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Mass measurement is an essential analytical tool in the characterization of materials. Here we present a method
for measuring the mass of an individual nanoparticle which has a fg-level mass. This method enables a temperature-
independent mass measurement with the assistance of a sinusoidal electrostatic driving force. With this approach, we
successfully track the change in properties of an optically levitated nanoparticle, such as mass, temperature, and electric
charge, with air pressure. An abrupt change in the mass of silica nanoparticles is found to violate the Zhuravlev model. This
method can be utilized to extend the mass analysis of materials, such as thermogravimetric analysis, to individual micro-

or nano-particles.
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1. Introduction

Nanoparticles are one of the most critical research

[1-3]

systems in nanomaterials research. Relying on their

large surface-to-volume ratio and specialized surface
morphology,*! nanoparticles have a wide range of appli-
cations in areas including molecular adsorption,!®7! surface

8 HO0.11] The charac-

functionalization, ®°! and catalytic reaction.
terization of particle properties is an essential part of nanopar-
ticle and microparticle research, including the weighing of
their mass.!>?] The mass of a nanoparticle is related to its
density, size, fill rate, composition, and other properties that
provide important criteria for the identification of nanoparti-
cles. Conventionally, a nanoparticle’s mass is estimated using
data on density, particle size analysis, and particle properties

[23-26] This approach

measured on a bunch of particle powder.
gives less accurate information on the mass of nanoparticles.
It also lacks information on the individual nanoparticles and
does not allow for the analysis of differences in properties,
such as density, between nanoparticles in the same batch of
samples.

Recently, a number of methods have been invented
to measure the mass of individual nanoparticles.!!>-17:27-291
Among these mass measurement methods, the scheme using
optical levitation is the most promising. Using the calibrated
or estimated electric or optical field as a reference, the op-
tical levitation system achieves high-precision fg-level mass
measurement of nanoparticles.!!'®?%21" A significant reduc-
tion in the mass of silica nanoparticles is observed. [122%28.30]
However, comprehensive investigations of this mass-changing

process are still lacking. Considering that the mass of most

fCorresponding author. E-mail: bigz@ustc.edu.cn
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materials changes with increasing temperature, simultaneous
high-precision measurement of the mass and temperature of
nanoparticles is essential for investigating their property tran-
sitions. Nevertheless, there is still no satisfactory solution
for the simultaneous measurement of the mass and center-of-
mass motion (COM) temperature. This is because the existing
schemes depend on the statistical properties after interaction
with a thermal bath of known temperature. Only one of the
mass or temperature can be measured, while the other has to

be known beforehand. 3132

I Although there are attempts to es-
timate the particle temperature by using the scattered light in-
tensity and the gas pressure,!!?! the accuracy and reliability of
the temperature obtained by this method are very poor.

Here we present a scheme for the temperature-free mass
measurement of optically levitated nanoparticles with the as-
sistance of a sinusoidal electrostatic driving force. By using
a known AC driving force as a reference scale, the involve-
ment of temperature as a known variable in the mass measure-
ment process is no longer needed, thus enabling a temperature-
independent mass measurement scheme. With this scheme,
we tracked in real time the variations in mass, COM tem-
perature, and other properties of a 165 nm nominal diam-
eter silica particle as the air pressure changed. Using this
scheme, it is possible to investigate the dynamics of nanopar-

(33341 for example, the crys-

ticle properties with temperature,
talline form transition temperature or melting temperature of
the nanoparticles,'=% the temperature dependence of the
reaction rate with gas molecules,*’! temperature-controlled

drug release, 411 egc,
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2. Mass measurement method

Consider an optically levitated oscillator driven by a si-
nusoidal force Fac. Its mechanical energy variation can be
divided into three parts:

dE = dEAC + dEdamp + dEStO’ (l)
with

dEac = Facdx,

dEgamp = —Tomvdx,

dEqyo = \/2mIoks TovdW, )

where dEac represents the work done by the AC driving force.
x is the position of the oscillator. dEg,mp represents the work
done by air damping. I is the air damping coefficient. m is
the mass of the nanoparticle. v is the velocity of the oscillator.
dEg, represents the work done by the stochastic force. kg is
the Boltzmann constant. 7y is the effective temperature which
is equal to the COM temperature when the external driving
force’s heating (cooling) effect can be neglected. W represents
the Wiener process.

Here, dE can be calculated using the calibrated oscillator
trajectory and E = m(v? + Q3x%) /2, where € is the eigenfre-
quency of the oscillator. The schematic diagram of mechani-
cal energy variation dE and the work done by the AC driving
force dEc varying with time ¢ is shown in Fig 1(c). Multiply
both sides of Eq. (1) by dEac and integrate, which is

/(dEAC dE) = /dEAc(dEAC + dEgo + dEdamp)- 3)

Because the dW is independent of dEac, [dEacdEg, = 0.
Extracting mass m from Eq. (3), we have
J (Facdx)?

"= J FacdxdE /m+ [ FacvIo(dx)? @

For a realistic measured oscillator trajectory, the mass of the
nanoparticle can be obtained by using the discrete form, which
is
_ EFic(Av)?
1Y FacAxA [(Ax/Ar)? +Q3x%] + ¥ Faclo(Ax)? /At

» )

where Ax is the difference of trajectories: Ax(t) = x(¢ + Ar) —
x(t), At is the sampling interval. I is obtained by fitting an ex-
ponential equation to the variance of trajectory ensembles. [>4]
€ is obtained during the calibration of the particle’s tra-
jectory, which is shown below. According to the experi-
ment and simulation result, [(dEacdEgamp) is much smaller
than f(dEAchAc).
J(dEacdEgamp) can be neglected when measuring the parti-

When the pressure is below 1 mbar,

cle’s mass.
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Fig. 1. (a) Schematic diagram of vacuum optical levitation. A 1064 nm
laser beam is focused by an objective lens (NA = 0.9) to trap the
nanoparticle. The forward scattered light is collected by an aspherical
lens (NA = 0.6) to detect the position of the particles. The driven elec-
tric field is generated by a pair of stainless steel rods that are connected
to a signal generator. An additional high voltage electrode is used for
charge control of the particle. (b) The schematic diagram of particle’s
trajectory x (blue line) and driving voltage Uac (orange line) varying
with time 7. The units of x and Uxc shown in the figure are not the
same. (c) The schematic diagram of mechanical energy variation dE
(blue line) and the work done by the AC driving force dEsc (orange
line) varying with time 7. (d) PSD of the trajectory of a particle under
AC driving force at 1 mbar. The curve was obtained by averaging the
PSD of eight trajectories of 1 s duration. The frequency of the driving
force is 200 kHz.

3. Experimental method
3.1. Experiment setup

The experimental schematic is shown in Fig. 1(a). The
nanoparticle to be weighed is optically trapped in a vacuum
chamber, where the air pressure can be controlled from atmo-
spheric pressure to high vacuum. The optical potential used to
trap the nanoparticle is formed by a tightly focused linear po-
larization laser, whose wavelength is 1064 nm and the numeri-
cal aperture of the objective is 0.9. The forward scattering light
is collected by an aspheric lens for the measurement of the par-
ticle’s translational movement. Stainless steel rods, which are
mounted on both sides of the trapping potential, are used as
electrodes for the implementation of the electric field. The
distance between the two electrodes is approximately 2 mm.

3.2. Calibration coefficient and oscillation frequency

According to Eq. (5), the mass measurement requires the
particle’s position calibration coefficient ¢ to convert detected
signal V to the particle’s position x = cV. The calibration of
the particle’s trajectory is achieved by the Duffing nonlinear-
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ity induced frequency shift analysis of trajectory fragments
with different amplitudes.?®#?! First, we collect the detec-
tor’s electric signals that satisfy Vo — dV < V(5;) < Vo + dV,
i=1,2,...,n, where Vj is the selected initial signal value at
t =0and dV is related to the level of background noise. Then,
in one period of oscillation (T = 27/€,), we average these
trajectories with (V)(t) = (V(t1 +1) + V(2 +1)+-- -+ V(t, +
t))/n. The averaged position (V) satisfies

(V) +T (V) + Q% (1+7E(V)*)(V) =0, (©)
where Q. is the eigen frequency at x-axis, and &, is nonlinear
coefficient. Therefore, the frequency £2,9 and the calibration
coefficient ¢ can be obtained by fitting Eq. (6) to the averaged
detection signal. Such a calibration method has high preci-
sion at air pressures below 10 mbar. When the pressure is be-
low 1073 mbar, it is hard to levitate the nanoparticle stably
without COM temperature cooling. The COM temperature
cooling harms the precision of the calibration coefficient. ]
Thus, the applicable pressure range of this calibration method
is 1073 mbar—10 mbar, limiting the pressure range of our mass
measurement.

3.3. Driving force and charge

In the experiment, two principles are followed in the se-
lection of parameters for the driving force. The first rule is the
high signal-to-noise ratio (SNR) of the driven motion compo-
nent, which can be inferred from a much higher drive PSD
peak at the AC driving force frequency than the PSD from
thermal motion. Second, the component of motion imposed
by the driving force is negligible compared to the total ther-
mal motion. Otherwise, the accuracy of the calibration method
based on the Duffing nonlinear analysis of the motion trajec-
tory will be significantly reduced. As shown in Fig. 1(d), the
frequency of the AC driving force is 75 kHz away from the
oscillator’s eigenfrequency. The SNR of the driven motion is
about 4.4 x 10° in a trajectory of 1 s duration, and the power
of the driven motion compared with the total thermal motion
is (¥3c) /(x*) =7.1x 107

The mass measurement also requires the knowledge of
the driving force’s amplitude Fac. There are two ways to de-
termine the sinusoidal electrostatic driving force. The parti-
cle’s mass can be measured with the calibrated thermal equi-
librium trajectory and the equipartition theorem.!?3! The size
of the AC driving force is obtained by the linear response func-
tion of the levitated harmonic oscillator!'®! (not adopted below
10 mbar due to nonlinearities)

Fac = \/1-208 e (Q2 - Q2P+ T202), ()

where [ is the integral of the PSD of the linear oscillator in an
electric field at the driving frequency Qg;. 710 mpar 1S the par-
ticle’s mass measured at 10 mbar. At pressure above 10 mbar,

the thermal conductivity is strong enough to keep the nanopar-
ticle at the same temperature as room temperature.?%3! The
particle’s mass can be measured with the calibrated ther-
mal equilibrium trajectory and the equipartition theorem. 3!
m10 mbar = kB Tom/ (2.2¢2(V2)), where (V2) is the mean square
values of the detected signal, and T, is the room temperature.
I' and Q] are obtained from fitting Lorentz line to PSD. In
advance, the electric field strength at the particle trapping po-
sition is obtained by the electric field force measurements of a
particle with a known charge. The AC driving force would be
the electric field strength multiplied by the charge.

If the charge change occurs only once during the pressure
drop and rise, then the changed Fac can be recalibrated when
the pressure returns to 10 mbar. And if the charge change oc-
curs multiple times during mass monitoring, we first assume
that the mass of the particle remains constant after one charge
change occurs and estimate the charge of the particle by the
height of the Fyc peak on the PSD. Since the charge can only
be an integer multiple of the elementary charge and the mass
can only decrease, the change in the Fac due to the charge
change can be recovered. However, in the case of large charge
changes, the Fac estimation for multiple charge changes be-
comes unreliable.

3.4. COM temperature

After we finish the trajectories’ calibration and driving
force estimation, we can get the particle’s mass based on
Eq. (5). As we already have the particle’s mass, the parti-
cle’s COM temperature can be obtained with the equipartition
theorem that Teom = mQ? (x?) /kg.

4. Experimental results

A nanoparticle, which is a silica nanosphere with a nomi-
nal diameter of 165420 nm (model number: SS02000, Bangs
Labs Inc.), is sent into the optical trapping potential by a
nebulizer. The nanoparticles are stored in water and diluted
with ethanol before delivery. After the nanoparticle has been
trapped, the air pressure in the vacuum chamber is reduced
to 10 mbar from the atmosphere. After measurement of Fac,
the mass tracking of the nanoparticle starts. Then, the reduc-
tion in air pressure in the vacuum chamber restarts at a very
low speed. When the pressure reaches below 5 x 107> mbar,
the pumping stops, and a slow leak into the vacuum chamber
begin to bring the air pressure back to 10 mbar. This pressure
control process lasts approximately 14400 s. At the same time,
the trajectory of the levitated nanoparticle along the electrode
direction and the driving electric field signal are recorded.

We notice that the charge change event happens once
when the pressure is reduced to 2 x 1072 mbar. The parti-
cle’s charge changes from —5e to —27¢ as shown in Fig. 2(e),
which corresponds to an electric field of 6.38 kV/m.

074207-3



Chin. Phys. B 32, 074207 (2023)

(a)
:E\D 3.0 - o 0:0=0=0=0==0~—o0-
g i O\O.f‘&w\c/
2 28 X%V‘JZ, P\t
g "1o o ™ —
2.6
= (b)
z 360 o—0
5 Q
& \
o %O\c AN
£ o) g =~
g RIA— . e e
g P TN A e e
& 280¢f
~ 132
£ (c)
clé /omomﬁw{)ﬁ"J'o—()’r)‘L’/c
3 o=
S 129 0000
B
g ot T e — .
% 126 jansiin-t—cn— —_—
=
> (d)
E [} O,
n \ —
£ 110 }QW«.&R.\__,.‘_ eyt oo
Q I/ ]
E 100 o D-:\.).O'Q\o—o\oh
E MQO‘OQ:LO.O-@-Q_O
:-E \(7—0\)
8 90
0 (e)
@ (ol el elelelel ol ol _lelesieleesseelelel ol lol ol ol o]
= —10
(9]
20
& —20
O
—30 —
0.01 0.1 1 10

Pressure (mbar)

Fig. 2. Property changes of the optically levitated nanoparticle during the
first pressure pump down and venting cycle. (a) Mass m. (b) COM temper-
ature Tcom. (¢) Oscillation frequency £2¢/27. (d) Calibration coefficient c.
(e) Electric charge g. The pressure is reduced from 10 mbar to 4 x 103 mbar
for the first time after the particle is trapped and then back to 10 mbar. The
blue dots represent the pressure drop process and the orange squares repre-
sent the pressure rise process. Each data point is obtained from the average
of five 20 s segments of the trajectory. The shading represents the standard
deviation of the data.

With the calibrated trajectory and Eq. (4), the nanoparti-
cle’s mass variation with air pressure is obtained, as shown in
Fig. 2(a). As the pressure is reduced below 1 mbar, the mass
of the particle gradually decreases. However, at 0.02 mbar, the
mass of the nanoparticle suddenly decreases when the charge
change event happens. After that, there is no further significant
change in the mass of the particle. The statistical error of the
mass measurement, shown in Fig. 2(a), mainly comes from the
uncertainty of calibration. As the pressure drops, the nonlin-
ear calibration requires a longer trajectory signal to maintain

the precision of the calibration coefficients. [42] However, since
data sampling of equal-length trajectories is used in the actual
experiment, the statistical error of the calibration coefficients
increases with decreasing air pressure.

The COM temperature is influenced by both the internal
temperature of the particle and the ambient temperature, usu-
ally between them.[>!l Tt can be seen from Fig. 2(b) that, at
the beginning of the vacuum evacuation, the COM tempera-
ture rises as the air pressure decreases. This can be explained
by the fact that thermal conductivity decreases with decreas-
ing air pressure. However, at 0.02 mbar, where the mass and
charge have dramatically changed, the particle’s COM temper-
ature suddenly drops to near room temperature.

Similar to charge, mass, and COM temperature, the
calibration coefficient and the oscillation frequency of the
nanoparticle change significantly as the air pressure decreases
to the transition point (seen in Figs. 2(c) and 2(d)). Such a tran-
sition pressure point only happens during the first decrease in
the air pressure. No similar transition points are observed dur-
ing subsequent pressure increases or repeated vacuum evacua-

tions.
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Fig. 3. Property changes of the other three nanoparticles at the first pres-
sure drop. (a) Mass. (b) COM temperature. (c) Oscillation frequency.
(d) Charge. The blue squares, orange dots, and yellow triangles repre-
sent particles 2, 3, and 4, respectively.

Figure 3 shows the results of tracking the changes in the
properties of the other three particles during the first pressure
decrease. The power of the trapping laser is approximately
350 mW for the particle in Fig. 2 and particle 2, and is approx-
imately 180 mW for particles 3 and 4. Although the transition
pressure and the magnitude of change are different for differ-
ent particles, most particles undergo a significant reduction in
mass when the air pressure drops below a certain point. Such
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abrupt changes in mass are usually accompanied by significant
changes in COM temperature, calibration coefficients, oscilla-
tion frequencies, and electrical charges.

5. Discussion

Since long trajectories are not required, the measurement
of the particle frequency provides us with evidence of higher
temporal resolution for the abrupt changes in particle proper-
ties. As shown in Fig. 4(a), the duration of the abrupt change
in the mass of the particles in Fig. 2 does not exceed 1 s, which
corresponds to a relative pressure change of about 0.5%. Since
the heating of particles by the laser is inversely proportional
to the air pressure in a vacuum environment,!'>28! by fitting
the pressure—temperature data of the particle before the abrupt
change point (shown in Fig. 4(b)), we can obtain that the inter-
nal temperature increase of the particle does not exceed 2.5 K
at the moment of the abrupt change. The internal temperature
of the particle is obtained based on the method in Ref. [32].

129, i 300
2
& < 200
§ &
% 126 4 100
0
2960 2080 3000 0.05 0.10

Time ¢ (s) Pressure (mbar)

Fig. 4. (a) Frequency tracking of the particle shown in Fig. 2 near the
abrupt change point. (b) Temperature difference AT between the inter-
nal temperature of the particle shown in Fig. 2 and the ambient temper-
ature with decreasing pressure. The solid line is the fitting to the data
before the abrupt change point.

We can use the experimental results of nanoparticle mass
tracking described above to provide a conjecture as to the rea-
son for the changes in the properties of nanoparticles during
the pressure decrease. As the silica nanospheres we used
are synthesized with the Stober process,[*! there would be
plenty of water molecules adsorbed on the particle’s surface.
Moreover, as the chemically synthesized silica particles are

[44] water molecules can be

typically amorphous and porous,
sealed inside the nanoparticles. As the pure silica’s absorp-
tion of 1064 nm laser light is negligible, the heating effect
from the trapping laser on the nanoparticles comes mainly
from the water molecules they contain. When the thermal con-
ductivity of the system decreases with decreasing air pressure,
the nanoparticle’s internal temperature is rising and the water
molecules adsorbed on the particle surface is detaching from
the particle, which results in a gentle decrease in the particle’s
mass. However, as the water that is sealed inside the particle
cannot be released, the particle’s temperature continues to rise
with decreasing pressure. When the internal temperature of

the particle exceeds the boiling point of water, the water in-
side the particle is boiled into vapor. As the temperature con-
tinues to rise, the vapor pressure inside the particle exceeds
the upper limit that the particle’s sealing structure can toler-
ate. Water molecules are expelled from the particle’s crack in
the form of steam. The blasted vapor rubs against the particle
and brings more charge away with them. The loss of water
could introduce a decrease in the oscillator’s eigenfrequency
and calibration coefficient which has been confirmed by the
experiment, [12.2228.30]

The sudden loss of the water molecules inside (or on the
surface) of the silica nanoparticles cannot be explained by the
loss of surface water layers. Because the water molecules
are connected through hydrogen bonds which have a large
range of bond energies and correspond to a wide range of
desorption temperatures. Therefore, the commonly used Zhu-
ravlev model,[*! which is based on hydrogen bond breaking
to explain the dehydration process of silica particles, is un-
able to explain the abrupt mass loss phenomenon found in this
work. Such a sudden change cannot be observed by conven-
tional desorption analysis tools, such as thermal desorption
spectrometry,[“?! because they cannot work with an individ-
ual particle, and the properties of desorption vary considerably
between different particles.

6. Conclusion

We demonstrate an electrostatic driving force assisted
mass measurement method for an individual nanoparticle that
does not require the knowledge of temperature. The method
can be utilized in the investigation of temperature-dependent
mass variation. For example, the observation of molecules
desorption from a particle’s surface when the surface temper-
ature is increased. With this method, we monitor the variation
of the properties of optically levitated nanoparticles with air
pressure, including mass, temperature, electric charge, calibra-
tion coefficient, and oscillation frequency. We find that there is
a sudden loss of the nanoparticle’s mass when the pressure is
decreased below a certain point. This phenomenon cannot be
explained by the desorption of water molecules from the sur-
face. This work provides a new tool for surface and structure

analysis in nanomaterials science.

Appendix A: Internal temperature measurement

The internal temperature of the particle in Fig 4(b) is ob-
tained based on the method in Ref. [32]. When the particle
is heated, the heat can be transferred to the colliding gas par-
ticle. This causes the difference between the temperature of
impinging gas particle Tjn, and the temperature of the emerg-
ing gas particle Tep,. The relation between Tiyp, Tem and the
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COM temperature Tcoy is
(Timp)3/2 + %(Tem)3/2
(T1mp)1/2 + %(Tcm)lﬂ

Tcom = (A1)

The Tcowm is measured based on the energy equipartition the-
orem and the measurement result of the particle’s mass. The
temperature of impinging gas particles equals the room tem-
perature (293 K in our experiment). Thus, we can obtain the
temperature of the emerging gas particle based on Eq. (A1).
The relationship between the gas temperatures and the

surface temperature of the particle Ty, is given by the accom-
modation coefficient

Tem _ Timp

a -
Tour =T

(A2)

The accommodation coefficient is known and close to
0.777.1321 Thus, we can obtain the surface temperature of the
particle Ty, based on Eq. (A2). Since the particle is in nano
size, the internal temperature of the particle T, would be the
same as the surface temperature. Thus, we can obtain the in-
ternal temperature of particle Tiy.
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