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The influence of the headgroup on the dynamics of three different alkylammonium cations confined in

graphite oxide (GO) was studied by temperature-dependent impedance spectroscopy. X-ray diffraction, X-

ray photoelectron spectroscopy, Fourier-transform infrared spectroscopy, thermogravimetry and elemental

analysis served to characterize the composites. The alkylammonium cations were connected to the C-O~
group of GO via ionic interactions, and the backbone of the confined molecule was distributed as a flat
monolayer with the long axis parallel to the GO layer. Ngai's correlated-state model was used, with

asymmetry at low temperature in the loss peaks. The calculated true activation energy of 114 meV + 6%

meV is almost the same as the internal rotation barrier of the alkyl macromolecule. We conclude that the
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relaxation process is definitely attributed to the wobbling around the long molecular axes of the confined

ions, an intrinsic motion, not the reorientation of C—H at the headgroup, and it is also due to geometric

DOI: 10.1039/c8ra08652d

rsc.li/rsc-advances

1. Introduction

Recently, organic-intercalated layered solids have been studied
in different fields as their new physical and chemical properties
are dramatically different from their bulk counterparts such as
their electrical properties," mechanical properties,> thermal
behavior,® surface and interfacial properties,* and so on.
Surfactants are well known for their amphipathic organic
molecular structure, which can be used to modify the surface
properties of hydrophilic materials, such as layered double
hydroxides,® layered metal phosphate® and two-dimensional
layered materials, to mix with the hydrophobic polymer
chains to obtain wonderful nanocomposites. Their thermody-
namics have significant practical and theoretical interest, as
a result of their configurational complexity, which can be
impacted by their concentration, chain length or chemical
environment.

Alkylammonium halides are more common in terms of
surfactants. n-alkylammonium halides form tetragonal crystals
around room temperature belonging to space group P4/nmm.””°
They have a two-dimensional (2D) lamellar-type structure with
rod-like cations and halides anions stacked alternately along
the crystallographic C, axis. The cations are dynamically
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structural symmetry at the headgroup of the alkylammonium molecules with the interaction of their
backbones and the skeletons of GO resulting in the difference in the apparent activation energy.

disordered and packed between the layers of anions keeping
their long axis perpendicular to the layers. As the arrangement
and the motion of the alkyl chains in this phase are quite
similar to those in the rotator phase of the n-paraffins'® below
their melting point in the temperature region, this phase is
called the rotator phase. Ikeda's group have proved that the
rotator phase of n-alkylammnonium chlorides (C¢-C;0) has
uniaxial rotation of the long rod-like cations,” and also C; re-
orientation of the CH; and NH;" was observed by nuclear
magnetic resonance (NMR).*° The dynamical behaviors of
alkylammonium cations confined in layered materials have
been investigated by computational and experimental tech-
niques, for example molecular simulation," solid state
NMR,'>** Fourier-transform infrared spectroscopy (FTIR),"* and
so on. There have been some common conclusions that the
confined alkylammonium cations assume an all-trans confor-
mation at low temperatures and change to the gauche confor-
mation upon heating, then leading to a phase transition at
relatively elevated temperatures.

Recently, a new dynamic behavior of confined
hexadecyltrimethylammonium ions in a layer was observed by
Boris and coworkers' using NMR measurements. Below room
temperature, there is restricted mobility of the molecules, an
essentially all-trans conformation by the chains, which has
a rotator-type molecular motion around the long molecular axes
of the chains. Then with increasing temperature, dynamic
transformation takes place, and the confined chains undergo
rotation about the molecular axis. Graphite oxide (GO), a typical
pseudo-two-dimensional solid, possesses C-OH and -COOH
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groups and epoxide functional groups.*® These groups make GO
easily absorb polar molecules and polar polymer by different
means, and react with them to form GO intercalated nano-
composites or exfoliated nanocomposites.”” These kinds of
organic-graphite oxide nano-scale hybrid materials often
exhibit interesting electrochemical properties.'* What is more,
Gaetano Guerra et al.*® through X-ray diffraction (XRD) and
differential scanning calorimetry proved that there was
a hexagonal rotator order in GO intercalation compounds at
high temperatures for organic cations containing two long
hydrocarbon tails. Now, we choose three different surfactants,
which are hexadecyltrimethylammonium chloride (C;eHss-
N(CHj3);3Cl, C16TMACI) with three methyls on the headgroup,
ethylhexadecyldimethylammonium bromide (C;6H33N(CHj3)s(-
C,H;)Br, C,,DMEABr) with one ethyl and two methyls on the
headgroup and hexadecylpyridinium monohydrate chloride
(C16H33C5H5NCI-H,0, C46PyCl-H,0) with a benzene ring on its
headgroup, to research whether there is C; reorientation of the
CH; or reorientation along the molecular long axis through
impedance spectroscopy. These three different surfactants have
the same chain length but different headgroups, and on the
basis of Ngai's correlated-state model it can be very suitable to
study the nature of surfactant motion. Combining temperature-
dependent dielectric relaxation spectroscopy with structural
characterization, molecular level information was presented to
determine the influence of headgroup on the dynamics of
confined alkylammonium ions inside a GO layer.

2. Experimental details
2.1 Preparation of GO

GO was synthesized from natural graphite powder using the
Hummers method* with some modification in this paper.
Graphite powder (6 g), NaNO; (6 g) and 98% H,SO, (132 mL)
were added into a beaker in an ice bath and stirred for 30 min,
followed by the gradual addition of KMnO, powder (24 g). After
another 30 min, distilled water (276 mL) dropped slowly into the
constantly stirred mixture of reactants, with its temperature
kept below 35 °C. Then the beaker was transferred to an oil bath
and stirred at 95 °C for 1 hour. Lastly, distilled water and 30%
H,O0, were used to remove unreacted KMnO,4. GO powder was
obtained after the residue was washed, centrifuged, dialyzed,
filtered and dried.

2.2 Preparation of the nanocomposites

GO powder (100 mg) was dissolved and exfoliated for 30 min in
0.05 M NaOH solution (24 mL) inside a GA92-IID ultrasonicator
(Wuxi, China), followed by the addition of 100 mL aqueous
solutions of 48 mg C;,TMACI, 57 mg C;,DMEABr and 54 mg
C16PyCl-H,0, respectively, which is in analogy with the proce-
dure reported by Matsuo et al.>* and Gaetano Guerra et al.®
Then the as-prepared nanocomposites were filtrated repeatedly
and dried in a vacuum drying oven at 50 °C for 12 h, which were
labelled as C;6TMA-GO, C;4DMEA-GO and C;6Py-GO,
respectively.
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2.3 Experimental techniques

Small-angle X-ray diffraction (SAXD) patterns were performed
directly on GO and nanocomposite samples using a Bruker D8
Advance diffractometer (40 kv, 40 mA) with nickel filtered Cu-
Ko radiation (A = 0.15406 nm) at a scanning speed of 2° min ™"
in the 26 ranges of 0.5-30°.

X-ray photoelectron spectroscopy (XPS) proceeded in
a Thermo Scientific K-alpha that provided Al-Ka radiation as the
photon source. Survey spectra were measured with a pass
energy of 200.0 eV in 1.0 eV steps, followed by high-resolution
scans of the C 1s signals in 0.10 eV steps with a pass energy
of 50.0 eV.

FTIR absorption was measured in a Nicolet Nexus 870
spectrometer on pressed KBr pellets under ambient conditions,
over the range of 4000 to 400 cm ™. Thermogravimetric analysis
(TGA) experiments proceeded under N, atmosphere between
room temperature and 1073 K at 20 K min™', in a Perkin Elmer
Pyris-1 calorimeter. Elemental chemical analysis was performed
on a (C, H, N, S, O) Vario MICRO Elementar analyzer produced
in Germany.

After these characterizations, impedance spectroscopy was
conducted using an Agilent E4980A meter in a three-terminal
configuration under computer control. The powders were
pressed into pellets of 8 mm diameter and 0.4 mm thickness at
6.0 Mpa, and then were placed on a gold-plated copper block
under vacuum inside a steel chamber, with heating at
a constant rate of 1 K min~' and measurements by a Cu-CuNi
thermocouple with an accuracy of 0.1 K. Preliminary runs on
pellets previously dried in situ under a dynamic vacuum of 30
Pa, for 24 h at 50 °C, prevented water effects.

3. Results

In order to determine the effect of surfactants on GO layer
spacing, SAXD was used. Fig. 1 shows the SAXD patterns of GO
and surfactant-intercalated in GO (SIGO) nanocomposites
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Fig.1 SAXD patterns of (a) GO, (b) C16TMA-GO, (c) C;DMEA-GO and
(d) C16Py-GO nanocomposites.
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starting from about 2.5°. The diffraction peak at 26 = 11.69°,
corresponding to an interlayer spacing of 0.76 nm, shifted to
a lower angle after intercalation of surfactants with the same
alkyl chain length but a different alkylammonium headgroup,
which are 1.13, 1.17 and 1.16 nm for C;,TMA-GO, C;cPy-GO and
C16DMEA-GO, respectively. Their interlayer spacings are
similar, and the enlarged interlayer spacing confirms that the
surfactant was successfully inserted into the GO layer. From ref.
22, the length of hexadecylamine molecules with all-trans
conformations is similar to 2.2 nm, and the interatomic
distance between the farthest two hydrogen atoms of it is 0.31 &
0.12 nm. Thus, the alkyl chains have no choice but to form
a lateral monolayer with their long axis almost parallel to the
GO layer. In addition, a wide diffraction peak at about 18°
appears compared to GO, corresponding to the characteristic
peak of part reduced GO.****

Fig. 2 shows the XPS data of GO, C;,DMEA-GO and Ci¢-
DMEABr to determine the type of element, and others are
included in the ESLf We can conclude that the composite
contains the elements C, N, and O, where C and O come from
GO and N comes from the surfactant. The absence of Br in the
composite, which is at the head of the molecular chains, was
attributed to the replacement of Br~ by C-O™ from the GO layer.

TGA was used to determine the water content in GO and its
composites, as shown in Fig. 3. Combining with elemental
analysis data exhibited in Table 1, we can conclude how many
surfactants was intercalated into the GO layer. The TGA of GO is
presented for comparison. From the derivative weight, loss of
weight at each stage was obtained. GO showed one weight loss
step below 160 °C associated with the desorption of adsorbed
and combined water in the GO layer, and a second one associ-
ated with the decomposition of oxygen-containing functional
groups. The continuous weight loss of 19% above 250 °C was
attributed to the decomposition of the carbon backbone until
800 °C.** The composites have similar thermolysis behavior, but
different from that of GO. After the surfactants were added, an
additional weight loss between 200 and 480 °C was observed,
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Fig. 2 Survey scans XPS spectra of (a) GO, (b) C;cDMEA-GO and (c)
C]_GDMEABY.
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Table 1 The elemental analysis and water content results of GO and
its composite materials

H,0
Sample C (Wt%) H (wt%) N (Wt%) (weight%)
GO 49.16 3.07 — 15.33
C16TMA-GO 61.55 6.04 1.25 6.04
C1,DMEA-GO 62.40 6.32 1.25 6.87
C16Py-GO 63.48 5.57 1.24 6.21

corresponding to the pyrolysis of surfactants.” It is noteworthy
that the first weight loss step in the composites suggests that
only 6-7% weight loss is related to the residual water. The water
content results of GO and its composite materials are listed in
Table 1. Using this information and in addition to the data from
the elemental analysis, nitrogen content is similar and the C/N
ratio in composites for the same added concentrations is
gradually increased compared with that in the surfactant. These
mean surfactant molecules exist between the GO layer.
Combined with the XPS results, similar concentration values of
0.13 mmol alkylammonium cations per 100 mg GO were
calculated in the three different nanocomposites.

In Fig. 4, one example of an FTIR spectrum of C;,DMEA-GO
intercalation compounds, together with that of C;,DMEA and
GO are shown. The FTIR spectra of other relevant samples are
included in the ESIt The wide absorption band above
3000 cm ™' is related to O-H stretching vibrations, where the
peak located at about 3600 cm ™" corresponds to the hydroxyl
groups from GO.>**” Other typical absorption bands related to
the vibration of C=0 (~1720 cm™ '), C=C (~1615 cm %),
tertiary C-OH (~1360 cm '), phenolic groups (~1225 cm ™)
and C-O-C (~1060 cm™ ') also appeared clearly.”” When
surfactant was added into the GO layer, some new absorption
bands derived from C,,DMEA related to the vibration of the CH,
asymmetric stretching vibration (~2920 ecm™ %), v,5(CH,), and
CH, symmetric stretching vibration (~2850 cm '), v(CH,),
appeared.”® Furthermore, compared to GO, in the nano-
composite weakening of absorption bands derived from the
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Fig. 3 TGA patterns of GO, C;sTMA-GO, C;cDMEA-GO and CigPy-
GO nanocomposites.
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Fig. 4 FTIR spectra of (a) GO, (b) C;DMEA-GO and (c) C;DMEABT.

hydroxyl groups (~3600 cm ') and phenolic groups
(~1220 em™') indicates that the surfactant ion with a plus
charge ionically bonds to the C-O™ groups of GO. In addition,
compared to the absorption band related to the C=C vibration
(~1615 cm™ "), the intensity of the absorption band related to
the C=0 vibration (1720 cm ') became weak, which was
attributed to the part of oxygen-containing functional groups
falling off GO.

Fig. 5 shows the temperature dependence of dielectric loss at
five selected frequencies for three kinds of nanocomposites.
The position for the loss peak shifts toward higher tempera-
tures with the increase of frequency, which obviously implies
a relaxation process. Thermal dependence of relaxation time ¢
for the loss process in nanocomposites is shown in Fig. 6. The
relaxation time was fitted with an Arrhenius relationship:

(1) = 19 exp(E./kT) (1)

where o is the angular frequency, 7, is the pre-exponential
factor, E, is the activation energy, and k is the Boltzmann's
constant. All the Arrhenius plots of the equilibration time show
a straight line, the slope of which gives the single activation
energy, as listed in Table 2 associated with other relevant
parameters.

4. Discussion

Characterization measurements show that the alkylammonium
cations were connected to the C-O~ group of GO via ionic
interactions, and the backbone of the confined molecule
distributes as a flat monolayer with the long axis parallel to the
GO layer. Each of the nanocomposites undergoes a relaxation
process, which should be attributed to the motion of the
distinctive alkylammonium cation. However, from Fig. 7, it can
be seen that each loss peak is obviously asymmetric with longer
tails on the low temperature side, which deviate from ideal
Debye characteristics. The deviation is due to Van der Waals
interaction between the alkylammonium molecular backbones

2280 | RSC Adv., 2019, 9, 2277-2283
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Fig. 5 Temperature dependence of dielectric loss for the nano-
composites at various frequencies.

in the alkylammonium cations, or the interaction of the alky-
lammonium molecular backbones with the skeletons of GO (2D
polymer) in our nanocomposites. So the relaxation behavior is
analyzed with the help of the Ngai's correlated-states model.***
A brief exposition is presented as follows.

As we know, the Debye model is used for non-interacting
dipoles which follow exponential decay

6 ® C1sDMEA-GO
m Ci16TMA-GO
A Ci6Py-GO
5_
~
T
<
>4
o)
3

4.0 4.5

T T
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Fig. 6 Temperature dependence of relaxation time for the loss
process measured at several frequencies for the nanocomposites.
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Table 2 Arrhenius parameters E; and log fo derived from relaxation
processes, non-exponential factor 8 and the actual activation energy
E, calculated by eqn (4) and (5)

Sample E;(meV) log(fo [Hz]) 53 E, (meV)
C16DMEA-GO 391 +4 13.57 0.31 120
C16TMA-GO 371 £ 2 14.45 0.31 114
C16Py-GO 352+ 7 13.84 0.32 107
20 L] T W Ll ¥ 1 ¥ T v T 13 T L3
15 [ (@) Ez=391 meV ]
L Ea=120 meV -
1.0 .
0.5} .
0.0F i
2.0 —
- (b) = 1
15k Ea*=371 meV
% i Ea=114 meV
E10F -
X - ]
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0O} ‘ T
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Fig. 7 Inverse temperature plots of normalized ¢” measured at 3.16

kHz before (black) and after (blue) background subtraction for (a)
C16TMA-GO, (b) C1cDMEA-GO and (c) C1¢Py-GO. Red and magenta
lines represent the best fits to the backgrounds and the relaxation
peaks.

Y(1) = Y(0)exp(—t/tp) (2)

where 1, is the Debye relaxation time. The model gives
a symmetric peak of the energy loss Im[¢*(w)] in the medium.
However, K. Ngai** came to the conclusion that there exists
a complicated multi-interaction for coupled dipoles, where the
dipoles can no longer be treated independently, and the dielec-
tric relaxation appears to follow the fractional exponential form

(1) = e (Et) " exp[—(—t/t,) T 0=n<1 3)

where 7 is the coupling parameter, v is the Euler constant, E. is
the upper cutoff of the correlated-state excitation energy, and 1,
is a time constant, given by

This journal is © The Royal Society of Chemistry 2019
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= [(1—n)e" Ew]"" ™" =<, exp(E] ks T) (4)

The normalized imaginary part ¢, (w) can be expressed as

1=
&l = Az (E J e cos uz du) (5)

0

Here, A stands for the relaxation strength; z = wtp; the
integral in the bracket is the Levy function Qu(z) with u = t/t,
and 8 =1 — n, an increase in § being equivalent to a decrease of
the intermolecular coupling among the primitive motions. The
actual activation energy E, can be evaluated from its apparent
activation energy E, following the relationship

E, = E,/B (6)

when (§ < 1, i.e., n > 0, the loss peak obtained from eqn (5) will
have an asymmetric shape and its peak width increases with the
decrease of §. E, governs the lateral shift of the ¢’ peaks in
temperature.

Fig. 7 shows the best fitting Ngai curves to our experimental
data according to the convergent expressions®* of the Levy func-
tion with various 7. The normalized ¢” versus inverse temperature
has been all replotted respectively. The thermal background was
simulated by an exponential extrapolation and subtracted. Table
2 summarizes the nanocomposites’ E;, E, and @, and their true
activation energy has almost similar values of E, = 114 meV +
6%, which is furthermore well consistent with the internal rota-
tion barrier of the alkyl macromolecule.”® In addition, the
motional correlation time t of the restricted small-angle
wobbling around the long molecular axes below room tempera-
ture is in the range of 1072 to 10~ 5, close to the measure-
ment frequencies f (10" to 10° Hz) in our dielectric experiments.
So, the observed relaxation behavior is definitely attributed to the
intrinsic wobbling motion of the alkylammonium cations, but
not the reorientation of the C-H at the headgroup.

The apparent activation energies of the three substances show
an expected result too. From Table 1, similar concentration values
of 0.13 mmol alkylammonium cations per 100 mg of GO were
calculated in three different nanocomposites, with the chains
extending in parallel to the GO layer. Thus, the interaction of the
alkylammonium molecular backbones with the skeletons of GO is
a major factor affecting the activation energies. C;sDMEA" has the
worst geometric structure symmetry among the three alky-
lammonium cations, with one ethyl and two methyls on the
headgroup. C;cPy" has the best symmetry, with a benzene ring on
its headgroup. Also, the confined alkylammonium cations in
layered materials assume an all-trans conformation below room
temperature,” so the difference in the size of the head groups
producing different charge densities might also be a cause of the
varying relaxation. Thus, the coupling was weakened, leading to
a lower value of the apparent activation energy E,.

5. Conclusions

The loss peaks as measured using temperature-dependent
impedance spectroscopy showed dielectric relaxation in the

RSC Adv., 2019, 9, 2277-2283 | 2281
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GO nanocomposites with the alkylammonium ions (C;TMA",
C1,DMEA", C,4Py') confined. Asymmetry at low temperatures in
the loss peaks implies a significant departure from Debye
relaxation, so Ngai's correlated-state model was used, and the
calculated true activation energy of 114 meV £ 6% meV is
almost equal to the internal rotation barrier of the alkyl
macromolecule. The relaxation is definitely attributed to the
wobbling around the long molecular axes of the confined ions,
an intrinsic motion, not the reorientation of C-H at the head-
group, and is also due to geometric structural symmetry at the
headgroup of the alkylammonium molecules resulting in the
difference in the apparent activation energy.
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