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ABSTRACT: Surface-initiated polymerization has been used to
grow thick, uniform poly(methyl methacrylate) films on nano-
cantilever sensors. Cantilevers with these coatings yielded
significantly greater sensitivity relative to bare devices as well as
relative to devices that had been coated with drop-cast polymer
films. The devices with surface-initiated polymer films also
demonstrated high selectivity toward polar analytes. Surface-
initiated polymerization can therefore provide a straightforward,
reproducible method for large-scale functionalization of nano-
Sensors.
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with self-assembled monolayers (SAMs) or polymer films,
have been used to detect a variety of biological and chemical
species,>™° including chemical vapors.”~"' Sorption of a
chemical vapor onto the surface of a cantilever changes factors
such as the mass and stiffness of the cantilever, which in turn
induces shifts in the resonant frequency of the structure.” The
analyte sensitivity increases as the size of such resonant
structures decreases'” with nanocantilevers demonstrated to
detect mass changes down to the attogram (107'® g) scale in
ambient conditions'® and at and below the zeptogram (107" g)
scale in vacuum.">~'°

The functionalization of nanocantilevers with polymer films
increases the sorption of chemical vapors onto the sensor,
relative to the behavior of bare sensors. Functionalization also
imparts selectivity to the sensor based on the differences
between chemical interactions of various polymer/vapor pairs.
In response to chemical vapors under ambient conditions, the
signal-to-noise ratio of the sensors increases as the film
thickness increases. Previous nanocantilever chemical vapor
sensor studies have relied on thin, 2—10 nm drop-cast polymer
films,"*" which, while effective, limit the sensor’s dynamic
range in terms of both the minimum and maximum detectable
vapor concentrations. Top-down coating techniques, such as
microcapillary-pipet-assisted drop-casting'” and inkjet print-
ing,'® utilize solvent evaporation to produce solid films. These
methods result in films of nonuniform thickness, resulting in a
low yield of well-coated sensors, and a high degree of
irreproducibility between adjacent sensors. Surface-initiated
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polymerization (SIP) from a variety of precursors has been
widely used to grow polymers directly on the surfaces of
devices."” The resulting films are composed of polymer chains
with one end tethered to a substrate. When the interchain
distance is small, steric repulsion leads to chain stretching,
resulting in a brushlike conformation. Functionalization of
nanocantilevers with SIP-grown films provides a method to
deposit sorptive films. Surface-initiated atom-transfer radical
polymerization (SI-ATRP) is a particular polymer brush-
growth technique that is versatile and easily implemented
with a wide range of functional groups.”® SI-ATRP has been
used to grow polymer brushes on microcantilevers that have
been subsequently used to detect changes in solvent
quality,*"** pH,* and temperature,”*** as well as to detect
the presence of glucose in liquids®* and to detect saturated
toluene vapor in nitrogen.”® These microcantilever-based
measurements of changes in gaseous environments were
performed with a readout based on the static deflection of
the cantilever device of interest.

We describe herein the use of surface-initiated polymer-
ization to grow thick, sorptive films on nanocantilever chemical
vapor sensors. Specifically, poly(methyl methacrylate)
(PMMA) has been grown directly from the surface of
nanocantilevers via SI-ATRP, using a synthetic method that
confines the formation of the polymer to the cantilever surface.
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The SI-ATRP PMMA-coated cantilevers were then exposed to
a series of seven organic vapors, along with both bare
cantilevers and cantilevers functionalized with a drop-cast
PMMA film. In contrast to using a readout based on the static
deflection of the device, dynamic detection based on the
resonance frequency shift of the cantilever was utilized as the
sensing signal. The SI-ATRP PMMA-coated cantilever
response to polar analytes was enhanced relative to bare and
drop-cast PMMA-coated cantilevers, while all sensors exhibited
mutually similar magnitudes of responses to nonpolar vapors.
The thick polymer films grown by SI-ATRP on resonant
nanocantilever sensors have enabled new studies in which the
sensor responses are dominated by analyte absorption into
polymers. Notably, these films are readily adaptable to wafer-
scale processing.

The properties of surface-functionalized sensors using SI-
ATRP were explored by use of piezoresistive, gold-coated,
silicon nitride nanocantilevers'®*%*” with a typical fundamental
resonance frequency of 10—12 MHz, quality factors (Q’s) of
100—200 in ambient conditions, and a capture area of 1.5 ym®
The cantilever resonance was actuated thermoelastically using
integrated Joule heating elements in conjunction with an AC
drive current.”® The nanocantilever sensors were controlled
with custom, LabView-controlled, electronics®” that continu-
ously tracked the resonance frequency of each sensor through
the use of parallel and independent phase-locked loops (PLLs).
For surface polymerization, after a thorough cleaning by a UV/
ozone plasma the polymerization initiator bis(2-[2'-
bromoisobutyryloxy]ethyl)disulfide (BiBOEDS) (ATRP Sol-
utions) was tethered to a gold overlayer on each cantilever by
self-assembly, involving immersion of the substrate in a S mM
solution of BIBOEDS in C,H;OH for 24—36 h. The PMMA
polymer brush was then grown using a room-temperature,
water-accelerated reaction® that was allowed to proceed for
between 30 min and 30 h. Additional details on the synthetic
procedures are provided in the Supporting Information.

Figure 1 presents ellipsometric measurements of PMMA
films grown on flat, gold-coated substrates. These films
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Figure 1. Dependence of the thickness of PMMA films grown by SI-
ATRP PMMA on the reaction time. The film reached a maximum film
thickness of ~90 nm after ~20 h of film growth. For data points
representing multiple trials, the error bars indicate the standard
deviation of the thickness of the PMMA films grown for a given
reaction time.
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displayed an initial linear relationship between the reaction
time and the film thickness with the relationship deviating from
linearity at long times due to chain termination. For reaction
times less than 20 h, the standard deviation of the film thickness
for a given reaction time was less than 3.5% of the average film
thickness. A maximum film thickness of ~90 nm was reached
after 20 h of film growth. For reaction times of >20 h, larger
scatter was observed in the final film thickness, likely due to a
higher rate of polymer chain termination relative that observed
at shorter reaction times. As shown in Figure 2, scanning

Figure 2. Scanning electron microscope images of nanocantilevers
functionalized with (a) a 10 nm thick, dropcast PMMA film and (b) a
90 nm thick, PMMA film grown by SI-ATRP.

electron micrograph (SEM) images of a nanocantilever coated
with a 90 nm thick SIILATRP PMMA film indicated that the
resulting films were smooth with a uniform thickness across the
nanocantilever, which is in contrast to the morphology
characteristic of sensors coated with drop-cast PMMA films.
Nanocantilevers were exposed to analyte vapors using an
automated vapor delivery system controlled by LabView-based
software.’® The analytes (hexane, toluene, heptane, ethyl
acetate, chloroform, tetrahydrofuran, and isopropanol) were
delivered at concentrations of P/P° = 0.0050—0.080 (where P
is the partial pressure and P° is the saturated vapor pressure of
the analyte at room temperature). Each exposure consisted of
70 s of pure carrier gas, 400 s of analyte vapor exposure, and
630 s of carrier gas to purge the system. For single
concentration experiments, a given run consisted of five
exposures to each analyte at P/P° = 0.020. To ascertain the
linearity of the functionalized nanocantilever response with
respect to analyte concentration, five exposures per concen-
tration, per analyte, were delivered in the order P/P° = 0.030,
0.010, 0.048, 0.0050, 0.080, and 0.020 to minimize potential
hysteresis in the measured linearity profiles. SI-ATRP PMMA-
coated cantilevers were also exposed to polar vapors for longer
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times, that is, up to as much as 5000 s, to determine both the
equilibrium response and the response time of the sensors.
Additional details of the measurement protocols are provided in
the Supporting Information.

For all vapor exposure experiments, the nanocantilevers were
housed in a sealed brass chamber with an internal volume of
100 mL. One to four sensors were tested in each experimental
run, and all sensors were “broken-in” prior to data collection by
multiple exposures to each analyte. The temperature of the
device and chamber were not controlled directly but were
stable at 21 °C to within +1 °C. Frequency data were corrected
for any baseline drift prior to extraction of the sensor responses.
The baseline noise was computed as the standard deviation of
the drift-corrected baseline frequency over a period of 10 s
prior to the sensor response. The signal-to-noise ratio (SNR)
was calculated as the average response divided by three times
the baseline noise.

Figure 3 shows data from analyte exposures of 400 s,
indicating that cantilevers coated with the SI-ATRP PMMA
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Figure 3. Responses of nanocantilever sensors to a series of 400 s
exposures to analyte vapors, delivered at P/P° = 0.02. Nanocantilevers
coated with PMMA films grown by SI-ATRP showed enhanced
sensitivity to polar analytes relative to nonpolar analytes.

film produced larger responses to polar vapors relative both to
devices without coatings as well as compared to devices coated
with drop-cast PMMA films. However, no signal enhancement
was observed for nonpolar vapors. Figure 4 presents the
dependence of the sensor response on the vapor concentration
for 400 s exposures of vapor to a cantilever-coated with a
PMMA film grown by SI-ATRP. The sensor showed a nearly
linear response to toluene vapor, but the responses to ethyl
acetate and to isopropanol deviated from linearity at high
analyte concentrations.

The enhanced sensitivity to polar analytes and the lack of
sensitivity enhancement for nonpolar analytes cannot be readily
explained from differences in the respective partition
coeflicients of analytes into PMMA films grown by SI-ATRP.
The partition coefficient (K,,) for an analyte/polymer pair is
defined as

S
G, (1)

where C; is the concentration of the analyte in the polymer film
and C, is the concentration of the analyte in the vapor phase.*!
Hence, the number of molecules absorbed into the polymer
film is not correlated with the magnitude of the response. The
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Figure 4. Sensor response versus analyte concentration for cantilevers
coated with PMMA films grown using SI-ATRP. Slow diffusion into
the PMMA film by ethyl acetate and isopropanol led to a departure
from linearity for these two analytes.

relative mass loading of the polymer film (calculated as the
product of the partition coefficient and the molecular weight of
the analyte) also does not correlate with response magnitude.
(The Supporting Information provides K., values for both bulk
PMMA and SI-ATRP PMMA films for all analytes employed in
this study).

The enhanced sensitivity to polar vapors of nanocantilevers
that had been coated with PMMA grown by SI-ATRP also
cannot be ascribed to vertical swelling of the polymer brush in
response to the presence of analyte vapors. The largest relative
change in thickness of SIFATRP PMMA films was observed
upon exposure to saturated chloroform vapor. Progressively
smaller responses were observed upon exposure to tetrahy-
drofuran, ethyl acetate, isopropanol, toluene, heptane, and
hexane vapors, respectively. The differences in magnitude of the
relative thickness changes do not correlate with the observed
responses of the functionalized cantilever sensors. Additionally,
the ratio of the relative film swelling to the K, for each vapor
was an order of magnitude greater for chloroform and
tetrahydrofuran, two good solvents for PMMA,** compared
to that of the other analyte vapors.

The magnitude of the response of SI-LATRP PMMA-coated
nanocantilevers correlates with the dipole moment of the
analyte vapors (see Supporting Information). To test the
validity of this correlation, cantilevers coated with PMMA
grown by SI-ATRP were exposed to carbon tetrachloride,
which is chemically similar to chloroform, but that has no
dipole moment. As shown in Table 1, a 400 s exposure to
chloroform induced a relative frequency shift of 2.19 X 107%,
whereas a 400 s exposure to carbon tetrachloride caused a
relative frequency shift of only —4.11 X 107°. This behavior is
consistent with expectations in which analytes with nonzero
dipole moments interact more strongly with PMMA and induce
changes in the polymer film that yield increased sensor stiffness
that in turn is manifested as large positive shifts in the
resonance frequency of the cantilever. The sensitivity of
sorption-based vapor sensors has been shown to correlate
primarily with the fractional vapor pressure of the analyte, as
opposed to the absolute value of the analyte concentration in
the gas phalse.33 For a given concentration (mol/volume) of
vapor, analytes with higher vapor pressures (such as those used
in this study) experience a lower thermodynamic driving force
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Table 1. Magnitude of the Frequency Shift of a SI-ATRP
PMMA Coated Nanocantilever Exposed to 400 s Pulses of
Analyte Vapors Correlates with the Dipole Moment of the
Analyte®

SI-ATRP PMMA nanocantilever frequency shift and analyte dipole moment

analyte Af na/fo X 10° dipole moment (D/y)b
hexane —42.37 + 2.62 0

toluene 18.94 + 545 0.375 + 0.010
heptane —31.67 + 2.39 0

ethyl acetate 478.36 + 26.47 1.78 + 0.09
chloroform 219.21 + 39.51 1.04 + 0.02
isopropanol 149.13 + 10.28 1.58 + 0.03
tetrahydrofuran 126.52 + 11.27 1.75 + 0.04

carbon tetrachloride —41.13 + 2.64 0

“Analytes with a dipole moment of zero induced small frequency
shifts, while analytes with non-zero dipoles induced large, positive
frequency shifts. bDipole moment values taken from the CRC
Handbook of Chemistry and Physics, 82nd edition.*®

to absorb into the polymer film than analytes with low vapor
pressures (e.g., organophosphate nerve agents and explosives).
Therefore, nanocantilevers coated with an appropriate polymer
film are expected to be more sensitive to low vapor pressure
analytes compared to higher vapor pressure analytes.

These positive shifts in nanocantilever resonance frequency
can be represented by the relation

Af _ 8k _ Smy
fo 2k (2

In eq 2, Af is the change in frequency, fq is the fundamental
resonance frequency, k is the initial stiffness, ok is the change in
stiffness, m.g is the initial effective mass, and 6m,g is the change
in effective mass.” The simple sorption of vapor molecules onto
a nanocantilever will result in an increase in mass. If the
sorption-induced mass increase is the sole effect, the cantilever
should therefore experience a decrease in its resonance
frequency. For a positive frequency shift to be observed in
response to sorption of an analyte vapor, a concomitant
increase in sorption-induced sensor stiffness must occur, and
this effect must dominate the effects of mass loading. This
phenomenon has been observed in microcantilevers used for
gas sensing,7 as well as for nanocantilevers used to detect
chemical vapors®* and biological species.>>~>” Consistently, the
resonance frequency of a microcantilever either increased or
decreased after evaporation of a gold film onto the device,
depending on whether the gold was deposited at the clamped
end or at the free end of the cantilever, respectively.*® For
vapor absorption into glassy PMMA films grown by SI-ATRP,
the effects of small molecules interpenetrating the polymer
chains could account for the observed increase in sensor
stiffness.”

Figure 4 shows the response of nanocantilevers coated with
PMMA films grown by SI-ATRP over a range of partial
pressures of toluene, isopropanol, and ethyl acetate. Such
sensors showed a linear response for small toluene partial
pressures but showed nonlinear responses during exposure to
the same range of partial pressures of ethyl acetate or
isopropanol. The shapes of the response data can be explained
by the relative diffusion rates of the analytes partitioning into
the 90 nm thick PMMA films grown by SI-ATRP. The
nanocantilever sensors were operated at ~30 °C, whereas the

2meff
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glass transition temperature (T,) of the bulk PMMA (Scientific
Polymer Products, Inc.; molecular weight = 35 000) used for
the drop-cast films is 105 °C.** At temperatures well below T,
the individual chains of a polymer are locked into a small set of
configurations, rendering the polymer “glassy” and decreasing
the diffusion rate of vapor molecules into the film relative to the
diffusion rate above the same polymer’s T,. Glassy polymers
such as PMMA are known to exhibit diffusion of analytes that
does not follow Fick’s Law. Instead, diffusion involves delayed
relaxation of the polymer chains, which can greatly increase the
time required for the absorbed analyte to reach its steady-state
concentration.**™*  Specifically, the profiles of the sensor
responses were similar to the behavior observed in dual-mode
sorption in which the following two populations of sorbed
analyte molecules are present: those dissolved within matrix of
the polymer chains (described by Henry’s Law) and those
residing in holes of free volume in polymer film (described by a
Langmuir expression).*** The nanocantilever responses did
not reach steady state during 400 s exposures to ethyl acetate at
any concentration explored. Similar behavior was observed for
exposure to isopropanol vapor at concentrations above P/P°
0.02. The sensors only reached a steady-state response to ethyl
acetate after ~5000 s of exposure.

We therefore have described a method for enhancing the
absorption of vapor onto nanocantilevers sensors by deposition
of thick, uniform polymer films via the SI-ATRP process. The
approach circumvents the limitations of top-down functional-
ization schemes, such as standard drop-coating techniques, and
yields sensors with both improved sensitivity and enhanced
saturation limits. The method also enables facile tailoring of the
physical and chemical properties of the polymer films for
specific sensing applications. Advanced chemical functionaliza-
tion techniques, such as the surface-initiated polymerization
presented here, will accelerate the adoption of miniaturized,
nanocantilever-based vapor detection platforms for a wide
spectrum of applications.
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Details of our experimental procedures, tabulated response
data, sensor response characteristics, fitting procedures to
deduce response times, partition coefficients for the drop-cast
and SI-ATRP-grown PMMA films, and further discussion of the
results of sensor responses to 5000 s exposures of vapors. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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