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ABSTRACT: AM-6 and VSH-1 are vanadosilicates containing
VO, quantum wires and oxovanadate [O=VO,]*~ quantum
dots, respectively. We developed methods to synthesize pure,
highly crystalline, monodisperse, and all-V'¥ AM-6 and VSH-1
crystals with sizes between 0.2—0.3 and 10 ym. On the basis of
their optical, magnetic susceptibility, vibrational, and electron spin
resonance (ESR) properties, we have elucidated the following
interesting phenomena. The length of the VO;>~ quantum wire (I)
linearly increases as the length along the [110] direction {L(;,q}}
increases. The band gap energy (E,) of the VO,*~ quantum wire
progressively decreases with increasing ! even when it reaches ~210 nm, indicating that the Bohr length (the length at which the
quantum confinement effect no longer appears) is longer than 200 nm. The deduced y, and Hyy are 0.000Sm, and 15.7m,,
respectively. Per-V'V-ion oscillator strength of the d—d transition increases by 7—9 times and that of CT transition increases by
1.5—1.9 times with increasing I from ~50 to 210 nm (by ~4 times). The longitudinal vibration frequency v of the VO5*~
quantum wire decreases and the intensity of the vibrational band increases as [ increases. The ESR intensity increases while the
peak-to-peak width decreases as [ increases, indicating that the spin—spin relaxation rate (Ry,) decreases as [ increases. The
magnetic susceptibility y decreases as [ increases, especially at T > 125 K, indicating that the tendency of the d' electron spins to
orient to the external magnetic field decreases with increasing I.

Length of quantum wire

B INTRODUCTION A

Semiconductor quantum wires with diameters less than a few
nanometers have great potential to be used as key materials for
nanoscale electronic devices and other novel applications.' ™
Unlike quantum dots, the length as well as the diameter of the
quantum wire sensitively affects its physical properties within
the quantum confinement length (defined as Bohr length)
region. Therefore, to be able to apply quantum wires for various _
purposes, information regarding Bohr length and relationships " n;/
between [ and band gap energy (E ) and between [ and /_no gty i
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longitudinal and transverse reduced masses of exciton (denoted
as p, and pi,, respectively) should be elucidated. Furthermore, TiYorv¥ ™0
in such quantum wires, in which unpaired electrons periodically
reside on the quantum wires, the relationships between [ and
electron spin—spin relaxation rate (Ry), ! and magnetic
susceptibility (r), and I and longitudinal vibrational frequencies
(v) should additionally be obtained. However, due to the rarity
of semiconductor quantum wires and lack of methods to
systematically control [, there is no case whose aforementioned

Figure 1. Illustrations of distribution patterns of (A) TiO5>~ or VO,*~
quantum wires in an ETS-10 or AM-6 crystal and (B) (O=VO,)*~
quantum dots in VSH-1.

the crystal, without touching each other.*”"> Each TiO;*
quantum wire is surrounded by nanoporous silica with pore

fundamental confinement properties have been thoroughly
elucidated.

ETS-10 is a unique titanosilicate that contains regularly
spaced TiO,*~ quantum wires with diameter (d) of ~0.67 nm
(Figure 1A). They run along the [110] and [110] directions in
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size 8 X 5 A% and | usually longer than SO nm. From the fact
that / > d and under the assumption that the Bohr length of
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the TiO,>~ quantum wire would be much shorter than 50 nm,
Zecchina and co-workers' initially proposed that the difference
in E, (AE,) between TiO,”~ quantum wire and bulk titanate
should be invariant, based on the mass approximation equation:

h h h
AEg = >+ S~ > = constant
4ty d 84,1 4ty d (1)

where £ is the Planck constant and y,, and y, are the transverse
and longitudinal effective reduced masses of exciton,
respectively.

In contrast, however, our group demonstrated that the Bohr
length of TiO;*~ quantum wire is longer than 150 nm and the
estimated u, value was 0.0006m, (m, = resting mass of
electron),"* which is much smaller than the smallest reported
values (InSb, 0.014m,, single-walled carbon nanotube,
0.019m,), predicting that the longitudinal exciton mobility is
much higher than those of InSb and single-walled carbon
nanotube.'¥'® After elucidation of such highly interesting
properties of the TiO,*~ quantum wire, it is of great interest to
elucidate such important quantum confinement properties from
the closely related vanadate (V'VO,*~) quantum wire, which is
imbedded in AM-6."7 In particular, because each V'V ion in the
vanadate quantum wire has an unpaired electron residing in a
3d orbital, it is also of great interest to elucidate the
relationships between [ and the spin-spin relaxation rate
(Ry), I and g, I and v, and | and the Raman band intensity
of the quantum wire.

AM-6 is isostructural with ETS-10, with V'VO;*~ quantum
wires replacing TiO;*~ quantum wires.'” To elucidate the
aforementioned important properties, AM-6 crystals should be
synthesized by satisfying the following five basic requirements.
First, the crystals should be produced without impurities.
Second, the crystallinity should be very high to contain well-
preserved VO,*~ quantum wires. Third, the formal oxidation
state of all V ions in VO,*~ quantum wires should be +4,
without contamination with +5. Fourth, the AM-6 crystals
should be uniform in size, or more specifically, the AM-6
crystals should be uniform in [ along the [110] direction
(L110]) (or along the crystallographically identical [110]
direction, L{;55]) along which the VO;*~ quantum wires run.
Fifth, the crystals should be produced in different sizes (in
different Ly, o)) while the size monodispersity is maintained.

AM-6 was first synthesized by Rocha, Anderson, and co-
workers."” However, the AM-6 crystals synthesized by them
[denoted as AM-6-RA] always contain ETS-10 seed crystals in
the center. In this respect, AM-6-RA should better be viewed as
an ETS-10/AM-6 core/shell composite material. Furthermore,
the synthetic procedure of AM-6-RA always coproduces
substantial amounts of quartz as an impurity. Lobo, Doren,
and co-workers'® > revealed that the VO,?~ quantum wires in
AM-6-RA contain both VIV and V. Sacco and co-workers™'
later reported a method to synthesize ETS-10-free AM-6.
However, this AM-6 [denoted as AM-6-S] also contains both
VY and VY. Thus, AM-6-RA and AM-6-S are not suitable to
elucidate the aforementioned important properties of the
VY0,*"quantum wire. Furthermore, the crystals of AM-6-RA
and AM-6-S have not been produced in uniform sizes.

Recently, we succeeded in synthesizing pure and highly
crystalline all- V'Y AM-6 crystals having well-preserved VO~
quantum wires.”> However, the developments of the methods
to synthesize them in uniform sizes (L{;;0;) and the methods to
control their sizes (L[;,0]) have been two additional challenges.

We now report the successful development of size-controlled
syntheses of pure, highly crystalline, monodisperse, and all-V'"
AM-6 crystals with Ly, o) values of 0.2, 1, 3, S, and 10 gm and
the important confinement properties of the V'VO;>~ quantum
wire (Bohr length, My M and l-dependent changes of f, v, Ry,
and ). We also report the successful size-controlled synthesis
of monodisperse VSH-1 crystals,”* with sizes similar to those of
AM-6 crystals, namely, with Lj;;) = 0.3, 1, 3, 5, and 10 pm
(Figure 1B).

VSH-1 is a microporous vanadosilicate material first
synthesized by Jacobson and co-workers.”* It is constructed
by interconnecting two-dimensional silicate sheets with square
planar oxovanadate (O=V'VO,)*” units (Figure 1B). The
reason we simultaneously developed a method for size-
controlled synthesis of monodisperse VSH-1 crystals with
sizes similar to those of AM-6 crystals was to use the
monodisperse VSH-1 crystals as reference materials having
isolated V'V centers as a means to demonstrate that the I-
dependent changes of f, 1, R, and y observed from the VO,>~
quantum wire do not arise from the increase in degree of light
scattering caused by the increase in crystal size but arise from
the increase in | of the quantum wire (vide infra). VSH-1
crystals can also be viewed as crystals bearing isolated V'
quantum dots.

B EXPERIMENTAL SECTION

Materials. Sodium silicate (Na,SiO,;, 35—-38% SiO,, 17—19%
Na,0, Kanto), silica sol (40% aqueous colloidal silica, Ludox HS-40,
Aldrich), vanadium oxide (V,0s, 99%, Aldrich), vanadium oxide
(V,0,, 99.9%, Aldrich), sulfuric acid (H,SO, 95%, Duksan),
potassium hydroxide (KOH, 95%, Samchun), sodium carbonate
hydrated (Na,CO;, 99.99%, Aldrich), potassium fluoride (KF, 95%,
Samchun), ethanol (EtOH, 95%, SK), and sodium chloride (99.5%,
Samchun) were purchased and used without further purification.

Synthesis of A-0.2, A-1, and A-3. Gels consisting of Na,SiOs,
V,0s, H,SO,, KOH, EtOH, and distilled deionized water (DDW)
were prepared, where the molar ratios of the components SiO,:V,Og:
(H,SO,):Na,0:K,0:EtOH:H,O were 6.07:1.00:
(n):3.03:3.09:7.22:41S, where (n) = 3.37, 3.61, and 3.74. The gels
were prepared as follows.

Preparation of Si Source Solution. A KOH solution (4.4 g of KOH
and 40 g of DDW) was added into the sodium silicate solution
composed of 12.2 g of Na,SiO; and 40 g of DDW.

Preparation of V Source Solutions. A required amount of H,SO,
(4.2 g for A-0.2, 4.5 g for A-1, and 4.65 g for A-3) was added into a 25-
mL round-bottom flask containing DDW (10 g). Subsequently, V,0;
(22 g) and EtOH (4 g) were sequentially added into the flask. The
heterogeneous mixture was refluxed for 45 min, during which the
yellow V,0O; powder dissolved completely into the solution, and the
solution turned greenish-blue. The greenish-blue V source solution
was then cooled to room temperature.

The greenish-blue V source solution was added into the Si source
solution in a dropwise manner. After the mixture was aged for 15 h at
room temperature, the gel was transferred into a 50 mL Teflon-lined
autoclave and placed in a preheated oven at 220 °C for 30 h, under a
static condition. The precipitated pale yellow crystals were collected,
washed, and dried at 100 °C for 1 h, and their X-ray powder diffraction
patterns were obtained.

Synthesis of A-5 and A-10. Gels consisting of Na,SiO;, V,0s,
H,SO,, KOH, EtOH, and DDW were prepared, where the molar
ratios of the components $i0,:V,0s:(H,S0,):Na,0:K,0:EtOH:H,0
were 5.57:1.00:(n):3.03:3.09:7.22:415, where (n) = 3.31 and 3.46. The
gels were prepared as follows.

Preparation of the Si Source Solution. A KOH solution (4.4 g of
KOH and 40 g of DDW) was added into the sodium silicate solution
composed of 12.2 g of Na,SiO; and 40 g of DDW.
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Preparation of V Source Solutions. A required amount of H,SO,
(4.5 g for A-S and 4.7 g for A-10) was added into a 25-mL round-
bottom flask containing DDW (10 g). Subsequently, V,O; (2.4 g) and
EtOH (4 g) were sequentially added into the round-bottom flask. The
heterogeneous mixture was refluxed for SO min, during which the
yellow V,0O; powder dissolved completely into the solution, and the
solution turned greenish-blue. The greenish-blue V source solution
was then cooled to room temperature.

The cooled greenish-blue V source solution was added into the
sodium silicate solution in a dropwise manner. After the mixture was
aged for 15 h at room temperature, the gel was transferred into a S0
mL Teflon-lined autoclave and placed in a preheated oven at 225 °C
for 36 h, under a static condition. The precipitated pale yellow crystals
were collected, washed, and dried, and their X-ray powder diffraction
patterns were obtained.

Size-Controlled Synthesis of Monodisperse VSH-1 Crystals
(H-n). Gels consisting of Ludox (HS-40), V,O, H,SO,, KOH, EtOH,
and DDW were prepared, where the molar ratios of the components
$i0,:V,04:H,50,:(K,0):EtOH:H,0 were 4.96:1.00:3.50:
(n):14.7:233, where (n) = 4.87, 5.26, 5.73, 6.13, and 6.47. The gels
were prepared as follows.

Preparation of Si Source Solutions. A KOH solution (8.5, 9.2, 10,
10.7, and 11.3 g for H-0.3, H-1, H-3, H-S, and H-10, respectively, and
42 g of DDW) was added into a Ludox HS-40 solution (11 g), and the
mixture was stirred vigorously.

Preparation of the V Source Solution. V,05 (2.7 g) and EtOH (10
g) were sequentially added into the S0-mL round-bottom flask charged
with a diluted sulfuric acid (H,SO, 5.35 g and DDW 20 g). The
heterogeneous mixture was refluxed until the solution turned ink blue.
The V source solution was cooled to room temperature.

The V source solution was added into the Si source solution in a
dropwise manner. After the mixture was aged for 12 h at room
temperature, the gel was transferred into a S0-mL Teflon-lined
autoclave and placed in a preheated oven at 210 °C for 20 h, under a
static condition. The precipitated crystals were collected, washed, and
dried at 100 °C for 1 h, and their X-ray powder diffraction patterns
were obtained.

Synthesis of Na,VO;. A “ceramic method” was employed to
prepare polycrystalline Na,VO; Na,CO; and VO, were used as
starting materials. First, Na,O was prepared by heating Na,COj in air
for 20 h at 1000 °C, and its weight was measured while it was hot. The
1:1 mixture of Na,O and VO, was ground with a mortar and pestle
and then heated at 1150 °C with flowing argon (~50 mL/min) for 12
h. The solid product was collected and ground again and heated again.
This cycle of heating and grinding was repeated three times. The XRD
patterns of synthesized Na,VO; and theoretical CaVOj; are shown in
the Supporting Information.

Preparation of Na*-Exchanged A-n and H-n Crystals. The ion
exchange was conducted at room temperature for 150 min and
repeated five times. First, 1 g of pristine A-n or H-n powder was
introduced into a flask containing 45 mL of 1 M NaCl solution, and
subsequently the heterogeneous mixture was mechanically stirred. The
ion exchange proceeded up to 90%. Their chemical compositions were
determined by inductively coupled plasma atomic emission spectros-
copy (ICP-AES) and X-ray fluorescence. Their compositions are (A-n)
Na, §K,,VSisO3-4H,0 and (H-n) Na, ¢K,,VSi,O;;-xH,0.

Dehydration of A-n and H-n. The Na*-exchanged A-n and H-n
powders were vacuum-dried at 160 and 200 °C, respectively, for 6 h.
The dehydrated A-n and H-n powders were transferred into a glovebox
charged with high-purity Ar. Bach dehydrated sample (1 g) was
transferred into a flat cylindrical quartz cell (i.d. = 19 mm) for UV—
vis—NIR and Raman spectral measurements.

Instrumentation. Scanning electron microscopy (SEM) images
were obtained on a field-emission scanning electron microscope
(JEOL JEM 7600 and Hitachi S-4300) operating at an acceleration
voltage of 15 kV. Elemental analyses of various Na*-A-n and Na*-H-n
samples for M"™, Si, and V were carried out by ICP-AES and X-ray
fluorescence (XRF) analysis. Transmission electron microscopy
(TEM) images were collected on a JEOL JEM 4010 microscope.
Raman spectra of the samples were recorded on a homemade setup

equipped with an Ar* ion laser (Spectra-Physics Stabilite 2017) as an
excitation beam source, a spectrometer (Horiba Jobin Yvon TRIAX
550), and a charge-coupled device (CCD) detector (Horiba Jobin
Yvon Symphony) cooled at —196 °C. The wavelength of the excitation
beam was 514.5 nm. The diffuse-reflectance UV—vis spectra of the
samples were recorded on a Varian Cary 5000 UV-vis—NIR
spectrophotometer equipped with an integrating sphere. Dehydrated
barium sulfate was used as the reference. Zero-field cooled (ZFC)
susceptibility measurements of A-n samples were conducted from 4 to
300 K in a magnetic field of 1000 Oe on a superconducting quantum
interference device (SQUID) magnetometer (MPMSS) at the Korea
Basic Science Institute located at Korea University. Electron spin
resonance (ESR) spectra were measured at room temperature on a
Bruker EMX 300 electron spin resonance spectrometer at the Korea
Basic Science Institute. The same amount of dehydrated sample (250
mg), same power, and same microwave frequency were used in all A-n
and H-n samples to obtain the relative intensity. Powder X-ray
diffraction (XRD) patterns were obtained on a Rigaku D/MAX-2500/
pc diffractometer. The Brunauer—Emmett—Teller (BET) and
Langmuir surface areas were obtained from argon adsorption
isotherms at 87.3 K by use of a Quantachrome Autosorb-1. The
samples were evacuated under a vacuum (3 X 1077 Torr) at 160 °C
prior to analysis.

B RESULTS AND DISCUSSION

Size-Controlled Syntheses of Monodisperse AM-6
and VSH-1 Crystals. Syntheses of monodisperse AM-6 and
VSH-1 crystals were achieved by optimization of the
corresponding gel compositions. The size variation while
retaining monodispersity was effectively achieved by varying
the mole ratios of H,SO, and KOH for AM-6 (from 0.2 to 3
um) and VSH-1 crystals (from 0.3 to 10 #m). Thus, in the case
of AM-6, the increase in the mole ratio of H,SO, leads to the
size increase (up to 3 ym). To produce larger AM-6 crystals
with Lpjj0) of 5 and 10 pm, respectively, the simultaneous
decrease in the mole ratio of SiO, was necessary. In the case of
VSH-1, the increase in the mole ratio of KOH leads to the size
increase. The AM-6 crystals with L) of 0.2, 1, 3, 5, and 10
pum are denoted as A-0.2, A-1, A-3, A-5, and A-10, respectively.
The VSH-1 crystals with L) of 0.3, 1, 3, 5, and 10 ym are
denoted as H-0.3, H-1, H-3, H-5 and H-10, respectively.
Collectively, they will be denoted as A-n and H-n.

The typical SEM images of A-n and H-n (Figure 2) show that
they are indeed highly crystalline and uniform in size. A-0.2 and
A-3 adopt a square bifrustum shape, A-1 adopts a brick shape,
and A-5 and A-10 adopt a tile shape. H-n crystals generally
adopt a pseudo-octahedral shape. However, the degree of
truncation along the ¢ axis is variable: none in the case of H-0.3
and H-3, small in the case of H-1 and H-S, and large in the case
of H-10.

Quality of A-n and H-n Crystals. For this work, the
quality of A-n samples is critical. X-ray powder diffraction
patterns of the A-n and H-n samples (Figure 3) and their high
surface areas (Table SI-2, Supporting Information) further
confirmed their high crystallinities, regardless of their sizes. In
the case of A-n, we measured high resolution Ar adsorption
isotherms (Figure SI-2, Supporting Information). The micro-
pore volumes (in cubic centimeters per gram) measured by the
t-plot method ranged between 0.128 and 0.139, and those
estimated by the value at p/py = 0.11 ranged between 0.149 and
0.158. The total pore volumes at p/p, = 0.99 (in cubic
centimeters per gram) ranged between 0.191 and 0.255. The
BET surface areas (in cubic meters per gram) ranged between
415 and 43S. However, we could not obtain theoretical pore
volumes and surface areas of A-n samples because AM-6 has
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Figure 2. SEM images of (A) A-0.2, (B) A-1, (C) A-3, (D) A-S, (E) A-
10, (F) H-0.3, (G) H-1, (H) H-3, (I) H-S, and (J) H-10. The inset in
each panel for A-n illustrates the typical morphology for its size, and
the inset in each panel for H-n shows a higher magnification SEM
image.

large amounts of defects arising from the presence of at least
two polymorphs within each crystal. Nevertheless, the SEM
images, X-ray powder diffraction patterns, narrow pore size
distributions, and high surface areas demonstrate that the
quality of A-n and H-n samples is very high and they have no
amorphous phases.

Effect of Length on Vibration Spectra. The full-range
(200—-1200 c¢m™) Raman spectra of A-n and H-n (Figure
4A,B) show that VO,*~ quantum wires and the (O=V"V0O,)*~
quantum dots are well-preserved. Careful analysis of the
vibrational bands of the VO;*~ quantum wires along the wire
direction (longitudinal vibration) revealed that v progressively
red-shifted (from 867.6 to 866.8, 866.2, 865.5, and 864.9 cm™")
with increasing Ly, o) (Figure 4C). Such a phenomenon has not
been observed for TiO;*~ quantum wire'* and also not for
(0=V"0,)*” quantum dots of H-n (Figure 4D). Because the

>
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Figure 3. X-ray powder diffraction patterns of (A) A-n and (B) H-n.
H-S in panel B represents the simulated diffraction pattern.

most important difference between VO,>~ and TiO,>~ wires is
that the former has an unpaired d' electron on each V'V while
the latter has not (d°), we conclude that the above interesting
phenomenon arises from the increased degree of bond
weakening of the VO,*>~ quantum wire along the wire direction,
presumably due to the increased degree of repulsive spin—spin
interaction between the neighboring V'V centers as I increases
(vide infra).

Furthermore, despite the fact that the total number of VO;>~
quantum wires existing in a given amount of sample (1 g)
decreased from 9.7 X 10" (for A-0.2) to 2.3 X 10*® (for A-10)
with increasing Ly, o) (due to the increase in [; see Supporting
Information for the calculation procedure), the intensity of the
longitudinal vibrational band progressively increased with
increasing Lp;o}, indicating that the susceptibility of the
longitudinal vibration to the laser beam increases with
increasing ! (Figure 4E). However, the bandwidth (full width
at half-maximum, fwhm) remained very narrow (9.5—10 cm™)
and nearly constant, showing that the length homogeneity of
the wires in each A-n sample is high. A similar phenomenon
was observed for the TiO,>~ quantum wire.'* In the case of H-
n, however, the Raman spectra remained the same regardless of
the crystal size (Figure 4D).

In the case of TiO;*~ quantum wire, the bending (transverse)
vibration appears in the 274—280 nm region.'® In the case of A-
n, however, two bands that appear between 259 and 270 nm
and between 310 and 340 nm shift to the lower-energy region
with increasing length of the VVO,*~ quantum wire (266.0,
265.1, 264.6, 263.9, and 263.4nm and 328.8, 328.2, 327.8,
327.0, and 326.5 nm for n = 0.2, 1, 3, S, and 10, respectively.)
We assign these two bands as the bending vibrational bands.
The vibrational intensities increased (although slightly) as the
length of the VIVO;*~ quantum increased. Thus, both stretching
and bending vibrations of V'VO,*~ wire shift to lower energy
regions and their intensities increase as the length of the
quantum wire increases.

Effect of Length on ESR Spectra. In the case of electron
spin resonance (ESR) spectra of A-n (Figure SA), despite the
fact that the numbers of VIV centers is the same (because the
loaded amounts of A-n in the ESR cell are the same), the

dx.doi.org/10.1021/ja307187z | J. Am. Chem. Soc. 2012, 134, 17202—17211



Journal of the American Chemical Society

A 865~867 cm” = A-10 F
= L - " H
|25000 cps | 5 60 i‘5 ) Stretching G
| fwhm(em’) G50 Al
a0 N w0 | el M2
| . I
- | z .'f'::?
g [ b 25 2 20 /] j
g (St — g A0
g. \ E 10 !‘/ A-5 A
g [ A3 AN 10 0: e S PP ] —— A3 AD2
8 r : 840 850 860 870 880 890 - L | il
E D Raman Shift (cm™) 225 275 325 37E
; E A es 5 = :-;u G Raman Shift (cm™)
= K
\ s 4 H-3 A-10,
250 500 750 1000 1250 S '
Raman Shift (cm”) 3 2
B @
959 cm” E1
5000 cps
I ; 0
HAD \mnmtcm'i 915 930 945 960 975 990 ——=
bz \ & - IS T T Y TN O S T T '
Lo =k 14 .y Raman Shift (cm”) e
\ | o165 Raman Shift (cm”)
T HS - ! H
I o O Jlxd\_“_‘ = A0
= | = Bending (IT) .
%‘ H3 —-63':':: ng (. 1/./__. '/\ A-D.2
€ L A S\, 14 =] 4578
E | s1§
H_1 -
BRI 14 1 2
| | -59%
i SR . i | 7 e |
L l L 1 | L L 1 1 1 TR T | i 4 13 I S -]
250 500 750 1000 1250 0o 2 4 6 8 10 310 320 330 34C
Raman Shift (cm™) [ Raman Shift (cm™)

Figure 4. (A, B) Raman spectra of dehydrated (A) A-n and (B) H-n in the 200—1400 cm™" region. (C, D) Raman spectra of (C) longitudinal
stretching vibration of VO,*~ quantum wires in A-n and (D) O=V stretching of the (0=V0O,)*” quantum dots in H-n. (E) Plots of intensity (I),
frequency (v), and peak width (fwhm) of the longitudinal vibration of VO,*~ quantum wires in A-n with respect to Liy105- (F) Raman spectra of
dehydrated A-n in the 225—375 cm™ region. (G, H) Raman spectra of transverse bending vibration of VO,>~ quantum wires in A-n in (G) 258—270

and (H) 310—340 cm™" regions.
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intensity increased with increasing [ while the peak-to-peak
width (AH,,) decreased (Figure SA,B). The signal broadens
and finally become immeasurable if relaxation time decreases or
relaxation occurs rapidly. On this basis, the sharpening of the
ESR signal indicates that the overall relaxation time increases as
the length of the VO;*~ quantum wire increases.”

In fact, there are two types of relaxation, spin—lattice and
spin—spin. Spin—lattice relaxation relates to the characteristic
lifetime of the spin state and is determined by the dissipation of
spin energy via thermal vibration of the lattice. Spin—spin
relaxation involves energy transfer between interacting spins via

dipole and exchange interactions. Usually, spin—spin relaxation
time is much shorter than spin—lattice relaxation time and thus
is the dominant contributing factor to the ESR line width
(AH,,).

As demonstrated in the previous section, the intensities of
both longitudinal stretching vibration and transverse bending
vibration increase with increasing Li;jq). Accordingly, it is
expected that the spin—lattice relaxation time will decrease with
increasing length of the V'VO5>~ wire, leading to broadening of
the ESR signal (increase of AH,,). However, the result is
opposite. This leads to an interesting conclusion that the spin—
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Figure 6. Plots of (A, C) magnetic susceptibility (y) and (B, D) reciprocal magnetic susceptibility (1/y), with respect to T, for A-n and H-n as

indicated.

spin relaxation time, the more dominant factor to AHy,
increases with increasing length of the VVO,>~ wire. This
means that the degree of spin energy transfer between the
neighboring d' spins decreases as they are interlinked by the
bridging oxygen. The repulsive spin—spin interaction proposed
in the previous section may be responsible for the increase in
the spin—spin relaxation time.

In the case of H-n, however, the ESR spectra remained the
same regardless of the crystal size (Figure SC). This result
indicates that the d' electron residing on oxovanadate (O=
VY0,)*” does not interact with those in the neighbor because
the VY=V distance in H-n is much larger (6.0—8.29 A) than
that in VO5>~ quantum wire (3.717 A) (Figure 1).

Effect of Length on Magnetic Susceptibility. The
magnetic susceptibility (y) data of A-n samples (Figure 6A)
revealed that VO,*~ quantum wire is ferromagnetic, consistent
with the report of Howe and co-workers.”® The measured
atomic magnetic moment values were 1.80, 179, 1.76, 1.72, and
1.71 times py for A-0.2, -1, -3, -5, and -10, respectively, at T <
125 K. This indicates that the oxidation state of most of the V
ions in A-n is +4. Consistent with this, while the theoretical M/
V atomic ratio should be 2 (M = Na or K or combined) for an
ideal A-n, the M/V ratios observed from A-n samples were 1.99,
1.99, 1.97, 2.01, and 1.98, respectively, indicating that the
oxidation states of almost all of the V ions in A-n are +4. In the
case of H-n, the measured atomic magnetic moment values
were 1.71 py and 1.73 py for H-0.2 and H-10, respectively.
While the theoretical M/V atomic ratio should be 2 (M = Na or
K or combined) for an ideal H-n, the M/V ratios observed from
H-0.2 and H-10 were 1.97 and 1.99, respectively. The above
results also demonstrate that the oxidation states of almost all V
ions in H-n are +4.

In the case of A-n, y progressively decreased with increasing |
in the temperature (T) region between 4 and 20 K, indicating
that the degree of magnetic field-induced spin ordering
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decreases with increasing ! at lower temperatures (Figure 6A,
inset). Such a phenomenon is more pronounced at T > 125 K
(Figure 6B). Thus, while the measured atomic magnetic
moment values were between 1.71pg and 1.8uy at T < 125 K
the corresponding values were 1.66, 1.66, 1.65, 1.56, and 1.54
times pg at T > 125 K for n = 0.2, 1, 3, S, and 10, respectively.
This result indicates that the degree of spin ordering decreases
with increasing I, in particular at T > 125 K. H-n is also
ferromagnetic (Figure 6C). However, the y values of H-n at T <
20 K remained the same regardless of L[;;o) and the
relationship between 1/y and T remained linear in the whole
region of T (Figure 6D), supporting that the variation of y in
the case of the VO;*~ quantum wire indeed arises from the
variation of .

Effect of Length on Band Gap Energy. The diffuse
reflectance UV—vis spectra of A-n, H-n (both dehydrated, 90%
Na* and 10% K* and 1 g each), and Na,VO; (1 g) showed the
presence of VIV d—d transition bands in the lower energy (0.7—
3.5 eV) region and VIV — O charge-transfer (CT) bands®* in
the higher energy (3.5—6.2 eV) region (Figure 7A). The
spectrum of Na,VOj; in Figure 7A represents a spectrum of
three-dimensional vanadate. As noted, in all three cases, the VIV
— O CT bands are much stronger in intensity than V"V d—d
transition bands, showing that the d—d transitions are also
Laporte (parity) forbidden, which is a general phenomenon for
a d—d transition.

The d—d transition bands of the VO,*” quantum wire
(denoted as B, B,, and B;) appear at 1.11, 2.11, and 3.12 eV,
respectively, and those of [0=V0,]*~ (denoted as C;, C,, and
C,) appear at 1.41, 2.10, and 2.78 eV, respectively (Figure 7B).
However, those of Na,VOj; are not well resolved. In fact, it has
been proposed that each V'V ion in the VIVO;>~ quantum wire
exists in a distorted (flattened) octahedral environment:

—0,—[VY(0,)4] -0, — [V (0, ),]-0, -

dx.doi.org/10.1021/ja307187z | J. Am. Chem. Soc. 2012, 134, 17202—17211



Journal of the American Chemical Society

Wavelength (nm)
600 450 300 20C

. V“»0 CT transition

A 1200
12 d-d transition

-
(=4
3
=
<
2
3
z
1 2 3 4 5 ]
Energy (eV)
B Wavelength (nm)
1200 600 400
15 ' /
- / f
C /
! Hn__ / /]
_E 1.0 — c: - ca‘_,' .n’r_'-
Ef' £ N d-d transition , ]
g ‘." li.f \ “\‘ Ey / / .lf
Sost{ [\ Tt L))

1.0 15 20 25 3.0 35

Energy (eV)
Wavelength (nm)
c 450 375 300 225
Bnl BS
8 bulk  bulk B,

Kubelka-Munk

25 30 35 40 45 50 55 60
Energy (eV)

Figure 7. (A) Diffuse-reflectance UV—vis spectra of A-n, H-n, and
Na,VO; as indicated. (B) Diffuse-reflectance UV—vis spectra of A-n,
H-n, and Na,VO, (as indicated) in the d—d transition region. (C)
Deconvoluted diffuse reflectance spectra of A-n and Na,VO; (as
indicated) in the V!V — O CT band region.

where O,, denotes the axial O atom, which interlinks two
nelghborlng vV 1ons, and O, denotes the equatorial O atom,
which links the VIV jon to Si, w1th the distance between V¥ and
O, being shorter than that between V!V and O,.’ In this
symmetry the two degenerate t,, and e, orbitals spllt into [d,,
and (d,, d,,)] and [d2_ and d2], respectlvely (Figure SI-S,
Supporting Informatlon) Accordlngly, we attribute the three
d—d transition bands to d,, — (d,,, dyz), d,—de_andd,, —
d,? transitions, respectively.

The VIV — O CT bands of A-n and Na,VO, were best
deconvoluted into three bands, denoted as B,, B, and B,
respectively (Figure 7C), while the corresponding V'V — O CT
bands of H-n were best deconvoluted into two bands, denoted
as C, and Cs, respectively (Supporting Information).
Interestingly, while the absorption intensities of VO5>~
quantum wires (A-n) progressively increased with increasing

Liy1) those of (O=VO,)*~ (H-n) remained constant (Figure
7A,B). Furthermore, in the case of A-n, two low-energy CT
bands (B, and B;) progressively red-shifted with increasing
Li110] (Figure 7C, B, = 4.35, 4.24, 4.16, 4.10, and 4.08 eV and
By = 4.91, 4.81, 4.74, 4.68, and 4.66 eV, respectively), while the
highest-energy CT band (Bs) remained constant at 5.51 eV.
Nevertheless, the intensity of By progressively increased with
increasing Li;¢)-

It is now clear that the interesting /-dependent changes of
optical properties of VNO32_ quantum wires (increases in the
absorptions of B,—Bg and red shifts of the B, and B; CT bands)
do not arise due to the scattering effect caused by the crystal
size increase (as demonstrated by the behavior of H-n) but arise
due to the increase in I.

The E, values of VO,*~ quantum wires were deduced from
B, bands, which were 4.35, 4.24, 4.16, 4.10, and 4.08 eV. The
differences between E, of the bulk vanadate (Na,VO,, 3.94 €V)
and those of A-n (denoted as AE,) are 0.41, 0.30, 0.22, 0.16,
and 0.14 eV. Because the effective mass approximation has been
shown to be quite useful for analysis of the [-E, relationship of
semiconductor nanorods,”>'¥*"73° the obtalned AE values
were forced to fit into eq 2:

2 2
AEg = h > + h—z
A d” 8l )

For the above, we estimated the minimum average ! of VO;>~
quantum wire in A-0.2 to be 50 nm from analysis of the TEM
images (Figure 8). In fact, AM-6 is inherently an intergrowth
structure, consisting of randomly stacked polymorph A, B, and
other minor polymorph layers. As a result, AM-6, like ETS-10,
is expected to have many defects, leading to disconnection of
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Figure 8. High-resolution electron microscopy images of A-0.2
showing (A) the region where 28 X 10 unit cells are stacked regularly
without having stacking faults and (B) the region where more than 50
nm length regions are free from stacking faults.
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VO,*~ quantum wires. However, from the A-n series, we have
found that there are many regions like the high-resolution TEM
image shown in Figure 8A in the case of A-0.2, where no
stacking fault exists within the 28 X 10 unit cell area.
Furthermore, we have found many 50 nm length regions
from A-0.2 where no stacking faults appear; a typical image is
shown in Figure 8B. This observation allows us to conclude
that the average lengths of long VO,>~ quantum wires are
longer than 50 nm in A-0.2, whose spectra determine the
absorption onsets of B, V'V — O CT band and E, values. On
this basis, we set S0 nm as the average length that determines
E,.

The result of fitting the AE, values to the effective mass
approximation theory with 50 nm as the initial length is shown
in Figure 9A. This fit allows us to extract the estimated average [
values from A-n, which are 50, ~63, ~85, ~134, and ~210 nm.
Interestingly, a linear relationship was found between L(;;4] and
I (Figure 9B). This result shows that the quantum confinement
effect still shows up in VO;*” quantum wires with lengths of
~210 nm. This also indicates the remarkable fact that the Bohr
length is longer than ~200 nm. The above fit (Figure 9A) also
elucidates the g, and p, values, which are 15.7m. and
0.0005m,, respectively. These values are very similar to those
of TiOy*~ wire (u,, = 15.2m, and p, = 0.0006m,), indicating
that in the case of the VO;*~ quantum wire the transverse
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electron mobility is very low while the longitudinal electron
mobility is very high despite its oxide nature.

Effect of Length on Oscillator Strength. Many scientists
have proposed that per-unit-cell oscillator strength (per-unit-
cell f) will increase as the size of the quantum dot decreases
within the Bohr radius region. Thus, the research groups of
Brus,'® Tal{agahara,31 Kayanuma,32 Hanamura,> Wang et al,*
Itoh et al,** Nozik and co—workers,3'6 Yoffe,>” Weller and co-
workers,®® Schmelz et al,*® and Alivisatos and co-workers*
have theoretically proposed or experimentally demonstrated
that per-unit-cell f is proportional to 1/r* (r is radius) and per-
particle f remains constant with respect to r in the strong and
medium confinement regions. On the other hand, the research
groups of Klimov,*' Bawendi,* Peng,43 and Ozin** showed
that per-unit-cell f and per-particle f vary differently with
varying sizes of quantum dot. In particular, Ozin and co-
workers** demonstrated that per-particle f of PbS nanoparticles
increases with respect to 1 as if their sizes belong to the weak
confinement region, despite the fact that their sizes are much
smaller than ag of PbS (16 nm).** Our group also
demonstrated that, in the case of titanate quantum sheets,
per-unit-cell f increases with increasing area of the quantum
sheets.*® Thus, there is no consistent relationship between the
size of quantum dots or quantum sheets and the per-unit cell f.
In that sense, it is of great interest to elucidate the relationship
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between the length of VO5>~ wire and per-unit-cell f or per-V"-
ion f.

In general, for a light-absorbing molecule, the oscillator
strength (f) is usually obtained from eq 3:***’

f=432x 10‘9/25 dv

" ©)
where ¢ and v represent the extinction coefficient (in
ecm ™M) of the light absorbing molecule and wavenumber
(in cm™), respectively. However, because A-n and H-n are
insoluble particles, their absolute f values could not be obtained.
Instead, with the bands of A-0.2 and H-0.3 as self-references,
relative per-V'V-ion oscillator strength (rel-f/V'") values of B,—
B4 and C,—C; were obtained by dividing their Kubelka—Munk
areas by the corresponding area of A-0.2 and H-0.3,
respectively.

The plots of rel-f values for B;—B; and C,—C; per-V*-ion
(rel-f/V") with respect to L{;,o (Figure 9C) show that rel-f/
V" values of B,—Bj linearly increase with increasing ! from 50
to 210 nm (by ~4 times), reaching 7—9 times increases, while
those of C;—C; remain constant at 1. This is the first case to
show the increase in f for the d—d transition with increasing [ of
the quantum wire. The rel-f/V" values of B,~B¢ CT bands also
increased, although nonlinearly, reaching 1.5—1.9 times
increase in the case of A-10. However, those of C, and Cs
also remained constant at 1 (Figure 9C,D). This result shows
that the per-ion f values for the absorption bands of quantum
wires increase with increasing lengths within Bohr length
regions. This phenomenon is likened to the result of TiO;*~
quantum sheets*® and PbS quantum dots.**

In fact, the oscillator strength for a d—d transition is
intrinsically small because it is parity-forbidden (transition from
a gerade symmetry to another gerade symmetry). In such a case
the vibration of the complex leads to the increase in oscillator
strengths owing to the symmetry perturbation or by the action
of odd parity vibrations.**Accordingly, we attribute the above
length-dependent increase in relf/V" value for the d—d
transition to the increase in the degree (intensity) of vibration
of the VO,*>~ quantum wire, as demonstrated in Figure 4. We
also attribute the length-dependent increase in rel-f/V'V value
for the V!V — O CT transition to the increase in the degree of
vibration of the VO,* quantum wire. Because the CT
transition is parity-allowed in the case of an octahedral system,
we expect that the degree of vibration-induced increase in rel-f/
VY will be less for the CT transition than for the d—d
transition, and this may be the reason why the degree of rel-f/
V" value increase is much higher for the d—d transition (7—9
times) than for the CT transition (1.5—1.9 times).

Bl CONCLUSION

We have developed for the first time the methods to synthesize
pure, highly crystalline, monodisperse, and all-V"Y AM-6 and
VSH-1 crystals with sizes (L{;,)) ranging between 0.2—0.3 and
10 um. AM-6 contains VO;*~ quantum wires, and VSH-1
contains isolated oxovanadate [O=VO,]*” quantum dots. In
the case of AM-6, | of the VO,* quantum wire linearly
increases as Lgno] increases. In the case of VSH-1, the number
of [O=VO,]*” merely increases as L[, increases. Both the
VO,*~ quantum wire and [O=VO,]*” quantum dot show
multiple VVV d—d transitions in the 0.7—3.5 eV region and V'V
— O CT transitions in the 3.5—6.2 eV region. In the case of the
VO,*~ quantum wire, per-V''-ion oscillator strength of the d—d
transition increases by 7—9 times and that of CT transition

increases by 1.5—1.9 times with increasing / from ~50 to 210
nm (by ~4 times). In the case of [O0=VO,]*” quantum dots,
however, per-V"V-ion oscillator strengths remain constant for
both d—d and CT transitions regardless of the crystal size. The
band gap energy (E,) of the VO,’~ quantum wire progressively
decreases with increasing ! even when it reaches ~210 nm,
indicating that the Bohr length is longer than 200 nm. The
deduced y, and p,, are 0.0005m. and 15.7m,, respectively,
predicting that the longitudinal exciton mobility is very high.
The longitudinal vibration frequency v of the VO;*~ quantum
wire decreases and the intensity of the vibration band increases
as [ increases. The ESR intensity also increases while the peak-
to-peak width decreases as | increases, indicating that the spin—
spin relaxation rate R, decreases as | increases. The magnetic
susceptibility y decreases as [ increases, especially at T > 125 K,
indicating that the tendency of the d' electron spins to orient to
the external magnetic field decreases with increasing I. The per-
V™.ion oscillator strengths for both d—d and CT transitions
(f), ESR intensities, ESR peak width (AH,,), longitudinal
vibrational frequency (v), and magnetic susceptibility (y) seem
to be tightly coupled.
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