Sensors and Actuators B 137 (2009) 586-591

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

Low cost, portable, fast multiparameter data acquisition system for organic

transistor odour sensors

A.Das®*, R. Dost?, T.H. Richardson?, M. Grell?, D.C. WedgeP®, D.B. Kell®, ].J]. Morrison ¢, M.L. Turner¢

2 Physics and Astronomy, University of Sheffield, Hicks Building, Hounsfield Road, Sheffield S3 7RH, UK

b Manchester Interdisciplinary Biocentre, 131 Princess Street, Manchester M1 7DN, UK

¢ School of Chemistry, The University of Manchester, Oxford Road, Manchester M13 9PL, UK

ARTICLE INFO ABSTRACT

Article history:

Received 17 September 2008
Received in revised form

21 November 2008

Accepted 4 January 2009
Available online 19 January 2009

We demonstrate a cost-effective but fast multiparameter data acquisition system for odour sensors
based on low threshold organic field effect transistors (OFETs) with an amorphous methoxy-derivative of
poly(triaryl amine) (PTA-OMe) as semiconductor. The system applies a simple algorithm to measure OFET
saturated transfer characteristics with a tailored operational amplifier circuit that is interfaced to a laptop
that controls the circuit and analyses data with bespoke software. Despite the semiconductor’s low charge

carrier mobility ;& ~ 5 x 10-° Vs/cm?, the system returns multiparameter OFET data: OFET source-drain
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current Isp in both the ‘on’ and ‘off’ state, carrier mobility x, and threshold (Vr), in real time (resolution
<1s). The system is tested by exposing the OFET to a series of alcohol odours at different concentrations.
Sensor response is quick, and follows a distinct trend IPA>PrOH > EtOH > MeOH.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Organic semiconductors are now well established as cheap
electronic materials in many applications, e.g. OLED, organic field
effect transistor (OFET), RF-tag [1,2]. One application of organic
semiconductors that is currently emerging is their use in sen-
sor systems, sometimes known as ‘electronic noses’ when sensors
are read electrically. The versatility of organic chemistry allows
the attachment of specific functional groups for highly sensitive
sensors, the celebrated example being the work of Swager and
co-author on the (optical) sensing of the explosive, TNT, with a
functionalised poly(p-phenylene ethynylene) [3]. The most generic
electronically read, organic semiconductor-based sensor concept is
the ‘chemiresistor’, where the electric resistance of a material is
monitored under odour exposure, cf. e.g. the review by Bai and
Shi [4]. Recently, sensors based on organic field effect transis-
tors (OFETs) have received increasing interest [5,6]. In an OFET,
the application of a gate voltage V; above a given threshold, Vr,
leads to charge carrier accumulation, turning the transistor ‘on’.
The OFET’s source-drain current, Isp, in the ‘on’ state may be sev-
eral orders-of-magnitude larger than in the ‘off’ state with no gate
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voltage applied, when the OFET behaves similar to a chemiresistor.
Most OFET-based sensor research has used this mode of operation,
where the OFET acts as ‘amplified’ chemiresistor [7-9]. In princi-
ple, however, OFET sensors allow a more sophisticated mode of
operation, where the transistor undergoes a full characterisation
rather than simple monitoring of Isp. The most common ‘full char-
acterisation’ of an OFET comprises the recording of a saturated
transfer characteristic, that is Isp vs. Vg, with source-drain voltage
(Vsp) kept larger or equal to V. A saturated transfer character-
istic allows separate extraction of carrier mobility, u, threshold
V1, and off-current, or on/off ratio. Recording saturated trans-
fer characteristics therefore allows access to a ‘multiparameter’
data set, which is a rich resource for the assessment of odour
response. Torsi et al. [10] have first reported on OFET sensors
under multiparameter characterisation, showing enhanced selec-
tivity thanks to the simultaneous extraction of several parameters.
However, saturated transfer characteristics are typically recorded
with laboratory-based electrometers or semiconductor parame-
ter analysers, which are expensive, immobile due to their weight,
dependent on mains electricity, and often work slower than the
action of many poisons. For a practical multiparameter sensor
system, we require a low-cost, battery powered mobile unit that
returns multiparameter data in ‘real time’, i.e. faster than the action
of a poison. Nevertheless, the unit needs to record reliable data
even for OFETs with low Isp, because organic semiconductors tai-
lored for specific recognition may display lower carrier mobility
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than ‘good’ OFET materials such as pentacene, or regioregular
poly(thiophene)s, which were developed for high mobility, but not
sensitivity.

We have recently reported on an OFET characterisation circuit
based on battery-powered operational amplifiers (OpAmps), and
an experimental algorithm, that allows the recording of OFET sat-
urated transfer characteristics by the trimming of potentiometers
(trim potis) alone, which we call ‘gain method’ [11]. The poten-
tial of this system for multiparameter sensing has been confirmed
by us when we applied it to find sensitive response of an OFET to
NO, odour [12]. However, we still needed to collect data by man-
ually trimming potis, and plot results in appropriate form, to gain
multiparameter sensor data.

Here, we describe an automated version of above sensor read-
out scheme. In the OpAmp characterisation circuit, we replaced the
manual trim potis with digital potentiometer ICs, and interfaced
the circuit to a laptop, which powers the OpAmps from its battery,
runs bespoke software to trim digital potentiometers, records sat-
urated transfer characteristics, performs automated data analysis,
and displays OFET parameters on screen in real time. To demon-
strate the system’s workings even with a low-mobility organic
semiconductor, we run a generic test on an OFET using an amor-
phous semiconductor, a methoxy-substituted poly(triaryl amine)
(PTA-OMe), under exposure to a series of alcohols.

2. Experimental
2.1. Organic semiconductor and OFET preparation

As active layer for the OFET used here, we prepared the amor-
phous organic semiconductor, 4-methoxy-2-methy polytriary-
lamine (PTA-OMe), shown in Fig. 2 as inset, by modification of the
palladium catalysed polymerisation of 4-methoxy-2-methylaniline
with 4,4’-dibromobiphenyl as described in detail elsewhere [13].
Transistors were fabricated using OTS-treated anodised Al ‘fingers’
as high-capacitance gate insulator (C; ~ 640 nF/cm?), spin casting of
the semiconducting polymer from 10 g/L solution in toluene, and
evaporation of Au top contacts, giving channel width and length
2 mm and 10 wm, respectively. Details of OFET preparation are given
in our previous reports [11,12].

2.2. Data acquisition and processing

OFETs are characterised by the same circuit and experimental
algorithm as described previously [11]. However, the algorithm is
now run automatically rather than manually. The circuit is shown in
Fig. 1a. Automatic control is facilitated by using digital potentiome-
ter ICs as pulldown (Rp) and gain (Rg) resistors. Besides trimming
of potis, running the characterisation algorithm requires the appli-
cation of voltage steps, Vs, to the OFET’s source and recording the
voltage output, Voyr. For automated control of all these functions,
the circuitis realised on a printed circuit board (PCB), and interfaced
to a laptop via a USB-based ECON data acquisition system from Data
Translation.

The ECON data acquisition module uses 3 digital output chan-
nels to control the digipots: a chip select, a clock and a data channel.
The gain poti is located on an analog devices AD5235 chip, which
accepts 24-bit serial instructions: a 4-bit command, 4-bit address
and 16 bits of data. The pulldown resistor is located on an analog
devices AD7376 chip which accepts a 7-bit data-word. These two
chips are ‘daisy-chained’ together via a serial data output channel
on the AD7376 chip. Each instruction to the PCB therefore com-
prises 31 bits, the first 24 bits passing to the gain chip and the last
7 bits controlling the pulldown poti. The gain chip has a maximum
resistance of 25Kk€2, split into 1024 steps. The pulldown poti (Rp)

has a maximum resistance of 1 M2 and 128 steps. In addition to
digital outputs, the data acquisition module has a fixed +5V out-
put, 2 analog output channels and 16 analog input channels. One
of the analog output channels provides the input signal, Vs, to the
OFET. The other channel produces a constant voltage of —10V. This
voltage and the fixed +5V output are used to supply the OpAmps.

Prior to transistor characterisation an offset correction is per-
formed by trimming the OpAmp with a wiper (R, ) of 25 k€2. Trim
adjustment is reset before each experiment to get rid of any tempo-
ral drift from the baseline. A bespoke computer program, written
in Visual Basic, controls all further input and output operations of
the data acquisition module. The computer program allows set-
ting the duty cycle frequency, Vs range and Vs step-size. Here, we
have chosen Vs between 1.5 and 2.5V in 0.2 V intervals, and a 30 Hz
symmetric duty cycle for real-time characterisation.

First, choice of pulldown, Rp, has to be matched to a particu-
lar OFET, depending on its channel ‘on’ resistance, Rsp. R shall be
approximately 1000 times smaller than Rsp, so that in turn, the
required gain, G, of the OpAmp voltage amplifier circuit is ~1000.
At this gain, the present OpAmp (OP637) works well with minimum
noise at optimised gain band width. To set Rp, the program chooses
a square wave with V5 =2.0V as input, and dials a gain of G~ 1000
by setting gain poti, Rg, to 2Kk2, so that G=R¢/Rg+1~1000. Ry, is
then set via a series of estimates. Each estimate is derived from the
previous estimate by assuming that Voyr is proportional to Rp, and
iterations are continued until Vgyr is as close as possible to Vs. It
takes approximately 1s to adjust Rp, and this does not have to be
repeated during characterisation.

For characterisation, Vs is set to its chosen initial level (here,
Vs=1.5V), and Voyr is read. Then, gain is adjusted via trimming Rg
until Vour = Vs for the positive half-cycles via a series of estimates
in the same manner as for Rp. Rg, Rp, and Vopr (=Vouyr for nega-
tive half-cycle) are recorded, Vs is stepped up to the next level, and
the algorithm is repeated until the final Vs level is reached (here,
Vs=2.5V).

For analysis, we use Eq. (1) [11], that describes the relationship
between G (calculated via G=R¢/Rg + 1), the charge carrier mobility
, and the threshold voltage Vr:

Vs W
G 2L
where W is the OFET channel width, L is the channel length and C;
is the capacitance per unit area of the insulating area.

Eq (1) suggests a plot of (Vs/G)!/2 vs. Vs, resulting in a straight
line with its intercept with the abscissa equal to Vr, and its slope
proportional to . The software performs a ‘virtual’ plot using ‘least
squares’ linear regression on the values of (Vs/G)!/2. Before regres-
sion, the values of Vs are adjusted by subtracting the corresponding
|Vorg| values, so that only field effect currents are taken into account.
The quality of fitis assessed with the Pearson correlation coefficient,
RZ. At a 30 Hz duty cycle, the entire procedure takes less than 1s.

The laptop window displays information that is updated in real
time (Fig. 1). This includes an oscilloscope showing Vs, Vour, Rp, G,
channel on resistance, Rsp, Vr and w. Users may optionally view
an additional window that displays graphs of OFET on current, Isp
(calculated via Isp = Vs/(GRp)), Vr and u values, and OFET off cur-
rent Iggr, calculated from Vgpf, as a function of time. As data are
obtained they are also written to comma-separated value (csv) files.
Recorded datainclude G, Vogr, 1, V1 and Pearson coefficient. Screen-
shots of the oscilloscope may also be automatically saved to file.

RopG(Vs — Vr)? (1)

2.3. Alcohol odour delivery

To test the OFET and characterisation system, the OFET was
placed into a sealed chamber and connected to the PCB via
feedthroughs. Odours of the alcohols methanol (MeOH), ethanol
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Fig. 1. (a) Scheme of voltage divider/voltage amplifier for ‘gain method’ OFET characterisation. Rf=2MS2, Ry, Ry are digital potentiometers. (b) Laptop-supported OFET
characterisation setup: (1) OFET in standard socket (to be placed in exposure chamber); (2) the circuit from a) with computer-controlled digital potentiometers (digipots) for
Rp and Rg; (3) data acquisition interface; (4) laptop display and user panel, showing Vs (purple), and Vour (blue). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of the article.)

(EtOH), 1-propanol (PrOH), and 2-propanol (IPA) were created by
bubbling N, at a flow rate of 25 standard cubic centimeter minute
(sccm), resulting in the highest concentration (Cax ) of the respec-
tive alcohol, to be calibrated later. Flow rate is controlled by Tylan
FC-260 mass flow controller. Ciax is diluted by mixing with pure N,
carrier gas in different ratios via another Tylan mass flow controller
which in the present investigation adds 25 sccm of N, for half dilu-
tion of Cpyax, then 50 sccm for 1/3 of Cax and similarly for 1/4 and
1/5 of Crax-

The concentration delivered to the OFET sample is important
for correlating to sensor response and depends on a number of
factors, including partial pressure, temperature, flow rate, and bub-
bler configuration [14]. Hence a calibration was carried out for all
alcohols based on weight loss after bubbling with a flow rate of
25 sccm of N, for 3 to 4min at a fixed temperature (22 °C). Weight
change of a vapour before and after N, bubbling is averaged out
per minute and then converted to molar concentration by dividing
by its corresponding molecular weight (MW). Fig. 2 displays a plot
of molar loss per minute of all alcohols used in the present study
against Py /(P — Py) where P is atmospheric pressure and P, the par-
tial pressure for each alcohol at that temperature. P, data are taken
from [15] and listed in Table 1. The observed linearity in Fig. 2 for
all alcohols is clear indication that carrier gas generates and takes

0.2

MeOH

01

PJ(P-P,)

IPA

PrOH
0_0 1 1
0.0 0.1 0.2 0.3
Molar loss [mmol]

Fig. 2. Calibration curve for vapour delivery system. Inset is molecular formula of
PTA-OMe.

away vapour from the bubbler in proportion to the partial pressure
of that vapour. In order to compare the response of the sensor to
different alcohol vapours at the same flow conditions, weight loss
per minute of individual alcohols is transformed to ppm (parts per
million) with respect to 25 sccm of N, flow (1.115 mmol) and thus
calculated Cpax are given in Table 1, also.

3. Results and discussion

Fig. 3 shows the multiparameter response of the PTA-OMe tran-
sistor when successively exposed to different concentrations of
MeOH, EtOH, PrOH, and IPA, as monitored by the system described
above. After each exposure, sensors are left to recover under pure
N, purge. All sensor parameters for MeOH, EtOH, PrOH do recover
at room temperature within 5 min, which indicates a rather weak
binding between PTA-OMe and these alcohols. Recovery after IPA
exposure takes somewhat longer, exposure cycles have therefore
been kept shorter, as well (~1 min; for other odours exposure time
varied from 2 to 3 min, as indicated by the width of the shaded bands
in Fig. 3). Note the mobility of the amorphous PTA-OMe is rather
low, in the order 10-> cm?/Vs, but the system still delivers low noise
measurement in real-time. We also note that generally, we need to
expose our sensor to rather high alcohol odour concentrations, in
the range 103 to 106 ppm, to get a clear response. However, this is
not surprising, as the semiconductor employed here is a generic
material, which was not engineered to have particularly strong or
specificinteractions with the analytes. Instead, it was chosen to pro-
vide a test run for the automated multiparameter data acquisition
system under challenging conditions (low mobility).

Fig. 3 displays various multiparameter responses recorded as a
matter of different alcohol vapour exposures to PTA-OMe OFET. The
first data set for each odour, Isp in the OFET ‘on’ state, would be the
only set of data available to a conventional ‘amplified chemiresis-
tor’ type OFET sensor without multiparameter characterisation. A
reduction in ‘on’ current, and mobility, under exposure is clearly
observed for all alcohols.

To quantify the sensor response to the different alcohols, Fig. 4
shows the change in source-drain current for different alcohol
odours and concentrations, all after 1 min exposure, calculated
from the data shown in Fig. 3. It is immediately obvious that the
sensor response per ppm IPA is significantly stronger than for
the other alcohols. Since both AI/I vs. ppm, and Au/i vs. ppm
plots are approximately linear for lower concentrations, the slopes



A. Das et al. / Sensors and Actuators B 137 (2009) 586-591 589

Table 1

Summary of molecular parameters, and normalised sensor response for the odours studied here.

Name P, (mmHg) M., (g/mol) Cimax (Ppm) (AllD)/ppm (x107°) (Ap/p)/ppm (x10°°) A(D) Pxr
MeOH 108 32 270,000 24 +£01 24 +01 1.7 0.62
EtOH 50 46 117,000 27 +02 52402 1.69 0.77
PrOH 17 60 35,000 59 +0.3 154 + 0.3 1.68 0.79
IPA 35 60 82,500 16.5 + 0.4 24.6 +£ 0.3 1.66 0.92

P,: partial pressures (from [15]); M,,: molecular weights; A(D): molecular dipole moment (from [16]); Bxr: Kamlet-Taft basicity parameter (from [19]).

(AI/l)/ppm or (Ap/w)/ppm at lower ppm may be taken as a quan-
titative measure of sensor response. In turn, if it is known which
alcohol the OFET is exposed to, Fig. 4 can be used as a calibration
that allows reading odour concentration from an observed sensor
response. At higher odour concentrations, response may approach
saturation. Table 1 lists (AI/I)/ppm calculated from Fig. 4a, and
(Ap/w)/ppm from Fig. 4b, together with a few other molecular
characteristics taken from the literature.

According to Table 1, the strength of the OFET’s response to
a given partial pressure of alcohol odour ranks in the order of
IPA > PrOH > EtOH > MeOH, both for normalised saturated drain cur-
rent (Isp) response and normalised mobility response. In terms of
normalised Isp response, PrOH, EtOH, MeOH are in the same order of
magnitude, but IPA gives an order of magnitude stronger response
than the other alcohols. While Isp(on) currents would be the only
data accessible to a conventional ‘amplified chemiresistor’ sensor
characterisation, the real-time, multiparameter setup introduced
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here gives us more detailed information on the sensor response.
Charge carrier mobility, i, is rather low to begin with, yet still
drops significantly under exposure, e.g. down to less than 1/3 of
its pre-exposure value under Chax MeOH. The strength of mobility
response, (Au/w)/ppm, ranks in the same way as (Al/I)/ppm, but
spans the observed range more evenly.

The observed ranking cannot be explained by the molecular
dipole moment (A), because A is almost identical for all alco-
hols, largely controlled by the defining —-OH group. However, it
is most likely that an interaction between PTA-OMe and the —-OH
group determines the sensor response. As p-type semiconductor,
PTA-OMe carries positive charges on its backbone during OFET
operation, and we propose these will interact with the lone elec-
tron pair of oxygen in the alcohol group, with the semiconductor
acting as Lewis acid, and the alcohol as Lewis base. The Lewis base
strength of an alcohol is quantified by the Kamlet-Taft (K-T) basic-
ity parameter, Bxr [17,18]. Bt values for the alcohols used here are
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Fig. 3. Multiparameter response of PTA-OMe OFET for exposure/recovery cycles under different alcohols: (a) MeOH, (b) EtOH, (c) PrOH, and (d) IPA. Shown are the OFET
source-drain current Isp in the ‘on’ state (Vs =+2.5V), carrier mobility (in cm?/Vs), threshold voltage, OFET source-drain current in the ‘off state (Vs =—2.5V). Shaded areas
indicate exposure, beginning with the most dilute (1/5Cnyax) for all alcohols except MeOH (1/4Cmax), and progressively increasing. Exposure cycles are 2-3 min in length,
recovery at least 2 min, apart from IPA exposure cycles, which are kept shorter (1 min), and the OFET is left to recover for longer after IPA exposure.
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Fig. 4. Normalised reduction in OFET: (a) on-current at Vs =2.5V, and (b) mobility
obtained after 1 min under exposure to different alcohol odours and concentrations,
where Al/I=[I(1 min) — I(before)]/I(before), and similarly for Au/pu.

also listed in Table 1, and we find they rank in the same order as
normalised sensor response (Fig. 5), which supports our hypothesis
of odour/semiconductor interaction.

Threshold, V7, also responds to odour exposure, albeit not quite
as clearly. Apart from IPA, response is weak and the Vr scale has to
be expanded, which leads to a rather noisy appearance, making V¢
aless useful sensor parameter than p in the current example. How-
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Fig. 5. This figure shows plot of normalised responses from alcohol exposures for
both mobility and on-current against K-T parameters. Linear fits are to guide the eye
only.

ever, V1 response under exposure reveals a surprise, which is best
observed on the IPA data: threshold clearly decreases in the mod-
ulus value (i.e. approaches zero), under exposure. Then a rise also
is observed (Fig. 3) under the same exposure. Interestingly, such
shift in V does not reflect directly in Isp measurements (Fig. 3). All
else being equal, a decrease in threshold would lead to an increase
in the on-current [12], contrary to the observed decrease. However,
all else is not equal: the big decrease in « overwhelms the variation
in Vr, resulting in overall smaller on-current. Still, the observations
of modulation in V1 as well as opposing trends in u and Vg are a
piece of information accessible only to multiparameter characteri-
sation, and would be lost under simple on-current monitoring. We
have previously observed a strong reduction of threshold, down to
zero, when a similar OFET was exposed to the oxidising odour, NO,
[12], due to oxidative doping of the p-type semiconductor. How-
ever, alcohols are not oxidising, and we will see in the discussion of
off-current that there is no evidence of doping by the odours here.
Instead, the weaker reduction as well as the rise in V1 observed here
may be due to the cumulative effects of shielding of built-in fields
in the transistor [20], contacts and trapping of charges [1], which
are known to contribute to threshold by the polar alcohol.

Finally, Fig. 3 demonstrates the capability of our system to mon-
itor another sensing parameter, the OFET‘s drain current in the
‘off’ state, Iopr. In the ‘off’ state, conductivity is provided by the
inevitable small concentration of dopants present in any organic
semiconductors, and the OFET essentially acts as a simple chemire-
sistor. As long as ‘off’-currents are not many orders-of-magnitude
smaller than ‘on’ currents, it is easy to monitor drain currents in
the ‘off’ state, as well as in the ‘on’ state, with our measurement
scheme, simply by recording GVp in the ‘off’ half-cycle of the Vs-
drive scheme. In fact, for data analysis, our software algorithm
subtracts ‘off'-currents from ‘on’ currents before extraction of u
and Vr, to correct for any currents contributing to ‘on’ current that
are not field effect currents. Fig. 3 shows that on this occasion, ‘off’-
currents are approximately 2.5 times smaller than ‘on’ currents. In
other words, the ‘on/off ratio’ of our OFET is only 2.5. State-of-the-
art OFETs for display applications may have on/off ratios in the order
10° or more [1]. The low on/off ratio is the result of the low carrier
mobility in our semiconductor, and implies that PTA-OMe will not
find applications in OFETs for purposes other than odour sensing.
Crucially, we do observe that ‘off’-currents mirror the behaviour of
‘on’ currents and mobility, in the sense that ‘off’-current decreases
under odour exposure. This clearly shows that alcohol odours do
not dope the semiconductor, while oxidising odours such as NO,
do [12], leading to a significant increase in ‘off’-current, even when
mobility and ‘on’-current decrease. Here, in contrast, the observed
reduction in ‘off’ current simply reflects the reduction in carrier
mobility (Fig. 3).

4. Conclusions

We introduce a portable, laptop-driven multiparameter data
collection system for OFET-based odour sensors, and test it under
challenging conditions: we use a low mobility organic semiconduc-
tor (PTA-OMe) OFET, u ~5 x 10~ Vs/cm?, and expose it to alcohol
odours, with which the semiconductor does not strongly interact.
Nevertheless, we succeed in recording multiparameter sensor data
in real time. Multiparameter data are a far richer source of infor-
mation than simple ‘on’-current monitoring of an OFET, and reveal
non-obvious features of the weak interaction between odours and
organic semiconductor. We believe that wider application of the
proposed data acquisition scheme to OFET sensors will allow for a
deeper understanding of odour/semiconductor interactions, deliver
improved guidelines for the design of odour-specific materials, and
eventually, will enable more sensitive and specific sensor systems.
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