Nanomeghyas

www.nanomeghyas.ir
e

55 $dlglaib YLail 5 O oyl 1 sige Jalge

[)l):’.‘ [AVCSVERAVCW] oKl b P}l& saSisly ‘gg:)d 05/5

ol Gl Yo ytage ) (Su sl oy sl ()5 ol ) Gl ol oS wimd e (L5 ST gla st eaSy
o sl (Sao Jas 3 (1S slodl il (208 sl oy b o GESemy (g5l Jhged 35 Jlgen ey
L 2 JUE 5L ans sl gdas Copgo 4L g colo pliin )3 (ylislo Galy jop Jd> 4 Nlgee (Shy ol Hidls Jlgen
5 S Pl Sl oyp 4 Jo50 Solld (gilodnnd Sl odlatl b Lo (imgly cpl )3 09 slowl ol (slad )8
algie & (V2 5)+) pmesl (S gl o Jao )3 ity slsanl (208 codlgdgil )5 T ol yrolgsd (Swigdy ol
NS olgds Slads 4y g gl @ o0 el g 39800 Juate Sy Jobo b (Jg 5850 Jlad b (oladglgil &y g 00l Ol g e
FB ojlpamo)ls (uiSieny yiall jusi b & Conl (pogn Jalo o gl (SWgd 5 (e o)l 605 S 0 938l 9 oo
Gil33l e (clodggil 4 cns gl slbAlgls 13 olgrio,ls Sla] ca s 4 ABI o i Lo gl sl o'
ol |y (ol Bl xg) s Sl o p (gedsb Rl b aiely (il 38l) Lol )5 (605 (Rl b (riomen 9 Wb oo
Ol ) g (LS glapehly (B L &S 038 odabie (cnl pgl S (o0 by RIS (53 Jobo oS Jb > > e
SleMbl (awyp 5l @bl b o Hial Cungd] b b auglio )3 o,lga0,ls Slaw! Cops bagdgil as 3,5
o)l Sl 5 (7 BCieS (Stily 9 Ol (ol Sl I uio iy 0nd plogl (glagiluotnnds S otal sy
@ oy 4 ol e malod gl Gty (08 Al (g5 9 (Ssd 5 i 4 ) Jgb oYL g Of (59,15 w0l
-0 Sy 305 Hlaenl sladgdgl 0 Nioge bl die) ol L8 il & gl [0l a cust dlsyo 4y bygyge

*f ebrahimi@birjand.ac.ir
doddo —)

9 Ll s 0 oS sladlglailh s cilo sl JUS b
hoiy ol 5l 4 axie oled 5 (S5 Sk
1y Cglite dlge 5 0ud 0135 slaJgbe 3)ly Wlgie (u)S sl
sl e oy qulply 5 1S Jite Jolo slalie )
oXingh soote ) ol gl g gb e
VE LRI s el fo b
VIV By g

3,8 &8l ol oty U363 T 3l
Sleeyglid g Gl 0jg> )3 o8 g Canb 1> 0B ¢ c0ke 9 Eike
Ol g3 3l ol a2 g8 )90 3l sl )3 9 05 (g
JESl 4 lg5 oo 03y (pl glo )5 des Il b 518
yyslsST (m BJUS b salugas 0855 sy ol )5

JUS b <ol j (6y5l0 5 plo bty [VY]o,S o)L

o Jlo | Yoslad [VF4) Slae Va.



@ by cepw g ol by o oS cul srd w3l plis
S5 % 9Pl 9 She by U5 9 VO] Ay (g pdpllas]
P ot yuin ) jSasS Sladdsl 5 5yl (i dglsil
sl il bug cpiomes clalie ol [Y8]uas o 13
DV Joaldsilh 5 das i3d) elad Staly (ol
Gl Seolod b gl U5 blsjl 4y bgype (slaggjloand b
ST L P e e
Glodgsl Jlasil b 35 oihSen 5 Gje [YV]usd
“aed gl JUS! p 1y dodgl o 51 (VAgVA) 5 (V29VP)
SI9rR Ngn (saSd Sy a5 ol Gl g Wleo S (gl
ol 2 Jy d9dee S Ay pj o)lps 4 S35 698
Job ey BB gl QLI SSoma ) cbdggl
Ol Jlgeal sl JUIS 53 iy oy gadlllas [0]395 00
(555) Sk cdgail p ons dgamme Ol (gly a5 conl o3l
Ol g 2l (S (g e 4y Db 4 LISy el
g (Seb & Sl i3y mailSle 1 IS el o) o
2 e sbgiloand [YANA] 25800 (9SS ¢y
locnyplssT S8 4 b b cols S5 4 o JUS (g,
by gl 5 gyl cuS 5 b slaY (81,5 5l ol asl
Cal oxd bl ) el g ol Colin e Sy lp

JEgre]
IiSge Seoliys (5o ) eslital (ing el 3 o chan
Sgby e 5 G Pl Sl yp @y W
Jgoal )5 sladlggil )3 ondpgeme ol 3pl5 5 o)l
@ olge b ped)S s o el )3 o5 Jue sdlglgil ol
sl b glite glad b sladglgl glite YLl )50
o Slp wlie Jho kS & &5 85 a5 g
ool e s oKl Sl dlis Solotie
~l oS oy wala b cizman [YV]0)05 3929 ileS
oor Aol p 1y U gl b s8] 51 gl
- ojlel b &y 5 mled S Ol ) (gl 45T gy maled,S
» ol s ey (Singe Jlge Syl &
—oyls Sl 1505 (sow jl g @S adllas |y ) (sladdglgil
U cos (o)l ) ohis oS |y 20l calpd o g0l

! % Fikian

2 6L oS ded o0 dw e mted [V]LWES o
0533 g [Vohlsd ool 5l ols) Koi sile o (slogyolid

sl awdly Glolyd slao )8 [l
o Slp Gl )b g (255 Olllas 3] cla Lo )
2l [V el oas pbosl Sk s JUK 5 o Gl
as B o uLw\) PR LSL“LS)'L“’M 9 u.’)Do Lglmu,u.m”;
~dglil >l pSNiS S sla UL 5 U syl
e Sop sase e Ol pbp Cepe S gl

sloans 1o snsay cpl ax ST [V Flewl (a8 gmobagb
Ll el a18,5 )18 (g O)50 00,08 Ojg0 4y S
don Ll [0]cwd con LB 5 5k 9050 o pa join
ol s o5 05)s ST coaily ol s 4, ol Yled
(S sddgl plaie Jelse JLSle g Jlgen 5 Slo
035 yuuo ] I 511y (g5 BT (558 L O ol
VoA ewl

sl plys @ ClES 5 it sbdldgl 4 S
N 4 oadbugime Ol S5l jlb (sadllas (4l ormlie
@75 9 2Etlejl 050 4 & ladlggl Ll [Ny, o0
il glagsl o bl o5 doass gl el Ggd o Mg
ol ole glrog)S cunl (S cnlyy 9381 [V e VY s
mcod G bog 5,50 )8 ol (99y5 50 gl e (g 00
el Jolse cnl don Ndiges v g 0d S5 er b )L
S shg & &S VYTV ]Uad o (g)lidle (slo S s
8,38 86 eadpugme ol (odlepe ol WG e
Ol 6ysleBpl wiej 3 Mde lacdydy ALBS ()l
E3590 ol IVE] Canl 03,8 walp |y LS 5 slo JUIS il
Ko b o U cile & o)b cuenl oz o) 5l ohe
plp ey S50 pls (Ulg5 4 Wl oo olg3dd (awaing
S S elgds ez ol ) oge e 9 owlieglh 3 0yl
Sy 003k &S cunl o3y L sl gla jiagh (e leie 4
o3jb 5l yo o 5l 2bjSed anld o S5 Sl JUSL
VoA ol yibs st sl JUIS b

Al alre i Al sy 39 Slllae g5 b
Jio eyl ons gl Jlsanl (cla LS > Lo L

wio Jlo | ) ojless [VF4) Sl V4



2 o Oygon [FA] S i ysS bawgs o sla JsSsa
5 oolizl b oS 3 il cla S omy ol ol 4,5 L

Llods 03

Graphene sheets

| ol |
‘ Water |

Water
reservoir

| reservolr

CNT membrane

wsyS sdglgl ) Jlis cov Ol i)ls (¢ ilwand i jl olod ) S
28kl (el 9 03,8 Jos (g Olyis & Sgpm (1S gadbo 9
Ligas oo odlatwl b oy j5ce

S Sy o b Yoeme u)S dggili-ol S en
o JsSse eS| Gl 5 oS o g3l 3k
D9 o Sl O

V,(r) = 45(0[(%70]12 - [%Tﬂjﬁ: (V)
J:.w)Lu 1 Oco OT L 1099).4 dasuin J9]o 9 €CO ol% o
gl ol 058t Gl 5 Al ol o Fpd)
2/¥YYDY nm 5 +/NVFYF keal/mol b ply cavgds] (co,less

DEY [l o0 4z S i >

P50 ol slaggloands jlodlal L ¢ jimgsy cpl o Lo
55 sy Sgasls S Sadsls 5o 3 O Jlis
Gglate glad b (u)S gl wx b 9> o Jlail | & 0
Jols Sy 0)S cdlgdeil o Il >l snal cuns
flais b sloalgdglb sl 005 3,5 5 > dglyili du L
s o 8,5 Sl 4y (11 +) (sl i S sS
ool ygb 43 (NS o s o] A/FR B SIVA ) o plas

’ SHAKE algorithm
* 1 ennard-Jones

Ol & e85 S 4 S (oo Ll ) ol 2B
Do oo pll dls o 9> > rdiged dad (gilwdes &S O
yge P b g P Ll gy 4 dgdgl Sl A ye
JLtb 55 da slel ds o0 Lo oyjlke 4 Lt Jlosl | 5l
5 5 oss yy cloalglsil s g oy Ha3 3,50 (slod 5
5 JsSlpe Saalys gy Jleel b g osilin e
ey 0 o)l SWlasl cops dox I Hlai 350 Slacuas
NP adlbae 350 [¥V] (9255—(0)5) (ad Gl sibage
S

dy90 53 sldodde lanl icwl ) Ojee 4 dlie Jlal )b
Silodnnd Cuonl 5 (03 sladldgil )3 Ol g3l olss
Sl g Jhe pgd iSu 0 g debdl (D ¢ B S
Cundy SleMbl pow isy 10 Db el rusgr 1) (oilwand
QUL 5 (Shage Sl ol Sl g 08 menles Ll 1) ool
Gapd pzpan g UK cpl o O (Dol ksl 5 sla
P b g o)ld (Shir cupo wlgdo)ls SKlasl
ool |y Eoglize S5 9 b Jlganl 5 cblyiSy sladglgil
ol 3 ol ol @l g (6pSaomts B Gisu 50wl
awlodls 7 1y,

Silwdnd iz g Joo =Y

e 90 Jald pise cpl 3 Lo jlaidyge (gilodnnd i
o 4y ) IS5 Gillas el (1) gl S g 45
g 1S o owalie S5 0 45 sbiled i i
4R Bl amio 9 5 Wi glye 4 S gamio
ol HLi8 sbul lp i il 1 g Clee
B beas gdad 0 20ld iy balpd .l ond odlaiul
a2 Sl (gla] pglas (iS ey pas il labl gl ol
Gl oas Clal S5 K ojlil a4z bl o (gilwands
ok (il b [VE] TIP3P jlisle b a5 Ol (clo JsS)sa
b oodls (onSe 4l S gy g CBIESS (i bl
2 ogge o Gladsslge lod il L)l (Jols JS
YK 5 [YO-YY] T gaam s Sliagays il eslitl b o
g o o8 Coli pyS slasl e ] o alshaSS ol

2 r
Nosé-Hoover

wio Jlo | ) ojless [VF4) Sl \ay



Sxleez sln SN adlish VY a4 gileas
coy 9 gl -

25 Sodlggl oy Solatws —)-F

g5 el g3 Jol o5 oS o (gt |y g 2]
YUY A Jsb 4 (mm) lplS b 6lgen delyl reul (ol
Jsb b oS 5 (151) (A L %o gl 9> Laugs
¥ JS) Conl oas Juate (31,5 clalis a4 pg Sl VIS
2 I oz ol lagSlse sl ¥ USS 50 (ke
& m= \\9\Y9\\N9\\° u9LQ~o )‘J.ﬁ.o )LP d‘){ uLo) o>
295 (50 polae ¥ S35l & peblen sl 0dd ) (505
059 &S M Gglate (galsyo dw Jold by doxio oyl don
Fojls Jol dlspo )3 sl Spguene b (055 3590
crl 9die JUB )y gy Cunsd & ©jg0 4 (5 53
S puws Gl sl el SO JLEs sy
- B 55 )3 b 5 e sla JUS 5 55 o o Cand (St
LS‘)‘.’ [\c\a\c\ﬂj\c\c]w‘ OAS gy pdu ‘)io.{b 9 ‘/5‘9 LSLQ
Pl JUS° ojlged (Sugdy Caols oy iz £589
Pl Gl Gppo ol pe 50 [FFIASL i llial i
il i S s b ln JBIS 5o e oY L
i 3 & pbilen 9 bul i > pfY (Slal jlas
oy sl yially ¥ S & spitte Slasloe )3 b o) LSl iy
-/¥YYOY nm g -/VVF¥ (kcal/mol) jlade op)S L oI LS
S5y [FO] a2 )3 BV oled 4yl b jboliie a5 o a5 jlas
2 Cute Y s S abol el &S cunl 815 Haw
Jgen gl 1 Ol (95w Lls a9 JUI
by j5e 4 S maitns lodlgdgll (08 0 1 e [PV ]gd o0
JUS'6L 3 [FYoFANFA] o e8> glo dlglgil Jlasl Joxo
(2loyS s g cdl cules o bl et JUI 4y ons 3)lg
pom dlpo 5 03,5 (sl lad ks <S>l |, p3Y (5551

Olge 4 SIVAA gl b (Vo)) gyl &S ciS g5 o
) 5o b sladglglh @ g oas bl e
o) Eled g0 Jate (V9IF) B (MWo))) sdlggil
/¥R g MAY g ANYs VIEO A 1l ajle sy @ ndlglgil
g (o (g) dodlg) ) dasidio dm (9d ) bl

. . 21
gld T5 & 390 olo T/r g &frs A g el 93

Liaw g (V JSS)cwl ONF AL ply g a2 pe cdlglgil 5o
Cool 003 48,5 5la5 )3 (2gl5 ) sladlglgl ol sl oglite
S S 4V USS 0 5 Gladlgdel g gy polie)
Vsl g5 ol 0 &S dgde (gyglob (wloss edly lis
ol Mie g 88w et Lo gjgh i b sl oo

ol 87 3] s L

b ) )] b cnl 53 g0y 3590 Sladllpl Jao Sl ples ¥ S
Lasg &Y Y (sigos > b gl YLl 2wt S o yosi8 o zrse b 9 Cosl

Cawl A dg0s 5 ol 2 9 ¥
Solios gilwacs a3l oolawl b lygjlwacs

-Jged oszle 5o YIS Gles o8 L IFY] el JS0sa
dazl cel s x>l NVT  g,b] (sdcgomme (g0
=P e 0oy Jolad 4y Y atm Lid o lepeoew
soee Slael jo 0 oglS g Ll d g ad Bis o
Sl o9 dolail cpl 5l anlol jo sk o Jlos! dlglgil
2 obey g e eolatul OT g8 015 sl Ty (Gt
oM 25l om0l (S lagl (55 4 ladlgil Gl
Sz (29l GAdel i dagiFe Bi> g JUE L
oo g Sy o Jol 4y adlagl VY by o ol

wio Jlo | ) ojless [VF4) Sl yay



3 Sy i L a (S sl Jlail K s
S)b Oi Lglmu;b'q

124 ]

10 4

t (ns)

0.5 1.0 15 2.0 2.5 3.0
St(A)

dL‘”C}" Jﬁ]o LS‘)’. 3! Sdold cons » LM\J9195U LY OLo)' ¥ Jﬁw
(o oo o) o= 2468 popye) 1o = 123 A:ogice
o o i) 1, = 492 A

Sl (DS g VY

~lgdgil o Ol wtin il 48 conl oad o3> i 4 3]
slodises plo ol &) yiagil VYA Gl yidy Jlad b ol
b o Ol ksl alie (3980 Simok ol )3 (s 2590
s wlis »  Sabdgioe Jb o4 bl {0 Jew! S
wlasoly g o)ld Jsdge dlul b awlie BB Jsb
diged K &S W2 o i b lalie Wbl 4l wsele
25 SJUPl ) 2 g o o Al ool cpl ) ok
oy &S Cul ol 03 Ll O USG5 & cl
P00t Sle dwbre L ol 0 denge Sled
el 0l JroSS om0 JSB )3 [DV] jore D90 sl
Oy e IS JSS onimd (Ui @Bly > iS g 55udls
29l ol ol oy 59y 5 45 LS 2 glad g ol oS
oSy @is (NS gexims ol dly ) wlie e,
S Ole a4l dgdgl e Jo Ol o JySUse
JKS g w815 onims (L S p glad &S 05 lgi o
Orly (o &S Cunlig 8 S5 j1aBlioo p 2 @5 (wiin
e (505 ge Job o8 obgS) VLl (Rl L el

>Gyration Radius

P (SKlasl) (o550 BW Ly & (Hhees cusd) 59y,
S yp eled b gyl 1 oY Lid cél § eYlasl o
Maw g oy JU 9L coles ) ol Cunss gl ol 1S
Ok (SosS 35 g <l Jawgia ade Ji ol slaJgSge

.M.)u.n

!
400 4 vﬁw‘“ﬂW
2ttt ]
|

3004 A;Ff‘m.p,,%w; s
"\'TM,A‘&W,M 7

it )
|1t ’
2004 |/ ¥
il
4] 7
44 ]

4 ’
100-[”"""’5’" Y

NH20

0

0 i 2 3 4 5
t(ns)

Sy 25 APl )3 o (sl JsSse sl Sloj Jgos 3 JS
oY g, slacdie 67 = 0T A o3 qooph:l, =492 4
omb e g sl g 81 = 21 A5 oyl Or = 144K,
Ldr =28 A K cloged

Y lasl olass ]33]l os a8 YU 55 a5 ass] s
2 Ol plll el (IS ok 4 g5 zaedsb LialS m
D (S b g5 aeld 4 3l pl Lol 2 0 JU G as
odel ¥ USLS )3 a8 Lo g jlwdncs 5l odel Cnds ol (s S
2 0l 55asS 5 sl ¢y & cul o] Sl
e Loyl Laggasb (sdon lp O bug dglgl s
sbe (dm) 55 )5 5 sladiald 5)90 55 Lol s S35
7258 Slaggedsk ly (b p oo (peymaSST VIA 5 Y/
O Sl S 2l U dgde 5SSk 15550 n5
U Jols iloans o (I, =YY A 5 8r =V/AA) s
Ok & 53950y T b Al ol 4l VY d500 loj
Jlideos (gilwands 1 5)lae cpl > doleil 0,8 5 (gl s
le)_g 05 Pde‘ Hlsdesw (glwand 4o .M‘ob; oslaiwl
JEablSo Ve ,Lib 5o 3 YUy 4 4 dlglyib o 505
s b g ploy cdls cpl jo &S A s line g oud edlatwl
= ol IS s o S il ol e et o)Ll pa iy oS

oo Jlo | ) oples [1F4Y e \af



A ) ce g plgs ao)lend 4 S5 o)Ll ces
Dy g0 48,5
Il Jslse Suolny (gilwaned ) dm ped b
olizel Slas] s sdmle (ly 165 0,5 (s,
— 1 =
- KE[I'ID {F(th(Dj}equ di (Y‘)
oy ot &S jelaie pds wdd o by (ol (6955 llwy
o @ Jlel o (Dl glagiluans I, SKlaol

A

)8 gl (2)B S e

mad oloj Slo JS VS 2 ¥ galally ) (Dl (555
Sloi SISl g 938 (Sumandgs b D9 e dnslne (gl
Wlodd dulxe ) 3)90 slodlggil sl t<TPs (ol
(St 36 2 bl g e Ciond | Sl o5
Al Cowdy +/O<EIPS (o5l p odd (65 S (g
Sl s 4 555 Gloj clawlide ) &5 9 dxgr WL
Sda ey gy 0 yo o & LSS cpl d9a5ee (g05l]
oo 1Y gdaly 3 5 slddsl ol &5 cul
o dplbe Haidjee sdlgdel 3 eVl SIS coluw
o

el 00 Al 0ylgsi—o,ls Slasl oy o S5
Cupd plie &S Cusl o uy CEIPSE ()S sladglgl
5 S Ly ond pbol LS ol mls L Sl
calpSy Lo (Il 5 DAWIewl Gl o iSen
A3 o b |y Agdel plas b Slawl ey yo

Green-kubo
" Falk

ol 5wl (el dgdgl )5 S pld (Sle 5 o2
el b &Sl Jb el e 5S)n b Orgly Sl
i el b o el JUgL 8 azes d7 aile
S cunl cpl goriny Ui g g Jsb S L S
es st G5 el 03 581t ol 3 oy i
20yl dpl 5 ey &S Gl Caodl b cas ol 5l a5 )
35 JUS 93 o3la e 4 4L (] oty & g5 & JUIS g

Db (S
T T T T 34 T
(d=) N )]
400 A
o 327 8
n n
350 - A . ,_\3'0_ a .
- ° it/ O
an
. & 28 L]
300 - A A
& 26 0
&
250 - 241 8

T T T T T T T T
0.5 1.0 15 2.0 2.5 3.0 0.5 1.0 15 2.0 2.5 3.0
Sr(A) Sr(A)

OIS gl () 5 25 Sladgdgil o Ol sl JySUge JS slass () B S
Slezse Jsb ln ) sl e 5 Gladldsl (ke (550
(308 slmop) 1o = 246 A (] slogye) Lo = 12.3 41 coglice
sl slas cosims L oyl yo) (o clocdie) I = 49,2 A

oylgs b o)l S1SLaus] —¥-¥

&S Slllae flin 10 quuad ;S de dodds ;o aS jshiles
s slaalglgil 5 Lol 55 a5 cunl ool ploil (yeSTG
oo 6)50)‘94‘ 6‘1.: Sl u;l)o ] 0393
Seebas le amed Jold Jaies (g, 50 Slas
Gled Jleel b by s Jgl <l s [yVg1Agv]

2295 g0 drnlore (B33 Co g mlaw (59,
F

A=— (v)

Avglip

wio Jlo | ) ojless [VF4) Sl Va0



375000
L]
300000
“& 225000 A "
B L]
&
< 150000 - . .
&
L] &
750001
A
L]
A
0 -
T T T T
05 1.0 15 20 25 3.0
Sr(A)

5 saeld o 2 i sl Al 3 o (sl Sl s VS

le =246 A paay) [o = 123 Aiogline (lagge Job ol

o Lt oyl sl (3 vy Site) T = 492 A (05 (2 00b)
i 3 ikl sllas

Caoglio oS cul ol Gl S e ol @b
lag] (Swgdy caols Gl L bddyl (Sualisg)in
2oolps (SNedy e S alisudss [PV ke )
G ogl (ol & g ) o)lgs —o)ls Sllasl
L ol b JUL (Swads olie &ly ) 25 adlas
oS oy g0l g ol slagSUse o (S Ry )08 s
230 s 2980 e Fo2m )W Sl ol Gos Lawys
ol b g sy Sl oy Slle gl A S5
50 - WWFF  keal/mol  cuwgd
GoSlon Llods duslie v b Ecp = +/-A¥FY¥akcal/mol
Olnle g Sy slajyiell Gials b cé) . lasl oS
chaw 5 O loJsse n (Sphyp Oy (0D i
9 Mhe G ) dgal 3 5 SWasl oy (n)S
xS iy ool 4wl Pl Sy dgdel Sl
P e e cepe & le gl & 0S5 o
el (o)lpd (SHgdy ©ad) dpe Yo JUBGL (0
Juo) (2B Jelss cou wibly gl plin o o] Sials
A Ablgs (55 90 yd Hlid B

9 Fco =

3500

3000 .
&
g e
)
Z 2500
<

[ ]
2000
[ ]
1500
T
7 8 9 10
r(A)

i el gl el T s S yite Juab SlSkas it 5 IS
it 31kl (glas gosimd olis Wb )9)| .AJ9J95U el o p C,ob&

Jbsl oS b len iagh pl ) pj a6l 350 5
s SKlol cops Wolgl o s (g5 Ll b dg) o0
Srj oz Jib Souly (VO SS) wbe Gl

R
Gyt O imy oty gtials o 381 b 5

Cels S ey cpioman b on il gl U Skl
21 . |
Juis & 5 5, gse Jsb il L ST e 5

) el Bl gy o Sl cuys o b o) ol
S dsse i ORI L & e g wmd e LS
iy 5 038l 55 gl 9,0 (o slas)lgenls 5 O
olts Blo sadglgl 4 byype polio b ) sladggls (ol
Sip s 5 slaslisle sl S oy &S and e
duglde slp) Mboo GRIBIY e (S) 4,98 Su L g 09

(4655 225V 9 F Sl St &

wio Jlo | ) ojless [VF4) Sl Vag



T ey <ol K laidyge piww po> Vodail) ol 5 oS
ol (gylaB e polic gorimd L Pop g s slod
Ll HLid

1 Pia Pi
Pop = ‘:; (El%llﬁ‘ +2Z Ej.‘}i Uiie FijE]: (®)

-5 B 50 L;Ubdﬁ;o (SO ul.w Piﬁ 9 P, 0 L;Alagl) 5
FijB 9j 9i C;UJ O LgALolé o dd&ﬂ}o Tija 9 1 do)s <
ol gl o GBS om (595 B sail3e

Jelos 31 gy sl Folie (sl gjlwand 3l glaans )
S eddgl )3 oad ugome Ol (g9)l5 5 Oglite
3okl b olSen 5 sd Sl leis 4 usl aid plog
b gadlas 4 (Bl Jislee Seeliy (giluand
S Shy o Js¥se mig 9y p bd g ol S gyl
2sdly s ol sy dlgel 5 ord wgexe ol (63,5
S b > ol g9l 5l end ugome O (59,15 S
il i) dglgl jlad el L qpinren 5 canl 55
e 5 ologs soaiily Sy s cpl Ll [OF ]l s
Goddgl 5 Lo O gadlhs 4 lagl cudl [00]
I gl > Ol (g9p0,5 a5 Wby lis g sl )8
il 55 dlglgl b ials by cul jiSess S
G g g & Cunl B cpl 4 ol pl > b
1 oS Wlools pbul ladlggil 13 cob ol JBs b1 (ojlodms
-Jsse ol 3 &l s ) 555 s S b
- gl o)ly (2 plax S5l bl @ pgon Of gl
~Jsge <8y il it S & (olin a3 Nigd
o556 & Incglis ol s el a8 Agdoib )3 L (sl
oS 390 030 Ll 00 ugime Ol S dlax (K58
o ugeme Ol (JSa 31 [05] iilSen 5 jlagS IS 5
oanlito ] Cunl &85 )15 )2 g adlllao 350 5915
5 B G CunS 90l O B (Kly S &5 S
SB35 oS (B GBI L g 2l vy 69615
Sthwgts ol gl (Sen oo)ld S e

Liu
% Thomas
' Kohler

160000

140000 .

120000

100000

A (Ns/m®)

80000 +

60000

40000

10 20 30 40 50
1(A)

Sy Lsd“""b L L54J9J9’L’ 5 o)l}».)—ui SKles! oo AJS.«:
-oﬁlb) C,wug.)gi 390 LS])'? 3] C}nJ9.|o 5! u”.u Oyguo & gr=144
(3 crene) 25 g (236 o

odd wgs o (g5,90,5 —F-Y

i gobe plp & cwl ols ol g9yl
eSS B & G (Folite Sace s bo)ld sl
0l (59,5 samlne lp MngS o 0)lb (59,5 K0S
@ olgie dben o] 514 3) 3539 Bs)y cpis U ebide 5
& A P e g -
b ¢ opdigh S gl bl (EMD)geS—p )5 )
JOY]5,8 o)lsl e g Joleipt JoSJgo Saoliss (gl

Liler 35 0)ld (59,15 ammle (glp ils gadllas )
Ol ol 298 o0 02latnl ugS=p S (el 5l Sl
SoplS b ple)S (Sl wile (o315 o g 2 dlal
29l b )l (Stanetdgd @l b e oy 4 Gl )
rolis 4l o)ld o oS 95— sy il jLas
baye i Cygo  Oglite salod )5 jlid ouili (gl s

OV ]k o

N =2y (Pup (1) Pag (£ + D), di (%)

8 Stokes-Einstein

wio Jlo | ) ojless [VF4) Sl yay



10l b JsSse 5970 S35 2 Al go)lgnd (o) Sl A U
oz oph) Ig = 248 A (ju e clie) [, =123 A
.))IJJL.\.\:I ‘5”” (SOl uLAA) LQ)L )3)] ()A)B &@)A) EB = ‘4‘9.2 A‘(U'j

P ool GoplS (iiSery bl (el L miomes
25 ol sl on 5 Blo ladgsl (sl oa sl
D90 S slp e 9Pl 4 barpe @l b ol
P Sl g cawgd] (golgd clls 9 sl pj sladlglgil 5l
il L oo ilS ial Ly ol ond oy ol Ve S
zo9 Oygo cnl 4 ol |y ddgl-ol S eny )8
i g 0 250 dodail maw & Kn &S Sb
plpli g 4l ials O o JgSge oo (S59)kn slakion
gsose ol 4 Mbe Gl Ol JoSlge o ol wle

S3dn 59,5 ol @ s
1.7 4
CREE
g
mE
5 15
= [
14 T
I
1
1.3 T T T T T
10 20 30 40 50
1(A)

S5 saald b gdlolgil ) o S Jss0 (55970 (59,3,5 N IS
=0 pld) Cawgdl 3590 (6l (6 ) zoesb ;| b g0 4 O = 2.8 4
L o) 25T s (06 o

S Jgb -7
ala 6l wbie 0 cdl dguse slao,ln (gl
Ao o S0, S g (28 L sy Seelinsg uee
ol G bbb cw) ol S pie Jad o
ol dailide cul o LA s S5 (G5 oo
5 sk Tl Jolae b g (3530 ey (galimsgas o)L
a8 Cwloylgss 3l slalols i) Job 09l co (attin

- 03b il (5915 cadlie cden 59y (535 SSle
o (Y 9 X Glacar) dglgl )5 (0l ugexe bl 29l
Soare sy b (lp & Koden g5y LAY ()65
Ol ) (gyy g Jelo gl b [OV]AS o (555l
$955 9 (Pyz 9 Pxz 3l (o8b) (sl g9pl)5 oadlie
bgiye cudyi & oS ou S 00 jla5 0 1) (Pxy jl (5) s)9me

Kb (g0 g (Slad w4

Nl 6305 Bl (spp sl e o)Ll o YU p3 457 j5bolon
Vlail )3 ol wgme Ol 595 2 S gl
ded > & g n)S gyl (oS sledgdgl oglie
ol odlawl 3l 308 Dol JeUge Sioldy (slasilo
¥ ogahly ) slddsl oo gamben ly ol
@l wlad)S s o 1 el Jate oty e ggeone
allan 3)90 ) Sadlglgil (gl oAb dpwlore (5)550 (59,31,5
Jsb 8l b g5 sl (a8l L sl ool 4 IS5
"o QUi |y (el (g¥g) g9l & 9 0 odalie oo
Wolgili (oyled > (g il b &S cdS ol e D
oS gl > Ol slaiSlge calgSy sy ol
ety APl go)lges 4 S35 gl el <S> g il
sooylssd b ol slo JsSg0 3)5 1 Jloinl ol s 9 39500
b a5 2980 el g9d9e (men g Mhe GRIPBN ()5
Aol > ol Gladsslse sy oplS s Ll

Al plals

2.2 4

n(10'3mpa.s)
N
o

H—Po—+BH

®
1

T T T T
0.5 1.0 1.5 2.0 25 3.0
Sr(A)

wio Jlo | ) ojless [VF4) Sl VaA



oo b (Shh sasye cpliy 35 Oglite SVlie ) adglgl
- ¢ oglate sl g, I ealazul s 4y cpl g W)y cgles

Cglite (S ohy slyial)ly (pmen 5 Cglate Ol gl

T T T T
180 4
°
160 4
~ 140
=)
g
:7; .
120 4
°
100 4
°
°
80
T T T T T T
6.5 7.0 7.5 8.0 8.5 9.0 9.5
1(A)

Ayl s 3} a5 500 &, o slaellglb iy o34 Jgo ) IS5

25 o33l L a8 e odalitia VY JSU 53 &S polailen
- 2l gl s Jobo (L p2als' L Br )
Job » ) zoe Jsb yiehl 5l ) samels ialiEl bl
Job Bad 0 K005 o2 4 Jlws zoeJob dw 2 (gl 554

LAl Cund 4\.‘9.‘ C]a..w 2
15
P
12
—~ 91
g
|
£
= o
6_
A
| |
3 ° A
A
n [ )
] [ )
L]
0 T T T T
05 1.0 15 20 25 30

St(A)

Jsb sl 525 sl e 1 s (slo sl o O 3 Jgb VY S
wlbs goxmd i byl o)) (jaw oo cdie) g = 492 A (503

s 35 k]

9 09800 plpojlps Copw b wle 50 S Sy )
WDg s a5 FoV g, gl

u,=u(R) =L, 5 |r =R ()
L. = 2 (v)

Ay o)l (obp oplSM il caep U il b
ol )5l sl S e a3 S\ g 5

Seelins 9y 95 @ (353 Job ¢ JeSge Sualiny wlilllae
03 (w35 (NEMD) Jolspé 5 (EMD) Jols Josdse
S9SN bawgs o)l (blijps Jolge Seelied 53 298
5 0 sk g d9dioe colia Al By )3 ()l S e
Jols ol G Joged 5l it Glg5 o0 1) 853 oy
abaly 1 o33 Jgb (Bl (Josge Salids 3 0)5 (s
S ye Joad SWlaiol ganwlo b g (V gela)) gl o34
Sealid 1 oslitol (S5 by, o [0V DA o s
&b el (il el loy e (gl (Dol JeSUse
5 B Cul (VACF) Lrer g Siohdes
oS 13,5 gl gl Iy (glaboles phas JUIS Sy gl TS 68
i oHaly laj 5l oslitl b pedtns (333 Jobo ] 2
b Dol JoSUge Siolin slayogy cpl [FVFY o o0
e (ol (gilwand S ) 5 Job B ojle e 2
D lagilodnd ) use 9l oS i
oAd jasude ((piimed § Cuns (Jod w3y oluld 4 5l
b dusldo > o33 ok (mesS sl (Dol (sla by, 45 o
YL G L sleptus lp o (blpe glai,
[PY i 5 pine

I os b el sy adlas opl 0 55 Lo plply
Lilen Laalen S edlatwl ol JoSUge Sioldy (oilwadd
$9PLS 1 S sk samlre gy 0 plosl e 51
sladglgl ol luul o aales,S eolatwl SIL cdls s O
ol glad cane p Aol Ol (53 Job Ol eaitins
P slaiagh bt b &S e edly lis VY S o
Al glad Gial3dl b opySTol (533 Job [5YJeul (38155
2 o i Gl edel sty polis S e g talS

12 Sokhan

1 Quirke

14 .
relaxation

o Jlo [ ) osled [1F4Y Jlae B



aquaporins,” Applied Physics Letters, 105,

083702-5, 2014 .

[4] S. Gravelle, L. Joly, C. Ybert and L. Bocquet,
“Large permeabilities of hourglass nanopores:

From hydrodynamics to single file transport,” The
Journal of Chemical Physics, 141, 18C526, 2014.

[5] S. Joseph and N. R. Aluru, “Why are carbon
nanotubes fast transporters of water?,” Nano
Letters, 8(2), 452-458, 2008.

[6] M. Zhang and J. Li, “Carbon nanotube in
different shapes,” Materials Today, 12, 12-18,
2009.

[7] M. Razmkhah, A. Ahmadpour, M. T. H.
Mosavian, F. Moosavi, “What is the effect of
carbon nanotube shape on desalination process? A
simulation approach,” Desalination, 407, 103-115,
2017.

[8] V. P. Kurupath, S.K. Kannam, R. Hartkamp,
S.P. Sathian, “Highly efficient water desalination

through hourglass shaped carbon nanopores,”
Desalination, 505, 114978, 2021.

[9] H.G. Parkand Y. Jung, ”Carbon nanofluioidics
of rapid water transport for energy applications,”
Chemical Society Reviews, 43, 565 ,2014.

[10] E. Secchi, S. Marbach, A. Nigues, D. Stein, A.
Siria, L. Bocquet, “Massive radius-dependent flow
slippage in carbon nanotubes,” Nature, 537, 210-
213, 2016.

[11] F. Ramazani, F. Ebrahimi, “Uncertainties in
the capillary filling of heterogeneous water
nanochannels,” The Journal of Physical Chemistry
C, 120, 12871-12878, 2016.

[12] N. Giovambattista, A. B. Almeida, A. M.
Alencar, S. V. Buldyrev,” Validation of Capillarity
Theory at the Nanometer Scale by Atomistic

Computer Simulations of Water Droplets and

o pS 2o ¥
JsSIpn Sualtyd (ilodend dg) ) odlisel b callia oyl 5
Cupd g oyled (Sgdy (i g 505 Pl eerp 4 (SOl
sl > (o) Job g (59515 @)lgr-ol Sl
) Sl s ol i8] g, o 4Ly Jganl
4 5 ORI L Ol opl)S el Kg) cien 5 o)l
P (o3l Jobo (Stunly g 48 () Ssilots &0
oanlin o > 45 dulxa 5 sl UL > T Lo yls
oy Sl coys 3,50] sladgyl > & w3
sl B ol g sdee S gyl Slad gl 4 s
4 2 Aol by Sealid sl Jaad iy sl JUK
2 ol e Sty Sl YD 9 0b gy SO g0
Foe Sy el pBl Ghag bt b dkidn pj el
Clo g (2hb sl o5 oad JUHL 5 gl ek,
algs o gl JUis] (sloolSiwd 15k 0tis] (slo)Ligl g

o 9
S Sl

saffron (¢ yguels adgs o Limgh cpl slasjlwdns don
] 0345 lnbu‘ Ly olKisls

&l

[1] M. C. Barbosa, “Tapping the incredible
weirdness of water,” New Scientist, 226 , 26-27,
2015.

[2] P. Gallo, K. Amann-Winkel, C. A. Angell, M.
A. Anisimov, F. Caupin, C. Chakravarty, E.
Lascaris, T. Loerting, A. Z. Panagiotopoulos, J.
Russo, J. A. Sellberg, H. E. Stanley, H. Tanaka, C.
Vega, L. Xu, L. G. M. Pettersson, “Water: a tale of
two liquids,” Chemical Review, 116, 7463-7500,
2016.

[3] A. B. Farimani, N. R. Aluru, E. Tajkhorshid,

“Thermodynamic  insight into  spontaneous

hydration and rapid water permeation in

oo Jlo | Y ojless V)l Y..


https://scholar.google.com/citations?view_op=view_citation&hl=en&user=JZcTLnUAAAAJ&citation_for_view=JZcTLnUAAAAJ:W7OEmFMy1HYC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=JZcTLnUAAAAJ&citation_for_view=JZcTLnUAAAAJ:W7OEmFMy1HYC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=JZcTLnUAAAAJ&citation_for_view=JZcTLnUAAAAJ:W7OEmFMy1HYC
https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=tJC88cMAAAAJ&citation_for_view=tJC88cMAAAAJ:R3hNpaxXUhUC
https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=tJC88cMAAAAJ&citation_for_view=tJC88cMAAAAJ:R3hNpaxXUhUC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=DmXgr38AAAAJ&citation_for_view=DmXgr38AAAAJ:zYLM7Y9cAGgC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=DmXgr38AAAAJ&citation_for_view=DmXgr38AAAAJ:zYLM7Y9cAGgC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=DmXgr38AAAAJ&citation_for_view=DmXgr38AAAAJ:zYLM7Y9cAGgC

seeds for CNT growth: investigating strain relieving
ring-openings and  rearrangements,”  Chemical
Science, 7, 3681-3688, 2016.

[21] J. M. H. Kroes, F. Pietrucci, A. C. T. van
Duin, W. Andreoni, “Atom Vacancies on a Carbon
Nanotube: To What Extent Can We Simulate their
Effects?,” Journal of Chemical Theory and

Computation, 11, 3393-3400, 2015.

[22] A. B. de Oliveira, H. Chacham, J. S. Soares,
T. M. Manhabosco, H. F. de Resende, R. J. Batista,
“Vibrational G peak

functionalized single wall carbon nanotubes:

splitting in laterally
Theory and molecular dynamics simulations,”
Carbon 96, 616-621, 2016.

[23] Y. Umeno, T. Kitamura, A. Kushima,
“Theoretical analysis on electronic properties of
zigzag-type single-walled carbon nanotubes under
radial deformation,” Computational Materials

Science, 30, 283-287, 2004.

[24] C. Jin, K. Suenaga, S. lijima, “Plumbing
carbon nanotubes,” Nature Nanotechnology, 3, 17-
21, 2008.

[25] A. Sam, S.K. Kannam, R. Hartkamp, S.P.
Sathian, “Water flow in carbon nanotubes: The
effect of tube flexibility and thermostat,” The
Journal of Chemical Physics, 146, 234701, 2017.

[26] B. Xu, Y. L1, T. Park, X. Chen, “Effect of wall
roughness on fluid transport resistance in
nanopores,” The Journal of Chemical Physics, 135,

144703, 2011.

[27] C. Belin, L. Joly, F. Detcheverry, “Optimal
shape of entrances for a frictionless nanochannel,”
Physical Review Fluids, 1, 054103, 2016.

[28] W. Cao, L. Huang, M. Ma, L. Lu, X. Lu,

“Water in narrow carbon nanotubes: roughness

Bridges in Contact with Hydrophobic and
Hydrophilic Surfaces,” The Journal of Physical

Chemistry C, 120, 1597-1608, 2016.

[13] M. Khodabakhshi, A.
“Unidirectional Transport of Water through an
Asymmetrically  Charged
Nanotube,” The Journal of Chemical Physics C,
121, 23649-23658, 2017.

Moosavi,

Rotating  Carbon

[14] M. Majumder, N. Chopra, R. Andrews, B. J.
Hinds, “Enhanced flow in carbon nanotubes,”
Nature, 438, 44, 2005.

[15] A. Sam , R. Hartkamp , S. K. Kannam , J. S.
Babu , S. P. Sathian , P. J. Daivis, B. D. Todd,
“Fast transport of water in carbon nanotubes: a
review of current accomplishments and
challenges,” Molecular Simulation, 47, 905-924,

2020.

[16] G. Hummer, J.C. Rasaiah, J. P. Noworyta,
“Water conduction through the hydrophobic
channel of a carbon nanotube,” Nature, 414, 188-
190, 2001.

[17] K. Falk, F. Sedlmeier, L. Joly, R. R. Netz and
L. Bocquet, “Molecular origin of fast water
transport 1n carbon nanotube membranes:
superlubricity versus curvature dependent friction,”
Nano Letters, 10, 10, 4067-4073, 2010.

[18] K. Falk, F. Sedlmeier, L. Joly, R. R. Netz and
L. Bocquet, “Ultralow liquid/solid friction in
carbon nanotubes: comprehensive theory for
Alcohols, Alkanes, OMCTS, and water,”
Langmuir, 28, 40, 14261-14272, 2012.

[19] A. B. Farimani, N. R. Aluru, “Spatial
diffusion of water in carbon nanotubes: from
fickian to ballistic motion,” The Journal of
Physical Chemistry B, 115, 12145-12149, 2011.
[20] T. J. Sisto, L. N. Zakharov, B. M. White, R.

Jasti, “Towards pi-extended cycloparaphenylenes as

oo Jlo | Y ojless V)l Yo


https://pubs.acs.org/doi/abs/10.1021/jp205877b
https://pubs.acs.org/doi/abs/10.1021/jp205877b
https://pubs.acs.org/doi/abs/10.1021/jp205877b
https://www.sciencedirect.com/science/article/pii/S0927025604001089
https://www.sciencedirect.com/science/article/pii/S0927025604001089
https://www.sciencedirect.com/science/article/pii/S0927025604001089

[37] D. J. Evans and B. L. Holian, “The Nose—
Hoover thermostat,” The Journal of Chemical
Physics, 83, 4069, 1985.

[38] T. Darden, D. York, and L. Pedersen, “Particle
mesh Ewald: An N-log(N) method for Ewald sums
in large systems,” The Journal of Chemical
Physics, 98, 10089-10092, 1993.

[39] Q. Lu and R. Luo, “A Poisson—Boltzmann
dynamics method with nonperiodic boundary
condition,” The Journal of Chemical Physics, 119,
11035-11047, 2003.

[40] J. P. Ryckaert, G. Ciccotti, and H. J. C.
Berendsen, “Numerical integration of the Cartesian
Equations of Motion of a System with Constraints:
Molecular Dynamics of n-Alkanes,” Journal of
Computational Physics, 23, 327-341, 1977.

[41] F. Ebrahimi, F. Ramazani, and M. Sahimi,
“Nanojunction Effects on Water Flow in Carbon
Nanotubes,” Scientific Reports 8, 7752, 2018.

[42] S. Plimpton, Journal of Computational
Physics, 117 (1995); see http://lammps.sandia.gov/

for information about the classical molecular
dynamics cod LAMMPS.

[43] L. Joly,
liquid/solid slip: dynamics of water uptake by

“Capillary filling with giant

carbon nanotubes,” The Journal of Chemical
Physics, 135, 214705, 2011.

[44] F. Ebrahimi, A. Pishevar, “Dependence of the
dynamics of spontaneous imbibition into carbon
nanotubes on the strength of molecular
interactions,” The Journal of Physical Chemistry C,
119, 28389-28395, 2015.

[45] F. Baharvand, F. Ebrahimi, S. E. Nedaaee
Oskoee, H. Maleki and M Sahimi, “Wetting and
Drying Transitions of Water Nanodroplets on
Suspended Graphene Bilayers,” The Journal of
Physical Chemistry C, 124, 51, 28152-28158,

2020.

2

promoted diffusion transition,” The Journal of
Physical Chemistry C, 122, 19124-19132, 2018.
[29] B.H.S. Mendona, P. Ternes, E. Salcedo, A.B.
de Oliveira, and M.C. Barbosa, ”Water diffusion in
rough carbon nanotubes,” The Journal of Chemical
Physics, 152, 024708, 2020.

[30] M. Shahbabaei, D. Kim, “Transport of water

molecules through noncylindrical pores in
graphene,”  Physical
Chemistry Chemical Physics, 19, 20749-20759,

2017.

multilayer  nanoporous

[31] H. Shima, ”Buckling of Carbon Nanotubes: A
State of the Art Review,” Materials, 5, 47-84,
2012.

[32] J. L. Barrat, L. Bocquet, “Influence of wetting
properties on hydrodynamic boundary conditions
at a fluid-solid interface,” Faraday Discuss, 112,
119-128, 1999.

[33] L. Wang, R. S. Dumont, J. M. Dickson,
“Nonequilibrium molecular dynamics simulation
of water transport through carbon nanotube
membranes at low pressure,” The Journal of
Chemical Physics, 137, 044102, 2012.

[34] W. L. Jorgensen, J. Chandrasekhar, J. D.
Madura, R. W. Impey, and M. L. Klein,
“Comparison of simple potential functions for
simulating liquid water,” The Journal of Chemical
Physics, 79, 926-935, 1983.

[35] S. Nose’, “A unified formulation of the
constant
methods,” The Journal of Chemical Physics, 81,
511, 1984.

temperature ~ molecular  dynamics

[36] W. G. Hoover,
Equilibrium phase-space distributions,” Physical
Review A, 31, 1695-1697, 1985.

“Canonical dynamics:

oo Jlo | ) oples [VF0) lge R


http://lammps.sandia.gov/%20for
http://lammps.sandia.gov/%20for

[56] M. H. Kohler, da. Silva, “Size effects and the
role of density on the viscosity of water confined in
carbon nanotubes,” Chemical Physics Letters, 645,
38-41, 2016.

[57] Y. Liu, Q. Wang, T. Wu, L. Zhang, “Fluid
structure and transport properties of water inside
carbon nanotubes,” The Journal of Chemical
Physics, 123, 234701, 2005.

[58] L. Bocquet and E. Charlaix, “Nanofluidics,
from bulk to interfaces,” Chemical Society
Reviews, 39, 3, 1073-1095, 2010.

[59] C. L. M. H. Navier, “sur les lois du
mouvement des fluides,” Men. Acad. R. Sci.
France, 6, 389-440, 1827.

[60] O. I Vinogradova and A. V. Belyaev.
“Wetting, roughness and hydrodynamic slip,”
arXiv preprint arXiv: 1012.5642, 2010.

[61] V. P. Sokhan, D. Nicholson, and N. Quirke,
“Fluid flow in nanopores: Accurate boundary
conditions for carbon nanotubes,” The Journal of
Chemical Physics, 117, 18, 8531, 2002.

[62] V. P. Sokhan, D. Nicholson, and N. Quirke,
“Fluid flow in nanopores: An examination of
hydrodynamic boundary conditions,” The Journal
of Chemical Physics, 115, 8, 3878-3887, 2001.

[63] A. Sam, S. K. Kannam, R. Hartkamp and S. P.
Sathian, “Prediction of fluid slip in cylindrical
nanopores using equilibrium molecular
simulations,” Nanotechnology 29, 485404, 2018.

[46] M. Reyssat, L. Courbin, E. Reyssat, H.A.
Stone, “Imbibition in geometries with axial
variations,” Journal of Fluid Mechanics, 615, 335-
344, 2008.

[47] E. Schiffer, P.-z. Wong, “Dynamics of contact
line pinning in capillary rise and fall,” Physical
review letters, 80, 3069-3072, 1998.

[48] H. Mehrabian, P. Gao, J. J. Feng, “Wicking
flow through microchannels,” Physics of Fluids,
23, 122108, 2011.

[49] T. Ondarguhu, A. Piednoir, “Pinning of a
contact line on nanometric steps during the
dewetting of a terraced substrate,” Nano letters, 5,
1744-1750, 2005.

[50] J. A. Thomas, A. J. McGaughey, “Water flow
in carbon nanotubes: transition to subcontinuum
transport,” Physical Review Letters, 102, 184502,
2009.

[51] F. Ebrahimi, ”Invasion percolation: A
computational algorithm for complex phenomena,”
Computing in Science and Engineering, 12, 84-93,
2010.

[52] H. Zhang, Y. Hongfei, Y. Zheng and Z.
Zhang, “Prediction of the viscosity of water
confined in carbon nanotubes,” Microfluid
Nanofluid, 10, 403-414, 2011.

[53] P. Allen,
simulation of liquids,” Oxford University Press:
Oxford, 1989.

[54] Y. Liu, Q. Wang, “Transport behavior of
water confined in carbon nanotubes,” Physical
Review B, 72, 085420, 2005.

[55] J .A. Thomas, A. J. H.
“Reassessing Fast Water Transport Through
Carbon Nanotubes,” Nano Letters, 8, 9, 2788-
2793, 2008.

D. J. Tildesley, “Computer

McGaughey,

oo Jlo | ) oples [VF0) lge Yoy



:@ Nanomeghyas

WWW. ﬂanomeghyas ir

Effective factors on water transport through connections of
carbon nanotubes

F.Ebrahimi*, N.Torabi, Gh.Maktabdaran

Department of Physics, Faculty of Science, Birjand University, Birjand. Iran

Abstract: Recent studies have demonstrated the ultrafast water flow through smooth carbon nanotubes. Several
reasons have been suggested for this phenomena, one of the most important of which is the smoothening of the
potential energy landscape felt by water molecules. In practice, carbon nanotubes may not have a perfectly
simple smooth geometry. This feature can be cuased by any kind of defects during practical construction or
deliberately created to provide nanochannels with specific applications. Molecular dynamics simulation method
has been employed to study the effect of wall roughness and the rate of wettability of nanochannel’s wall on the
transport of water in carbon nanotubes. We start with a (10,10) carbon nanotube (CNT) as our reference channel
and generate nano-junctions by attaching other CNTs with larger radius but same length to it. This pattern is
repeated alternately and as many as time desired. In adittion to the effect of wall roughness, another effective
parameter is the wettability of nanochannel’s wall that can be adjusted by varying the interaction strength
between tube wall and water molecules. Our results show that the fluid-wall friction coefficient increases
compared to smooth nanotubes and also friction coefficient increases with increasing roughness in nanotubes
(increasing the amplitude or decreasing the wavelength of roughness), while the slip legth decreases. In addition,
we observed that by reducing the interaction parameters the friction coefficient decreases compared to the
hydrophilic case. Finally, from the analysis of our simulations we obtain a useful insight into the equilibrium
structure of water and the dependance of quantities such as friction coefficient, viscosity and slip length on
wettability and roughness of carbon nanotubes. While the results of first stage, i.e the filling of nanotube with
water, aid in improving our previous knowledge about the capillary effect in rough carbon nanotubes.

Keywords: Carbon nanotube, Molecular dynamics simulation, Roughness, Viscosity, Friction coefficient
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