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A Novel Tool for Studyingin-situ Dynamics of Single Nanopatrticles
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The development of high performance single nanoparticle ion trap (SNIT) apparatus for singying
dynamics of single nanopatrticles in controlled environments is described. The performance of SNIT apparatus
has been evaluated for 500 nm Sjfarticles. The mass resolution of ~100 ppm and the capability of varying
the charge states independently have been demonstrated.
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Introduction one ring electrode). Due to the open structure of SNIT, our
apparatus has the advantages of easy access to the trap center
In recent years, considerable interest has arisen in thend high detection efficiency for low level scattering and
study of chemical reactions and nanoparticles at the singlduorescence light. A home-made AC high voltage supply (4
molecule level in various environment3he single mole-  kV,., max., 0.1 Hz-50 kHz) connected to two cap electrodes
cule manipulation techniques often employed are based ois used to generate effective harmonic potential for trapping
scanning probe microscopy (SPM), such as AFM, STM,charged nanoparticles. The DC-biased octapoles are used to
near-field scanning optical microscopy (NSOM) and theircompensate for the gravitational force and manipulate the
variations? These SPM-based studies have advanced greatlyorizontal and vertical locations of nanoparticles inside the
our understanding of the chemical processes and properti¢ésp®
of nanoparticles on surfacgésdowever, these techniques The trapped nanoparticles are irradiated by a home-made
pose complexities in deducing the exact origins of moleculadiode laser (675 nm, 5 mW) with a gaussian beam profile.
processes and nanoparticle properties due to the complicat@the scattered light is collected by objective lens arrays in
nature of tip-sample and sample-surface interactions. three orthogonal directions and then detected by two CCD
To overcome the intrinsic difficulties of the SPM-basedcameras and one avalanche photodiode (APD) detector
methods, we developed a new single molecule manipulatiofHamamatsu, model C5460-01). The ion trajectories monitored
method that can isolate single molecules and nanoparticlest the side and bottom of the trap by two CCD cameras are
under controlled environments in the gas phase (in vacuumsed to optimize the motions of trapped particles. The output
and ambient pressure) and monitositu the properties and from the APD detector is preamplified 100) and fed into a
reactions of single molecules and nanoparticles. The basidigital oscilloscope to determine the time evolution of
unit is based on the Paul ion tfaphich is often used in scattered light intensity. Subsequently, the time-dependent
conventional ion trap mass spectrometdrsour apparatus, signals are converted to the power spectrum in the frequency
called a single nanoparticle ion trap (SNIT), the trapdomain by using a fast Fourier transform (FFT) routine. The
structure and detection scheme are greatly modified from theecular frequencies and their higher harmonic frequencies in
conventional Paul trap for the efficient isolation and ultra-the spectrum are then assigned to the corresponding secular
sensitive detection of single micro- and nano-sized particleanotions. Combined with the predetermined trap geometry
In this paper, we report the development of a single nanocand potential parameters, the secular frequencies are used to
particle ion trap (SNIT) apparatus aimed at performingdetermine the mass-to-charge (M/Q) ratio according to the
spectroscopy on single mass- and charge-selected moleculedationship between the secular frequencies and M/Q
and nanopatrticles, and its first application to single 500 nnvalues:
SiO; nanoparticles.
M/Q = J/2Vy/Z5Quw,, (1)
Experimental Details
whereVp andQ are the amplitude and angular frequency of
The SNIT apparatus is composed of two cap electrodeAC voltages, andy is the distance between the trap center
and one surrounding octapole, which is different from theand the hyperbolic front surface of cap electrodes (see ref. 7
conventional Paul trap (consisting of two cap electrodes antbr the details of principles).
To vary the charge states of trapped nanoparticles, a time-
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To APD | D dissipated to localize their motions near the trap center for
better harmonic approximation. This goal was accomplished
by introducing an instantaneous pressure jump inside the
trap by a leak valve that damped the motions by collisional
energy transfer to the background He gas. The ultimate
pressure inside the trap was about 16rr.

Figure 2 shows the trajectories of a single 500 nm, SiO
nanoparticles captured simultaneously at the side and bottom
of the trap by two CCD cameras. The pattern of trajectory
Vo SN and stability of motion depend strongly on various trapping
conditions, such as the trapping potentials and frequencies,
DC bias of the octapole, etc. Very crucial to the technique is
) optimizing the trapping conditions to maintain a stable
Figure 1. Schematic of the SNIT apparatus. secular motion of the particles to obtain the best mass

resolution and accuracy of the SNIT apparatus. Under stable
resolution was constructed and used for stepwise chargingecular motion, the mass resolution and accuracy of SNIT
and discharging of nanoparticles. The secular frequencies apparatus is thought to depend mainly on the stability and
two different charge states, with the mass being maintainedccuracy of the electronics used in the experiment. The
constant, were used to determine independently the madiistrated trajectories with ~160m size were obtained at
and charge states. In particular, the changes in secul®095 V4., 1568 Hz, 20.6 Wc octapole bias.
frequencies involving unit changes in charge staf€3= Figure 3 illustrates the stepwise charging and discharging
+1) permit unambiguous assignment of absolute chargerocesses of a single [dgely chargedb00 nm SiQ particle
states of nanopatrticles. Figure 1 shows the schematics of thyy the time-gated electron beam (500 eV energy). The

To CCD

constructed SNIT apparatus. secular frequencies and charge states remain constant within
the resolution of the measurement electronics employed
Results and Discussion (~100 ppm), changing only when the trapped particles are

interrogated with an electron beam. The charge state of

The standard 500 nm SiGnhanoparticles with the size positively charged nanoparticles tends to incre@senulti-
distribution of 500+40 nm (Merck Co., SEM image electron emission by high energy electron bombardment,
inserted in Figure 2) were used to evaluate the performancand in rare events (for instance, No. 72 in Figure 3) decrease
of the SNIT apparatus and studly-situ the gas-surface via electron attachment of slow secondary electrons. Since
reactions on single isolated Sifanoparticles. The injection the unfavorable electron attachment by slow electrons occurs
of SiG; particles into the trap was accomplished by using gredominantlyvia a single electron event involving the
particle dropping method. In this method, He carrier gas (hanges of charge states by unit charge (+Q/e), the differ-
atm) passes through the microchannel,$&3ervoir located ences in secular frequencies for charging steps are set to be
at the top of trap, and expanda three pumping stages into integer multiples of the differences in secular frequencies of
the trap. Initially, several 500 nm Sianoparticles were the electron attachment step (No. 72). The absolute mass and
trapped and then ejected one by one by varying the D@harge states of nanoparticles are determined separately on
potential of octapoles until a single stable Si@article  this basis. In this particular case in the present study, the
remained. The entire ejection processes were monitored byass of the 500 nm Sj(particle was determined to be
two CCD cameras. 1.0618 (+0.0001x 10% kg in close proximity of the

Trapped nanoparticles tend to have high kinetic energieprevious measurement (x307° kg) 58 We believe that the
due to their large mass, so their energies needed to be
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Figure 2. lon trajectory images of single 500 nm Sigarticles Measurement No.

captured by two CCD cameras at the side and bottom of the trajFigure 3. Stepwise charging and discharging of single posit
The trap conditions are as following: 3095,/1568 Hz, 20.6 Wc. charged Si@particle by time-gated electron beam. Electron t
SEM image of 500 nm Si(articles (inset). energy was 500 eV.
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discrepancy in the two values is due to the size distributiotKorea Science & Engineering Foundation.

of Si0O, nanoparticles, not the inaccuracy of the SNIT

apparatus.

The size range for nanoparticles trapped by our SNIT
apparatus was 100 nm-pfh, and the achieved mass resolu-
tion was ~100 ppm. With the incorporation of a fluorescence
detection method, high frequency AC supply (up to 1 MHz),
and high accuracy measurement instruments, the size range
of 1 nm-50 um and mass resolution of 1 ppm can be
achieved. The current SNIT apparatus can be used to study-
in-situ the growth dynamics of carbon nanotubes on single
catalytic nanoparticles, and also the fluorescence behavior of

single quantum dot-silver nanoparticle composites
controlled environment. Such work is in progress.

In summary, the present study describes the development
of a high performance single nanoparticle ion trap apparatus4' (a) Paul, WRev. Mod. Physl99Q 62, 531. (b) Arnold, S.; Folan,
to study thein-situ dynamics of single nanoparticles and 5
eventually single molecules in controlled environments. We
have demonstrated the capability to trap 500 nm;SiO 6.
particles, varying independently the charge states of trapped

nanopatrticles, and determining the mass within ~100 ppm.
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