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ABSTRACT

We measured the optical properties of mixed valent vanadium oxide nanoscrolls and their metal-exchanged derivatives in order to investigate

the charge dynamics in these compounds. In contrast to the prediction of a metallic state for the metal-exchanged derivatives within a rigid
band model, we find that the injected charges in Mn  2*-exchanged vanadium oxide nanoscrolls are pinned. A low-energy electronic excitation
associated with the pinned carriers appears in the far infrared and persists at low temperature, suggesting that the nanoscrolls are weak
metals in their bulk form, dominated by inhomogeneous charge disproportionation and Madelung energy effects.

The discovery that low-dimensional inorganic solids can ions with distinct small and large charges. Such charge
curve or fold into nanoscale objects provides an exciting disproportionation is common in oxides of Ti and V with
opportunity to investigate bulk versus nanoscale chemistry formal oxidation states of #f* and \*5*, respectively, and
using molecular-level strain as the tuning parameterhese the convention is to assign integer charges(&nd Ti;
materials are targets of intensive research efforts, driven byVv4* and \#*) to the ions with different oxidation statés .4

the need to further miniaturize electronic devices and the We adopt the same convention here and consider the
potential to exploit unusual mechanical and optical properties. possibility of charge disproportionation in the nanoscale
Some of the beautiful, flexible, and functional nanomor- vanadates.

phologies include tubes, wires, octahedra, particles, urchins, The compounds we consider are actually scrolls, consisting
and sphere’.® They offer molecular-level control of size, 4 yanadate sheets between which organic molecules are
shape, mechanical response, and chemical cqmposmon Ahtercalated—81516The size of the amine or diamine template
well as unusual confinement effects due to finite length determines scroll winding, providing an opportunity to tune
scales. . ) the size of these materials. The typical scrolls-af&—100
Among the transition-metal oxides, vanadates show par- nm in diameter, containing up to 30 vanadium oxide layers

gcﬂ::.lgn”igtggen? }Téryb?:gigfc?n(:t'g:]eetnu p;l;lr?;/;naﬂ%? (inset of Figure 1a). The exact crystal structure is complicated
xidation s i inatl Vi ' WHIE ond is not completely understood. Figure la shows a

ranges from octahedral to square pyramidal to tetrahedralre resentative X-rav powder diffraction pattern for the
with increasing vanadium oxidation stafé/anadium oxides P y b b
form many layered and nanoscale compounds with open((:12|_|25’\“_|3)y_\/OX scrolls. The (00I) reflections from the
. . . vanadium oxide layers are clear, but the (hkO) reflections
structural frameworks, making them prospective materials : o
from the atomic structure within each layer are weak. The

for ion intercalation, exchange, and stordge!! The nano- ) .
. ’ data suggest a tetragonal lattice of basal repeat size 6.144
scale vanadates of interest here, (amh@), are formall X
(@mie) y A, closely related to that of BaXD:s, Which has a planar

mixed-valent with x ~ 2.4 andy ~ 0.28. Stoichiometric ruct f basal size 6.160 A Th ti
considerations do not, of course, distinguish between a trye>TUcture ‘ot basal sizeé ©. 2 € arrangement 1n
mixed-valent \#5" state that may be metallic and a state BaV7016 |s_shown in Figure 1_5' It contains zigzag cr_\ams
with an inhomogenous charge distribution, consisting of v ©f Nighly distorted edge-sharing \é@ctahedra. The distor-
tion is so strong (because of the large displacement of one

:CorreSpond}ng author. E-mail: musfeldt@utk.edu. apical oxygen) that the octahedra are often considered to be
University of Tennessee. : : :
# University of Arizona. VOs square pyramids. The_se cha_ms share some corners with
8 State University of New York, Binghamton. each other to form a two-dimensional layer. The layers also
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in intercalated graphite materials with sizable interlayer
distances indicates similar charge injection in the exchanged
vanadium oxide scrolls.

In order to understand the fundamental charge dynamics
11002 and test the applicability of the rigid band model in vanadium

/ ' L oxide nanoscrolls, we investigated the variable temperature
optical spectra of the pristine and Ktrexchanged materials.

In contrast to the rigid band model expectation for a metallic
state, we find that charge is pinned in the metal substituted
scrolls. The low-energy electronic excitation associated with
the pinned carriers appears in the far infrared and persists at
low temperature, suggesting that the nanoscrolls are weak
metals in their bulk form, dominated by inhomogeneous
charge disproportionation and Madelung energy effects. We
propose an alternate model for charge injection to account
for our observations. Analysis of the vibrational properties
Figure 1. (a) Representative X-ray powder diffraction scan of Shows that the 575 cmV—0O—V equatorial stretching mode
(C12H2sNH3),—VOy scrolls showing only 00l and weak hkO is very sensitive to metal substitution, indicating that ion
reflections. The inset displays a representative TEM image with exchange modifies both the local curvature and the charge

lattice fringing and a center cavity. The interlayer spacing for the ; ; ot ;
pristine scrolls is 27.2(2) A. (b) Probable double-layer structure of e_nwronment. Cha_rge effects "’."S.O redshift excitations in the
higher-energy optical conductivity.

the VQ scrolls, analogous to the Bal;s model compound? (c)
Close-up view of the local structure around the V centers, showing  Vanadate nanoscrolls were prepared by an initiat-gel

the affanggment of octahedra and tetrahedra in the@aVhodel reaction followed by hydrothermal treatment, as described
compound: previously!8.24 Appropriate amines (Elz,1NH2 with n =

share corners with VQtetrahedra, bringing the two O 4—18) were employed as the structure-directing agent. lon
layers together to form a characteristic double sheet. Figure€Xchange was preformed by stirring a mixture of vanadate
1c displays the local structure around the V centers in the Nanoscrolls and MGI(M = Mn?*, Zn?", and Nd) for 2 h
BaV;Oys model compound. Each two-dimensional sheet i ethanol/water mixture. The spectroscopic experiments
contains two octahedrally coordinated vanadium atoms, V(1) Were carried out over a wide energy range (4 meV to 6.2
and V(2), with one tetrahedrally coordinated V(3) in between €V; 30-50000 cm?) using a series of spectrometéfs.
the layers. Variable temperature work was done between 4.2 and 300
Scrolled vanadates exhibit very interesting physical prop- K using an open-flow helium cryostat and temperature
erties including a large spin gap, diameter-dependent opticalcontroller. The optical constants were calculated by a
features, and potential battery and optical limiting appli- Kramers-Kronig analysis of the measured reflectance:
cations®-23 Recently, electron- and hole-doped vanadium (@) = &(w) + i &(w) = &(w) + (47ilw)oy(w).’
oxide nanoscrolls were reported to be 300 K ferromagnets, Figure 2 shows the optical conductivity of the pristine, YO
raising fundamental questions about introducing free carriersscrolls and the M#f-substituted compounds at room tem-
into the pristine Mott insulating scrolls, resulting in partially perature. The pristine scrolls display semiconducting behav-
filled bands. The “doped” nanoscrolls are predicted to exhibit ior, with clearly resolved vibrational modes below 1000¢m
Drude-type metallic behavior within this pictut&Direct and a low background conductivity. These modes were
measurement of the low-energy electronic structure is clearly previously assigned as-YO—V axial and equatorial stretch-
important to test this prediction. Furthermore, the rigid band ing, V—O bending, and screw-like motion of the scrdfls.
model raises fundamental questions about the chemical naturé&ubtle spectral changes occur when the amine template is
of the “doping” or ion-exchange process in the scrolled exchanged for Mff, Zn?*, or Na". In the Mr¢*-substituted
vanadated®1°2425 From a chemical perspective, metal compound (Figure 2), the optical conductivity develops a
intercalation does not appear as simple as “putting in broad electronic background in the far-infrared region, with
electrons™; both reduction of vanadium and ion exchange strong phonons riding top of this excitation. The Fano-like
with the proton on the amine are possible consequences ofineshapes of several phonons, especially those near 250 and
the exchange process. To date, only?Mhas been shown 380 cm’l, indicate that the background is electronic in
to completely replace the organic template, even though somenature?® The maximum in the background conductivity near
other ions such as NalLi*, Zr?", Ci#", and C&" can 500 cm! (green dashed line, Figure 2) indicates that the
partially replace the amine templdfe?*#2>Metal exchange  electronic excitation is pinned. A width ef400-500 cn1*
also reduces the interlayer spacing. For our materials, itis observed. Extrapolatingi(w) to zero frequency, we find
decreases from 27.2(2) A in the pristine scrolls to 10.5(3) A 01(0) ~ 1 Q71 cm™.. Such a pinned carrier response is
upon Mr?t substitutior?® Interestingly, the latter distance characteristic of a weak or “bad” metal rather than a
is comparable to what is observed in certain intercalated traditional Drude metal and has been observed in other
graphite system&. For instance, the sheet-to-sheet distance complex oxide$? 2 We obtain similar results at low
in the CoC} substituted system is 9.3 R.Charge transfer  temperature, suggesting that the vanadium centers in both

001 (C, H,NH)-VO,
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Figure 2. Optical conductivity (300 K) of pristine VQscrolls ) )

and the MAT-exchanged compound in the far-infrared regime.
Mode assignments include the following:—\D axial stretching at
945 and 995 cmt, weak VV-O—V equitorial stretching at 790 and
866 cntl, V—0O-V equitorial stretching at 585, 652, and 727¢m
V—0-V axial stretching at 486 and 498 cth, V—O bending at
between 179 and 381 crh and screw-like motion of the scroll at
113 cnT1.18 The dashed green line guides the eye, highlighting the
additional localized carrier contribution in the substituted scrolls.
The inset shows a magnified view of the low-frequency response
of pristine and MA*-exchanged scrolls. The extrapolated dc
conductivity is indicated by filled circles at = 0 in both panels.

Figure 3. Schematic representation of possible electronic structure
changes resulting from the ion-exchange process in the scrolled
vanadates. (a) Band structure of pristine vanadium oxide nano-
scrolls. Here, A denotes the-0.5 eV optical gag® (b) Schematic
view in which ion exchange adds carriers to a new defect-level
band that forms nedtr. (c) Cartoon view in which the new charge
defect band splits because of the Madelung energy difference that
exists in any charged system, electra@tectron interactions, and/

or chemical disorder effects. Here\@r represents the pinned low-
energy electronic excitation. This structure will likely have a

pristine and ion-exchanged scrolls are Charge-disproportion-relatively narrow bandwidth because the excitation is between split

. . defect levels. (d) Alternate approach to the exchange process in
+ +
ated, with \** and \* centers rather than the mixed valent which ion exchange adds carriers within the rigid band métal.

state (V°) that might be anticipated for a highly conducting  metallic state might be anticipated to arise from the partially filled
material. band. (e) Schematic view in which the V 3d band splits because of

On the basis of the observation of a pinned electronic chemical disorder effects. HereARr represents a possible low-
excitation in the far infrared, the ion-exchange processes doef”ergy_exc'tat'on' although it might be anticipated to display a wider

. . andwidth than that in scheme c because of joint density of states
add carriers to the scrolled vanadates. The carriers are ot hsiderations.
however, mobile in the ion substituted scrolls. Single-scroll
scanning tunneling microscope measurements are in progresdisorder effects (Figure 3e), the resulting low-energy excita-
to complement this spectroscopic work with locdldy tion would be fairly broad due to joint density of states
measurements. Previous individual tube measurements ofconsiderations in which the narrow occupied level bekw
LiT-exchanged scrolls actually showed a decrease in con-is coupled to the wider empty conduction band arising from
ductivity with Li* hole doping® the V 3d states.

We now discuss the evolution of the electronic structure  We believe that the optical response indicates that the ion-
of the nanoscrolls due to the metal exchange process withinexchange process injects charges that are strongly localized
a heuristic correlated-electron model. We use an “effective” due to disorder and Madelung energy considerations. Any
band picture, even though a localized description may be charge introduced into the system can, in principle, reduce
more suitable for charge-disproportionated V-oxiéfes) a V°" to a VW' ion. This extra electron remains pinned,
order to maintain continuity with the existing literatife.  however, as M#i" ions will “bind” preferentially (though
The pristine scrolls, depicted in Figure 3a, are semiconductorsnot entirely) to the oxygen atoms bonded to & Von than
with an optical gap of~0.5 eV!® This gap originates from  to a \®" ion because proximity to a% ion would raise the
a superposition of both V on-site d-to-d excitations arffd V= Madelung energy substantially. Thus, even in the doped
to V5" charge-transfer excitatiod$.Thus, charge dispro- system, there is a barrier to electron hopping between
portionation already exists in the pristine material. Optical neighboring V#* and \#* ions. Within the effective band
gaps with similar magnitude are observed in bulk yO model, therefore, the charging process leads to strongly
ladder-like o’-NaV-0Os, tubular NaV3;Os, and certain mo-  localized deep defect levels as shown in Figure 3b. The dc
lecular magnet&:37 Within the rigid band scenario, the conductivity may be dominated by hopping between the
metal-exchange process merely involves charge injection intodisordered ¥" and \#* ions. The nonbonding character of
the V 3d conduction band, which is now partially filled (see the localized levels gives them their narrow widths. The local
Figure 3d)!® The spectral response of the RMrsubstituted potentials of the two kinds of ions continue to be different
nanoscrolls in Figure 2, however, clearly precludes the due to electrorrelectron repulsions between neighboring
metallic state expected from the bandfilling model. Even if V4*—V4" ions and long-range Madelung energy involving
the partially filled band of Figure 3d is split due to chemical the Mr?* ions. We have depicted this in Figure 3c by an
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energy splitting between “occupied” (predominantlyty

and “unoccupied” (predominantly %) defect levels. A

dipole-allowed transition between these split defect levels 1000
would be consistent with a localized charge excitation rather

-1
Frequency (cm )
0 10000 20000 30000 40000

/_r\

than a traditional metallic response in the low-energy region 200 ‘g CHNHVO
of the optical conductivity. Such a feature would be relatively - i 2
narrow, consistent with the 46®00 cnt! line width g < /m Mn-VO
observed in the spectrum of Kirsubstituted scrolls. The O 600Fe — '

above localized picture is in better accord with our experi-
mental results for the pristine and Kmexchanged scrolls.

N | 42 48 52 56
— 400 Energy (eV)

Careful examination of vibrational mode patterns can also © I
provide information on the ion-exchange process, although 200F \ .
in this case we must account for both charge and structural (C_H,NH)) -VO |
modifications. This analysis is possible because vibrational ( B . . L
features are observed in both the pristine and ion-exchanged 0 1 2 3 4 5 6
materials. In the pristine vanadium oxide nanoscrolls, the Energy (eV)

mode at~575 cm * is assigned as the VO~V equatorial Figure 4. Expanded view of the 300 K optical conductivity of
StretChl's_This mode is_very SenSitiV? to curvature, Widenir_]g . pristine \}Q( scrolls and the M&-exchanged compound. The inset
as the size of the amine template is reduced, characteristicshows a close-up view of the5 eV excitation, which changes
of a more strained lattic€. The V—0—V equatorial stretch- ~ modestly with sheet distance in the unsubstituted sckblis.the
ing mode (Figure 2) redshifts with ion substitution, moving inset, the curves are offset for clarity.

from ~575 cnt?! in the pristine scrolls, to~570 cnt? in

Na*® and~560 cnT! in Mn?"-exchanged compounds. Similar
shifts in peak position are also observed in other doped and

intercalated vanadaté%3° From a structural point of view, o o .

the red-shifted O—V equitorial streching mode in the excitations and ¥ to v charg_e-tr_a nsfer excitationSThe
. O p to V d charge-transfer excitations-a8.9 and~5.0 eV

scrolled vanadates is unexpected because X-ray results

. . . redshift with ion substitution. The fact that this is a charge
indicate that the interlayer distance decreases as the smalle . : : :

. : rather than size) effect is evident from a comparison of the
metal ions replace the larger amines (from 27.2 to 10.5

A).1621 The V—0O-V equatorial stretching mode might data in the inset of Figure 4. Here, the excitation centered at

therefore be expected to widen in the substituted scrolls ~5.0 eV, which is probably polarized in the radial direction,

A shifts to higher energy as the size of the amine template
because of their increased curvature, but the center peak : o .

. : : L decreases (corresponding to a reduction in the interlayer
position ought to be relatively insensitive to si#elon

. distance)® The 3.9 eV feature does not change with
exchange also adds charge to the scrolls. We attrlbutecurvaturewThe Mr?t-substituted scrolls display the opposite
changes in the ¥O—V equatorial stretching-mode position - piay PP

. . trend, indicating that charge effects also modify the charge-
(_Flgure 2)to cha_rgmg effects that overcome the aforemen- transfer excitations. First-principles electronic calculations
tioned local strain that tends to widen and slightly harden

) . will offer microscopic insight into this problem.
the V—0O—V resonance. This overall softening trendy75 . -
. " . In summary, we measured the optical spectra of pristine
cmt in the pristine scrolls to~560 cn1?! in the Mr?t- y b P P

. " . and Mrft-substituted vanadium oxide nanoscrolls in order
substituted compound) confirms that the ion-exchange

dd iers 10 th ls. The sh té) understand the charge dynamics in the pristine and metal-
process adas carriers o the scrolis. 1he sharp, unscreene xchanged materials and to test the applicability of the rigid
vibrational features in the ion-substituted scrolls, however,

. . . . band model. In contrast to expectations from the rigid band
show that the carriers are not mobile, consistent with the

. . o . model, the spectra display a pinned low-energy electronic
observation of a pinned charge excitation in the far infrared. b pay ap 9y

Th I h so lead hemi aTxcitation in the MA"-substituted nanoscrolls rather than a
ne metal-exchange process also 1eads to some chemicay yiiional metallic response. We propose that the injected
disorder, as evidenced by the splitting of a low-frequency

bendi . 179 1 and th lik de of charge is localized because of disorder and Madelung energy
hen 'ng I:notloril(vz clmh) and t elscrew—| € rr]no ed9| effects. Our model is consistent with inhomogeneous charge
the scroll at~112 cm™ that Is analogous to the radia disproportionation (¥" and \#*) in both the pristine and
breathing mode in carbon nanotubes (inset, Figure 2).

isorder in Cd* h q s has b q the ion-exchanged materials and explains the observed far-
Disorder in Cd™-exchanged nanoscrolls has been reported ;a0 charge localization. Analysis of the vibrational
recently as welf®

_ _ _ o properties shows that the 575 tmV—0—V equatorial
Figure 4 displays the 300 K optical conductivity of the  stretching mode redshifts with ion substitution, indicating
pristine VQ, scrolls and the Mff-exchanged compound over  that jon exchange modifies both the local curvature and the

a broader energy range. With the exception of the afore- charge environment. Charge effects also redshift two high-
mentioned bound carrier excitation localized in the far energy electronic excitations.

infrared (Figure 2), the spectrum of the ion-exchanged scrolls
is similar to that of the pristine compound, in line with the  Acknowledgment. Work at the University of Tennessee
fact that these high-energy excitations originate from the is supported by the Materials Science Division, Office of

vanadium oxide framework4® Both materials display
similar ~0.5 eV optical gaps and excitations centered near
1 eV that originate from a superposition of V d-to-d on-site
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