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ABSTRACT: Carbon nanocage-embedded nanofibrous film works as a highly
selective adsorbent of carcinogen aromatic amines. By using quartz crystal
microbalance techniques, even ppm levels of aniline can be repetitively detected,
while other chemical compounds such as water, ammonia, and benzene give
negligible responses. This technique should be applicable for high-throughput
cancer risk management.
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If lung cancer is detected in patients at an early enough stage
a complete remission of the disease is possible after proper

treatment.1 However, most detection methods are expensive
and time-consuming. Thus, apart from those who are lucky
enough that their cancer is detected early (only 20%2), the lives
of over million people are claimed by this disease every year.3,4

To overcome this issue, the development of an easily
implemented and cost-effective screening procedure for
potential lung-cancer patients (i.e., tobacco users, workers in
certain industries, etc.) is required.
Aromatic amines contained in cigarette smoke, broiled meats,

some vegetables, and emissions from industries are structurally
related carcinogens.5 Daily exposure to aromatic amines
increases the risk of their uptake,6 in turn increasing the risk
of contracting occupation-related cancers.7 In fact, aromatic
amines such as aniline and toluidines are found in excretia
(exhaled breath6 and urine.8,9) of most smokers. Aromatic
amines can also be occasionally detected in nonsmoking lung
cancer patients.6 This is probably exogenous in origin and likely
one of the causative substances.10 Therefore, detection of
volatile aromatic amines by breath gas analysis might reveal
potential lung cancer patients. Although organic amines can be
precisely and quantitatively detected by gas chromatographic
analysis6 or other sensing systems,11−17 facile and high

throughput methods applicable for detection of trace aromatic
amines are uncommon.
Porous materials have been used for sensing applications

because of their large adsorption capacities and good substrate
selectivities.18−29 However, the porous material showing good
selectivity only to aromatic amine is rare. Here we report that
carbon nanocage (CNC) exhibits highly selective adsorption
for the aromatic-amine, aniline, and can be appliacble as higly
selective aniline senor when subtle variation of mass upon
adsorption is detected by quartz crystal microbalance (QCM)
technique.30−32 CNC is a mesoporous carbon material
synthesized by using cage-type mesoporous silica KIT-5 as a
template.33−38 CNC has a cage-type structure possessing much
greater surface area (1600 m2 g−1) and pore volume (2.10 cm3

g−1) than those reported for conventional mesoporous carbons.
To immobilize CNC onto a QCM electrode, a cast film of

poly(methyl methacrylate) (PMMA) containing CNC (CNC/
PMMA cast film) was fabricated by solvent-casting of an N,N-
dimethylformamide (DMF) solution containing 0.10 wt %
CNC and 0.15 wt % PMMA. For comparison, an activated
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carbon (AC) embedded PMMA cast film (AC/PMMA cast
film) was also fabricated. Subsequently, weights of sensing films
were adjusted to ca. 1750 ng. SEM images show that CNC and
AC particles are homogeneously dispersed in the cast films (see
Figure S9a-b in the Supporting Information). QCM responses
of the fabricated films toward aniline were evaluated by using a
gas reservoir (i.e., a closed box) unit that enables simplified
evaluation. Response (Hz) toward 3−12 ppm of aniline was
plotted to estimate the slope (Hz/ppm) which represents the
so-called response constant (R). Figure 1b shows R values of

the sensor toward aniline. The R value of CNC/PMMA film
was 5.7 Hz/ppm, which is about 4 times greater than that of the
AC/PMMA film. This is probably due to the chemical structure
as is described below and the higher specific surface area of
CNC.
To further enhance sensitivity, electrospun nanofibrous film

containing CNC (CNC/PMMA fiber film) was studied since
electrospun nanofibers offer a greater surface area and a porous
membrane structure that are suitable for sensitive and rapid
sensing.39,40 These features have been shown to improved
sensitivities over conventional materials in applications such as
gas sensors, chemical sensors, optical sensors, and biosensors.
The nanofibrous film was fabricated by optimized electro-
spinning from a DMF/THF (7/3) solution containing 10.0 wt
% PMMA and 7.0 wt % CNC. Figure 1c shows an SEM image

of the CNC/PMMA fiber film indicating incorporation of CNC
within PMMA nanofibers. Note that CNC was thoroughly
milled with mortar prior to electrospinning in order that it was
roughly the same diameter as the nanofiber. As expected, the
response of the CNC/PMMA fiber film was enhanced to 14.6
Hz/ppm (Figure 1b), which is ∼2.6 times greater than that of
the cast film. Aniline can be easily desorbed from the CNC/
PMMA fiber film by treating with dry N2 flow, and repeatability
of aniline sensing by the fiber film is also illustrated (Figure 1d).
To investigate selectivity for aniline, we studied R values of

the CNC/PMMA fiber film for various volatile organic
compounds (VOC) by using a gas flow unit (Figure 2a).

Surprisingly, the R value for aniline was significantly greater
than for the others. Of special note is that response values for
benzene (0.2 Hz/ppm) and toluene (0.4 Hz/ppm) were
substantially lower than that for aniline (11.9 Hz/ppm),
although their bindings are able to be enhanced by π−π
interaction, which suggests the importance of hydrogen
bonding with the amino group of aniline. However, the R
value of ammonia gas was also low (0.1 Hz/ppm). These
results suggest the presence of cooperative multiple points of
interaction involving π−π forces and hydrogen bonding

Figure 1. (a) Schematic illustration of this study. Highly sensitive
aniline sensor by means of CNC and QCM technique. (b) Response
constant (R) of each film to aniline vapor estimated from the slope of
the QCM frequency shift in the range of 3−12 ppm aniline vapor. (c)
SEM image of CNC-containing PMMA nanofiber film. The inset
shows a high-resolution TEM image of CNC. (d) Repeating QCM
response of CNC/PMMA fiber film for alternative exposure to aniline
(7 ppm) and dry N2 at 300 K.

Figure 2. (a) R values of the CNC/PMMA fiber film for various
volatile organic compounds. (b) QCM response (adsorption
isotherms) of CNC/PMMA fiber film for aniline and benzene in the
range of 0−50 ppm. (c) Langmuir plots of the adsorption isotherms of
CNC/PMMA fiber film for anilin and benzene. (d) Repeating QCM
response of CNC/PMMA fiber film for alternative exposure to aniline
(5 ppm) and benzene (13 ppm) vapors. Note that sudden decrease in
QCM response was observed at around 1500 and 5200 s, probably
because of the partial removal of CNC/PMMA fiber from QCM
electrode by N2 stream.
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between aniline and CNC. Figure 2b shows adsorption
isotherms of aniline and benzene. Aniline is obviously much
more strongly adsorbed when compared with benzene.
Langmuir plots for these reveal that both benzene and aniline
have a linear relationship of response, suggesting monolayer
coverage of aniline or benzene. Binding constants (K) between
aniline or benzene and CNC/PMMA fiber film, estimated from
Langmuir plots were 1852.1 and 36.4 M−1, respectively (Figure
2c). This large difference in their K values could be clearly
demonstrated by alternate flow of benzene then aniline (Figure
2d), in which benzene (13 ppm) and aniline (5 ppm) were
applied alternately for 10 min with an interval of 5 min. When
volatile benzene was flowed at 5, 35, and 65 min, the frequency
was increased by ca. 10 Hz. In contrast, when an approximately
3 times lower concentration of volatile aniline was flowed after
20, 50, 80 min, the frequency was increased by ca. 60 Hz.
To investigate the chemisorbed structure of CNC with

aniline, we performed chemical analyses of CNC. Figure 3a
shows IR spectra of CNC and AC. Two peaks at 1600 cm−1

and 1720 cm−1 correspond to carbonyl groups of carboxylic
acids, lactones and/or acid anhydrides were observed. In the
case of CNC, very broad band derived from O−H stretching of
phenol was observed in the range 3200−3400 cm−1.41 In
addition, distinct IR peaks observed at around 3000 cm−1

indicates that CNC contains C−H units, meaning the
incomplete carboniation. Generally, carbonization degrees in
products are controlled by changing mesoporous silica
templates, carbonization temperatures, and carbon sour-
ces.42−48 The carbonization degree of CNC is relatively low
in comparison with other porous carbons reported previ-
ously,42−48 but this point is critically important for selective
aromatic-amine adsorbent (The details are given in the later
section.). Figure 3b shows Raman spectra of CNC and AC.
These spectra, reveal no significant difference between CNC
and AC. In the Raman spectrum of CNC, the tangential G
band around 1610 cm−1 and the defect-induced D band around

1345 cm−1 are present, indicating a substantial quantity of
graphene sheets are contained in CNC. X-ray photoelectron
spectroscopy (XPS) was used to further investigate the
structure of CNC and AC (Figure 3c, d). XPS is a frequently
used to investigate surface functionality of carbon materials and
it enables detection of subtle chemical differences within 10−15
nm of the surface of the analyte.49,50 The deconvoluted high-
resolution C1s spectrum of AC is comprised of an intense peak
at 284.7 eV from sp2 (−CC−) carbon accompanied with
relatively weak peaks around 286−290 eV, which are typical of
alcohol (−C−OH), carbonyl (CO), and carboxyl
(−COOH) carbons (see Table S1 in the Supporting
Information).49,50 CNC contains relatively more intense C1s
peaks in the 286−290 eV region compared with AC. These
results strongly suggest that CNC contains not only sp2 carbons
(i.e., aromatic units) but also a larger quantity of the previously
mentioned alcohol, carbonyl and carboxyl functional groups,
which has also been observed in other zeolite-templated
microporous carbons reported by Kyotani et al.41

To obtain an insight into the highly selective adsorption of
aniline by CNC, we investigated the chemisorbed structure of
aniline with CNC by using density functional theory (DFT). As
a simplified model structure of CNC, a partially segmented
graphene nanosheet with various functional groups (i.e.,
carboxylic anhydride, ether, and phenol group) was designed
in accord with the above results. Possible moieties that interact
with aniline are CO, O−H and π-orbitals of five or six
membered rings. Hence, three aniline molecules were placed
around the segmented graphene nanosheet, and then density
functional molecular dynamics (DFMD) was applied (Figure
4a). We found that only a single aniline molecule interacts with
a carbonyl group (CO) remaining in the vicinity of the CNC
model. We also constructed a model of the system of an
interacting benzene and CNC model by replacing the
interacting aniline with benzene. Geometry optimizations on
the molecules of aniline and benzene interacting with the CNC

Figure 3. (a) IR spectrum of CNC and AC. (b) Raman spectrum of CNC and AC. (c) XPS of CNC in the region of C1s. (d) XPS of AC in the
region of C1s.
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model yield the different binding energies between aniline and
benzene and the CNC model (Figure 4b, c). Estimated binding
energy between benzene and the CNC model is 19.76 kJ mol−1

lower than that of aniline, which indicates that the benzene
molecule interacts weakly with the carbonyl group (CO)
through CH−π interaction. This result also suggests that
hydrogen bonding between amine group in aniline and
carbonyl group in CNC is a crucial interaction for the selective
adsorption of aniline by CNC. π−π interactions between the
aromatic ring of aniline and the graphene nanosheet of the
CNC model was not observed in our calculations most likely
due to the limited fragment structure of our CNC model.
However, various carbon-based adsorption materials are known
to exhibit high affinity to aromatic molecules because of π−π
interactions.18 Thus, we believe that π−π interactions should
exist between aniline and CNC and we suppose that the
cooperativity between hydrogen bonding and π−π interactions
should make CNC a highly selective adsorbent for aromatic
amines such as aniline.
In conclusion, CNC-embedded nanofibrous film demon-

strates highly selective adsorption selectivity for aromatic
amines over water, benzene, ammonia and other chemical
species, and even ppm levels of aniline can be detected by
means of QCM sensing techniques. CNC-embedded nano-
fibrous film can be used repeatedly, so that facile, high
throughput, low cost and quantitative detection techniques of
volatile aromatic amines are possible. This could lead to cancer
risk management by using breath gas analysis prior to
contraction of cancer (or at an earlier stage of the disease)
and assessment of aromatic amines in the workplace, leading to
reducing mortality due to anthropogenic carcinogens. In
addition, our method could be also used for the other
nanostrucured materials51−53 for sensitive sensors, removal of
toxic compounds, and controlled-release system.

■ EXPERIMENTAL SECTION
Evaluation of Sensor Performance with the Gas

Reservoir Unit. In a typical experiment, the gas sensor system
was located in the gas reservoir unit (Figure S2). A high
concentration of aniline vapor was injected by syringe causing

variation in the concentration of aniline in the desiccator.
Liquid aniline was warmed under dry N2 until the vapor was
saturated and the aniline-saturated vapor was collected in a
Tedlar(R) bag. The collected vapor was applied immediately to
the gas reservoir unit. Aniline concentration was measured by
using an aniline gas detector tube (GASTEC No.181).

Evaluation of Sensor Performance with the Gas Flow
Unit. The gas sensor system was connected to the gas flow unit
(Figure S3) containing the aniline vapor in N2 (or the other
vapor for analysis) which was then flowed though the sensor
chamber in the gas sensor system (see Figure S1 in the
Supporting Information). Aniline-saturated vapor was mixed
with dry N2 in the flow line to regulate concentration. Note that
in the case of ammonia gas, 210 ppm of ammonia gas from a
cylinder was mixed directly with N2. Concentrations of all
vapors were measured using the respective gas tube detector
(GASTEC).
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Material, experimental setup, SEM images, XPS results, and
computational details. This material is available free of charge
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