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ABSTRACT: A microcantilever based method for fluid viscosity
and mass density measurements with high temporal resolution and
microliter sample consumption is presented. Nanomechanical
cantilever vibration is driven by photothermal excitation and
detected by an optical beam deflection system using two laser
beams of different wavelengths. The theoretical framework
relating cantilever response to the viscosity and mass density of
the surrounding fluid was extended to consider higher flexural
modes vibrating at high Reynolds numbers. The performance of
the developed sensor and extended theory was validated over a
viscosity range of 1—20 mPa-s and a corresponding mass density
range of 998—1176 kg/m’ using reference fluids. Separating
sample plugs from the carrier fluid by a two-phase configuration in
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combination with a microfluidic flow cell, allowed samples of S uL to be sequentially measured under continuous flow, opening
the method to fast and reliable screening applications. To demonstrate the study of dynamic processes, the viscosity and mass
density changes occurring during the free radical polymerization of acrylamide were monitored and compared to published data.
Shear-thinning was observed in the viscosity data at higher flexural modes, which vibrate at elevated frequencies. Rheokinetic
models allowed the monomer-to-polymer conversion to be tracked in spite of the shear-thinning behavior, and could be applied

to study the kinetics of unknown processes.

iscosity and mass density are key characteristics of fluids.

They depend on the solvent, as well as on the
physicochemical properties of the dissolved components.
Viscosity measurements are used to characterize solutions of
polymers and biopolymers." Whereas the density is mainly
related to concentration and hydrodynamic volume, the
viscosity depends on concentration, molecular weight, shape,
and interactions of the solute molecules. Classical viscosity or
mass density measurements require milliliter samples with a
time resolution of the order of minutes. Recently, new sensing
methods that allow either microfluidic viscosity” or mass
density>* measurements were presented. Notably, most of
these new viscosity measurement techniques rely on fluorescent
labels or optical readout and subsequent image processing. In
contrast, combined viscosity and mass density sensing methods
are mostly based on mechanical resonators. They employ
resonating microtubes,” microelectromechanical systems,6 sur-
face acoustic wave devices,” tuning forks,® quartz crystal
microbalances,” and microcantilevers.'® Because of the wide
application range of microcantilevers in scanning probe
microscopy, comprehensive theoretical frameworks considering
arbitrary modes of vibration have been developed'"'* and
experimentally tested.'>"*~"> Reported applications include
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characterization of polymer solutions,'® concentration deter-
mination of sugar solutions,'” and viscosity measurements of
hydrocarbons and silicone oils'® and ethanol solutions.'”* A
comprehensive review on fluidic applications using microcanti-
levers is given by Kim et al.*' Only few papers report time-
resolved changes in cantilever resonance parameters in fluids,
resulting from viscosity and mass density variations.”>
Furthermore, reviewing viscosity and mass density data
measured using microcantilevers led us to the conclusion that
careful calibration and a vibrational spectrum without spurious
resonance peaks are essential to achieve good accuracy.

In this paper, we use resonating nanomechanical cantilevers
embedded in a microliter fluid cell as transducers for real-time
viscosity and mass density measurements. Photothermal
excitation of the cantilever was implemented, and the use of
higher flexural modes of vibration was studied. The perform-
ance of the instrument was evaluated using glycerol solutions. A
segmented two-phase flow allowed sequential measurements to
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be performed using sample volumes as low as 5 uL.
Subsequently, the use of the method to monitor polymerization
reaction kinetics with microliter sample consumption was
investigated.

B MATERIALS AND METHODS

Unless otherwise indicated, nanopure water was used and
chemicals were purchased from Sigma-Aldrich (Buchs, Switzer-
land) and used without further purification.

Experimental Setup. The experimental setup employed to
excite and detect higher flexural mode cantilever vibrations in
liquid is shown in Figures la and b. By sweeping given ranges
of frequencies (sweep time 1.0 to 1.67 s), amplitude and phase
spectra of arbitrary flexural modes are recorded on a vector
network analyzer (MS4630B, Anritsu, Kanagawa, Japan). The
reference signal is applied to the excitation laser driving the
cantilever (LDgy, 406 nm, 4.4 mWp, peak-to-peak modulation
amplitude 7.0 mW,,, at the output aperture of the objective;
LP406-SF20, Thorlabs, Newton, New Jersey, U.S.A.). The
dynamic response is monitored using the detection laser
(LDpg, 780 nm, 0.8 mWpc; SlnanoFCM-HO06, Schifter +
Kirchhoff GmbH, Hamburg, Germany), which is reflected off
the free end of the cantilever. The optical deflection signal is
directed onto a position-sensitive detector (PSD, 2L10_SU?7,
SiTek Electro Optics, Partille, Sweden); a motorized transla-
tional stage keeps the laser spot centered on the PSD.
Photocurrents from two opposing electrodes on the PSD are
converted by home-built transimpedance amplifiers (bandwidth
= 850 kHz) and fed into a differential amplifier (gain = 10X;
SIM910/SIM911, Stanford Research Systems, Sunnyvale, CA,
US.A; or DA1822, Teledyne LeCroy, Chestnut Ridge, NY,
U.S.A.). The differential signal is fed back into the network
analyzer (lock-in bandwidth = 300/500 Hz) and divided by the
signal originating from a reference photodiode (PD, PDA36A,
Thorlabs, Newton, New Jersey, U.S.A.). Specifically developed,
object-oriented LabVIEW software (National Instruments,
Austin, Texas, U.S.A.) is used to control and record data
from the network analyzer. Amplitude and phase spectra are
recorded and saved consecutively. A Lorentzian curve fitting
routine allows resonance frequencies and quality factors to be
tracked in real-time. Furthermore, the software monitors the
deflection and intensity of the signal on the position-sensitive
detector, stabilizes the temperature of the fluid cell to 20 + 0.01
°C, and controls the valve and syringe pump used for sample
injection.

Fluid Cell and Sample Injection. A syringe pump
(KDS900, KD Scientific, Holliston, MA, U.S.A.) and a ten
port valve (VV-C2H-1340EH, VICI, Schenkon, Switzerland)
equipped with two sample loops (10 and SO wL) allow
sequential injection of samples into the fluid cell using a carrier
fluid, either water or hydrocarbon oil, at flow rates between 0.1
and S0 yL/min (Figure lc). To monitor a polymerization
process in an external vessel, sample is aspirated into the fluid
cell as illustrated by Figure 1d. All measurements are performed
under continuous flow. The parts are connected with polyether
ether ketone (PEEK) tubes (inner diameter 250 gm). The fluid
cell (volume <2 L) is molded in polydimethylsiloxane
(PDMS).** The required master template was produced from
a cantilever chip body and a glass rod (diameter 1 mm) glued
to a microscopy glass slide. Replica are fabricated by pouring
degassed PDMS (SYLGARD 184, Dow Corning, Midland, MI,
U.S.A.) onto the master template and baking at 60 °C for at
least 4 h. After activation in a 30 W oxygen plasma for 30 s
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Figure 1. (a) Photograph and (b) schematic diagram of the

experimental setup. Inset: Micrograph of the fluid cell; the dotted
black line indicates the fluid channel and the arrow the flow direction
(scale bar = 1 mm). Configurations of the fluidic setup: (c) Sequential
sample injection and (d) sample aspiration from an external vessel.
The cantilever chip (1) is integrated in a PDMS fluid cell and (2)
mounted on a temperature-controlled stage (3). A syringe pump (4)
allows injection or aspiration of sample into the fluid cell through
PEEK tubes (S). The beam (dashed blue line, b) from an intensity-
modulated excitation laser (LDgy) is split 10:90 between a reference
photodiode (PD) and a dichroic mirror (DM), respectively. It is
directed upward by a broadband mirror (M) and focused onto the
cantilever by an objective lens (4X). To detect the vibration, the
reflected beam of the detection laser (LDpg, solid red line, b)
originating from the cantilever, is directed through a concave lens (f =
—50 mm) onto a position-sensitive detector (PSD), by combining a
polarizing beam splitter (PBS) and a lambda-quarter plate (1/4). An
optical high-pass filter (HPF) is inserted to avoid disturbances on the
PSD. An optical isolator (ISO) is used to avoid back reflection into the
laser diode. Optical access for a camera is provided by a 50:50 beam
splitter.

(PDC-002, Harrick Plasma, Ithaca, NY, U.S.A.), a cantilever
chip is inserted and the fluid cell is bonded to a microscopy
glass slide. The dimensions of the fluid cell where chosen to
ensure that boundary effects, such as squeeze film damping, are
neg11g1b1e

Cantilever Preparation. Arrays comprised of cantilevers
with different lengths (IBM Zurich Research Laboratory,
Rueschlikon, Switzerland; nominal dimensions 500/300/250/
200 X 100 X 4 um®), were cleaned in piranha solution (30%
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hydrogen peroxide and 96% sulfuric acid, 1:1) for 30 min,
washed four times in water, once in isopropanol and dried in
air. To passivate the silicon, cantilevers were incubated in 10
mM 2-(methoxy(polyethyleneoxy)propyl)trimethoxysilane
(90%, ABCR, Karlsruhe, Germany) in ethanol for 30 min at
room temperature. Subsequently, a 2 nm titanium layer
(Johnson Matthey, Zurich, Switzerland) followed by a 20 nm
gold layer (Goodfellow, Huntingdon, England) were deposited
using an electron-beam evaporator (EVA 300, Alliance
Concept, Cran Gevrier, France). The gold layer was then
passivated in 1 mM (1-Mercapto-11-undecyl)tetra(ethylene
glycol) (95%, ASEMBLON Inc,, Redmond, WA, U.S.A.) in
ethanol for 30 min at room temperature, washed in water, and
rinsed with isopropanol. Cantilevers were stored under argon
atmosphere until use. For all experiments, only the cantilevers
with the highest aspect ratio were used (500 X 100 X 4 um?>).

Glycerol Reference Solutions and Free Radical
Polymerization Reaction. Viscosity and mass density
standards were prepared from weighed amounts of water and
glycerol. The glycerol concentrations ranged from 30.5% to
73.0% (w/w) and corresponding viscosity and mass density
values were calculated according to literature.”**” The
reference solutions were mixed and filtered through a sterile
0.20 pm filter. Water was used as carrier fluid for the reference
measurements. A total of 45 uL of each glycerol reference
solution was injected into the fluid cell at S yL/min (first 15
uL) and measured at 2 uL/min (following 30 uL).
Subsequently, the fluid cell was purged with water at 2 uL/
min. For segmented two-phase flow experiments a hydrocarbon
oil (Viscosity and Density Standard N1.0, 19044; 1.03 mPa:s,
779 kg/m*) was used as carrier fluid and 5 uL samples were
sequentially injected at a constant flow rate of S uL/min (see
Figure 1c).

To study the free radical polymerization of acrylamide at
room temperature in a time-resolved manner, the monomer
acrylamide (3.4%, 478 mM, 109 equiv.) and the catalyst
tetramethylethylenediamine (TEMED; 6.6 mM, 1.5 equiv.)
were dissolved in water and placed in an Eppendorf tube (total
sample volume = 1.5 mL). The solution was fed into the fluid
cell by aspirating it at a rate of 1 yL/min (see Figure 1d). The
polymerization reaction was initiated by adding ammonium
persulfate (APS; 4.4 mM, 1 equiv.) and the flow rate was
increased to 10 yL/min for 1 min to overcome the dead
volume of the connecting tube (~5 uL). Subsequently, the flow
rate was decreased to 1 xL/min and kept at this value during
the entire reaction (65 min). The total sample consumption
during the reaction was 75 L. As the reaction was carried out
in air and the water was not deoxygenated, atmospheric oxygen
was present in the reaction mixture and quenched the reaction
in the initial phase. The final degree of conversion of the
reaction was determined by 'H NMR spectroscopy using a
Bruker DPX-NMR (400 MHz) instrument (Bruker, Billerica,
MA, US.A.). Sample (0.4 mL) was added to 0.4 mL of D,0O
(Cambridge Isotope Laboratory Tewksbury, MA, U.S.A.) and
analyzed by 'H NMR at room temperature. The degree of
conversion was calculated from the baseline corrected spectra
using the integrals of the vinyl protons of the monomer and the
protons of the polymer backbone.

Data Analysis and Hydrodynamic Forces. The following
procedure was followed to measure the viscosity and mass
density using a vibrating cantilever immersed in the fluid under
test: (i) The eigenfrequency and quality factor of the cantilever
were experimentally determined; (ii) the hydrodynamic
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function, relating these parameters to the viscosity and mass
density of the fluid, was solved; (iii) after a calibration step, the
fluid properties were determined. To determine the eigenfre-
quency and quality factor of the cantilever, a damped harmonic
oscillator model was fitted to the amplitude and phase spectra
individually”® (see Supporting Information). The hydro-
dynamic function I' (see below for details) introduced by
Sader and Van Eysden,'"'” relates the eigenfrequency f, and
quality factor Q, of a vibrating cantilever to the viscosity and
mass density of the surrounding fluid

—-1/2
fo=f |1+ 22RO (Re, x,))
n n,vac 4tpc (1)
:Z); + R(I'(Re, k,))
L= S ™ (M (Re, 1) @

The Reynolds number'” Re = 2zf,pw*/y, quantifies inertial
against viscous forces and the normalized mode number x, =
wa,/L, is related to the spatial wavelength of the beam. The
parameters t, w, L, p, f,, and Q, are the thickness, width,
length, average mass density (2330 kg/m?), eigenfrequency,
and quality factor of mode n, with eigenvalue, a, (see
Supporting Information), of the cantilever immersed in a
fluid of mass density p and viscosity 7. The real part R(I")of the
hydrodynamic function describes inertial forces, whereas the
imaginary part 7 (I') represents dissipative forces exerted by the
fluid. Compressibility of the fluid should be considered when
the spatial wavelength of a flexural mode exceeds the acoustic
wavelength in the fluid at the corresponding frequency. In
aqueous solutions this condition is met for flexural mode
numbers above 24 for the cantilevers employed.”” Because the
highest detectable mode is far below this value, compressibility
was neglected in the analysis. The employed model
furthermore assumes the no-slip boundary condition.*
Equation 1 is solved by an iterative process,®’ because the
hydrodynamic function depends on the eigenfrequency. A
calibration step is required to account for uncertainties in the
dimensions of the cantilever as well as to compensate for
nonideal effects. It is performed in a single reference fluid, water
or oil in the present case, at the start of every series of
experiments. The calibration factors, the vacuum frequency"’
favae and the quality factor calibration constant C,., are
determined for each flexural mode n by a root-finding algorithm
in IGOR Pro (WaveMetrics, Lake Oswego, OR, U.S.A.), using
egs 1 and 2. Once determined, the calibration factors f, ., and
C,,ca are used to calculate the viscosity and mass density of the
fluid under test.

The approach used to describe the hydrodynamic function I"
is discussed in the following. Higher modes of vibration entail
high Reynolds numbers Re due to their elevated eigenfrequen-
cies f,. The numerical calculation of I for such high Re requires
a large number of terms to reach convergence,30 which would
demand both very high numerical precision and computing
time. Therefore, empirical implementations of I" have been
developed and successfully applied.>*** We introduce an
approximation, which is valid for Re > 10° and therefore
complements previously reported descriptions of the hydro-
dynamic load
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I'= (a + b'R[Fkn_)oo(Rel kn)])

+i(Re™ + d-I[T; _ (Re, k,)]) for Re > 10° 3)
r 8 ,/an — iRe
oo = T /————a8K, > ®©
- K, Kk} — iRe — K, (4)

The approximation is based on the corrected asymptotic
solution I, _,, from Van Eysden and Sader,"? valid for higher

normalized mode numbers . The parameters a, b and ¢, d are
correction terms for the real and imaginary components,
respectively. The following requirements are fulfilled by the
approximation: In the asymptotic limit Re — oo, the real part of
the hydrodynamic function approaches the values of the
inviscid theory®* with good accuracy, whereas the imaginary
part reaches zero. Furthermore, the correction terms a,Re”™* —0
and b,d —1 for k, > 1 to recover the asymptotic solution (eq
4). The correction parameters were determined by fitting the
real and imaginary part of the approximation to the numerically
calculated values in the range Re = {10, ..., 10*} and «, = {0.1,
.y 20} and are provided in the Supporting Information.
Discrete values of I" were numerically calculated according to
literature'? for Re = {10°, .., 10*} and k, = {0.1, ..., 20}. Figure 2
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Figure 2. Log—log plot of the imaginary (a) and real (b) part of the
hydrodynamic function I' for various values of the normalized mode
number k. Calculated'? (markers), asymptotic12 (dashed lines, eq 4)
and approximated (solid lines, eq 3) values are shown. For better
visibility, every other calculated value has been omitted. The results of
the inviscid theory>* are indicated in the real part (o0).

shows numerically calculated, asymptotic and approximated
values of the hydrodynamic function for various k,,. Because the
Reynolds numbers obtained in the experiments are in the order
of 10% to 10°, a combination of the numerically calculated and
approximated values of the hydrodynamic function was used.
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The transition region (Re = {10%, ..., 10*}) was described by a
linearly weighted average of both functions.

B RESULTS AND DISCUSSION

A microcantilever based method for fluid viscosity and mass
density measurements with high temporal resolution and
microliter sample consumption is presented (Figure 1). The
measurements are achieved by monitoring higher flexural mode
vibrations of a cantilever immersed in the liquid under test. The
measuring principle is depicted in Figure 3. In the following, we
present (i) the dynamics of vibrating microcantilevers driven by
optical excitation in liquid, (ii) the validation of the instrument
performance with liquids of known viscosity and mass density,
(iii) an optimized sample delivery procedure involving a two-
phase flow, and (iv) the application of the sensor to
characterize chemical polymerization reactions.
Photothermal Excitation of Resonating Cantilevers in
Liquid. The phase and amplitude response of a resonating
cantilever immersed in liquids of different viscosity and mass
density, namely, water and glycerol solutions, are shown in
Figure 4. The cantilever was embedded in a molded fluid cell
with a volume below 2 uL. Vibration was induced photo-
thermally and detected using an optical beam deflection setup
(Figure 1). The high spring constants of the cantilevers® and
the viscous surroundings require efficient excitation to drive
higher flexural modes at a detectable amplitude. Photothermal
excitation allows cantilever vibration to be induced without
mechanical contact.>***” Thus, the excitation system is
completely separated from the fluid cell. To ensure efficient
photothermal excitation of higher flexural modes, the excitation
laser was positioned close to the clamped end of the cantilever
beam, where the curvature is highest. In contrast, the detection
laser was focused at the free end of the cantilever, where
maximal angular deflection occurs. Furthermore, the efficiency
was improved by matching the excitation and detection laser
wavelengths to the absorption properties of the cantilever
coating, % in this case gold. At the excitation wavelength of 406
nm, the absorption of gold is about 67%,> allowing efficient
heating that is in turn transduced into a bending moment. In
contrast, the absorption of gold is <3% (reflectivity >97%)>” at
780 nm rendering this wavelength suitable for the detection
laser. Advantages of photothermal excitation are (i) undis-
turbed resonance spectra, (ii) suitable integration into micro-
fluidics, (iii) scalability, for example, scanning over arrays of
cantilevers, and (iv) separation of the excitation and detection
system from microfluidics, allowing flexible fluid cell designs.
Potential drawbacks of photothermal excitation and optical
detection include the following: (i) Only applicable to optically
transparent sample fluids, (ii) requires a two-step alignment,
and (iii) local fluid heating (see Supporting Information).
The resonance spectra shown in Figure 4 are free of any
spurious resonances. The phase and amplitude response of a
cantilever is an entanglement of various effects depending on
(i) the properties of the fluid, that is, increasing viscosity and
mass density decrease the quality factor, shift the eigenfre-
quencies toward lower values and reduce the amplitude of
vibration; the shifts are more pronounced for higher modes, (ii)
the mechanical properties and dimensions of the cantilever, (jii)
the position, thermal lag and the spot size of the photothermal
excitation, (iv) the phase-lag and bandwidth (850 kHz) of the
electronics, and (v) the degree of angular bending, that is, the
stronger angular bending of higher flexural modes increases the
response detected in the optical beam deflection system.
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Analytical Chemistry

Response
( o} Damped Hydro-
Cantilever § harmonic dynamic
sensor o oscillator Time-resolved model Time-resolved
VNA —— |eigenfrequency f ()| ——|  viscosity n (t)
- g A quality factor Q,(t) mass density p,(?)
-
L Frequency
él Continuous acquisition
Excitation

Figure 3. Measuring principle: A vector network analyzer (VNA) applies a frequency swept excitation signal to the immersed cantilever sensor and
detects its response. Resulting phase and amplitude spectra are acquired continuously. Time-resolved values of the eigenfrequency f, and quality
factor Q,, are determined by fitting a damped harmonic oscillator model to the spectra. The values are converted into viscosity and mass density data
by using a hydrodynamic model, which quantifies the cantilever—fluid interactions (see Materials and Methods).
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Figure 4. Phase and amplitude response of a photothermally driven
cantilever (500 X 100 X 4 pm®) immersed in liquids of different
viscosity and mass density, namely water (H,O) and glycerol solutions
(gly. wt %). The flexural mode number (bold), the corresponding
Reynolds number in water and the mode shape are indicated above the
resonance peaks. Note the absence of spurious resonances. The first
flexural mode is not visible due to high-pass filtering. The angular
deflection amplitude is normalized to the highest peak.

Viscosity and Mass Density Measurements of Refer-
ence Fluids. After calibration in water (1.01 mPa-s, 998 kg/
m?® average of 10 spectra) at the start of a flow-through
measurement, viscosities and mass densities of the sample fluids
were calculated from the measured eigenfrequencies and quality
factors. Mass density mainly affects the comoving mass and
thus the eigenfrequency of the resonator. In contrast, viscous
forces alter the dissipation and thus govern the quality factor.
The influence of the v15c051ty on the eigenfrequency is due to
the boundary-layer thickness** which extends further for lower
modes, and thus increases the comoving mass.

A calibration step is essential to avoid systematic errors.
Deviations of the vacuum frequency from the calculated values
are mainly caused by the uncertainty in the average thickness of
the cantllevers, and become more pronounced at higher
modes.*' The quality factor is affected by various dissipative
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mechanisms. For the cantilevers employed, viscous dissipation
dominates by orders of magnitude.*” Because only fluid in
closest vicinity to the cantilever is probed, that is, within the
viscous boundary layer,*® local heating effects originating from
the incident lasers must be considered. Finite element analysis
suggests that the average heating inside the probed fluid volume
(<1 nL) is below 2.3 K (see Supporting Information). Because
the viscosity has a stronger temperature dependence than the
mass density,”> an increase in temperature mainly alters the
quality factor. To account for these interfering effects, the
vacuum frequency and a quality factor calibration constant were
determined using water as a calibration fluid.

Figure 5 shows measured viscosity and mass density values of
reference fluids (glycerol solutions) derived from the different

(a) Viscosity
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(b) Mass density
1200 —

1150 —

1100 —

Phase
Viscosity measured / Pa‘s

1050 —

Density measured / kg-m'

0.001 1000 —

-3

1200 — ,

1150 —H

1100 4

1050 —

Amplitude
Viscosity measured / Pa‘s

Density measured / kg:-m

1000

T — T T T 1
1000 1050 1100 1150 1200

0.01
Density reference / kg-m-3

II T T
0.001
Viscosity reference / Pa‘s

Figure 5. (a) Viscosity and (b) mass density values of glycerol
solutions, derived from the amplitude (bottom) and phase (top)
response of flexural modes 2—6, after calibration in water. Reference
values are indicated by the dashed lines.***” The data points show the
mean and standard deviation derived from 10 spectra.

flexural modes. The analysis was performed for the phase, as
well as for the amplitude spectra. The accuracy is mainly
governed by the peak amplitude, which defines the signal-to-
noise ratio. In general, higher modes show less variance because
of the larger absolute shifts in eigenfrequency and quality factor.
At high viscosities, values derived from higher modes deviate

dx.doi.org/10.1021/ac4014918 | Anal. Chem. 2013, 85, 8676—8683
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from the reference values. Because of the larger absolute shifts
observed at higher modes, the response saturates more rapidly
impairing accurate determination of the viscosity values. The
deviations in mass density derived from amplitude spectra of
lower modes are due to the decreasing peak amplitudes, which
hinders the precise determination of the eigenfrequency. After a
single reference calibration in water, quantitative viscosity
measurements performed on the reference fluids were accurate
to within 25% (phase) and 34% (amplitude) in a range from 1
to 20 mPa-s (12% (phase) and 10% (amplitude) for 1—10 mPa-
s). Mass density values were determined within 1% (phase) and
4% (amphtude) from 998 to 1176 kg/m>. These values are
comparable'® or better** than the ones reported for similar
viscosity ranges using cantilevers. The more the sample
characteristics deviated from those of the calibration fluid and
the higher the viscosity, the more the measured values differed
from literature values and the larger the standard deviations.
Better accuracy can be obtained using a multlreference
calibration'” or cantilevers with a higher aspect ratio.”
Furthermore, the precision can be adjusted by adapting the
cantilever dimensions to a certain measurement range.
Segmented Two-Phase Flow to Avoid Sample
Dispersion. Dilution of the sample by dispersion into an
aqueous carrier fluid leads to deviations in viscosity and mass
density. Such Taylor dispersion® increases with the initial
solute concentration and the flow rate. Therefore, efficient
delivery of the sample liquid to the sensor is crucial for accurate
measurements in ﬂow—through instruments. The use of an oil
phase as carrier fluid,*® which effectively prevents sample
dilution, allows smaller sample volumes to be measured. As
illustrated in Figure 6, the use of a hydrocarbon oil resulted in a

oil H,O gly. gly.
0, 0,
e 1200 — 46% 5-9 %
> 5 uL<—> u ﬁ
< 1000 — L L4 !
= [ i [
¢ 800 TR P
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©
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Figure 6. Viscosity and mass density values derived from the 4th
flexural mode upon sequential injection of S uL samples using a
hydrocarbon oil as carrier fluid. The use of a hydrophobic carrier phase
prevents dispersion and thus delivers the sample to the cantilever
transducer at its initial concentration. After calibration in the carrier
fluid (oil), water (H,0) and different glycerol solutions (gly. wt %)
were injected. Reference values are indicated by the dashed lines.***’

segmented two-phase flow, allowing fast and reliable screening
of samples as small as 5 uL. Measured viscosity and mass
density values are in good agreement with literature values
(dashed lines*®*”) for both the carrier and the samples.*

Furthermore, the measured values returned to the baseline
immediately after each sample plug, clearly indicating that there
was no unspecific adsorption to the cantilever. During sample
injection and purging the laser beams are scattered because of
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(i) the different refractive indices of the fluids and (ii)
interfacial forces deflecting the cantilever, leading to a
temporary decrease in laser intensity. To account for this,
data points recorded below a certain laser intensity threshold
were excluded from the analysis (see Supporting Information).
In summary, miniaturization and optimized liquid handling
significantly improved the sensor characteristics. These findings
might also be applicable to other transducer technologies.

Real-Time Monitoring of Free Radical Polymerization
Reactions. The polymerization of acrylamide was selected as a
model system to demonstrate the study of dynamic processes
and to validate the results delivered by the sensor by comparing
them to published rheokinetic data.*” The specific viscosity of a
polyacrylamide (PAa) solution 7, is proportional to the
polymer concentration ¢ and the viscosity average molar mass
M, according to 77, M3*¥ This equation can be expanded
into a rheokinetic model that links the measured viscosity at
any given reaction time to the monomer-to-polymer conversion
of the reaction (see Supporting Information and ref 47).

Figure 7a shows time-resolved viscosity and mass density
data derived from flexural modes 2—6. After recording a stable
baseline in acrylamide monomer solution, the reaction was
initiated by adding ammonium persulfate (+APS). As
atmospheric oxygen was present, the reaction started after a
lag-phase (t;). Viscosity hardly increased in the initial
polymerization phase because of the weak viscosity-concen-
tration dependence at low polymer concentrations. A strong
increase in viscosity was observed in the next stage, that is, at
higher polymer concentrations, until saturation, which was
reached when most monomer had been converted into
polyacrylamide. The difference in the absolute cantilever
response in the polyacrylamide solution (PAa, Figure 7a) is
explained by the occurrence of shear-thinning at higher
frequencies. The measured mass density deviated toward
lower values, even though an increase was expected (see
Supporting Information). The employed hydrodynamic model
does not account for the non-Newtonian behavior of the
solution,"” therefore misinterpreting shear-thinning as a
decrease in mass density. The deviation becomes more
pronounced at lower modes, where the eigenfrequency strongly
depends on an entanglement of viscosity and mass density. In
contrast, the eigenfrequencies of higher modes are almost
independent of the viscosity and, thus, reproduce the mass
density with higher accuracy.

To validate the use of the sensor for kinetic measurements, a
rheokinetic model*” was fitted to the viscosity data (Figure 7a,
solid black lines; see Supporting Information for details). The
rheokinetic model describes the measured data well and was
used to calculate the degree of conversion /3 of the reaction over
time as shown in Figure 7b. In the initial stage (f < 25%) of the
polymerization, it cannot be accurately determined due to the
weak viscosity-concentration dependence. Even though shear-
thinning occurred, the determined degrees of conversion are
consistent along all modes. As expected for a free radical
polymerization,” the degree of conversion is well described by
a first order kinetic with a second order initiation reaction
(solid black lines in Figure 7b). The degree of conversion at the
end of the reaction additionally determined by 'H NMR was
(96 + 2)%. In good agreement, the rheokinetic model
extrapolated to 95% (Figure 7b). These results approve the
use of nanomechanical cantilevers to monitor the kinetics of
polymerization reactions solely by measuring changes in
viscosity.
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Figure 7. Free radical polymerization of acrylamide. (a) Viscosity and
mass density data derived from phase spectra. The acrylamide solution
(Aa) was initiated with ammonium persulfate (+ APS). After a lag-
phase (,) due to the presence of oxygen, the reaction started and the
viscosity increased until the monomer became depleted (PAa). (b)
The degree of conversion during the reaction (gray area) was
determined by fitting rheokinetic models*” to the viscosity data (solid
black lines in a). It is well described by a first order kinetics with a
second order initiation reaction (solid black line in b). The degree of
conversion at the end of the reaction was furthermore determined by
"H NMR. (c) Frequency dependent viscosity of the polymer solution
(polyacrylamide), the monomer solution (acrylamide), and water
(H,0; mode numbers are indicated).

Figure 7c shows the shear-thinning behavior of the polymer
solution (PAa)*® determined at the end of the reaction. In
contrast, the monomer solution (Aa) and the solvent (H,0)
displayed Newtonian (frequency independent) behavior.
Recently introduced theoretical models for the characterization
of viscoelastic fluids using microcantilevers account for such
non-Newtonian behavior. However, they only consider the
fundamental flexural mode and require prior knowledge of the
mass density.*” Extending such models to higher modes would
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enable viscoelastic behavior to be characterized over a wide
range of frequencies.

B CONCLUSIONS

The method presented uses nanomechanically resonating
cantilevers to achieve quantitative, time-resolved fluid viscosity
and mass density measurements. The implemented photo-
thermal excitation method avoided spurious resonances and
allowed integration of the sensor into PDMS microfluidics,
where piezoelectric excitation is unsuitable.’® Embedding the
cantilever transducer in a microfluidic PDMS cell and
implementing a two-phase fluidic system avoided sample
dispersion, allowing measurements to be reproducibly made
with 5 uL sample volumes. The hydrodynamic model of Van
Eysden and Sader'? was adapted to allow higher flexural modes,
that is, vibration at high Reynolds numbers, to be considered.
The extended model was validated using Newtonian reference
solutions prepared from glycerol.

Using the microcantilever based instrument it was possible to
follow the free radical polymerization of acrylamide in a time-
resolved manner with a total sample consumption of just 75 uL
during 65 min. Non-Newtonian shear-thinning behavior
observed in the viscosity data revealed limitations of the
theoretical framework employed, impairing accurate determi-
nation of the mass density, especially at lower modes of
vibration. Despite the observed shear-thinning, the degree of
monomer-to-polymer conversion was determined using
rtheokinetic models,*” and was consistent for all modes of
vibration. In future, the instrument could be used to determine
the kinetic constants of unknown reactions. Further, the very
small sample volumes required make it ideally suited to
monitor polymerization kinetics in microreactors®’ or in
reactions that have to be conducted on a very small scale, for
example, to explore the parameters for expensive (bio)-
catalysts.”” In addition to its use to characterize chemical
polymerization reactions, the presented sensor should allow
biological aggregation processes to be investigated.
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