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Abstract: We present the first experimental vibrational spectroscopy study providing direct evidence of a
water phase inside single-walled carbon nanotubes that exhibits an unusual form of hydrogen-bonding
due to confinement. Water adopts a stacked-ring structure inside nanotubes, forming intra- and inter-ring
hydrogen bonds. The intra-ring hydrogen bonds are bulk-like while the inter-ring hydrogen bonds are
relatively weak, having a distorted geometry that gives rise to a distinct OH stretching mode. The
experimentally observed infrared mode at 3507 cm™ is assigned to vibrations of the inter-ring OH-groups
based on detailed atomic-level modeling. The direct observation of unusual hydrogen bonding in nanotubes
has potential implications for water in other highly confined systems, such as biological channels and

nanoporous media.

Introduction

Confined matter on the nanometer scale differs significantly
from bulk matterl Widespread interest exists in the structure
of confined wate?, 1 in its degree of hydrogen bondirig? 16
and in proton transfer through “water wire"18 The special
properties of confined water can influence molecular transport
inside membrane porég2°
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Confinement of water can be reached by limiting the size of
water agglomerates in one, two, or three dimensions. In an
infinite ice crystal each water molecule, complying with the
“bulk ice rule”? is tetrahedrally coordinated, simultaneously
donating and accepting two hydrogen atoms, forming a hydrogen-
bonded network. However this arrangement is disrupted in
agglomerates of crystalline water of finite sizes, leading to a
variety of shapes for small water clusters with different types
of OH groups ranging from bulk-like to essentially free OH
groups. This diversity can be readily detected by means of
vibrational spectroscopy that provides one of the most insightful
means for OH characterizatigh.

A number of experimental vibrational spectroscopy studies
of water clusters with sizes ranging from a few molecule
agglomeraté@24to hundred- and thousand-molecule clugfers
to macroscopic crystas 28 show that four major types of OH
stretching modes can be detected for water structures with
reduced dimensionality. These modes originate from the OH
groups that belong to the following water species (spectral
regions given in parentheses): “free OH” groups dangling from
the surface (36963720 cntl), double H-atom donersingle
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O-atom acceptor~+3450-3550 cnt?l), water molecules in a
distorted tetragonal coordination~8400-3450 cnt?), and
single donot-double acceptor (30583200 cnt?). The position

most recent X-ray diffraction study of nanotube samples, with
different average diameters, confirmed the dependence of the
number of water molecules in a ring on the nanotube diaméter.

of the OH stretching mode points to the degree of involvement The NMR study has shown that a liquid-to-solid transition for
of the OH group into the hydrogen-bond network. Studies of water confined in nanotubes proceeds in two steps: the axial
the ice surface show that water molecules tend to rearrange intophase freezes first, followed by solidification of the wall phase.
surface ring structures to reduce the number of free OH A vibrational spectrum of water confined in carbon nanotubes
groups?6-28 has been studied by means of inelastic neutron scatteting.

In accord with experimental studies, theoretical calculations Was shown that the OH stretching mode of the confined water
on water clusters indicate that water agglomerates can be stabishifts to higher frequencies relative to the bulk ice. This shift
lized by minimization of the number of free OH grolg3g9-32 has been attributed to weakening of the hydrogen bonds due to
This occurs by formation of rings composed of hydrogen-bonded formation ofn-gonal HO structures inside nanotubes.

H.O molecules. Thus, a water cluster may have several rings The strength of hydrogen bonds irgonal water structures

of different sizes that can be irregularly oriented with respect (for n= 5, 6) confined in the nanotube interior has been studied
to each other. Some computations show that the structures withby ab initio method$! Theoretical predictions indicate that in

water rings stacked on top of each other are one of the mostthe pentagonal water structure the axial (inter-ring) hydrogen
stable. However, experimental verification of this can be bond should be weaker than the in-plane (intra-ring) hydrogen
complicated by the larger number of possible cluster shapesbond. This prediction is based on density functional theory
with an increasing number of water molecules in the cluster. calculations of the effective charges on the atoms and on

Single-walled carbon nanotubes have been shown to be acalculated charge densities. The nonequivalency of two hydro-
useful material for investigation of confinement effetis3® gen bonds should lead to two different vibrational features and
They possess a deep van der Waals adsorption potential wellcan be detected by means of IR spectroscopy.
in the interior. Quasi-one-dimensional conditions can be realized To-date there has not been any direct experimental confirma-
in the nanotube, thanks to their macroscopic lengths and tion of the predicted weaker hydrogen bonds for water confined
diameters of about 1 nm. The nanotube interior is an ideal in single-walled carbon nanotubes (SWNTSs). In this work, we
medium for the study of the hydrogen-bond network under report the first observation of a distinct sharp vibrational mode
extreme conditions, since a nanotube can provide a confiningat 3507 cni? that is unambiguously associated with a distorted

geometry without a strong interaction with,® molecules,
which may influence the hydrogen bonding.

hydrogen bond for water inside nanotubes. The location of the
water molecules is determined by studying the effect of blocking

Molecular dynamics calculations indicate that water confined the nanotube interior with-nonane causing the 3507 chband

in nanotubes less than 2 nm in diameter forrgonal structures

to be absent when water is adsorbed on the nanotubes. Our

formed of stacked rings at temperatures bele®80 K and calculations are the first to directly link the structure of the water

pressures above 50 MP&3%4! Each ring consists ofiH,O inside the nanotubes to the specific vibrational feature observed

molecules § = 4—6, depending on the nanotube diameter) with at 3507 cm?, predicted from both ab initio and classical

one OH group lying in the ring plane and the other oriented simulations. We therefore demonstrate that vibrational spec-

perpendicular to it. In this case, each water molecule (except troscopy, coupled with detailed molecular modeling, can be used

those in the edge rings) in these phases is four-coordinated, i.e.@s a sensitive probe of changes in hydrogen bonding due to

each satisfies the bulk ice rule. At higher temperatures, two confinement. This methodology may prove useful for investigat-

water phases have been predicted for nanotubes with diameterég water in other highly confined environments.

larger than 1.26 nm, namely the wall phase and the axial phase. . .

The axial phase disappears upon cooling, causing a discontinu-FXPerimental Section

ous liquid-solid phase transitiof. The nanotubes were obtained from Prof. Smalley’s group and were
These predictions have been verified experimentally by X-ray used in our previous studiés®>4346 Nanotubes were deposited directly

diffraction 1911 NMR,#2 and neutron diffractiohstudies. The
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onto a tungsten grid, which was inserted into a vacuum-IR3&1l.
This configuration causes the axis of each nanotube to lie in a plane
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Figure 1. Changes in the IR spectra o8 condensed on single-walled carbon nanotubes on heating in a vacuum.

The experiment involving kD diffusion into the nanotube interior
was carried out as follows: (1) Water vapor was condensed to form A Medium H,O Coverage
amorphous ice on the outer geometric surface of the nanotubes at 12&
K. Diffusion of water into the interior of the nanotubes is severely I10°
kinetically restricted at this temperature. (2) After the deposition and
condensation, the sample was heated to 183 K and immediately
guenched back to 123 K at a rate (in both directions) of 1 K/s. (3)

3507 cm™

Annealed at 153

A series of spectra for five heating/cooling cycles is shown in Figure
1; it is observed that a monotonic increase occurs in the ratio of the
singular OH absorbance at 3507 ¢ntio the integrated associated OH et L e e
absorbance at lower frequencies as the coverage of water decrease: 4000 3600 3200 2800 2400
Liquid He was used to decrease the sample temperatures for testing Wavenumber (cm™)
H,O diffusion inside nanotubes at very low coverages. The sample
temperature was set within the range of-3® K and a small amount
of H,O was dosed. Then the sample was heated to 153 K and cooled B
back to the initial temperature whita 1 K/s rate in both directions. 4
Infrared spectra were measured before and after the heating. Figure Z I10
clearly shows the absence of the 3507 ¢mode before annealing, o
followed by its appearance as,® mobility occurs upon increasing g
the temperature. £
2
<

Low H,O Coverage

D

3507 cm™

: . Annealed at 153 K
To probe the internally bound water we utilized adsorbawnane

to block interior sites in the SWNTSs. Figure 3 shows pairs of IR spectra
of water condensed on SWNTs with and witheuhonane blocking

of the interior sitesn-Nonane was condensed on the nanotubes at 123
K and then the sample was heated to 283 K for 15 min before cooling

back to 123 K. Other experimeftshave shown that this results in 4000 3800 3200 2800 2400
n-nonane occupancy of the interior nanotube sites. Water was then

condensed on the sample at 123 K, following by heating to 183 Kand ) )
cooling to 123 K for IR measurements. Control water adsorption Figure 2. Appearance of the 3507 crh OH stretching mode following

experiments without prian-nonane adsorption were carried out. Figure diffusion of H0 into the nanotube interior at medium (A) and low (B)

i . . coverages.
3 shows results for the fourth, fifth, and sixth annealing cycles for . .
experiments with and withouh-nonane blocking of the interior condensation of kD at 123 K on the outer geometric surface

nanotube sites. It is clear that the 3507-émode is only observed in  Of the nanotubes. The 3693 cfmode corresponds to the free
the absence afi-nonane blocking of the internal SWNT sites. OH groups dangling at the surface of the amorphous ice. These
groups disappear upon annealing due to surface reconstruction.
Spectra b-f show the consecutive changes that occur as
A. Experimental Results. Figure 1, spectrum a, shows the programmed heating to 183 K, followed by quenching to 123
infrared spectrum in the OH stretching region following K, occurs (both at 1 K/s rate). The annealing enhances water

Wavenumber (cm”)

Results and Discussion
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Figure 3. Blocking of the nanotube interior by-nonane preadsorption. The absorbance scale for the middle and right spectra are 1/4 and 1/14 of the scale
in the spectra on the left-hand side.

mobility, resulting in HO diffusion into the nanotube interior  high-frequency free OH stretching mode at 3693 &nwas
as well as water desorption into vacuum, decreasing the overallobserved by us (Figure 1) for dangling hydrogen atoms on the
amount of condensed water. The development of a high- surface of ice nanocrystals at low temperatures and has been

frequency isolated OH vibrational mode at 3507 énwvas reported by other% This mode disappears as the ice nano-
observed in addition to associated OH features in the 3000 crystals are annealed above 140 K due to reconstruction on the
3450 cnt? region. ice surface that is accompanied by the formation of strained

Figure 2 shows the IR spectra for water condensed at mediumsurface hydrogen bondéThe OH modes of water molecules
and very low HO coverages on SWNTs measured before and are red-shifted when the molecule is entrapped in a matrix and
after the first annealing cycle. In both cases we observe the does not participate in H-bonding at all or participates only as
appearance of a relatively sharp 3507 émmode after anneal- 4 proton acceptor to form a hydrogen bdA&° For a proton
ing. The change of the spectra in the 30300 cn1* range,  donor water molecule, the stretching frequency of the OH bond
measured for the medium;B coverage (Figure 2A), indicates  jnyolved in the H-bond network is much more strongly red-

that water, initially condensed in an amorphous phase on thegpitied relative to the group not involved in the H-bdHd
outer surface of the SWNTS, crystallizes upon annealing. Figure

2B shows that the 3507 cthmode is not present in the spectra
of condensed water before annealing. This indicates that the
3507 cnT! mode originates from a structure that appears only
at temperatures when water molecules possess higher surfac
mobility and can diffuse in the nanotube interior.

One might imagine that the 3507 chmode observed inside
nanotubes is caused by OH groups not directly hydrogen bonded
but highly red-shifted by the confining environment. This would
Eﬁquire a large red-shift of between 150 and 250 €ifinom
the free-OH stretching frequency. It is known that molecules
The assignment of the 3507 ciimode to internally bound confined inside SWNTs exhibit small red-shift8§>43and that

H,O is based on the effect of n-nonane blocking of the nanotubethe interaction of the benzgneelectron cloud with the OH
interior when it is adsorbed below 283 K. At this temperature 970UP Of & water molecule in a cluster produces a red-shifted
n-nonane is trapped in the nanotube and prevents water from™Mode in the 36363657 e range?* We have computed the
diffusing into the nanotube interidf.Figure 3 demonstrates that ~ '€d-shift for a single O inside a (10, 10) SWNT using the
n-nonane blocking almost completely eliminates the mode at VASP**~*® ab initio density functional theory (DFT) package.
3507 cntl. This clearly shows that the 3507 cfmode Details of the calculations are given in the Supporting Informa-
originates from the water phase confined inside nanotubgg. D tion. The maximum calculated shift is 30 cfa We therefore
was employed to verify the observation of the singular OH conclude that only hydrogen-bonding could cause the red-shift
stretching mode; an analogous mode was observed at 259%f the free OH frequency down to 3507 chnthereby excluding
cm L,

The vibrational spectroscopy of condensed water indicates (50) Scherer J. R. iAdvances i“ljgf;ggiq and Raman Spectoscoplark, R. A
that the higher the degree of involvement of a water molecule 149." T ' ' ’ B
into the hydrogen-bond network, the lower the frequency of (31) Nauta, K. Miller, R. EScience200q 287, 293.

)
X 51 (52) Hernandez, J.; Uras, N.; Devlin, J. P.Chem. Phys1998 108 4525.
the OH-stretching modé8:>! In the gas-phase spectrum, (53) Kresse, G.; Furthmueller, Bhys. Re. B. 1996 54, 11169.
)
)
)

2
i : ; ; (54) Kresse, G.; Furthmueller, Comput. Mat. Sci1996 6, 15.
unbound HO molecules exhibit antisymmetrig and symmetric (85) Kresse. G- Hafner. Phys. Re. B. 1993 47, 558.

v; stretching modes at 3756 and 3657 ¢énrespectively? A (56) Kresse, G.; Hafner, Phys. Re. B. 1994 49, 14251,
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Figure 4. Average energy for water confined in (8, 8), (9, 9), (10, 10),
and (11, 11) SWNTs at temperatures ranging from 123 to 318 K from
parallel tempering NVT Monte Carlo simulations.

interactions of OH groups with the nanotube interior as being
the cause of the 3507 crhmode.

B. Theoretical Results.We have performed classical mo-
lecular simulations for water confined in SWNTs. We have also
carried out quantum mechanical DFT calculations for water in
ring structures in vacuum and inside a SWNT. Details of the
simulations are given in the Supporting Information.

Classical molecular simulations were used to identify struc-
tural, energetic, and vibrational properties of water in SWNTs ‘
and in the bulk phase at low temperatures. Grand canonical || )
Monte Carlo (GCMC) simulatiort$ (Figure S1) were used to . - A |
efficiently fill nanotubes with water at room temperature. We Figure 5. Snapshot from a molecular simulation of water adsorbed inside
then performed parallel tempering Monte Carlo simulati®ns  a (10, 10) SWNT at 123 K forming heptagon rings: (A) end view and (B)
in the NVT ensemble over the temperature range from 123 to Side view. Red spheres represent oxygen atoms, blue spheres are hydrogens
298 K [270 and 318 K for (10, 10) and (L1, 11) nanotubes, 1 ifogerbonden o adiacens Foge (njrro), ane oreen sprees
respectively] to identify equilibrium structures at low temper- represent the carbercarbon bonds of the SWNT.
atures. The average energies for water confined in (8, 8), (9,
9), (10, 10), and (11, 11) SWNTs are shown in Figure 4. At
low temperatures water forms stacked ring structures in all of
the nanotubes considered. See, for example, the water structur
in a (10, 10) nanotube shown in Figure 5. The number of water
molecules in a ring depends primarily on the diameter of the
nan . However, th , nd (10, 10) nan n . . . !
sSppc:z)ur?Zifferc:en(ta p?)ly;c?rp(ﬁs. ?—‘)ivae-darfdofour(-)zner?wbc:fe%e?inzas nanotubes with water is not likely (see Figures S1 and S2). The

are observed in the (8, 8) nanotube, while the (10, 10) nanotubeisotherms indicate an abrupt transition from an empty nanotube

can have both eight- and seven-membered rings, as shown ifo a filled nanotube, consisting of either stacked rings or

Figure 4. Order-to-disorder structural transitions, indicated by Z:] dogphﬁ?iqvgs:ggrlger.?i léo'sféhbeggggi'fi[ssoth;tt?g?;nevgg}
rapid rises in the potential energy with temperature (Figure 4), 'ght- ng u v v 9

occur for water confined in (10, 10) and (11, 11) SWNTS; the water vapor pressures likely to be encountered in the experi-

. ) . ments. The number of free OH groups for water adsorbed in
water remains well-ordered in the smaller diameter nanotubes, X o .

) the nanotubes is not expected to be significant, given the

even at 298 K. The nanotubes were filled at room temperature - N

. . . .~ complete filling observed for all nanotubes studied in this work.
for computational efficiency. We have carried out an adsorption The stacked ri iruct b dinth tub ]
isotherm at 183 K for the (10, 10) SWNT to verify that the q € stac € rlnglts_ rufc IlIJrehsg serveb md Z nar':o u e:Na kOW
same structure is ultimately obtained through GCMC simulations Aemnperahurtesf LGSL;n n 1u0 ley nror?etn_b ont i23WI? ier rrl]e wr?:ns.
as was found from the parallel tempering simulations (see Figure shapshot 0 a (10, 10) nanotube a s sho

S2). The same stacked ring structures were obtained in the 18§:Igure S Figure 5A IS an end-on V'eW.Of the water in th.e
nanotube, clearly showing the heptagon ring structure. The ring

structures produce intra- and inter-ring hydrogen bonds. The

K GCMC simulations, but at a dramatically higher computa-
éional cost, as approach to equilibrium is very slow at that
temperature.

The GCMC simulations at both high and low temperatures
and those of Striolo et &P indicate that partial filling of the

(57) Allen, M. P.; Tildesley, D. JComputer Simulation of LiquigOxford
University Press: New York, 1987.

(58) Frenkel, D.; Smit, BUnderstanding Molecular Simulation: From Algo- (59) Striolo, A.; Chialvo, A. A.; Gubbins, K. E.; Cummings, P. J. Chem.
rithms to ApplicationsAcademic Press: San Diego, CA, 2002. Phys.2005 122, 234712.
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Figure 6. Characteristics of hydrogen bonding in amorphous ice asd férming heptagonal rings inside a (10, 10) SWNT computed from molecular
simulations. (A) Hydrogen bond angle {@H) distribution computed from Monte Carlo simulation for bulk amorphous ice (dashatted black line) and

for H2O in a (10, 10) SWNT (solid red line). The intra-ring hydrogen bond angles are plotted as the dotted green line, the inter-ring hydrogen bond angles
are represented by the dashed blue line, and the red line is the sum of the green and blue lines. The inset shows the definittoe@dfdhgle€p. (B)
Oxygen—oxygen distance,oo, distribution computed from Monte Carlo simulation for bulk amorphous ice (dasthettied black line) and for O in a (10,

10) SWNT (solid red line). The intra-ring -©0 distances are plotted as the dotted green line, the inter-rin@ @istances are represented by the dashed

blue line, and the red line is the sum of the green and blue lines. The inset shows the definition ef@hdisPanceroo.

stacked ring structure can be seen in Figure 5B. The oxygenmaximum at about 17 The unusually large hydrogen-bond
atoms in HO are shown in red, the hydrogens patrticipating in angles are caused by,8 confinement in the nanotube.
intra-ring hydrogen bonds are shown in green, and the inter- We have analyzed the distribution of oxygeoxygen
ring hydrogen-bonded hydrogens are blue. distancesroo, as a surrogate for the hydrogen-bond distances,
The intra-ring hydrogen bonds are bulk-like while most of for bulk and confined KO at 123 K. The probability densities,
the inter-ring hydrogen bonds are relatively weak, having a P(foo), for bulk amorphous ice and for8 inside a (10, 10)
distorted geometry that gives rise to a distinct OH stretching SWNT are plotted in Figure 6B and are seen to be very similar.
mode. This is illustrated in Figure 6A, using the results e®H We have calculated IR spectra for bulk amorphous ice and
confined in a (10, 10) SWNT as an example; the distribution water in d|ffer_ent naljotubes fr_om classical mole_cular dynamlcs
of hydrogen-bond angles, measured as thedBl angle 0, are (MD) S|mulat.|ons with a flexible water potentlﬁl. Flexible
reported for bulk amorphous ice and heptagonal ring structured Water potentials have been used previously to compute IR
H,O inside a (10, 10) SWNT, both at 123 K. The probability spectra of bulk and confined water from MD simulatidh3he

density for amorphous ice (black line) has a single maximum results of our calculations are plotted in Figures 7 and 8. All of
at @ ~ 6°, whereas KO inside a (10, 10) nanotube (red line) the calculated spectra for water in different nanotubes are

has a distribution of hydrogen bond angles that exhibits a qualitatively similar and exhibit two distinct modes, as seen in
maximum atf ~ 5° and a shoulder at higher angles. We have Figure 7. The low-frequency and the high-frequency modes are

analyzed the inter- and intra-ring hydrogen bonds separatelyOlue _tl?b'nt(rja'”ng z?n(: |dn';)erl-r|ngTGhH strettchlng,fr:slﬁecnvehl/q,
and found that the intra-ring hydrogen bond angles (dotted greenff’IS wilt be demonstrated below. Fhe spectrum ot bulk amorpnous

line) are similar to those of bulk amorphous ice. However, the ice (Figure 8) is much broader than th? spectra for water |nS|_de
. . . nanotubes; the bulk modes are also shifted to lower frequencies.
inter-ring hydrogen bond angles (blue dashed line) are very

different from the bulk. The probability densiB(6) for inter- We note that the intensities calculated from classical MD do

ring hydrogen bond angles has a Gaussian shape, with a@60) Praprotnik, M.; Janezic, D.; Mavri, 3. Phys. Chem. 2004 108, 11056.
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Figure 7. IR spectra for confined water in (8, 8), (9, 9), (10, 10), and (11, 11) SWNTs computed from MD simulations.
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Figure 8. Vibrational spectra computed from molecular dynamics with a flexible water potential. The IR spectra for bulk amorphous ice is plotted as the
dashed-dotted black line and the solid red line is for heptagonal water rings in a (10, 10) SWNT. Note the presence of a 35tde) in good
agreement with the experimentally observed 3507 cmode frequency. The IR spectrum computed for intra-ring OH stretching is plotted as the dotted
green line and the inter-ring spectrum is the dashed blue line. Note that sum of the green and blue lines is not equal to the total spectrum (resdine) beca
of cross correlations.

not capture the enhancement due to hydrogen bonding; howeverconfirm the features observed in the classical simulations. The
the frequency distribution is expected to be qualitatively IR spectrum for water in a stacked five-membered ring structure,
accurate. as in the (8, 8) SWNT, is plotted in Figure 9. The spectrum has
We have computed the IR spectrum for intra-ring- @ and been Lorentz broadened by 5 tinThe low-frequency mode
for inter-ring O-H stretching separately. The results are at 3174 cmi!is due to intra-ring hydrogen bonding, while the
presented in Figure 8. The dashetbtted black line is the higher frequency mode at 3555 ctnis from OH groups
spectrum of amorphous ice at 123 K and is in qualitative involved in weaker inter-ring hydrogen bonds. These two modes
agreement with the spectrum for the nonannealed case in Figureare in agreement with the modes observed from classical MD
2. The solid red line in Figure 8 is the total IR spectrum for simulations in Figures 7 and 8. Note that the DFT calculations
H,0 inside a (10, 10) SWNT at 123 K. Two distinct modes are are not expected to give frequencies that agree quantitatively
observed, one with a frequency of about 3370 &mwhich lies with experiments. However, DFT can capture the enhancement
in the range of bulk hydrogen-bonded OH groups. The other of intensity for the stronger hydrogen-bonded species (intra-
mode is at about 3517 crh, which corresponds closely with  ring modes), which the MD simulations cannot. The intensity
the experimentally observed mode at 3507 énThe mode at of the lower frequency mode is about twice that of the higher
3517 cntt is almost entirely due to inter-ring OH stretching frequency mode. This intensity enhancement is expected to be
(dashed blue line). Similar results are observed for water qualitatively, but not quantitatively, correct.
adsorbed in a (8, 8), (9, 9), and (11, 11) SWNT and in different ~ The low-frequency modes in the experimental spectra for
sizes of rings, both for the IR spectra (see Figure 7) and the water inside nanotubes are very broad (see Figurel,while
bond angle distributions (see Figures S3 and S4). our simulated spectra have relatively sharp low-frequency peaks
We have also computed vibrational frequencies and intensities(Figures 79). Much of the experimental broadening can be
for water in stacked rings, both inside nanotubes and isolated, attributed to amorphous ice on the external surface of the sample.
from ab initio periodic DFT methods. We have used bOFh the (61) Baroni, S.; Corso, A. D.; Gironcoli, S. d.; Giannozzi, P. http://www.
VASP>3-56 and PWsd! packages. The DFT calculations pwscf.org.
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- +r - T - T T T T T aligned with their axes parallel to the plane of the tungsten grid,
as observed from SEM images, and are therefore perpendicular
. to the IR beam. This geometric arrangement constrains virtually
1 all of the inter-ring G-H bonds to be perpendicular to the
incident IR beam, while a substantial fraction of the intra-ring

) O—H bonds must be aligned nearly parallel to the IR beam.
. The geometry of the nanotube sample would therefore attenuate
] the low-frequency intra-ring mode because any bonds aligned
nearly parallel to the IR beam would not add any intensity to

g the spectrum.

Absorbance

Summary

We have found that $© molecules confined inside of
SWNTSs form ring structures that involve hydrogen bonds of
two types. Hydrogen bonds within the ring structure exhibit
3700 3600 3500 3400 3300 3200 frequencies like those found in bulk& and G-OH angles of

Wavenumber (cm’™) near 5. Hydrogen bonds formed between neighboring rings
exhibit an unusual stretching frequency at 3507 €mnd are

Figure 9. IR spectrum for a pentagonal ring ice structure computed from

the PWscf packag®. The feature at 3555 cm is due to inter-ring G-H associated with larger ‘©OH angles near I7 The strained
stretching, while the mode at 3174 chis due to intra-ring ©-H stretching. angles and unusual IR mode are a direct result of the confine-
A Lorentz broadening of 5 cnt has been applied to the spectrum. ment-induced stacked ring structures, which would not be stable

. in the bulk. It is possible that water in other confined
However, the low-frequency mode in the spectra at low coverage . . S . ) .
environments will exhibit similar distinct stretching frequencies,

(Figure 1) is also very broad. Furthermore, the intensity of these showind that IR spectroscony. counled with atomistic modelin
modes appears to be attenuated. There are two reasons for the g b by, P 9

. . . . S proving to be a powerful tool for probing the structure and
apparent discrepancy between simulations and experiments. (1 . .
. ) . nergetics of confined water.
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