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Structure, Energetics and Vibrational Frequency Shifts of Water Molecules
Confined Inside Single—walled Carbon Nanotubes: A DFT Study
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Abstract The study of confined water molecules has attracted much attention because of their fascinating properties. In the
present work, small water clusters (H,0),-3~¢ encapsulated in different diameter of single-walled carbon nanotubes
(SWCNT) were investigated using density functional theory (DFT). The DFT-based M06-2X method along with mixed basis
sets (6-311+G(d, p)//6-31+G(d)) was employed in all calculations for structure, interaction energy, charge transfer and
vibrational frequency. The results indicate that as compared to water molecules in vacuum, the geometries of confined water
molecules changed significantly due to the confinement effect of carbon nanotubes, for example, the (H,O)4 cluster can form
chain-like configuration via hydrogen bond. The tube-water interaction energy decreased with the increase of the nanotubes
diameter, while the hydrogen bond energy between water molecules changes slightly. Vibrational analysis reveals the red
shift of the majority of the O—H stretching modes inside SWCNT compared to vacuum vibrational frequencies due to the
tube-water interaction. The Bader’s theory of atoms in molecule (AIM theory) has been used to characterize the tube-water
interactions. Electron density p that reflects the strength of a bond has been used to explain the phenomenon of the red shift.
The AIM analysis suggests that the red shift of O—H vibrational frequencies for confined water molecules should be attrib-
uted to the decrease of the electron density p. This fact demonstrates that the tube-water interaction is not a simple effect of
geometry confinement, but weak electronic interaction between the molecular orbital of the confined water molecules and the
delocalized m electrons from carbon nanotube. It mainly includes the H::*m hydrogen bond interaction and O-:*x orbital in-
teraction, resulting in a slight charge transfer from water molecules to SWCNT. Therefore, when constructing carbon nano-
tube devices, one should not ignore the existence of water molecules. We hope that our results can provide a guidance to the
understanding of the behavior of water molecules encapsulated inside nanoscale environment.

Keywords density functional theory; single-walled carbon nanotubes; water clusters; red-shifted hydrogen bond; AIM the-
ory
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MR T HAE 6-311+G*. 6-311+G**F1 6-311+ +G**
KT R4 A RE. (Ho0), 7E =R TS5 A e 5l 6.5
kcal/mol. 5.6 kcal/mol A1 5.5 kcal/mol. Klopper 25:21% 1]
CCSD(T)H g fE il se a4 CBS R4 Hi(H,0), 4
HREVEHE N 5.0£0.7 keal/mol. AL, 6-311-+G*FE4] 1]
B T (H0), 456 RE, 6-311+G** 1 6-3114 +G**
AN BeLE LT 45 A Re. 5 BRI TR FE, X
i1k 6-311 + G** B 4l K H ik K 73+, 7] i) ik
6-31G* LI K AR SWCNT. UK J7 AR f b ik 1
REREBR AR E K TR AR R dat, by
A b, FRATT IR A0 /K 4> F IR TR 6-311
+G*RE— P AL, DUARE A AR SWCNT FizK
AR B AR, 5346, AR SCET A D0 A R 0t 553 1
Gaussian 09 & FER F5E .
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Bl1 SZBRT(5,5) SWCNT P (Hy0)s-6 /K73 T [IFE A 1Y

Figure 1 Equilibrium structures of water molecules confined in SWCNT (5, 5)

B2 %ZMT(6,6) SWCNT A(H,0)5-6 K7r ¥ HIFE A4 Y

Figure 2 Equilibrium structures of water molecules confined in SWCNT (6, 6)
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B3 ZHT(7,7) SWCNT W(H0)3-6 /KI5 T ASE F 2
Figure 3 Equilibrium structures of water molecules confined in SWCNT (7, 7)

B4 ZMT(8,8) SWONT K (H0)s-6 K53 TR & H L
Figure 4 Equilibrium structures of water molecules confined in SWCNT (8, 8)

TP M ~HOO, — 44 i B K 7 85 A B/ T H 4.0°, 2.6°F1 3.2°. SR HARA B R, K231 L HOO
SEE ~HOO. UWI(H,0)s £ SWCNT H /HOO=3.3°, [R5 Bl A 13.5°%1) 23 392,
(H,0)6 7E(6, 6)« (7, T)FI(8, 8) SWCNT H1f#) LHOO 433
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Figure 5 The most stable geometry for (H,O);-¢ in vacuum

R 2 RETEHNKDTIZERGE Es, BRAVKE -
IKIATEAE I RE Ec LAROK S ¥ Z M EBAE TR Enp.
M(H20)3 @J(Hzo)e, BN IKD 1) Eg, Ec LAK Eng LT
A, BEHREANIK T AE R 5 K o 7 I E WAy
WG R, X 57K 7 BRI A S50 A3 i 51—
B i R K AR RERE MR, KA TALEGS, 5)
SWCNT 24 RS (Eg~13.9 kcal/mol) L JZ AH H A
FHRE(Ec~9.5 keal/mol)¥ hj i K, JLAE(S, 8) SWCNT H
Pz A H ey, Eg Y2974 9.6 keal/mol. FiFEE 4211
K, Eg F1 Ec {HBSRIBHIH/S, AHkIN 1 8 ok
/N, X 5YEEEUSSR ] DFTB #g 5545 e i A —
2, HEH B A ZEBOR, W1(H,0)6 7E(6, 6) SWCNT Hr
Ec~3.3 kcal/mol, M#FHA 5 H I Ec~5.3 kecal/mol. 7K43
TR R B F B AR O s A N, E(7, T)F
(8, 8) SWCNT 1 Eyg ZEA SE A AHSE. I, FRATINA, Ec
M Eyp ZAFE—E S0 Gr KR, EBUNE A, B
KA 5K 1 Z IAA EAE R, 7K1 IRl 2 A

B, BN A SR T Bz BRE ATEss, Mt Ec
WS, 107231 18] R VBT LA U 3 I .
1 AMEE SWCNT WK FINE IS EL

Table 1 Structure parameters of water molecules confined in (5, 5), (6,
6), (7,7) and (8, 8) SWCNTs

System 5,5 (6, 6) 7,7 (8, 8)
Hydrogen-Bonded R, (in A)
(H,0); 1.903 1.881 1.913 1.907
(H,0)4 1.890 1.947 1.901 1.902
(H,0)s 1.877 1.803 1.887 1.882
(H,0)6 1.895 1.801 1.807 1.801
Roo (in A)
(H20); 2.813 2.758 2777 2.773
(H,0)4 2.782 2.799 2.794 2.792
(H,0)s 2771 2.776 2.798 2.793
(H,0)6 2.763 2.773 2.780 2.773
Bond Angles (in °)

(H20); 15.5 20.8 22.1 22.0
(H,0)4 18.9 23.3 18.2 18.3
(H,0)s 18.5 33 14.0 13.5
(H,0)6 21.0 4.0 2.6 3.2

IEAL, gl K K (1) HL i (Mulliken Charge) &
ik 3, KT SWCNT WAt & 1E, UK
TN T R 5 T SWONT I, X Ui WA B9 K
LR Z WA AR AR, TRl IR, i far 5 i
FK S F BTz e & — 80k ia sy, BIAH HAEH
K, YERI SBZ, KT i i 2.

3.2 RIAELS

NG K> FAE B4R A SWCNT N 3= 5h 45 % 1148 4,
] LLgE— 25 IA IR SWCNT S5k Z [RIAH HAE R, T4k

#£2 RFAERE SWCNT WA K T2 SAERIfE Es. 5 SWCONT 1EFIfig Ec FZK 93 1 I S8 E I A8 Eus

Table 2 Binding energy (£3), coupling energy (Ec) and H-bond energy (Eug) of per water molecule confined in (5, 5), (6, 6), (7, 7) and (8, 8) SWCNTs
System (5,5) (6, 6) 7,7) (8,8)

EB EC EHB EB EC EHB EB EC EHB EB EC EHB
(H,0); 13.7 99 38 10.8 49 59 99 39 6.0 94 34 6.0
(H,0)4 139 95 44 10.7 52 55 100 43 58 97 39 58
(H,0)s 142 95 47 10.7 54 53 104 43 6.1 9.8 37 6.l
(H20)6 13.8 89 49 109 53 5.6 102 4.6 5.6 94 36 58
Energy unit: kcal/mol.
£ 3 AFERE SWCNT /K5 F 1) Mulliken Hifif &
Table 3 The Mulliken charge of water molecules confined in different diameter SWCNTs
System 5,95 (6, 6) 7,7 8, 8)
(H20); 0.12 0.04 0.18 0.06 0.15 0.05 0.16 0.05
(H20)4 0.28 0.07 0.30 0.08 0.18 0.05 0.19 0.05
(H20)s 0.39 0.08 0.25 0.05 0.25 0.05 0.19 0.04
(H20)6 0.62 0.10 0.36 0.06 0.29 0.05 0.30 0.05

AR IE 3 IR K 231 1R R A RS K 21 (R T2 L 2
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ANTA) 52 BRAF )R 7K o F IR B, [, 7B A%,
BATHAR K 73 TR B T HAE LA (RBZ PR EE)
NRSAE. RTREE, £ 4 PP T ARG, 6)
SWCNT PRI R /K71 O—H MZaiRshiiz. 7
FLAN, vy B vy (G 5 12 3858~3933 cm ' Al
3528~3744 cm ™. MM{E(6, 6) SWCNT P, v F vy 55 [
239 H2 3809~3935 cm ™~ Al 3530~3739 cm ™. WU, &
BT O—H PRFHEP BALT Bl O—H. &5 &
45T (Hy0); B(H,0)s fEAN R T IRSAR 14210, &5
B AR, 4R35 7K 531 O—H 7 SWCNT W IH#e
SR TR, BIPRsIRAE T A%, O—HM v, L
JUFE A T em ™ B 56 em™ RS vy ITEFEIA 1 em ™' 1) 80

R4 HZH(6,6) SWCNT FAHFEIK TR O—H P3hHH (em ')

em RS, SRR P B TR B IS,
W—ANK5r 32 BR T8, 8) SWCNT W, H: O—H (1 v,
87T 16 em ' Xu PR B3LYP/6-31G(d) &I
(H,0),,=1 -5 7K 5> W A A B di R i ] 30 O—H 1
Vo 2B 623 em . IBAh, TATRILFE AN O—H W4
I BN AT IS M AT WS R T X TR S UK
Oy TR AE SWCNT WK, maAEEdhibo. &R
FURZH O—H Wk R4 Ta, Rt hh—
RN KA T WA . KO 1WA S A A e kR
WL T RS I P339 L Shameema 245637
1t MP2/6-31G /KF- Bl T —ANKaF1EE P Ceo
(BEfE d=7.1 HWHIRZIE, KL O—H 1 v, i
T 30cm .

Table 4 O—H Vibrational frequencies for water clusters in the gas phase and in the (6, 6) SWCNT with the same configuration

System O—H bond type

Va VH
(H,0); 3927, 3925, 3922 3723, 3684, 3610
(H,0);-CNT 3928, 3925, 3921 3739, 3668, 3597
(H,0), 3933, 3932, 3871, 3858 3744, 3703, 3648
(H,0),-CNT 3923, 3867, 3844, 3809 3739, 3671, 3568
(H20)s 3932, 3929, 3928, 3919, 3912 3681, 3662, 3604, 3547
(H,0)s-CNT 3923, 3922, 3916, 3908, 3907 3680, 3649, 3598, 3544
(H20)6 3933, 3931, 3925, 3917, 3917, 3913 3705, 3673, 3613, 3596, 3528
(H20)-CNT 3935, 3927, 3923, 3920, 3914, 3908 3707, 3647, 3604, 3571, 3520

R v RERRTB IR O—H A RSN via A AHARK > T3k O—H-+-O Z 8 O—H M4zl

RS (H0)s-6 KO FAEARIFE L SWCNT W IIRENAHRAZ K (cm )

Table 5 The frequency shift of (H,0);-¢ water molecules confined in different diameter SWCNTSs

Frequency shift/cm '

System (H,0),

Av, Avy
3 —6, —2, —16 —6, —14
4 —14, —14, —4, —5 =13, —17, =22
5.5 5 —13, —3,0,1,0 0, —5, —15, =7
6 —10, =7, —2, —6,2, —3 -9, =7, =8, —7, —6
3 1,0, —1 16, —16, —13
4 —10, —56, —27, —49 —5, —32, —80
©,6) 5 —9, —7, —12, —11, —5 —1, —13, —6, —3
6 2, —4, =2, —3, =3, —5 2, —26, —9, —25, —8
3 —11, —4, —14 —2,4, —8
4 0, —7, —9 —16, —14, —10, —11
.7 5 —14, —11, —6, —1 —1, —14, —18, —4, —4
6 —3, =9, =3, =3, =5, —6 —1, —12, —4, —6, —8
3 —3,3,5 —8, —9, —8
59 4 -5, —6, —8 —10, —8,4, —2
5 —2, —5, —6, —8 —16, —18, —2, —27, —17
6 —4,12, —11, —1, —1, —1 9, —16, —5, —17, —23
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H T EFENEE SWONT 57K T IE A R, &
145 ] Bader () “43 F W IR THHE” (AIM Hig)P U2
HRRN T2 LR AN SEOMAT T 00T, R AR
TESE p FIR/NE— BB FARER TRy, BN
AEI p K, BERRELRUBOR. % E p 1 Laplacian
V2 Al UT SRR BT R, 24V 2 IEER, &k
FICR BT RE S 2 T8 S B,
V20 N SRAERE, UEHTE S

7EIk, PL(H,0)s %2R T(6, 6) SWCNT A #i(K 6), &
6 k4 T E A RRIE M06-2X/6-311+G** /KT~
BN H Hee o R0 He-- O B3 S AL L 551 p 95
2 54 0.00714 ~ 0.01045 F1 0.02957 ~ 0.03422,
Laplacian i V2p 70 [ 4> % & 0.02520 ~0.03293 #lI
0.11507~0.13165. Z: M Lipkowski 25P24 1y &
(X—He " Y)FAAE I = A A bR, R ICB e i Ak 1) v
T#E p Al Laplacian {5 V% 435175 0.002~0.035 Al
0.024~0.139 JulH . KILAHAA R SRR A/ He
AHAEH, H Heeen SEEAEHBEYS T7K 5 H H--O
SRR, BEAh, O---n ALIIHL T2 p FI Laplacian {H
V2 Y5 F 5354 0.00567~0.00865 F10.01860~0.02903,
AL O AHEAEFH L AR 7 ZH. Chutia 25200 L
BB LEINTINN O AEF A 7K 4: 900 s 7

PR B o L BB AR ELAER. BEAh, Wang S5
BN AT H R T A ) T ABLI S e,

11
5
) {
12
4‘/.§~. N 13
« 8
2 e .o
d 73 ) 14

B 6 (H.0)s HI#%3Z B T(6, 6) SWCNT WA I -1l iy 1
Figure 6 Optimized structure of the (H,O)s cluster in (6, 6) SWCNT
IKA>F O—H £ SWCNT FIEL 7S P PP IR 8 1 B e o
P S5k 7. Wik xf L E 2SR SWCNT PR i
FKAF O—H T p, v LA XA A
HEZ ML, SWCNT WK FIMEHE O—H LUAS
5 O—H--O AV O—H B i 728 p 1)
AR, TGOS, BB p B, B
FERIURS, AH N, B PR 4 4R 20 A BRI, s 2 IR
SR WOXAS I 1E, 52 IRK 4T O—H FRENIIR )
NI I BT E p RS, X5 Zhou DY
K AIM 23 H N—H-+O Fl N—H---N ZLF S i 75 5]
4503 X7 7 UE B K A 5K oy 1 2 TRl 4e 4k
A7 R PR LA PRI L, T A A AR — 2 1R 59 L T A BLAR
F, 3 T ) e R R o B A LR R e — 2

#6 1L M06-2X/6-311+G** /KL SWCNT-/K 73§ E A R R I B s ibdn 4 240
Table 6 Topological parameters of the bond critical points in the (6, 6) SWCNT-water molecules complex at the M06-2X/6-311+G** level

Heen p v2p O 1t p va O-H p v2p
H(l)m 0.01045 0.03293 O(6)'m 0.00689 0.02181 O(2):--H(4) 0.03256 0.12655
H@3)n 0.00840 0.02624 O(8)'m 0.00567 0.01860 O(6)--H(7) 0.03421 0.13165
H(5) 0.00885 0.02920 O(12)*m 0.00865 0.02850 O(8)-+-H(10) 0.03422 0.12779
HO)n 0.00930 0.03072 O(14)*n 0.00852 0.02903 O(12)---H(13) 0.02957 0.11507
H(11)**m 0.00714 0.02520

H(15)'n 0.00861 0.02880

6 B 5B 6 H g X M.

KT 1EM06-2X/6-311+G** /K ¥ LK 4T O—H AL SWCNT H1 Vacuum BFHREE T g D030 b 240 LA(6, 6)SWCNT i
Table 7 Topological parameters of the O—H bond for water molecules in the (6, 6)SWCNT and in vacuum at the M06-2X/6-311+G** level

Bond type Vacuum SWCNT
P Vip p Vi

0(2)—H(1) 0.35963 —2.51488 035715 —2.52388
0(2)—H(3) 0.35992 —2.52410 035789 —2.52855
0(6)—H(5) 036164 —2.51142 0.35989 —2.51984

Free O 0(8)—H(9) 036212 —2.50285 0.36029 —2.51257
0(12)—H(11) 036291 —2.48386 036101 —2.49938
0(14)—H(15) 0.36545 —2.48067 0.36403 —2.49557
0(6)—H(4) 0.34380 —2.46045 0.34230 —2.45976
0(8)—H(7) 0.34095 —2.43715 033918 —2.43366

H-bond O—H 0(12)—H(10) 0.33967 —2.42727 0.33851 —2.42308
0(14)—H(13) 0.34820 —2.47755 0.34691 —2.47487

T B 5B 6 T g XN
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