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a Langmuir monolayer of arachidic acid on water
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The enigmatic self-assembling ability of nanodiamond (ND) particles has been discovered herein.

Diamond-rich crystalline nanosheets with thickness of approximately �25 nm were grown from

a Langmuir monolayer of arachidic acid (AA) at the interface between air and a dilute aqueous ND

solution. Their fine rectangular shapes with uniform uniaxial birefringence indicate appreciable

crystallinity, thus supporting that they are hydrated colloidal crystals of homogeneous ND particles.
Introduction

Nanodiamond (ND) particles have attracted growing attention
due to their promising potential applications,1–4 and their self-
assembly5–10 from aqueous colloidal solutions is enigmatic
because of the anisotropic precipitates produced. One of the
authors (E. O.) reported the preparation of ND whiskers5

through the slow drying of his commercialized solution,
NanoAmando®, and Huang et al.6 prepared ne microbers
from solutions of acid-treated ND particles. Petit et al. also re-
ported an interesting cubic aggregate (1.7 � 1.7 mm; 0.8 mm
thick) prepared from a colloidal solution of plasma-
hydrogenated ND with HCl.8 Why are these materials so
anisotropic? Why are the aggregates rectangular?

We presume that the precipitates consist of similar ND
particles in terms of both size and shape and that the particles
can form a periodic crystal-like structure. If the particles
differed in size and shape, the precipitates would not form,
regardless of whether they were n-diamonds7 or doped dia-
monds.8 The concept of homogeneous ND particles was rst
predicted from DFT calculations11 and we call them elementary
diamond nanoparticles (EDIANs). The precipitates also appear
to consist of similar EDIANs, however so far it has not been
Fig. 1 Preparation of nanosheets and a plausible model: (a) a Langmuir
monolayer of AA (g) on water (f) between two PTFE bars (e); (b)
injection of EDIANs (i) and a resulting AA monolayer with adsorbed ND
(h); (c) a decrease in the area of the monolayer and plausible crystal-
lization of ND particles along the soaked fringe of the PTFE bars; (d)
nanosheets (j) or (k) generated on the water surface between or
outside the bars when they are pulled apart.
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Fig. 2 Microscopic images of nanosheets: (a) a reflective image; (b–f) trimmed reflective images; (g–i) transmission images of a nanosheet under
crossed Nicols; (j) a 3D AFM image in tapping mode. The images (b–f) were obtained from the original images by erasing the background with
PowerPoint (Microsoft, Inc.). The two polarization directions are vertical and horizontal in (g–i) and the in-plane sample rotation was 30� (h) or
45� (i) with respect to (g).
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possible to isolate them and to determine their detailed struc-
ture experimentally.

Here we demonstrate the preparation of rectangular crys-
talline nanosheets (�25 nm thick) of ND from a monolayer of
arachidic acid (AA: C19H39COOH) at the interface between air
and a dilute ND solution. Such crystalline ND nanosheets have
not come to our knowledge and their anisotropy suggests that
they consist of EDIANs containing ordered water molecules.
Alternating layers of ND and polyelectrolyte were reported,
being neither rectangular nor crystalline.9
Experimental

The general procedure for nanosheet formation was as follows.
AA (>99%) was purchased from Fluka AG (St. Gallen, Switzer-
land) and was used as received without further purication.
Ultrapure water (18 MU cm) was obtained using a lter system
(Direct-Q UV 3 Remote, Merck Millipore) to remove ions,
organic matter, and small particles, and was used for all
experiments and all cleaning steps. Chloroform (spectropho-
tometric grade) was purchased from Dojin Chemicals.

First, we prepared a Langmuir monolayer of AA on the water
surface with a commercially available Langmuir–Blodgett
trough (model 622, NIMA Instruments Ltd; area: 68.4 � 20 cm2)
at 25 �C by moving together two polytetrauoroethylene bars
(21.2 � 1.6 � 0.6 cm3) as shown in Fig. 1a. The surface pressure
was measured using a Wilhelmy-type balance. AA was spread on
the water from a 10�3 M chloroform solution. Aer 5 min of air-
drying, oating AA molecules were compressed to a surface
pressure P of 35 mN m�1 at a rate of 0.73 cm2 s�1. The area per
26576 | RSC Adv., 2022, 12, 26575–26579
AA molecule SA was 0.23 nm2 immediately aer compression,
which is close to the reported value.13 Then, a dilute aqueous
solution of ND (0.25 wt%, NanoAmando® Nanocarbon
Research Institute, Inc.; diameter: 3.6 nm at 2.5 wt% by
dynamic light scattering; z-potential: 61 mV) was injected into
the subphase (1500 mL water), further diluting the ND to
0.005 wt% (Fig. 1b).

Aer the injection of ND (Fig. 1c), the SA value decreased
remarkably while keeping the P value at 35 mNm�1 using the
computer-controlled barriers; the compressed area SA
decreased by 46% for 0.5 h. The computer-controlled surface
pressure was then decreased to 10 mN m�1, and the further
decrease in SA was modest: 10% in 16.7 h. Up to this point,
no sheets were observed at any position in the trough.
However, immediately aer pulling the bars apart, we
observed innumerable ultrathin rectangular nanosheets
(Fig. 1d).

For microscopic measurements including polarized micro-
sopy, atomic force microscopy (AFM) and microscopic Raman
spectra, the nanosheets were transferred on glass or silicon
substrates as follows. Prior to the formation of the nanosheets
at the air/water interface, the substrates were immersed in the
subphase and placed on the bottom of the trough. Aer the
growth, the oating nanosheets were transferred on the
substrates located at the bottom of the trough by natural
lowering of the air/water interface, which takes a few days
through air-dry. The sheets were so fragile that we avoided
mechanical shocks in the slow transfer process.

Samples for Raman spectra were deposited on silicon
substrates and the spectra were recorded with a Raman
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra of (a) a typical rectangular nanosheet; (b) the AA
monolayer with adsorbed ND; (c) an air-dried drop of ND colloidal
solution; and (d) an air-dried drop of AA solution. (e) The G-band is
located at 1630–1634 cm�1. (f) A C–H stretching mode is located at
1442 cm�1; (g) D-band at 1330–1332 cm�1. (h) A C–H bendingmode is
located at 1296 cm�1.
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spectrometer (NRS-4500, JASCO) equipped with a microscope.
The exciation beam (16.1 mW) focused on a spot of nearly 2
mm on each sample. The AA monolayer with ND (Fig. 1b) was
also transferred onto a hexamethyldisilazane-modied
silicon substrate utilizing horizontal liing method (Lang-
muir–Schaefer method).14 For reference spectra, an air-dried
drop of the ND aquaous colloidal solution (2.5 wt%) or that
of AA the chloroform solution (10�3 M) was prepared on the
substrates.
Results and discussion

Most of the nanosheets were rectangular and their long sides
typically ranged from approximately 0.2 to 10 mm as shown by
micrographs of typical deposited sheets in Fig. 2a–f. Their
shapes were clear in reective images, and we found many
© 2022 The Author(s). Published by the Royal Society of Chemistry
sheets of various sizes. They were frequently folded or torn by
unavoidable water ows while a part of the nanosheets was in
contact with the substrate during deposition, creating defects
such as voids and folds (Fig. 2a–f). These results indicate that
the nanosheets had ne rectangular shapes on the water. Their
typical thickness was 25 nm as observed by AFM (NanoNavi IIs/
NanoCute, Seiko Instruments Inc.) in dynamic force mode
(Fig. 2j).

Each nanosheet was uniformly birefringent, indicating
crystallinity with uniaxial optical anisotropy. Under crossed-
Nicols of a polarizing microscope (Eclipse E600 POL, Nikon),
a nanosheet was darkest with the long side parallel to one of the
two polarization directions and became brightest at when the
long side was rotated laterally 45� with respect to these two
directions (Fig. 2g–i). Because of the small thickness of the
nanosheets, the brightness was too low to show clear contrast in
printed materials; nevertheless, the contrast was clearly seen
through careful observations.

ND particles are highly hygroscopic5 and the nanosheets on
the water contain signicant amount of water at the air–water
interface. Hence, the EDIANs should organize into a kind of
hydrated colloidal crystal there.

Raman spectra showed that, aer injection, the ND particles
adsorbed onto the AA monolayer. The deposited monolayer
(Fig. 3b) showed the D and G bands15–21 of ND (Fig. 3e and g)
together with the CH stretching mode of AA (Fig. 3f and h).

The rectangular nanosheets consist of ND particles. The D
and G bands of ND were observed whereas the CH stretching
mode of AA was not observed (Fig. 3a). The thickness of 25 nm
indicates that the nanosheets contain at least 4–7 layers of
EDIANs. Presumably the crystals also contain tiny amounts of
AA molecules because they formed from ND adsorbed on the AA
monolayer, but we consider that most parts of the nanosheets
were not covered with AA as illustrated in Fig. 1k. Hence, they
are diamond-rich nanosheets.

The Raman spectra of ND (Fig. 3a–c) were successfully
obtained using the uorescence subtraction method with
a laser (532 nm) as the excitation source. The ND particles
having a diameter of less than 4 nm possibly contributed this
success. The uorescence should decrease with decreasing
ND particle size because of the signicant structural defor-
mation recently conrmed by high-resolution transmission
electron microscopy (TEM)22 and should affect nitrogen-
vacancy centers.23–27

Most of the nanosheets were found near the PTFE bars
and thus crystallization of ND took place during or aer the
decrease in SA upon contact with the PTFE bars, thus yielding
the nanosheets along the soaked fringe of the bars (Fig. 1d).
Without AA molecules, a dilute ND solution (0.005 wt%)
never generated any sheets at the air–water interface. Hence,
the nanosheets are seeded by the AA monolayer. Polyanionic
nanosheets of [(Ca2Nb3O10)

�]n (CNO) can be obtained from
dilute colloidal suspensions of CNO in a similar process
involving crystallization of CNO aer adsorption to
a [+N(CH3)2(C18H37)2] (DOA) monolayer.28 There should be
Coulombic attractive forces in both of these cases: between
CNO anions and DOA cations and between AA�
RSC Adv., 2022, 12, 26575–26579 | 26577
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(C19H39COO
�) and positively charged ND particles, as indi-

cated by the positive z-potential of NanoAmand®. Most
of the AA molecules should be dissociated in the subphase
(pH z 6).

The details of this self-organized structure remain an enig-
matic open question. In excellent TEM images,22 ND particles
are usually so different that they cannot form crystals. Why are
they crystallized?

We do not presume that the ND particles in the nanosheets
are as different as those in the images. It should be noted that
homogeneous EDIANs are likely to be puried through crys-
tallization. If NanoAmando® contains the EDIANs appreciably,
they may be crystallized. Another consideration must be the
possible deformation due to the electron beam. Although the
use of a low voltage (80 keV) with aberration correction
successfully minimized the deformation,22 we can not exclude
its possibility entirely.

Aer hydrated colloidal crystals are deposited on solid
substrates, their crystalline order is expected to be decreased
signicantlly by drying. Aer losing water molecules, the
hydrated colloidal crystals must be broken. Small grains can be
seen on their surface in Fig. 2j and therefore were formed by
aggregation during drying. Perhaps the crystals do not lose all
their water molecules and keep some of them depending on
ambient humidity and/or temperature. Heat treatment will also
remove water molecules from the nanosheets and the focused
laser light may cause such heating in the Raman measure-
ments. It should be noted therefore that we measured the
nanosheets aer such drying.

The potentially organized structure of the ND nanosheets
and their small thickness also suggest various applications,
particularly on surfaces, as lubricants,29–31 catalysts32–36 chem-
ical vapor deposition seeds,37–39 and drug delivery lms.12,40–43 In
these applications, does the organized structure have any
effect? That will be fascinating.

Conclusions

Rectangular crystalline nanosheets (�25 nm thick) of ND
can be prepared from an AA monolayer on a water subphase
containing ND particles in the following two steps: (1)
adsorb ND particles onto the AA monolayer and (2) crystal-
lize the ND particles by compressing the AA monolayer
horizontally. The nanosheets are hydrated colloidal crystals
of ND particles.

We believe that the nanosheets are the hydrated colloidal
crystals of homogeneous EDIANs. Otherwise, there is not
a plausible explanation for their rectangular shapes, ultra thin
thickness, and uniform birefringence. To determine their
crystal structure, further analysis under wet conditions is ex-
pected and we are now proceeding with in situ X-ray diffraction
measurements44 of the ND nanosheets on water. The hydrated
colloidal crystals on water may keep their water molecules.
However, the crystals move easily and are hardly xed for the
measurements. Although a long time will be required to
complete the measurements, it could be the rediscovery of ND
as a novel chemical species.
26578 | RSC Adv., 2022, 12, 26575–26579
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