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Abstract

Experimental procedures are proposed and demonstrated that separate the spectroscopic contribution from both 4’Ti and **Ti in sol-
id-state nuclear magnetic resonance spectra. These take advantage of the different nuclear spin quantum numbers of these isotopes that
lead to different ‘effective’ radiofrequency fields for the central transition nutation frequencies when these nuclei occur in sites with a sig-
nificant electric field gradient. Numerical simulations and solid-state NMR experiments were performed on the TiO, polymorphs anatase
and rutile. For anatase, the separation of the two isotopes at high field (21.1 T) facilitated accurate determination of the electric field
gradient (EFG) and chemical shift anisotropy (CSA) tensors. This was accomplished by taking advantage of the quadrupolar interaction
between the EFG at the titanium site and the different magnitudes of the nuclear quadrupole moments (Q) of the two isotopes. Rutile,
having a larger quadrupolar coupling constant (Cq), was examined by “ITi-selective experiments at different magnetic fields to obtain
spectra with different scalings of the two anisotropic tensors. A small chemical shielding anisotropy (CSA) of —30 ppm was determined.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Most of the NMR active nuclei in the periodic table do
not result in overlapping spectra when going to the high
magnetic fields of today (i.e., up to 21.1 T). Titanium is
the one exception having two NMR active isotopes, *'Ti
and “°Ti, that exhibit almost identical Larmor frequencies
and natural abundances. They differ only in their spin quan-
tum numbers (/) and quadrupole moments (Q) [1] as
displayed in Table 1. Furthermore, both Ti isotopes are
low-y (low frequency) nuclei that generally occur in sites
with fairly large electric field gradients that result in signif-
icant quadrupolar coupling constants (Cg). The result of
these two factors is a significant second-order quadrupolar
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contribution to the linewidth of the central transition. To
acquire such spectra static spin-echo type experiments
[2,3] have been the most used approach because the quadru-
polar coupling constant in general is too large to separate
the centerband from the spinning sidebands by magic angle
spinning (MAS). Single-pulse MAS or spin-echo MAS
experiments have only proved successful for sites with a
small/intermediate Cq such as in CdTiO5 (perovskite) and
anatase [4-6]. However, the static spin-echo approach is
the more generally applicable method and by this method
analysis of the three polymorphs of TiO, [7-9], a variety
of ATiO3; compounds, where A was a divalent cation, a
range of ternary and quaternary titanates [5,10], Ti-USY
samples [11], and Ba/Sr perovskites [12] have been conduct-
ed. Some of the second-order quadrupolar broadened line-
shapes originating from the central transition have been
more than 100 kHz wide at 14.1 T and in order to increase
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Table 1
NMR parameters for *’Ti and **Ti®
Isotope [ Natural Q (barn) Larmor
abundance (%) frequency at 18.8 T (MHz)
1Ti 5/2 744 0.302 45.102
“7i 7/2 541 0.247 45.112

& Data from [1].

the S/N ratio Padro et al. [10] used the static QCPMG
experiment [13-15]. Even though the sensitivity was en-
hanced in the *”**Ti spectrum it was noted that the central
transition rf-pulses could not be optimized for both isotopes
simultaneously because of different spin quantum numbers.

Previously, the QCPMG experiment has proved valu-
able when low-y nuclei are of interest [16-25] and in the
present work isotope-selective QCPMG experiments are
presented that facilitate observation of either *’Ti or **Ti
lineshapes in anatase and rutile with Ti in natural abun-
dance. We envisage that the application of this technique
will also facilitate the acquisition of Ti spectra of disor-
dered materials where two isotopic contributions can com-
plicate spectra severely.

2. Theory

Because of their different spin quantum numbers (/) and
quadrupole moments (Q) [1], the widths of the central tran-
sitions for the two isotopes are different. The relative
widths of the two central transitions are given by
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where "Av, denotes the width of the central transition for
"Ti. The width of the central transition for “*Ti is less than
a third of the one from *'Ti and the most well-resolved
spectra will be obtained if this isotope could be selectively
observed. Therefore, the primary aim is to produce spectra
with lineshapes emanating from “*Ti only and the second-
ary aim from *’Ti only.

One of the differences between the two isotopes is their
spin quantum number and the strategy for the isotope-se-
lective experiments is to exploit their different flip-angles
for a given rf-pulse since the effective rf-field for the central
transition selective pulses is scaled by (I + 1/2)~'. By this
approach the condition for observing the nucleus having
spin I; with full intensity and not the one having spin I,
using an echo type experiment (f,—1—(2 - #,)—-t) with prepa-
ration pulse 7, may be written as
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where N denotes the natural numbers and —w./27 (=vyy)
the rf-field strength. In other words, the #, pulse will per-

form as a (5 & km)-pulse on spin /; resulting in maximum
intensity and a (pm)-pulse on spin /I, giving zero intensity.
This leads to the condition
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That is, to observe *'Ti (ie., I, = 5/2) and not “Ti (ie.,
I, =7/2) it requires that

6p=4-+8k = 3p=2+4k. (4)

The opposite case requires that
8p =3+ 6k. (5)

Eq. (4) has integer solutions such as p=2 and k=1
whereas Eq. (5) does not have integer solutions. This ap-
proach is, thus, not applicable to observe **Ti and in this
case an addition type experiment may be used in which
two echo type experiments with preparation pulses 7,
and ¢,,, respectively, are added. To eliminate the i signal
the following conditions need to be fulfilled:

BTi: —dawyt, =1 d { —doty = ¢ }
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(6)
Consequently, the two FIDs from *'Ti are going to cancel
each other. The flip-angle, ¢, of *’Ti in the second spec-

trum also needs to be calculated to ensure that this does
not annihilate the FID from the first experiment. That is,

At =t,, — t,; needs to be considered. Using this Eq. (6)
is reduced to:
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When k = 1, the flip-angle of the second preparation pulse
is increased by 4. That is, the two “OT{ FIDs of interest are
added whereas the *'Ti FIDs are subtracted. Another ap-
proach to suppress *'Ti is adjusting the preparation pulse
to an integer multiple of © for *’Ti but in order to use this
approach the effect on *’Ti needs to be evaluated to verify
that the flip-angle, ¢, of *“*Ti is not an integer multiple of ©
as well. That is,

—4wyt, =¢ and

4k
4):?"7&17-11, when k #3-n, n€N. 9)

— 3a)rftp =kn = (8)

By setting k = 1 suppression of *'Ti is obtained with the
shortest possible preparation pulse. In this case, 2 - £, will
not refocus the magnetization but instead *’Ti-selective n
pulses are used for that purpose. In summary, the proposed
pulse sequences may be depicted as
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in which "(¢) denotes a selective ¢ pulse on the central
transition in "Ti. The requirements for the central transi-
tion selective pulses are [26,27]
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The rf-field should be adjusted such that the pulses are
selective for both isotopes and be as strong as possible to
excite the *’Ti lineshape properly.

Before performing any experiments, calculations are
performed in order to validate the theoretical performance
of the suggested experiments. All calculations are per-
formed using the software described previously [15] which
includes the CSA, first- and second-order quadrupolar
terms as well as effects of finite rf-pulses. Furthermore, dif-
ferences in natural abundance of the two isotopes are taken
into account.

Two approaches for selective observation of the *’Ti
lineshape have been suggested. The calculated spectra
produced by the pulse sequences in Egs. (11) and (12)
are displayed in Fig. 1. The spectra resulting from these
two sequences in Figs. la and b are almost identical but
the maximum intensity of the spectrum in Fig. la is 2.3
times the maximum intensity in Fig. 1b. As this is the
sum of two FIDs the real enhancement is a factor of
1.15. Even though a possible 15% may be gained by
the pulse sequence in Eq. (11) the long pulses used in
the second part of pulse sequence are very likely to intro-
duce pulse artifacts due to, e.g., rf-inhomogeneity espe-
cially for low-y nuclei. It is therefore anticipated that
this sequence will be of less practical significance and
hereafter only the pulse sequence in Eq. (12) will be used
for “Ti-selective spectra.

Relative to the standard QCPMG pulse sequence using
“OTi central transition selective pulses depicted in Fig. lc
the two isotope-selective pulse sequences suppress the
“TTi lineshape very well in the region of the **Ti lineshape
and an almost pure **Ti lineshape is obtained in the central
part of the spectrum. This effect is also clear when compar-
ing the *’Ti lineshapes in Figs. 1a47—c47 resulting from the

a47) (b47) (cA7)
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Fig. 1. Calculated *’Ti,**Ti spectra for a Ti site with 49CQ of 15.0 MHz
using the *’Ti-selective pulse sequences depicted in Eq. (11) (a), Eq. (12)
(b), and the standard QCPMG pulse sequence using *’Ti-selective pulses
(¢). The Larmor frequency (wo/2m) was —45.112 MHz, the rf-field
strength (—w./21) 40.0 kHz. All spectra are apodized by a Lorentzian
linebroadening of 30 Hz. For each pulse sequence, the spectra originat-
ing from *"Ti (a47,b47,c47), “Ti (a49,b49,c49), and their sum (a, b, and
c¢) are displayed. The maximum intensity of the spectrum in (a) is 2.3
times that in (b) and the maximum intensity of the spectrum in (c) is 1.36
times that in (b).

three pulse sequences whereas the “°Ti lineshapes seen in
Figs. 1a49-c49 only display minor differences induced by
the pulse sequences.

In Fig. 2 the calculated spectra resulting from the
pulse sequences in Eqs. (10) (*'Ti selective) and (12)
(*Ti selective) are presented for a Ti site having a 49CQ
of 15.0 MHz. The spectra are calculated at Larmor fre-
quencies corresponding to magnetic fields of 9.4 (Figs.
2a and e), 11.7 (Figs. 2b and f), 14.1 (Figs. 2¢ and g),
and 18.8 T (Figs. 2d and h), respectively. In the calculat-
ed *"Ti-selective spectra (Figs. 2a—d), a good suppression
of the lineshape originating from “’Ti is observed at all
magnetic field strengths. At lower magnetic field strengths
(Figs. 2a and b) the effects of finite rf-pulses are very pro-
nounced and only at 14.1 and 18.8 T (Figs. 2c and d)
both singularities in the *'Ti lineshape are observed but
even at these high fields effects of finite rf-pulses are clear-
ly present. This illustrates that high fields are required if
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Fig. 2. Calculated *Ti,**Ti spectra for at Ti site with 49CQ of 15.0 MHz using the *'Ti-selective pulse sequence depicted in Eq. (10) (a—d) and the “Ti-
selective pulse sequence in Eq. (12) (e-h). The Larmor frequencies (wo/21) were —22.53 MHz (a and €), —28.16 MHz (b and f), —33.80 MHz (c and g), and
—45.06 MHz (d and h), respectively. The spectra in (a-d) employed a rf-field strength (—w,¢/27) of 60.0 kHz whereas the spectra in (e-h) were calculated
using a rf-field strength (—w,/21) of 50.0 kHz. All spectra are apodized by a Lorentzian linebroadening of 50 Hz. For each Larmor frequency, the
spectrum originating from *’Ti (a47-h47), **Ti (a49-h49), and their sum (a—h) is displayed.

the *'Ti-selective pulse sequence in Eq. (10) is going to be The spectra in Figs. 2e47-h47 in the right column of
applied for analysis of Ti sites with large quadrupolar  Fig. 2 display a good suppression of the *Ti lineshape at
couplings. all magnetic fields. The suppression of *’Ti is especially
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good in the region of the **Ti lineshape close to proximity
of the rf transmitter frequency. At every magnetic field
strength a well-defined second-order lineshape is observed
for *Ti with no significant distortion due to finite rf-pulses,
which makes this experiment very well suited for analysis
of Ti sites with large 49CQ’s even at intermediate magnetic
field strengths (i.e., 9.4 and 11.7 T).

In Fig. 3 calculated spectra similar to those in Fig. 2,
but with a Ti site having 49CQ of 5.0 MHz, are dis-

47Ti selective exp.
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played. In this case, both isotope-selective experiments
perform well at all magnetic field strengths with no sig-
nificant distortions in the spectra introduced by of finite
rf-pulses.

When selective experiments of both isotopes can be suc-
cessfully performed at the same magnetic field strength,
two spectra with different scaling of the EFG-tensor are ob-
tained. This points to more accurate determination of the
quadrupolar and in particular the CSA-tensor using only

49 Ti selective exp.
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Fig. 3. Calculated *'Ti,*Ti spectra for a Ti site with a 49CQ of 5.0 MHz. Parameters were identical to the one in the caption of Fig. 2 besides the rf-field
strength (—w,/2n) that was 20.0 kHz for the spectra in (a—d) and 15.625 kHz for the spectra in (e-h).
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one magnetic field for Ti sites with small and intermediate
49 ~ >
CQ S.

3. Experimental

The *'Ti and *Ti NMR spectra were recorded at ambi-
ent temperature using a wide-bore Varian Unity Plus 500
(11.7 T) spectrometer operating at 28.207 MHz equipped
with a 5mm static-powder probe from Doty Scientific,
medium-bore Varian Inova 800 (18.8 T) spectrometer oper-
ating at 45.100 MHz using a homebuilt 5 mm static-pow-
der probe, and a medium-bore Varian Inova 900 (21.1 T)
spectrometer operating at 50.754 MHz using a homebuilt
5 mm static-powder probe. At all magnetic fields, the rf-
powers were adjusted to be well within the selective pulse
regime. The *’*Ti NMR spectra were referenced to the
“9Ti resonance in neat liquid TiCly unless stated otherwise.

Spectral simulations and iterative fitting were performed
using the program described elsewhere [15] taking effects of
finite rf-pulses into account. All spectral simulations em-
ployed 1no of 025, 0i0o=0.0ppm, ;=100 ps
(i=1,...,4), 7;=250 ps, and a dwell time of 0.5 ps. The
simulations for the *’Ti-selective experiments (Eqs. (11)
and (12)) employed M =25 and 7, =400 us, whereas
M =50 and 7, =200 ps were used for the *'Ti-selective
experiment (Eq. (10)). The transmitter was set to 0 ppm
(on-resonance) for the nucleus of interest in the simulated
isotope-selective experiments.

The sample of anatase was obtained from Aldrich (Cat.
No. 23,203-3) whereas the rutile sample was an X-ray stan-
dard from Standard Reference Material 674, National Bu-
reau of Standards.

4. Results and discussion

Fig. 4 shows the experimental spectra of anatase using
the QCPMG pulse sequence with *’Ti-selective pulses
(Fig. 4a), the *Ti-selective pulse sequence in Eq. (12)
(Fig. 4b), and the *'Ti-selective pulse sequence in Eq. (10)
(Fig. 4c) acquired at 21.1 T. An almost perfect separation
of the lineshapes of the two isotopes is obtained using the
isotope-selective pulse sequences. In the *’Ti-selective spec-
trum (Fig. 4b), some of the *'Ti lineshape is observed with
low negative intensity and in the *’Ti-selective spectrum
(Fig. 4c) the remains of the **Ti lineshape are barely visible.
Due to larger quadrupole moment and lower spin quantum
number, the effect of the second-order quadrupolar broad-
ening is greater for *’Ti than for *°Ti and this interaction is
most prominent in the *'Ti subspectrum. The CSA on the
other hand remains the same for both isotopes but the ef-
fect is most clearly seen in the **Ti subspectrum because of
the smaller second-order quadrupolar broadening. In the
context of determination of CSA- and EFG-parameters,
this allows for extraction of accurate parameters using both
isotopically selective spectra obtained at one magnetic field
and avoids acquisition of spectra at different magnetic
fields to observe the different field dependence of the two
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Fig. 4. Experimental *’Ti,**Ti spectra of anatase acquired at 21.1T
(50.75 MHz) (a—c) using the QCPMG pulse sequence with **Ti-selective
pulses (a), the **Ti-selective pulse sequence in Eq. (12) (b) and the *’Ti-
selective pulse sequence in Eq. (10) (c). All experiments employed an rf-
field strength of 12.5 kHz, 7 = 50.0 ps, 1, = 14 = 76.0 ps, and 3 = 24.0,
M =50, 7, =2.0 ms, a dwell time of 2.0 ps, and 512 scans. All experiments
were acquired using a recycle delay of 5s and apodized by Lorentzian
linebroadening of 10 Hz.

anisotropic interactions. This strategy was used for simul-
taneous iterative fitting of the isotope-selective anatase
spectra in Figs. 4b and c. As can be seen in Fig. 5, a good
agreement between the experimental (Figs. 5a and c) and
calculated (Figs. 5b and d) spectra was obtained using
the parameters in Table 2. The calculated spectra of the
individual isotopes are displayed below the total calculated
spectra (Figs. 5b49, b4d7, d49, and d47). To illustrate that
the chemical shift is independent of which isotope is ana-
lyzed, the *'Ti-selective spectra (Figs. 5a, b, b49, and
b47) are referenced to the *’Ti resonance in TiCly(l).

The isotropic chemical shift and magnitude of the EFG-
parameters (49CQ, 1) obtained for anatase are similar to
the values obtained previously [4.8,6] except for 0;, at
—1038 ppm determined by Bastow et al. [8] that is signifi-
cantly different from the others. Regarding the CSA, the
magnitude of J, in our study is 18 ppm larger than the
one determined by Brauniger et al. [6] but agrees very well
with the values obtained by single-crystal NMR [29]. This
underlines the importance of the highest possible magnetic
field when accurate determination of smaller anisotropic
interactions is of interest.

For intermediate or small 49CQ’s the approach described
above is easily applicable but for larger anisotropic
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Fig. 5. Experimental (a and c) and calculated (b and d) spectra of anatase
at 21.1 T (50.75 MHz) using the *'Ti-selective pulse sequence (Eq. (10))
(a and b) and the *Ti-selective pulse sequence (Eq. (12)) (c and d),
respectively. The spectra are calculated using the parameters listed in
Table 2. Both experimental and calculated spectra employ the experimen-
tal conditions listed in the caption of Fig. 4. The calculated spectra for
both isotopes (b and d) are sums of the contributions from **Ti (b49,d49)
and Y"Ti (b47,d47), respectively. All calculated spectra were apodized by
Lorentzian linebroadenings of 10 Hz. The spectra in (a) and (b, b49, and
b49) are referenced relative to the *’Ti resonance in TiCl, (1).

Table 2

interactions it is difficult experimentally to excite the broad
lineshapes corresponding to the *'Ti isotope as expected
from the calculated spectra in Fig. 2. For instance, limited
bandwidth of the probe or pulse artifacts may become
important factors and introduce effects that are very diffi-
cult to compensate for. Therefore, rutile has been examined
by the “Ti-selective pulse sequence in Eq. (12) at 11.7, 18.8,
and 21.1 T in order to accurately determine anisotropic
parameters. In Fig. 6, experimental (Figs. 6a, ¢, and e)
and calculated (Figs. 6b, d, and f) spectra are displayed.
Shown below each calculated spectrum are the contribu-
tions from the **Ti (Figs. 6a49—e49) and *'Ti (Figs. 6a47—
e47) isotopes. The parameters in Table 2 were employed
for the calculated spectra. The EFG-parameters are almost
identical to the ones determined by single-crystal NMR
performed at 4.2 and 8.5 T [28] and the high field spectra
even allowed for determination of a small J, of
—30 + 15 ppm which is in accordance with the value of
—47 4+ 20 ppm determined by a more recent single-crystal
NMR study carried out at 11.7 T [29]. The isotropic chem-
ical shift of —881 ppm is similar to the value of —860 ppm
determined by single-crystal NMR [29] and less than
40 ppm off the values determined from a powder spectrum
at 9.4 T [8]. Overall, a good fit was obtained at all fields,
but particularly at 11.7 T the intensity of the *’Ti lineshape
is difficult to calculate accurately due to the experimental
conditions previously mentioned.

5. Conclusions

The NMR lineshapes of the two Ti isotopes can be sep-
arated by isotope-selective “’Ti/*Ti QCPMG type experi-
ments. The *Ti-selective pulse sequence is the method of
choice for both small and large quadrupole coupling con-
stants at high and intermediate magnetic field strengths.
The *'Ti-selective pulse sequence, that can provide

Quadrupole coupling (Cq,7q), isotropic and anisotropic chemical shift (s, 64, 7,) parameters determined by iterative fitting of 4799 QCPMG powder

spectra in natural abundance®

Compound Co (MHz) no iso (ppm)° J, (ppm) N Qf;c ¢ Reference
Anatase 4.94 £0.05 0.06 + 0.02 —927+2 —78+4 0.10 £ 0.05 (254,179,97) Figs. 5b and f
4.6 0.0 —916°, —920¢ [4]
479 0 —1038 [8]
4.85+0.10 0.0 —920 + 15 —80 0.0 (0,0,0) [29]
49 0.0 —912 60 [6]
Rutile 13.91 £+ 0.10 0.20 £ 0.02 —881+5 —30+15 1.0 (80,110,81) Figs. 6b, f, and j
13.9 0.19 28]
13.98 0.198 —843 (8]
13.98 0.198 —860 + 10 —47 420 0.0 (0,0,0) [29]

% Accuracies are estimated by numerical calculations and visual inspection.

® Referenced to neat liquid TiCl,.

C11.7T.

4 14.1T.

¢ Accuracies are +20 for the angles.

T Fixed value.

& Parameter fixed at the values found by Kanert et al. [28].
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Fig. 6. Experimental (a, c, and e) and calculated (b, d, and f) spectra of
rutile at 11.7 (a, b), 18.8 (¢, d), and 21.1 T (e, f) using the “*Ti-selective
pulse sequence in Eq. (12). The parameters listed in Table 2 are used for
the calculated spectra. These also employed the experimental conditions
for the experimental spectra which were: (a) an rf-field strength of
41.7kHz, 7, =150.0ps, 1, =14=154.5ps, and 13 =145.5, M =50,
7, =500 ps, a dwell time of 1.0 us, 32,768 scans with a recycle delay of
5's and apodization by Lorentzian linebroadening of 10 Hz, (c) an rf-field
strength of 27.8 kHz, 7, =80.0pus, 7, =14=283.6 s, and 13=764,
M =100, 1, =250 ps, a dwell time of 1.0 ps, 8192 scans with a recycle
delay of 2.5 s and apodization by Lorentzian linebroadening of 15 Hz, (e)
an rf-field strength of 19.2kHz, 7, =350.0ps, o =14=>550ps, and
13 =45.0, M = 100, 7, = 500 ps, a dwell time of 1.0 ps, 512 scans with a
recycle delay of 5s and apodization by Lorentzian linebroadening of
10 Hz. The calculated spectra for both isotopes (b, d, and f) are sums of
the contributions from **Ti (b49,d49,f49) and *'Ti (b47,d47,f47), respec-
tively. All calculated spectra were apodized by Lorentzian linebroadenings
of 15 Hz.

additional information on the CSA, is only useful for small
or intermediate Cg’s with currently available magnetic field
strengths. However, compared with the **Ti-selective pulse
sequence the *"Ti-selective pulse sequence provides a more
efficient suppression of the unwanted lineshape. By itera-
tive fitting, isotropic and anisotropic parameters have been
determined for rutile and anatase based on either selective
spectra of both isotopes at one magnetic field strength or
“Ti-selective spectra at multiple fields.

It is foreseen that these experiments will be of great sig-
nificance for future Ti NMR projects as spectral separation
of the two isotopes simplifies spectra of compounds with

multiple Ti sites and therefore makes Ti NMR a more gen-
erally applicable analytical tool.
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