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W
e recently introduced atmospheric
pressure (AP) proximal probe ther-
mal desorption/secondary ion-

ization combined with mass spectrometry
(TD/SI-MS) for direct spatially resolved chem-
ical profiling and imaging of surfaces.1�4

With this surface sampling/ionization and
analysis approach, heated probe tips, rang-
ing in size from a few millimeters to 30 nm
in close proximity to or in actual contact with
a surface, have been used to locally desorb
intact molecular species. The desorbed spe-
cies were then ionized by an AP ionization

source suchas electrospray ionization (ESI) or
atmospheric pressure chemical ionization
(APCI) and analyzed using MS.
To push the capabilities of the AP TD/SI-

MS approach toward submicrometer spatial
spot sampling and imaging resolution, we
advanced a hybrid atomic force microscopy
(AFM)-ESI or APCI/mass spectrometry sys-
tem utilizing 30 nm diameter nanothermal
analysis (nano-TA) probes for TD surface
sampling.3,4 The heated nano-TA probes
are made from a doped single-crystal silicon.
The probe tip temperature can be precisely
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ABSTRACT The advancement of a hybrid atomic force microscopy/mass

spectrometry imaging platform demonstrating the co-registered topographical,

band excitation nanomechanical, and mass spectral imaging of a surface using a

single instrument is reported. The mass spectrometry-based chemical imaging

component of the system utilized nanothermal analysis probes for pyrolytic

surface sampling followed by atmospheric pressure chemical ionization of the gas-

phase species produced with subsequent mass analysis. The basic instrumental setup and operation are discussed, and the multimodal imaging capability

and utility are demonstrated using a phase-separated polystyrene/poly(2-vinylpyridine) polymer blend thin film. The topography and band excitation

images showed that the valley and plateau regions of the thin film surface were comprised primarily of one of the two polymers in the blend with the mass

spectral chemical image used to definitively identify the polymers at the different locations. Data point pixel size for the topography (390 nm� 390 nm),

band excitation (781 nm� 781 nm), and mass spectrometry (690 nm� 500 nm) images was comparable and submicrometer in all three cases, but the

data voxel size for each of the three images was dramatically different. The topography image was uniquely a surface measurement, whereas the band

excitation image included information from an estimated 20 nm deep into the sample and the mass spectral image from 110 to 140 nm in depth. Because

of this dramatic sampling depth variance, some differences in the band excitation and mass spectrometry chemical images were observed and were

interpreted to indicate the presence of a buried interface in the sample. The spatial resolution of the chemical image was estimated to be between 1.5 and

2.6 μm, based on the ability to distinguish surface features in that image that were also observed in the other images.

KEYWORDS: atomic force microscopy . mass spectrometry imaging . atmospheric pressure chemical ionization .
thermal desorption . band excitation . topography . atmospheric pressure
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controlled over the temperature range 25�1000 �C,
using a resistive heater integrated into the cantilever.5

With this hybrid instrumentation we have been able to
achieve co-registered AFM topographical images of
surfaces with mass spectral signal from 250 nm spot
samples3 and 2.5 μm � 2.0 μm pixel size mass spec-
tral chemical images.4 Over a decade ago a similar
proximal probe thermal desorption/pyrolysis ap-
proach using AFM was demonstrated by Price and
co-workers.6�10 In those experiments material was
liberated to the gas phase, captured, and then injected
into a gas-chromatograph mass spectrometer (GC/MS)
for separation, electron ionization (EI), and mass anal-
ysis. More recently, de Vries et al. used nano-TA probes
to thermally desorb various organic dyes from surfaces
using ambient desorption/collection onto a graphite
substrate followed by a vacuum laser desorption/
resonant two-photon ionization (R2PI) MS analysis.11

In neither the work of Price or de Vries was mass
spectrometry information from more than an individ-
ual spot or a series of a few spot samples obtained.
Beyond topographic imaging, scanning probe tech-

niques have found an extremely broad range of appli-
cations in probing electrical, magnetic, optical, and
mechanical properties on a single system, opening up
the possibility of understanding material functionality
at their relevant length scales.12 Therefore, with the
goal of creating a system that can better characterize
the functionality of a material, we have begun to
explore the addition of a nanomechanical imaging
mode, viz., band excitation (BE), into our hybrid AFM/
MS system. Outside of BE, various AFM-basedmethods
for measuring material nanomechanical properties are
available. The acquisition of force�distance curves
has historically been the method of choice, as they
offer fairly easy to interpret information on substrate
modulus.13 Traditionally thesemethodswere very slow
and not suitable for mapping. Recent advances have
enabled a several hundred times increase in force�
distance curve acquisition speeds.14�16 A remaining
drawback for accurate measurements of modulus
from force�distance curves is that the stiffness of the
cantilever should be close to the stiffness of the
tip�surface junction.17 For most materials this would
require a fairly stiff cantilever (on the order of 100 to
1000 N/m). The nano-TA probes typically have a
stiffness of around 1 N/m,18 thus significantly reduc-
ing their sensitivity and effectiveness in force�
distance-based measurements. Contact resonance-
based measurements tend to be very sensitive to
nanoscale mechanical properties because they can
utilize cantilever resonance to amplified forces at the
tip�surface junction, are based on frequency shift
information, which is inherently a very sensitive trans-
duction pathway, and are relatively fast because canti-
lever resonances are typically on the order of 100's of
kHz. However, contact resonance methods do require

operating at a cantilever resonance. This requires
either a feedback loop in the case of dual amplitude
resonance tracking (DART),19 which can be proble-
matic if the resonance frequency changes abruptly
during a scan or if the oscillation amplitude becomes
too small, or broad-band excitation as in BE, which is
not subject to the instabilities of a feedback loop. In
addition, nano-TA probes are ideally suited for contact
resonance measurements in that they can be used in
the Lorentz-force20 or i-drive21 configurations so that
the actuation force is applied directly at the tip of the
cantilever. This configuration is highly preferred over
actuation to the base of the cantilever or through the
sample as in traditional atomic force acoustic micro-
scopy (AFAM). For these reasons, we chose BE as the
most suitable means to acquire nanoscale mechanical
measurements quickly and reliably.
While co-registered AFM topographic and mass

spectral chemical images of a surface provide more
information than either technique alone, as demon-
strated by the impetus to combine the two techniques
onto one platform,22�24 the ability to acquire addi-
tional complementary chemical or physical informa-
tion regarding the same surface, within the same
instrumentation, might be expected to lead to yet
greater understanding.25�29 Although it is possible to
separate the measurements onto separate commer-
cially available platforms, the ability to carry out both
physical and chemical characterization on one system
allows for inherent co-registration of the acquired data,
which minimizes positional uncertainty and image
artifacts that arise when trying to combine and overlay
data acquired on multiple instruments. Additionally,
nano-TA cantilevers are particularly well suited for
nanomechanical measurements via Lorentz-force ac-
tuation, resulting in synergy not only in the data
acquired but also in the instrumental setup itself. To
acquire a BE image of a surface, the AFM cantilever
probe is excited by a waveform of a finite spectral
density band centered on the resonance frequency
of the probe.30�32 Typically, shifts in either the con-
tact resonance frequency or the Q factor are used to
decipher qualitative changes in mechanical properties
of the sample; bothwill shift with changes in the elastic
modulus and viscosity.5,30 Therefore, we are able to
perform semiquantitative measurements of the elastic
modulus, i.e., Young's modulus, based on the mea-
sured contact resonance frequency shift. However, due
to the only semiquantitative nature of the nano-
mechanical measurements, and the possibility that
very chemically distinct materials have very similar
Young's modulus values,33 the ability to combine
nanomechanical imaging, which can identify distinct
regions of varying mechanical property, with a chemi-
cally specific detection technique such asMS, as well as
topographical information, offers the potential tomore
fully characterize surface structure and chemistry.
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A relevant system for study is provided by phase-
separated thin films. Phase separation in polymer
blends is a well-studied topic.34�37 While there are
theoretical and experimental approaches to predict
dynamics of bulk phase separation in polymer blends,
the behavior of thin film polymer blends is more
complicated and, hence, less well understood. Work
on thin films of homopolymers has shown that the
interface formed between the polymer and the sub-
strate strongly modifies the dynamics of the polymers
in the mesoscopic region, resulting in a change of
polymer mobility.34 In thin film multicomponent poly-
mer films, polymer dynamics are further complicated
due to the polymer�polymer interactions that often
initiate the phase separation on various length scales.
Understanding the mechanisms controlling polymer
phase separation is highly desirable in practical appli-
cations such as organic photovoltaics,38 where the
device efficiency can be enhanced by gaining control
of the length scale of phase separation. Therefore, it
becomes important to have new experimental insight
into the actual phase separation in thin film polymer
blends happening at the mesoscale for both funda-
mental and applied sciences.
In this paper, we demonstrate for the first time the

capability to obtain, on the same instrument platform,
co-registered AFM-based topographical and BE nano-
mechanical images as well as mass spectrometry-
based chemical images of a sample surface. That
capability is demonstrated using a fast-separated poly-
styrene/poly(2-vinylpyridine) (PS/P2VP) thin film as a
model system. Because of the nature of the sample, the

nano-TA probes were used to sample from the surface
via pyrolysis (∼450 �C) versus simple TD as we have
done in the past. The topography and BE images
showed that the valley and plateau regions of the thin
film surface were comprised primarily of one of the
two polymers in the blend, while the mass spectral
chemical image was used to definitively identify the
polymers at these different locations. Data point pixel
size was comparable and submicrometer for all three
image types, but voxel size was dramatically different.
The topography image was uniquely a surface mea-
surement, whereas the BE and mass spectral images
included information from depths of about 20 nm and
110�140 nm into the sample, respectively.

RESULTS

AFM�MS Coupling. We have used two different types
of interfaces in our prior work for the coupling of AFM
and MS, enabling continuous collection and ionization
of material liberated from a surface by the AFM TD
process followed by subsequent mass analysis of the
ions formed at AP.3,4 One interface was an in-line
ionization “Y” tube inlet design (termed y-interface)
that used ESI,3 and the other was a straight line transfer
capillary in a modified mass spectrometer ion source
using APCI.4 In the present work, we used an in-line
vapor extractor/constant current corona discharge
APCI source (Figure 1), which proved to be more effec-
tive in our hands for sampling and ionization than
either of the other two designs. For select model
compounds (e.g., rubrene and pigment yellow 74),
the new inline cross interface produced about 5 times

Figure 1. Schematic illustration of the combined AFM/MS experimental setup with an enlarged view showing the details of
the inline APCI and ion molecule chemistry and an enlarged view of the AFM nano-TA probe positioned∼0.3 mm away from
the sampling capillary.

A
RTIC

LE



OVCHINNIKOVA ET AL . VOL. 9 ’ NO. 4 ’ 4260–4269 ’ 2015

www.acsnano.org

4263

the signal intensity of the former y-interface and about
45 times the signal of the modified ion source design
(data not shown). Volatilized material was transported
by the vacuum pull of the mass spectrometer into the
extractor capillary that was positionedwithin∼300 μm
of the AFM probe tip. Reagent ions produced via the
corona discharge in the center of the interface cross
ionized the vapor phase materials drawn into the
interface at this point, but ion�molecule chemistry
could continue to occur during the transit of ions
and neutrals down the transfer capillary toward the
vacuum region of the mass spectrometer. The vacuum
draw from the mass spectrometer was measured as
∼691mL/min, resulting in a calculated reaction time in
the cross center of approximately 0.82 ms. This might
be viewed as a minimum reaction time in this system.
By adding an auxiliary nitrogen flow into the cross
signal levels for compounds relevant to the materials
under study (e.g., 2-vinylpyridine) were enhanced.
Under optimized conditions, the addition of the
auxiliary nitrogen gas slowed the flow through the
extractor capillary to∼431 mL/min, effectively extend-
ing the minimum reaction time by about a factor of
1.6 times. A reaction time of ten to several hundred
milliseconds is typical for most APCI sources.39 Ambi-
ent air (N2, O2, and H2O vapor) was drawn into the
source along with the volatilized surface materials so
that in positive ion mode the major reagent ions were
normally protonatedwater/water clusters.39,40 As such,
themajor ion�molecule reaction with the vapormate-
rial sampled was expected to be proton transfer,
resulting in the formation of protonated molecules
(M þ H)þ.

AFM-TD/APCI-MS of Polymers. Obtaining a mass spec-
tral-based chemical image from highmolecular weight
PS and P2VP polymers (Scheme 1) required pyrolysis of
the material with the nano-TA probes. The pyrolysis
process produced lower mass polymer oligomers in
the gas phase that could potentially be ionized and
subsequently detected. Pyrolysis of the present poly-
mers was accomplished by heating the nano-TA tips to
∼450 �C. However, because of the nature of the APCI
process,39,40 only the products of the P2VP pyrolysis
could be detected. The 2-vinylpyridine molecule and
this moiety in the low mass oligomers make these
species basic enough to be ionized by proton transfer

with protonatedwater/water clusters in theAPCI source.
This was confirmed by sampling a 2-vinylpyridine
vapor sample into the APCI region and detection of
the protonated molecule, (M þ H)þ, at m/z 106 (see
Figure 2e).

Shown in Figure 2a is a rectangular segment from a
topographical image of the phase-separated PS/P2VP
thin film. Figure 2b is the extracted ion chronogram for
m/z 106 corresponding to the protonated pyrolysis
product 2-vinylpyridine, which was detected during
a line scan of the heated nano-TA probe across the
surface in the area indicated by the yellow arrow in
Figure 2a. During this scan, the heated probe sampled
from the surface by pyrolysis created a roughly 500 nm
wide by ∼100 nm deep trench in the sample. For this
reason, the mass spectral chemical image of the sur-
face was rendered using mass spectral data obtained
from a series of line scans spaced 500 nm apart (see
below). Protonated 2-vinylpyridine (m/z 106) was de-
tected in the full scan mass spectrum when the probe
sampled from a P2VP-containing region (Figure 2c).
Figure 2c shows the background-subtracted full scan

Scheme 1. Structure of P2VP and PS polymers.

Figure 2. (a) Topographic image of a phase-separated thin
film of PS/P2VP showing different domains (yellow arrow
indicates a line scan with the AFM probe at ∼450 �C).
(b) Extracted ion current chronogram form/z 106 obtained
during the line scan shown in (a). (c) Background-subtracted
full scan positive ion mode mass spectrum obtained by
averaging over the 0.07�0.15 min time window in (b).
(d) Background-subtracted full scan positive ionmodemass
spectrum obtained by spot sampling a P2VP bead with the
AFM probe at∼450 �C. (e) Full scan positive ion modemass
spectrum obtained by sampling the headspace vapor of
2-vinylpyridine (105 Da) into the in-line APCI sampling
capillary.
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averaged mass spectrum (0.07�0.15 min) obtained
from Figure 2b with the signal for the protonated
2-vinylpyridine molecule at m/z 106 clearly visible. To
confirm the identity of the observed pyrolysis products
in Figure 2c, pure P2VP was directly pyrolyzed using
the same heating parameters in a spot samplingmode
(Figure 2d). The base peak in the spectrumwasm/z 106
with two other much lesser abundant peaks observed
at m/z 120 and 211, presumably corresponding to
protonated 2-isopropenylpyridine and a 2-vinylpyri-
dine dimer, respectively.41 These other species were
most likely observed in this case because of the larger
area sampled and are consistent with other low-mass
pyrolysis products of P2VP that have been observed
using othermethods of detection.42 Themass spectrum
obtained when introducing a steady headspace vapor
of 2-vinylpyridine into the extractor capillary showed
only the peak for the protonated 2-vinylpyridine
(Figure 2e).

Co-registered Topographical, Band Excitation Nanomechani-
cal, and Mass Spectral Imaging of a Polymer Blend. Using our
hybrid AFM-TD/APCI-MS system, co-registered AFM-
based topographical (Figure 3a) and BE nanomechan-
ical elastic modulus (Figure 3b) images as well as
the mass spectrometry chemical image of m/z 106
corresponding to 2-vinylpyridine (Figure 3c) of a

100 μm � 100 μm region of a ∼500 nm thick PS/P2VP
phase-separated thin film were obtained. The topo-
graphical image of the sample obtained postpyrolysis
sampling is shown in Figure 3d. Data point pixel size for
the topographical images was best among the three
image types (390 nm� 390 nm), with the pixel size for
the BE image (781 nm � 781 nm) and mass spectro-
metry image (690 nm � 500 nm) being comparable.

The topographic image of the sample in Figure 3a
showed that there were distinct plateau and valley
regions in the sample. The BE nanomechanical elastic
modulus image in Figure 3b indicated that the plateau
regions in the topography were, for the most part, a
material distinct from the material in the valleys. This
distinction wasmanifest by a change in themodulus of
the material by ∼0.3 GPa between the stiffer valleys
versus the plateaus. The modulus values were calcu-
lated based on the change in contact resonance
frequency measured across the surface as detailed in
the Supporting Information. However, establishing
which polymer is in which region can be more difficult
using only the elastic modulus information because PS
and P2VP have very similar moduli, viz., around 3 GPa
for bulk measurements. However, when the elastic
modulus image in Figure 3b was compared to the
mass spectral chemical image for 2-vinylpyridine in

Figure 3. Co-registered AFM (a) prepyrolysis topography image, (b) BE elastic modulus image, (c) postpyrolysis topography
image, and (d) mass spectrometry chemical image form/z 106, obtained from an∼500 nm thick thin film of phase-separated
PS/P2VP blend. The color scale for the topography goes from dark to light, which is proportional to an increase in relative
surface height. Highlighted ovals in panels (b), (c), and (d) indicate areas where the AFM topography, elastic modulus, and
mass spectrometry images differ in terms of the presence of P2VP. See Figure 5 for zoomed-in images of the area indicated by
the white square.
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Figure 3c, it was clear that the stiffer areas (∼3 GPa)
corresponded to P2VP. The slightly softer areas
(∼2.7 GPa), where no signal for P2VP was observed,
must be predominately PS. Thus, the surface of the
valley regions was composed of P2VP, and the surface
of the plateau regions was composed of PS.

Upon close inspection of the three different images,
one notes a general similarity but a few obvious differ-
ences, as highlighted by the corresponding circled
regions in Figure 3b�d. We believe these differences
are the effect of the inherent difference in sampling
depths of the BE and the mass spectrometry pyrolysis
sampling and, therefore, different data voxel size. As
noted earlier, both the BE image and themass spectro-
metry image have roughly the same data pixel size. In
the case of BE, under ambient conditions, the sampling
depth will be on the order of the probe tip radius, viz.,
∼20 nm.43�45 In contrast, we were able to determine
under the conditions of these experiments that the
TD/pyrolysis process sampled on average 110�140 nm
into the surface. This was determined from line scan
data (see discussion of Figure 2 above) as well as from a
more quantitative imaging study (see Supplemental
Figure S2). Because of this much deeper sampling
depth and resulting larger voxel size, we believe the
mass spectral images can represent subsurface
(>20 nm in depth) chemical differences in the polymer
film, such as buried interfaces, that the BE method
cannot detect. Correlating features circled in the MS
chemical image in Figure 3c and postpyrolysis AFM
image in Figure 3d confirm the presence of these
subsurface features. Methods for detecting and visual-
izing buried interfaces with AFM have been a growing
area of study.29

This possibility of obtaining sometimes different
information from BE and mass spectral imaging is
further demonstrated by the graphical illustration in
Figure 4. Figure 4a represents a polymer blend thin film
with various subsurface features. Both BE and MS
imaging modes coupled to AFM allow the (ambient-
temperature) nano-TA probe to follow the contour of
the surface. However, for BE the signal recorded results
from the top 20 nm of material (blue dotted line). The
heated nano-TA probe used to sample and obtain the
mass spectral image also followed the surface contour
but penetrates and liberates material from the sample
as deep as 140 nm below the surface (yellow dotted
line). At the buried interfaces labeled 1 and 2 in
Figure 4a, where P2VP was buried more than 20 nm
below the surface layer, signal would be observed in
the mass spectrum, but not in the BE signal. Hypothet-
ical signal levels from the line scan profiles across the sur-
face with the two modes are shown in Figure 4b and c,
respectively. BE provided information about compo-
sitional changes in the top 20 nm, revealing a higher
higher elastic modulus when P2VP was at the surface,
whereas mass spectral analysis was able to detect the

buried interface between PS and P2VP at locations
1 and 2, generating a more complex signal trace.

Achievable Mass Spectrometry Imaging Spatial Resolution.
The achievable mass spectral imaging resolution was
estimated to be 1.5�2.6 μm by noting some of the
smallest features that were clearly resolved in themass
spectral chemical image of the polymer film as well as
in the topographical and BE nanomechanical images.
An example is the small elliptical-shaped P2VP valley
highlighted in the zoomed regions of the various
images shown in Figure 5. As determined from the
topographical cross section (Figure 5d), the P2VP island
was roughly 2.6 μm across in the axis parallel to
the scanning direction. Some even smaller features,
such as the small, ∼1.6 μm sliver of PS between two
domains of P2VP, were just distinguishable in all three
images (area highlighted by rectangular boxes in
Figure 5a�c, cross section not shown). This imaging
resolution estimate was consistent with the mass
spectral image data pixel size of 690 nm � 500 nm
given that one might expect at least two pixels in any
direction necessary to effectively define a feature.46

The lateral resolution in the mass spectrometry images
was also estimated bymeasuring the distance required
for a rise from 20% to 80%of the signal intensity change
when scanning across a PS/P2VP interface feature with
a sharp edge in the film. By this 20�80% criterion,

Figure 4. (a) Schematic illustration of a hypothetical phase
separation of PS and P2VP inside a thin film showing the
difference in the measurement depth of the AFM BE and
nano-TA pyrolysis methods relative to the thickness of the
film. (b) Expected AFM change in relative nanomechanical
stiffness and (c) mass spectral ion signal from pyrolysis
of P2VP for the line scan across the surface interface
depicted in (a).
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commonly used in other imaging fields, including mass
spectrometry imaging,47 the lateral resolution was esti-
mated to be ∼411 nm (Supplemental Figure S3).

CONCLUSIONS

In this paper, we reported on the development of a
hybrid atmospheric pressure AFM/MS system that
utilized nano-TA probes for pyrolysis surface sampling
with subsequent APCI and mass spectrometric detec-
tion. This particular AFMandMS combination provided
for the first time the capability to obtain on the same
platform AFM-based topographical and nanomechan-
ical images as well mass spectral-based chemical
images of a sample surface. The topography image
was uniquely a surface measurement, whereas the
BE image was representative of the top 20 nm of the
sample and the mass spectral image represented
material present to a depth of 110�140 nm. Data point
pixel size for the topography (390 nm� 390 nm), band
excitation (781 nm� 781 nm), and mass spectrometry
(690 nm � 500 nm) images was comparable, but
because of the sampling depth differences, the data

voxel size for each of the three imageswas dramatically
different. For the PS/P2VP polymer sample investi-
gated, this multimodal imaging approach provided
both spatially resolved physical and chemical informa-
tion as well as a means to detect chemical interfaces
buried as much as 110�140 nm deep. The spatial
resolution of the chemical image was estimated to
be between 1.5 and 2.6 μm, based on the ability to
distinguish surface features in that image that were
also observed in the other images. This demonstrated
chemical image resolution far exceeds other ambient
chemical imaging mass spectral techniques where the
best demonstrated achievable spatial resolution is on
the order of 10�50μm.48�52 The use of amass analyzer
with faster data acquisition rates, combined with even
modest improvements in detection levels, will enable
significantly smaller data pixel sizes, allowing the
approach to achieve submicrometer spatial resolution
mass spectral images. Additionally, AFM-based topo-
graphic and nanomechanical imaging can easily
achieve resolutions on the order of 10's of nano-
meters; therefore, data from chemical and mechanical

Figure 5. Zoomed-in regions of (a) AFM topography image, (b) elastic modulus image, and (c) the mass spectrometry
chemical image for m/z 106 shown in Figure 3a, b, and d, respectively, corresponding to the area indicated by the white
square in Figure 3a. Oval highlights in (a)�(c) surround an about 2.6 μmwide P2VP island distinguishable in each image (see
cross section in (d) taken along thedotted line in (a)). Highlighted rectangles indicate an about 1.5μmwidegapbetweenP2VP
features that is visible in the images in (a)�(c).
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information channels could potentially be used to
drive chemical resolution even higher through the
use of data fusion.53

In summary, the co-registration of topographical,
nanomechanical, andmass spectral images of a surface
obtained by this hybrid AFM/MS instrument offers new
possibilities for higher resolution characterization and

detailed understanding of the surface compositions.
Adding imaging capabilities such as Raman54 or IR
spectroscopy55 would also be beneficial for material
characterization, particularly in cases where surface
chemical properties cannot be differentiated using a
mass spectrometer, such as differentiation of an amor-
phous or crystalline chemical phase.

METHODS

Samples and Solvents. P2VP (Mw= 97K,Mw/Mn = 1.07, Tg = 368 K)
and PS (Mw = 114K, Mw/Mn = 1.09, Tg = 368 K) were purchased
from Polymer Source, Inc. (Dorval, QC, Canada) and used with-
out further purification. Tetrahydrofuran (THF) was purchased
from Sigma-Aldrich (St. Louis, MO, USA) and distilled in house to
remove impurities. 2-Vinylpyridine (97%) was purchased from
Sigma-Aldrich and used without further purification. Rubrene
was purchased from Sigma-Aldrich and pressed into a pellet for
analysis using a 13 mm diameter pellet press. Uniform coatings
of yellow ink containing pigment yellow 7456 were created by
printing 1 mmwide lines of Epson yellow T0884 ink (Epson Inc.,
Tokyo, Japan) on ultrapremium photo paper (Epson America
Inc., Long Beach, CA, USA) using an Epson Stylus NX110 inkjet
printer (Epson Inc.).

Polymer Thin Film Preparation. A polymer solution was created
by mixing 70 mg of PS and 70 mg of P2VP in a scintillation vial
and gradually adding 1.43 g of THF to dissolve the solute
until the concentration reaches ∼5 wt % of each polymer. The
solution was then spin coated onto a clean silicon wafer for 60 s
at 7000 rpm using an EDC-650-15 spin coater (Laurell Technol-
ogies, North Wales, PA, USA). This procedure resulted in an
∼500 nm thick polymer film, as measured by a Tencor P-10
profilometer (Tencor, Miliptas, CA, USA). The film was annealed
in a vacuum oven at 380 K (107 �C) for 1 h. The annealing
process above the glass transition temperature helped the two
blended polymer phases to separate.

AFM-TD/APCI-MS System and Operation. An LTQ XL mass spectro-
meter (Thermo Fisher Scientific., Waltham, MA, USA) was used
in this work. Material liberated from the surface by thermal
desorption or pyrolysis at the AFM nano-TA probes was ionized
and transferred to the mass spectrometer via an in-line vapor
extractor/corona discharge APCI source (Figure 1). This extrac-
tor/APCI source was built within a 1/4 in. Swagelok stainless
steel cross (Swagelok, Solon, OH, USA). To one arm of the cross
was connected an extended version of the mass spectrometer
atmosphere to vacuum transfer capillary and to the opposite
arm a 4 cm long extractor capillary (1.27mmo.d.� 0.84mm i.d.)
placed next to the AFM probe. In the upper arm was placed a
stainless steel corona discharge needle (Thermo Scientific), and
opposite to that was connected a nitrogen supply line from the
mass spectrometer. The tip of the corona needlewas positioned
at the line of sight center of the cross and held in place with the
Swagelok nut and an electrically isolating Teflon fitting/ferrule
assembly that screwed into the extractor unit. The instrument
high-voltage supply was used to initiate a corona discharge at
the needle tip (constant current mode,∼0.75 μA). The auxiliary
flow of nitrogen into the cross was controlled via a gas pressure
regulator (∼100 psi applied, Parker, Mayfield Heights, OH, USA)
and variable leak valve (Granville-Phillips, Boulder, CO, USA).
The gas flow rate into the extractor/APCI source was measured
using a Matheson 602 mass flow meter (Matheson, Montgo-
meryville, PA, USA).

The basic AFM setup used for the experiments has been
described previously.3 Briefly, a Veeco Multimode AFM (Bruker
AXS, Santa Barbara, CA, USA) equipped with a closed loop
N-Point stage (N-Point, Madison,WI, USA) and a Nanonis system
controller (SPECS Zurich GmbH, Zurich, Switzerland) was used
for this work. The heated tips were VITA-MM-NANOTA-300
nano-TA AFM probes (Bruker AXS, Camarillo, CA, USA). The
controller/power supply from an AFMþ instrument (Anasys

Instruments, Santa Barbara, CA, USA) was used to supply
heating voltage to the tip in power feedback mode. The
position of the AFM probe tip relative to the extraction capillary
was visualized for accurate positioning using a Navitar tele-
scope with a 12� objective (Navitar Inc., Rochester, NY, USA)
connected to a Costar SI-C400N CCD camera (Costar Inc.,
Anaheim, CA, USA). For imaging experiments, the AFM was
controlled using custom software that utilized components of
the Nanonis interface and in-house-developed software to turn
off the heating voltage on each line scan retrace. One analog
output of the Nanonis controller was used to simultaneously
trigger the temperature change of the nano-TA cantilever and
themass spectrometer.Mass spectra for imagingwere recorded
in full scan mode with a 50 ms injection time, 5 μm/s lane scan
speed, and 500 nm lane spacing.

Band excitation, as discussed in previous work,30 was used
to operate the AFM probe in a contact resonancemode.57 In the
experiment the AFM probe was excited by a digital waveform
with a finite spectral density in a band centered on a resonance
frequency of the probe.30�32 The output signal was detected by
a photodetector and was then Fourier transformed to produce
the transfer function of the cantilever. The resulting data are a
3D data structure of {A, θ}(x, y, ω), where {A, θ} is the response
amplitude and phase, respectively, ω is the frequency, and
x and y are the spatial coordinates of the measurement. For
contactmeasurements the tip/surface systemcanbe represented
by a simple harmonic oscillator (SHO) model given by eq 1.58

H(ω) ¼ Ai
maxωi0

2eij

ω2� i
ωωi0

Qi
�ωi0

2
(1)

In eq 1 Ai
max is the amplitude at the frequency of ith resonance,

ωi0 is the resonance frequency,ω is the shifted frequency,j is the
phase at the frequency shift, and Qi is the quality factor that
describes energy losses in the system. Using the SHO model, 3D
data were fitted to extract and plot 2D maps of SHO parameters:
response amplitude, phase, resonance frequency shift, and
Q-factor.
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