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NMR Study of Slow Motions of HDA Hydrocarbons
Chains Inside Lamellar Structures

J. Schneider?!, L. V. S. Lopes’, C. E. Tambelli',

J. P. Donoso!, H. Lozano?, and G. Gonzalez?

HFSC, Universidade de Sdo Paulo, Sdo Carlos, SP, Brasil
2Depto. de Quimica, Facultad de Ciencias, Universidad de Chile,
Santiago, Chile

Measurements of 'H and >C Nuclear Magnetic Resonance (NMR) for the nano-
composite materials formed by the intercalation of hexadecylamine (HDA) in metal
oxides (TiOs, V505 and MoOys), are reported. The '"H NMR spin-lattice relaxation
in the rotating frame was described by using the spectral density due to Davidson
and Cole, which incorporates a distribution of correlation times characterized by a
width parameter ¢. The fitting of the data was obtained for ¢ = 0.74, indicating
that the correlation times are distributed over a narrow range in this system.
High-resolution °C NMR techniques were used to resolve the NMR lines of
middle-chain methylene groups in the spectra and variable contact time cross-
polarization {*H-}J*3C experiments were employed to analyze the reorientation
dynamics of the CH3z and CHy groups in the HDA chains.
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INTRODUCTION

The hybrid organic—inorganic compounds derived from metal oxides
have been drawing attention on account of their ionic and electronic
properties leading to potential applications in solid-state lithium bat-
teries, sensors, smart windows, catalysis and electrochromic devices
[1-5]. Among these materials, the metal oxide foams described by
Chandrappa et al. [6] have been the object of a great deal of research.
These authors synthesized macroporous VoOs-amine composites in a
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single step reaction by intercalation of hexadecylamine (HDA) into
layered V5,05 in the presence of hydrogen peroxide by using the exo-
thermic reaction between amines and H50O5 [5]. The synthesis of TiOs.
foams by the same effervecent reaction of hydrogen peroxide inside a
metal oxide containing intercalated alkylamine was reported by
Arabatzis and Falaras [7]. Amines are excellent guest molecules which
can easily be intercalated into the interlayer spaces of inorganic mate-
rials. The intercalation of long chain alkyl amine molcules into metal
oxides leads to the formation of lamellar nanostructures.

In a previous paper we reported measurements "H and '3C Nuclear
Magnetic Resonance (NMR) for the nanocomposite materials formed
by the intercalation of HDA into TiO, and MoO3;. We proposed a poss-
ible attribution of the '2C lines in the high-resolution NMR spectra
and we examined the temperature dependence of the proton (*H)
NMR spectra shape. The 'H NMR relaxation was found to be nonexpo-
nential probably resulting from the complexity of the HDA chain
segments motions in these systems. [8].

In the present work, we report a proton (*H) and carbon (*3C)
nuclear magnetic resonance (NMR) investigation of the conforma-
tional and dynamical properties of oxide foams derived from hexadecy-
lamine (HDA) intercalated in metal oxides (TiOs, V505 and MoOs).
The lamellar structure of the nanocomposites was evidenced by Scan-
ning electron microscopy and X-ray diffraction (XRD) measurements.
Basal distances of 48 A, 44 A and 47 A were obtained from the XRD
data for the MoO3-HDA, TiOs-HDA, and the V,05-HDA nanocompo-
sites, respectively. High-resolution 3C-NMR spectra were taken in
three different conditions: direct '*C polarization, cross polarization
{*H}—'3C and '3C direct polarization with high power proton decou-
pling. The proton relaxation in the rotating frame was analyzed by
assuming a distribution of correlation times.

EXPERIMENTAL

The synthesis of the nanocomposites were achieved by the direct
decomposition of hydrogen peroxide inside a metal oxide/HDA.
nanocomposite Further details of the sample preparation procedure
are given elsewhere [8]. Proton (‘*H) NMR line shape and spin-lattice
relaxation experiments were carried out in powder samples from 170
to 370K using a pulsed NMR spectrometer operating at 36 MHz.
The spin-lattice relaxation time in the rotating frame, T;,, was
measured with a rotating field strength of 18 G. The high-resolution
13C NMR measurements were performed at a magnetic field of 9.4 T
(100.6 MHz for '3C) on a Varian Unity Inova spectrometer, using a
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7mm Magic Angle Spinning (MAS) probe. Tetramethylsilane (TMS)
was used as a reference for *C chemical shifts. Samples were spun
up to 5.5 KHz in silicon nitride rotors. Spectra were measured with
a single pulse excitation and also by {*H}-'3C cross-polarization (CP)
technique. The CP experiment was carried out using a /2 'H pulse
of 3.5 s, contact time of 1ms, recycle delay of 30s and 'H spin lock
field of 60 KHz. Also, variable contact time CP experiments were car-
ried out up to 50ms of contact time. In *C-NMR single pulse experi-
ments a n/2 pulse of 3.5 us was used with recycle delay of 30s. In all
3C.NMR experiments 'H decoupling of 80 KHz was used during
acquisition. Also, delayed decoupling of 'H (DD) was used to suppress
non-quaternary carbon signals, with a delay time of 150 us between
the end of the excitation pulse and the beginning of the 'H decoupling
irradiation [7].

RESULTS AND DISCUSSION
"H NMR Spectroscopy

In a previous paper, the experimental proton (*H) NMR spectra at low
temperature were described by a narrow line flanked by a pair of
peaks conforming a Pake doublet. The mobility of the proton averages
out the dipolar interactions above 200K and the 'H line narrows. The
temperature dependence of the 'H spin-lattice relaxation time in the
laboratory frame T'; of the samples HDA:TiO5, HDA:Mo0O3, HDA:V505
and HAD:Cr,03 indicate that very few protons have rate motion of the
order of the Larmor frquency, o, (36 MHz) [8]. Measurements of the
relaxation time carried out in the rotating frame (7T',) imply shifts of
the Larmor frequency from the MHz regime to the kHz regime, so a
nuclear spin relaxation rate maximum can be detected at lower tem-
perature. The relaxation time 7T, is the time characterizing the recov-
ery of the longitudinal magnetization equilibrium in the rotating
frame, i.e., it is the relaxation time when the magnetization is locked
along the RF magnetic field H; (tipically 5-20 G). Thus, T, is sensi-
tive to low-frequency motions (10-50kHz) [9]. Measurements of the
proton spin-lattice relaxation in the rotating frame (7T,) were under-
taken in the sample HDA: MoO; (Fig. 1).

The classical theory of the temperature dependence of the spin-
lattice relaxation time is given by Bloembergen-Purcell-Pound (BPP)
and assumes non-correlated isotropic random motions, yielding a
pair-pair spin correlation function of exponential form, G(¢) = exp(—¢/7),
parameterized by the correlation time 1, which defines the time scale
for changes of the local magnetic field experienced by the resonant
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FIGURE 1 Temperature dependence of the 'H spin-lattice relaxation rates in
the rotating frame (77, pl) in HDA:MoOj3, measured at the frequency
w1~ 76kHz. Solid lines are the calculated values using the Cole — Davidson
spectral density function.

nucleus [9]. In this context, the spectral density function, J(w), given
by the Fourier transform of the related correlation function, has a
Lorentzian form in the frequency domain

J(w)

T

REEaTEL .

The spectral density function is parameterized by the correlation time,
7, of the ionic or molecular motion, modulating the nuclear spin inter-
actions. The spin-lattice relaxation rate in the rotating frame can be
expressed in terms of the spectral density function J(w) evaluated at
the Larmor frequencies in the rotating frame (w;) and in the laboratory
frame (w,) of the studied nuclei [10]:

1 3 5
Tilp:C 5J(2w1)+§J(a)g) +J(2600) (2)
where the constant C depends on the spin interaction responsible
for the relaxation. Equations (1) and (2) can be expressed in a temp-
erature dependent form by assuming a thermally activated process.
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An Arrhenius temperature dependence for the correlation time is often
assumed, t = 1,exp (E4/kgT), were kg is the Boltzmann constant, E 4, is
the activation energy and 1, is the pre-exponential factor. The acti-
vation energy can be calculated from the linear slope of the Arrhenius
plot of the T, 1 data. The BPP model outlined above predicts a sym-
metric v-shaped Ty 1 vs. 1/T curve with identical slopes on either the
high- or low- temperature side of the 77! maximum.

Measurements of the proton spin- lattlce relaxation in the rotating
frame (T;,) were undertaken between 173 and 350 K using a lock field
H,~18G in the sample HDA:MoO3 (Fig. 1). The T7 pl displays an
asymmetrical maxima, where the activation energy obtained from
the high temperature side of the rate maximum is greater than that
obtained from the low one.

Deviations from the BPP theory, frequently encountered in nuclear
relaxation studies, have been explained in terms of the non-exponenti-
ality of the spin correlation function, which reflects a distribution of
motional processes [11]. The 'H NMR relaxation curve in Figure 1
reflects the complexity of the chain segment motions in the nanocom-
posite and suggests that the correlation function is non exponential
because there exists a distribution of correlation times. The restriction
imposed by the anchoring of the HDA head group leads to anisotropic
chain segments motions [3]. The spectral density due to Davidson and
Cole (DC) is one of the most successful spectral densities used to inter-
pret nuclear spin relaxation experiments [12]. It incorporates a distri-
bution of correlation times characterized by a width parameter ¢,
whith 0 < ¢ <1.

3)

Jpc =

2 {sin[e arc tan(wt)] }

W 1+ C0212)8/2

The slope on the high-temperature side of the 7! maximum is E5 and
on the low-temperature side is —¢E4. For ¢ = 1, the DC distribution
function turns into the Poisson distribution specified by one corre-
lation time. As a result, the BPP spectral density and hence a sym-
metrical curve are obtained. The solid line in Figure 1 shows the
fitting of the data by the Davidson and Cole spectral density, Eq. (3),
using E4 =0.36eV, 7,~3x 10" 3 5 and ¢=0.74. This approach,
which leads to a useful parametrization of the 'H NMR data is
consistent with the picture that the relative motional correlation times
of the hydrogen atoms along the intercalated amine chains is well
described by a distribution of correlation times. The parameter ¢ char-
acterizing the distribution of correlation times is relatively large
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(¢ = 0.74) indicating that the correlation times are distributed over a
narrow range in this system. Equations (2) and (3) predict a maximum
in T’p1 when 2 wer 1. Therefore, the position of the relaxation rate
maximum (77 )maxlndlcates the temperature T, at Wthh the
motional correlatlon time is comparable to the rec1procal of the 'H Lar-
mor frequency in the lock field Hq, e.i. 1 = (2w1) = (2yH1)* ~10°°
where y is the proton gyromagnetic ratio. This result indicates that
most of the protons of the HDA chain in the HDA: MoO3; nanocompo-
site have a relatively low mobility.

13C High-Resolution NMR Spectroscopy

Figures 2, 3 and 4 shows the high-resolution *C-NMR spectra for the
composites with Mo, V and Ti, respectively. Three kinds of **C-NMR
experiments are shown. The upper trace in each figure corresponds
to single pulse experiments, the middle trace to CP {*H}—'3C experi-
ments with 1ms of contact time and the lower trace to single pulse
DD experiments with 150 us delay. Combining the complementary
CP and DD spectra, where signals are respectively enhanced and atte-
nuated according to the strength of the dipolar coupling, it is possible
to resolve more NMR lines of middle-chain methylene groups than in
any single spectrum. Table 1 shows the chemical shift from the
resolved lines in each compound and their corresponding attributes.
The methlyene C with the lowest chemical shift, 23.4 ppm, corre-
sponds to the carbon bonded to CHs. The Mo compound shows the
most resolved NMR spectra of the series, indicating well defined struc-
tural environments for the HDA molecules. Conversely, the V com-
pound shows the broadest NMR lines of the series, indicating loosely
defined structural environments. On the other hand, there are differ-
ences in the reorientation dynamics of the CH3 groups. The significant
intensity of the CHs line in the DD spectrum of the Mo compound indi-
cates a rapid reorientation, reducing the effective 'H—'3C dipolar
coupling. In the Ti compound the reorientation may be less rapid,
due to the relative increase in CP signal. In the V compound, the reori-
entation of the CHj is the most hindered of the set of samples, as can
be inferred from the weakest intensity for this signal measured in the
DD spectra.

Figure 5 shows the results from variable contact time cross-
polarization {'H—}'3C experiments. Only the intensities of the three
strongest and best resolved signals in the CP spectra were plotted:
the CHs, and two of the CH,, lines, centered at approximately 24 ppm
and 33 ppm. There is a significant difference among these curves. The
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FIGURE 2 3C-NMR spectra for the HDA:TiO5, complex. (a) Single pulse
experiment with 'H decoupling. (b) {*H}—'3C cross-polarization experiment.
(¢) Single pulse with delayed 'H decoupling.

Mo compound shows the slowest increase in '*C polarization (Fig. 5(c)),
indicating the weakest 'H—'3C dipolar coupling in the set of com-
pounds. The evolution of the *C magnetization as a function of the con-
tact time was analyzed according to the expression for CP from an
abundant spin reservoir (*H) and radio frequency fields close to the
Hartmann-Hahn match condition [13]:

M, t t
Mit)=————[1-exp| - exp| — —
1= Tne/T7, Tuc (1 - THC/Tf,)>> T
(4)

where M, is an amplitude factor, Ty_c is the characteristic contact time
of magnetization transfer from 'H to '3C and TI{IP is the spin-lattice
relaxation time for 'H in the rotating frame. Least-square fittings of
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FIGURE 3 3C-NMR spectra for the HDA:V,05 complex. (a) Single pulse
experiment with 'H decoupling. (b) {*H}—'3C cross-polarization experiment.
(c¢) Single pulse with delayed 'H decoupling.

this expression were carried out in order to quantify the characteristic
times for the CP transfer in each compound. Table 2 shows the obtained
parameters. In the case of the Mo-complex, the Tlfpcould not be calcu-
lated because it is longer than the maximum possible contact time
allowable in the NMR probe (50 ms). As can be seen, the Ty_¢ values
are two orders of magnitude longer in the Mo-complex than in the other
two compounds. This is a direct evidence of the weak 'H-'3C dipolar
interactions in this complex, related to a rapid fluctuation in the direc-
tion of the 'H—'3C internuclear vectors. The very short Ty_c values
measured for the V and Ti complexes point to strong intra and intermo-
lecular "H—'3C couplings and, therefore, dynamically restricted meth-
ylene chains. Also, the TIfI values in these two compounds are
substantially shorter than in the Mo-complex for the same H; lock field
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FIGURE 4 3C-NMR spectra for the HDA:MoO; complex. (a) Single pulse
experiment with 'H decoupling. (b) {*H}—'3C cross-polarization experiment.
(¢) Single pulse with delayed 'H decoupling.

TABLE 1 Identification of 13C-NMR Lines in the Complexes

Line identification MO3-HDA 6 (ppm) V205-HDA 6(ppm) TiO2-HDA 6 (ppm)

CHs 14.6 14.4 14.5
CH, 23.4 23.4
CH, 24.2 24.4 24.2
CH; 26.7

CH, 28.7 28.9

CH, 30.5 30.0
CH, 32.7 32.8
CH, 33.1 33.2

CH, 34.4

CH;—NH, 41.2 40.3 40.0
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FIGURE 5 !3C Magnetization in variable contact time cross-polarization
{*H-}'3C experiments for CHs (hollow circles), and two of the resolved CH,
lines, centered at 24 ppm (black triangles) and 33 ppm (black circles). (a)
HDA:TiO,, (b) HDA:V50s5, (¢) HDA:Mo0O3. Data were acquired up to contact
times of 50 ms in all experiments.

TABLE 2 Characteristic Times for {*H}—'3C Cross-Polarization NMR of

Downloaded by [University of Haifa Library] at 14:30 09 August 2012

the Main Resonance Lines, Extracted from the Variable Contact Time

Experiments
Line Times MO5-HDA V,05-HDA TiO,-HDA
CH, Tyc (ms) 14+2 0.36 & 0.04 0.25 4+ 0.02
T‘fp (ms) — 47 +4 14+1
CH, The (ms) 8.8+0.3 0.056 = 0.007 0.052 & 0.003
(24 ppm) T} (ms) 190 + 20 45+3 11+1
CH, Tyc (ms) 7.34+0.1 0.053 =+ 0.004 0.067 & 0.004
(33 ppm) T}, (ms) 113+3 33+1 11+1
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for 'H of 60kHz, indicating a strong coupling of the 'H reservoir with
the lattice.

CONCLUSIONS

The temperature dependence of the 'H NMR spin-lattice relaxation in
the rotating frame was measured for the nanocomposite formed by the
intercalation of hexadecylamine in MoOs. A Davidson — Cole distri-
bution of correlation times was used to analyse the 'H relaxation data.
In these nanocomposites, the proton (and the carbon) mobility depends
on the position in the HDA hydrocarbon chain due to the restriction
imposed by the anchoring of the head group. From the high-resolution
13C.NMR experiments, it was concluded that the mobility of the HDA
molecular fragments in the Mo complex is the highest of the set, for
both CH, and CHjs groups. In V and Ti complexes, the molecular
mobility is severely restricted. Such a behavior may be understand
by considering that of these three oxides only the MoOg3 has an intrin-
sic laminar structure.
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