BM bm`7�+i�Mi KB+2HH�` bvbi2KbX *m``2Mi
PTBMBQM BM *QHHQB/ � AMi2`7�+2 a+B2M+2- kk- 9eĜ8yX

(Rk) J�``BMF- aX CX- _Bbb2H�/�- >X CX- u2}KQp- aX- hB2H2K�M- .X SX- � /2 o`B2b- �X >X UkyydVX
h?2 J�_hALA 6Q`+2 6B2H/,Ƙ *Q�`b2 :`�BM2/ JQ/2H 7Q` "BQKQH2+mH�` aBKmH�iBQMbX h?2
CQm`M�H Q7 S?vbB+�H *?2KBbi`v "- RRRUkdV- d3RkĜd3k9X

(Rj) J�``BMF- aX CX � hB2H2K�M- .X SX UkyRjVX S2`bT2+iBp2 QM i?2 J�`iBMB KQ/2HX *?2KB+�H
aQ+B2iv _2pB2rb- 9kUReV- e3yRĜe3kkX

(R9) LQB/- qX :X UkyRjVX S2`bT2+iBp2, *Q�`b2@;`�BM2/ KQ/2Hb 7Q` #BQKQH2+mH�` bvbi2KbX
h?2 CQm`M�H Q7 *?2KB+�H S?vbB+b- RjNUNV- yNyNyRYX

(R8) S?BHHBTb- CX *X- "`�mM- _X- q�M;- qX- :mK#�`i- CX- h�DF?Q`b?B/- 1X- oBHH�- 1X- *?BTQi-
*X- aF22H- _X .X- E�Hû- GX- � a+?mHi2M- EX Ukyy8VX a+�H�#H2 KQH2+mH�` /vM�KB+b rBi?
L�J.X CQm`M�H Q7 *QKTmi�iBQM�H *?2KBbi`v- keUReV- Rd3RĜR3ykX

(Re) SBb�`ÍBF- JX- .2pőMbFv- 6X- � SmT�F- JX UkyR8VX .2i2`KBM�iBQM Q7 KB+2HH2 �;;`2;�iBQM
MmK#2`b Q7 �HFvHi`BK2i?vH�KKQMBmK #`QKB/2 �M/ bQ/BmK /Q/2+vH bmH7�i2 bm`7�+i�Mib
mbBM; iBK2@`2bQHp2/ ~mQ`2b+2M+2 [m2M+?BM;X PT2M *?2KBbi`v- RjURVX

(Rd) ZB- uX- AM;ƦH7bbQM- >X AX- *?2M;- sX- G22- CX- J�``BMF- aX CX- � AK- qX UkyR8VX
*>�_JJ@:lA J�`iBMB J�F2` 7Q` *Q�`b2@:`�BM2/ aBKmH�iBQMb rBi? i?2 J�`iBMB
6Q`+2 6B2H/X CQm`M�H Q7 *?2KB+�H h?2Q`v �M/ *QKTmi�iBQM- RRUNV- 993eĜ99N9X

(R3) a�7`�M- aX �X- SBM+mb- SX- � �M/2HK�M- .X URNNyVX h?2Q`v Q7 aTQMi�M2Qmb o2bB+H2
6Q`K�iBQM BM am`7�+i�Mi JBtim`2bX a+B2M+2- k93U9N8jV- j89Ĝj8eX

(RN) a�M;r�B- �X oX � am`2b?FmK�`- _X UkyRRVX *Q�`b2@:`�BM2/ JQH2+mH�` .vM�KB+b
aBKmH�iBQMb Q7 i?2 aT?2`2 iQ _Q/ h`�MbBiBQM BM am`7�+i�Mi JB+2HH2bX G�M;KmB`- kdURRV-
eek3Ĝeej3X

(ky) aiQ`K- aX- C�FQ#iQ`r2B?2M- aX- aKB`MQp�- AX- � S�M�;BQiQTQmHQb- �X wX UkyRjVX JQH2+@
mH�` .vM�KB+b aBKmH�iBQM Q7 a.a �M/ *h�" JB+2HHBx�iBQM �M/ S`2/B+iBQM Q7 S�`iBiBQM
1[mBHB#`B� rBi? *PaJPKB+X G�M;KmB`- kNUjdV- RR83kĜRR8NkX

(kR) o�M .2` aTQ2H- .X- GBM/�?H- 1X- >2bb- "X- :`Q2M?Q7- :X- J�`F- �X 1X- � "2`2M/b2M-
>X CX *X Ukyy8VX :_PJ�*a, 6�bi- ~2tB#H2- �M/ 7`22X CQm`M�H Q7 *QKTmi�iBQM�H
*?2KBbi`v- keUReV- RdyRĜRdR3X

(kk) q�M;- aX � G�`bQM- _X :X UkyR8VX *Q�`b2@:`�BM2/ JQH2+mH�` .vM�KB+b aBKmH�iBQM Q7
a2H7@�bb2K#Hv �M/ am`7�+2 �/bQ`TiBQM Q7 AQMB+ am`7�+i�Mib lbBM; �M AKTHB+Bi q�i2`
JQ/2HX G�M;KmB`- jRU9V- RkekĜRkdRX
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a+B2M+2- 7Q` K2- ;Bp2b � T�`iB�H 2tTH�M�iBQM 7Q`

HB72X AM bQ 7�` �b Bi ;Q2b- Bi Bb #�b2/ QM 7�+i- 2tT2@

`B2M+2 �M/ 2tT2`BK2MiX

_Qb�HBM/ 6`�MFHBM

5
Zm�ibQK2b rBi? ?v/`QT?BHB+ /v2b

AM i?2 T`2pBQmb +?�Ti2`b- r2 ?�p2 bim/B2/ i?2 Zm�ibQK2 7`QK � i?2Q`2iB+�H TQBMi Q7 pB2r rBi?

`2bT2+i iQ Bib bmT`�KQH2+mH�` Q`;�MBx�iBQMX �i i?Bb TQBMi- �M/ i?�MFb iQ bQK2 BKTQ`i�Mi

}M/BM;b HBF2 i?2 i?2`KQ/vM�KB+�H bi�#BHBiv Q7 i?2 bvbi2K- r2 �`2 BM � TQbBiBQM iQ BMp2biB;�i2

TQi2MiB�H mb�;2bX

o2bB+H2b HBF2 i?2 Zm�ibQK2 �`2 p2`v T`QKBbBM; M�MQ+�``B2`b /m2 iQ Bib bi`m+im`2 �M/

7mM+iBQM�HBx�#H2 bm`7�+2X AM i?Bb +?�Ti2`- r2 �`2 ;QBM; iQ bim/v i?Bb +�T�+Biv- mbBM; i?2

Zm�ibQK2 �b �M �TT`Q�+? 7Q` M�MQbi`m+im`BM; ~mQ`2b+2Mi T`Q#2bX 6HmQ`2b+2Mi T`Q#2b �`2

KQH2+mH2b i?�i �#bQ`# HB;?i Q7 � bT2+B}+ r�p2H2M;i? �M/ 2KBi HB;?i Q7 � /Bz2`2Mi UivTB+�HHv
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Zm�ibQK2b rBi? ?v/`QT?BHB+ /v2b

HQM;2`V r�p2H2M;i?- � T`Q+2bb FMQrM �b ~mQ`2b+2M+2- �M/ �`2 mb2/ K�BMHv iQ bim/v #BQHQ;B@

+�H b�KTH2bX h?2 KQH2+mH2b- �HbQ FMQrM �b ~mQ`QT?Q`2b- +�M #2 �ii�+?2/ iQ � M�MQ+�``B2`

bi`m+im`2 �M/ �+i �b � K�`F2` 7Q` �M�HvbBb rBi? ~mQ`2b+2M+2 KB+`Qb+QTv- BX2 #BQBK�;BM;kyX

*QMbB/2`BM; i?2 TQbBiBp2 +?�`;2/ bm`7�+2 Q7 i?2 Za K2K#`�M2 r2 T`QTQb2 mbBM; i?2 Zm�i@

bQK2 p2bB+H2 7Q` M�MQbi`m+im`BM; ?v/`QT?BHB+ /v2b BM �[m2Qmb K2/B�- BM T�`iB+mH�` mbBM; i?2

~mQ`2b+2BM KQH2+mH2 Ub22 6B;m`2 8XRVX

Figure 5.1: Fluorescein dianion chemical structure. It is an organic dye that emits intense green fluorescence in the

presence of alkaline solutions.

h?2 ~mQ`2b+2BM /v2 ?�b #22M bim/B2/ 7Q` b2p2`�H /2+�/2b MQr- �M/ Bi Bb QM2 Q7 i?2 KQbi

mb2/ ~mQ`2b+2Mi T`Q#2b /m2 iQ i?2 KQ/2bi #`B;?iM2bb- H�`;2 �#bQ`TiBQM BM i?2 pBbB#H2 `�M;2

�M/ 2�bv +?2KB+�H KQ/B}+�iBQM 7Q` H�#2HHBM; Q7 #BQKQH2+mH2bkk-ReX �b �M 2t�KTH2- �#bQ`TiBQM

�M/ ~mQ`2b+2M+2 bT2+i`� Q7 ~mQ`2b+2BM BM +2ivHi`BK2i?vH�KKQMBmK +?HQ`B/2 U*h�*V KB+2HH2b

?�p2 #22M Q#i�BM2/- �M/ Bi r�b 7QmM/ i?�i ~mQ`2b+2BM r�b bQHm#BHBx2/ �i i?2 BMM2` #Q`/2`

Q7 i?2 ai2`M `2;BQM9 Q7 i?2 *h�*RRX h?Bb +�b2 Bb `2H2p�Mi 7Q` i?2 T`2b2Mi +?�Ti2`- �b Qm`

Za bvbi2K +QMi�BMb *h�" KQH2+mH2b- �M/ i?mb i?2 #2?�pBQm` /2b+`B#2/ BM i?2 K2MiBQM2/

rQ`F +�M #2 i�F2M �b � ;mB/2X

>Qr2p2`- HBi2`�im`2 `2TQ`ib b2p2`�H T?2MQK2M� �#Qmi i?2 ~mQ`2b+2BM KQH2+mH2 i?�i +�M

+QMbiBimi2 � /`�r#�+F 7Q` Qm` Tm`TQb2bX BX2X- T?QiQ#H2�+?BM; /m`BM; T`QHQM;2/ BHHmKBM�iBQM-
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*?�Ti2` 8

r?B+? K�F2b i?2K BM+�T�#H2 Q7 +QMiBMmQmb Q#b2`p�iBQM �M/ HQM;@i2`K BK�;BM; 7Q` bim/B2b Q7

HBpBM; +2HHbke Q` i?2 �#BHBiv 7Q` b2H7@�bbQ+B�iBQM BM bQHmiBQMX AM T�`iB+mH�`- i?Bb H�bi T?2MQK2M�

K2MiBQM2/ Bb +�HH2/ �;;`2;�iBQM �M/ �z2+i i?2 T?QiQT?vbB+�H T`QT2`iB2b Q7 /v2bX 6Q` i?Bb

`2�bQM- i?2 M�im`2 �M/ +QMb2[m2M+2b Q7 i?2 �;;`2;�iBQM T?2MQK2M�R8-e Q7 ~mQ`2b+2BM /v2b

�`2 BMi`Q/m+2/ ?2`2X

�;;`2;�iBQM Bb � +QKKQM T?2MQK2MQM Q#b2`p2/ BM t�Mi?2M2k9-R /v2b BM �[m2Qmb bQHm@

iBQM- �M/ ~mQ`2b+2BM #2HQM;b iQ i?�i 7�KBHvX .2bTBi2 i?Bb T?2MQK2MQM- t�Mi?2M2 /v2b ?�p2

p�`B2iv Q7 i2+?MB+�H �TTHB+�iBQMb HBF2 #2BM; i?2 #mBH/BM; #HQ+Fb 7Q` b2MbQ` +QMbi`m+iBQM8X h?2

�;;`2;�iBQM K�BMHv +QK2b BM i?2 7Q`K Q7 /BK2`b- 2t+2Ti �i ?B;? +QM+2Mi`�iBQMb BM bQHp2Mib

rBi? � ?B;? /B2H2+i`B+ +QMbi�MiX *QmHQK#B+ 7Q`+2b +QmMi2`�+i i?2 �ii`�+iBQM #2ir22M +?�`;2/

/v2b- #mi � bQHp2Mi rBi? � ?B;? /B2H2+i`B+ +QMbi�Mi- bm+? �b r�i2` rBHH HQr2` i?Bb `2TmHbBQMX

a2H7@�;;`2;�iBQM Bb MQi � T?2MQK2M� HBKBi2/ iQ /v2b- BX2X- ?v/`Q;2M@#QM/BM; +�mb2b �;;`2;�@

iBQM BM +�`#QtvHB+ �+B/bR9 U6B;m`2 8XR b?Qrb i?�i i?2 ~mQ`2b+2BM KQH2+mH2 ?�b � +�`#QtvHB+

;`QmTVX h?2 bi`2M;i? Q7 i?2 �;;`2;�iBQM #2ir22M i?2 irQ /v2 KQH2+mH2b /2T2M/b QM i?2 M�@

im`2 Q7 i?2 /v2- i?2 bQHp2Mi Ui?2 T`2b2M+2 Q7 ?v/`QtvH ;`QmTb BM i?2 bQHp2Mi KQH2+mH2b TH�vb

�M BKTQ`i�Mi `QH2 BM T`QKQiBM; �;;`2;�iBQM r?2`2�b i?2 T`2b2Mi Q7 i?2 ;Hv+2`QH T`2p2Mib

BiV- +QM+2Mi`�iBQMk9 �M/ i?2 +QQ`/BM�iBQM rBi? K2i�H@BQMbd-keX h?2 �;;`2;�iBQM T?2MQK2M�

Q7 ~mQ`2b+2BM KQH2+mH2b BM r�i2` bQHp2Mi ?�b #22M r2HH bim/B2/ 7`QK #Qi? �M 2tT2`BK2M@

i�Hk9 �M/ i?2Q`2iB+�H TQBMi Q7 pB2r- +QM+Hm/BM; i?�i ~mQ`2b+2BM �;;`2;�i2b BM r�i2` 7Q`KBM;

bvKK2i`B+ bi`m+im`2b i?�i �`2 bi�#BHBx2/ #v π − π 2/;2@iQ@7�+2 BMi2`�+iBQMbeX

�M BM+`2�b2 BM ~mQ`2b+2BM +QM+2Mi`�iBQM T`Q/m+2b +?�M;2b BM i?2 2H2+i`QMB+ �#bQ`TiBQM

�M/ 2KBbbBQM bT2+i`�X h?2b2 +?�M;2b ?�p2 #22M �ii`B#mi2/ iQ /BK2` #mi �HbQ i`BK2` 7Q`K�@

iBQMR8X _Q?�i;BR3 �M/ �`#2HQ�R8 T`QTQb2/ 72�bB#H2 /BK2` �M/ i`BK2` bi`m+im`2b BM i2`Kb Q7

/Bbi�M+2b #2ir22M i?2 KQMQK2`bǶ +2Mi`2b Q7 K�bbX �M�HvbBb Q7 +?�M;2b BM i?2 �#bQ`TiBQM

bT2+i`mK rBi? `2bT2+i iQ /v2 +QM+2Mi`�iBQM �HHQrb iQ Q#i�BM i?2 2[mBHB#`BmK +QMbi�Mi 7Q`

i?2 �bbQ+B�iBQM T`Q+2bb �M/ iQ /2`Bp2 i?2 �#bQ`TiBQM �M/ Q++�bBQM�HHv i?2 2KBbbBQM bT2+@

i`mK Q7 i?2 �;;`2;�i2bX 6Q` ?2�/@iQ@i�BH /BK2`b UC@ivT2VRy- i?2 i`�MbBiBQM iQ ?B;?2` 2M2`;v
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Zm�ibQK2b rBi? ?v/`QT?BHB+ /v2b

2t+Bi2/ bi�i2 Bb 7Q`#B//2M �M/ i?2 bT2+i`mK b?Qrb � bBM;H2 #�M/ `2/@b?B7i2/ rBi? `2bT2+i iQ

i?2 KQMQK2`X

�i i?2 b�K2 iBK2- i?Bb `2bmHib BM b2H7@[m2M+?2/ ~mQ`2b+2M+2N-jX 6HmQ`2b+2M+2 [m2M+?BM;

`272`b iQ �Mv T`Q+2bb i?�i /2+`2�b2b i?2 ~mQ`2b+2M+2 BMi2MbBiv Q7 � b�KTH2X >Qr2p2`- i?Bb

T`Q+2bb Bb `2p2`bB#H2- �b i?2 [m2M+?BM;@+�mb�iBp2 KQH2+mH�` BMi2`�+iBQMb +�M #2 +QMi`QHH2/-

7Q` BMbi�M+2 #v 7mM+iBQM�HBxBM;kk i?2 ~mQ`QT?Q`2 Q` 2M+�TbmH�iBM;Rd Bi iQ T`Q/m+2 BM+`2�b2/

2H2+i`Qbi�iB+ `2TmHbBQM �M/ r�i2` bQHm#BHBivX

h?2 mb�;2 Q7 i?2 Za /2+Q`�i2/ rBi? ~mQ`2b+2BM Bb T`QTQb2/ �b � bQHmiBQM iQ KBMBKBx2 i?2

b2H7@�;;`2;�iBQM �M/ i?2 ~mQ`2b+2M+2 [m2M+?BM;X �b b�B/- i?Qb2 T?QiQT?vbB+�H T`QT2`iB2b Q7

bK�HH@KQH2+mH2 ~mQ`QT?Q`2b HBF2 ~mQ`2b+2BM K�v MQi `2K�BM bi�#H2 rBi? iBK2- �M/ � bi`�i2;v

iQ �pQB/ i?�i Bb iQ i`�T i?2 /v2 BMiQ � M�MQbi`m+im`2 iQ KBMBKBx2 [m2M+?BM;X

AM i?Bb +?�Ti2` MQi QMHv r2 T`QTQb2 i?2 Zm�ibQK2 bvbi2K �b �M QTiBKBx2/ M�MQbi`m+im`2-

#mi �HbQ r2 rBHH +�``v Qmi � bim/v Q7 i?2 M�im`2 Q7 i?2 #BM/BM; Q7 ~mQ`2b+2BM iQ i?2 bvbi2K-

#2+�mb2 2tT2`BK2Mi�H `2bmHib ?�p2 T`Qp2/ i?2 [m2M+?BM; Q7 i?2 /v2@HQ�/2/ Za bvbi2KX h?Bb

bm;;2bib � #BM/BM; +QMbBbiBM; Q7 � 2H2+i`Qbi�iB+ BMi2`�+iBQM- #mi /22T2` mM/2`bi�M/BM; Bb

M22/2/ iQ i`mHv 2tTH�BM bm+? `2bmHiX �i i?2 b�K2 iBK2- i?2 BKTQ`i�M+2 Q7 2H2+i`Qbi�iB+

�M/fQ` ?v/`QT?Q#B+ BMi2`�+iBQMb QM i?2 �;;`2;�iBQM T`Q+2bb rBHH #2 bim/B2/X

aQ/BmK ~mQ`2b+2BM Bb ?B;?Hv bQHm#H2 BM r�i2`- bQ i?�i BM bQHmiBQM Bi Bb 7mHHv /BbbQ+B�i2/ BM

irQ bQ/BmK BQMb �M/ � ~mQ`2b+2BM KQH2+mH2- r?B+? �`2 BM 2[mBHB#`BmK #2ir22M i?2 �MBQMB+

�M/ /B�MBQMB+ bi�i2kR-eX h?�i H�bi bi�i2 Bb i?2 QM2 r2 �`2 BMi2`2bi2/ BMX AM i?Bb rQ`F-

r2 KQ/2HH2/ i?2 6HmQ`2b+2BM /B�MBQM U6H�−V 7`QK b+`�i+?- �M/ r2 T2`7Q`K2/ Qm` bim/v BM

r�i2` �HQM2 �M/ BM r�i2` BM +QMi�+i rBi? � +�i�MBQMB+ K2K#`�M2 UZm�ibQK2V- BM Q`/2` iQ

mM/2`bi�M/ i?2 2H2+i`Qbi�iB+ �M/fQ` ?v/`QT?Q#B+ BMi2`�+iBQMb QM i?2 �;;`2;�iBQM T`Q+2bbX

�HH@�iQKB+ KQH2+mH�` /vM�KB+b UJ.V bBKmH�iBQMb T`QpB/2 /22T bi`m+im`�H /2i�BH Q7 i?2 BMi2`@

�M/ BMi`�@KQH2+mH�` BMi2`�+iBQMbX
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*?�Ti2` 8

8XR JQ/2H �M/ 7Q`+2 7B2H/ 7Q` 7HmQ`2b+2BM /B�MBQM

h?2 ~mQ`2b+2BM KQH2+mH2 ?�b #22M mb2/ 7`2[m2MiHv �i i?2 2tT2`BK2Mi�H H2p2HX >Qr2p2`- i?Bb

Bb MQi i?2 +�b2 �i i?2 i?2Q`2iB+�H H2p2H- �M/ � p�HB/ KQ/2H Q7 i?2 ~mQ`2b+2BM /B�MBQM KQH2+mH2

r�b MQi 7QmM/ BM i?2 HBi2`�im`2X 6Q` i?Bb `2�bQM- Bi r�b M2+2bb�`v iQ /2p2HQT Qm` QrM KQ/2H

�M/ 7Q`+2 }2H/ +QKT�iB#H2 rBi? *>�_JJX h?2 7QHHQr2/ bi`�i2;v iQ Q#i�BM i?2 ~mQ`2b+2BM

/B�MBQM U6H�−V T�`�K2i2` b2i Bb 2tTH�BM2/ BM i?Bb b2+iBQMX q2 bi�`i2/ #v ;2M2`�iBM; � }`bi b2i

Q7 T�`�K2i2`b mbBM; i?2 �miQK�i2/ *>�_JJ 6Q`+2 6B2H/ iQQH *:2M66 T`Q;`�K- �p�BH�#H2

7Q` QMHBM2 mb2k8 - 7Q` i?2 M2mi`�H ~mQ`2b+2BM KQH2+mH2 U6H�V- 7Q` ~mQ`2b+2BM �MBQM KQH2+mH2

U6H�−V #v `2KQpBM; i?2 > �iQK Q7 i?2 +�`#QtvH ;`QmT �M/ }M�HHv 7Q` i?2 ~mQ`2b+2BM /B�MBQM

KQH2+mH2 U6H�−V #v `2KQpBM; i?2 > �iQKb 7`QK i?2 ?v/`QtvH �M/ +�`#QtvH ;`QmT U`2KQp2/

7`QK �iQKb PR �M/ P8- `2bT2+iBp2Hv- �b b?QrM BM 6B;m`2 8XkVX

Figure 5.2: Fluorescein dianion structure with atomic number scheme.

aQK2 Q7 i?2 T�`�K2i2`b Q#i�BM2/ mbBM; i?Bb T`Q+2/m`2 b?Qr2/ ?B;? T2M�Hiv p�Hm2b BM

bQK2 �`2�b rBi?BM i?2 KQH2+mH2 bi`m+im`2- 7Q` i?2 i?`22 /Bz2`2Mi T`QiQM�i2 bi�i2b Ub22 6B;m`2

8XjVX h?Qb2 �`2�b rBi? ?B;? T2M�HiB2b r2`2 p2`v bBKBH�` BM i?2 i?`22 KQH2+mH2bX �b 2tTH�BM2/
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Zm�ibQK2b rBi? ?v/`QT?BHB+ /v2b

BM i?2 K2i?Q/QHQ;v- BM +?�Ti2` k- iQ ?�p2 � p�Hm2 rBi? � T2M�Hiv K2�Mb i?�i bQK2 +?2+Fb �`2

`2[mB`2/ �M/ QM2 ;QQ/ bi`�i2;v +QmH/ #2 iQ 7QHHQr i?2 *>�_JJ T?BHQbQT?v K2i?Q/QHQ;vkdX

6QHHQrBM; i?2 *>�_JJ T?BHQbQT?v K2�Mb i?�i i?2 ~mQ`2b+2BM KQH2+mH2 Bb /BpB/2/ BMiQ

r2HH FMQrM 7`�;K2Mib Ub22 6B;m`2 8XjV �M/ i?2 KQH2+mH�` iQTQHQ;B2b Q7 i?Qb2 7`�;K2Mib �`2

`2+�H+mH�i2/ �;�BMX AM i?�i r�v- �b b?QrM BM i?2 };m`2- bQK2 7`�;K2Mib HBF2 i?2 #2M+2MQH �M/

#2M+2M�H ?�p2 ;QQ/ T�`�K2i2` b2ib UK2�MBM; MQ T2M�HiB2bV- r?BH2 Qi?2`b HBF2 i?2 �Mi?`�+2M2

/Q ?�p2 T2M�HiB2bX h?mb- r2 rBHH 7Q+mb BM QTiBKBxBM; i?Qb2 H�bi QM2b- �b Bi rBHH #2 2tTH�BM2/

BM � H�i2` T�`�;`�T?X

Figure 5.3: Scheme of the fluorescein molecule (blue outline) partition into well known molecules like: bencenal and

anthracene following theCHARMMphilosophymethodology. Moleculeswith red outline showhigh penalties in their

molecular topologywhile theoneswithgreenoutlinedonot. Allmolecules’ structuresarerepresented inCPKshowing

the oxygen atoms in red, the hydrogen atoms in white and the carbon atoms in cyan.

�//BiBQM�HHv- i?2 p�Hm2b Q#i�BM2/ 7Q` 6H�− U*:2M66V r2`2 +QKT�`2/ iQ i?Qb2 BM arBbb@

S�`�Kk3 b2`p2` 7Q` i?2 b�K2 ~mQ`2b+2BM bi`m+im`2X h?2 b2`p2` /2`Bp2b /�i� 7`QK i?2 J2`+F

JQH2+mH�` 6Q`+2 6B2H/ UJJ66VRk- r?B+? Bb 7mHHv +QKT�iB#H2 rBi? *>�_JJ �HH@�iQKB+

7Q`+2 }2H/X JBMBKmK /Bz2`2M+2b UBM i?2 Q`/2` Q7 Ry−�V r2`2 Q#b2`p2/ #2ir22M i?2 p�Hm2b

Q7 #Qi? T�`�K2i2` b2ib- 2t+2Ti 7Q` i?2 /B?2/`�H 7`QK 2i?2` iQ F2iQM2 ;`QmT �M/ +�`#QtvH

Rky



*?�Ti2` 8

;`QmT U/2T`QiQM�i2 �`2�VX

6m`i?2`KQ`2- i?2 bi`m+im`2 r�b QTiBKBx2/ �M/ i?2 pB#`�iBQM�H 7`2[m2M+B2b r2`2 +�H+m@

H�i2/ 7Q` i?2 ~mQ`2b+2BM KQH2+mH2 �M/ 7Q` i?2 i?`22 /Bz2`2Mi T`QiQM�i2 bi�i2bX h?Bb r�b

/QM2 rBi? :�mbbB�MyN T`Q;`�K3- bi�`iBM; 7`QK i?2 M2mi`�H bi`m+im`2 �M/ Bi2`�iBp2Hv mbBM;

i?2 `2bmHib 7`QK QM2 bi2T BM i?2 7QHHQrBM; QM2- 2M/BM; rBi? i?2 /B@/2T`QiQM�i2/ bi`m+im`2X

h?2 +�H+mH�iBQMb r2`2 T2`7Q`K2/ mbBM; /2MbBiv 7mM+iBQM�H i?2Q`v .6h rBi? _Jyeks 7mM+@

iBQM�H �M/ i?2 e@jRRY:U/-TV #�bBb b2iX h?2 +�H+mH�iBQM r�b T2`7Q`K2/ BM i?2 T`2b2M+2 Q7

� bQHp2Mi Ur�i2`V mbBM; bT2+B}+ F2vrQ`/ Q7 :�mbbB�MX Ai r�b Q#b2`p2/ i?�i i?2 pB#`�iBQM�H

7`2[m2M+B2b Q7 #Qi? KQH2+mH2bc 6H�− �M/ 6H�−- r2`2 M2�`Hv i?2 b�K2X

>�pBM; 2tTH�BM2/ �HH i?2 T`2pBQmb- i?2 bmKK�`v Bb i?`227QH/, }`biHv- i?2 KQH2+mH�`

iQTQHQ;v Q#i�BM2/ 7`QK i?2 *:2M66 7Q`+2 }2H/ 7Q` 6H�− �M/ 6H�− ?�p2 bBKBH�` T2M�HBiB2b-

b2+QM/Hv i?2 KQ/2H Q7 i?2 6H�− Q#b2`p2/ BM arBbbS�`�K Bb p2`v +HQb2 iQ i?2 6H�− 7`QK

*:2M66- �M/ i?B`/Hv i?2 ;2QK2i`v QTiBKBx�iBQM 7`QK :�mbbB�M Bb �HKQbi i?2 b�K2 7Q` 6H�−

�M/ 6H�−X 6Q` i?2b2 `2�bQMb- r2 b2H2+i i?2 T�`�K2i2` b2i 7`QK i?2 6H�− U*:2M66V KQH2+mH2

�b � bi�`iBM; TQBMi 7Q` i?2 KQ/2HHBM; Q7 i?2 ~mQ`2b+2BM /B�MBQM KQH2+mH2X �b b?QrM- i?2`2 Bb

� ;QQ/ �;`22K2Mi #2ir22M T�`�K2i2` b2ib Q7 6H�− �M/ 6H�− KQH2+mH2b- �b i?2 QMHv /Bz2`2M+2

Bb i?2 /2T`QiQM�iBQM Q7 i?2 ?v/`QtvH ;`QmT #2ir22M #Qi? bi`m+im`2bX

AM Q`/2` iQ ;Q 7m`i?2` rBi? i?2 p�HB/�iBQM Q7 i?2 6H�− U*:2M66V T�`�K2i2` b2i- i?2 [m�M@

imK K2+?�MB+b UZJV 2M2`;B2b r2`2 +QKT�`2/ iQ i?2 2M2`;B2b Q7 i?2 KQH2+mH�` K2+?�MB+b

UJJV 7Q`+2 }2H/ 7Q` i?2 ;2QK2i`B2b 7`QK 6H�− U*:2M66V �M/ 6H�− U:�mbbB�MV- �M/ i?2 7Q`+2

}2H/ T�`�K2i2`b Q7 i?2 /B?2/`�H �M;H2b r2`2 �/Dmbi2/ iQ Q#i�BM �M QTiBK�H }i Q7 i?2 JJ

2M2`;B2b iQ i?2 ZJ 2M2`;B2b- �++Q`/BM; iQ � `B;B/ TQi2MiB�H 2M2`;v b+�M US1aV T`Q+2/m`2

�i i?2 b�K2 i?2Q`2iB+�H H2p2H �b i?2 6H�− ;2QK2i`v QTiBKBx�iBQM #v :�mbbB�MX h?2 /B?2/`�H

�M;H2 TQi2MiB�H Bb KQbiHv mb2/ iQ +QMbi`�BM i?2 `Qi�iBQM �`QmM/ � #QM/X q2 +QMbB/2`2/ �HH

i?2 /B?2/`�H �M;H2b i?�i M22/2/ � +?2+F- i?Qb2 iQ r?B+? T2M�HiB2b ?�/ #22M �bbQ+B�i2/ Ui2M

BM iQi�HVX 6Q` i?�i- r2 +�H+mH�i2/ i?2 TQi2MiB�H Q7 i?2 /B?2/`�H i?�i /2b+`B#2b i?2 iQ`bBQM�H

�M/ #QM/2/ BMi2`�+iBQMb #v JJ �M/ ZJX �b Bi Bb � `B;B/ 7`�K2rQ`F r?2`2 +�`#QM �iQKb
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Figure5.4: DihedralPESs for thefluoresceindianionmodel compound. Orange line representsQMdataandthepurple

lines forMMdata. The blue one refers to fit in betweenQM/MMdata.

�`2 bT� ?v#`B/Bx2/- r?B+? T`272`b TH�M�` +QM};m`�iBQM �M/ T`2p2Mib i?2 /B?2/`�H �M;H2 iQ

/2pB�i2 �#Qp2 R3y◦- r2 ;Qi � `�M;2 7`QK @9y◦ iQ 9y◦ rBi? �M BM+`2K2Mi Q7 k /2;`22bX h?2M-

r2 +QKT�`2/ i?2 7Q`+2 +QMbi�Mi- EK,O #2ir22M JJ �M/ ZJX 6Q` JJ- i?2 +QMbi�Mi Bb Q#@

i�BM2/ 7`QK i?2 2tT`2bbBQM BM 1[m�iBQM kXe BM +?�Ti2` k Ur?B+? ?�b #22M `2T2�i2/ BM 6B;m`2

8X9V- �M/ 7Q` ZJ i?2 +QMbi�Mi Bb Q#i�BM2/ 7`QK S1a T`Q+2/m`2X �7i2`r�`/b- r2 K�Mm�HHv

�/Dmbi2/ i?2 7Q`+2 +QMbi�Mi p�Hm2- b2�`+?BM; 7Q` � p�Hm2 BM #2ir22M i?Qb2 i?`QrM #v JJ

�M/ ZJ- BM Q`/2` iQ BKT`Qp2 i?2 T�`�K2i2`b Q7 i?2 /B?2/`�H �M;H2bX 6B;m`2 8X9 b?Qrb �M

2t�KTH2 Q7 i?2 /2b+`B#2/ T`Q+2bb- �KQM; i?2 Ry i?�i r2`2 T2`7Q`K2/X

6BM�HHv- +?�`;2b r2`2 +QKTmi2/ 7Q` i?2 QTiBKBx2/ ;2QK2i`v Q7 6H�− U:�mbbB�MV mbBM; i?2

J2`x@EQHHK�M +?�`;2 KQ/2HRjX �HH i?2 T�`�K2i2`b mb2/ 7Q` i?2 ~mQ`2b+2BM /B�MBQM KQH2+mH2

KQ/2H �`2 �p�BH�#H2 BM i?Bb `2TQbBiQ`v, ?iiTb,ff#Bi#m+F2iXQ`;fB+K�#nbQ7inK�ii2`ni?2Q`vf~m@

Q`2b+2BMfb`+fK�bi2`fX q2 TQBMi Qmi i?�i i?2 #mBH/@mT Q7 i?2 7Q`+2 }2H/ ?�b #22M /QM2 K�Mm@

�HHv- BM +QKT�`BbQM rBi? i?2 �miQK�i2/ +�b2 Q7 arBbbS�`�K- #v K2`;BM; �HH i?2 BM7Q`K�iBQM

Q#i�BM2/ �M/ /2b+`B#2/ #27Q`2- �M/ Bi Bb `2�/v iQ #2 mb2/X
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8Xk JQH2+mH�` .vM�KB+b aBKmH�iBQM Q7 6HmQ`2b+2BM BM r�i2`

h?2 T`2pBQmbHv /2p2HQT2/ KQ/2H ?�b #22M 2KTHQv2/ 7Q` bim/vBM; i?2 #2?�pBQm` Q7 i?2 ~m@

Q`2b+2BM #Qi? BM r�i2` �M/ BM i?2 Zm�ibQK2 #BH�v2`X JQH2+mH�` /vM�KB+b bBKmH�iBQMb ?�p2

#22M T2`7Q`K2/ BM #Qi? 2MpB`QMK2Mib- �M/ BM i?Bb b2+iBQM r2 bi�`i #v i?Qb2 BM r�i2`X

aQK2 ;2M2`�H +QKTmi�iBQM�H /2i�BHb, r2 T2`7Q`K2/ ��@J. bBKmH�iBQMb mbBM; L�J.

kXRR bQ7ir�`2c i?2 2[m�iBQMb Q7 KQiBQM r2`2 bQHp2/ mbBM; � iBK2 bi2T Q7 k 7b �M/ bi`m+im`2b

r2`2 b�p2/ 2p2`v Ry Tbc 2H2+i`Qbi�iB+ BMi2`�+iBQMb r2`2 +QKTmi2/ mbBM; i?2 SJ1 K2i?Q/

rBi? mbm�H b2iiBM;b BM L�J. UR ³ `2bQHmiBQM- mT/�i2/ 2�+? k iBK2 bi2TbVc G2MM�`/@CQM2b

BMi2`�+iBQMb r2`2 i`mM+�i2/ �i RXk MK 2KTHQvBM; � brBi+?BM; 7mM+iBQM bi�`iBM; �i RXy MKc

T2`BQ/B+ #QmM/�`v +QM/BiBQMb r2`2 2KTHQv2/ BM �HH /B`2+iBQMb- i2KT2`�im`2 r�b F2Ti +QMbi�Mi

�i kN3 E mbBM; � G�M;2pBM i?2`KQbi�i rBi? � `2H�t�iBQM iBK2 Q7 R Tb �M/ � T`2bbm`2 Q7 R

�iK r�b BKTQb2/ mbBM; i?2 BbQi`QTB+ LQbû@>QQp2`@G�M;2pBM TBbiQM BKTH2K2Mi2/ BM L�J.

UQb+BHH�iBQM T2`BQ/ Q7 Ryy 7b �M/ /2+�v iBK2 Q7 8y 7bVX

aBKmH�iBQMb ?�p2 #22M +�``B2/ Qmi #v HQ�/BM; /Bz2`2Mi [m�MiBiB2b Q7 /v2 KQH2+mH2bc mbBM;

i?2 ~mQ`2b+2BM /B�MBQM KQ/2H �M/ 7Q`+2 }2H/ /2b+`B#2/ BM i?2 T`2pBQmb b2+iBQMX �M/ r2 ?�p2

bQHp�i2/ i?2K BM � +m#B+ #Qt rBi? hASjS r�i2` KQH2+mH2b bQ i?2 ~mQ`2b+2BM KQH2+mH2b �`2

7`22 iQ i`�MbH�i2 �M/ `Qi�i2X h?2 bBx2 Q7 bBKmH�iBQM i?2 #Qt r�b �/Dmbi2/ BM Q`/2` iQ ?�p2

�Hr�vb i?2 b�K2 r�i2` +QM+2Mi`�iBQM rBi? i?2 �BK Q7 b22BM; i?2 +QM+2Mi`�iBQM 2z2+i BM i?2

#2?�pBQm` Q7 i?2 /v2bX .2i�BHb Q7 i?2 bBKmH�iBQMb �`2 /2b+`B#2/ BM h�#H2 8XRX

Table 5.1: Computational details of the systems considered in the MD simulations, including number of fluorescein

molecules, counterions andwatersmolecules, total number of atoms, simulation time and the simulation box size.

6H2− L�+ q�i2` KQH2+X �iQKb UiQi�HV aBK iBK2 fMb "Qt bBx2 fMK3

6HmnR R k eNd9 kyN8N 9NXN8 kye
6Hmnk k 9 dye9 kRj8e 93Xdd kRR
6Hmnj j e NjN3 k3jy8 9eX3y kdN
6Hmn9 9 3 dydR k9jeR 9NXd3 kyN
6HmnN N R3 e3d3 kyNed 8yXRR ky8
6Hmnkd kd 89 eNRk kRdeR 9NXek kRy
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Figure5.5: Snapshots (a) and (b) fromsimulationFlu_1 andFlu_2, respectively, showfluorescein dianionmoleculewith

one and two respectively sodium atoms and it ismarked the average distance once the interaction between the coun-

terion and the oxygen atom oft he carboxyl group is made. Fluorescein molecules are represented in Licoride and

sodium atoms are represented as yellow spheres. (a) and (c) show the radial distribution function g(r) describing the

probability of finding a oxygen from the carboxyl group (-COOH, orange line) and hydroxyl group (-OH, blue line) from

fluoresceinmolecules and sodium counterion pair at distance r = 3 Å.

q2 bi�`i2/ bBKmH�iBM; � bBM;H2 ~mQ`2b+2BM /B�MBQM rBi? i?2B` irQ +QmMi2`BQMb UbQ/BmK

�iQKbV �M/ bBKmH�iBM; 8y Mb i?2 /vM�KB+b Q7 i?Bb /v2 bQHp�i2/ BM r�i2`X .2bTBi2 7`22 KQp2@

K2Mi #2?�pBQm` r�b 2tT2+i2/- r2 +H2�`Hv Q#b2`p2/ i?�i � bQ/BmK �iQK r�b [mB+FHv �ii�+?2/

iQ i?2 +�`#QtvH ;`QmT U−COO−V #�H�M+BM; QM2 Q7 i?2 M2;�iBp2 +?�`;2b Q7 i?2 ~mQ`2b+2BM

KQH2+mH2- r?2`2�b i?2 Qi?2` +QmMi2`BQM F2Ti ~m+im�iBM; 7`22 7�` �T�`i 7`QK i?2 /v2X AM

6B;m`2 8X8@U�V Bi Bb b?QrM ?Qr i?2 bQ/BmK �iQK Uv2HHQr bT?2`2V BMi2`�+ib rBi? i?2 +�`#QtvH

;`QmT rBi? �M �p2`�;2 /Bbi�M+2 Q7 kX8 ³- �b Bi +�M #2 b22M BM i?2 ;U`V ;`�T? Q7 i?2 };m`2X �M@

�HvxBM; i?2 Qi?2` bBKmH�iBQMb +QMi�BMBM; KmHiBTH2 ~mQ`2b+2BM KQH2+mH2b r2 Q#b2`p2/ 2t�+iHv

i?2 b�K2 #2?�pBQm` /2b+`B#2/X q?2M 7Q+mbBM; QM i?2 bBKmH�iBQM rBi? irQ /v2b U6HmnkV r2

Q#b2`p2 i?�i �7i2` bQK2 iBK2 QM2 Q7 i?2 ~mQ`2b+2BM KQH2+mH2b ?�/ irQ +QmMi2`BQMb �ii�+?2/

BMbi2�/ Q7 QM2- BM i?Bb +�b2 i?2 ;U`V ;`�T? b?QrBM; �M �p2`�;2 /Bbi�M+2 Q7 kX8 ³ �M/ kXd ³

rBi? `2bT2+i iQ i?2 +�`#QtvH ;`QmT- �b b?QrM BM 6B;m`2 8X8@U#VX "Qi? KQH2+mH2b ~m+im�i2/

#2ir22M #2BM; 7�` �M/ +HQb2- #mi `2K�BMBM; mM�;;`2;�i2/ BM iBK2- ?�pBM; QM2 Q` irQ +QmM@

i2`BQMb �ii�+?2/X
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Figure 5.6: Snapshots of the dimmer (a) and trimer (a) geometry from the simulation Flu_3. Fluoresceinmolecules are

represented in licorice and sodium atoms are represented as yellow spheres.

aBKmH�iBQMb 6Hmnj �M/ 6Hmn9 +QM}`K2/ i?2 i2M/2M+v Q7 ~mQ`2b+2BM KQH2+mH2b iQ 7Q`K

/BK2`b �M/ i`BK2`bX AM Q`/2` iQ mM/2`bi�M/ i?2 /BK2` �M/ i`BK2` ;2QK2i`v r2 [m�HBi�iBp2Hv

bim/B2/ i?2 /Bz2`2Mi Q`B2Mi�iBQMb rBi? i?2 J. i`�D2+iQ`B2b �M/ [m�MiB}2/ i?2 /BK2` �M/

i`BK2` HB72 iBK2X AM bBKmH�iBQM 6Hmnj i?2 /BK2`Bx�iBQM Q++m`b �i i?2 #2;BMMBM; Q7 i?2

bBKmH�iBQM rBi? π − π BMi2`�+iBQMbX G2i mb ?�p2 irQ KQH2+mH2b i?�i r2 M�K2 KQH2+mH2 R

�M/ KQH2+mH2 kX h?2 BMi2`�+iBQMb BMpQHp2 QM QM2 ?�M/ i?2 `BM; rBi? i?2 +�`#QtvH ;`QmT Q7

KQH2+mH2 R �M/ QM i?2 Qi?2` ?�M/ i?2 `BM; rBi? i?2 ?v/`QtBH ;`QmT Q7 KQH2+mH2 k Ub22 BM

6B;m`2 8Xe@U�VVX h?Bb `2bmHi Bb BM �;`22K2Mi rBi? HBi2`�im`2- �b 2tTH�BM2/ BM i?2 BMi`Q/m+iBQM

Q7 i?Bb +?�Ti2`- i?mb T`QpBM; i?�i Qm` ~mQ`2b+2BM 7Q`+2 }2H/ U/2p2HQT2/ BM i?2 b2+iBQM 8XRV

KQ/2Hb i?2 72�im`2b Q7 i?2 ~mQ`2b+2BM BM r�i2` bm++2bb7mHHvX PM i?2 +QMi`�`v- �M mM2tT2+i2/

`2bmHi Bb i?2 7�+i i?�i i?2 π −π BMi2`�+iBQM �HbQ BMpQHp2b QM2 bQ/BmK +QmMi2`BQM +QM/2Mb2/

BM i?2 +�`#QtvH T�`i Q7 QM2 Q7 i?2 KQH2+mH2b Q7 i?2 /BK2`X Ai Bb �HbQ Q#b2`p2/ i?�i- i?2 MQM@

#QM/2/ +�`#QtvH T�`i Q7 i?2 KQH2+mH2 k Q7 i?2 /BK2` ?�b �HKQbi �HH i?2 iBK2 irQ +QmMi2`BQMb

�ii�+?2/X �7i2` ky Mb Q7 bBKmH�iBQM � i`BK2` Bb 7Q`K2/ �M/ `2K�BMb bi�#H2X q?�i r2 Q#b2`p2

Bb i?�i i?2 i?B`/ KQH2+mH2 UKQH2+mH2 jV Bb �ii�+?2/ iQ i?2 /BK2` 7Q`KBM; bvKK2i`B+ BK�;2 �M/

�//BM; �MQi?2` +QmMi2`BQM iQ i?2 i`BK2` Ub22 6B;m`2 8Xe@U#VVX a�K2 #2?�pBQm` Bb Q#b2`p2/

�i bBKmH�iBQM 6Hmn9- BM r?B+? r2 +�M ?�p2 irQ /BK2`b Q` QM2 i`BK2` �M/ � bBM;H2 ~mQ`2b+2BM

KQH2+mH2 BM r�i2` BMi2`�+iBM; BM i?2 b�K2 r�v �b /2b+`B#2/ BM bBKmH�iBQM 6HmnjX h?Bb H2i mb
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+QM+Hm/2 i?�i bQ/BmK +QmMi2`BQMb �`2 TH�vBM; � F2v `QHH BM i?2 �;;`2;�iBQM Q7 i?2 ~mQ`2b+2BM

KQH2+mH2b BM r�i2` H2�/BM; � bQHB/ bi�#BHBiv Q7 i?2 �;;`2;�i2b QM+2 7Q`K2/X

h?2 �M�HvbBb Q7 i?2 bTQMi�M2Qmb 7Q`K�iBQM �M/ /2+QKTQbBiBQM Q7 i?2 /BK2` �M/ i`BK2`

r�b /QM2 #�b2/ QM i?2 r?QH2 i`�D2+iQ`v Q7 i?2 bBKmH�iBQM 6HmnjX h?2 HB72 iBK2 Q7 i?2 /BK2`

�M/ i`BK2` r�b +�H+mH�i2/ #v i?2 2pQHmiBQM Q7 i?2 /Bbi�M+2 #2ir22M i?2 +2Mi`2b Q7 K�bb Q7

i?2 BMpQHp2/ KQH2+mH2bX AM 6B;m`2 8Xd- Bi +�M #2 Q#b2`p2/ i?�i i?2 7Q`K�iBQM Q7 i?2 /BK2`

�;;`2;�i2 i�F2b TH�+2 �i i?2 #2;BMMBM; Q7 i?2 bBKmH�iBQM �M/ �i ky Mb �TT`QtBK�i2Hv i?2

T`2b2M+2 Q7 i`BK2`b Bb Q#b2`p2/X h?2 �p2`�;2 /Bbi�M+2 #2ir22M i?2 +2Mi`2 Q7 K�bb Q7 i?2

/BK2` �M/ i`BK2` �`2 dX3 ³ �M/ RdXk ³- `2bT2+iBp2HvX

Figure 5.7: This graph shows the distance between centers of masses of fluorescein molecules involved in the dimer

and trimer formation,with respect to time. Thegreen line corresponds to the trimer and themagenta line to thedimer.

6BM�HHv- BM bBKmH�iBQMb 6HmnN �M/ 6Hmnkd Bi Bb Q#b2`p2/ i?�i i?2 /v2b i2M/ iQ [mB+FHv

�;;`2;�i2 7Q`KBM; KQ`2 i?�M QM2 �;;`2;�i2X AM i?2 +�b2 Q7 6HmnN bBKmH�iBQM- � K�BM

�;;`2;�i2- �M/ �MQi?2` bK�HH2` QM2 r2`2 Q#b2`p2/- �M/ BM i?2 +�b2 Q7 6Hmnkd bBKmH�iBQM- �

#B; �;;`2;�i2 �M/ irQ bK�HH2` QM2b r2`2 Q#b2`p2/X >Qr2p2` #Qi? Q7 i?2K ?�p2 BM +QKKQM

i?�i i?2 �;;`2;�i2b Q`B2Mi2/ 7QHHQrBM; � T�ii2`M, 2/;2 iQ 7�+2 π − π BMi2`�+iBQMb Q` #v BQM
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+QM/2Mb�iBQM �b b?QrM BM 6B;m`2 8X3X

Figure5.8: Snapshot fromMDsimulationFlu_9, showingabigaggregateoffluoresceinmoleculesandthesodiumcoun-

terions in between.

8Xj 6HmQ`2b+2BM BM Zm�ibQK2 #BH�v2`

6Q` i?2 bBKmH�iBQMb Q7 i?2 ~mQ`2b+2BM BM i?2 Zm�ibQK2 #BH�v2`- r2 2KTHQv i?2 b�K2 +QKTm@

i�iBQM�H /2i�BHb /2b+`B#2/ BM i?2 b2+iBQM 8Xk Q7 ~mQ`2b+2BM BM r�i2`- rBi? i?2 QMHv /Bz2`2M+2

r2 +QMi`QH i?2 T`2bbm`2 rBi? i?2 �MBbQi`QTB+ LQbû@>QQp2`@G�M;2pBM TBbiQM BKTH2K2Mi2/ BM

L�J. UBMbi2�/ Q7 BbQi`QTB+VX q2 BKTQb2 � T`2bbm`2 Q7 R �iK BM i?2 /B`2+iBQM T2`T2M/B+mH�`

iQ i?2 Za #BH�v2` �M/ � x2`Q bm`7�+2 i2MbBQM- �b BM i?2 T`2pBQmb bBKmH�iBQM Q7 Za #BH�v2`

Ub22 +?�Ti2` jVX

q2 T2`7Q`K2/ 9 /Bz2`2Mi bBKmH�iBQMb- rBi? i?2 +QKTQbBiBQMb ;Bp2M BM h�#H2 8XkX aBKmH�@

iBQMb aR- ak- aj �M/ a9 +Q``2bTQM/ iQ QM2 Q` KmHiBTH2 ~mQ`2b+2BM /v2b �/bQ`#2/ BMiQ � Zm�i@

bQK2 #BH�v2` UR8Xd MK� T�i+?V K�/2 Q7 kd *h�" bm`7�+i�Mi �M/ kd +?QH2bi2`QH KQH2+mH2b

U2�+? H2�~2iVX h?2b2 bBKmH�iBQM bvbi2Kb r2`2 #mBHi �b /2b+`B#2/ BM aR bBKmH�iBQM Q7 +?�Ti2`

j- b2+iBQM jXk- �M/ r2 mb2/ i?2 `2bmHiBM; +QM};m`�iBQM �b i?2 bi�`iBM; TQBMiX h?2M- r2

K�Mm�HHv �//2/ 7Qm` /Bz2`2Mi HQ�/BM;b Q7 ~mQ`2b+2BM /v2b- rBi? irQ +QmMi2`BQMb T2` QM2

Rkd
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~mQ`2b+2BM KQH2+mH2- BM i?2 r�i2` T?�b2X 6BM�HHv r2 T2`7Q`K2/ �M 2M2`;v KBMBKBx�iBQM Q7

i?2 r?QH2 Za@/v2 bvbi2KbX

Table5.2: Computational details of the systems considered in theMDsimulations, includingnumberof atoms, number

offluorescein,water andCTABmolecules, fluorescein andCTABratio and simulation timeand the simulationbox size.

�iQKb UiQi�HV KQH2+X 6H�−fr�i2`f*h�" 6H�−f*h�" aBK iBK2 fMb
aR k8dy3 RfeyNRf89 R,89 RRy
ak kdyjd 9fe9Ndf89 R,RjX8 Rky
aj kedN9 Ryfej9kf89 R,8X9 RRy
a9 jyke3 k3fdkd3f89 R,RXN Ny

PM+2 i?2 BMBiB�H +QM};m`�iBQMb r2`2 T`2T�`2/- r2 T2`7Q`K2/ ��@J. bBKmH�iBQMbX AM �HH

i?2 +�b2b- r2 }`bi T2`7Q`K2/ 2[mBHB#`�iBQM bBKmH�iBQMb Q7 R Mb BM i?2 LSh 2Mb2K#H2X �7i2`

i?2b2 bBKmH�iBQMb- r2 T2`7Q`K2/ 7m`i?2` 2[mBHB#`�iBQM bBKmH�iBQMb mbBM; i?2 LSh� 2Mb2K#H2

K�BMi�BMBM; i?2 Za #BH�v2` �i x2`Q i2MbBQM- kN3 E �M/ R �iK- BM Q`/2` iQ 2KmH�i2 i?2 +QM@

/BiBQMb 7QmM/ BM � p2bB+H2RNX AM �HH i?2 +�b2b- r2 T2`7Q`K2/ HQM; T`Q/m+iBQM bBKmH�iBQMb 7Q`

RRy Mb- Rky Mb- RRy Mb �M/ Ny Mb 7Q` aR- ak- aj �M/ a9 bBKmH�iBQMb `2bT2+iBp2HvX

AM aR bBKmH�iBQM- QMHv RX8 Mb r2`2 `2[mB`2/ 7Q` i?2 �/bQ`TiBQM Q7 i?2 6H�− KQH2+mH2 rBi?BM

Za bm`7�+2X AM i?Bb +�b2- i?2 �ii`�+iBp2 BMi2`�+iBQM #2ir22M i?2 p2bB+H2 �M/ i?2 /B�MBQM Bb

bi`QM; 2MQm;? iQ ?QH/ i?2 6H�− iB;?iHv +HQb2 iQ i?2 bm`7�+2 Q7 Za /m`BM; i?2 r?QH2 +�H+mH�iBQM

iBK2 URRy MbVX "v �M�HvxBM; `�/B�H /Bbi`B#miBQM 7mM+iBQM- ;U`V- #2ir22M i?2 irQ M2;�iBp2

Qtv;2M �iQKb UPR �M/ P8 �iQKb- b22 6B;m`2 8XRV Q7 6H�− �M/ i?2 L �iQK Q7 i?2 *h�"-

BM7Q`K�iBQM QM i?2 Q`B2Mi�iBQM Q7 ~mQ`2b+2BM /v2 QM Zm�ibQK2 bm`7�+2 +�M #2 2ti`�+i2/X

�b b?QrM BM 6B;m`2 8XN- 6H�− +�M bi�v BM irQ TQbbB#H2 Q`B2Mi�iBQMbX AM i?2 KQbi T`Q#�#H2

Q`B2Mi�iBQM UT`Q#�#BHBiv Q7 eeWV- i?2 Qtv;2M �iQK 7`QK i?2 /2T`QiQM�i2/ ĜP> ;`QmT Q7 i?2

6H�− KQH2+mH2 Bb BM +QMi�+i rBi? i?2 TQbBiBp2Hv +?�`;2/ ?2�/;`QmT Q7 *h�"X PM i?2 Qi?2`

Q`B2Mi�iBQM Uj9W T`Q#�#BHBivV- i?2 6H�− KQH2+mH2 Bb BM +QMi�+i rBi? i?2 *h�" ?2�/;`QmT

i?`Qm;? Bib +�`#QtvHB+ ;`QmTX
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Figure5.9: Snapshotsof the large simulationboxmakingemphasisonasingleFlmoleculeorientationwhen is attached

to theQS surface. Water is shown in red andQS in light blue. Two orientations can occur, when hydroxyl and carboxyl

groups from Fl2− are closed to nitrogen atoms fromCTA+ fromQS.

aBKmH�iBQMb ak- aj �M/ a9 b?Qr ~mQ`2b+2BM �/bQ`TiBQM BMiQ i?2 Za bm`7�+2- �Hi?Qm;?

i?2 iBK2 `2[mB`2/ 7Q` i?2 �/bQ`TiBQM iQ ?�TT2M BM+`2�b2b rBi? i?2 ~mQ`2b+2BM +QM+2Mi`�iBQMX

ak bBKmH�iBQMb i?�i +QMi�BMb 9 ~mQ`2b+2BM KQH2+mH2b- bQK2 Q7 i?2K �#bQ`#2/ KQ`2 [mB+FHv

i?�M bQK2 BM a9 bBKmH�iBQMb Ui?�i +QMi�BMb kd ~mQ`2b+2BM KQH2+mH2bVX h?Bb K2�Mb i?�i i?2`2

Bb � +QKT2iBiBQM #2ir22M irQ /`BpBM; 7Q`+2b- QM2 iQr�`/b 7Q`KBM; 6H�− �;;`2;�i2b BM r�i2`

�M/ Qi?2` iQr�`/b K�FBM; 6H�− BMi2`�+i rBi? i?2 Za bm`7�+2X AKTQ`i�MiHv 2MQm;?- Bi Bb �HbQ

Q#b2`p2/ i?�i �Hr�vb �i H2�bi QM2 ~mQ`2b+2BM KQH2+mH2 ;2ib �/bQ`#2/ BMiQ i?2 Za bm`7�+2-

�M/ i?�i i?Bb BMi2`�+iBQM ?�TT2Mb BM i?2 72r BMBiB�H M�MQb2+QM/b Q7 i?2 bBKmH�iBQMX h?Bb Bb �

+`m+B�H `2bmHi- �b Bi K2�Mb i?�i i?2`2 rBHH �Hr�vb #2 2KBbbBQM 7`QK i?2 Za@/v2 HQ�/2/ bvbi2K-

�Hi?Qm;? i?2 2{+B2M+v rBHH #2 HQrX _2T`2b2Mi�iBp2 bM�Tb?Qib Q7 ak- aj �M/ a9 bBKmH�iBQMb

�i � `�M/QK BMbi�Mi �`2 b?QrM BM 6B;m`2 8XRy �M/ i?2 K�BM `2bmHib �`2 HBbi2/ #2HQrX

q?2M i?2`2 �`2 QM2 Q` KQ`2 6H�− KQH2+mH2b �ii�+?2/ iQ i?2 bm`7�+2 Q7 i?2 p2bB+H2 i?`22

bBim�iBQMb �`Bb2- �HH Q7 i?2K �`2 b?QrM BM 6B;m`2 8XRRX 6B;m`2 8XRR@U+V b?Qrb i?2 +�b2 r?2`2

i?2`2 Bb � KQMQK2` ~m+im�iBM; rBi?BM i?2 Za bm`7�+2 rBi?Qmi BMi2`�+iBM; rBi? �Mv Qi?2`

~mQ`2b+2BM KQH2+mH2X 6B;m`2 8XRR@U�V �M/ U#V T`2b2Mi i?2 BMi2`�+iBQM #2ir22M irQ ~mQ`2b+2BM

RkN
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Figure5.10: Snapshotof S2, S3andS4 simulationat thefinal instantof the simulation. Quatsomemembrane is painted

in black, fluoresceinmolecules in cyan and sodium counterions in yellow spheres. (d) corresponds to a snapshot of the

S4 simulation from the top view in order to show the big aggregate is form far away from the QS surface. QR code is

added in order to show amovie of S4 simulation.

KQH2+mH2b 7Q`KBM; � /BK2` i?�i +�M Q`B2Mi�i2 BM irQ r�vbX 6B;m`2 8XRR@U+V b?Qrb i?2 +�b2

r?2`2 i?2 ~mQ`2b+2BM Bb 7Q`KBM; � i`BK2`X AM 2Bi?2` +�b2- bi`QM; ~m+im�iBQMb BM i?2 TQbBiBQM

Q7 i?2 KQH2+mH2b �`2 Q#b2`p2/ i?`Qm;?Qmi i?2 bBKmH�iBQM iBK2X h?Bb Bb /m2 iQ i?2 7�+i i?�i

i?2 BMi2`�+iBQM Bb Q7 2H2+i`Qbi�iB+ M�im`2X AM i?2 i`�D2+iQ`B2b- Bi Bb Q#b2`p2/ ?Qr KQH2+mH2b

KQp2 iQr�`/b i?2 Za bm`7�+2- /2TQbBi QM Bi �M/ i?2M ~v �r�vX >Qr2p2`- �b K2MiBQM2/

#27Q`2- �i H2�bi QM2 6H�− Bb �Hr�vb �ii�+?2/ iQ i?2 Za bm`7�+2X h?Bb Bb � `2�HHv BMi2`2biBM;

`2bmHi- i?�i Bb BM �;`22K2Mi rBi? 2tT2`BK2Mi�H `2bmHib 7`QK i?2 Za@/v2 bvbi2K UKQ`2 /2i�BHb

�M/ /Bb+mbbBQM �`2 b?QrM BM � H�ii2` b2+iBQM Q7 i?2 +?�Ti2`V- #2+�mb2 ~mQ`2b+2Mi 2KBbbBQM

Bb �Hr�vb Q#b2`p2/ BM i?2 Za@~mQ`2b+2BM bvbi2K- `2;�`/H2bb Q7 i?2 +QM+2Mi`�iBQM Q7 i?2 /v2X

>Qr2p2`- MQi2 �HbQ i?�i i?2b2 `2bmHib b?Qr i?2 r2�F 2H2+i`Qbi�iB+ BMi2`�+iBQM #2ir22M i?2

�MBQMB+ ~mQ`2b+2BM /v2 �M/ i?2 TQbBiBp2 bm`7�+2 Q7 i?2 Zm�ibQK2X
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Figure5.11: (a)-Snapshotof a layerof theQSmembrane inwhich twofluoresceindianiondyesare interactingbetween

them forming a dimer and also interacting electrostaticallywith theQS surface. (b)-Snapshot of a dimer absorbed into

the membrane, but with only one of the fluorescein molecules interacting electrostatically with the QS. (c)-Snapshot

of both layers of the QSmembrane in which we observed a trimer absorbed in one interface (top) and twomonomers

absorbed in the other interface (bottom). Pink spheres are the Br− counterions of the CTAB molecules. (a) and (b)

Snapshots are taken from S3 simulationwhereas (c) snapshots corresponds to S4 simulation.

JQH2+mH2b i?�i /Q MQi BMi2`�+i rBi? i?2 bm`7�+2 7Q`K �;;`2;�i2b BM r�i2`X h?2 bBx2 Q7

bm+? �;;`2;�i2b BM+`2�b2b rBi? i?2 6H�−f*h�" `�iBQ Ub22 h�#H2 8XkV- �b b?QrM BM bBKmH�iBQMb

aj �M/ a9 Q7 6B;m`2 8XRy �M/ 8XRRX AM ak bBKmH�iBQM- QMHv QM2 KQH2+mH2 Bb �ii�+?2/ iQ i?2

Za bm`7�+2 /m`BM; �HH i?2 bBKmH�iBQM iBK2- bBM+2 i?2 Qi?2` i?`22 ~m+im�i2 BM r�i2` rBi?Qmi

7Q`KBM; �;;`2;�i2bX AM aj �M/ a9 bBKmH�iBQMb- �i H2�bi QM2 KQH2+mH2 Bb �ii�+?2/ QM i?2 Za

bm`7�+2 �M/ i?2 Qi?2`b 7Q`K �;;`2;�i2bX

hQ mM/2`bi�M/ +H2�`Hv i?2 BMi2`�+iBQM #2ir22M ~mQ`2b+2BM /B�MBQM KQH2+mH2 �M/ Za

#BH�v2`- r2 �HbQ bim/B2/ i?2 TQbbB#BHBiv Q7 7Q`K�iBQM Q7 ?v/`Q;2M #QM/bX h?2`27Q`2- #v mbBM;

i?2 >v/`Q;2M "QM/b THm;@BM BM oJ. T`Q;`�K r2 +QmMi2/ i?2 MmK#2` Q7 ?v/`Q;2M #QM/b

7Q`K2/ i?`Qm;?Qmi � ;Bp2M i`�D2+iQ`vX AM i?2 }`bi TH�+2- Bi r�b Q#b2`p2/ i?�i i?2`2 Bb MQ

?v/`Q;2M #QM/ 7Q`K�iBQM #2ir22M i?2 r?QH2 *h�+ KQH2+mH2b �M/ #Qi? Qtv;2M �iQKb 7`QK

RjR
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?v/`QtvH �M/ +�`#QtvH ;`QmT Q7 i?2 6H�− KQH2+mH2- �M/ M2Bi?2` rBi? +?QH2bi2`QHX >Qr2p2`-

?v/`Q;2M #QM/ 7Q`K�iBQM r�b Q#b2`p2/ #2ir22M r�i2` �M/ #Qi? Qtv;2M �iQKb 7`QK ?v/`QtvH

�M/ +�`#QtvH ;`QmT Q7 i?2 6H�− KQH2+mH2 Ub22 6B;m`2 8XRkVX

Figure 5.12: (a)-(b) snapshots of the fluorescein monomer and dimer, respectively showing the hydrogen bonds with

watermolecules but also the interactionwith the sodium counterion.

"�b2/ QM `2bmHib- r2 +QM+Hm/2/ i?�i ~mQ`2b+2BM /B�MBQM KQH2+mH2 7Q`Kb ?v/`Q;2M #QM/b

r?2M bm``QmM/2/ BM r�i2` KQH2+mH2b #mi MQi r?2M �ii�+?2/ iQ Za bm`7�+2X q�i2` KQH2+mH2b

rQmH/ #2 i?2 `2bTQMbB#H2 7Q` i?2 ?v/`Q;2M@#QM/ 7Q`K�iBQM- /2+`2�bBM; i?2 2H2+i`Qbi�iB+

`2TmHbBQM #2ir22M i?2 /B�MBQMbR8 Q` TQbBiBp2 Za bm`7�+2X AM �//BiBQM- Bi ?�b #22M �HbQ

/2KQMbi`�i2/ i?2 BMi2`�+iBQM #2ir22M i?2 Qtv;2M 7`QK i?2 +�`#QtvH ;`QmT Q7 i?2 ~mQ`2b+2BM

U@*PP>V KQH2+mH2 �M/ bQ/BmK +QmMi2`BQMb Ub22 6B;m`2 8XRk@U�VV- b?QrBM; b�K2 #2?�pBQm`

�b BM ~mQ`2b+2BM KQH2+mH2b BM r�i2` bQHp2Mi QMHv Ub2+iBQM 8XkVX q2 +QM+Hm/2 i?�i i?2 bQ/BmK

+QmMi2`BQMb ?�p2 �b r2HH � +QMi`B#miBQM BM i?2 r2�FM2bb Q7 i?2 2H2+i`Qbi�iB+ BMi2`�+iBQM

#2ir22M i?2 ~mQ`2b+2BM KQH2+mH2b �M/ Za p2bB+H2bX >2M+2- 7`QK J. bBKmH�iBQM `mM- r2

+�M �{`K i?�i Bi rBHH 2tBbi � +H2�` +QKT2iBiBQM #2ir22M i?2 2H2+i`Qbi�iB+ BMi2`�+iBQM i?�i

#QM/b i?2 ~mQ`2b+2BM KQH2+mH2b iQ Za bm`7�+2- iQ Bib +QmMi2`BQMb �M/ i?2 ?v/`Q;2M #QM/

BMi2`�+iBQM i?�i �HHQrb ~mQ`2b+2BM KQH2+mH2b iQ ~m+im�i2 BM r�i2` #v 7Q`KBM; �;;`2;�i2bX
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8X9 �M�HvbBb Q7 2tT2`BK2Mi�H `2bmHib

AM i?Bb b2+iBQM- r2 �M�Hvx2 `2H2p�Mi 2tT2`BK2Mi�H `2bmHib �#Qmi i?2 Zm�ibQK2 �M/ i?2 ~mQ@

`2b+2BM KQH2+mH2 iQ Qm` QrM i?2Q`2iB+�H rQ`FX �HH i?2 2tT2`BK2Mi�H /2i�BHb �`2 `2TQ`i2/ BM

.`X �MiQMBQ �`/BxxQM2 S?. i?2bBbk- BM L�MQKQH ;`QmT UA*J�"@*aA*VX

h?2 +QKT`2bb2/ *P� K2i?Q/QHQ;v- .1GPa@alaS- r�b mb2/ 7Q` i?2 T`2T�`�iBQM 7Q` i?2

TH�BM Zm�ibQK2bX � /2i�BH2/ /2b+`BTiBQM Q7 bm+? T`Q+2bb Bb ;Bp2M BM �MM2t- 6B;m`2 �XRX h?2

T`2T�`�iBQM Q7 i?2 Zm�ibQK2b /2+Q`�i2/ rBi? 6H�− r�b /QM2 �b 7QHHQrb, R μJ bQHmiBQM Q7

6H�− BM JBHHBZ r�i2` Bb T`2T�`2/- BM r?B+? i?2 T> Bb KQ/B}2/ �i N U#v �//BiBQM Q7 L�P>V BM

Q`/2` iQ ?�p2 i?2 ~mQ`2b+2BM BM /B�MBQMB+ bi�i2X a2p2`�H pB�Hb rBi? /Bz2`2Mi +QM+2Mi`�iBQMb Q7

i?2 Zm�ibQK2b r2`2 T`2T�`2/- �M/ i?2 6H�− bQHmiBQM r�b �//2/ iQ 2�+? pB�H- i?mb Q#i�BMBM;

b�KTH2b rBi? i?2 b�K2 +QM+2Mi`�iBQM Q7 6H�− #mi /Bz2`2Mi +QM+2Mi`�iBQM Q7 ZaX a�KTH2b

r2`2 BM+m#�i2/ �i `QQK i2KT2`�im`2 mM/2` ;2MiH2 biB``BM; 7Q` jy KBMmi2bX LQiB+2 i?�i i?2

bi`�i2;v 7QHHQr2/ #v i?2 2tT2`BK2Mi�HBbib iQ bim/v i?2 2z2+i Q7 i?2 +QM+2Mi`�iBQM QM i?2

T`QT2`iB2b Q7 i?2 bvbi2K r2`2 i?2 QTTQbBi2 iQ Qm` QrM bi`�i2;vc r?BH2 BM Qm` bBKmH�iBQMb r2

}t2/ i?2 Za +QM+2Mi`�iBQM �M/ +?�M;2 i?2 /v2 +QM+2Mi`�iBQM- i?2 2tT2`BK2Mi�H +�b2b �`2

/QM2 i?2 Qi?2` r�v �`QmM/X "Qi? bi`�i2;B2b �`2 +QKTH2K2Mi�`v �M/ i?2 Q#i�BM2/ `2bmHib

+�M #2 +QKT�`2/X AM bBKmH�iBQMb aR@a9- Bi Kmbi #2 i�F2M BMiQ �++QmMi i?�i i?2 irQ H2�~2ib

Q7 Za �`2 2tTQb2/ iQ i?2 BMi2`�+iBQM rBi? i?2 /v2b- r?2`2�b BM i?2 2tT2`BK2Mib QMHv i?2

2ti2`M�H H2�~2i Bb �++2bbB#H2 iQ i?2 ~mQ`2b+2BMX �b �M 2t�KTH2- i?2 bBKmH�iBQM ak Uh�#H2 8XkV

+Q``2bTQM/b iQ �M 2[mBp�H2Mi 2tT2`BK2Mi�H bBim�iBQM Q7 9 ~mQ`2b+2BM KQH2+mH2b BMi2`�+iBM;

rBi? 89 *h�" KQH2+mH2b- �M 2tT2`BK2Mi�H `�iBQ Q7 k,kd #2ir22M ~mQ`2b+2BM �M/ *h�"X

Ai r�b Q#b2`p2/ i?�i Tm`B}+�iBQM Q7 Za@6H�− #v /B�}Hi`�iBQM BM/m+2/ � `2H2�b2 Q7 6H�−

KQH2+mH2b 7`QK i?2 Za bm`7�+2X a2`B2b Q7 r�b?BM; +v+H2b rBi? 7`2b? JBHHBZ r�i2` r2`2 /QM2

�+?B2pBM; � +QKTH2i2 `2KQp�H Q7 �HH i?2 ~mQ`2b+2BM KQH2+mH2b /2+Q`�iBM; i?2 Za bm`7�+2-

T`QpBM; i?2 r2�F 2H2+i`Qbi�iB+ BMi2`�+iBQM #2ir22M i?2 �MBQMB+ /v2 �M/ i?2 TQbBiBp2 bm`7�+2

Q7 i?2 Zm�ibQK2bX h?Bb Bb +QKTH2i2Hv BM �;`22K2Mi rBi? Qm` bBKmH�iBQMb- r?B+? +H2�`Hv b?Qr

i?2 2[mBHB#`BmK bi�i2 #2ir22M 6H�− KQH2+mH2b #QmM/2/ iQ Za bm`7�+2 �M/ 6H�− KQH2+mH2b
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mM#QmM/2/- 7`22Hv /BzmbBM; BM r�i2`X

Ai r�b TQbbB#H2 iQ K2�bm`2 i?2 T`2b2M+2 Q7 mM#QmM/2/ /v2 KQH2+mH2b BM Za@6H�− b�KTH2b

#v mbBM; +2Mi`B7m;�H }Hi2`b U*2Mi`B+QM- J2`+F JBHHBTQ`2 rBi? Ryy F.� +mi QzVX S`2b2M+2 Q7

MQM@�ii�+?2/ 6H�− KQH2+mH2b r�b p2`B}2/ 7Q` b�KTH2b i?�i ?�/ H2bb +QM+2Mi`�iBQM Q7 ZaX

aBKmH�iBQM aR +Q``2bTQM/b iQ i?2 2tT2`BK2Mi�H b�KTH2 rBi? i?2 ?B;?2bi HQ�/BM; rBi?Qmi

/2i2+iBM; i?2 T`2b2M+2 Q7 mM#QmM/2/ 6H�− KQH2+mH2bX h?2 Qi?2` i?`22 bBKmH�iBQMb Uak- aj

�M/ a9V- +Q``2bTQM/ iQ 2tT2`BK2Mib rBi? ?B;?2` 6H�− HQ�/BM;b QM Zm�ibQK2b- BM r?B+?

i?2 T`2b2M+2 Q7 mM#QmM/2/ ~mQ`2b+2BM ?�b #22M /2i2+i2/ Ub22 6H@Za@8- 6H@Za@e �M/ 6H@

Za@d b�KTH2b Q7 6B;m`2 8XRjVX h?Bb Bb BM �;`22K2Mi rBi? Qm` bBKmH�iBQMbǶ `2bmHib- r?2`2

mM#QmM/2/ ~mQ`2b+2BM +�M #2 b22M- �b BM i?2 i`�D2+iQ`B2b Q7 bBKmH�iBQMb ak- aj �M/ a9X

LQ `2H2p�Mi p�`B�iBQMb Q7 i?2 Za �p2`�;2 bBx2b ?�p2 #22M MQiB+2/ �7i2` i?2 �//BiBQM Q7

~mQ`2b+2BMX J2�bm`2K2Mib /QM2 rBi? .Ga i2+?MB[m2 b?Qrb dy MK Q7 K2�M bBx2- r?B+? Bb

K�BMi�BM2/ Qp2` k KQMi?b- 2t+2Ti BM i?2 +�b2 Q7 i?2 2tT2`BK2Mi rBi? i?2 ?B;?2bi �KQmMi

Q7 6H�−fZa `�iBQX h?Bb bm;;2bib i?2 �;;`2;�iBQM Q7 K�i2`B�Hc i?2 K2K#`�M2 +QKTQM2Mib

iQ;2i?2` rBi? ~mQ`2b+2BM �;;`2;�i2bX h?Bb ?�b �HbQ #22M Q#b2`p2/ BM Qm` bBKmH�iBQMb ak- aj

�M/ a9X

Figure 5.13: UV-vis absorption (left) and emission normalized by absorbance at λ (right) of Fl2− and Fl2− - decorated

Quatsomes at different loadings. The code used to name the samples is made of three parts: the first one refers to

the fluorescein dye (Fl, in this case), the second one refers to the Quatsome vesicle (QS) and finally, the last one, is a

number associated to the dye loading, as in this case from 1 to 7 at increasing loading.
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h?2 bi`m+im`�iBQM Q7 i?2 Za ?�b #22M 2p�Hm�i2/ #v +QKT�`BM; i?2 T?QiQT?vbB+�H T`QT@

2`iB2b Q7 i?2 Za /2+Q`�i2/ rBi? 6H�− �M/ 6H�− BM � r�i2` bQHmiBQM �i T> 4 NX h?2 lo@pBb

�#bQ`TiBQM �M/ 2KBbbBQM bT2+i`�b Q7 i?2 Za /2+Q`�i2/ rBi? 6H�− �`2 b?QrM BM 6B;m`2 8XRjX

h?2 `2bmHib b?Qr +Q?2`2M+2 rBi? Qi?2` rQ`Fb `2TQ`i2/ BM HBi2`�im`2 �#Qmi i?2 BMi2`�+iBQM

Q7 i?2 ~mQ`2b+2BM rBi? *h�" KB+2HH2bkkX "Qi? �#bQ`TiBQM �M/ 2KBbbBQM Q7 Za /2+Q`�i2/

rBi? 6H�− �`2 `2/@b?B7i2/- T`Q#�#Hv /m2 iQ i?2 2t+Bi2/ bi�i2 Q7 i?2 T`Q#2 r?2M BMi2`�+iBM;

rBi? *h�"X �b � +QMb2[m2M+2 Q7 i?2 BM+`2�b2/ HQ�/BM; Q7 ~mQ`QT?Q`2b- b2H7@[m2M+?BM; Q7

i?2 2KBbbBQM Bb MQiB+2/- �b b?QrM #v i?2 /2+`2�b2 Q7 2KBbbBQM BMi2MbBiv U6B;m`2 8XRjVX

L2p2`i?2H2bb- i?2 `2@Q`;�MBx�iBQM Qp2` � p2bB+H2 +�M ?�p2 � TQbBiBp2 2z2+i QM i?2 T?QiQbi�@

#BHBiv Q7 � /v2X S?QiQ/2;`�/�iBQM Q7 ~mQ`2b+2BM Q++m`b pB� �M BMi2`�+iBQM Q7 i?2 ~mQ`QT?Q`2

BM i?2 ;`QmM/ bi�i2 rBi? Qtv;2M BM i?2 bBM;H2i bi�i2kjX 6Q` i?2b2 `2�bQM- i?2 T?QiQbi�#BHBiv

Q7 i?2 6H�− BM r�i2` ?�b #22M +QKT�`2/ iQ i?�i Q7 Za /2+Q`�i2/ rBi? 6H�−X h?2 2pQHmiBQM

Q7 i?2 K2�bm`2/ ~mQ`2b+2M+2 Bb b?QrM BM 6B;m`2 8XR9X

Figure5.14: Variationofmeasuredfluorescenceof the freeFl2− (black line) andFl2−-QSatdifferent irradiation times.
The fluorescence intensity has been normalized by the value before starting the irradiation.
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PMHv i?2 b�KTH2b rBi? HQr2` 6H�− +QMi2Mib r2`2 KQMBiQ`2/ BM Q`/2` iQ 2t+Hm/2 �Mv

TQbbB#H2 +QMi`B#miBQM Q7 7`22 6H�− BM r�i2` iQ i?2 Q#b2`p2/ 2KBbbBQMX 1KBbbBQM Q7 7`22 6H�−

/2+`2�b2b KQ`2 i?�M ey% �7i2` 9y KBMmi2b Q7 B``�/B�iBQM- r?BH2 Bi /2+`2�b2b H2bb i?�M R8%

r?2M Bi Bb /2+Q`�iBM; i?2 Za bm`7�+2X h?Bb `2bmHi +�M #2 2tTH�BM2/ #v i?2 7�+i i?�i i?2 ~m@

Q`2b+2BM2 Bb �M ?v/`QT?BHB+ /v2 i?�i 7Q`Kb ?v/`Q;2M #QM/b rBi? i?2 ?v/`Q;2M Q7 i?2 r�i2`-

�b Bi ?�b #22M b?QrM BM � T`2pBQmb b2+iBQMX h?2 7�+i i?�i i?2 /v2 BMi2`�+ib 2H2+i`Qbi�iB+�HHv

rBi? i?2 bm`7�+2 Q7 i?2 Zm�ibQK2 BKTHB2b i?�i i?2 ~mQ`2b+2BM Bb T`Qi2+i2/ 7`QK 7Q`KBM;

?v/`Q;2M #QM/b 2�bBHv- HBKBiBM; i?2 T?QiQ/2;`�/�iBQM Q7 i?2 /v2 �M/ K�FBM; i?2`27Q`2 ~m@

Q`2b+2BM KQ`2 T?QiQbi�#H2 r?2M �ii�+?2/ iQ ZaRdX

"�b2/ QM Qm` i?2Q`2iB+�H rQ`F bmTTQ`i2/ rBi? 2tT2`BK2Mib- r2 +QM+Hm/2 i?�i i?2 bi`�i@

2;v iQ M�MQbi`m+im`2 i?2 �MBQMB+ ~mQ`2b+2BM /v2 QM i?2 bm`7�+2 Q7 Za BM #�bB+ r�i2` Ui�FBM;

�/p�Mi�;2 Q7 i?2 +�iBQMB+ ?2�/ Q7 i?2 *h�" KQH2+mH2b Q7 ZaV r�b � ;QQ/ BMBiB�H bi`�i2;v

iQ 7mM+iBQM�HBx2 i?2 bm`7�+2 Q7 Qm` p2bB+H2X L2p2`i?2H2bb- i?2 r2�F BMi2`�+iBQM #2ir22M i?2

�MBQMB+ /v2 Q7 i?2 ~mQ`QT?Q`2b �M/ i?2 Za +QKT`QKBb2b i?2 BMi2;`Biv �M/ bmBi�#BHBiv Q7 i?2

~mQ`2b+2Mi Q`;�MB+ p2bB+H2b 7Q` �TTHB+�iBQMb rBi? BK�;BM; Tm`TQb2bX �HH i?Bb bm;;2bib i?2

b2�`+? 7Q` Qi?2` bi`�i2;B2b 7Q` i?2 M�MQbi`m+im`�iBQM HBF2 +QMbB/2`BM; /v2b rBi? � /Bz2`2Mi

M�im`2- 7Q` BMbi�M+2 ?v/`QT?Q#B+ /v2bX
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(R) �H >�//�#B- "X- �H G�r�iB- >X �X CX- � amHBK�M- 6X PX UkyReVX �M 2M?�M+2/
+2`BmKUAoVĜ`?Q/�KBM2 e: +?2KBHmKBM2b+2M+2 bvbi2K mbBM; ;m2biĜ?Qbi BMi2`�+iBQMb
BM � H�#@QM@�@+?BT TH�i7Q`K 7Q` 2biBK�iBM; i?2 iQi�H T?2MQHB+ +QMi2Mi BM 7QQ/ b�KTH2bX
h�H�Mi�- R8y- jNNĜ9yeX

(k) �`/BxxQM2- �X UkyRdVX L2r ~mQ`2b+2Mi M�MQp2bB+H2b- #v b2H7@�bb2K#Hv Q7 Q`;�MB+ ~m@
Q`QT?Q`2b- bi2`QHb �M/ bm`7�+i�Mib- �b T`Q#2b 7Q` #BQBK�;BM;X S?. i?2bBb- AMbiBimi /2
*BĕM+B� /2 J�i2`B�Hb /2 "�`+2HQM� UA*J�"@*aA*VX

(j) "QxFm`i- 1X- "�v`�Fimi�M- hX- �+�`- JX- � hQT`�F- JX UkyRjVX aT2+i`Qb+QTB+ bim/B2b
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CQm`M�H Q7 P`;�MB+ *?2KBbi`v- eNURRV- j3NNĜjNyeX
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bm`BM; J2i�H AQMb BM GBpBM; avbi2KbX *?2KB+�H _2pB2rb- RR9U3V- 98e9Ĝ9eyRX

(e) *�b�HBMB- hX- a�Hp�H�;HBQ- JX- S2`�H2- :X- J�bB- JX- � *�p�HHQiiB- *X UkyRRVX .BzmbBQM
�M/ �;;`2;�iBQM Q7 aQ/BmK 6HmQ`2b+2BM BM �[m2Qmb aQHmiBQMbX h?2 CQm`M�H Q7 S?vbB+�H
*?2KBbi`v "- RR8U99V- Rk3NeĜRkNy9X

(d) *?Bii�- _X EX � :`Qbb- JX GX Ukyy9VX 1H2+i`QbT`�v AQMBx�iBQM@J�bb aT2+i`QK2i`v
�M/ h�M/2K J�bb aT2+i`QK2i`v _2p2�H a2H7@�bbQ+B�iBQM �M/ J2i�H@AQM "BM/BM; Q7
>v/`QT?Q#B+ S2TiB/2b, � aim/v Q7 i?2 :`�KB+B/BM .BK2`X "BQT?vbB+�H CQm`M�H- 3eURV-
9djĜ9dNX

(3) 6`Bb+? UkyyNVX :�mbbB�M yNX :�mbbB�M- AM+X- q�HHBM;7Q`/ *hX

(N) :2?H2M- JX >X � .2 a+?`vp2`- 6X *X URNNjVX hBK2@`2bQHp2/ ~mQ`2b+2M+2 [m2M+?BM; BM
KB+2HH�` �bb2K#HB2bX *?2KB+�H _2pB2rb- NjURV- RNNĜkkRX

(Ry) :Q7i�`- JX EX- JQ`�/B- LX- � EQ`- LX JX Ukyy9VX aT2+i`Qb+QTB+ bim/B2b QM �;;`2;�iBQM
T?2MQK2M� Q7 /v2bX 1m`QT2�M CQm`M�H Q7 1tT2`BK2Mi�H "BQHQ;v- 9UkV- dkĜ3RX

(RR) >�/DB�M2biBb- CX � LBFQF�pQm`�b- CX URNNjVX GmKBMQH +?2KBHmKBM2b+2M+2 BM KB+2HH�`
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Zm�ibQK2b rBi? ?v/`QT?Q#B+ /v2b

*?�Ti2` 8 p2`b2b �#Qmi i?2 }`bi �ii2KTi Q7 i?Bb rQ`F iQ 7mM+iBQM�HBx2 i?2 Zm�ibQK2 bvbi2K-

#v mbBM; Bi �b � b+�zQH/ 7Q` ~mQ`2b+2BM KQH2+mH2b UBM i?�i +�b2 � ?v/`QT?BHB+ ~mQ`2b+2Mi /v2VX

LQi ?�pBM; 7QmM/ �M QTiBK�H `2bmHi rBi? `2bT2+i iQ i?2 BMBiB�H Q#D2+iBp2 Ui?2 bBKmH�iBQMb

?�p2 b?QrM i?�i ~mQ`2b+2BM2 KQH2+mH2b i2M/ iQ �;;`2;�i2V- +?�Ti2` e 2tTHQ`2b Qi?2` rB/2Hv

mb2/ ~mQ`2b+2Mi T`Q#2b �b +�M/B/�i2b- i?2 ?v/`QT?Q#B+ 7�KBHv Q7 +�`#Q+v�MBM2 /v2bX

h?2 /2bB`�#H2 T`QT2`iB2b Q7 ;QQ/ ~mQ`2b+2Mi T`Q#2b 7Q` KB+`Qb+QTv �`2 #`B;?iM2bb �M/

?B;? T?QiQbi�#BHBiv �M/ +�T�+Biv Q7 bBi2@bT2+B}+ H�#2HBM; �M/ b?QrBM; #BQ@+QKT�iB#BHBivX *�`@

#Q+v�MBM2 /v2b �`2 ?B;?Hv ~mQ`2b+2Mi- �Hi?Qm;? i?2v K�v bmz2` TQQ` bQHm#BHBiv BM �[m2Qmb
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K2/B�- HBKBiBM; i?2B` mb2 7Q` #BQ�TTHB+�iBQMbR9-R3X GQ�/BM; i?2b2 /v2b BMiQ � MQM@~mQ`2b+2Mi

M�MQ+�``B2` �b i?2 Zm�ibQK2- �``�M;2/ �b ~mQ`2b+2Mi Q`;�MB+ bvbi2K- Qz2`b �M BMi2`2biBM;

bi`�i2;v iQ #`BM; i?2b2 Q`;�MB+ /v2b BMiQ �[m2Qmb K2/B�X h?2 ;Q�H Q7 i?Bb +?�Ti2` Bb iQ

bim/v i?2 BMi2`�+iBQMb Q7 i?2 2H2K2Mib Q7 i?2 Za@/v2 bvbi2K- iQ b22 B7 i?2 /2bB`�#H2 T?vbB+�H

T`QT2`iB2b Q7 i?2 Zm�ibQK2 �M/ i?2 /2bB`�#H2 QTiB+�H T`QT2`iB2b Q7 i?2 /v2b �`2 �Hi2`2/X

aBKBH�` bim/B2b ?�p2 mb2/ bK�HH mMBH�K2HH�` p2bB+H2b UalobV- 2X;X- HBTQbQK2b- rBi? bBx2b Q7

�Ryy MK- �b bmT`�KQH2+mH�` M�MQbi`m+im`2bkyX >Qr2p2`- i?2`2 Bb � bi`QM; BMi2`2bi iQr�`/b

M2r p2bB+mH�` 7Q`KmH�iBQMb- K�/2 #v MQMHBTB/ +QKTQM2Mib- �#H2 iQ Qp2`+QK2 i?2 BMi`BMbB+

BMbi�#BHBiv Q7 HBTQbQK2b i?�i ?BM/2`b i?2B` #BQK2/B+�H �TTHB+�iBQMbNX

*�`#Q+v�MBM2 KQH2+mH2b �`2 HBTQT?BHB+ ~mQ`QT?Q`2b rBi? HQM; �HFvH +?�BMb- r?B+? +�M #2

BMi2;`�i2/ BMiQ Za K2K#`�M2 2tTHQBiBM; ?v/`QT?Q#B+ BMi2`�+iBQMb #2ir22M i?2 +?�BMb Q7 i?2

/v2b �M/ i?2 ?v/`QT?Q#B+ +QKT�`iK2Mi Q7 i?2 /Qm#H2@H�v2` K2K#`�M2X h?2 ;2M2`�H +v�MBM2

bi`m+im`2 +QMbBbi Q7 irQ MBi`Q;2M �iQKb UQM2 Q7 r?B+? Bb TQbBiBp2Hv +?�`;2/V HBMF2/ #v � +QMDm@

;�i2/ +?�BM Q7 +�`#QMbX aT2+B}+�HHv- r2 mb2 irQ r�i2`@BMbQHm#H2 +�`#Q+v�MBM2 /v2b rBi? irQ

R3@+�`#QMb �HBT?�iB+ +?�BMbc R-R�@/BQ+i�/2+vH@j-j-j�-j�@i2i`�K2i?vHBM/Q+�`#Q+v�MBM2 T2`+?HQ@

`�i2 U.BAV �M/ R-R�@/BQ+i�/2+vH@j-j-j�-j�@i2i`�K2i?vHBM/Q/B@+�`#Q+v�MBM2 T2`+?HQ`�i2 U.B.V

Ub22 i?2B` +?2KB+�H bi`m+im`2 BM 6B;m`2 eXRVkd-kNX

Figure 6.1: Schematic representation of chemical structure of DiI and DiD dye and normalized UV-vis absorption and

emission spectra of DiI (yellow) andDiD (red). Experimental data is done byDr. Ardizzone2 in Nanomol group.
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*?�Ti2` e

aBM+2 ~mQ`2b+2M+2 i2+?MB[m2b QMHv BM/B`2+iHv T`Q#2 i?2 /vM�KB+b Q7 i?2 M�iBp2 /v2@

HQ�/2/ Zm�ibQK2 +QKTQM2Mib- i?2`2 2tBbib � M22/ iQ T`2+Bb2Hv /2i2`KBM2 i?2 /vM�KB+b �M/

BMi2`�+iBQMb Q7 i?2 2H2K2Mib Q7 i?2 bvbi2K �M/ r�i2`- �i i?2 �iQKB+ H2p2HRyX JQ`2Qp2`-

MQ bi`m+im`�H bim/B2b Us@`�v +`vbi�HHQ;`�T?v Q` LJ_V ?�p2 #22M `2TQ`i2/ QM Zm�ibQK2

#BH�v2`b +QMi�BMBM; .BA Q` .B.X AM i?Bb HBM2- �HH@�iQKB+ J. bBKmH�iBQMb +�M T`QpB/2 i?Bb

BM7Q`K�iBQM- ;BpBM; BMbB;?i �#Qmi i?2 }/2HBiv Q7 i?2 T`Q#2 iQ Za ~mB/Biv �M/ i?2 2ti2Mi iQ

r?B+? i?2 T`Q#2 T2`im`#b i?2 #BH�v2`- �M/ T`QpB/BM; i?2 }`bi /2i�BH2/ T`2/B+iBQMb Q7 .BA �M/

.B. /v2 HQ+�iBQM BM � Za #BH�v2`jX

Pm` ��@J. `2bmHib �`2 bmTTQ`i2/ #v 2tT2`BK2Mib BM+Hm/BM; i?2 bvMi?2bBb U+QKT�`BM;

/Bz2`2Mi K2i?Q/QHQ;B2bV �M/ i?2 +?�`�+i2`Bx�iBQM Q7 i?2 bvbi2K- �b r2HH �b biQ+?�biB+ QT@

iB+�H `2+QMbi`m+iBQM KB+`Qb+QTv UahP_JV- �M BMMQp�iBp2 bmT2``2bQHmiBQM KB+`Qb+QTv i2+?@

MB[m2jy- BM Q`/2` iQ 2tTHQ`2 i?2 TQi2MiB�H Q7 i?2 /v2@HQ�/2/ Za 7Q` #BQHQ;B+�H BK�;BM;X

eXR JQ/2H �M/ 6Q`+2 6B2H/ Q7 +�`#Q+v�MBM2 /v2b

*v�MBM2 7�KBHv Bb r2HH bim/B2/ #Qi? 2tT2`BK2Mi�HHv �M/ i?2Q`2iB+�HHv BM HBi2`�im`2 bBM+2

/2+�/2b �;QX L2p2`i?2H2bb- r2 r2`2 BMi2`2bi2/ BM }M/BM; � bmBi�#H2 KQ/2H �M/ 7Q`+2 }2H/

7Q` .BA U*vjV �M/ .B. U*v8V +�`#Q+v�MBM2b +QKT�iB#H2 rBi? *>�_JJ 7Q` Qm` Tm`TQb2-

�M/ 7Q` i?�i r2 miBHBx2 i?2 7QHHQr bi`�i2;v #�b2/ QM .6h 2H2+i`QMB+ bi`m+im`2 +�H+mH�iBQMbX

AM i?2 +�b2 Q7 .BA /v2c }`bi Q7 �HH- Bib KQH2+mH�` bi`m+im`2 r�b /2bB;M2/ mbBM; :�mbboB2r

T`Q;`�K- r?B+? Bb � T�`i Q7 i?2 :�mbbB�MyN bQ7ir�`2 T�+F�;2dX �7i2` i?�i- i?2 ;2QK2i`v

Q7 i?2 KQH2+mH2 r�b QTiBKBx2/ 2KTHQvBM; i?2 :�mbbB�MyN T`Q;`�KX Zm�MimK K2+?�MB+b

UZJV +�H+mH�iBQMb r2`2 T2`7Q`K2/ mbBM; /2MbBiv 7mM+iBQM�H i?2Q`v U.6hV rBi? _Jyeks

7mM+iBQM�H �M/ e@jRRY:U/-TV #�bBb b2i �M/ �HbQ i�FBM; BMiQ �++QmMi i?2 T`2b2M+2 Q7 r�i2`

bQHp2Mi 7Q` i?2 QTiBKBx�iBQM ;2QK2i`vX �7i2` ;2QK2i`v QTiBKBx�iBQM- � }`bi ;m2bb 7Q` i?2

7Q`+2 }2H/ T�`�K2i2`b r�b Q#i�BM2/ mbBM; i?2 QTiBKBx2/ bi`m+im`2 BM i?2 *:2M66 T`Q;`�Kk3

�p�BH�#H2 �b � r2# b2`p2`X h?2 7Q`+2 }2H/ T�`�K2i2`b 7Q` i?2 +�`#QtvH +?�BMb (@*>�@*>�)��

r2`2 �p�BH�#H2 #mi bQK2 Q7 i?2 T�`�K2i2`b Q#i�BM2/ #v �M�HQ;v 7Q` i?2 +v�MBM2 T�`i Q7
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Zm�ibQK2b rBi? ?v/`QT?Q#B+ /v2b

i?2 .BA KQH2+mH2 ?�/ ?B;? T2M�HiB2b- BM/B+�iBM; i?2 M22/ 7Q` `2@T�`�K2i`Bx�iBQMX h?2b2

T�`�K2i2`b rBi? ?B;? T2M�HiB2b r2`2 bm#biBimi2/ #v i?2 T�`�K2i2`b T`QTQb2/ BM `27kk-kj 7Q`

/v2b U*vj /v2 T�`�K2i2` b2i BM i?�i `272`2M+2VX h?2 T�`�K2i2`b r2`2 Q#i�BM2/ �M/ p�HB/�i2/

#v mbBM; JJ K2i?Q/b �M/ ZJ +�H+mH�iBQMb iQ +QKTmi2 i?2 TQi2MiB�H bm`7�+2 2M2`;B2b- �b

/2i�BH2/ BM i?2 K2MiBQM2/ `272`2M+2X S�`iB�H +?�`;2b QM .BA KQH2+mH2 r2`2 Q#i�BM2/ mbBM;

i?2 +?�`;2 T�`iBiBQMBM; J2`x@EQHHK�M UJEV K2i?Q/RRX h?2 .BA KQH2+mH2 ?�b � M2i +?�`;2

Q7 YR2 �M/ Bi Bb /Bbi`B#mi2/ �b b?QrM BM 6B;m`2 eXkX h?2`2 Bb �M bK�HH �bvKK2i`v BM i?2

+?�`;2 /Bbi`B#miBQM #2ir22M i?2 irQ BM/QH2 `BM;b Q7 i?2 ?2�/ ;`QmT UyX9d2 @ yXed2VX h?2

Figure 6.2: Simulation snapshots of the DiI (left) and DiD (right) dyes using CPK representation. The color scheme

corresponds to the partial charge (in e units) as indicated in the color ruler. Distance corresponding to nitrogen atom

of the headgroup of the dye and the last carbon atom of the tail has a value of∼2.4 Å and the corresponding distance

for the length of the head group of the DiI (n = 1) andDiD (n = 2) dyes are 1.6 Å and 2.0 Å, respectively.
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*?�Ti2` e

+?`QKQT?Q`2 #`B/;2 ?�b � bK�HH +?�`;2 Q7 @yXRkk2X

AM i?2 +�b2 Q7 .B. /v2- r2 iQQF �/p�Mi�;2 Q7 i?2 �H`2�/v /2p2HQT2/ KQ/2H 7Q` i?2 .BA-

�b i?2 irQ /v2b Dmbi /Bz2` BM i?2 MmK#2` Q7 2i?vH2M2 ;`QmTb BM i?2 +?`QKQT?Q`B+ T�`i- rBi?

M 4 R 7Q` .BA �M/ M 4 k 7Q` .B.X q2 7QHHQr2/ i?2 b�K2 bi2Tb iQ /2bB;M �M/ QTiBKBx2 i?2

KQH2+mH2 �M/ r2 Q#i�BM2/ i?2 +Q``2bTQM/BM; 7Q`+2 }2H/X h?2 .B. KQH2+mH2 �HbQ ?�b � M2i

+?�`;2 Q7 YR2- �M/ i?2 +?�`;2 /Bbi`B#miBQM Bb ;Bp2M BM 6B;m`2 eXkX lMHBF2 BM i?2 +�b2 Q7 i?2

.BA- BM i?2 .B. i?2 ?2�/ ;`QmT +?�`;2 /Bbi`B#miBQM Q#i�BM2/ 7`QK .6h +�H+mH�iBQMb mbBM;

i?2 JE K2i?Q/ Bb �HKQbi bvKK2i`B+X h?2 BM/QH2 `BM;b ?�p2 � +?�`;2 Q7 yX932 �M/ yX9N2X

h?2 +?`QKQT?Q`2 #`B/;2 ?�b � +?�`;2 Q7 @yXRkd2- bBKBH�` iQ i?�i Q7 i?2 .BAX

AMTmi }H2b +QMi�BMBM; �HH i?2 2KTHQv2/ T�`�K2i2`b 7Q` i?2 .BA �M/ .B. /v2b �`2 �p�BH�#H2

BM i?Bb `2TQbBiQ`v, ?iiTb,ff#Bi#m+F2iXQ`;fB+K�#nbQ7inK�ii2`ni?2Q`vf+�`#Q+B�MBM2@/v2bfb`+f

K�bi2`f

eXk JQH2+mH�` .vM�KB+b bBKmH�iBQMb Q7 +�`#Q+v�MBM2 /v2b

PM+2 i?2 KQ/2H Q7 i?2 +�`#Q+v�MBM2 /v2b Bb `2�/v iQ #2 mb2/- BM i?Bb b2+iBQM r2 +�``v Qmi

��@J. bBKmH�iBQMb Q7 i?2 Za bvbi2K rBi? i?2 /v2bX h?2`2 �`2 i?`22 bm#b2+iBQMb, AM i?2

}`bi QM2- irQ /Bz2`2Mi bi�`iBM; `2H�iBp2 TQbBiBQMb Q7 i?2 /v2 rBi? `2bT2+i iQ i?2 Zm�ibQK2 �`2

bim/B2/X AM i?2 b2+QM/- i?2 #2?�pBQm` Q7 � bBM;H2 /v2 �i i?2 Zm�ibQK2 #BH�v2` Bb �M�Hvx2/X

�M/ BM i?2 i?B`/- i?2 BMi2`�+iBQMb #2ir22M irQ /v2b BM i?2 Za �`2 bim/B2/X 6BM�HHv- �

bm#b2+iBQM Q7 2tT2`BK2Mi�H `2bmHib Bb BM+Hm/2/X

�HH i?2 bBKmH�iBQMb 2KTHQv i?2 b�K2 T�`�K2i2`b Q7 i?2 7Q`+2 }2H/ UT�`iB�H +?�`;2b �M/

#QM/- �M;H2 �M/ /B?2/`�H 2[mBHB#`BmK p�Hm2b �M/ 7Q`+2 +QMbi�MibV 7Q` i?2 .BA �M/ .B. /v2b-

r?B+? �`2 i?Qb2 /2b+`B#2/ BM b2+iBQM eXRX h?2 Za K2K#`�M2 �M/ r�i2` r2`2 KQ/2H2/ �b BM

+?�Ti2`b j �M/ 8X

�HH i?2 bBKmH�iBQMb ?�p2 i?2 b�K2 +QKTmi�iBQM�H /2i�BHb, J. bBKmH�iBQMb r2`2 T2`@

7Q`K2/ mbBM; L�J. kXRR bQ7ir�`2X h?2 2[m�iBQMb Q7 KQiBQM r2`2 bQHp2/ mbBM; � iBK2 bi2T

Q7 k 7bX 1H2+i`Qbi�iB+ BMi2`�+iBQMb r2`2 +QKTmi2/ mbBM; i?2 SJ1 K2i?Q/ rBi? mbm�H b2iiBM;b
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Zm�ibQK2b rBi? ?v/`QT?Q#B+ /v2b

BM L�J. UR ³ `2bQHmiBQM- mT/�i2/ 2�+? k iBK2 bi2TbVX G2MM�`/@CQM2b BMi2`�+iBQMb r2`2

i`mM+�i2/ �i RXk MK 2KTHQvBM; � brBi+?BM; 7mM+iBQM bi�`iBM; �i RXy MKX S2`BQ/B+ #QmM/�`v

+QM/BiBQMb r2`2 2KTHQv2/ BM �HH /B`2+iBQMbX h2KT2`�im`2 r�b F2Ti +QMbi�Mi �i kN3 E mbBM;

� G�M;2pBM i?2`KQbi�i rBi? � `2H�t�iBQM iBK2 Q7 R TbX S`2bbm`2 Q7 R �iK r�b BKTQb2/ mbBM;

i?2 �MBbQi`QTB+ LQbû@>QQp2`@G�M;2pBM TBbiQM BKTH2K2Mi2/ BM L�J. UQb+BHH�iBQM T2`BQ/ Q7

Ryy 7b �M/ /2+�v iBK2 Q7 8y 7bVX

h?2 2[mBHB#`�i2/ Zm�ibQK2 #BH�v2` 2KTHQv2/ BM �HH i?2 bBKmH�iBQMb Q7 i?Bb +?�Ti2` Bb i?2

b�K2 �b i?2 QM2 BM *?�Ti2` jX h?Bb Bb- i?2 Zm�ibQK2 UZaV #BH�v2` Bb 7Q`K2/ Q7 � T�i+? Q7

R8Xd MK� U+QMi�BMBM; 89 *h�" �M/ 89 +?QH2bi2`QH KQH2+mH2bV bBKmH�i2/ BM r�i2`X

eXkXR aBKmH�iBQMb �#Qmi i?2 bi�`iBM; TQbBiBQM

AM i?Bb b2+iBQM r2 bi�`i2/ #v bBKmH�iBM; i?2 .BA /v2 �M/ i?2 Zm�ibQK2 #BH�v2` b2T�`�i2/ BM

r�i2`- 2tT2+iBM; �M BMi2`�+iBQM #v ?v/`QT?Q#B+ 2z2+iX

Table 6.1: Composition of the systems considered in theMD simulations, including total number of atoms, ratio of the

components of the system (DiI dye, water andCTABmolecules), total simulation time and size box after equilibration.

�iQKb UiQi�HV LmKX JQH2+X aBK iBK2 aBx2 "Qt
/v2fr�i2`f*h�"

aR keN9e Rfe9ejf89 Rk Mb k8Xd MK� t R8XR MK
ak keN9e Rfe9ejf89 Ny Mb R3XR MK� t R9Xj MK

aR bBKmH�iBQM Ub22 h�#H2 eXRV r�b #mBHi mT rBi? i?2 �BK Q7 BHHmbi`�iBM; i?2 i`�D2+iQ`v

Q7 � bBM;H2 .BA HQ+�i2/ 7�` �r�v 7`QK i?2 Zm�ibQK2 K2K#`�M2 BM r�i2`X �//BiBQM�HHv- �

+?HQ`B/2 �iQK r�b �//2/ BM Q`/2` iQ #�H�M+2 i?2 TQbBiBp2 +?�`;2 BM/m+2/ #v i?2 .BA /v2X

Ai r�b T2`7Q`K2/ � bBKmH�iBQM Q7 Ry Mb Q7 LSh 2Mb2K#H2- �M/ Bi r�b }M/ Qmi i?�i i?2 .BA

KQH2+mH2 r�b MQi �ii`�+i2/ iQr�`/b i?2 Za K2K#`�M2- 2p2M i?Qm;? Bi Bb �M ?v/`QT?Q#B+

KQH2+mH2X AM Q`/2` iQ 7Q`+2 i?2 BMi2`�+iBQM #2ir22M i?2 /v2 �M/ i?2 Za r2 `mM R Mb Q7

bi22`2/ KQH2+mH�` /vM�KB+b UaJ.V bBKmH�iBQM- r?B+? �HHQrb iQ �TTHv �M 2ti2`M�H 7Q`+2 iQ

i?2 KQH2+mH2 iQ KQp2 Bi BM � /2bB`2/ /B`2+iBQMX 6Q` i?�i- � 7Q`+2 Q7 R8djXdd TL r�b �TTHB2/

QM i?2 .BAǶb +2Mi`2 Q7 K�bb- 7Q`+BM; Bi iQ KQp2 iQr�`/b i?2 Za bm`7�+2 BM x /B`2+iBQM QMHvX
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*?�Ti2` e

h?2M- r2 `mM R Mb Q7 LSh 2Mb2K#H2 rBi? bmT2`}+B�H i2MbBQM 2[m�H iQ x2`Q- 2tT2+iBM; i?2

.BA /v2 iQ 2Mi2` BMbB/2 i?2 K2K#`�M2X >Qr2p2`- r2 7QmM/ i?�i i?2 KQH2+mH2 �miQK�iB+�HHv

#QmM+2/ 7`QK i?2 Za bm`7�+2 KQpBM; BM i?2 QTTQbBi2 /B`2+iBQM- bi�vBM; BM i?2 r�i2` Ub22

6B;m`2 eXjVX �M�HvxBM; i?2 bBKmH�iBQM `2bmHib- r2 +QM+Hm/2/ i?�i i?2 .BA KQH2+mH2 Bb MQi

�#H2 iQ 2Mi2` BMbB/2 i?2 Za K2K#`�M2X q2 /Bb+�`/2/ `2T2�iBM; i?2 bBKmH�iBQM 7Q` i?2 .B.

/v2- �b r2 �bbmK2 i?�i i?2 `2bmHib rQmH/ #2 i?2 b�K2X

Figure 6.3: Simulation snapshot of theQSmembranewithDiI dye outside (S1 simulation). It is possible to observe the

orientation of the dye (Van der Waals radii representation) with its tails orientated towards the QS surface. CTA+

molecules are painted in cyan and cholesterol molecules in blue. Bromide counterions of the CTAB are shown as pink

spheres.

"�b2/ QM i?2 T`2pBQmb `2bmHi- r2 +?�M;2/ i?2 bi`�i2;v �M/ +QMbB/2`2/ � bi�`iBM; TQBMi

r?2`2 i?2 .BA KQH2+mH2 r�b BMbB/2 i?2 Za K2K#`�M2X 6B`biHv- r2 K�Mm�HHv BMi`Q/m+2/

� .BA KQH2+mH2 BMbB/2 QM2 Q7 i?2 H�v2`b Q7 i?2 Za #BH�v2`- #2ir22M *h�+ �M/ +?QH2bi2`QH

KQH2+mH2bX "mi �HbQ- r2 �//2/ � +?HQ`B/2 �iQK BM Q`/2` iQ #�H�M+2 i?2 TQbBiBp2 +?�`;2

BM/m+2/ #v i?2 .BA /v2 Uak bBKmH�iBQMb- b22 +QKTmi�iBQM�H /2i�BHb BM h�#H2 eXRVX q2 M22/2/

iQ `mM � Ry Tb KBMBKBx�iBQM BM Q`/2` iQ �pQB/ i?2 Qp2`H�T #2ir22M i?2 Za +QKTQM2Mib �M/
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Zm�ibQK2b rBi? ?v/`QT?Q#B+ /v2b

i?2 .BA /v2X h?2M- Ny Mb Q7 bBKmH�iBQM r2`2 `mM- mbBM; LSh 2Mb2K#H2 rBi? bm`7�+2 i2MbBQM

2[m�H iQ x2`QX h?2 `2bmHib b?Qr i?�i i?2 /v2 `2K�BMb BMbB/2 i?2 Za K2K#`�M2 bi�#H2 �HQM;

bBKmH�iBQM iBK2- MQi /27Q`KBM; i?2 K2K#`�M2X 6B;m`2 eX9 b?Qrb i?2 .BA KQH2+mH2 BMbB/2

i?2 Za K2K#`�M2X

Figure 6.4: Simulation snapshot of of theQSmembranewithDiI dye inside (S2 simulation). It is possible to observe the

orientation of the dye (Van derWaals radii representation) inside the QSmembrane. CTA+ molecules are painted in

cyan and cholesterol molecules in blue. Bromide counterions of the CTAB are shown as pink spheres.

S`2pBQmb 2tT2`BK2Mi�H rQ`Fk T`Qp2b i?�i i?2 T`2T�`�iBQM K2i?Q/ TH�vb �M BKTQ`i�Mi

`QH2 BM i?2 bT2+i`Qb+QTB+ T`QT2`iB2b Q7 i?2 .BA �M/ .B. /v2- �b �;;`2;�iBQM bi�i2b Q7 i?2

~mQ`QT?Q`2b BMbB/2 i?2 Za K2K#`�M2 +�M Q++m`X J2i?Q/b bm+? �b BM+m#�iBQM Q` mHi`�bQM@

B+�iBQM- BM r?B+? .BA �M/ .B. /v2b �`2 HQ�/2/ �7i2` Za bvMi?2bBb- �`2 H2bb 2{+B2Mi i?�M

.1GPa@alaS K2i?Q/b- BM r?B+? i?2 Za@/v2 bvbi2K Bb bvMi?2bBx2/ �i i?2 b�K2 iBK2X Ai

?�b #22M /2KQMbi`�i2/ 2tT2`BK2Mi�HHv i?�i .1GPa@alaS K2i?Q/QHQ;v H2�/b iQ i?2 #2bi

+QKT`QKBb2 #2ir22M /Bbi`B#miBQM Q7 i?2 /v2 Qp2` i?2 K2K#`�M2 Q7 Za �M/ KQ`T?QHQ;v Q7

i?2 p2bB+H2bX

"Qi? bBKmH�iBQMb UaR �M/ akV +�M #2 +QKT�`2/ rBi? #Qi? ivT2b Q7 2tT2`BK2Mi�H T`2T�@

`�iBQM K2i?Q/bX PM QM2 ?�M/- i?2 }`bi bBKmH�iBQM- aR- i�F2b �b bi�`iBM; TQBMi i?2 .BA

KQH2+mH2 QmibB/2 i?2 K2K#`�M2- �b BM+m#�iBQM Q` mHi`�bQMB+�iBQM K2i?Q/b /Q- �M/ Bi Bb
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b?QrM i?�i i?2 .BA KQH2+mH2 /Q2b MQi 2Mi2` i?2 Za K2K#`�M2- bi�vBM; BM i?2 r�i2`X PM

i?2 Qi?2` ?�M/- ak- rBi? i?2 bi�`iBM; TQBMi Q7 i?2 .BA KQH2+mH2 BMbB/2 i?2 Za K2K#`�M2-

+Q``2bTQM/b iQ i?2 .1GPa@alaS K2i?Q/- �M/ #2ii2` `2bmHib BM i2`Kb Q7 bi�#BHBiv Q7 i?2

/v2 BMbB/2 i?2 Za K2K#`�M2 �`2 Q#i�BM2/X

q2 +QM+Hm/2 i?�i- /2bTBi2 Bi r�b 2tT2+i2/ iQ b22 ?Qr � bBM;H2 /v2 rQmH/ #2 BM+Q`TQ`�i2/

BMbB/2 i?2 Za K2K#`�M2 �pQB/BM; i?2 r�i2` KQH2+mH2b /m2 iQ Bib ?v/`QT?Q#B+Biv- bBKmH�iBQMb

/B/ MQi b?Qr i?�iX h?2 `2�bQM Bb i?�i i?2 T`2T�`�iBQM K2i?Q/ TH�vb �M BKTQ`i�Mi `QH2 7Q` i?2

BM+Q`TQ`�iBQM Q7 i?2 /v2b BMbB/2 i?2 Za K2K#`�M2X L2p2`i?2H2bb- bBKmH�iBQMb /2KQMbi`�i2/

i?�i QM+2 i?2 ?v/`QT?Q#B+ /v2 Bb BM+Q`TQ`�i2/ BMbB/2 i?2 Za K2K#`�M2- Bi `2K�BMb bi�#H2

rBi?Qmi 2tBiBM;X h?Bb Bb `2[mB`2/ 7Q` i?2 bvbi2K iQ ?�p2 ;QQ/ ~mQ`2b+2Mi 2KBbbBQM- �b

2tT2+i2/X

eXkXk aBM;H2 /v2 U.BA Q` .B.V �i Zm�ibQK2 #BH�v2`

�HH bBKmH�iBQMb /2b+`B#2/ BM i?Bb b2+iBQM �`2 #mBHi@mT �M/ KBMBKBx2/ 2t�+iHv BM i?2 b�K2 r�v

�b bBKmH�iBQM ak UT`2pBQmb b2+iBQMVX q2 +QMbB/2`2/ � Za T�i+? rBi? � bBM;H2 /v2 KQH2+mH2

U.BA Q` .B.V BM r�i2`X aBKmH�iBQM aj Bb i?2 QM2 rBi? .BA /v2 �M/ a9 Bb i?2 QM2 rBi? .B.

/v2X *QKTmi�iBQM�H /2i�BHb �`2 /2b+`B#2/ #2HHQr BM h�#H2 eXkX

Table 6.2: Composition of the systems considered in theMD simulations, including total number of atoms, number of

molecules; molecules of dyes; S3-DiI and S4-DiD, water and CTAB, the simulation times and the equilibrated size box.

�iQKb UiQi�HV KQH2+X /v2fr�i2`f*h�" aBKX iBK2 aBx2 "Qt
aj keN9e Rfe9ejf89 jRy Mb k83 MK�

a9 ke393 Rfe9kNf89 jRy Mb k8d MK�

AM #Qi? +�b2b- r2 }`bi T2`7Q`K2/ R Mb Q7 2[mBHB#`�iBQM bBKmH�iBQMb mbBM; LSh 2Mb2K#H2

�M/ i?2M r2 T2`7Q`K2/ H�`;2` 2[mBHB#`�iBQM bBKmH�iBQMb U3y Mb 7Q` Za@.BA �M/ Ryy Mb 7Q`

Za@.B.V mbBM; i?2 LSh� 2Mb2K#H2 K�BMi�BMBM; i?2 Za #BH�v2` �i x2`Q i2MbBQMX �7i2` i?2

2[mBHB#`�iBQM bBKmH�iBQMb- r2 T2`7Q`K2/ T`Q/m+iBQM bBKmH�iBQMb 7Q` kjy Mb �M/ kRy Mb 7Q`

aj �M/ a9 bBKmH�iBQMb `2bT2+iBp2HvX AM i?2 +�b2 Q7 aj bBKmH�iBQM- i?2 2[mBHB#`�i2/ bBx2 Q7
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i?2 bBKmH�iBQM #Qt 7Q` aj r�b 9jXNe ³ �M/ 9RXyj ³ BM i?2 su TH�M2 �M/ R9jXRj ³ 7Q` i?2

p2`iB+�H UwV /B`2+iBQMX �M/- BM i?2 +�b2 Q7 a9- r2 ?�/ 98Xky ³ �M/ 9RXkj ³ BM i?2 su TH�M2

�M/ RjdXNd ³ BM i?2 p2`iB+�H UwV /B`2+iBQMX

h?2 }`bi `2bmHi Q#b2`p2/ r?BH2 HQQFBM; �i i?2 HQM; i`�D2+iQ`B2b Bb i?�i #Qi? /v2b �`2

bi�#H2 BMbB/2 i?2 Za #BH�v2`X h?2v bi�v BM QM2 H�v2` /m`BM; �HH i?2 bBKmH�iBQM iBK2- MQ ~BT@

~QT Bb Q#b2`p2/ �i i?2 bim/B2/ iBK2b+�H2X JQ`2Qp2`- i?2 /v2 #2+�K2 � T�`i Q7 i?2 H2�~2i-

K�BMi�BMBM; i?2 bi�#BHBiv �M/ ~mB/Biv Q7 Bi- �M/ i?2 #BH�v2` b?Qr2/ MQ +?�M;2 Q` /27Q`K�iBQM

/m2 iQ i?2 BM+Q`TQ`�iBQM Q7 i?2 /v2 KQH2+mH2X Ai +�M #2 +QM+Hm/2/ 7`QK i?2 bBKmH�iBQMb i?�i

i?2 KQ/2H 2KTHQv2/ 7Q` .BA �M/ .B. /v2b �M/ Zm�ibQK2 +Q``2+iHv T`2/B+ib i?2 2tT2`BK2Mi�H

Q#b2`p�iBQM i?�i i?2 /v2b �`2 bi�#H2 BMbB/2 Za K2K#`�M2kX

AM 6B;m`2 eX8- r2 b?Qr bM�Tb?Qib 7`QK i?2 bBKmH�iBQMb �M/ i?2 �p2`�;2 �iQKB+ /2MbBiv

T`Q}H2bX "Qi? .B. �M/ .BA /v2b ?�p2 i?2B` +�`#Q+v�MBM2 ;`QmTb BM +QMi�+i rBi? r�i2`-

rBi? i?2B` MBi`Q;2M �iQKb HQ+�i2/ BM i?2 ?v/`QT?BHB+ `2;BQM Q7 i?2 Za #BH�v2` UBX2X- BMbB/2

Figure6.5: Results fromMDsimulations forhydrophobicdyes inQuatsomes: (a)DiI and (b)DiD. For eachdye,we show

a representative snapshot and the average atomic density profiles of selected atoms in the direction perpendicular to

the QS bilayer. In the snapshots, CTAB molecules, water molecules and the dye molecule (emphasized) are shown in

CPKrepresentation. Cholesterolmolecules and ions arenot shown for clarity. Theatomicdensity profiles indicate the

location of two characteristic dye atoms (N from the carbocyanines and terminal C from the alkyl chain), the location

of the hydrophobic core (C atoms from CTAB) and the hydrophilic headgroup region (defined by oxygen atoms from

cholesterol –OH and nitrogen atoms fromCTAB). The atomic density for dye atoms is multiplied by a factor of 100 to

help identification of the peaks. The region occupied with water is indicated with a shadow to help interpretation of

atomic density profiles.
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i?2 Za `2;BQM /2HBKBi2/ #v i?2 ?2�/ ;`QmTb Q7 i?2 *h�" bm`7�+i�Mib �M/ i?2 @P> ;`QmTb

Q7 i?2 +?QH2bi2`QH KQH2+mH2bVX .2MbBiv T`Q}H2b Q7 #Qi? /v2b �`2 �HKQbi B/2MiB+�H �M/ `2bmHib

Q#i�BM2/ �`2 `2T`2b2Mi�iBp2 /m2 iQ i?2 H�`;2 �KQmMi Q7 +QHH2+i2/ /�i�- r?B+? H2�/b iQ bi�#H2

bi�iBbiB+bX h?2 ?v/`QT?Q#B+ �`2� Bb r2HH /2}M2/ rBi?BM j MK xQM2 U6B;X eX8- r?Bi2 �`2�VX

_2;�`/BM; i?2 KQH2+mH�` Q`;�MBx�iBQM Q7 i?2 Za@/v2 bvbi2K Ub22 6B;m`2 eX8V- i?2 �HBT?�iB+

+?�BMb BM #Qi? +�`#Q+v�MBM2b /v2b �`2 BKK2`b2/ BMbB/2 i?2 ?v/`QT?Q#B+ H�v2` Q7 i?2 Za-

�b 2tT2+i2/- �M/ i?2 ?2�/ ;`QmTb 7Q`K2/ #v irQ [mBMQHBM2 �M/ i?2 +?`QKQT?Q`2 T�`i �`2

HQ+�i2/ BM i?2 Za bm`7�+2@r�i2` BMi2`7�+2X GQQFBM; �i i?2 ;`�T? 7`QK `B;?i iQ H27i- i?2 �iQKb

i?�i b?Qr KQ`2 �{MBiv iQr�`/b r�i2` �`2 `�MF2/ �b MBi`Q;2M �iQKb 7`QK *h�"@?2�/- MB@

i`Q;2M �iQKb 7`QK /v2@?2�/- Qtv;2M �iQK 7`QK *?QH@?2�/ �M/ +�`#QM �iQKb 7`QK /v2 �M/

*h�"@i�BHX Ai Bb rQ`i? K2MiBQMBM; i?�i- bQK2iBK2b- /m`BM; i?2 bBKmH�iBQM i`�D2+iQ`v i?2

?2�/ ;`QmT Q7 i?2 /v2 iBHi2/ rBi? `2bT2+i iQ i?2 Za bm`7�+2X h?2M- QM2 Q7 i?2 irQ [mBMQ@

HBM2 ;`QmTb Q7 2�+? +�`#Q+v�MBM2 `2K�BM2/ KQ`2 2tTQb2/ iQ r�i2`- r?BH2 i?2 Qi?2` QM2 r�b

BMK2`b2/ BM i?2 #BH�v2`X _2;�`/H2bb Q7 i?2 HQ+�iBQM Q7 i?2 /v2b BM i?2 Za- r2 TQBMi Qmi i?�i

i?2v Q`B2Mi2/ BM T�`�HH2H rBi? i?2 r�i2`@bm`7�+2 BMi2`7�+2 Ui?Bb ?�b #22M �H`2�/v Q#b2`p2/

BM bBKmH�iBQM ajVX h?Bb Bb BM +QMi`�bi rBi? i?2 bim/v Q7 i?2 .BA BMbB/2 i?2 .SS* HBTB/

#BH�v2`- r?2`2 i?2 /v2b �TT2�` ?B//2M #2HQr i?2 ?2�/ ;`QmTb Q7 i?2 T?QbT?QHBTB/bRyX h?Bb

#2?�pBQm` Q7 /v2b �i .SS* #BH�v2`b +�M H2�/ iQ BMbi�#BHBiB2b BM i?2 HQM; i2`K- �b i?2 /v2b

�`2 7�` 7`QK i?2 r�i2`@bm`7�+2 BMi2`7�+2X

�b b?QrM BM 6B;m`2 eX8- i?2 T`2b2M+2 Q7 � /v2 K�v �z2+i i?2 irQ H2�~2ib Q7 i?2 Za

#BH�v2`- �b i?2 /v2 H2M;i? Bb H�`;2` i?�M QM2 Q7 i?2 Za H2�~2ibX .Bbi�M+2 #2ir22M i?2 /2MbBiv

T2�Fb +Q``2bTQM/BM; iQ +�`#Q+v�MBM2 MBi`Q;2M �iQKb �M/ i?2 i2`KBM�H +�`#QM �iQK Q7 i?2

�HBT?�iB+ +?�BMb Bb �`QmM/ ∼kX9 MK- +QKT�`2/ rBi? i?2 �jX9 MK bBx2 Q7 i?2 ?v/`QT?Q#B+

#BH�v2` Q7 i?2 Za Ub22 6B;m`2 eXkVX

q2 MQiB+2/ i?�i HQ�/BM; � bBM;H2 .BA Q` .B. KQH2+mH2b BM i?2 K2K#`�M2 /B/ MQi +?�M;2

i?2 i?B+FM2bb Q7 i?2 #BH�v2` UK2�bm`2/ 7`QK i?2 T2�Fb Q7 i?2 MBi`Q;2M@MBi`Q;2M �iQK /Bb@

i�M+2 7`QK *h�" /Bbi`B#miBQMV- �b r2 Q#i�BM2/ � p�Hm2 Q7 9XRd MK U�HKQbi bBKBH�` p�Hm2 �b
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Za K2K#`�M2 �HQM2 +�H+mH�i2/ BM *?�Ti2` j- 9Xj MKVX h?Bb `2bmHi Bb �;�BM BM +QMi`�bi rBi?

i?2 J. bBKmH�iBQMb rQ`FRy i?�i bim/B2/ .BA HQ�/2/ BM .SS* HBTB/ #BH�v2`X h?2v +�H+m@

H�i2/ � i?B+FM2bb Q7 9Xkk MK Q7 i?2 K2K#`�M2 �HQM2- #mi Q#b2`p2/ �M BM+`2�b2 Q7 i?B+FM2bb

r?2M �//BM; i?2 /v2X h?2b2 �#bQHmi2 i?B+FM2bb +?�M;2b +Q``2bTQM/ iQ BM+`2�b2b Q7 8XkWX

.2bTBi2 i?2 7�+i i?�i HQ�/BM; /v2b BMbB/2 i?2 Za H2�~2ib +QmH/ K�F2 mb 2tT2+i BMbi�#BHB@

iB2b QM i?2 K2K#`�M2- i?2 `2bmHib b?Qr i?2 +QMi`�`v- rBi? /v2b T2`72+iHv BM+Q`TQ`�i2/ �M/

BMi2`/B;Bi�i2/ #2ir22M Za +QKTQM2MibX

*QM+2`MBM; i?2 Q`B2Mi�iBQM Q7 i?2 /v2b �i i?2 r�i2`fZa BMi2`7�+2- BM 6B;m`2 eXe- r2 `2TQ`i

Figure 6.6: 7RS SDQHO� $QJOH EHWZHHQ FDUERF\DQLQH JURXSV RI 'L, RU 'L' DQG WKH ZDWHU�46 LQWHUIDFH DV D IXQFWLRQ RI
WLPH GXULQJ 0' VLPXODWLRQV� VDPSOHG HDFK �� SV� ,QVHW� VQDSVKRW RI REVHUYHG RULHQWDWLRQ RI D G\H PROHFXOH LQ 0'
VLPXODWLRQV LOOXVWUDWLQJ WKH GHILQLWLRQ RI WKH DQJOH� %RWWRP SDQHO� +LVWRJUDP RI DQJOHV LQ WKH FRQILJXUDWLRQV REWDLQHG LQ
WKH WRS SDQHO �% RI FRQILJXUDWLRQV ZLWK JLYHQ DQJOHV� HDFK �r��
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i?2 �M;H2 #2ir22M +�`#Q+v�MBM2 ;`QmTb Q7 .BA Q` .B. /v2 �M/ i?2 r�i2`fZa BMi2`7�+2 �b �

7mM+iBQM Q7 iBK2 /m`BM; i?2 J. bBKmH�iBQMbX q2 `2TQ`i i?2 Q#b2`p2/ iBK2 b2`B2b /m`BM; i?2

T`Q/m+iBQM `mMb �M/ i?2 bi�iBbiB+b /2`Bp2/ 7`QK i?2 iBK2 b2`B2bX h?2 �p2`�;2 U2[mBHB#`BmKV

�M;H2 Bb RX33◦ BM i?2 +�b2 Q7 .BA /v2 �M/ yXR9◦ BM i?2 +�b2 Q7 .B. /v2 Ub22 6B;m`2 eXeVX h?2

bHB;?iHv H�`;2` p�Hm2 7Q` i?2 .BA /v2 +�M #2 2tTH�BM2/ #v i?2 +?�`;2 /Bbi`B#miBQM �bvKK2i`v

BM i?2 ?2�/ ;`QmT Q7 i?�i KQH2+mH2- �b Bi ?�b #22M 2tTH�BM2/ BM i?2 T`2pBQmb b2+iBQMX AM

�p2`�;2 i?2 +�`#Q+v�MBM2 ;`QmT +�M #2 +QMbB/2`2/ T�`�HH2H iQ i?2 BMi2`7�+2X >Qr2p2`- +H2�`

~m+im�iBQMb �`2 Q#b2`p2/ BM 6B;m`2 eXe rBi? bm#bi�MiB�H /2pB�iBQMb 7`QK i?2 �p2`�;2 �M;H2X

h?2b2 ~m+im�iBQMb �`2 KQ`2 7`2[m2Mi BM i?2 +�b2 Q7 .B. /v2 U6B;m`2 eXeVX PM i?2 +QMi`�`v-

i?2 .BA +?`QKQT?Q`2 �M;H2 BM � .SS* T?QbTQHBTB/ #BH�v2` r�b ∼Rj◦ rBi? `2bT2+i iQ i?2

#BH�v2` MQ`K�HRyX

6Q` #Qi? /v2b r2 Q#b2`p2 � bm#bi�MiB�H KQ#BHBiv BM i?2 Za K2K#`�M2X AM 6B;m`2 eXd r2

`2TQ`i i?2 H�i2`�H UBM i?2 #BH�v2` TH�M2- su TH�M2V KQiBQM Q7 i?2 .BA �M/ .B. /v2b BM i?2 Za

#BH�v2`X AM Q`/2` iQ +?�`�+i2`Bx2 i?2 KQiBQM Q7 i?2 /v2b- r2 ?�p2 b2H2+i2/ i?2 +2Mi`�H +�`#QM

�iQK Q7 i?2 +�`#Q+v�MBM2X h?2 i`�D2+iQ`v 7QHHQr2/ #v i?Bb T�`iB+mH�` �iQK Bb b?QrM 7Q`

i?2 7mHH T`Q/m+iBQM `mM BM i?2 iQT T�M2Hb Q7 6B;m`2b eXd 7Q` .BA �M/ .B. /v2b- `2bT2+iBp2HvX

h?2 bi�iBbiB+�H �M�HvbBb Q7 i?2b2 i`�D2+iQ`B2b b?Qrb i?�i i?2 KQiBQM Bb "`QrMB�M- bBM+2 i?2

K2�M b[m�`2/ /BbTH�+2K2Mi UJa.V BM i?2 su TH�M2 7QHHQrb � bi`�B;?i HBM2 rBi? iBK2X A7 r2

+QKT�`2 #Qi? i`�D2+iQ`B2b r2 MQiB+2- QM QM2 ?�M/- i?�i i?2 .BA /v2 ?�b KQ`2 KQ#BHBiv BMbB/2

i?2 K2K#`�M2 i?�M .B. /v2- �b Bi Bb �#H2 iQ 2tTHQ`2 � #B;;2` bm`7�+2 rBi?BM i?2 b�K2 iBK2X

PM i?2 Qi?2` ?�M/- i?2 .B. /v2- r?B+? ?�b � HQM;2` +?`QKQT?Q`2 T�`i- b22Kb iQ /Bzmb2

rBi? � T`272``2/ /B`2+iBQM �M/ i?Bb +�M H2�/ iQ bHQr KQp2K2Mi �M/ 2tTHQ`�iBQM rBi?BM i?2

K2K#`�M2 BM +QKT�`BbQM rBi? i?2 .BA /v2X

h?2 H�i2`�H /BzmbBQM +Q2{+B2Mi . Bb �HbQ /2i2`KBM2/ BM 6B;m`2 eXd Up�Hm2b Q#i�BM2/ 7Q`

i?�i +�b2 �`2 ;Bp2M BM ³� Tb−�V #v }iiBM; iQ i?2 1BMbi2BM `2H�iBQMb?BT Ja.UiV 4 9.iX q2

+�H+mH�i2/ /BzmbBQM +Q2{+B2Mi p�Hm2b 7Q` .B. �M/ .BA /v2b #mi �HbQ 7Q` Zm�ibQK2 U*h�+

+QKTQM2MiVX AM i?Bb +�b2- r2 +QKT�`2 i?2 /BzmbBQM +Q2{+B2Mi Q7 i?2 *h�+ rBi? �M/ rBi?Qmi
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Figure6.7: Top: LateraldiffusionofDiIandDiDdyes in theXYplane (theplaneof theQSbilayer)duringMDsimulations

ofdyes inQSbilayers. Toppanels: TrajectoryofDiI andDiD(top), indicating theX,Ypositionof thecentral carbonof the

carbocyanine each 10ps during a 160nsMDsimulation. Bottom: MSDof the trajectory calculated over the trajectory

of the top panel, averaged over blocks of 400 ps. We also show a linear fit of the MSD and the results of the fitting,

which gives the lateral diffusion coefficient according to Einstein relation.

i?2 T`2b2M+2 Q7 � /v2 BMbB/2 i?2 K2K#`�M2X 6BM�HHv r2 +QKT�`2 i?2K rBi? T?QbT?QHBTB/

KQH2+mH2b BM � HBTB/ #BH�v2` �M/ r�i2`X

LQi2 i?�i i?2 /BzmbBQM +Q2{+B2Mib �`2 +�H+mH�i2/ �p2`�;BM; QMHv i?2 #BH�v2` TH�M�`

/B`2+iBQMb Us �M/ uV- Qi?2`rBb2 i?2 p2bB+H2 rQmH/ HQb2 Bib bi�#BHBivX �b b22M BM i?2 h�#H2 eXj-

p�Hm2b Q7 /BzmbBQM +Q2{+B2Mi �`2 BM i?2 Q`/2` Q7 Ry−�� K�fb- /BzmbBM; Km+? bHQr2` i?�M r�i2`

KQH2+mH2bX _2K�`F�#Hv- r2 MQiB+2 i?�i i?2 Q`/2` Q7 K�;MBim/2 Q7 i?2 /BzmbBQM +Q2{+B2Mi Q7

� T?QbT?QHBTB/ HBTB/ #BH�v2`R Bb i?2 b�K2- Ry−�� K�fb- BX2X i?2 p�Hm2 Q7 i?2 /BzmbBQM +Q2{+B2Mi

Q7 .SS* Bb RXyd t Ry−�� K�fb �M/ i?2 .BA /v2 BMbB/2 Bi Bb NXd t Ry−�� K�fbRyX "�b2/ QM

i?2 ~mB/ KQb�B+ KQ/2HkR- T?QbT?QHBTB/ K2K#`�M2b Kmbi #2 BM � ~mB/ bi�i2 7Q` MQ`K�H +2HH

7mM+iBQMBM;X h?mb- #v +QKT�`BM; i?2 ;Bp2M /BzmbBQM +Q2{+B2Mib- QM2 +�M �{`K i?�i Za
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Bib2H7 #2?�p2b �b � ~mB/ K2K#`�M2- �b T?QbT?QHBTB/b BM HBTQbQK2bX h?2 7�+i i?�i /v2b �`2

HQ�/2/ BM Bi /Q2b MQi +?�M;2 Bib /BzmbBQM �M/ ~mB/Biv T`QT2`iB2bX

Table 6.3: Diffusion coefficient values for the dyes, Quatsome (CTA+), water and phospholipid molecule in m2/s.The

selected atom for the calculation of the diffusion coefficient for QS and water molecules are a hydrogen atom of the

methyl group located on the bottom of the CTA+ tail in the QS and the oxygen atom of a random water molecule

selected, respectively.

.BzmbBQM +Q2{+B2Mi UK�b−�V
.BA jXk t Ry−��

.B. 9 t Ry−��

*h�+ U/v2 BMbB/2 ZaV kXj t Ry−��

*h�+ UMQ /v2 BMbB/2 ZaV kXkd t Ry−��

S?QbT?QHBTB/R R t Ry−��

r�i2`R8 UhASjSV 8 t Ry−�

eXkXj .v2@.v2 BMi2`�+iBQM

AM Q`/2` iQ bim/v i?2 /v2@/v2 BMi2`�+iBQM BMbB/2 i?2 Za K2K#`�M2- r2 7QHHQr2/ i?2 bi`�i2;v

/2b+`B#2/ #2HQrX 6B`biHv- iQ #mBH/ mT � bvbi2K K�/2 Q7 � Zm�ibQK2 K2K#`�M2 HQ�/2/

rBi? irQ .BA KQH2+mH2b Q` irQ .B. KQH2+mH2b- r2 iQQF bBKmH�iBQMb aj �M/ a9 `2bT2+iBp2Hv-

/mTHB+�i2/ i?2K �M/ K2`;2/ i?2 `2bmHi- ;BpBM; bBKmH�iBQMb a8 �M/ ae `2bT2+iBp2HvX AM i?2

+�b2 Q7 ad bBKmH�iBQM- r2 K2`;2/ bBKmH�iBQMb aj �M/ a9- �M/ �//2/ irQ KQ`2 T�i+?2b Q7

Zm�ibQK2 K2K#`�M2- iQ ?�p2 i?2 +�b2 Q7 QM2 .BA �M/ QM2 .B. KQH2+mH2X AM �HH +�b2b

Bi r�b `2[mB`2/ iQ `mM � Ry Tb KBMBKBx�iBQM BM Q`/2` iQ �pQB/ i?2 Qp2`H�T #2ir22M i?2

Za +QKTQM2MibX h?2M- ∼9y Mb Q7 bBKmH�iBQM r2`2 `mM- mbBM; LSh 2Mb2K#H2 rBi? bm`7�+2

i2MbBQM 2[m�H iQ x2`QX �HH i?2 +QKTmi�iBQM�H /2i�BHb �`2 /2b+`B#2/ BM h�#H2 eX9X

Table 6.4: Composition of the systems considered in theMD simulations, including total number of atoms, ratio of the

components of the system and simulation time.

�iQKb UiQi�HV LmKX JQH2+X aBKX hBK2 aBx2 "Qt
/v2bfr�i2`f*h�"

a8 8j3Nk kfRkNkefRy3 9RX8 Mb jkXk MK� t Re MK
ae 8jeNe kfRk383fRy3 9yX8 Mb jkXR MK� t Re MK
ad RyRk93 kfkjdd3fkRe 9yXe Mb NRXk MK� t Re MK
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aBKmH�iBQMb rBi? irQ B/2MiB+�H /v2b, .BA@.BA �M/ .B.@.B.

6Q` #Qi? i?2 .BA@.BA �M/ .B.@.B. /v2 +�b2b- #Qi? T�B`b �`2 T2`72+iHv BM+Q`TQ`�i2/ �M/

BMi2`/B;Bi�i2/ #2ir22M Za +QKTQM2MibX 6m`i?2`KQ`2- i?2v /Q MQi �;;`2;�i2X LQi2 i?�i .BA

/v2b BM .SS* T?QbT?QHBTB/ #BH�v2`Ry �HbQ /Q MQi �;;`2;�i2X h?Bb `2bmHi Bb `2�HHv BKTQ`@

i�Mi- #2+�mb2 /v2 �;;`2;�iBQM �M/ BMi2`�+iBQMb rBi? Za +QmH/ bi`QM;Hv HBKBi i?2B` miBHBiv-

bm#bi�MiB�HHv KQ/B7vBM; i?2 HBM2�` �M/ MQMHBM2�` QTiB+�H T`QT2`iB2b Q7 i?2 /v2b3-9X

_2bmHib 7`QK .BA@.BA T�B` Ua8 bBKmH�iBQMV b?Qr i?�i #Qi? /v2b `2K�BM BMbB/2 i?2 Za

K2K#`�M2 bi�#H2 �HQM; bBKmH�iBQM iBK2- MQi /27Q`KBM; i?2 K2K#`�M2 Q` �;;`2;�iBM; #2@

ir22M i?2KX h?2 +�H+mH�i2/ i?B+FM2bb UK2�bm`2/ 7`QK i?2 T2�Fb Q7 i?2 MBi`Q;2M@MBi`Q;2M

�iQK /Bbi�M+2 7`QK *h�" /Bbi`B#miBQMV /B/ MQi +?�M;2- �b r2 Q#i�BM2/ � p�Hm2 Q7 9XRd MK

Ub�K2 p�Hm2 �b bBM;H2 /v2 �i i?2 Za U6B;m`2 eX8VVX 6`QK i?2 /2MbBiv T`Q}H2 r2 �HbQ Q#b2`p2/

i?�i i?2 Q`B2Mi�iBQM Q7 i?2 #BH�v2` +QKTQM2Mib /B/ MQi +?�M;2 r?2M �//BM; i?2 irQ /v2bX

h?2v b?Qr i?2 b�K2 #2?�pBQm` �b BM i?2 +�b2 Q7 � bBM;H2 /v2X AM 6B;m`2 eX3@U�V- i?2 .BA

KQH2+mH2b BMbB/2 i?2 Za K2K#`�M2 �`2 b?QrMX �b Q#b2`p2/ i?2`2- #Qi? /v2b �`2 HQ+�i2/

�M/ Q`B2Mi2/ �b 2tT2+i2/- #2BM; i?2 ?2�/ ;`QmTb �i i?2 r�i2`@bm`7�+2 BMi2`7�+2 �M/ i?2 i�BHb

+QKTH2i2Hv BKK2`b2 BM i?2 ?v/`QT?Q#B+ `2;BQM Q7 i?2 K2K#`�M2X "Qi? /v2b �`2 MQi �;;`2@

;�i2/ Q` +HQb2 2MQm;? iQ BMi2`�+i rBi? 2�+? Qi?2`X �b i?2 BMi2`2bi Q7 i?Bb bBKmH�iBQM r�b iQ

bim/v i?2 TQbbB#H2 BMi2`�+iBQM #2ir22M /v2b rBi?BM i?2 K2K#`�M2 �M/ bm+? BMi2`�+iBQM /Q2b

MQi ?�TT2M- `2bmHib Q7 i?2 #2?�pBQm` Q7 2�+? BM/BpB/m�H /v2 �`2 MQi +QKK2Mi2/ #2+�mb2 i?2v

�`2 i?2 b�K2 �b i?Qb2 BM bBKmH�iBQM ajX 6BM�HHv- r2 +�H+mH�i2/ i?2 /Bbi�M+2 #2ir22M #Qi?

/v2b �b � 7mM+iBQM Q7 iBK2X 6B;m`2 eX3@U�V b?Qrb i?2 /Bbi`B#miBQM Q7 /Bbi�M+2 Q7 i?2 +2Mi`�H

+�`#QM �iQKb Q7 #Qi? /v2b- T`2b2MiBM; � rB/2 /Bbi`B#miBQM- T`�+iB+�HHv mMB7Q`K #2ir22M 9Xk

@ 9Xd MKX

o2`v bBKBH�` `2bmHib �`2 Q#i�BM2/ 7Q` i?2 .B.@.B. T�B` Uae bBKmH�iBQMV BMbB/2 i?2 Za

K2K#`�M2X q2 Q#b2`p2/ bi�#BHBiv Q7 i?2 r?QH2 bvbi2K /m`BM; iBK2- �M/ MQ BMi2`�+iBQM

MQ` �;;`2;�iBQM Q7 #Qi? /v2bX h?mb- �b 2tTH�BM2/ #27Q`2- i?2 `2bmHib Q7 i?2 #2?�pBQm` Q7

BM/BpB/m�H /v2b �`2 �M�HQ;Qmb iQ i?Qb2 BM bBKmH�iBQM a9X L2p2`i?2H2bb- i?2 i?B+FM2bb Q7 i?2
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Figure 6.8: Two snapshots of the Quatsome membrane (front and top view) showing both components CTA+ and

cholesterol in blue and cyan, respectively for (a) panel and grey and cyan for (b) panel. Bromide counterions are rep-

resented in pink spheres and the twoDiI andDiD dyes are in licorice representation inmagenta and dark-blue colour,

respectively. The distribution of the distance of the bond of the center of mass of the chromophore part of the dyes is

plotted in both cases.
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Zm�ibQK2b rBi? ?v/`QT?Q#B+ /v2b

K2K#`�M2 bHB;?iHv BM+`2�b2/ iQ � p�Hm2 Q7 9Xke MK- �M/ i?2 /Bbi�M+2 /Bbi`B#miBQM Q#i�BM2/

Bb � #Bi /Bz2`2MiX �b b?QrM BM 6B;m`2 eX3@U#V- � :�mbbB�M /Bbi`B#miBQM Bb Q#i�BM2/- rBi? �

T2�F �i ∼j MKX

q2 +QM+Hm/2/ i?�i i?2 `2H�iBp2Hv HQM; +�`#QM �HFvH +?�BM Q7 i?2 .BA Q` .B. /v2b �`2

T2`KBii2/- 2M2`;2iB+�HHv- iQ +`Qbb i?2 +2Mi2` Q7 i?2 #BH�v2` �M/ 2ti2M/ BMiQ i?2 QTTQbBi2 H2�~2i

Ub22 6B;m`2 eX3VX ai�#H2 HQ+�iBQM Q7 /v2b BM QM2 H2�~2i Bb +�mb2/ #v i?2 +?`QKQT?Q`2Ƕb �M/

i?2 Za bm`7�+2Ƕb TQbBiBp2 +?�`;2- �b MQ i2M/2M+v iQ ~BT iQ i?2 QTTQbBi2 H2�~2i Bb Q#b2`p2/X

aBKmH�iBQM rBi? .BA@.B. /v2b

AM i?2 +�b2 Q7 i?2 .BA@.B. T�B`- i?2 i?B+FM2bb p�Hm2 Bb 9Xjk MK- BM +QKT�`BbQM iQ i?2 Za

K2K#`�M2 �HQM2 U9Xj MK p�Hm2 +�H+mH�i2/ BM *?�Ti2` jVX Ai Bb � +QMbBbi2Mi `2bmHi �b r2 /Q

MQi Q#b2`p2 �Mv /27Q`K�iBQM Q7 i?2 K2K#`�M2X >Qr2p2`- r2 /Q b22 �;;`2;�iBQM #2ir22M

/v2bX

Ai Kmbi #2 ?B;?HB;?i2/ i?�i �i i?2 #2;BMMBM; Q7 i?2 bBKmH�iBQM `mM #Qi? /v2b r2`2

b2T�`�i2/- HQ+�i2/ �i � `�M/QK TQBMi BMbB/2 i?2 Za K2K#`�M2- �M/ �7i2` 2[mBHB#`�iBQM i?2v

KQp2/ iQr�`/b 2�+? Qi?2`X PM+2 #2BM; +HQb2- i?2v `2K�BM2/ BM i?�i `2H�iBp2 TQbBiBQM mMiBH

i?2 2M/ Q7 i?2 bBKmH�iBQM- /BzmbBM; iQ;2i?2` i?`Qm;? i?2 Zm�ibQK2 K2K#`�M2- �b b?QrM BM

6B;m`2 eXNX

h?Bb };m`2 b?Qrb irQ 7�pQm`�#H2 �M/ KQbi T`Q#�#H2 +QM};m`�iBQMb r?2M /v2b �`2 �;@

;`2;�i2/X h�BHb �TT2�` �Hr�vb iQ;2i?2`- #mi i?2 ?2�/ ;`QmTb +�M #2 2Bi?2` �ii`�+i2/ Q`

`2T2HH2/X qBi? i?2 rQ`/ �ii`�+i2/ r2 `272` iQ i?2 7�+i i?�i i?2 ?2�/;`QmTb �`2 BMi2`�+iBM;-

�TT2�`BM; iQ;2i?2`X �M/ rBi? i?2 rQ`/ `2T2HH2/ r2 `272` iQ i?2 7�+i i?�i i?2 ?2�/;`QmTb

�`2 MQi BMi2`�+iBM;- �TT2�`BM; b2T�`�i2/X h?Bb Bb /m2 iQ i?2B` TQbBiBp2 +?�`;2 /Bbi`B#mi2/ BM

i?2 ?2�/ ;`QmTX 6B;m`2 eXN@U#V b?Qrb i?2 �ii`�+i2/ +�b2 �M/ eXN@U�V i?2 `2T2HH2/ +�b2X h?2

T�B` /Bbi�M+2 b?Qr2/ � ivTB+�H 2[mBHB#`�i2/ p�Hm2 Q7 ∼3XN ³- �Hi?Qm;? r2 Q#b2`p2/ p�Hm2b Q7

∼Rk ³ +Q``2bTQM/BM; iQ i?2 +�b2 r?2M ?2�/ ;`QmTb �`2 `2T2HHBM;X h?2 xQQK2/ bM�Tb?Qib
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Figure 6.9: Two examples of the DiI-DiD pair orientation inside the QS bilayer. Snapshots of the QS membrane with

bothdyes inside;DiI (pink)andDiD(blue),withazoomedimagenext to it. Bothzoomedsnapshotsof thedyesare inVan

derWaals radii representation showing their charge distribution. Also, two graphs are associated in each orientation

panel in order to show the distance between the N-N (charged) between both head groups of the dyes.

BM i?2 };m`2 MQi QMHv b?Qr i?2 +QM};m`�iBQM Q7 i?2 /v2b #mi Bib +?�`;2 /Bbi`B#miBQM U+?�`;2

b+?2K2 Bb i?2 b�K2 �b BM 6B;m`2 eXkVX q2 b?Qr �HbQ i?2 #QM/ /Bbi�M+2 Q7 i?2 L@L Q7 #Qi?

/v2b rBi? `2bT2+i iQ iBK2X

AM Q`/2` iQ +�H+mH�i2 ?Qr bi`QM; i?Bb BMi2`�+iBQM Bb- r2 +�H+mH�i2/ i?2 SJ6 #2ir22M

2�+? /v2b- +QMbB/2`BM; i?2 MBi`Q;2M@MBi`Q;2M �iQK /Bbi�M+2 7`QK *h�" �b ;2M2`�HBx2/ +QQ`@

/BM�i2bX 6B;m`2 eXRy b?Qrb i?�i #B; 7Q`+2 UmT iQ ∼k8 F+�HfKQHV Bb M22/2/ iQ b2T�`�i2 #Qi?
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Zm�ibQK2b rBi? ?v/`QT?Q#B+ /v2b

/v2bǶ ?2�/ ;`QmTb KQ`2 i?�M ∼Re ³ �M/ i�BHb b?Qr `2bBbi�M+2 iQ #2BM; b2T�`�i2/X

Figure 6.10: PMFbetweenN-Nbond of both dyes. Molecules are inVan derWaals radii representation and painted in

blue and pink for the DiD andDiI dye, respectively.

h?2 7�+i i?�i #Qi? /v2b rBi? /Bz2`2Mi H2M;i? BM i?2 +?`QKQT?Q`2 T�`i �`2 BMi2`�+iBM;

Q` �;;`2;�iBM;- +�M ?�p2 �M BKT�+i `2;�`/BM; i?2 QTiB+�H T`QT2`iB2b Q7 i?2 /v2bX q?2M

irQ /v2b �`2 +HQb2 2MQm;? iQ 2�+? Qi?2` i?2v +�M 2t+?�M;2 2M2`;v #v _1h U6HmQ`2b+2Mi

1M2`;v h`�Mb72`VRj-Rk- �M/ i?2 2KBbbBQM +�M Q++m` 7`QK QM2 Q7 K�Mv BM/2T2M/2MiHv KQpBM;

UQ` Q`B2Mi2/V KQH2+mH2bX h?2b2 T`Q+2bb Q++m`b rBi?Qmi 2KBbbBQM Q7 � `2�H T?QiQM- 2t+?�M;BM;

� pB`im�H T?QiQM- �b � `2bmHi Q7 /BTQH2@/BTQH2 BMi2`�+iBQM #2ir22M i?2 /QMQ` �M/ �++2TiQ`X

AM Qm` +�b2 rBi? i?2 .BA /v2 Bb i?2 /QMQ` �M/ i?2 .B. /v2 Bb i?2 �++2TiQ`X

h?Bb T?2MQK2MQM Bb BMi2`2biBM; /m2 iQ Bib TQi2MiB�H 7Q` /2bB;MBM; KmHiB+QHQ` ~mQ`2b+2Mi

M�MQT�`iB+H2b 7Q` #BQBK�;BM;- 7Q` BMbi�M+2 iQ pBbm�HBx2 bT2+B}+ i�`;2ib 7`QK +QKTH2t HBpBM;

+2HHbRd-e-ReX L2p2`i?2H2bb- i?2 2t�+i K2+?�MBbK Q7 i?2b2 T?2MQK2M� U_1hV Bb mM/2` BMp2biB@

;�iBQM- �b Bi Bb mM+H2�` ?Qr #Qi? /QMQ`@�++2TiQ` /v2b BMi2`�+i 7Q` i?Bb 2KBbbBQM iQ Q++m`X �

i?2Q`v /2p2HQT2/ #v S�BM2HHB 2i �HXk9 T`2/B+ib i?�i i?2 /v2 i?�i �+ib �b /QMQ` Bb 2t+Bi2/- BM

r?B+? i?2 TQbBiBp2 +?�`;2 Bb HQ+�i2/ BM QM2 Q7 i?2 MBi`Q;2M �iQKb Q7 i?2 ?2�/ ;`QmT Q#i�BMBM;

irQ /2;2M2`�i2 bi�i2b- �M/ i?2 /v2 i?�i �+ib �b �++2TiQ` Bb BM Bib ;`QmM/ bi�i2- ?�pBM; i?2
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TQbBiBp2 +?�`;2 HQ+�i2/ BM i?2 +2Mi2` Q7 K�bb Q7 i?2 +?`QKQT?Q`2 T�`ike-k8X

h?mb- �++Q`/BM; iQ i?Bb i?2Q`v- BM Q`/2` iQ mM/2`bi�M/ B7 2M2`;v i`�Mb72` T?2MQK2M�

Q++m`b BM Qm` bvbi2K- i?2 /Bbi�M+2 #2ir22M /QMQ`@�++2TiQ` b22Kb +`BiB+�HX 6Q` i?Bb `2�bQM

r2 ?�p2 +QKTmi2/ i?�i p�Hm2 /m`BM; Qm` bBKmH�iBQMb- b?QrM BM 6B;m`2b eX3 �M/ eXNX h?mb-

i?2 i?2Q`v bm;;2bib i?�i i?2 /Bbi�M+2 #2ir22M +?`QKQT?Q`2b b?QmH/ #2 +�H+mH�i2/ #2ir22M

QM2 MBi`Q;2M �iQK Q7 i?2 ?2�/ ;`QmT �M/ i?2 +2Mi2` Q7 K�bb Q7 i?2 +?`QKQT?Q`2 T�`iX

q2 ?�p2 +QMbB/2`2/ #Qi? MBi`Q;2M �iQKb �M/ `2bmHib �`2 THQii2/ BM 6B;m`2 eXRRX "Qi?

MBi`Q;2M �iQKb ULR �M/ LkV ?�p2 �M �p2`�;2 /Bbi�M+2 Q7 RXj MK iQ i?2 +2Mi2` Q7 K�bb Q7

i?2 +?`QKQT?Q`2 T�`i- Q#i�BMBM; 2[m�H p�Hm2b #mi /Bz2`2Mi /Bbi`B#miBQMb Q7 /Bbi�M+2 rBi?

iBK2X h?Bb �p2`�;2 /Bbi�M+2 Bb �HKQbi i?2 /Qm#H2 Q7 i?2 i?�i QM2 +�H+mH�i2/ 7Q` i?2 L@L

#QM/ /Bbi�M+2 UyX3N MKV- �b b?QrM BM 6B;m`2 eXRRX

Figure 6.11: Distance of the nitrogen atom of the DiI dye (donor) and center of mass of the chromophore part of the

DiD dye (acceptor) with time. As DiI dye presents two nitrogen atoms in its head group, it have been considered both

possible bondswith the DiD (donor).

eXkX9 1tT2`BK2Mi�H `2bmHib

h?2 `2bmHib Q7 Qm` J. bBKmH�iBQMb �`2 bmTTQ`i2/ #v 2tT2`BK2Mib /2p2HQT2/ BM +QHH�#Q`�@

iBQM rBi? L�MQKQH ;`QmT UA*J�"@*aA*V �M/ .`X GQ`2MxQ �H#2`i�xxB �i i?2 AMbiBimi /2

"BQ2M;BMv2`B� /2 *�i�HmMv� UA"1*VX h?Qb2 2tT2`BK2Mib BM+Hm/2 i?2 bvMi?2bBb- BM r?B+?
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Zm�ibQK2b rBi? ?v/`QT?Q#B+ /v2b

/Bz2`2Mi K2i?Q/QHQ;B2b 7Q` i?2 T`2T�`�iBQM Q7 i?2 Zm�ibQK2 bvbi2K HQ�/2/ rBi? /v2b �`2

+QMbB/2`2/- i?2 +?�`�+i2`Bx�iBQM Q7 i?2 bvbi2K- �M/ � i2+?MB[m2 +�HH2/ biQ+?�biB+ QTiB+�H `2@

+QMbi`m+iBQM KB+`Qb+QTv UahP_J- �M BMMQp�iBp2 bmT2`@`2bQHmiBQM KB+`Qb+QTv i2+?MB[m2jyVX

�HH i?Bb 2tT2`BK2Mi�H rQ`F ?�b #22M /QM2 rBi? i?2 �BK Q7 2tTHQ`BM; i?2 TQi2MiB�H Q7 i?2

/v2@HQ�/2/ Za 7Q` #BQHQ;B+�H BK�;BM;X

�HH i?2 2tT2`BK2Mi�H `2bmHib `2TQ`i2/ �M/ /Bb+mbb2/ BM `27Xk b?Qr i?�i- i�FBM; �/p�Mi�;2

Q7 i?2 MQM@+Qp�H2Mi BMi2`�+iBQM #2ir22M i?2 �HBT?�iB+ +?�BMb Q7 i?2 /v2b Ui?2 +�`#Q+v�MBM2bV

�M/ i?2 ?v/`QT?Q#B+ +QKT�`iK2Mi Q7 Zm�ibQK2b #BH�v2`- Bi Bb TQbbB#H2 iQ bQHm#BHBx2 .BA

�M/ .B. ?v/`QT?Q#B+ /v2b rBi? HQM; �HFvH +?�BMb BM r�i2`- #v BM+Q`TQ`�iBM; i?2K BMiQ

Zm�ibQK2b U6B;m`2 eXRk@"VX .v2ɢHQ�/2/ Za +�M #2 T`2T�`2/ BM � QM2ɢbi2T K2i?Q/ mbBM;

+QKT`2bb2/ *P�- .1GPaɢalaS8 K2i?Q/ U6B;m`2 eXRk@�V- b?QrBM; b2p2`�H �/p�Mi�;2b Qp2`

+QMp2MiBQM�H `Qmi2b 7Q` i?2 T`2T�`�iBQM Q7 7mM+iBQM�HBx2/ p2bB+H2b HBF2 bQMB+�iBQM U6B;m`2

eXRk@*VX

Figure 6.12: A) Schematic representation of theDELOS-SUSPmethod for the preparation of QS loadedwith dyes (DiI

and DiD), B) Cryo-TEM image of DiD-QS and C) absorption spectra of DiD in ethanol solvent (EtOH) and DiD-QS pre-

pared by differentmethods; thin film hydration (TFH), sonication (SON) and incubation (IC) Note: ’D-QS-2’ is the code

used by the experimentalist, for a specific loading of the DiD dye in the QS bilayer. Figure adapted from ref.3 with

permission from theWiley-VCH.
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h?2 �#bQ`TiBQM bT2+i`� Q7 .B.ɢHQ�/2/ Za Q#i�BM2/ #v .1GPaɢalaS �M/ #v i?BM }HK

?v/`�iBQM Uh>6V �`2 p2`v bBKBH�` iQ i?2 bT2+i`� Q7 bQHp�i2/ .B. BM 2i?�MQH bQHp2Mi- b?QrBM;

� M�``Qr #�M/ rBi? r2HH@/2i2`KBM2/ pB#`QMB+ bi`m+im`2X AM 6B;m`2 eXRk- �HH i?2 Qi?2` b�KTH2b

b?Qr � #`Q�/ bT2+i`mK rBi? i?2 �TT2�`�M+2 Q7 BMi2Mb2 72�im`2b QM i?2 #Hm2 rBM; Q7 i?2 #�M/-

TQBMiBM; iQ i?2 7Q`K�iBQM Q7 >ɢ�;;`2;�i2bRNX h?2 bBKBH�`Biv Q7 bT2+i`� Q7 .B.ɢHQ�/2/ Za

T`2T�`2/ #v .1GPaɢalaS �M/ h6> K2i?Q/b bm;;2bib i?�i i?2 /v2 KQH2+mH2b �`2 r2HH

/BbT2`b2/ �b BbQH�i2/ bT2+B2b BMbB/2 i?2 Za K2K#`�M2X

.B.ɢHQ�/2/ Za �`2 +QHHQB/�HHv bi�#H2 /m`BM; KQMi?b- rBi? MQ �TT`2+B�#H2 +?�M;2b BM bBx2

/Bbi`B#miBQMb- MQ` BM �#bQ`TiBQM Q` 2KBbbBQM bT2+i`� Qp2` � k KQMi? T2`BQ/ U6B;m`2 eXRjVX

AM i2`Kb Q7 bBx2 T�`iB+H2- /2bTBi2 b�KTH2b rBi? .BA �`2 #B;;2` i?�M b�KTH2b Q7 Za rBi?Qmi

.BA /v2- i?2v �`2 bi�#H2- i?2B` bBx2 MQi +?�M;BM;X SQHv/BbT2`bBiv BM/2t US/BV +?�M;2b 2t�+iHv

i?2 b�K2 BM #Qi? b�KTH2b UrBi? �M/ rBi?Qmi /v2V �7i2` k KQMi?bX aBKBH�`Hv- i?2 p�`B�iBQM

Q7 i?2 ζ@TQi2MiB�H �7i2` k KQMi?b Bb KQ`2 Q` H2bb i?2 b�K2 7Q` #Qi? b�KTH2bc #Qi? p�Hm2b

/2+`2�b2- T`Q#�#Hv /m2 iQ i?2 /BHmiBQM Q7 #B; T�`iB+H2bX o�Hm2b �`2 `2TQ`i2/ BM h�#H2 eX8X

Figure 6.13: A) Stability of the DiD-QS sample in water evaluated by UV–Vis absorption and emission spectra (λexc =
610 nm)monitored over 2months. Figure reproduced from ref.3 with permission from theWiley-VCH.
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Table 6.5: Size and Z-potential of Quatsome samples with andwithout DiI dye.

w@�p2`�;2 U/XMKV S/B w@TQi2MiB�H
y /�vb k KQMi?b y /�vb k KQMi?b y /�vb k KQMi?b

Za ddXkj ddXeR ± kN yX98d yX9R9 NjX8 33XN ± dX3
Za@.BA N8X8j N8Xdd ± jj yXRje yXR9 9jXe jeXd ± 8XR

qBi?BM i?Bb +QMi2ti- Bi r�b TQbbB#H2 iQ 2tTHQ`2 i?2 TQi2MiB�H Q7 /v2@HQ�/2/ Za 7Q`

BK�;BM;X AM T�`iB+mH�`- r2 /2KQMbi`�i2/ i?�i i?�MFb iQ i?2B` +QHHQB/�H �M/ T?QiQ+?2KB@

+�H bi�#BHBiv �M/ iQ i?2 T?QiQT?vbB+�H T`QT2`iB2b- i?2v +�M #2 mb2/ �b T`Q#2b 7Q` ahP_J

bmT2``2bQHmiBQM KB+`Qb+QTvX

h?2 �M�HvbBb Q7 i?2 BK�;2b �i KQH2+mH�` H2p2H T`QpB/2/ [m�MiBi�iBp2 BM7Q`K�iBQM �#Qmi

i?2 bBx2 Q7 i?2 p2bB+H2b �M/ � `Qm;? 2biBK�iBQM Q7 i?2 MmK#2` Q7 /v2b HQ+�HBx2/ BM 2�+?

p2bB+H2 Ub22 6B;m`2 eXR9@�VX h?2 bBx2 /Bbi`B#miBQM Q#i�BM2/ #v �M�HvxBM; i?2 ahP_J BK�;2b

U6B;m`2 eXR9@"V `2p2�Hb i?�i i?2 K2�M bBx2 Q7 `2bQHp2/ Zm�ibQK2b UeRjd BM iQi�HV Bb �`QmM/

NN MK- i?2 KQ/2 Bb �`QmM/ 38 MK �M/ p2`v 72r p2bB+H2b ?�p2 bBx2b ?B;?2` i?�M kyy MKX

*QKT�`BM; i?2b2 p�Hm2b rBi? i?2 bBx2b Q7 i?2 p2bB+H2b /2i2+i2/ #v i?2 +`vQ@h1J BK�;2b-

Zm�ibQK2b �TT2�` � #Bi bK�HH2` mM/2` i?2 2H2+i`QM KB+`Qb+QT2X

Figure 6.14: A) Images ofDiI-loadedQSobtained by conventionalwide-fieldmicroscopy and STORM (λexc =561nm).
B) Distribution of size and number of localizations per QS extrapolated from STORM images.
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�b � +HQbm`2 7Q` i?Bb +?�Ti2`- r2 r�Mi iQ TQBMi Qmi i?�i �HH i?2 T`2b2Mi2/ `2bmHib H2�/ mb

iQ i?2 +QM+HmbBQM i?�i �HH@�iQKB+ J. bBKmH�iBQMb �`2 � 72�bB#H2 K2i?Q/ iQ /2i2`KBM2 T`2+Bb2

/v2 HQ+�iBQMb BM Za #BH�v2`X h?Bb BM7Q`K�iBQM +�MMQi #2 /2i2`KBM2/ #v K2�Mb Q7 2tT2`B@

K2Mi�H i2bibX Pm` bBKmH�iBQM `2bmHib �`2 �HbQ +QMbBbi2Mi rBi? i?2 2tT2`BK2Mi�HHv@Q#b2`p2/

2M?�M+2K2Mi Q7 ~mQ`2b+2M+2 Q7 .BA �M/ .B. /v2b mTQM BM+Q`TQ`�iBQM BMiQ K2K#`�M2bX Pp2`@

�HH- Bi ?�b #22M b?QrM i?�i � 7�KBHv Q7 MQM@r�i2` ~mQ`QT?Q`2b- i?2 +�`#Q+v�MBM2b U.BA �M/

.B.V- +�M #2 bi�#BHBx2/ BM �[m2Qmb K2/B� #v K2�Mb Q7 i?2 i?2B` BM+Q`TQ`�iBQM BMbB/2 i?2

Zm�ibQK2 K2K#`�M2- Q#i�BMBM; � TQi2MiB�H +H�bb Q7 M�MQbi`m+im`2/ bvbi2Kb rBi? 2t+2HH2Mi

QTiB+�H �M/ +QHHQB/�H T`QT2`iB2bX
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(R) �HK2B/�- SX 6X 6X � o�x- qX GX *X URNN8VX *?�Ti2` e @ G�i2`�H .BzmbBQM BM J2K#`�M2bX
AM _X GBTQrbFv � 1X a�+FK�MM U1/bXV- >�M/#QQF Q7 "BQHQ;B+�H S?vbB+b UTTX jedĜjdjVX
�Kbi2`/�K, 1Hb2pB2` a+B2M+2X

(k) �`/BxxQM2- �X UkyRdVX L2r ~mQ`2b+2Mi M�MQp2bB+H2b- #v b2H7@�bb2K#Hv Q7 Q`;�MB+ ~m@
Q`QT?Q`2b- bi2`QHb �M/ bm`7�+i�Mib- �b T`Q#2b 7Q` #BQBK�;BM;X S?. i?2bBb- AMbiBimi /2
*BĕM+B� /2 J�i2`B�Hb /2 "�`+2HQM� UA*J�"@*aA*VX

(j) �`/BxxQM2- �X- Em`?mx2MF�m- aX- AHH�@hmb2i- aX- 6�`�m/Q- CX- "QM/�`- JX- >�;�M- .X-
o�M ai`vH�M/- 1X qX- S�BM2HHB- �X- aBbb�- *X- 62BM2`- LX- �H#2`i�xxB- GX- o2+B�M�- CX- �
o2MiQb�- LX UkyR3VX L�MQbi`m+im`BM; GBTQT?BHB+ .v2b BM q�i2` lbBM; ai�#H2 o2bB+H2b-
Zm�ibQK2b- �b a+�zQH/b �M/ h?2B` lb2 �b S`Q#2b 7Q` "BQBK�;BM;X aK�HH- R9UReV-
Rdyj38RYX

(9) "�K;#2Hm- �X- q�M;- CX- � G2bx+xvMbFB- CX UkyRyVX h..6h aim/v Q7 i?2 PTiB+�H
S`QT2`iB2b Q7 *v8 �M/ Aib .2`Bp�iBp2bX h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v �- RR9URyV-
j88RĜj888X

(8) *�MQ@a�`�#B�- JX- o2MiQb�- LX- a�H�- aX- S�iBƢQ- *X- �``�Mx- _X- � o2+B�M�- CX
Ukyy3VX S`2T�`�iBQM Q7 lMB7Q`K _B+? *?QH2bi2`QH lMBH�K2HH�` L�MQp2bB+H2b lbBM; *P
k @1tT�M/2/ aQHp2MibX G�M;KmB`- k9UeV- k9jjĜk9jdX

(e) *H�TT- �X _X- J2/BMix- AX GX- J�m`Q- CX JX- 6Bb?2`- "X _X- "�r2M/B- JX :X- � J�i@
iQmbbB- >X Ukyy9VX 6HmQ`2b+2M+2 _2bQM�M+2 1M2`;v h`�Mb72` "2ir22M Zm�MimK .Qi
.QMQ`b �M/ .v2@G�#2H2/ S`Qi2BM �++2TiQ`bX CX �KX *?2KX aQ+X- RkeURV- jyRĜjRyX
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(3) :B2b2FBM;- _X GX- JmF?QT�/?v�v- aX- a?B`BM;- aX "X- _BbFQ- *X- � "`û/�b- CX@GX UkyR9VX
AKT�+i Q7 "mHF �;;`2;�iBQM QM i?2 1H2+i`QMB+ ai`m+im`2 Q7 ai`2TiQ+v�MBM2b, AKTHB@
+�iBQMb 7Q` i?2 aQHB/@ai�i2 LQMHBM2�` PTiB+�H S`QT2`iB2b �M/ �HH@PTiB+�H arBi+?BM;
�TTHB+�iBQMbX h?2 CQm`M�H Q7 S?vbB+�H *?2KBbi`v *- RR3U9RV- kj8d8Ĝkj838X

(N) :`BK�H/B- LX- �M/`�/2- 6X- a2;QpB�- LX- 62``2`@h�bB2b- GX- a�H�- aX- o2+B�M�- CX- �
o2MiQb�- LX UkyReVX GBTB/@#�b2/ M�MQp2bB+H2b 7Q` M�MQK2/B+BM2X *?2KB+�H aQ+B2iv
_2pB2rb- 98UkjV- e8kyĜe898X

(Ry) :mHH�T�HHB- _X _X- .2KB`2H- JX *X- � "miH2`- SX CX Ukyy3VX JQH2+mH�` /vM�KB+b bBKm@
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RyUk9V- j893Ĝj8eyX
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(RR) >m- >X- Gm- wX- � u�M;- qX UkyydVX 6BiiBM; JQH2+mH�` 1H2+i`Qbi�iB+ SQi2MiB�Hb 7`QK
Zm�MimK J2+?�MB+�H *�H+mH�iBQMbX CQm`M�H Q7 *?2KB+�H h?2Q`v �M/ *QKTmi�iBQM-
jUjV- Ryy9ĜRyRjX

(Rk) CQpBM- hX JX � �`M/i@CQpBM- .X CX URN3NVX 6_1h JB+`Qb+QTv, .B;Bi�H AK�;BM; Q7
6HmQ`2b+2M+2 _2bQM�M+2 1M2`;v h`�Mb72`X �TTHB+�iBQM BM *2HH "BQHQ;v- UTTX NNĜRRdVX
1Hb2pB2`X
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83- RjyĜR99X
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BM pBpQ ~mQ`2b+2M+2 BK�;BM;X CQm`M�H Q7 "BQK2/B+�H PTiB+b- R9U8V- y89yy8YX

(k3) o�MQKK2bH�2;?2- EX- >�i+?2`- 1X- �+?�`v�- *X- EmM/m- aX- w?QM;- aX- a?BK- CX- .�`@
B�M- 1X- :mp2M+?- PX- GQT2b- SX- oQ`Q#vQp- AX- � J�+F2`2HH- �X .X UkyyNVX *>�_JJ
;2M2`�H 7Q`+2 }2H/, � 7Q`+2 }2H/ 7Q` /`m;@HBF2 KQH2+mH2b +QKT�iB#H2 rBi? i?2 *>�_JJ
�HH@�iQK �//BiBp2 #BQHQ;B+�H 7Q`+2 }2H/bX CQm`M�H Q7 *QKTmi�iBQM�H *?2KBbi`v- jRU9V-
L�X

(kN) q�;?- �X- ZB�M- aX uX- � G�r- "X UkyRkVX .2p2HQTK2Mi Q7 "BQ+QKT�iB#H2 SQHvK2`B+
L�MQT�`iB+H2b 7Q` BM oBpQ LA_ �M/ 6_1h AK�;BM;X "BQ+QMDm;�i2 *?2KBbi`v- kjU8V-
N3RĜNNkX

(jy) w?m�M;- sX UkyyNVX L�MQ@BK�;BM; rBi? ahP_JX L�im`2 S?QiQMB+b- jUdV- je8ĜjedX

ReN



a+B2M+2b T`QpB/2 �M mM/2`bi�M/BM; Q7 � mMBp2`b�H

2tT2`B2M+2- �`ib �`2 � mMBp2`b�H mM/2`bi�M/BM; Q7

� T2`bQM�H 2tT2`B2M+2XXX i?2v �`2 #Qi? � T�`i Q7

mb �M/ � K�MB72bi�iBQM Q7 i?2 b�K2 i?BM;XXX i?2

�`ib �M/ b+B2M+2b �`2 �p�i�`b Q7 ?mK�M +`2�iBpBiv

J�2 C2KBbQM

7
*QM+HmbBQMb �M/ S2`bT2+iBp2b

dXR :2M2`�H *QM+HmbBQMb

AM i?Bb S?. i?2bBb- r2 ?�p2 BMp2biB;�i2/ i?2 Zm�ibQK2 p2bB+mH�` bvbi2K pB� J. bBKmH�iBQMb-

rBi? i?2 �BK Q7 ;2iiBM; � /2i�BH2/ BMbB;?i �#Qmi i?Bb bvbi2K �M/ Bib BMi2`�+iBQMb rBi? Qi?2`

Q`;�MB+ KQH2+mH2b- HBF2 /v2b- �i �M �iQKBbiB+ �M/ KQH2+mH�` H2p2HX �HQM; i?Bb `2b2�`+?- r2

?�p2 /2p2HQT2/ i?2 b22F2/ /22T mM/2`bi�M/BM; �#Qmi i?2 T?vbB+Q@+?2KB+�H T`QT2`iB2b Q7

i?2 Zm�ibQK2- �b r2HH �b BKTQ`i�Mi BMbB;?i �#Qmi Bib �TTHB+�#BHBiv 7Q` BK�;BM;X q2 ?�p2

T`2b2Mi2/ i?2 +QM+HmbBQMb Q7 Qm` `2bmHib BM 2�+? +?�Ti2`- #mi r2 r�Mi iQ bmKK�`Bx2 ?2`2

i?2 KQbi BKTQ`i�Mi QM2bX

Rdy



*?�Ti2` d

AM i?2 #2;BMMBM;- r2 +QMbB/2`2/ � TH�M�` #BH�v2` Q7 � MQp2H bvbi2K- K�/2 Q7 bm`7�+@

i�Mi U*h�"V �M/ bi2`QH U*?QHV KQH2+mH2b, i?2 Zm�ibQK2X S`2pBQmb �iQKBbiB+ bBKmH�iBQMb

Q7 i?Bb bvbi2K ?�/ `2p2�H2/ i?2 bvM2`;v #2ir22M i?2 *h�+ UQ7 *h�"V �M/ i?2 +?QH2b@

i2`QH KQH2+mH2b- K�FBM; i?2K b2H7@�bb2K#H2 BMiQ #BKQH2+mH�` �KT?BT?BH2b U+�HH2/ bvMi?QMbV-

�M/ i?2M BMiQ #BH�v2`bX "v �HH@�iQKB+ bBKmH�iBQMb- r2 Q#i�BM2/ i?2 KQbi `2H2p�Mi T?vbB+Q@

+?2KB+�H T`QT2`iB2b Q7 i?2 bvbi2K- �i i?2 K�tBKmK bT�iB�H `2bQHmiBQMX h?2 Q#b2`p2/ KQH2+@

mH�` Q`;�MBx�iBQM Q7 i?2 +QKTQM2Mib 2tTH�BMb i?2 `Q#mbiM2bb �M/ bi�#BHBiv Q7 i?2 bvbi2K-

�b Bi `2K�BMb bi�#H2 mM/2` p�`B�iBQMb- 7Q` 2t�KTH2 i?2 T`2b2M+2 Q7 i2MbBQM Q` b�Hi- Q` i?2

BM+`2�b2 BM i2KT2`�im`2X q2 ?�p2 Q#b2`p2/ i?2 2tBbi2M+2 Q7 �bvKK2i`B2b BM i?2 iBHi �M;H2

Q7 i?2 +QKTQM2Mib Q7 i?2 #BH�v2`- r?B+? ?�b �HbQ #22M b22M BM Qi?2` +�iBQMB+ bvbi2Kb �b r2HH

�b BM 2tT2`BK2Mi�H �6J K2�bm`2K2Mib Q7 i?2 ZaX q2 #2HB2p2 i?�i i?Bb T?2MQK2MQM +QmH/

#2 `2H�i2/ iQ i?2 bTQMi�M2Qmb +m`p�im`2 Q7 i?2 #BH�v2`b Q7 i?2`KQ/BM�KB+�HHv bi�#H2 p2bB+H2bX

q2 /2p2HQT2/ � J�`iBMB +Q�`b2@;`�BM2/ 7Q`+2 }2H/ 7Q` i?2 *h�"eX q2 bBKmH�i2/ �

7mHH Zm�ibQK2 p2bB+H2 pB� +Q�`b2@;`�BM2/ bBKmH�iBQMb U7Q` i?2 }`bi iBK2 iQ i?2 #2bi Q7 Qm`

FMQrH2/;2VX 6`QK i?2 `2bmHib r2 +QM+Hm/2 i?�i i?2 T`2b2M+2 Q7 /272+ib BM i?2 #BH�v2` Bb i?2

`2bTQMbB#H2 7Q` i?2 +m`p�im`2 BM BiX h?Bb Bb BM HBM2 rBi? i?2 i?2Q`v- i?�i `2[mB`2b �M �bvKK2@

i`v 7Q` i?2 2tBbi2M+2 Q7 bTQMi�M2Qmb +m`p�im`2X qBi?Qmi bm+? �bvKK2i`v- r2 rQmH/ 2tT2+i

iQ b22 /Bb+@b?�T2/ #BH�v2`b BMbi2�/ Q7 p2bB+H2bX

AM i?2 b2+QM/ T�`i Q7 i?2 i?2bBb- r2 ?�p2 BMp2biB;�i2/ i?2 BMi2`�+iBQM Q7 i?2 Zm�ibQK2

rBi? /v2bX q2 /2p2HQT2/ � 7Q`+2 }2H/ 7Q` i?2 ~mQ`2b+2BM KQH2+mH2- �M/ #�b2/ QM i?2 J.

bBKmH�iBQMb mbBM; bm+? 7Q`+2 }2H/- r2 +QM+Hm/2 i?�i i?2 bi`�i2;v iQ M�MQbi`m+im`2 i?2 �M@

BQMB+ ~mQ`2b+2BM /v2 QM i?2 bm`7�+2 Q7 i?2 Za BM r�i2` Ui�FBM; �/p�Mi�;2 Q7 i?2 +�iBQMB+ ?2�/

Q7 i?2 *h�" KQH2+mH2bV Bb � ;QQ/ BMBiB�H bi`�i2;v iQ 7mM+iBQM�HBx2 i?2 bm`7�+2 Q7 Qm` p2bB+H2X

.2bTBi2 i?2 2tBbi2M+2 Q7 2H2+i`Qbi�iB+ BMi2`�+iBQM #2ir22M ~mQ`2b+2BM KQH2+mH2b �M/ Zm�i@

bQK2 bm`7�+2- i?2`2 Bb � +QKT2iBiBQM #2ir22M bm+? �ii`�+iBQM �M/ i?2 i2M/2M+v Q7 ~mQ`2b+2BM
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*QM+HmbBQMb �M/ S2`bT2+iBp2b

iQ �;;`2;�i2 BM r�i2`- `2bmHiBM; BM p2`v 72r /v2 KQH2+mH2b �ii�+?BM; iQ i?2 Za bm`7�+2X h?Bb

+QKT`QKBb2b i?2 BMi2;`Biv �M/ bmBi�#BHBiv Q7 i?2 `2bmHiBM; ~mQ`2b+2Mi Q`;�MB+ p2bB+H2b 7Q`

�TTHB+�iBQMb rBi? BK�;BM; Tm`TQb2bX �HH i?Bb bm;;2bib i?�i i?2 b2�`+? Q7 Qi?2` bi`�i2;B2b

7Q` M�MQbi`m+im`�iBQM Q7 /v2b Bb `2[mB`2/- 7Q` BMbi�M+2 +QMbB/2`BM; /v2b Q7 ?v/`QT?Q#B+ M�@

im`2X h?2 J. bBKmH�iBQMb `2TQ`i2/ BM +?�Ti2` e b?Qr i?�i � 7�KBHv Q7 MQM@r�i2` bQHm#H2

~mQ`QT?Q`2b- i?2 +�`#Q+v�MBM2b U.BA �M/ .B.V- +�M #2 bi�#BHBx2/ BM �[m2Qmb K2/B� #v BM@

+Q`TQ`�iBM; i?2K iQ i?2 Zm�ibQK2- Q#i�BMBM; � TQi2MiB�H +H�bb Q7 M�MQbi`m+im`2/ bvbi2Kb

rBi? 2t+2HH2Mi QTiB+�H �M/ +QHHQB/�H T`QT2`iB2bX Pm` bBKmH�iBQM `2bmHib �`2 +QMbBbi2Mi rBi?

i?2 2tT2`BK2Mi�HHv@Q#b2`p2/ 2M?�M+2K2Mi Q7 i?2 BM+Q`TQ`�iBQM Q7 .BA �M/ .B. BMiQ K2K@

#`�M2bX AM �//BiBQM- r2 r�Mi iQ ?B;?HB;?i i?�i J. bBKmH�iBQMb �`2 � bmBi�#H2 K2i?Q/ iQ

/2i2`KBM2 T`2+Bb2 /v2 TQbBiBQMBM; BM i?2 Zm�ibQK2 #BH�v2`- �M/ i?�i i?Bb BM7Q`K�iBQM Bb MQi

`2�+?�#H2 #v K2�Mb Q7 2tT2`BK2Mi�H i2bibX

"v �HH i?2 T`2pBQmbHv 2tTH�BM2/- r2 +QMbB/2` i?�i i?2 BMBiB�H ;Q�H Q7 i?2 i?2bBb- iQ /22T2M

i?2 Qp2`�HH mM/2`bi�M/BM; Q7 i?2 Zm�ibQK2 p2bB+mH�` bvbi2K �M/ bQK2 Q7 Bib �TTHB+�iBQMb-

?�b #22M 7mH}HH2/X

dXk S2`bT2+iBp2b �M/ QM;QBM; rQ`F

h?2 T`2b2Mi i?2bBb ?�b QT2M2/ K�Mv T2`bT2+iBp2b 7Q` 7mim`2 rQ`FX AM 7�+i- r2 bi�`i2/ �

T`2HBKBM�`v 2tTHQ`�iBQM Q7 b2p2`�H TQbbB#H2 2ti2MbBQMb Q7 i?2 T`2b2Mi rQ`F BM i?2 7QHHQrBM;

/B`2+iBQMbX � bmKK�`v Bb 2tTH�BM2/, i?2 b2H7@�bb2K#Hv K2+?�MBbK 7Q` Zm�ibQK2 p2bB+H2

7Q`K�iBQM �M/ i?2 TQbbB#BHBiv Q7 +?�M;BM; i?2 Zm�ibQK2 +QKTQM2Mib- mbBM; Qi?2` bm`7�+i�Mi

Q` Qi?2` bi2`QHX
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dXkXR a2H7@�bb2K#Hv Q7 Zm�ibQK2 p2bB+H2

AM +?�Ti2` 9 Q7 i?Bb i?2bBb r2 T2`7Q`K2/ � bBKmH�iBQM r?2`2 r2 Q#i�BM2/ � bi�#H2 7mHH

Zm�ibQK2 p2bB+H2X 6m`i?2`KQ`2- Bi ?�b #22M 2tT2`BK2Mi�HHv T`Qp2M U#v L�MQKQH ;`QmTV

i?�i r?2M *h�" �M/ +?QH2bi2`QH KQH2+mH2b �`2 /BbT2`b2/ BM �[m2Qmb bQHmiBQM- i?2v i2M/

iQ bTQMi�M2QmbHv b2H7@�bb2K#H2 BMiQ p2bB+H2b Q7 p�`BQmb bBx2b- /m2 iQ i?2B` ?v/`QT?Q#B+ �M/

?v/`QT?BHB+ b2;K2MibX h?Bb irQ 7�+ib 2M+Qm`�;2/ mb iQ bBKmH�i2 i?2 b2H7@�bb2K#Hv T`Q@

+2bb- iQ Q#i�BM KQ`2 BM7Q`K�iBQM Q7 i?2 bi�#BHBx�iBQM K2+?�MBbKX 6Q` i?�i- r2 T2`7Q`K2/

+Q�`b2@;`�BM J. bBKmH�iBQMb rBi? *h�" �M/ +?QH2bi2`QH KQH2+mH2b `�M/QKHv /Bbi`B#mi2/ BM

�[m2Qmb K2/B� UR,R `�iBQ �M/ 2KTHQvBM; i?2 b�K2 +QKTmi�iBQM�H /2i�BHb �b BM +?�Ti2` 9V-

iQ b22 B7 i?2 bvbi2K rQmH/ 2pQHp2 iQr�`/b i?2 7Q`K�iBQM Q7 � p2bB+H2X S`2HBKBM�`v `2bmHib

�`2 b?QrM BM 6B;m`2 dXR �M/ dXkX

Figure 7.1: �D���E� 6LPXODWLRQ VQDSVKRW RI WKH ILQDO HTXLOLEUDWHG FRQILJXUDWLRQ RI WKH V\VWHP� %R[ VL]H IRU �D� ��[��[��
QP DQG �E� ��[��[�� QP� &7$% PROHFXOHV DUH FRORUHG LQ EOXH� FKROHVWHURO PROHFXOHV LQ RUDQJH DQG EURPLGH LRQ LQ
\HOORZ� %RXQGDU\ FRQGLWLRQV DSSOLHG IRU WKH WR UHFRQVWUXFW WKH LPDJHV�

6B`biHv- r2 +QMbB/2`2/ i?2 b�K2 MmK#2` Q7 *h�" �M/ *?QH KQH2+mH2b UkRNd 2�+? +QK@

TQM2MiV �b BM i?2 bBKmH�iBQM Q7 � 7mHH Za p2bB+H2 U+?�Ti2` 9VX �7i2` N μb Q7 bBKmH�iBQM iBK2-

r2 Q#i�BM2/ j /BbF@HBF2 KB+2HH2b rBi? � /B�K2i2` bBx2 `�M;BM; BM ∼Rk@kk MK �b b?QrM BM

Rdj



*QM+HmbBQMb �M/ S2`bT2+iBp2b

6B;m`2 dXR@U�VX �7i2` HQM;2` bBKmH�iBQM iBK2- r2 +QM+Hm/2/ i?�i i?2 bvbi2K ?�/ `2�+?2/

�M 2[mBHB#`BmK bi�i2 Q` i?2 /vM�KB+b Q7 i?2 bvbi2K r2`2 iQQ bHQrX h?mb- r2 /2+B/2/ iQ

BM+`2�b2 i?2 +QM+2Mi`�iBQM Q7 i?2 b�K2 bvbi2K- #v +QMbB/2`BM; � bBKmH�iBQM #Qt Q7 jktjjtje

MK- #mi i?2 bvbi2K `2�+?2/ � TH�M�` #BH�v2` T�i+? +QMM2+i2/ iQ Bib2H7 /m2 iQ i?2 #QmM/�`v

+QM/BiBQMb- bQ r2 /Bb+�`/2/ BiX a2+QM/Hv- r2 /Qm#H2/ i?2 MmK#2` Q7 +QKTQM2Mi KQH2+mH2b-

bQ r2 K�/2 mT � bvbi2K Q7 9Rkj *h�" �M/ 9Rkj +?QH2bi2`QH KQH2+mH2bX AM i?Bb +�b2- r2

Q#i�BM2/ � }M�H +QM};m`�iBQM �7i2` eyj Mb- BM r?B+? �HH i?2 KQH2+mH2b r2`2 iQ;2i?2` 7Q`KBM;

� HQM; /27Q`K2/ #BH�v2`- rBi? +2`i�BM +m`p�im`2 �M/ � H2M;i? Q7 Q7 d9 MK Ub22 6B;m`2 dXR@

U#VVX 6BM�HHv- r2 BM+`2�b2/ i?2 MmK#2` Q7 Za +QKTQM2Mib mT iQ 3d93 Q7 *h�" �M/ 3d93

Q7 +?QH2bi2`QH KQH2+mH2bX q2 Q#i�BM2/ bBKBH�` `2bmHib �b BM i?2 T`2pBQmb +�b2- � }M�H K2i�@

bi�#H2 bi�i2 BM r?B+? �HH KQH2+mH2b r2`2 iQ;2i?2` 7Q`KBM; B``2;mH�` b?�T2b rBi? +m`p�im`2

Ub22 6B;m`2 dXk@U+VVX

Figure7.2: Simulation snapshots of the formationof thebig-assemblemadeofCTABandCholmolecules in a cubic box

of 54x54x54 nm. Image (c) boundary conditions applied for the to reconstruct the images.

�HH `mM bBKmH�iBQMb ?�p2 BM +QKKQM i?�i- bTQMi�M2QmbHv- i?2 +QKTQM2Mib Q7 i?2 Za

T`272``2/ iQ BMi2`/B;Bi�i2 7Q`KBM; i?Qb2 mMBH�K2HH�` bi`m+im`2b- `�i?2` i?�M �;;`2;�i2 7Q`K@

BM; KB+2HH2b Q7 *h�" Q` +?QH2bi2`QH +`vbi�HbX �HbQ- �b b?QrM BM i?2 6B;m`2 dXk- 7`QK i?2 J.

i`�D2+iQ`B2b r2 Q#b2`p2/ ?Qr *h�" �M/ +?QH2bi2`QH KQH2+mH2b `�TB/Hv �bb2K#H2/ BMiQ bK�HH

KBt2/ KB+2HH2b �M/ i?2M i?2v bi�`i2/ 7mbBM; BMiQ 2HQM;�i2/ KB+2HH2bX h?Qb2 KB+2HH2b bi�`i2/

7mbBM; #2ir22M i?2K iQQ- `2�+?BM; � }M�H bi�i2 BM r?B+? �HH i?2 KQH2+mH2b +QMbB/2`2/ 7Q` i?2

bBKmH�i2/ bvbi2K r2`2 �bb2K#H2/ BMiQ � #B; bi`m+im`2 rBi? � MQM@/2}M2/ KQ`T?QHQ;vX
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�b 7�` �b r2 ?�p2 Q#b2`p2/ BM i?2 *:@J. i`�D2+iQ`B2b- i?2 bvbi2K Bb BM � K2i�@bi�#H2

bi�i2X � +2`i�BM +m`p�im`2 Bb Q#b2`p2/- #mi i?2`2 Bb MQ +H2�` BM/B+�iBQM i?�i i?2 #BH�v2`

rBHH +HQb2 BMiQ � p2bB+H2X h?2`2 �`2 i?`22 KQbi T`Q#�#H2 TQbbB#BHBiB2b, i?2 }`bi QM2 Bb i?�i

i?2 p2bB+mH�iBQM H2�/b iQ � i?2`KQ/BM�KB+�HHv bi�#H2 p2bB+H29X AM i?�i +�b2- Qm` bBKmH�iBQMb

rQmH/ biBHH #2 BM �M 2�`Hv bi�;2 Q7 i?2 T`Q+2bb- �M/ KQ`2 bBKmH�iBQM iBK2 rQmH/ #2 `2[mB`2/

iQ b22 i?2 p2bB+mH�iBQMX h?2 b2+QM/ TQbbB#BHBiv Bb i?�i i?2 7Q`K�iBQM T`Q+2bb H2�/b iQ �

FBM2iB+�HHv bi�#H2 p2bB+H2j- bQ i?2 #BH�v2` BM Qm` bBKmH�iBQMb rQmH/ #2 BM �M 2M2`;v r2HH- �M/

bQK2 2ti`� 2M2`;v rQmH/ #2 M22/2/ 7Q` i?2 p2bB+H2 +HQbm`2X h?2 i?B`/ b+2M�`BQ rQmH/ #2

`2H�i2/ iQ i?2 HBKBi�iBQMb Q7 +Q�`b2@;`�BM2/ K2i?Q/ Q` i?2 2KTHQv2/ +QKTQM2Mi KQ/2HbeX

�#Qmi i?2 K2MiBQM2/ HBKBi�iBQMb- Bi Bb r2HH FMQrM i?�i J�`iBMB +Q�`b2@;`�BM2/ bBKmH�@

iBQMb3 `2T`Q/m+2 r2HH i?2 ˵: 2M2`;v p�Hm2X >Qr2p2`- i?2 KQ/2H +�M +QMbB/2` +QMi`B#miBQMb

QM ˵: i?�i b?QmH/ #2 BM i?2 ˵>X h?mb Bi BM/m+2b iQ ;2M2`�i2 +QM};m`�iBQMb rBi? HQr2` 2M@

i`QTv- �M/ i?�i Bb r?v i?2 bQHp2Mi BM J�`iBMB +�M +`vbi�HHBx2 �M/ r2 ?�p2 iQ +QMbB/2` �//BM;

�MiB@7`22xBM; r�i2` KQH2+mH2b iQ Qp2`+QK2 i?Bb T`Q#H2KX �b i?2 2Mi`QTv Q7 i?2 bvbi2K Bb �

}t2/ p�Hm2 /m2 iQ i?2 *: �TT`QtBK�iBQMb- QM2 i?BM; i?�i +�M #2 /QM2 Bb iQ BM+`2�b2 i?2

i2KT2`�im`2 Q7 i?2 bvbi2KX

�b r2 /B/ MQi `2�+? � T`QT2` p2bB+H2b �b }M�H bi`m+im`2b 7`QK Qm` bBKmH�iBQMb- r2

+QMbB/2`2/ BM+`2�bBM; i?2 i2KT2`�im`2 BM Q`/2` iQ BM+`2�b2 i?2 2Mi`QTv Q7 i?2 bvbi2KX q2

Figure7.3: Simulation snapshots of the self-assemblyof theQuatsomevesicles fromadisk-likemicelles configuration.

Temperature of the system 503.15 K. TheQR code shows the vesiculation of theQuatsome vesicles.
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+QMbB/2`2/ i?2 H�bi +QM};m`�iBQM Q7 i?2 }`bi +�b2 Q7 bim/v- i?2 QM2 +Q``2bTQM/BM; iQ 6B;m`2

dXR@U�V �M/ `�Bb2/ i?2 i2KT2`�im`2 7`QK kN3 E mT iQ 8yjXR8 EX �miQK�iB+�HHv- r2 Q#b2`p2/

?Qr i?2 bvbi2K `2H�t2b �M/ bQK2 *h�" KQH2+mH2b 2p�TQ`�i2bX h?2 i?`22 /BbF@HBF2 KB+2HH2b

2pQHp2 iQ bT?2`B+�H p2bB+H2b �b 2tT2+i2/ Ub22 6B;m`2 dXjVX

q2 +QKT�`2 i?2 H�K2HH�`@iQ@p2bB+H2 i`�Mb7Q`K�iBQM T`Q+2bb Q7 i?2 Zm�ibQK2 bvbi2K iQ

� T`2@2[mBHB#`�i2/ SPS* #BH�v2` UjeR HBTB/b T2` H2�~2iVRX h?Bb bBKmH�iBQM bi�`i2/ 7`QK �

`2;mH�` TH�M�` 2[mBHB#`�i2/ #BH�v2` +QM7Q`K�iBQM- �M/ i?2M +QMbB/2`2/ � #B;;2` bBKmH�iBQM

#Qt- bQ i?�i i?2 #BH�v2` rQmH/ MQi #2 BM +QMi�+i rBi? Bib2H7 Ui?`Qm;? i?2 bBKmH�iBQM #Qt

HBKBibV- rBi? i?2 �BK Q7 Q#b2`pBM; � H�K2HH�`@iQ@p2bB+H2 i`�Mb7Q`K�iBQM T`Q+2bb U�b b?QrM BM

6B;m`2 dXjVX q?2`2�b BM Qm` +�b2- r2 bi�`i 7`QK � /BbF@HBF2 KB+2HH2b +QM};m`�iBQMbX GBTB/

?2�/;`QmTb `�TB/Hv `2TH�+2/ i?2 HBTB/ i�BHb 2tTQb2/ �i i?2 2/;2b Q7 i?2 #BH�v2` T�i+? iQ 7Q`K

� #B+2HH�` BMi2`K2/B�i2 UbM�Tb?Qi �i i 4 Ry MbVX � `�i?2` 7�bi +HQbm`2 Q7 i?2 #B+2HH2 7QHHQr2/

Ui 4 ey- dy MbV iQ 7Q`K � bK�HH p2bB+H2 Ui 4 Ryy MbVX q2 Q#b2`p2/ i?2 b�K2 #2?�pBQm` rBi?

i?2 Zm�ibQK2 bvbi2K #mi rBi? H2bb bBKmH�iBQM iBK2 �b b?QrM BM 6B;m`2 dXjX h?Bb T`Q+2bb Q7

p2bB+H2 7Q`K�iBQM Bb B/2MiB+�H iQ i?�i /2b+`B#2/ 7Q` bi�M/�`/ J�`iBMBdX

�Hi?Qm;? i?2`2 �`2 MQ +QM+Hm/BM; `2bmHib v2i- i?2 ;�i?2`2/ 2pB/2M+2 bQ 7�` H2�/b mb

Figure 7.4: Lamellar-to-vesicle transition for POPC lipid and Quatsome system. Figure of the POPC lipid system is

adapted from ref. 1 with permission from The American Chemical Society, whereas the snapshots from the transition

of theQuatsome system are from ourMD simulations.
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i?BMF i?�i r2 �`2 BM i?2 }`bi b+2M�`BQ, � p2bB+mH�iBQM T`Q+2bb i?�i H2�/b iQ i?2`KQ/vM�K@

B+�HHv bi�#H2 Zm�ibQK2 p2bB+H2bX S`2HBKBM�`v 2tT2`BK2Mi�H 2pB/2M+2b Q#i�BM2/ #v L�MQKQH

;`QmT U.`�X J�`B�M� EQ#2`- .`�X GB/B� 62``2`@h�bbB2b �M/ .`�X LQ`� o2MiQb�V �`2 i?2

7QHHQrBM;X Zm�ibQK2b +�M #2 Q#i�BM2/ 7QHHQrBM; /Bz2`2Mi T`2T�`�iBQM `Qmi2bX Ai b22Kb i?�i

bBx2 /Bbi`B#miBQMb- p2bB+H2 KQ`T?QHQ;v �M/ ζ@TQi2MiB�H- �`2 T`�+iB+�HHv B/2MiB+�H r?2M Za

r2`2 T`2T�`2/ mbBM; mHi`�bQmM/b UlaV �M/ i?2 /2T`2bbm`Bx�iBQM Q7 � *P�@2tT�M/2/ HB[mB/

U.1GPa@alaSVX �HbQ- i?2 Zm�ibQK2 7Q`K�iBQM Bb `2p2`bB#H2- K2�MBM; i?�i Za `mTim`2 �M/

`2@7Q`K�iBQM +�M #2 +QMi`QHH2/ #v p�`vBM; i?2 pQHmK2 7`�+iBQM Q7 2i?�MQH BM i?2 /BbT2`b�MiX

6BM�HHv- Zm�ibQK2b �`2 bi�#H2 BM iBK2X 6Q` Za /BbT2`b2/ BM r�i2` i?2 i2KTQ`�H bi�#BHBiv

Bb i`mHv `2K�`F�#H2X 1pB/2M+2 7`QK Qm` J. bBKmH�iBQMb `2K�`Fb i?2 bi�#BHBiv Q7 i?2 Za

#BH�v2`- #Qi? BM � TH�M�` #BH�v2` �M/ BM � p2bB+H2 b?�T2X q2 ?�p2 b22M �bvKK2i`B2b BM i?2

H2�~2ib �M/ i?2 Za bvMi?QM Bb K�BMi�BM2/ /m`BM; i?2 7mHH p2bB+H2 bBKmH�iBQMX

h?Bb QM;QBM; rQ`F Bb QM2 Q7 i?2 KQbi BMi2`2biBM; T2`bT2+iBp2b Q7 i?Bb i?2bBb �M/ BMi2Mb2

rQ`F Bb #2BM; /QM2X

dXj *?�M;BM; i?2 bm`7�+i�Mi, JE*

6Q` �TTHB+�iBQMb BMpQHpBM; BMi`�p2MQmb �/KBMBbi`�iBQM- i?2 *h�" Bb MQi � bmBi�#H2 bm`7�+i�Mi

/m2 iQ Bib iQtB+BivRyX AM Q`/2` iQ #2 �#H2 iQ mb2 Zm�ibQK2b 7Q` i?Bb ivT2 Q7 �TTHB+�iBQMb-

�M BMi2`2biBM; QTiBQM Bb #2BM; +QMbB/2`2/X AM T�`iB+mH�`- r2 bi�`i2/ iQ 2tTHQ`2 i?2 +�b2

Q7 p2bB+H2b K�/2 Q7 i2i`�/2+vH/BK2i?vH#2MxvH�KKQMBmK +?HQ`B/2 UJE*V bm`7�+i�Mi �M/

+?QH2bi2`QH Ub22 6B;m`2 dX8@U�VVX

1tT2`BK2Mib /QM2 #v L�MQKQH ;`QmT U:mBHH2K o�`;�b �M/ .`X LQ`� o2MiQb�V- b?Qr2/

i?�i i?2 T`2b2M+2 Q7 b�Hi BM bQHmiBQM UL�*HV Bb 2bb2MiB�H iQ �+?B2p2 bi�#H2 p2bB+H2b K�/2 Q7

*?QHfJE*- #mi �HbQ i?�i �M 2t+2bb Q7 b�Hi K�F2b i?2 p2bB+H2b mMbi�#H2X >2M+2- i?2b2 +�iBQMB+

p2bB+H2b +�M 2tBbi QMHv BM � +2`i�BM- �TT`QT`B�i2 `�M;2 Q7 b�Hi +QM+2Mi`�iBQM U∼Ryy@jyy KJ Q7

L�*H- b22 6B;m`2 dX8@U#VVX �i y KJ Q7 L�*H- mMbi�#H2 2H2K2Mib Q7 KQ`2 i?�M QM2 TQTmH�iBQM

Up2bB+H2b �M/ im#mH�` bi`m+im`2bV r2`2 Q#i�BM2/- �M/ �#Qp2 jyy KJ Q7 L�*H- T`2+BTBi�iBQM
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Figure 7.5: (a) Chemical structure of theMKCmolecule. (b) Experimental scheme of the Chol/MKC 1:1 vesicle forma-

tionas functionof the salt concentration (no salts, lowsalts andhigh salts). Cryo-TEMimagesareprovidedbyNanomol

group.

�M/ H�+F Q7 7Q`K�iBQM Q7 mMBH�K2HH�` p2bB+H2b r�b Q#b2`p2/X PM i?2 +QMi`�`v- BM i?2 +�b2 Q7

*?QHf*h�" bvbi2K- Zm�ibQK2 p2bB+H2b r2`2 �H`2�/v 7Q`K2/ BM Tm`2 r�i2` �M/ �`2 bi�#H2

BM b2p2`�H b�Hi +QM+2Mi`�iBQMbX

AM Q`/2` iQ mM/2`bi�M/ i?Bb 2z2+i- r2 T2`7Q`K2/ � b2`B2b Q7 �iQKBbiB+ J. bBKmH�iBQMb

rBi? i?2 *?QHfJE* bvbi2K BM r�i2` �M/ BM T`2b2M+2 Q7 L�*H b�Hi �i /Bz2`2Mi +QM+2Mi`�iBQMbX

>B;?@H2p2H .6h [m�MimK K2+?�MB+b +�H+mH�iBQMb r2`2 mb2/ 7Q` i?2 T�`�K2i2`Bx�iBQM Q7 i?2

7Q`+2 }2H/b 2KTHQv2/ BM Qm` J. bBKmH�iBQMbX

q2 #mBHi mT � *?QHfJE* R,R TH�M�` K2K#`�M2 �i y- Ryy �M/ 8yy KJ Q7 L�*H �//2/

b�HiX P#b2`pBM; i?2 /vM�KB+ i`�D2+iQ`B2b r2 b�r i?�i �HH i?2 i?`22 +�b2b #2?�p2 �b � ~mB/

K2K#`�M2X �i +QM+2Mi`�iBQMb Q7 Ryy KJ Q7 L�*H Qm` bBKmH�iBQMb b?Qr i?2 7Q`K�iBQM Q7

bi�#H2 #BH�v2`b- r?2`2�b �i +QM+2Mi`�iBQMb Q7 y Q` 8yy KJ Q7 L�*H i?2 #BH�v2` bi`m+im`2 Bb

MQ HQM;2` bi�#H2 Ub22 6B;m`2 dXeVX

�b b22M BM 6B;m`2 dXe@U#V- r?2M Ryy KJ L�*H Bb �//2/- r2 Q#i�BM �M BMi2`/B;Bi�i2/

#BH�v2` rBi? � i?B+FM2bb UMBi`Q;2M@MBi`Q;2M �iQK /Bbi�M+2V Q7 jX8 MK UbK�HH2` i?�M i?2 i?B+F@
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Figure 7.6: (a) and (b) Simulation snapshot of the Chol/MKC 1:1 bilayer in water (0 mM of added NaCl) and in water

with 100mMof addedNaCl, respectively. MKC andCholmolecules are represented in green and orange respectively

and nitrogen atom ofMKC and oxygen atom of Chol are green and orange spheres. Chloride and sodium ions are rep-

resented inmagenta and dark-blue spheres. Watermolecules are coloured in blue.

M2bb Q7 i?2 Zm�ibQK2 #BH�v2`- 9Xj MKVX q?2M MQ b�Hi Bb �//2/- r2 Q#b2`p2 � K2K#`�M2

7Q`K2/ #v +Q2tBbiBM; bi`m+im`2b Q7 KQMQH�v2`b Ub22 #H�+F �``Qrb BM 6B;m`2 dXe@U�V �M/ #B@

H�v2`bX �MQi?2` `2H2p�Mi `2bmHi Bb i?�i JE* �M/ +?QH2bi2`QH /Q MQi 7Q`K � bvMi?QM- �b

*h�" �M/ +?QH2bi2`QH /QX h?2 BMi2`�+iBQMb #2ir22M i?2 ?2�/ ;`QmTb i?�i �`2 `2bTQMbB#H2

Q7 i?2 7Q`K�iBQM Q7 i?2 bvMi?QM �`2 BM i?Bb +�b2 U*?QHfJE*V r2�F- �M/ i?�i bi`m+im`2 Bb

MQi 7Q`K2/X

h?2b2 `2bmHib bm;;2bi i?�i i?2 KQH2+mH�` Q`;�MBx�iBQM Q7 i?2 JE* �M/ *?QH /Q2b MQi

H2�/ iQ i?2 7Q`K�iBQM Q7 � `Q#mbi #BH�v2` �b *h�"f*?QH /Q2b- #mi i�FBM; BMiQ �++QmMi i?2

2tT2`BK2Mi�H `2bmHib U6B;m`2 dX8V- Bi Kmbi #2 +QM+Hm/2/ i?�i �M 2ti2`M�H 7�+iQ` Bb bi�#BHBxBM;

i?2 *?QHfJE* #BH�v2`, i?2 *H− BQMbX
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h?mb- r2 bim/B2/ i?2 BMi2`�+iBQM Q7 i?2 *H− �//2/ BQMb rBi? i?2 JE* �M/ *?QH +QKTQ@

M2MibX Pm` bBKmH�iBQMb T`2/B+i2/ i?�i �MBQMb MQi QMHv �/bQ`# QMiQ i?2 K2K#`�M2 bm`7�+2

#mi �HbQ i?�i bQK2 Q7 i?2K T2M2i`�i2 BM i?2 K2K#`�M2 bi`m+im`2- #2BM; �M BMi2;`�H T�`i Q7

i?Bb +�iBQMB+ p2bB+H2 Ub22 6B;m`2 dXdVX

Figure 7.7: Simulation snapshot of the Chol/MKC bilayer 1:1 with 100 mM added NaCl salt. MKC surfactant and

cholesterol molecules are coloured in green and orange, respectively. Headgroups of the each components are repre-

sented in spheres, blue forMKC and red for cholesterol. Chloride ions are represented in cyan spheres.

h?Bb T2`bT2+iBp2 +H2�`Hv b?Qrb i?�i- /2T2M/BM; QM i?2 /2bB`2/ �TTHB+�iBQM- i?2 p2bB+H2b

+�M #2 imM2/ UBM i?Bb +�b2 +?�M;BM; i?2 +QKTQM2MibVX AM i?�i b2Mb2- i?2 *h�"f*?QH Zm�i@

bQK2 Bb � bi�`iBM; TQBMi- #mi +�M #2 KQ/B}2/ iQ �/�Ti iQ i?2 M2+2bbBiB2bX h?Bb +QMbiBimi2b

� T`QKBbBM; rQ`FBM; HBM2- �b Bi ?�b #22M b?QrM BM i?2 T�`iB+mH�` +�b2 Q7 i?2 *?QHfJE*

bvbi2KX
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dX9 *?�M;BM; i?2 bi2`QH, *?QH2bi2`QH rBi? � pBMvH bmHT?QM2 ;`QmT

6QHHQrBM; � bBKBH�` bi`�i2;v iQ i?2 QM2 BM i?2 T`2pBQmb b2+iBQM- ?2`2 � +?�M;2 Q7 i?2 bi2`QH Bb

BMp2biB;�i2/X q2 ?�p2 bim/B2/ i?2 bm#biBimiBQM Q7 +?QH2bi2`QH #v 7mM+iBQM�HBx2/ +?QH2bi2`QH

rBi? � pBMvH bmHT?QM2 UoaV ;`QmT- i?2 +?QH2bi@8@2M2-j@(k@U2i?2MvHbmH7QMvHV2iQtv)- Q#i�BMBM;

� #BH�v2` K�/2 Q7 *h�" �M/ *?QH@oa +QKTQM2Mib �i R,R `�iBQX 1p2M i?Qm;? *?QH@oa Bb MQi

�M BQMB+ KQH2+mH2 Bib �iQKB+ bi`m+im`2 Bb #�b2/ QM � /2}M2/ TQH�` ?2�/ �M/ MQM@TQH�` +?�BM

Ub22 6B;m`2 dX3@U�V r?2`2 i?2 *?QH@oa Bb b?QrMVX ��@J. bBKmH�iBQMb r2`2 T2`7Q`K2/ iQ

?�p2 � KQH2+mH�` TB+im`2 Q7 i?2 BMi2`�+iBQM #2ir22M *?QH@oa �M/ *h�"X

Figure 7.8: (a)Molecular structure and atomistic structurewith bonds-only format of Chol-VSmolecule. (b)Hydrogen

bond interactions between oxygen atoms of Chol-VS molecule and hydrogen atoms contained in water. The peak at

1.85 Å corresponds to the exact tabulated valuewhere hydrogen bonds occur9.

1KTHQvBM; i?2 *?QH@oa KQ/2H 7`QK `27X8- r2 T2`7Q`K2/ J. bBKmH�iBQMb i?�i b?Qr

i?�i *?QH@oa Bb �KT?BT?BHB+- mMHBF2 i?2 +?QH2bi2`QH KQH2+mH2- r?B+? Bb ?v/`QT?Q#B+X Aib

?2�/;`QmTb �`2 �#H2 iQ 7Q`K b2p2`�H ?B/`Q;2Mb #QM/b rBi? r�i2`- �b b?QrM BM 6B;m`2 dX3@

U#VX

PM+2 i?2 �KT?BT?BHB+ +?�`�+i2` Q7 i?2 *?QH@oa ?�/ #22M /2KQMbi`�i2/- r2 bim/B2/ i?2

BMi2`�+iBQM #2ir22M i?2 *h�" �M/ *?QH@oa- mbBM; i?2 b�K2 bi`�i2;v �b BM rQ`FkX J.

bBKmH�iBQMb r2`2 +�``B2/ Qmi +QMbB/2`BM; � bBM;H2 KQH2+mH2 Q7 *h�" �M/ *?QH@oa BM r�i2`X
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�M�HvxBM; i?2 bBKmH�iBQMb Bi r�b Q#b2`p2/ i?�i �HKQbi �HH i?2 iBK2 #Qi? i?2 ?v/`QT?BHB+

T�`i �M/ i?2 �HFvH +?�BM Q7 #Qi? KQH2+mH2b r2`2 #QM/2/- #2BM; i?2 a@L #QM/ UbmHT?m` �iQK

Q7 i?2 *?QH@oa KQH2+mH2 rBi? i?2 MBi`Q;2M �iQK Q7 i?2 *h�"V /Bbi�M+2 8@e ³ BM �p2`�;2X

AM 72r2` iBK2b- i?2 �HFvH +?�BMb rQmH/ b2T�`�i2- ;BpBM; `Bb2 iQ �MQi?2` +QM7Q`K�iBQM- rBi?

� i�BH iQ i�BH /Bbi�M+2 Q7 ∼k9 ³X q2 +QM+Hm/2/ i?�i i?2 *?QH@oaf*h�" �bbQ+B�iBQM rBHH #2

Km+? r2�F2` BM +QKT�`BbQM rBi? i?�i Q7 i?2 *?QHf*h�" UZm�ibQK2VX

AM Q`/2` iQ T`2/B+i i?2 ;2QK2i`v Q7 i?2 b2H7@�bb2K#H2/ bi`m+im`2- r2 mb2 i?2 T�+FBM;

T�`�K2i2` +QM+2Ti U/2b+`B#2/ BM +?�Ti2` RVX h?2 +Q``2bTQM/BM; T�`�K2i2`b �`2 ;Bp2M BM

i�#H2 dXR- r?2`2 i?2v +�M #2 +QKT�`2/ iQ i?Qb2 Q7 i?2 +QKTQM2Mib Q7 i?2 Zm�ibQK2X qBi?

i?2 T�+FBM; T�`�K2i2` 2[m�H iQ yX89- *h�" �M/ *?QH@oa rBHH T�+F 7Q`KBM; � +vHBM/2`

p2bB+H2- �b i?Bb p�Hm2 Bb M2�` iQ i?2 HBKBi Q7 BM}MBi2 +vHBM/2` #mi rBi?BM i?2 `�M;2 Q7 p2bB+H2bX

Table 7.1: Packing parameter values of cholesterol, CTAB andChol-VS. Note: lD is the length of the hydrocarbon chain,
v is the volume of the hydrocarbon chain and a0 is the optimal cross-sectional area per headgroup at the polar hydro-

carbon/water interface of the assembly. The packing parameter is calculated by p = v/(a0lD).

JQH2+mH2 p fMK� HD fMK �� f³� T4pfU��ǦHDV
*?QH2bi2`QH yX9y RXdj RNXyy RXkk

*h�" yX899 RXNj e9Xyy yX9k
*?QH@oa yX9y RXdj jdXk3 yXek

*?QHf*h�" bvMi?QM yXN9 RXdj e9Xyy yX38
*?QH@oaf*h�" bvMi?QM yXN9 RXdj RyRXk3 yX89

hQ bim/v i?2 BMi2`�+iBQM #2ir22M *?QH@oa �M/ *h�"- � M2r bBKmH�iBQM r�b T2`7Q`K2/-

+QMbB/2`BM; � KmHiBTH2 bvbi2K Q7 KQH2+mH2b Q7 *h�" �M/ KQH2+mH2b Q7 *?QH@oa BM r�i2`X

6B;m`2 dXN b?Qrb � bM�Tb?Qi Q7 i?Bb bBKmH�iBQM QM Bi Bb +H2�`Hv pBbB#H2 i?�i KBt2/ bvbi2Kb

Q7 *h�" �M/ *?QH@oa BM r�i2` +�mb2 i?2 7Q`K�iBQM Q7 im#mH�` bi`m+im`2b- r?2`2 i?2 ?v@

/`QT?Q#B+ T�`ib Q7 #Qi? KQH2+mH2b �`2 Q`B2Mi�i2/ BMbB/2 i?2b2 im#mH�` �bb2K#HB2b- �M/ i?2

?v/`QT?BHB+ ?2�/b Q7 *?QH@oa �M/ *h�" �`2 BM +QMi�+i rBi? r�i2`X

h?2 7Q`K�iBQM Q7 i?2b2 im#mH�` bi`m+im`2b mbBM; *?QH@oa �M/ *h�" �;`22b rBi? i?2

`B##QM@HBF2 bi`m+im`2b Q#b2`p2/ 2tT2`BK2Mi�HHv Ub22 6B;m`2 dXRyVX h?2b2 2tT2`BK2Mib r2`2

T2`7Q`K2/ #v i?2 L�MQKQH ;`QmT UA*J�"@*aA*VX h?Bb �bbQ+B�iBQM #2ir22M *?QH@oaf*h�"
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Figure 7.9: Simulation snapshot with boundary conditions applied in X direction. It shows how the Chol-VS/CTAB

molecules in water form a nanoribbon.

Bb p2`v /Bz2`2Mi 7`QK i?�i Q#b2`p2/ BM i?2 +�b2 Q7 *?QHf*h�"kX AM i?2 +�b2 Q7 *?QHf*h�"

bvbi2K- i?2 +?QH2bi2`QH KQH2+mH2 Bb r`�TT2/ rBi? i?2 *h�" bm`7�+i�Mi- r?B+? #2?�p2b �b

� b2+QM/ ?v/`QT?Q#B+ i�BH 7Q` *h�"X PM i?2 +QMi`�`v- BM i?2 *?QH@oaf*h�" +�b2- i?2

irQ KQH2+mH2b �`2 iQ;2i?2` BM T�`�HH2H- ?2�/ iQ ?2�/ KQbi Q7 i?2 iBK2X h?2b2 +?�M;2b BM

i?2 BMi2`�+iBQM +�mb2 � /2+`2�b2 BM i?2 T�+FBM; T�`�K2i2` �M/ +QMb2[m2MiHv- i?2 7Q`K2/

�bb2K#H2 i2M/ iQ #2 im#mH�` bi`m+im`2b U6B;m`2 dXRy �M/ dXNVX

1tT2`BK2Mi�H �M/ i?2Q`2iB+�H bim/B2b `2p2�H2/ i?2 7Q`K�iBQM Q7 2HQM;�i2/ bi`m+im`2bX

�++Q`/BM; iQ i?2 bim/B2/ T�+FBM; T�`�K2i2` 7Q` i?2 *?QH@oaf*h�" bvbi2K- KBtim`2b Q7

*?QH@oa �M/ *h�" KQH2+mH2b BM r�i2` BM/m+2b iQ bT?2`2@iQ@+vHBM/`B+�H i`�MbBiBQM Q7 *h�"

KB+2HH2bc �M/ i?2b2 +vHBM/`B+�H KB+2HH2b T`Q#�#Hv /B`2+i i?2 ;`Qri? Q7 i?2 M�MQ`B##QMb Q#@

b2`p2/ 2tT2`BK2Mi�HHv 6B;m`2 dXRy �M/ rBi? i?2 bBKmH�iBQMb 6B;m`2 dXNX
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Figure 7.10: Cryo-TEM image corresponding to VS = 0 is the mixed containing Chol:CTAB and the one corresponding

to VS = 1 is the Chol-VS/CTABmixture. Images courtesy of Dra. Lidia Ferrer-Tasies (Nanomol group).

h?Bb H�bi bim/v +H2�`Hv b?Qrb i?�i i?2 FMQrH2/;2 Q7 i?2 T�+FBM; T�`�K2i2` �HHQrb mb

iQ imM2 i?2 b?�T2 Q7 i?2 p2bB+H2bX "v 2KTHQvBM; /Bz2`2Mi +QKTQM2Mib UBM i?Bb +�b2 *?QH@

oaV i?�i ;Bp2 `Bb2 iQ i?2 /2bB`2/ T�+FBM; T�`�K2i2`- r2 Q#i�BM i?2 +Q``2bTQM/BM; /2bB`2/

;2QK2i`vX h?Bb +QMbiBimi2b �HbQ � p2`v BMi2`2biBM; HBM2 Q7 rQ`F- r?B+? +�M #2 7m`i?2` 2tTHQ`2/

rBi? Qi?2` bi2`QHb Q` KQ/B}2/ +?QH2bi2`QH KQH2+mH2bX
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(k) 62``2`@h�bB2b- GX- JQ`2MQ@*�HpQ- 1X- *�MQ@a�`�#B�- JX- �;mBH2HH�@�`xQ- JX- �M;2HQp�-
�X- G2bB2m`- aX- _B+�`i- aX- 6�`�m/Q- CX- o2MiQb�- LX- � o2+B�M�- CX UkyRjVX Zm�ibQK2b,
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/vM�KB+b bBKmH�iBQM Q7 i?2 BMi2`7�+2 #2?�pBQm` �M/ b2H7@�bb2K#Hv Q7 *h�" +�iBQMB+
bm`7�+i�MibX S?vbB+�H *?2KBbi`v *?2KB+�H S?vbB+bX

(d) J�``BMF- aX CX- _Bbb2H�/�- >X CX- u2}KQp- aX- hB2H2K�M- .X SX- � /2 o`B2b- �X >X UkyydVX
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(N) JBM+?- JX CX URNNNVX �M AMi`Q/m+iBQM iQ >v/`Q;2M "QM/BM; UC2z`2v- :2Q`;2 �XVX CX
*?2KX 1/m+X- deUeV- d8NYX

(Ry) PF�?�`�- �X- h�MBQF�- >X- h�F�/�- EX- � E�r�xm- EX UkyRjVX P+mH�` hQtB+Biv Q7 "2M@
x�HFQMBmK *?HQ`B/2 >QKQHQ;b *QKT�`2/ rBi? h?2B` JBtim`2bX CQm`M�H Q7 hQtB+QHQ;B+
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AM i?Bb �MM2t- bmTTH2K2Mi�`v BM7Q`K�iBQM �#Qmi i?2 `2b2�`+? +�``B2/ Qmi BM i?Bb i?2bBb +�M

#2 7QmM/X Ai +QMi�BMb BM7Q`K�iBQM i?�i ?2HTb `2�/2`b mM/2`bi�M/ i?2 i?2bBb Q` Bi T`QpB/2b 2b@

b2MiB�H #�+F;`QmM/ QM i?2 `2b2�`+? T`Q+2bbX >Qr2p2`- i?Bb BM7Q`K�iBQM Bb iQQ HQM; Q` /2i�BH2/

iQ }i BMiQ i?2 K�BM i2tiX am+? BM7Q`K�iBQM ?�b #22M /BpB/2/ BMiQ b2+iBQM +Q``2bTQM/BM; iQ

2�+? +?�Ti2`X
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�XR *?�Ti2` k �MM2t, J2i?Q/b

�XRXR S`2T�`�iBQM Q7 i?2 Zm�ibQK2b #v i?2 .1GPa@alaS K2i?Q/ �M/

� /2b+`BTiBQM Q7 i?2 2[mBTK2Mi

.2T`2bbm`Bx�iBQM Q7 �M 1tT�M2/ P`;�MB+ aQHmiBQM@ambT2MbBQM U.1GPa@alaSV K2i?Q/ Bb �

+QKT`2bb2/ ~mB/ U*6bV@#�b2/ T`Q+2/m`2 7Q` i?2 T`Q/m+iBQM Q7 KmHiB7mM+iBQM�H bK�HH mMBH@

�K2HH�` p2bB+H2b UalobVX AM i?2 H�bi k8 v2�`b- b2p2`�H *6b@#�b2/ K2i?Q/QHQ;B2b 7Q` i?2

T`2T�`�iBQM Q7 M�MQbi`m+im`2/ K�i2`B�Hb ?�p2 #22M /2p2HQT2/R8-kk-kdX *6b 2tBbi �b ;�b �i

MQ`K�H +QM/BiBQMb Q7 T`2bbm`2 USV �M/ i2KT2`�im`2 UhV- #mi +�M #2 +QMp2`i2/ BMiQ HB[mB/b Q`

bmT2`+`BiB+�H ~mB/b BM+`2�bBM; SX *QM+2`MBM; i?2 T`Q/m+iBQM Q7 M�MQK�i2`B�Hb- i?2 bQHp�iBQM

+�T�+Biv Q7 � *6b U#Qi? BM i?2 HB[mB/ Q` bmT2`+`BiB+�H T?�b2V Bb QM2 Q7 i?2 KQbi BKTQ`i�Mi

T�`�K2i2`bX Ai +�M BM/22/ #2 imM2/ #v T`2bbm`2 +?�M;2b- r?B+? T`QT�;�i2 KQ`2 [mB+FHv i?�M

i2KT2`�im`2 �M/ +QKTQbBiBQM p�`B�iBQMbX AM i?Bb r�v- � }M2 +QMi`QH Qp2` i?2 KQ`T?QHQ;v Q7

K�i2`B�Hb �i i?2 KB+`Qb+QTB+ b+�H2 +�M #2 �+?B2p2/- QTTQbBi2 iQ KQbi Q7 +QMp2MiBQM�H T`Q@

+2bbBM; i2+?MB[m2b3-jX *P� Bb i?2 KQbi mb2/ +QKT`2bb2/ ~mB/ BM i?Bb b2Mb2- i?�MFb iQ Bib HQr

+`BiB+�H T`2bbm`2 USD 4 d9 #�`V �M/ i2KT2`�im`2 UhD 4 jR ◦*V- r?B+? �HHQr rQ`FBM; �i KBH/

+QM/BiBQMb- rBi? HQr T`Q/m+iBQM +Qbi �M/ `2/m+2/ /�K�;2 iQ i?2 T`Q+2bb2/ KQH2+mH2bX AM �/@

/BiBQM iQ i?�i- Bi Bb MQM@~�KK�#H2- MQM@iQtB+- BM2tT2MbBp2 �M/ MQM@TQHHmiBM;- �HH T`QT2`iB2b

i?�i ?�p2 K�/2 Bi � ;`22M@bm#biBimi2 iQ +QMp2MiBQM�H Q`;�MB+ bQHp2Mib 7Q` i?2 T`2T�`�iBQM

Q7 M�MQK�i2`B�HbX

.1GPa@alaS K2i?Q/ �HHQrb i?2 QM2@bi2T T`2T�`�iBQM Q7 KmHiB7mM+iBQM�H *h�"@+?QH2bi2`QH

M�MQp2bB+H2b �KQM; Qi?2` 7Q`KmH�iBQMb BM+Hm/BM; M�MQp2bB+H2b@#BQ�+iBp2 ?v#`B/bk-RX � b+?2K2

Q7 i?2 .1GPa@alaS T`Q+2bb 7Q` i?2 7Q`K�iBQM Q7 KmHiB7mM+iBQM�H M�MQp2bB+H2b Bb b?QrM BM

6B;m`2 �XRX

AM 72r rQ`/b- � bQHmiBQM Q7 i?2 K2K#`�M2 Zm�ibQK2 +QKTQM2Mib �M/ i?2 MQM@r�i2` bQH@

m#H2 +QKTQmM/b U2X;X +?QH2bi2`QH �M/ MQM@r�i2` bQHm#H2 /v2bV BM �M Q`;�MB+ bQHp2Mi UBM i?Bb

+�b2 2i?�MQHV Bb HQ�/2/ BMiQ � ?B;?@T`2bbm`2 �miQ+H�p2- �i i?2 rQ`FBM; i2KT2`�im`2 U6B;m`2
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Figure A.1: Schematic representation of the DELOS-SUSP process. Patent. EP1843836; US7754777; CA2566760.

�XRVX h?2 `2�+iQ` Bb i?2M T`2bbm`Bx2/ #v �//BiBQM Q7 +QKT`2bb2/ *P� mMiBH `2�+?BM; i?2

rQ`FBM; T`2bbm`2 URy JS�V- BM Q`/2` iQ Q#i�BM � *P�@2tT�M/2/ bQHmiBQM Q7 i?2 +QKTQmM/bX

6BM�HHv- BM i?2 H�bi bi�;2- i?2 p2bB+mH�` bi`m+im`2b �`2 7Q`K2/ #v /2T`2bbm`BxBM; i?2 *P�@

2tT�M/2/ bQHmiBQM Qp2` �M �[m2Qmb T?�b2- r?B+? +QMi�BMb i?2 bm`7�+i�Mi U2X;X *h�"V �M/

r�i2`@bQHm#H2 /v2b iQ #2 2M+�TbmH�i2/ U6B;m`2 �XRVX AM i?2 }M�H bi2T- L� �i i?2 rQ`FBM;

T`2bbm`2 Bb �//2/ iQ i?2 `2�+iQ` iQ F22T +QMbi�Mi i?2 T`2bbm`2 BMbB/2 i?2 �miQ+H�p2 /m`BM; i?2

/2T`2bbm`Bx�iBQMX �b 2z2+i Q7 i?2 /2T`2bbm`Bx�iBQM- i?2 *P�@2tT�M/2/ bQHmiBQM 2tT2`B2M+2b

�M �#`mTi �M/ ?QKQ;2M2Qmb i2KT2`�im`2 /2+`2�b2 UBM/m+2/ #v i?2 2p�TQ`�iBQM Q7 *P�V

r?B+? HBF2Hv Bb i?2 +�mb2 Q7 i?2 ?B;? bi`m+im`�H ?QKQ;2M2Biv BM i2`Kb Q7 +QKTQbBiBQM- bBx2

�M/ KQ`T?QHQ;v Q7 i?2 Q#i�BM2/ p2bB+H2bX h?�MFb iQ i?Bb- MQ 7m`i?2` TQbi@T`Q+2bbBM; bi2Tb-

;2M2`�HHv `2[mB`2/ rBi? i?2 +QMp2MiBQM�H K2i?Q/b Q7 p2bB+H2b T`Q/m+iBQM- �`2 M2+2bb�`v BM

Q`/2` iQ `2/m+2 �M/ ?QKQ;2MBx2 i?2 bBx2 Q7 i?2 7Q`K2/ p2bB+H2bX
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�Xk *?�Ti2` j �MM2t, *?�`�+i2`Bx�iBQM Q7 i?2 Za #BH�v2`

�XkXR J. bBKmH�iBQM Q7 .SS*f*?QH #BH�v2`

PM2 Q7 i?2 �M�HvbBb Q7 i?2 b2+iBQM jXRXj UQ`;�MBx�iBQM Q7 +QmMi2`BQMbV r�b #�b2/ QM i?2

Q`;�MBx�iBQM �i ;HQ#�H H2p2H Q7 i?2 Zm�ibQK2 #BH�v2` BM r�i2` UrBi?Qmi �//2/ b�HiVX q2

Q#b2`p2/ ?Qr #`QKB/2 BQMb r2`2 �#H2 iQ T2M2i`�i2 mT iQ i?2 ?v/`QT?Q#B+ T�`i Q7 i?2 K2K@

#`�M2 7Q`KBM; � BQM@r�i2` M2irQ`FX AM Q`/2` iQ +QKT�`2 rBi? HBTQbQK2 bvbi2Kb- r2 `2@

T2�i2/ i?2 T`Q+2/m`2 #mi +QMbB/2`BM; .SS* HBTB/ BMbi2�/ Q7 *h�" bm`7�+i�Mi `2bmHiBM;

QM � .SS*,*?QH Uey,9yV #BH�v2` BM r�i2`X �HH +QKTmi�iBQM�H /2i�BHb Q7 i?Bb bBKmH�iBQM �`2

`2TQ`i2/ BM i?2 rQ`FR rBi? i?2 QMHv /Bz2`2M+2 i?�i r2 2ti2M/2/ i?2 bBKmH�iBQM iBK2 mT iQ

9y MbX � /2b+`BTiBQM Q7 i?2 bvbi2K bBKmH�i2/ Bb /2b+`B#2/ BM h�#H2 �XRX

Table A.1: Composition of the systems considered in the MD simulations, including total number of atoms, number

of molecules; water, DPPC and Chol molecules, the simulation time, the area per polar head group and the thickness

(nitrogen-nitrogen atom distance).

�iQKb KQH2+X r�i2`f.SS*f*?QH aBK iBK2 �`2� U?2�/;`QmTV h?B+FM2bb
RkdyjR k3NdjfkjyfRj3 9y Mb d8X8 ³� 9XN MK

h?2 K�BM `2bmHib �`2 i?�i �Hi?Qm;? BM i?Bb HBTB/ #BH�v2` r2 /Q MQi ?�p2 "`− +Qmi2`BQMb-

r2 /Q Q#b2`p2/ ?Qr r�i2` KQH2+mH2b �`2 �#H2 iQ 7Q`K ?v/`Q;2M #QmM/b rBi? Qtv;2M �iQK

Q7 i?2 T?QbT?QHBTB/ U;`22M bT?2`2b BM i?2 };m`2V +`QbbBM; i?2 K2K#`�M2 bm`7�+2 Ub22 6B;m`2

�Xk �M/ 7Q`K Q`/2`2/ bi`m+im`2b U#H�+F HBM2bVX Ai Bb +QM+Hm/2/ i?mb- i?2 .SS*,*?QH #BH�v2`

?�b bBKBH�` #2?�pBQm` �b i?2 Zm�ibQK2 #BH�v2`X
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Figure A.2: On the left, top view of the DPPC/Chol surface highlighting laterally correlated water that share oxygen

atoms in their first coordination shell (green). On the right, snapshots of the ions at the DPPC/Chol surface-water

interface. DPPC and cholesterol molecules are in licorice representation. Nitrogen atoms from the DPPC head group

(in blue) and oxygen atoms (in green) from the cholesterol are represented in Van derWaals radii. Watermolecules at

2.5 Å distance from oxygen atom of the cholesterol (green) are also represented in Van derWaals radii.

�XkXk *QKTmi�iBQM�H /2i�BHb Q7 i?2 �HH ��@J. bBKmH�iBQM T2`7Q`K2/

�HH +QKTmi�iBQM�H /2i�BHb Q7 i?2 e bBKmH�iBQMb T2`7Q`K2/ BM Q`/2` iQ bim/v i?2 2z2+i Q7

i2KT2`�im`2 Ub2+iBQM jXkV QM i?2 Zm�ibQK2 #BH�v2` �`2 b?QrM BM h�#H2 �XkX

Table A.2: Composition of the systems considered in theMD simulations, including total number of atoms, number of

molecules; water and CTABmolecules, the simulation time and the equilibrated size box.

h f◦* �iQKb UiQi�HV KQH2+mH2b r�i2`f*h�" aBK iBK2 fMb aBx2 "Qt
Ry kjdkd 899jf89 33XkR kkeX8 MK�

R8 kjdkd 899jf89 dRXR9 kkeX8 MK�

ky kjdkd 899jf89 dkXR8 kkeX8 MK�

aR k8 kjdkd 899jf89 RydXR9 kkeX8 MK�

j8 kjdkd 899jf89 dkX93 kkeX8 MK�

8y kjdkd 899jf89 djXj8 kkeX8 MK�

RNR



�MM2t

�HH +QKTmi�iBQM�H /2i�BHb Q7 i?2 Re bBKmH�iBQMb T2`7Q`K2/ BM Q`/2` iQ bim/v i?2 2z2+i

Q7 i2MbBQM Ub2+iBQM jXjV QM i?2 Zm�ibQK2 #BH�v2` �`2 b?QrM BM h�#H2 �XjX

Table A.3: Surface tension values study for the S1 simulation, as a function of area of the bilayer and the simulation

time.

aR bBKmH�iBQM h 4 k8 ◦*
γ f/vMf+K �`2� fMK� 2`` ± aBKX iBK2 fMb

y 8dXNe y RydXyy
R 83Xke yXyRy kkX98
Ry 83X98 yXyjj kkX9y
ky 83Xee yXyRk kyXyy
j8 8NXRN yXyR8 kyXyy
8y 83XNR yXy93 jjXNy
d8 eyXyR yXyRj jdXNd
Ryy eRXj9 yXykR dyXNe
RRy dyXyj @ Ryy @ j8X9j
Rky djXye @ 39 @ 3X3y
R9y RydXky @ Rjy @ 3XNN
R8y 38 @ jXy9
Rey Ryj @ RX8k
R3y 38 @ yX38
kyy dj @ yX9N
jyy dk @ yXkk

 p�Hm2b �7i2` +QHH�Tb2

AM Q`/2` iQ +H�`B7v ?Qr i?2 2z2+i Q7 i2MbBQM bim/v r�b +�``B2/ Qmi- ?2`2 Bb � bmKK�`vX q2

;`�/m�HHv BM+`2�b2/ i?2 bm`7�+2 i2MbBQM UγV 7`QK i?2 2[mBHB#`�i2/ TQBMi Q7 i?2 aR bBKmH�iBQMX

6Q` p�Hm2b Q7 γ Q7 R- Ry- ky- j8 /vMf+K q2 `mM ∼kyMb BM Q`/2` iQ H2i i?2 bBKmH�iBQM #Qt

�/Dmbi i?2 pQHmK2 UBM/22/ i?2 �`2�VX �b r2 F2Ti BM+`2�bBM; i?2 bm7�+2 i2MbBQM Uγ #2BM; 8y-

d8 Q` Ryy /vMf+KV r2 `mM 7Q` KQ`2 iBK2 i?2 bBKmH�iBQM BM Q`/2` iQ 2Mbm`2 r2 `2�+? �M

2[mBHB#`BmK bi�i2- �M/ i?mb � +QMbi�Mi �`2�X RRy /vMf+K r�b i?2 im`MBM; TQBMi �i r?B+?

r2 Q#b2`p2/ i?2 K2K#`�M2 �M/ i?2 bBKmH�iBQM +QHH�Tb2 �7i2` bQK2 iBK2 U�b 2tTH�BM2/ BM

i?2 K�BM i2ti Q7 i?2 i?2bBb- b2+iBQM jXjVX AM h�#H2 �Xj r2 b?Qr 7Q` γ 4 RRy- Rky �M/ R9y

/vMf+K irQ p�Hm2b- i?2 p�Hm2 Dmbi #27Q`2 +QHH�Tb2 �M/ i?2 p�Hm2 �7i2` +QHH�Tb2X �M/ 7Q` γ

= R9y /vMf+K- r2 Q#b2`p2/ i?�i i?2 �`2� /`�biB+�HHv +?�M;2/ BM 72r Mb �M/ i?2 bvbi2K

+QHH�Tb2/X
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�HH +QKTmi�iBQM�H /2i�BHb Q7 i?2 Re bBKmH�iBQMb T2`7Q`K2/ BM Q`/2` iQ bim/v i?2 2z2+i

Q7 BQMb Ub2+iBQM jX8XRV QM i?2 Zm�ibQK2 #BH�v2` �`2 b?QrM BM h�#H2 �X9X

Table A.4: Composition of the systems considered in theMD simulations, including total number of atoms, number of

molecules; water, CTAB and Cl− molecules, the simulation time and the equilibrated size box.

h f◦* �iQKb UiQi�HV r�i2`f*h�"f*H− aBK iBK2 fMb aBx2 "Qt
R8 kje3d 89kjf89fRy eeXNk kkeXN MK�

ak k8 kje3d 89kjf89fRy RjRXye kkeXN MK�

jy kje3d 89kjf89fRy eyXyy kkeXN MK�

j8 kje3d 89kjf89fRy e8X3N kkeXN MK�

9y kje3d 89kjf89fRy e8X3e kkeXN MK�

8y kje3d 89kjf89fRy eyXyy kkeXN MK�

�XkXj 6m`i?2` /2i�BHb Q7 i?2 2772+i Q7 h �M/ �//2/ b�Hi QM i?2 +?�`@

�+i2`Bx�iBQM Q7 i?2 Za #BH�v2`

�b K2MiBQM2/ BM i?2 b2+iBQM jXk Q7 i?2bBb- r2 bim/B2/ i?2 2z2+i Q7 h QM i?2 i?B+FM2bb �M/

�`2� T2` KQH2+mH2- �M/ r2 Q#b2`p2/ MQ +?�M;2b `2;�`/BM; i?2 i?B+FM2bbX q2 /B/ i?2 b�K2

bim/v �i /Bz2`2Mi h 7Q` i?2 Za #BH�v2` rBi? �//2/ b�Hi Uak bBKmH�iBQMbVX .QrM #2HQr r2

b?Qr i?2 /2MbBiB2b T`Q}H2b Q7 i?2 K2K#`�M2 �i Ry ◦*- k8 ◦* �M/ 8y ◦* 7Q` Za bvbi2K BM

r�i2` Ub22 6B;m`2 �XjV �M/ 7Q` Za bvbi2K �//2/ b�Hi Ub22 6B;m`2 �X9VX

�HbQ r2 ?�p2 bmKK�`Bx2/ �HH i?2 p�Hm2b Q7 i?2 i?B+FM2bb �M/ i?2 �`2� T2` TQH�` ?2�/

;`QmT �b 7mM+iBQM Q7 h 7Q` aR �M/ ak bBKmH�iBQMb T2`7Q`K2/ BM b2+iBQM jXk �M/ jX8 `2bT2+@

iBp2HvX o�Hm2b �`2 b?QrM BM h�#H2 �X8X
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Figure A.3: Density profiles at 10 ◦C, 25 ◦C and 50 ◦C for theQS bilayer in water.

Table A.5: Area per polar head group and thickness of the S1 simulation (water) and S2 simulation (ions) at different

temperatures.

h2KT2`�im`2 f◦* �`2� T2` TQH�` ?2�/ ;`QmT f³� h?B+FM2bb fMK
aBKn>kP aBKnS"a aBKn>kP aBKnS"a

Ry 8dX3d − 9Xke −
R8 8dXeN 8dXNy 9Xkd 9Xkd
ky 8dXNe − 9Xkd −
k8 8dXN3 8dXNe 9Xk3 9Xk3
jy − 83XRe − 9Xkd
j8 83X99 83Xk9 9Xkd 9XkN
9y − 83X8y − 9Xk3
8y 83XNN 83Xe3 9Xkd 9XkN

AM �//BiBQM �M/ 7QHHQrBM; i?2 +?�`�+i2`Bx�iBQM Q7 i?2 Za #BH�v2`- BM i?2 +?�Ti2` j b2+iBQM

jXk- r2 Q#b2`p2/ � #`2�FBM; bvKK2i`v rBi?BM i?2 irQ H�v2`b Q7 i?2 K2K#`�M2X q2 Q#b2`p2/
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Figure A.4: Density profiles at 15 ◦C, 25 ◦C and 50 ◦C for theQS bilayer in water with 100mMaddedNaCl salt.

�b r2HH- ?Qr i?2 iBHi �M;H2 +?�M;2b rBi? i2KT2`�im`2X AM i?2 7QHHQrBM; 6B;m`2 �X8- r2

`2TQ`i �HH i?2 iBHi �M;H2b Q7 i?2 *h�" �i �HH i?2 i2KT2`�im`2 bim/B2/ Ub22 h�#H2 �XkV rBi?

iBK2X Ai Bb b?QrM ?Qr QM2 Q7 i?2 H�v2`b U`2/V ~m+im�i2b KQ`2 i?�M i?2 Qi?2` QM2 U;`22MV

rBi?BM iBK2 #mi �HbQ ?Qr i?Qb2 ~m+im�iBQM �`2 ;2iiBM; bQ7i2` r?2M i2KT2`�im`2 Bb BM+`2�b2/X

h2KT2`�im`2b �#Qp2 k8 ◦* b?Qr H2bb DmKTb i?�M i?2 QM2b #2HQr k8 ◦*X Ai Bb �HbQ b?QrM 7Q`

�HH h- i?2 iBHi /Bbi`B#miBQM Q7 i?2 *h�+ H�v2`b �M/ � p�Hm2b Q7 i?2 iBHi �p2`�;2 7Q` 2�+? H�v2`

�M/ `2T`2b2Mi�iBp2 TmM+im�H iBHi p�Hm2bX
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Figure A.5: The panel shows; Variation of the tilt angle of the CTA+ for both leaflets with time, the tilt angle distribu-

tion and the tilt average values for all T simulated based on S1 simulation.
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Figure A.6: Variation of the tilt angle of the CTA+ for both leaflets with time at the moment when a tension of 100

dyn/cm is applied on theQS bilayer.

_2;�`/BM; ?Qr iBHi �M;H2 Bb �z2+iBM; #v /Bz2`2Mi T�`�K2i2`b- BM b2+iBQM jXj r2 K2MiBQM

?Qr i?2 K2K#`�M2 +QHH�Tb2 �i +2`i�BM p�Hm2b Q7 γ �M/ i?mb- ?Qr i?2 iBHi �M;H2 Q7 i?2 *h�+

+?�M;2 rBi?BM i?2 i`�D2+iQ`vX .QrM #2HQr- Bi Bb b?QrM �M/ 2t�KTH2 �i γ 4 Ryy /vMf+K

U6B;m`2 �XeVX

RNd
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a+B2MiB}+ *QMi`B#miBQMb

Sm#HB+�iBQMb

Ç ǴAMbB;?ib BMiQ i?2 bi`m+im`2 �M/ M�MQK2+?�MB+b Q7 i?2 Zm�ibQK2 K2K#`�M2 #v 7Q`+2

bT2+i`Qb+QTv K2�bm`2K2Mib �M/ KQH2+mH�` bBKmH�iBQMbǴ- "2`i� :mKő@�m/2MBb- aőHpB�
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kyR



�ii2M/�M+2 iQ +QM72`2M+2 �M/ b+?QQHb
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kyRd
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kyRe
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aQ7ir�`2 aQHmiBQMb Gi/X UiQi�H +Qm`b2 ?Qm`b 9yV BM *?2MM�B UAM/B�V

Ç P`�H T`2b2Mi�iBQM �M/ h`�BMBM; BM bmT2` `2bQHmiBQM KB+`Qb+QTv- K�i2`B�Hb 7Q` kSJ �M/

_1�*> `2;mH�iBQMb UiQi�H +Qm`b2 ?Qm`b 3V- Q`;�MBx2/ #v AhL L�MQk7mM- BM "Q`/2�mt

U6`�M+2V

Ç P`�H T`2b2Mi�iBQM �M/ h`�BMBM; BM M�MQ7�#`B+�iBQM UiQi�H +Qm`b2 ?Qm`b 3V- Q`;�MBx2/

#v AhL L�MQk7mM- BM >�MMQp2` U:2`K�MvV

kyR8

Ç �ii2M/�M+2 �i GB;?i QM JQH2+mH�` 6mM+iBQM�H J�i2`B�Hb *QM;`2bb BM "�M;�HQ`2 UAM@

/B�VX

Ç P`�H T`2b2Mi�iBQM �M/ h`�BMBM; BM +QKKmMB+�iBM; b+B2M+2 UiQi�H +Qm`b2 ?Qm`b 3V- Q`@

;�MBx2/ #v AhL L�MQk7mM BM "�M;�HQ`2 UAM/B�VX

Ç P`�H T`2b2Mi�iBQM �M/ h`�BMBM; BM T`Q72bbBQM�H +QM/m+i �M/ +�`22` TH�MMBM; �M/ /Q+@

iQ`b �i BM/mbi`v UiQi�H +Qm`b2 ?Qm`b RkV- Q`;�MBx2/ #v AhL L�MQk7mM BM "�`+2HQM�

UaT�BMVX

kyk



 


	Introduction
	Vesicles as nanostructured systems
	Conditions for vesicle formation

	Quatsome; a unique Cationic Vesicle made of CTAB and Cholesterol
	Organization of the thesis and Objectives

	References

	Títol de la tesi: Molecular modeling ofQuatsome nanovesicles
	Nom autor/a: Sílvia Illa Tuset


