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The paper reports the temperature dependent pulsed photoacoustic spectroscopy of Dimethyl
methylphosphonate (DMMP) a nerve gas simulant between 50 and 180 °C temperature range. The time domain
PA spectra are recorded using two mid-IR wavelengths i.e. 3374 nm, 3495 nm of pulse duration 1.5 ns at 1 kHz
repetition rate obtained from optical parametric oscillator. Two anti-symmetric stretching vibrational modes of
(CHsP) and (CH50) groups of DMMP molecules have very strong vibrational peaks at 2861.2 cm™' (3495 nm)
Keywords: and 2963.8 cm ™! (3374 nm), respectively. In addition, we have also recorded the PA spectra of acetone at the vi-
0PO brational frequency 3115.2 cm ™! (3210 nm), which is the strong vibrational mode of CH band. The comparison of

DMMP two PA spectra of DMMP and acetone recorded using similar PA cavity help us to understand the effect of other
Photoacoustic functional groups with respect to different excitation wavelengths. The presence of additional acoustic modes in
Laser the PA spectra of DMMP (3374 nm) above the boiling point confirms the slow process of thermal decomposition.
IR-bands

Finally, the low level detection limit of DMMP in air is of the of the order of 0.91 ppbV.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

There is an urgent need to develope a simple and effective detection
technique for chemical and biological warfare agent for military and
homeland security [1,2]. Dimethyl methylphosphonate (DMMP) is an
organophosphorus compound with the chemical formula C3HgO3P or
CH3PO(OCH3),. It is a colourless liquid which can use as a simulant for
nerve gas sarin. It has density of the order of 1.145 g/mL, molecular
mass 124.08 g/mol, boiling point (B.P.) 181 °C. The detection of DMMP
in vapor form requires special type of heating arrangement for the col-
lection of sufficient amount of vapour for the analysis. It has several
strong absorption bands between mid-IR and IR range. The strongest
IR absorption bands lie between 1464 and 787 cm™! range and covered
by CO, or QCL laser systems whereas mid-IR range between 2997 and
2365 cm™ ! is covered by tunable OPO system. We have selected high
frequency vibrational modes of anti-symmetric vibrational frequency
of CHsP and CH30 functional group which lies between 2861.2 and
2963.8 cm ™! range, for the recording of photoacoustic (PA) spectra [3].

Pulsed photoacoustic (PA) is well-known technique for trace gas
analysis [4,5]. In previous reports, we have demonstrated the impro-
vised design of pulsed photoacoustic pyrolysis technique for identifica-
tion and understanding of decomposition mechanisms of large number

* Corresponding author.
E-mail addresses: anilphys@yahoo.com akcphys@gmail.com (A.K. Chaudhary).

https://doi.org/10.1016/j.saa.2018.06.089
1386-1425/© 2018 Elsevier B.V. All rights reserved.

of high energy materials (HEMs). Also, we have established the release
of some byproduct gases such as NO,, N0, NO etc. at different temper-
ature using UV-Vis and THz laser system [6,7]. The PA signal generation
mechanism varies from the different wavelength range of EM spectra. In
case of UV-Vis range, it is attributed to vibronic modes of the molecules
whereas, in the terahertz range, the PA signal is generated due to exci-
tation of weak vibrational-rotational lines of the molecules [8-15].
However, in case of mid-IR wavelengths, it is due to vibrational modes
of molecules. In the present report, for the first time, we have used the
similar type of PA system to understand the thermal stability and de-
composition mechanisms of dimethyl methylphosphonate (DMMP) be-
tween 30 and 181 °C ranges using the mid infrared wavelengths. The
used system has simple vapor collection arrangement and the corre-
sponding vapours are excited with nanoseconds (1.5 ns) pulses ob-
tained from OPO tunable between 2963.8 and 2861.2 cm™' range.
Few research groups have reported the PA spectroscopy of DMMP mol-
ecules in different spectral range. For example, E.L. Holthoff et al. have
reported PA bands of DMMP using QCL laser in CW and pulsed modes
between 9.3 and 10 um range. The recorded absorption peaks are attrib-
uted to stretching vibration frequency of Vco). They used N, as a carrier
gas in the gas generator system which was operated at 100 °C [16,17].
Similarly, Annadi Mukherjee et al. and Sharma et al. have reported the
detection of multi-mixture of five numbers of gaseous components
such as NHs, NO,, acetone, SO, and DMMP using QCL laser based PA
spectrophotometer where laser was tuned between 6.4 and 9.5 um
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range [18-20]. The absorption bands of DMMP are once again attributed
to V(co) mode. Since QCL laser based PA spectra are recorded at high
repetition rate with broad pulses, therefore, the strength of PA signal
lies in pV range. Consequently, recording of the time domain PA spectra
in IR region is still a challenging task. However, E. Brunol et al. have
demonstrated the use of tin oxide based sensor for the detection of
DMMP vapor. They have extracted the vapor of stable DMMP molecules
between 300 and 600 °C range and recorded the FTIR and NMR spectra
[21,22]. For supply of vapor a special type of electric tension unit was
used. Y. Zhang et al. have reported the mid-IR absorption spectra of
DMMP vapor in a homemade single pass gas cell using high resolution
FTIR. Their study was focused on absorption due to P—C—O0 and P=0
bonds which have strong absorption at 1050.01 and 1275.76 cm ™', re-
spectively [23]. Moreover, nanowire and tubes are also used as a sensor
to detect DMMP [24-26]. In this report, we have recorded the thermal
PA spectra of DMMP between 30 and 180 °C ranges. In addition, we
have also recorded the strong time resolved PA spectra of acetone
using the same setup to establish the link between characteristic signa-
ture peaks of common CH band present in both the samples. Acetone is
a common lab reagent and has signature peaks in UV and IR region. It
has polar covalent bonds which are IR active and provide strong absorp-
tion spectra between 4000 and 400 cm ™! range. There is six C—H
stretching modes of acetone but only three are visualized in the IR re-
gion. Therefore, we have compared the PA spectra of DMMP with ace-
tone using similar PA cavity at two different excitation wavelengths in
the mid-IR range.

2. Experimental Details

The experimental set up for recording of temperature dependent
(thermal) fingerprint spectra of liquid DMMP and acetone is shown in
the Fig. 2. Optical parametric oscillator (OPO) model - Nano Levante
(manufactured by M/S APE, Berlin) generates light in near and mid-IR
range was employed for recording of PA signal. It provides short pulses
of 1.5 ns duration laser light widely tunable between 1.45 and 1.96 pm
(signal) and 2.3 to 4.2 um (Idler) wavelength range with spectral reso-
lution of 1 nm at 1 kHz repetition rate. It can be internally and externally
triggered (TTL), its average signal output power varies from 20 to
40 mW, whereas in idler it varies from 0.5 to 20 mW range. The pulse
energy of signal at 1750 nm (signal) was greater than 30 J while for
idler at 2320 nm wavelength it was greater than 2.5 . The laser beam
has TEMyo mode.

The PA cell used in the experiment was made of stainless steel. It has
an internal diameter of 1.5 cm and length of 7.5 cm and used to record
the PA spectrum. The ZnSe windows were placed in both sides of the
cell to allow the tunable mid-IR laser radiation. The cell was designed
to study the samples in the vapor form therefore, the vapors of DMMP
and acetone which is already available in liquid form and can be col-
lected by evacuating the PA cell at room temperature. Since DMMP is
a very stable molecule and requires continuous heating under con-
trolled condition. Therefore we have used a round bottom flask which
was housed in a temperature controlled oven to convert liquid samples
into vapor form 30-181 °C boiling point (B.P.). The 15 mL of liquid sam-
ple was placed in a round bottom flask for controlled pyrolysis. A needle
valve was used to control the flow rate of vapor through the inlet. The
photoacoustic signal (PA signal) produced by vapour was detected by
pre-polarized microphones of responsivity 50 mV/Pa (BSWA, China).
The microphone was placed in the center of the cell to record the ex-
cited resonant cavity modes i.e. longitudinal, radial and azimuthal
modes of the cavity in very efficient manner. The output signal of the
microphone was fed to the preamplifier which was coupled to the
200 MHz Oscilloscope (Tektronix, U.S.A.) [18]. The fresh vapor of
DMMP molecules was allowed into the PA cell to record the tempera-
ture dependent PA spectra. Since acetone is a volatile compound at am-
bient temperature. Therefore, we have evacuated the system, and then
allowed the fresh vapor of liquid sample into the PA cell at atmospheric
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Fig. 1. Experimental setup.

pressure (~600 Torr), for the recording of PA spectra at a maximum out-
put power of excited laser pulses (Fig. 1).

In our previous reports, we have employed the UV-Visible wave-
lengths i.e. 266 nm and 532 nm of nanoseconds pulses at 10 Hz
(100 ms) repetition rate [7,27-30]. In this case, the signal to noise
ratio is very high due to the long duration of one pulse to another
pulse. However, in the present case, the 1.5 ns duration of mid-
infrared laser pulses were operated at repetition rate 1 kHz (these
pulses have separation 1 ms only). Therefore, there is a possibility to
get the lowest signal to noise ratio. However, due to strong vibrations
of DMMP molecules at 2861.2 cm ™! and 2963.8 cm ™! corresponding
to mid-IR wavelengths 3495 and 3374 nm, the considerable signal to
noise ratio is achieved with strong separated acoustic modes.

3. Results and Discussion

The experiment was carried out in four steps. In the first step, the lig-
uid DMMP molecules were heated up to its boiling temperature i.e. 180
°C, thereafter the PA spectra were recorded using 3495 and 3374 nm, re-
spectively. In the second step, the PA spectra of DMMP were recorded as
a function of temperature at the excitation wavelength 3374 nm. In the
third step, using same excitation wavelength at 180 °C, the PA spectra
were recorded as a function of data acquisition time and studied the
decay behavior of acoustic modes. In the fourth step, the PA spectra of
acetone were recorded and compared with the DMMP spectra corre-
sponding to their excitation wavelengths.

3.1. Wavelength-dependent PA Spectra of DMMP

Initially, we have observed the two strong vibrational modes of
DMMP in the IR spectra at mid-IR wavelengths [31]. Fig. 2 shows the
IR spectra of DMMP, which has two strong vibrations at 2957 cm™!
(3374 nm), 2861.2 cm ™! (3495 nm). It indicates that the absorbance
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Fig. 2. IR spectra of DMMP [31].
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Fig. 3. PA spectra of DMMP as a function of at 3495 and 3374 nm wavelengths.

at 2957 cm ™! (3374 nm) is higher than 2861.2 cm ™! (3495 nm). Fur-
ther, we have chosen these two wavelengths to record the PA spectra
of DMMP. Fig. 3 shows the PA spectra of DMMP at 3374 and 3495 nm
recorded at 180 °C. In case of these two wavelengths, the PA spectra
clearly show the excitation of each 1 kHz (i.e. 1, 2, 3...40 kHz) modes,
respectively. This is due to higher repetition rate (1 kHz = 1 ms). How-
ever, some of the predominant excited modes are matched with the res-
onance cavity modes of PA cell (L = 7.5 cm and R = 0.75 cm). The
calculated cavity modes (longitudinal (q), radial (n) and azimuthal
(m)) are comprised in Table 1, which are measured using the following

1/2
formulae: f g = § (("’%}2 + (%)2) / , where oy, is the nth zero of the de-

rivative of the mth Bessel function at r = R divided by 1, where R and L
represent the radius and the length of the cylinder, respectively.

The strength of PA signal and excited acoustic modes are stronger for
3374 nm than 3495 nm. It clearly indicates that DMMP has strong ab-
sorption at 3374 nm as compared to the 3495 nm which is also con-
firmed in FTIR spectra (Fig. 2). In case of PA spectra at 3374 nm, the
predominant acoustic modes are present at 3, 4, 8 13, 20, 21 and
36.2 kHz, whereas at 3495 nm the modes are located at 4 and 13 kHz,
respectively. Even though the same PA cell geometry has been used
but the different acoustic modes are observed with two different ab-
sorption bands around 3374 nm and 3495 nm,. The reason is the excita-
tion mechanism and the generation of PA signal vary from wavelength
to wavelength. However, the excited modes with two different wave-
lengths are one of the resonance cavity modes of PA cell as listed in
Table 1. It is mentioned that the 3374 nm has strong absorption com-
pared to 3495 nm (is confirmed from both FTIR and PA spectra). There-
fore it is possible to get the highest intensity of PA signal with more
number of cavity modes at 3374 nm. The modes 4 and 13 kHz are the
common excited modes for both excitation wavelengths, which are
nearly equivalent to second longitudinal and sixth longitudinal (as
well as first radial) modes of PA cavity, respectively. The difference in
the acoustic modes and their predominant order as a function of excita-
tion wavelength clearly indicates the variation in the absorption and vi-
brational mechanisms of two close functional groups.

The vibrational mode at 2957 cm ™! (3374 nm), is attributed to
mixed antisymmetric vibrational modes of CH30 and CH3P whereas
the single peak present at 2861.2 cm™! (3495 nm) is due to

Table 1
Calculated frequencies of PA cell (L = 7.5 cm, R = 0.75 cm) at ¢ = 343 m/s for dry air 20 °C.
Longitudinal (q) 1 2 3 4
Modes f'(kHz) 228 457 686 9.14
(@ 12 13 14 15
f (kHz)

Radial (n) modes 1 2 3
f(kHz) 13.4 222 30.5

5

11.43

16
27.44 29.72 32.01 3430 36.58 38.87 41.16 43.44 45.73 48.02 50.30
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antisymmetric vibrational mode of CH30. This confirms that the contri-
bution of PA signal with the anti-symmetric vibrations for both CH30
and CHsP functional groups are higher than the individual antisymmet-
ric vibrations of CHs0, which is also confirmed in the PA spectra of ace-
tone. In case of 3374 nm, the generated PA signal is resonant of both the
functional groups, as a result, the higher strength of PA signal, as well as
more number of acoustic modes, is achieved.

Since the intensity of PA signal for 3374 nm is highest. Therefore, in
the next section, we have recorded the temperature dependent PA spec-
tra of DMMP to understand its thermal stability and decomposition
mechanism at the same wavelength.

3.2. Temperature-dependent PA Spectra of DMMP at 3374 nm

Fig. 4(a, b) shows the PA spectra and behavior of acoustic modes be-
tween 30 and 180 °C temperature range. The strength of PA signal in-
creases as a function of temperature. However, at 180 °C the PA
spectra has an additional excited mode along with rapid increase in
the intensity of 4.5 kHz mode. The acoustic mode present at 13 kHz
possessing predominant nature between 30 and 130 °C ranges. How-
ever, at 180 °C the modes present at 3 and 4 kHz have higher intensity
as compared to 13 kHz. This indicates that the response of lower order
longitudinal modes is high at higher concentration of vapor. Whereas
between 30 and 130 °C range, the first radial mode (has similar fre-
quency with the sixth longitudinal) has a higher response. This reveals
that the change in the vapor density leads to variation in the predomi-
nant order of acoustic modes.

The PA spectra also confirm the enhancement of PA signal at 180 °C
which is six times higher than the room temperature. It is attributed to
the initiation process of thermal decomposition above the boiling point.
The dense vapor (like smog) was seen on the wall of the flask (Borosil)
at the time of heating. Even after transfer of total vapor to the PA cell by
pumping some liquid drops (in condensed form) were seen inside sur-
face of the heating flask (DMMP vapor ionized to liquid). Since 180 °C is
the boiling point of this DMMP molecules, as a result, more vapor was
produced and leads to generation of strong PA signal. In addition, the
acoustic modes present at 3, 4, 8 and 22 kHz as shown in Fig. 3
(b) between 30 and 130 °C temperature ranges are stable in nature.
This directly indicates the thermal stability of DMMP within this tem-
perature range.

3.3. Effect of Data Acquisition Time

Fig. 5 shows the PA spectra of DMMP at 180 °C as a function of data
acquisition time for the excitation wavelength 3374 nm. The side by
side excited modes of PA spectra recorded at 0.25 ms time are over-
lapped with each other, because, the step-size between the two data
points is of the order of 400 Hz. However, for 0.5, 1.0, and 2.5 ms time-
scales the steps are of the order of 200, 100, and 40 Hz respectively. The
PA spectra recorded at 2.5 ms. shows well separated excited modes. It is
also interesting to note that the central frequency of acoustic modes
does not vary as a function of data acquisition time. The strength of
the PA signal and data acquisition times is inversely proportional to
each other, i.e. for higher time scales, the intensity of PA signal is lower.

Fig. 6(a, b) shows the exponential decay behavior of 4 and 13 kHz
modes of DMMP which belong to two different functional groups. The

6 7 8 9 10 11
13.72 16.00 18.29 20.58 22.86 25.15

17 18 19 20 21 22

Azimuthal (m) modes 1 2
f(kHz) 27.89 38.8
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Fig. 4. (a) PA spectra (b) behavior of acoustic modes at 3374 nm, t = 0.5 ms with respect to temperature for DMMP.

decay times of 4 and 13 kHz for 3374 are 0.49, 0.55 ms, whereas for
3495 nm are 0.65, 0.27 ms, respectively. In case of N = 3495 nm the
mode at 4 kHz possesses slow decay time, whereas for 3374 nm it was
replaced by 13 kHz. This confirms that accumulation of energy between
different acoustic modes with respect to their excitation wavelength.
The modes are showing higher decay time revealing that those are
prominent ones as compared to other. Also, it is affected by the excita-
tion wavelengths. In our earlier report, we have demonstrated the
decay behavior of different cavity modes with excitation of 532 nm in
case of NO, [27]. The signature (decay behavior) is also seen in case of
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Fig. 5. PA spectra of DMMP as a function of data acquisition time.

DMMP, which confirms the generation of an acoustic signal from the
sample vapor. The variation in the PA signal with respect to data acqui-
sition time reveals the presence of released vapor. The main purpose of
our study based on data aquisition time is to understand the decay be-
havior of acoustic modes. Finally, It shows the response and presence
of vapor released from the DMMP at ambient pressure and 180 °C
temperature.

3.4. Comparison Between DMMP and Acetone

Fig. 7(a, b) shows the PA spectra of DMMP and acetone recorded at
two wavelengths 3374 and 3210 nm respectively at data acquisition
time (t) = 0.5 ms. Inset figures show the line-bond structures with dif-
ferent functional groups present in the samples. The excited acoustic
modes and their corresponding intensities are listed in Table 2. In that
common predominant modes are present at 3 and 4 kHz. In case of
DMMP, these modes have the highest intensity than other acoustic
modes, whereas for acetone it is occupied by 12 and 18 kHz, respec-
tively. However, all other acoustic modes have different frequencies
for both the compounds. For acetone, it has the first predominant
mode is present at 12 kHz, whereas it is shifted to 13 kHz for DMMP.
In addition, DMMP has strong peaks below 13 kHz frequency range
whereas acetone has three numbers of additional acoustic modes with
lower intensities within this range. The vibrations from DMMP are ob-
served from CH;0 and CH;P, whereas for acetone is attributed to
C=C—H bond.
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Fig. 6. (a) The decay behavior of acoustic modes with respect to data acquisition time (a) 3374 nm, (b) 3395 nm.
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Table 2
Excited acoustic modes and their intensities for both samples.

Sample/wavelength Acoustic modes frequency f (kHz), intensity (I) of PA signal

(mv)

DMMP/3374 nm f(kHz): 3 4 8 13 20 21 362
[(mV): 2747 3147 1218 26.57 291 644 1.71

Acetone/3210nm  f(kHz): 3 4 11 12 18 33 57.2
[(mV): 762 452 7.04 2556 2050 8.14 7.21

The excited acoustic modes frequencies are different for DMMP and
acetone. Here, we have used two different excitation wavelengths ac-
cording to sample vibrational modes in the same PA cell. Therefore,
the recorded PA spectra can be treated as the signature spectra of the
sample at particular excitation wavelength corresponding to given PA
cell dimensions.

3.5. Low Limit Detection of PA System

For trace level detection of DMMP vapor in present PA system, we
have carefully cleaned the PA system i.e. PA cell and its connecting ac-
cessories. Further, the background signal is recorded by filling the cell
with air at 600 Torr pressure. After that, we have initiated to find the
lowest PA signal at 1 Torr DMMP vapor and buffered with air at
599 Torr, (total vapor pressure 600 Torr) in order to achieve the trace
level detection of DMMP vapor inside the PA cell at maximum laser
power (0.5-20 mW). In this case, the signal to noise ratio is very
weak. This might be due to the low energy of mid-infrared wavelengths
(3374 and 3210 nm) and unable to generate the strong PA signal from
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released vapor at lowest pressure i.e. at 1 Torr, unlike 532 nm excitation
wavelength for the low-level detection of NO, molecules [32]. However,
we measured the low-level detection of our PA system at 5 Torr pres-
sure of DMMP vapor buffered with 595 Torr air for the first radial
mode i.e. 13 kHz at excitation wavelength 3374 nm. In this case, the sig-
nal to noise ratio (SNR) was quite high and estimated concentration of
DMMP molecules was 8334 ppmV. The presence of background noise
at 600 Torr air with a maximum intensity was of the order of 0.15 mV
(shown in Fig. 8(a)). The maximum intensity of PA signal found to be
1.37 mV (Fig. 8(b)). The signal is 9.13 times higher than the noise for
DMMP vapor. The formula for trace level detection of PA system is
given by

Concentration of the sample 8334 ppmV
Signal to Noise Ratio - 913

=091 ppbV (1)

Smin =

Similarly, the trace level detection of acetone is of the order of
0.77 ppbV. It is ascertained c for the acoustic mode 12 kHz at the excita-
tion wavelength 3210 nm. The modes 13 and 12 kHz are one of the pre-
dominant modes of the PA spectra of DMMP and acetone corresponding
to 3374 and 3210 nm wavelengths, respectively.

4. Conclusions

We have successfully recorded the time domain spectra of DMMP
and acetone in the mid-IR region using tunable wavelengths obtained
from OPO for the first time. We have also made an attempt to distin-
guish the effect of each functional group in terms of their PA spectra
which also shows the unique signature under similar experimental con-
ditions. The growth of PA signal with respect to temperature highlights
the stable nature of DMMP molecules. The comparison of PA spectra of
acetone and DMMP also help to understand the behavior of the func-
tional group with respect to their position with other groups. Also, dem-
onstrated the exchange of energy mechanisms in a multimode acoustic
cavity which is also link to the vibrational mode of the particular func-
tional group. In addition, we have calculated the trace level detection
of vapors of DMMP and acetone for our PA system which is of the
order of 0.91 and 0.77 ppbV, respectively.
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