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Tracking of individual nanocrystals using diffracted x rays
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We demonstrated dynamical observation of an individual nanocrystal in supercooled liquid water with the
guidance of x-ray diffracted spots from the nanocrystal itself. This new system, which we call diffracted x-ray
tracking, monitored small Brownian motion® & 0.68 mrad/s at 233 K of a single nanoparticle in real time
and real space.

PACS numbgs): 66.20:+d, 07.85.Qe, 61.16i

I. INTRODUCTION bright spots from successive framgs8]. DXT can monitor

not the position of individual molecules but the rotary mo-

MOSt x-ray experiments are based on _the averaged Obse[ribn of individual particles with the guidance of diffracted
vations of many molecules, so the behavior of each moleculg_ray spots from the particle itself as shown in Figa)l

cannot be determined. Nevertheless, in the wavelength re-
gion of visible light, recent advances in single molecule de-
tection using optical imaging and spectroscopy have made it IIl. PRINCIPLE
possible to investigate individual molecular properties at am- |4 two-dimensional motion,D = (Az2)/(4At), where
bient conditiong1-5]. In this work, we demonstrated direct (Az?) is the two-dimensional mean square dis-
observation of the rotating motion of an individual nanocrys-pjacement for time lags At=(t—t;), and (A7)
tal in supercooled liquid water using time-resolved Laue dif_:(1/2At:(t-—L))EAt:(t-—t)(Z(ti)_Z(tj))zv wherez(t;) rep-
fraction. The principle of individual nanocrystal detection . conis thel F;osition 6f Jthe molecule at time[10,11. In
with diffracted x rays consists of monitoring the behavior of py 1 he relationship between the observed diffraction angle
each nanocrystal with the guidance of diffracted x-ray spots, gy and the displacement\¢?) is (A 62)r2=(Az?), wherer
from the nanocrystal itself. This new system, which we callig the distance from the rotary center as shown in Fig).1
diffracted x-ray tracking(DXT), monitored the rotational Therefore, the values af@ obtained from our DXT can be
Brownian motion of a single nanoparticle. converted into the values dfz. When the rotational motion

In this work, we observed the dynamics of nanocrystals iffor short times regarded as Brownian motion on a two-
supercooled liquid water. To understand static and kineticgjimensional flat surface, the values Dfcan be determined
structures and properties of liquid, the viscosity is of centrak,om DXT. When the observed particles have the raditis
importance. Values of the viscosity can be determined fronynq are located at the distancéFig. 1 (a)] of the particle
motions of diffracted x-ray spots from individual nanocrys- from the rotary center, the relationshiph 2)r2/(4At)
tals in supercoc_)led liquid water. The_viscosity has be_en mea= kT/6myr', applies in the Stokes-Einstein equation. In
sured by a variety of methods, for instance relaxation timesiokes’ law, it is assumed that the particles are sufficiently
measurements in nuclear magnetic resonance and electrisiant from boundary walls for the surrounding fluid to be
spin resonance, and inelastic neutron scattefijgRecent reqarded as unbounded. However, in this case, the observed
studies have directly observed Brownian motions of indi-paticles were bounded to the polymer rods. According to the
vidual molequles or particles using systems for smglg mo"simplification of the Navier-Stokes equatiof2], the hy-
ecule detectiori7—9]. The relationship between the micro- yroqynamics in this system can be accounted for by replac-
scopic viscosity and dlfo_Slona_lI mot|on_s of molecules ISing r* with r. From this relationship, we can compare DXT
derived by the Stokes-Einstein equati@=kT/6myr’,  \ith other optical single molecular systems, for example

whereD is diffusion constantkis Boltzmann’s constant,is  gjngle particle trackingSPT) [9,10]. The values ofy are
the absolute temperaturg,is the solvent viscosity, and is  rgpresented as follows: in the DXT

the molecular radius. In the systems for the optical single-
molecule detection, values @f have been determined from
three-dimensional or two-dimensional trajectories for indi-

vidual molecules using the integrated signal from individual )
and in the SPT

Nxray=AAtkT/ (671 3(A 67)), (1)

*Corresponding author. Email address: ycsasaki@spring8.or.jp Noptica™ AAtKT/ (671 (AZ?)). (2
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Ube-Nitto Kasei, Co. Ltd.were used as a model protective coating

) ) ) ) array because the rate of the reactive ion etching with, 8@uch
FIG. 1. (a) Schematic drawing of the detection system for single|ower than that of the Si/Mo multilayer. The diameter of the SiO

particle tracking with x rays$not to scalé Diffracted x-ray tracking  peads is about 0.Lm. A thin polymer (polymethylmethacrylate:
(DXT) monitors the motion of a single particle with the guidance of ppima) film was used to separate the Si/Mo multilayer from the
a diffraction spot from an individual particléSi/Mo multilayer  sjjicon substrate(b) Scanning electron micrograph of the Si/Mo
nanocrystal The detectable displacement is dependent on the disg|yster on the Si substrate after the reactive ion etchiRIg). Al-

tancer between the particle and the rotating center.Comparison though the etching rate of SiQvith oxygen is smaller than that of
between DXT and other systems for single molecular detection, fofhe Sj/Mo multilayer, there is no SiObeads on the Si/Mo

example, single particle trackingPT) by measuring the viscosity muitilayer. The black part is assigned to the nanocluster of the
of the supercooled liquid water. Si/Mo multilayer. The scale bar at the bottom right shows 200 nm.

Although the SPT monitors the central position of individual . )
particles, the DXT can monitor not the position of individual !N order to demonstrate the very high resolution of the
molecules but the rotating motion of individual particle with DXT, we determined the viscosityy(~10~°Pas) of a su-
the guidance of diffracted x-ray spots from the particle itself.percooled liquid water in the region between 273 and 233 K.
Direct observations of the kinetic motions of individual According to Fig. 1b), we can detect the motions of a su-
water molecules need to understand the nature of supepercooled liquid water using x rays when the value aind
cooled liquid water between 273 and 136[K3]. In this (A #?) are~10 um and~50 mrad, respectively. Here, we
region, the viscosity of a liquid water grows sufficiently used the polymer local chain in the beaded agarose gel con-
large to 183Pas. We examined the possibility of kinetic taining a pure liquid water. Many gels are flexible and have
observations from bothy,..,, and 7y The calculated a random coil structure. However, there is a large class of
lines in Fig. Xb) were assumed as followsAt=1s, T gels which are not flexible and assume a rodlike structure.
=136K, (A#%)=0.05mrad, and (Az?)=0.01nnf. In  For example, agarose gels form the helix structure which can
DXT, the viscosity of~10'3*Pas can be monitored when the be regarded effectively as a rigid rdii4].
distancer is approximately 1 nm. However, the limitation of
other single molecular systems is on the order of A®s
even when the distanaeis approximately 2 nm. The very
high resolution of the DXT, which is not obtainable by the =~ We used the cluster of an artificial crystal, we call the
SPT, rests on the strong dependence of the diffraction anglaultilayer (silicon/molybdenum nanocluster, because many
under Laue conditions. nanoparticles are not perfectly crystallized. Thus, we can

IIl. EXPERIMENT
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FIG. 3. (a) Six successive expanded images of Laue spots moving in position from frame to frame at 273 K. Fram@g tidi are
spaced at 183 s intervals. The exposure time was 36 ms. The Laue spots from individual Si/Mo clusters appeared as brightly shinning dots
(white). To show this movement clearly, three spots were labeled by arrows. The direct x-ray beam is located at the upper left side. The
averaged exposure time was 36 r{f®. Motions (A26) of representative nanoclustgffsre particles along the direction of the diffraction
angle at each temperatufe) The mean square displacementsgf) of nanoclusters as a function of time intervetl at each temperature.
The value ofD was determined from these fitting curves at each temperature.

continuously detect displacements of individual diffractedthickness of the Si/Mo multilayer is 80 nm. We confirmed
spots using the Laue condition. The number of diffractedthis value of total thickness using electron scanning micros-
spots enables us to determine the number of observed nanampy and x-ray reflectometry. The nanoclusters for the arti-
rystals because individual multilayer nanoclusters reflecficial crystals were fabricated by a sequential process using a
only a single x-ray diffraction spot. In this experiment, we silicon substrate, silicon dioxide (Sypbeads, and micro-
chose both lattice constants and the stacking peridd (electronic processing techniques, including reactive ion etch-
=4 nm, 20 pairs for the Si/Mo multilayer[15]. The total ing (RIE) as shown in Fig. 2. This sample was etched by RIE
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TABLE I. Experimental results. The values Bf andv were determined from the plof§ig. 3(c)] of
(A6 vs the interval times by? minimization fit for Eq.(3). These values were 63.8% data reliable. The
measured spots are about 50 trajectories. The calculated valgemrefobtained from Eq1). The values of
7y are cited from Ref[15].

Temp. (K) D (mrad/s) v (mrad/3 7 (Pas 7s (Pas
293 7.7:0.3 (1.9+0.2)x 10" 1.0x10°3 1.00x10°3
273 5.1+0.4 (1.6+0.1)x 10" 1.8x10°3 1.80x10°3
253 1.7:0.2 4.0:0.3 45¢10°3 4.36x10°°
238 1.87x10 2
233 (6.8-0.9)x10°* 1.9+0.4 1.9<10°?

with a mixture of carbon fluoride and oxygen gassesvalue of A for the Si/Mo multilayer is 8 nm, and the region
(CF,:0,=9:1) at 100 mW/crhand 7 Pa for 420 s. To fix the of x-ray wavelength ia. =0.04—0.18 nm. We observed these
Si/Mo clusters in the gel, we used chemical coupling be-spots moving in all directions from frame to frame. Figure
tween the carboxyl group€OOH) in the local chain of the  3(b) shows motions of representative nanoclustéve par-

gel and the amino groups (NH which were placed on the ticles along the direction of the diffraction angle at each
surface of the Si/Mo clusters with silane coupling reagentiemperature. Many spots moved randomly along the direc-
The Si/Mo clusters were immersed in 10 mM aqueous solution of the diffraction angle. The number of the observed
tion of aminosilane [3-(2-aminoethylaminopropy! tri-  nanoclusters is-50 particles at each temperature.
methoxysilangfor 1 h. After the aminosilane immersion, the  1ha | que spots from Si/Mo clusters are broadened be-

sample was placed in a 110 °C oven for 10 min, and rinsed i'&ause of the cluster’s small size. Accordin
o I . g to the theory of
the distilled water by filration(Ultrafree C3, UFC3TTK, Fraunhofer diffractiof17], the half width of the Laue spots

Millipore). The amino groups on the Si/Mo clusters can react :
) . . A(260) should be measured approximately A§26)/(26)
with the carboxyl group¢COOH) in the local chain of the ~2\/2r", where\ is the wavelength of the diffracted x ray,

beaded gel(epoxycarboxyhexmethylamine Sepharose 4B, ™" . . Lo ,
Pharmacia Bioteoh The particle size of the beaded gel in 2" (=80 nm s the effective sizédiametey of the Si/Mo
the wet condition is approximately 40—29@m (agarose cluster, and 2 is the diffraction angle. In this experiment,
concentration 49 The sample was prepared by incubatingthe value ofA26/26 is estimated to be about 2@0 2.
the treated Si/Mo cluster in a 10 Nh phosphate buffer This value is in fair agreement with the averaged observed
(pH=6.0) containing 10 i 1-ethyl-3(3-(dimethyl- values (~3x10"?) of 50 different Laue spots at 233 K. The
aminopropy) carbodiimide hydrochloridéDojindo Lab) for ~ ©observed intensity1000-1500 counts/36 msan be con-
24 h at room temperature, and rinsed in distiled water by’erted Into the x-ray intensity using the conversion gain
filtration (Ultrafree C3, UFC3TTK, Millipor¢. The agarose (6-5X10°“ analog to digital converter unit/photon at 12.4
gel, which was linked with the Si/Mo clusters, was mountedk€V) of the CCD camera. The calibrated x-ray intensity with
at 293 K. We Controued the temperature of the Sample Capvalue iS in fair agreement with the Ca|Cu|ated Value Obtained
illary with a cryostat using liquid nitrogen and dry air. The from the photon flux, x-ray reflectivity of the nanocrystal,
temperature of the samples was fixed at 293, 273, 253, arnd size of it. _
233 K. Figure 3c) shows the mean square displacemen#q) of

We used the white x-ray modeaue modgof a beamline the nanocluster as a function of time internat at each
BL44B2 (RIKEN Structural Biology II, SPring-8, Japato  temperature. In simple Brownian diffusion the €%)— At
record Laue diffraction spots from nanocrystals in thin glaslots are linear with a slope ofD} whereD is the two-
capillaries[16]. Photon flux at the sample position was esti- dimensional diffusion coeﬁ|20|e2nt. The simple diffusion mode
mated to be about ®photon/s/mrin the energy range of can_be expressed asAg@’)r°=4D(At). However, the
7-30 kV. The x-ray beam's focal size was 0.2 mm(A 6%) — At plots are parabolic in these results. This relation-
(horizonta) x0.2 mm(vertica). A diffraction spot was moni-  ship is knowg as giTECt?d diffusion mo@0,11: (A 02)r_2
tored with an x-ray image intensifi@Hamamatsu Photonics, =4D(At)+v(At)“. This shows that particles move in a
V54450 and a charge-coupled devic€CCD) camera direction at a constant drift velocity with a diffusion coef-
(Hamamatsu Photonics, C4880)8@ith 656X 494 pixels. ficient of D. As expected for directed Brownian motion, a
The averaged exposure time was 36 ms. The detector's eparabolic increase ofX6?) with At is found for ensemble

fective size was 150 mm in diameter with 310 mm sampleaverage With Dyg3x: D=7.7+0.3mrad/s and v=(1.9
to-detector distance. +0.2)x 10t mrad/s at 293 K as shown in Table I. We deter-

mined the value of from bothD,q; «x and the known value

of the viscosity (1.10 3 Pas) of water at 293 K. If the

obtained value of is equal to the radius’ of the particle,
Figure 3a) shows six successive expanded images ofve may expect that the rotary center in this system is located

Laue spots from individual Si/Mo clusters at 273 K. Accord- at the point of the rigid rod nanoparticle. In other words, this

ing to the Bragg equation @sin#=n\), the order of the may show that the rod-particle combination is not rigid but

recorded diffracted spots is=3, 4, 5, and 6, because the soft. If the obtained valueis larger than that of the radius

IV. RESULTS AND DISCUSSION
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of the particle, we may expect that the rod-nanoparticle comecules bound to nanocrystals do not have conformational
bination is more rigid than the rotary center in the polymerchanges of structures in these conditions. If this molecule has
rod (gel). The obtained value af was 30um. As a result, structural changes, DXT can be immediately utilized for de-
the obtained value af is larger than that of the radius of  tecting conformational changes of single molecular units. In
the nanoparticle in this case. Thus, we mentioned that theraddition, DXT is available for microscopic measurements of
is a rotary center at the substrate-rod connection. Thus, wile viscosity in special locations, for example, the surface or
can determine the viscosity of a supercooled liquid water ainterface of molecules and proteifik9].
other temperatures. These values of the viscosity are in fair
agreement with known ond3able |) [18]. ACKNOWLEDGMENTS
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