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The structural properties and vibrational behavior of physisorbed carbon
nanotubes with flavin mononucleotide biomolecule in water using molecular
dynamics simulation
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ARTICLE INFORMATION ABSTRACT
Original Research Paper Using molecular dynamics simulations, the structural properties and vibrational behavior of
Received 11 September 2015 single- and double-walled carbon nanotubes (CNTs) under physical adsorption (functionalization)

Accepted 27 November 2015

Available Online 23 Decermber 2015 of Flavin Mononucleotide (FMN) biomolecule are analyzed and the effects of different boundary

conditions, the weight percentage of FMN, radius and number of walls on the natural frequency
Keywords: are investigated. As the functionalized nanotubes mainly operate in aqueous environment, two
Vibration different simulation environments, i.e. vacuum and aqueous environments, are considered.
Structural properties Considering the structural properties, increasing the weight percentage of FMN biomolecules
g?]rbs‘i’gafl‘irézg“rbfion results in linearly increasing the gyration radius. Also, it is observed that presence of water
Mgllecular dyngmics simulation molecules expands the distribution of FMN molecules wrapped around CNTs compared to that of
FMN molecules in vacuum. It is demonstrated that functionalization reduces the frequency of
CNTs, depending on their boundary conditions in vacuum which is more considerable for fully
clamped (CC) boundary conditions. Performing the simulations in aqueous environments
demonstrates that, in the case of clamped-free (CF) boundary conditions, the frequency increases
unlike that of CNTs with fully clamped and fully simply supported boundary conditions. The value
of frequency shift increases by raising the weight percentage of FMN biomolecule. Moreover, it is
observed that the frequency shifts of SWCNTSs with bigger radius are more considerable, whereas
the sensitivity of frequency shift to the weight percentage of FMN biomolecule reduces and this is
more pronounced as the simulation environment is agueous.
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Fig. 4 Samples of equilibrated structure of functionalized CNT
with FMN, a) in vacuum, b) in aqueous environment

S o (@8 FMN L oo Jlo ole salggil Jolss Jslu 51 sladiges 4 JSCi
nsf—‘ Lo jo (b

395050 a4 b sSUge e85 caross sl (5 kre loie a4 el ) glad
23,5 o ko (9) sl Lawgs 4

N
1
Ry =\% z(ri_rcm)z ®)

=l gyl Sl Tom o Ti 5 Js¥se slaps! slaas N (9) a0
adgl Jolas Iy anlllae (o o7 wilioo JoSIgo p 2 35 50 9 ol 5o
allhas jolate 4ol oo drmloes b Jas osled (sl (aslisSs 500)
&l Joboes 9 My calizee (sla e sl b JsSge gs5 (5035 5580
ool &5 5 FMN (laJsSge slass g (55w alidl 51 gasdllas
o505 10 45 o lan .ailons 116 5 5 sla IS lglgil Ll o
5 sl dlgil a4 oud ole sla JsSdge slans & S (gl 25 glat
@ gl p) glad sl Jule laJoSge slani (il b cul sgpie

po Sl 814 5 AT5 (55 4 (12,12) 5 (757) Wglsils glas

piaS o0 Jakele slo Al e s &S il > 43 ol cadlse
S delsl 90 FMN slaJoUge slass oS (85 (ygel ) glad
03,5 o oanlie D JS& 10 a5 jsbyled 02 o F, eadl Hlade eSS
542 sy 4 N e 3 ilednd 53 oganl ) glad nkeS
i 4 semlng eled jlie Gt g pe S 10.25 5 12,51
imgo 5 (12512) (757) Ay el og,531 25.9 5 28.6 22.5

FMN sl Jss0 slass iol38l L as’ 08 5 co alaxde piored Sl

N

1 o )louds 16 0093 1395 C)._:_.\)}).'Q (ORI Sl (S



Obed 9 52T ol s

930 Saolis 6 dssd g9 & ST )3 391 939390 29M8 ) UgSlge T3S 333 T )T SLoAIGIgIl Hliblesjl 9 6 Ul olgs

FET Jloges o o oloj gl Jloges Tl slasges 17 S
8 UKo M e ;o badodgil 0,5 s fele &l 3l canlllas jglate 4
o055 Hleele oS el ol by @l s are polie cCuwl 00y 5 &l
“r S5 byt d oy ulS 3 el Sl Lol iVlgoS
VIS it 535 Jodele e IS il 5 o sllan 55
U 28 CF 55 5 052200 CC (5550 byt 5 aslllas 5,90 selolil
slawi Jol8l b aS Cowl Sggion (pizrod (Sl alils iS58 alS o ],
et on My 5n el elS 5 20lS e FMN (sl JsSTse
I 2 i FMN 050 10 1 Jlalele 505 s a5 3
5 CF 5 CC o550 Ll el W55 4 %90.5 H18 i oy Jsge 2 L
b oo 31 SS

48 FMN sla Js0g0 olows o p il 3 Olpuss 9 IS0 0
el 0l osly lis ol laore

0 ——fT— —— g
-S50p ...
e
b
5 -100 » o
) ® (7,7) SWCNT (CC)
& -150F e fitted data ¢
e @ (7,7) SWCNT (CF)
&' 200 — fitted data
H 9 (7,7) SWCNT (SS)
£ 250} ~ fitted data
59
-300} '
-350t e
2 4 6 8 10

Number of FMN biomolecules

Fig. 8 The effects of different boundary conditions on the

variation of frequency shift with number of FMN molecules in

vacuum

slaJsSge slaws b il 3 i s p cilide 5550 Lulps 518 S
W las o FMN

100 - —8- Bl
® CC
oo Fitted data
o CF
— Fitted data
Aol ¢ SS

--------- Fitted data
-200 | .m..o.." u.mn-.u.uo...-...."..u.... -6‘..‘...---.-. - .m.o.... (P— -0- -

Frequency shift (GHz)

-300f

-400¢

@ . @ ® .
2 4 6 8 10
Number of FMN biomolecules

Fig. 9 The effects of different boundary conditions on the
variation of frequency shift with number of FMN molecules in
aqueous environments

slasSlge olasi b uilS B Cdd Slynds p chlies (5550 Ll S 9 UKD

1 o)l 16 09> 1395 ORIV ()30 Sle Swidise

ol olazgs g (12412) (757) dglel slp py,nSST 36.98
gls s cdl o gilwacs BV 5 aS 00,5 o alisde oprisnen
S50 5 Ogeelpy gl Gl piien ojlazes sdlalgil 090 j0 gml )
- o0 odnline a5 jeblen el T (o LS5 g0, S5 sladl oyl
e gl dagme 0 FMN 5050 b ()5 gl alglgils (39,57 JloJale 005

iloads M cdl> 4 Ceeli FMN lo J9Sd 50 500 oS =055 4

“Jole SLodlgdgil (oamb (uilS 8 1 ilito (5550 bl 1-3-3
FMN G suss ylo

3,50 (st5565 Ol 5 asdllas (nl ) eaal ey @l (i lisl jslaie &
~0,lax S5 slglgib FFT Jlogei § sloj gl ,5oylis a5 7 S conliviul
el 0038,5 a8l] il o M Lasee ,o 0,8 o300 by L (7,7)
"o S 463l 5 cnl Hlake 93,5 o alimdle o5 jghailen
adl [31-2912.11] o)l i b b Joud BB Slyseen a5 sl
29y Oloae b odal Casay g W55 polis a5 el S5 a4 oY
" YL P by el wlg il esel sy il 5 (Sl
slapsl s9zg Jodo 4 o Jsge nlo gilwancd lp &7 bl ) asily
ol 29y Gl &l 5l casloanis (e i g caw i diile  oulg Calisee
el 0055 ,5 oolazl

0.03

0.02

0.01

i %I.

—
—
—
—
—

Amplitude (A)
__O

——
—

-0.01

-0.02r

_0'030 2000 4000 6000 8000 10000

Time (10%fs)

0.01F || x: 4.639 ¢+11
y: 0.0104

0.0081

&
o
S
=

Arbitrary unit

0.0041

0.002f

0 |- l O

0 2 4 6 8 10
Frequency (Hz) £ 10 (b)

Fig. 7. A sample of a) Time-history, b) FFT

148



Obed 9 52T ol s

9590 Saolind (5 lwdad b9y d ST ) ISl gigige pgld i) UgSge LT ad i dn s i yS slaalglgili wlibles )l 9 s )l lw olgd

W Lss ;o FMN slo

-420¢ |
-440r  ® (7,7)
—— Fitted data
@-460' o (12,12)
5 -480} Fitted data
B ® (7,7)@(12,12)
= -500F .. Fitted data
h LT [
g -520} . . ) ¢ '
<
=
=2
2 -540}
=
-560¢
-580f @ T
-600— 1 6 8 10

Number of FMN molecules

Fig. 11 The effects of radius and number of walls on the
variation of frequency shift with number of FMN molecules in
aqueous environment

- 5550 Slaw b [uilS )3 s i 0yl ol 5 gl ol i1 11 S
&l e 3 FMN cla

%7.5 %10 %18 55 4 JoNge 2 L dogil 4y Coms FMN J5SU g0
5 (12512) (757) dglsil jo A1 UK Gllas (rizen alge il
10 L s kle oS Wolail b uilS 3 Ol Gl olazge
g M Cl> g0 2 j0 aS 005 e alax Do e Wb oo )58 %0.66
o5 % 2alS lime o ojlazgs Al (S ralS Gl o
L QT Ol pss Jlie 35 g bl g0 Q] Godjle g0l SO sladlglgils
ol SO sladygil Ol osi 51 eSS FMN gla JoSdg0 Slass o3l

Sawger -4
5 sdglgl ol clales )l JsSUge Salus Jelos @ dlis ol 5o
90 Lo 10 FMN (s JsSUge b ool ole g0 azgs § S
Sy & FMN JsSs 45 wiols ylts g jlordionds zulis .ol 0 4t
Ol Bl Gammlone b domy (o0 9 00l iz Al o)l (S
A Heewl s gl FMN (sla JoSdge olaws iul338l L aS 00 5 oo ala>dle
slaJsSge 0929 45 w05 alaxde izmen b oo (1P (b (59
Aglgilh Slbl o o JsSge ool g5 ol iluannd Larzeo )3 O
Js¥9e b (G5 sladglal silajbole a5 035 csalie 1035 o0
aS a2 o el S s o 1) 0,5 sladlgdsil oands S8 FMN
Ll (6l i ol bl e olglls (6550 Loyl s il )] lotie
B3l oS 5 ool (5550 Ly b gl jl azgs Bl 5055 555
LS5 M5, oS aims e olis ol Lo o ojledend i oo
L bdlgdgll (rnbs (58 o3l 5 50025 (6500 Ll b ladlglgil anlo
Dl i ke el _olas o 48 wibge ials3l Sl o8 Ll
g &b Sl ganlllae o abe GRIBIFMN (slaJgSge sl (2381 L
ool e a5 wiols lid gilwand mls dadlglsil (golax> slass

wlfjs u‘).u.u 9 ML’LS'Q Joinnd )j))-‘ &L‘W L’ °)“'\>‘5" 4"3]9"[" U”""ls)s

149

ol Lxe ,s FMN
wiles SS 5 CC (5,50 Lyl jo sl st o 0 a5 jshilen
YOS AP SR SN [ | U IFUCTF S L S L IRV KA N ESICH [ BN
Al elgil 5l iy T s o o el cladlglgil sambs uilS 5 CF
Jo5 &jg0 a0 [BL] 5] cadllas jo a5 b yles ol 0ol dloxe
P30 g0 Croms Ay (ol 3 090 yuasd Loy (58 Aaldl cnl o il
@ @l e 50 Gl b Sl (izeed adlbioe Ol jpam 0 il
S S Lama 8 (prrls oS3 Bl e iz B ke
FMN le JoSUge olass ioljsl a5 00,5 o aba>de b ol b ool o
Olpetd e A8 g0 o] Mo clle b anlin o0 4oy BB s
gyl & o FMN 58050 10 L jlalile 22,8 dlglgil (nplo uilS 3
Siyo bulrd 5o eizmen il oo GRlBI WA 5 2 i 4 JsSUge 2,
10 b Jolle sl gaesls lS 8 Sy fiwo 5 orerb IS5 CF

el 55050 2 Ly alglsil il 1.2 FMN JsSJse

S VPPl b WSy oplax slasi g glad 1 -4-3
ol )‘QJ.OLC
gl (b (58 (55, 0oz slasi g glads ST gaslllae jolais o
-dglgil sl 11 310 lo S o damo o M Lasl 1 )0 o Jlo fele
L] 00U ob)jT )‘.))j Sy .Ia).w lJ o)‘..\.’?'sé 9 (12512) c(797) LgLQ
“ole o dglsil (anle S8 Dl pds 00 S (0 AN a5 b les
5l pag BB s ol lase o @B sl dgeil @ cas sal o
il oo Mo 0 aaeb ilS 8 Bl s

= JsSJge olass 2ali8l b s uilS 3 &l s oS cad Jb> s 0l
5 Lo 53 58 53 dbie ez g b law S5 Lazms 0 FMN la
3318 6y il B 2Bl (508 Yo dele Sl e 555 S8 L Ayl o]
o gl il 3 ials ;0 FMN (la JsSU5e Jil 5 5 ol slaJsSUse
(T37) Aol o W Ll o 5 10 IS8 0 Jle gl o33l
10U o fole )5 gyl ambs uilS 3 &l i w0 o900 4 (12412)

200t — Fitted data ]
[m} (12112)

- Fitted data
=2 ¢ (N@ALL)]
I Fitted data
%-300-
b=
-

A
&350}
¥
-
>4
& -400}f
—— ]
& gy, ).,
-500 2 : ! : ’

Number of FMN biomolecules

Fig. 10 The effects of radius and number of walls on the
variation of frequency shift with number of FMN molecules in
vacuum

- Jsg0 olawi b uilS 3 il &l s ola slawd g glads o5lal 31 10 sl

1o)leis 16 093 1395 ORIV (30 Sl wdie



Obed 9 52T ol ety

H9Tge Saolisd (Silwdand (9) &3 T )3 JugilS 9igige pgMd Huws) JsHge FK13ed o dn i () laalglgili culibleijl g Solialw olga

[16] W. Huang, S. Taylor, K. Fu, Y. Lin, D. Zhang, T. W. Hanks, A. M.
Rao, Y. P. Sun, Attaching Proteins to Carbon Nanotubes via
Diimide-Activated Amidation, Nano Letters, Vol. 2, No. 4, pp. 311-
314, 2002.

[17] S. Vardharajula, S. Z. Ali, P. M. Tiwari, E. Eroglu, K. Vig, V. A.
Dennis, S. R. Singh, Functionalized carbon nanotubes: biomedical
applications, International Journal of Nanomedicine. Vol. 7,No. 1,
pp. 5361-5374, 2012.

[18] Z. Gao, C. Zhi, Y. Bando, D. Golberg, T. Serizawa, Noncovalent
Functionalization of Boron Nitride Nanotubes in Aqueous Media
Opens Application Roads in Nanobiomedicine, Nanobiomedicine,
Vol. 1, No. 7, pp. 1-14, 2014.

[19] Z. Gao, C. Zhi, Y. Bando, D. Golberg, T. Serizawa, Noncovalent
functionalization of disentangled boron nitride nanotubes with
flavin mononucleotides for strong and stable visible-light
emission in aqueous solution, ACS Applied Materials and
Interfaces, Vol. 3, No. 3, pp. 627-632, 2011.

[20] H. J. Wang, X. K. Xi, A. Kleinhammes, Y. Wu, Temperature-
induced hydrophobic-hydrophilic transition observed by water
adsorption, Science, Vol. 322, No. 5898, pp. 80-83, 2008.

[21] A. Striolo, A. A. Chialvo, K. E. Gubbins, P. T. Cummings, Water in
carbon nanotubes: Adsorption isotherms and thermodynamic
properties from molecular simulation, The Journal of Chemical
Physics, Vol. 122, No. 23, pp. 234712, 2005.

[22] T. W. Tombler, C. Zhou, L. Alexseyev, J. Kong, H. Dai, C. S.
Jayanthi, M. Tang, S. Y. Wu, Reversible electromechanical
characteristics of carbon nanotubes under local-probe
manipulation, Nature, Vol. 405, No. 6788, pp. 769-772, 2000.

[23] S.J. Plimpton, Fast parallel algorithms for short-range molecular
dynamics, Journal of Computational Physics, Vol. 117, No. 1, pp. 1-
19, 1995.

[24] C. Grindon, S. Harris, T. Evans, K. Novik, P. Coveney, C. Laughton,
Large-scale molecular dynamics simulation of DNA:
implementation and validation of the AMBER98 force field in
LAMMPS, Philosophical Transactions of the Royal Society of
London A, Vol. 362, No. 1820, pp. 1373-1386, 2004.

[25] W. D. Cornell, P. Cieplak, C. I. Bayly, I. R. Gould, K. M. J. Merz, D. M.

Ferguson, et al, A second generation force field for the
simulation of proteins and nucleic acids, Journal of the American
Chemical Society, Vol. 117, No. 19, pp. 5179-5197, 1995.

[26] C. L. Zhang, H. S. Shen, Predicting the elastic properties of
double-walled carbon nanotubes by molecular dynamics
simulation, Journal of Physics D: Applied Physics, Vol. 41, No. 5 pp.
055404, 2008.

[27] M. P. Allen, D. J. Tildesley, Computer Simulation of liquids, New
York, Oxford Science Publishing, 1987.

[28] W. G. Hoover, Canonical dynamics: Equilibrium phase-space
distributions, Physical Review A, Vol. 31, No. 3, pp.1695, 1985.
[29] Y. Y. Zhang, C. M. Wang, V. B. C. Tan, Assessment of Timoshenko
beam models for vibrational behavior of single-walled carbon
nanotubes using molecular dynamics, Advances in Applied

Mathematics and Mechanics, Vol. 1, No. 1, pp. 89-106, 2009.

[30] R. Ansari, S. Ajori, B. Arash. Vibrations of single- and double-
walled carbon nanotubes with layerwise boundary conditions: A
molecular dynamics study, Current Applied Physics, Vol. 12, No. 3,
pp. 707-711, 2012.

[31] R. Ansari, S. Ajori, A molecular dynamics study on the vibration
of carbon and boron nitride double-walled hybrid nanotubes,
Applied Physics A, Vol. 120, No. 4, pp. 1399-1406, 2015.

[32] R. Ansari, S. Ajori, A. Ameri, On the vibrational characteristics of
single- and double-walled carbon nanotubes containing ice
nanotube in aqueous environment, Applied Physics A, Vol. 121,
No. 1, pp. 223-232, 2015.

1 o)leis 16 09> 1395 ORIV ()30 Sle Swdise

S5 oz ST sladlglyl GulS 3 Sl o o)lirgs slglyil
L uwlf)s S u‘)""’ u‘).u.su Comlin> T PV ] u] (SoDS
S 51 e ol syl (sl FMN slo J5Slge shass 138
Gl e a8 iols Lz ol Jsloe 5o bajlwdncds .ol oo 0o

2 b Gl gz BB e & O Gl JsSUse jeax b il 3
il gas azg BB s badlglgil sl Ligl3sl b as Jls

&b -5

[1] A. Bachtold, P. Hadley, T. Nakanishi, C. Dekker, Logic circuits with
carbon nanotube transistors, Science, Vol. 294, No. 5545, pp.
1317-1320, 2001.

[2] W. Aloui, A. Ltaief, A. Bouazizi, Transparent and conductive multi
walled carbon nanotubes flexible electrodes for optoelectronic
applications, Superlattices and Microstructures, Vol. 64,No.1, pp.
581-589, 2013.

[3] R. H. Baughman, C. Cui, A. A. Zakhidov, Z. Igbal, J. N. Barisci, G. M.
Spinks, et al., Carbon nanotube actuators, Science, Vol. 284, No.
5418, pp. 1340-1344, 1999.

[4] X. L. Xie, Y. W. Mai, X. Ping, Dispersion and alignment of carbon
nanotubes in polymer matrix: a review, Materials Science and
Engineering: R: Reports, Vol. 49, No. 4, pp. 89-112, 2005.

[5] R. Andrews, M. C. Weisenberger, Carbon nanotube polymer
composites, Current Opinion in Solid State and Materials Science,
Vol. 8, No. 1, pp. 31-37, 2004.

[6] X. Zhang, T. V. Sreekumar, T. Liu, S. Kumar, Properties and
Structure of Nitric Acid Oxidized Single Wall Carbon Nanotube
Films, The Journal of Physics and Chemistry B, Vol. 108, No. 42, pp.
16435-16440, 2004.

[7] C. A. Dyke, J. M. Tour, Overcoming the insolubility of carbon
nanotubes through high degrees of sidewall functionalization,
Chemistry, Vol. 10, No. 4, pp. 812-817, 2004.

[8] V. Georgakilas, D. Voulgaris, E. Vazquez, M. Prato, D. M. Guldi, A.
Kukovecz, H. Kuzmany, Purification of HiPco carbon nanotubes
via organic functionalization, Journal of the American Chemical
Society, Vol. 124, No. 48, pp. 14318-14319, 2002.

[9] Y. Gogotsi, J. A. Libera, A. Gliveng-Yazicioglu, C. M. Megaridis, In
situ multiphase fluid experiments in hydrothermal carbon
nanotubes, Applied Physics Letters, Vol. 79, No. 7, pp. 1021-1023,
2001.

[10] J. L. Bahr, E. T. Mickelson, M. J. Bronikowski, R. E. Smalley, J. M.
Tour, Dissolution of small diameter single-wall carbon
nanotubes in organic solvents?, Chemical Communication, Vol. 2,
No. 1, pp. 193-194, 2001.

[11] S. Ajori, R. Ansari, M. Darvizeh, Vibration characteristics of
single-and double-walled carbon nanotubes functionalized with
amide and amine groups, Physica B, Vol. 462, No. 1,pp. 8-14,
2015.

[12] S. Ajori, R. Ansari, Vibrational characteristics of
diethyltoluenediamines  (DETDA) functionalized carbon
nanotubes using molecular dynamics simulations, Physica B, Vol.
459,No. 1, pp. 58-61, 2015.

[13] R. Ansari, S. Ajori, S. Rouhi, Structural and elastic properties and
stability characteristics of oxygenated carbon nanotubes under
physical adsorption of polymers, Applied Surface Science, Vol.
332, No.1, pp. 640-647, 2015.

[14] J. Kong, N. R. Franklin, C. Zhou, M. G. Chapline, S. Peng, C.
Kyeongjae, H. Dai, Nanotube molecular wires as chemical
sensors, Science, Vol. 287, No. 5453, pp. 622-625, 2000.

[15] B. F. Erlanger, B. X. Chen, M. Zhu, L. Brus, Binding of an Anti-
Fullerene IgG Monoclonal Antibody to Single Wall Carbon
Nanotubes, Nano Letters, Vol. 1, No. 9, pp. 465-467, 2001.

150



