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2

��������: This paper reports �����
� Fourier Transform InfraRed (FTIR) spectroscopic studies on 

the non"thermal plasma reaction of isopropyl alcohol in dinitrogen at Macor (a ceramic 

containing oxides of Al, Mg and Si) and the analogous thermally"driven process.  Whilst 

isopropyl alcohol did not react at the Macor at temperatures up to 600°C, the study of the non"

thermal plasma"driven process at the ceramic led to unexpected chemistry hitherto not observed, 

primarily the reaction of IPA in dinitrogen at short timescales to produce methane, HCN, acetone 

and “cold” CO at ca. 115K.  The CO, methane and HCN rapidly established steady state 

concentrations, pointing to the need for faster FTIR studies: at longer times, isophorone and a 

“polymethylacetylene"like” polymer were formed as a brown oil.  The observation of the steady"

state gases and brown oil suggested parallel pathways in the plasma, the latter taking place at the 

plasma/catalyst interface, and the former in the plasma remote from the catalyst.  Replacing 

dinitrogen with argon completely inhibited or negated the production of the oil, had no effect 

upon the processes taking place in the plasma remote from the Macor and instead resulted in the 

production of acetylene.    

�

	
�����
�����
��

��������	
��
�
�	
�

Plasma is widely regarded as the fourth state of matter and is characterized by the presence of 

atoms, molecules, ions, electrons and radicals having internal energies (with the exception of the 

electrons) unevenly distributed over the three degrees of freedom.
1
  The dielectric barrier 

discharge reactors typically utilising Non Thermal Plasmas (NTPs) generally consist of two 

electrodes across which is a pulsed or AC high voltage field separated by one or more dielectric 
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3

layers.  In such plasmas, the temperature of the electrons is as high as 10
3
 – 10

4
 K, whilst the 

heavier species remain around ambient temperature.
2
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��
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�	
�

Initially, the gap between the two high voltage electrodes in NTP reactors was packed with 

dielectric pellets such as Al2O3 or BaTiO3 and these were employed simply to increase the non"

uniformity of the electric field so that there are regions of much higher electric field than the 

applied field thus leading to more energetic electrons. The discharge current I as described by the 

Manley equation:
3 

I = 4 � Cd (V – VoCg/C)     (1) 

where �� is the discharge frequency, Cd is the dielectric capacitance, Cg is the capacitance of the 

background gas within the discharge gap, Vo is the discharge onset voltage and V is the 

discharge voltage (kV).  It was then found that certain dielectrics could also act as catalysts, 

steering the reaction to yield different products with different catalysts (e.g. Ni/SiO2
 4

, NiO/WO3 

vs Faujasite vs Mordenite
5,6

) but the trends observed when using a range of such catalysts are 

simply not understood.
4,7,8

 Consequently, this led to catalyst selection for NTP processes being 

based on identifying those materials that are active for the same chemical processes when carried 

out in conventional, thermal reactors operating under steady state conditions; however plasmas 

are most certainly not in a steady state and such materials are generally found not to be 

especially catalytic in NTP systems.   
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The ions, radicals and vibrationally electronically excited species produced through the 

collisions between the high energy electrons generated in the NTP are only observed at 

temperatures > 1000 K in thermal systems.
9 

 In addition, the vibrationally excited species present 

in NTPs, and essentially unavailable in thermal systems, can exhibit enhanced sticking 

probabilities at catalyst surfaces and hence enhance the reactivity of endothermic processes.
9,10 

 

Thus the key advantage of non"thermal plasma chemistry is that it makes a range of chemistries 

viable, where, by conventional means, they would require extremes of temperature and/or 

pressure that would be technically challenging and economically unfeasible.  In addition, in 

principle, almost 97% of the plasma discharge power of low temperature plasmas can be 

converted into vibrational excitation of the gas feed molecules.
11

  In summary, coupling NTP 

with catalysts offering novel chemical pathways with lower activation energies opens up the 

potential for a wholly new and exciting field of chemistry.  In addition, it should be possible to 

enhance targeted reactions and suppress others by appropriate choice of catalyst, and feed gas, by 

controlling the number density of electrons and controlling the temperatures of the electrons and 

gaseous species.   

 

A significant challenge of NTP"driven systems is perceived to be the high energy demand; 

however, companies such as Siemens (private communication) have adopted strategies involving 

the harnessing of the spillover of renewably"generated electricity to the production of fuels and 

chemical products as matching the production of electricity from renewable energy to demand is 

very difficult, and often the surplus is simply spilled.  The storage of this surplus energy 

chemically is seen as a possible solution to this problem; for example, the plasma"driven 
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5

reduction of CO2 to CO and O2 is perceived as one possible chemical process, particularly as 

some industrial plants produce almost pure CO2 as waste gas.
12

  There could also be 

environmental benefits associated with plasma technology: thus, Martuzevicius and co"workers
13

 

compared conventional technologies with plasma systems for the destruction of volatile organic 

compounds, and found that NTP"based technology performed better with respect to the ozone 

layer depletion, acidification, eutrophication and human toxicity potential. The authors reported 

that “The relatively high demand of electrical energy causes lower positioning of plasma 

technologies in cases where no other materials are utilized and major waste is formed. On the 

other hand, many traditional end"of pipe technologies are associated with high amounts of 

process waste, which provides plasma technologies with an opportunity to establish them in the 

market as more efficient and in many occasions, more environment"friendly ones”. 

 

Finally, as discussed below, plasma catalysis has not been researched sufficiently to exploit its 

very real potential. 

 

����		
����������
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There are many companies producing commercial non"thermal plasma systems across a range 

of applications and these include: Enercon, Alternor, Plasma Etch, AcXys (surface 

treatment/etching) and Ozonia, Lenntech and Evoqua (ozone for water treatment).  Further, 

electrostatic precipitation for industrial separation and gas cleaning dates back to 1907
 14

;
 

however, none of these commercial systems rely upon plasma catalysis. 
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6

In the laboratory, topical chemical conversions using NTPs include
15

: ozone generation
16

, the 

conversion of CH4 to H2 and C2"C4 derivatives
17

, toluene to phenol and cresols
5
, CO2 and H2O 

to syngas and synfuels
18

, the treatment of Volatile Organic Compounds
19

, decontamination and 

disinfection
20

, the deep desulfurization of diesel fuels
21

, the treatment of flue gas
22

 and the dry 

reforming of CO2 and CH4.
23

   

 

Typically, the reactors employed in the above systems are based on cylinders of Al2O3 or 

quartz with one high voltage electrode wrapped around the outer surface of the cylinder and a 

metal rod, mounted along the axis of the cylinder, as the second electrode.
24"26

  Where catalyst 

pellets are used packed bed reactors are generally employed.
25
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As stated above, the potential of NTP"assisted catalysis in chemical synthesis is as yet largely 

unrealized: this is most likely due to the lack of analytical information on the processes taking 

place at the catalyst/plasma interface (interestingly, the US Plasma 2010 Committee report
27

 

concluded that the interactions of plasmas with solid surfaces is one of the six critical challenges 

that define the plasma research frontier; a view that is still extant today).  Hence the chemical 

mechanisms and kinetics involved are simply not understood.
28,29

  This is reflected in the paucity 

of catalyst selection as discussed above and the simplicity (and unoptimised nature) of NTP 

reactor design.
9,11

   

 

As stated above, NTP reactors utilising catalyst are most commonly of the packed"bed type, 

either as a variant of the tube reactors described above with the gap filled with the 
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7

catalyst/dielectric pellets or two plate electrodes separated by a gap filled with pellets.
10

  It is not 

at all clear these configurations are optimum, as there is no theoretical basis for their design: 

such a basis requires the chemistry taking place in the reactor to be modelled. All designs so far 

have essentially been empirical; they have not as yet been formulated on the basis of known or 

estimated rate constants or reaction mechanisms. The interaction of highly excited and reactive 

species with solid surfaces is largely unknown both in terms of the chemistry and the timescale 

over which such reactions take place.
9
  Furthermore, whilst the potential synergy between NTP 

and catalysis is widely acknowledged in the NTP community, it has not been possible to include 

catalysis in models: indeed, even accounting for chemical reactions on the chemically simple 

surfaces of the HV electrodes has proven too challenging
30

 due to the lack of chemical 

information on the species present.  For example, in the absence of information on the identities 

of the species present in non"thermal plasmas, and at the solid (dielectric/catalyst)/plasma 

interface, all possible species need to be included in the model (e.g. up to 150 molecules
31,32

) 

which increases computing time and decreases the accuracy of the model.  Our previous FTIR 

research strongly suggests that it should be possible to provide the hard experimental data 

required to aid effective modelling and hence reactor design.
33
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�
�	
�������������������������
��
���
�������
���
����

The overall aim of the NTP work in Newcastle is to study plasma catalytic processes by 

employing �����
� infrared spectroscopy to probe the plasma glow region (the region of the 

plasma that emits the characteristic blue/white glow) and the plasma/catalyst interface, and hence 

determine the mechanisms of such processes.  This information will then be compared to data 

obtained using a Specac Environmental Chamber and Diffuse Reflectance InfraRed 
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8

Spectroscopy attachment
34

 allowing the catalyst to be monitored �����
� using diffuse reflectance 

IR spectroscopy at temperatures up to 600 °C.  The same reactants and catalysts will be studied 

in both systems.  Hence Macor was chosen as the catalyst for our initial studies as it has both a 

reasonable dielectric constant (ca. 6) and high thermal stability.
35

 The Macor was not 

characterized as it is produced only in pellet form which is extremely hard and hence it has not 

proved possible to produce contaminant"free powder for, for example, XRD or XPS by filing etc.   

  

The initial system chosen for comparative study was IsoPropyl Alcohol (IPA) for two reasons: 

(1) its relevance to the study of the removal of Volatile Organic Compounds (VOCs) from air.  

IPA is a routinely"employed solvent in the electronics industry and, as such, a number of studies 

have been reported in the literature on the removal of this Volatile Organic Compound (VOC) 

from air using NTP"assisted catalysis.
36"38 

 (2) We already have IR data on the thermal behaviour 

of SnO2 
34

, and there is a wealth of IR data in the literature on the interaction of IPA with oxide 

surfaces under thermal conditions, see for example.
39"46

  The carrier gas employed in the studies 

reported in this paper was nitrogen rather than air in order to start with the simplest system 

comprising only two components. 

 

������
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��

�

Whilst the plasma/catalyst surface has not been investigated extensively with �����
� infrared 

spectroscopy, such studies have started to appear, There are a number of studies on the 

downstream analysis of the exhaust from NTPs, see for example
47

, but actual studies of the 

plasma glow with IR spectroscopy
33

 or of the catalyst surface in contact with a plasma is only a 

recent phenomenon.
48"53

  The quality of the information that can be obtained from in situ FTIR is 

Page 8 of 51

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 

9

exemplified by the work of Li and co"workers on the deposition of Si from hexamethyldisiloxane 

plasma
49

, Rivallan and colleagues on the conversion of IPA at Al2O3 
48

, Stere et al. 
50

 on the 

hydrocarbon assisted NOx removal from simulated diesel fuel over silver"based catalysts, 

Rodriguez et al. 
51

 on the conversion of IPA at Al2O3, CeO2 and TiO2 and Jia and Rousseau on 

the plasma"assisted reaction of acetone at CeO2 
52

.  These studies employed the Diffuse 

Reflectance approach
50,51

, transmission through the catalyst as a wafer
48,52

 or passed the IR beam 

through the plasma glow above the solid surface
47,49

.  Rivallan and co"workers
53

�employed the 

step scan approach to study the gas phase reduction of CO2 in a tube reactor (i.e. they did not 

study the catalyst/plasma interface): however, they saw no reaction products or intermediates, 

although the authors did achieve a time resolution of ca. 400 �s. 

 

In general, and even in the presence of ozone
54

, the plasma"driven catalysed conversion of IPA 

generally leads to toxic products such as acetone and mesityl oxide rather than complete 

conversion to CO2, and hence the requirement for effective catalysts is clear.   

�

��������
���������������� �

The preliminary work reported in this paper seeks to determine, compare and contrast the 

mechanisms of the plasma catalytic and thermal catalytic conversions of IPA at Macor as a first 

step in understanding the chemistries taking place at the plasma/catalyst surface with the ultimate 

aim of devising appropriate, optimum catalysts to realize the potential of NTP"assisted catalysis.    

�

�

�

�

�

�
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10

�
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Isophorone (3,5,5"trimethyl"2"cyclohexen"1"one, 97%) and isopropyl alcohol (99.5%) were 

supplied by Sigma Aldrich and used without further purification.  Nitrogen gas was supplied via 

cryogenic boil"off. 

 

IR spectra of liquid isopropyl alcohol and isophorone were obtained using a Presslok holder 

(Thermo Scientific); ca. 50 �L of the liquid was placed between two 25 mm dia. 2 mm thick 

CaF2 windows (Crystran) in the holder. 
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The non"thermal plasma infrared cell, see Figure S1, was designed and fabricated in"house and 

was made from a 15 cm long, cylindrical polyteTraFluoroEthylene (PTFE) tube with an outer 

diameter of 6.3 cm and an inner diameter of 2.5 cm.  The high voltage electrodes were in the 

form of two plungers, sealing against the inner walls of the PTFE via rubber ‘O’ rings. One 

plunger was hollow down its axis (a 5 mm diameter hole) and the feed gas was delivered via this 

channel and removed via an outlet nozzle in the top of the cell.  The electrodes were covered 

with 5 mm thick Macor caps fitted snugly over each disc electrode, with a hole aligned with the 

central, gas delivery channel.  Two infrared transparent CaF2 windows (25 mm diameter, 3 mm 

thick, Crystran) were glued into the PTFE cell. The distance between the windows (path length) 

was 5.1 cm.  The windows were positioned such that their centres aligned with the centre of the 5 

mm gap between the electrodes.  The plasma volume was 7.4 cm
3
 and the residence time at a 

flow rate of 200 cm
3
 min

"1
 was 2.2 s. 
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The electrodes were connected to a NeonPro lamp transformer, NP100000"30 (Hyrite, China) 

which provided an output up to 10 kV at a constant frequency of 24 kHz. A voltage controller 

(Carroll & Meynell) was used to control the input power to the HV transformers.  The input 

power to the plasma was monitored using a Gadget 13A (N67FU Maplin, UK) Power Meter; the 

input powers quoted were those obtained by subtracting the input power observed with plasma 

from the reading obtained with the system switched on but with no plasma initiated (4 W). 

 

���������
�
�	
������	�

An Agilent FTS7000 FTIR spectrometer with a Deuterated Tri"Glycine Sulfate (DTGS) 

detector was employed. The IR beam was passed through the plasma via the two CaF2 windows 

to the detector via an Amtir"1 filter, 25mm × 2mm (Spectra"Tech, USA) to remove visible light.  

 

The IsoPropyl Alcohol (IPA) was supplied by Sigma"Aldrich (99.5%) and used without further 

purification.  Isopropyl alcohol vapour was delivered to the chamber of the reflectance accessory 

by bubbling nitrogen gas through the alcohol held in a Dreschel bottle. The cell was first flushed 

with N2 at a flowrate of 200 cm
3
 min

"1
 for 120 minutes; when the system was stable, a 

background spectrum was collected.  N2 was then bubbled through the IPA and admitted to the 

cell at a total flow rate of 200 cm
3
 min

"1
.  A reference spectrum (SR, 100 co"added and averaged 

scans at 4 cm
"1

 resolution, 100 seconds per scan set) was collected in the absence of plasma.  

Sample spectra, SS, were then taken as a function of time after the high voltage power supply 

was switched on, and at regular intervals thereafter up to 20 minutes. The spectra are presented 

as: 
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Absorbance, A = log10 (SR/SS)      (2) 

 

These results in difference spectra in which peaks pointing upwards (i.e. to + absorbance) 

represent a gain in absorbing species at SS with respect to SR, and peaks pointing down (to – 

absorbance) represent the loss of absorbing species. In order to remove unchanging absorptions, 

spectra were subtracted with subtraction factors employed as necessary.  

  

The concentrations of the various species observed were calculated using the Beer"Lambert 

law: 

 

A = εcL     (3) 

 

where: ε is the molar decadic extinction coefficient (M
"1

 cm
"1

), c = concentration (M) and L = 

optical path length (5.1 cm).  This data manipulation results in difference spectra in which peaks 

with positive amplitude arise from the gain of absorbing species in SS with respect to SR, and  

peaks with negative amplitude to the loss of absorbing species.  

 

The temperature of the Macor caps of the transmission cell were monitored at an input power 

of 27W using a RS"1327 IR Thermometer C infrared thermometer gun in experiments conducted 

without FTIR data collection (as the cover to the sample compartment had to be removed), the 

temperature of the Macor caps were found to increase to ca. 43°C over 20 minutes.  This 

measurement was not possible with the plasma reflectance cell for safety reasons as the cell 

could not be manipulated and the thermometer gun would not fit into the sample compartment.  
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However, the reflectance cell did employ a cooling gas stream.    We have also simulated the 

absorption band shapes of some of the heavy species in the plasma
55

 and it suggests that the 

rotational temperatures are usually between ambient and up to around 100°C depending on the 

chemical system, the deposited power and the plasma duration. 

 

We have not observed any problems from the proximity of the high voltage power supply to 

the FTIR spectrometer: the shielding employed thus appears to work well.  Occasionally, we 

observe “spikes” on the spectra obtained using the reflectance cell, an observation still under 

investigation, and this was remedied by repeating the experiment. 

 

The spectra presented below were highly reproducible and stable.  Essentially the same data 

were obtained over a number experiments spread over 8 months.  For example, as is described in 

the paper (see figure S7), the experiments were repeated as a function of power, and the same 

features and species observed, except in varying relative amounts.  Again, as is discussed in the 

paper, the species observed after 1 minute were confirmed (with the exception of HCN and 

addition of acetylene) in the Argon experiment which was carried out some 11 months after the 

initial IPA experiments using nitrogen. 

 

We did not observe any carbon deposits in the plasma experiments on the windows or walls of 

the cells, or on the Macor; however, this is not to say it does not occur as it may be swept out of 

the plasma cell by the feed gas. 
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�

�������������	
�������	�

�

 ����
� FTIR thermal experiments were carried out using a Varian 670"IR spectrometer 

equipped with a ceramic air"cooled infrared source, a DLaTGS detector and a Specac 

environmental chamber and diffuse reflectance unit (see
34

 for details) with the IR beam reflected 

from a 12.5 mm diameter, 2 mm thick Macor disc.  The Specac reflectance accessory allows IR 

spectra to be collected under controlled atmosphere conditions from room temperature to 600 °C 

and pressures from vacuum to 34 atm. The IR beam was incident on the sample in the cell at 

angles from 20° to 76° with respect to the horizontal plane via a ZnSe window.  The same data 

manipulation was employed as described above in equations (1) and (2). 

 

Water was removed from both the spectrometer purges by a NITROSource generator and to 

the FTIR cells from a cylinder (N5.5 100%, BOC).  The absence of water from atmosphere of 

the spectrometer and the cells was confirmed by examining the single beam spectra as well as by 

following the spectra of the cells as a function of time to check that they were free from water 

vapour prior to commencing the experiments.  Water may have been released from the surface of 

the Macor during the experiments described below, but there was no direct evidence from the 

FTIR measurements (distinctive fine structure centred around 3750 and 1640 cm
"1

) to support 

this release. 

�

!�����������������������

The extinction coefficient of CH4 was determined from measurements using the pure gas in a 1 

cm pathlength cell and is presented in Table 1 along with that of the 3335 cm
"1 

band of HCN 

which was estimated from the paper by Choi and Barker.
56 
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������	
�The extinction coefficients of various gas phase species.  See text for details.�

 Peak 

/cm
"1

 
ε 

/M
"1

 cm
"1

 

CH4 3086 3.5 

 1346 6.2 

HCN 3335 2.8 

�

We estimate that the detection limit for CO was ca. ≥ 1.0 x 10
"5

 M in the thermal cell and a factor 

of five lower in the plasma transmission cell. 

�

�
���������������������
��

�

��������	
����
���	�����

�

Figure 1 shows spectra collected during an experiment in which a Macor disc was heated from 

25 to 600 °C in an atmosphere of IPA vapour and nitrogen gas.  The reference spectrum (SR) was 

collected at 25 °C and the temperature then ramped at 5 °C min
"1

, sample spectra (SS) collected 

at 50 °C and further spectra collected every 50 °C up to 600 °C.  For clarity, only the spectra 

collected every 100 °C are shown.  

 

As can be seen from Figure 1, there are loss features at 3340, 2976, 2887, 1481, 1232, 1007 

and 950 cm
"1

 that increase steadily in intensity as the temperature was increased.  In addition, 

there are loss and gain features between ca. 3600 and 3770 cm
"1

.  The bands between 3600 and 

3770 cm
"1

 and loss features at 3340 cm
"1

, 1481 and 1232 cm
"1

 also appear in a repeat of the 

experiment in Figure 1 in the absence of IPA: hence these bands may be attributed to the surface 

chemistry of the Macor.  The 3340 cm
"1

 feature may reflect the dehydration of surface OH 
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groups and the bands between 3600 and 3770 cm
"1

 changes in the nature and coverage of isolated 

O"H moieties
34

.  The features at 2976, 2887, 1007 and 950 cm
"1

 are due to the loss of adsorbed 

IPA.
39,41,44,45,48,51,57

 Of significance is the fact that there are no obvious product features. 

  �

�

����
�
�	
���
���	�����

�

The plasma experiments were carried out at 18, 20, 22, 24, 26 and 27 W (the plasma became 

unstable at 28 W).  The various product features observed were the same in all the experiments. 

 

 

�

�

�

�

������� 	
�FTIR spectra (100 co"added scans and averaged scans at 4 cm
"1

 resolution, ca. 120 

seconds per scan set) collected from a 12.5 mm diameter, 2 mm thick Macor disc in a static 

atmosphere of isopropyl alcohol vapour in nitrogen gas during an experiment in which the 

reference spectrum was taken at 25 °C; the temperature was then ramped up at 5 °C min
"1

 and 

sample spectra collected every 50 °C from 50 °C to 600 °C.      
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�	������

��������
����
�!�����
��

Spectral acquisition commenced 1 minute after initiating the plasma: this period was chosen 

simply to allow some time for the system to settle, rather than assuming the plasma had reached 

steady state.  Figure 2(a) shows the spectra collected after 1 minute during a series of 

experiments carried out as a function of input power (see the discussion around Figure S6 

below), the reference spectra in each case being collected of the IPA"containing N2 gas without 

plasma.  As expected, the figure is dominated by loss features due to gas phase IPA; see Figure 

S2, which compares spectra of liquid and gas phase IPA, and Table 2 which lists the various 

features.  As can be seen from Figure S2, the 3657, the doublet at 1472 and 1462 and the 

distinctively"shaped band at 1251 cm
"1

 are characteristic of the gas phase IPA, whilst the cluster 

of bands at 1160, 1130 and 1111 cm
"1

 and single, sharp feature at 952 cm
"1

 are characteristic of 

the liquid phase IPA.  It is clear from Figure 2(a) that there is vibrational structure on the high 

frequency side of the IPA C"H loss features on all the spectra, as well as gain features below ca. 

2250 cm
"1

; however, these are obscured by the strong loss features due to gas phase IPA.  Hence, 

in order to highlight any small features, the gas phase IPA spectrum was subtracted from the 

spectrum collected at 27 W in Figure 2(a), using the 3657 cm
"1

 O"H feature in the gas phase 

spectrum to determine the scaling factor to ensure annulling of the IPA bands; the result is shown 

in Figure 2(b) and the various features so observed summarized in Table 3.  

 The gain features at 3335 cm
"1

 and 3284 cm
"1

 may be attributed to the P and R branches of 

HCN:
56

 these features were present on all the spectra collected after 1 minute operation.  The 

fine structure centred on 3086 cm
"1

 and the sharp band at 3016 cm
"1

 in Figure 2(a) may be 

unambiguously attributed to the P and Q branches of the ν3 band of CH4, and the sharp feature at  

�
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�������
 The IR absorptions of gas and liquid phase isopropyl alcohol.
39"42,45,48,51,57 

Gas phase 

IPA /cm
"1

 

Liquid phase 

IPA /cm
"1

 

Assignment 

3657 3347 νOH 

2980  νaCH3 

2971 2971 νaCH3 

2933 2932 νsCH3 

2900 (sh)   

2886 2883 νCH 

1472 1466 δaCH3 

1462  δaCH3 

 1408  

1383 1379 δsCH3 

 1340  

 1310  

1251  δOH, δCH, 

1152 1160 νCC, νCO, rCH3 

 1130  

 1111  

1080(sh)  νCC, rCH3 

1073  νCC, rCH3 

966  Terminal and bridged C"O 

str. 

954 952  

942(sh)   
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������3.  The features in Figure 2(b).  See text for details. 

/cm
"1

 Assignment 

3335 + 3284 HCN 

2732 + 2705 ? 

2164 + 2130 “Cold” CO 

1666 Isophorone 

1740 Acetone 

1369 Acetone 

1215 Acetone 

3086 + 3016 P and Q bands of ν3 band of CH4  

1305 Q branch of ν4 band of CH4 

 

1305 cm
"1

 to the ν4 band of CH4 
58

 by comparison with an authentic sample of CH4 in 13.4% 

CH4+ 10.6% CO2 + 76.0% N2, see Figure S3, the Q branch in Figure 2(b) is distorted by the IPA 

C"H loss feature.   

 

The bands at 1740 cm
"1

, 1369 and 1215 cm
"1

 may be attributed to gas phase acetone
59

 an 

assignment confirmed by comparison with the IR spectrum of an authentic sample.  Thus, 

Figures S4(a) and (b) show the spectrum in Figure 2(b) and a spectrum of gas phase acetone 

obtained by placing ca. 0.1 cm
3
 of the liquid in the plasma transmission cell and allowing it to 

evaporate.  As well as the C=O band at 1740 cm
"1

 and the band at 1369 cm
"1

 the features at 1130, 

1217 and 1228 cm
"1

 form a highly distinctive group which may be unambiguously assigned to 

acetone.  It is clear from Figures S4(a) and (b) that the broad feature around 3347 cm
"1

, the 

features at 2968 and 2978 cm
"1

, the multiple bands around 1130 cm
"1

 and the feature at 1046 cm
"1
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are not due to acetone.  With the exception of the 1046 cm
"1

 feature which remains unassigned, 

these bands may be attributed to liquid IPA condensing on the cell windows, and this is 

discussed in detail below as is the origin of the broad feature at ca. 1666 cm
"1

. 

 

There are at least two possible routes to acetone: the dehydrogenation of IPA over metal and 

metal oxide catalysts is a well"known endothermic
60

 and important reaction requiring 

temperatures ≥ 200 °C catalysed by basic oxides including MgO 
60"63

; hence it may be that the 

acetone is produced in an analogous process involving the removal of dihydrogen from the H of 

the hydroxyl group and an H atom on the carbon adjacent to the CHOH moiety.  However, such 

a surface process would be inhibited by the formation of the liquid film, and the data below 

suggest that the formation of acetone is linked to that of CO and HCN, hence it is more likely 

that the acetone is produced from an entirely gas"phase process; for example, from mass 

spectrometry studies of IPA, acetone can be produced by deprotonation of C3H7O
+
.
64

  

 

It does not seem unreasonable to assign the bands at 2164 and 2130 cm
"1

 to the P and R 

branches of a linear molecule.  In addition, the reasonably high frequency of the band centre 

suggests a light molecule; further the band centre is identical to that of gas phase CO (2145 cm
"

1
), see Figure S5 which shows the features in Figure 2(b) compared to an authentic sample of 

CO.  The 2164 and 2130 cm
"1

 bands resemble the P and R branches of CO, except with a 

reduced bandwidth, as would be expected if the molecule was cooled down: for example, 

Bauerecker et al. 
65

 observed the rotation"vibration bandwidth of 
13

C
16

O to be reduced by about 

40% on cooling the gas from 300 K to 45 K, without any change in band centre.  From Figure 

S5, the bandwidth is ca. 24% lower than that of CO at room temperature, and a calculation based 
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on separation of the maxima of the P and R branches
66

 suggest a temperature of ca. 115 K, in 

broad agreement with the work of Bauerecker and co"workers; if the resolution is taken into 

account, this gives a temperature range of 89 – 143K. This is a challenging observation as it 

would be expected that the gas phase molecules in the plasma glow would be in thermal 

equilibrium: however, it may simply be the case that the cold CO bands represent the steady state 

of the species, constantly produced and constantly removed by the gas feed. 
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(b)�

��������
�(a) FTIR spectra (100 co"added scans and averaged scans at 4 cm
"1

 resolution, ca. 100 

seconds per scan set) collected during experiments in which nitrogen gas was passed through 

isopropyl alcohol at 298K and atmospheric pressure into the IR plasma transmission cell at a 

flow rate of 200 cm
3
 min

"1
 and a reference spectrum collected.  The plasma was then initiated 

sample spectra collected as a function of time.  The spectra shown were collected after 1 minute 

at the various input powers shown. The inset shows the spectra below 2200 cm
"1

 without the 

spectrum taken at 27W, for clarity.  (b) The spectrum collected at an input power of 27W in 

Figure 2(a).   

 

Figure S6 shows typical spectra collected at an input power of 27 W using the spectrum 

collected without plasma as reference: as can be seen, the CH4 and CO bands (boxed) are 

present, and their intensities unchanged throughout the experiment indicating steady"state 
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concentrations: this postulate was supported by the IPA/Ar data discussed below.  The HCN 

features also do not change in intensity with time and hence were annulled when the spectrum 

collected at 1 minute was subtracted from those collected at longer times, (see Figure 4) and 

discussion below.  It did not prove possible to determine the behaviour of the acetone due to the 

overlying strong features. 

 

Figure 3 shows plots of the partial pressure of methane, and the absorbances of the CO band at 

2164 cm
"1

 and the 1740 cm
"1

 acetone band normalised to their maximum values, as a function of 

input power, measured from the spectra collected after 1 minute and using the spectra collected 

without plasma as the background.  The raw data are presented in Figure S7.  As can be seen, all 

three species apparently track each other, suggesting they are formed via a common intermediate 

and/or in the same process, and this postulate was supported by the experiment discussed below 

in which N2 was replaced by Ar.   

 

In the plasma transmission cell, the IR beam passed along the surfaces of both the Macor caps, 

but bands attributable to adsorbed IPA were not observed in any of the spectra recorded using the 

cell. 

�

�	������

��������
����
����"�
�
�����

Figure 4 shows the spectrum collected after 1 minute in Figures 2(a) and S6 subtracted from 

those taken at longer times in order to remove the loss features due to gas phase IPA; as may be 
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��������
 Plots of (i) the absorbance of the 2164 cm
"1

 CO band, (ii) the partial pressure of CH4 

and (iii) the absorbance of the 1740 cm
"1

 acetone band, measured after 1 minute plasma 

operation as a function of input power from the experiments shown in Figure 2(a).  The plots 

were normalised to their maximum values.    

 

seen from the figure, there is no further reduction in the vapour pressure of the IPA as a function 

of time once the power to the plasma is switched on.  Following the experiment depicted in the 

figure, a brown oily deposit was observed on the Macor plates and CaF2 windows, which was 

also observed in all the plasma experiments using IPA and nitrogen, and the IR spectrum of 

which corresponded closely to the spectrum collected after 20 minutes in Figure 4.  As will be 

discussed further below, this oil appeared to comprise at least two components, A and B.  The oil 
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was dissolved in CdCl3 and an attempt was made to analyse it with carbon and proton NMR, but 

the results were inconclusive 

�

��������
 The spectra obtained during the experiment carried out at 27W shown in Figure 2(a).  

The spectra were collected using a gas feed of IPA vapour in N2. The N2 was bubbled through 

pure IPA at 298K at a flow rate of 200 cm
3
 min

"1
.  The reference spectrum was collected under 

the same conditions, but without plasma.  The spectrum collected after 1 minute was subtracted 

from those taken up to 20 minutes.   

 

Figure 5 shows plots of the key features in Figure 4 as a function of time normalized to their 

maximum values, and Figure S8 shows the raw data.  As can be seen from Figures 4 and 5, the 

1762 and 1536 cm
"1

 bands track each other and may thus be assigned to a single species; it is 
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also clear that the 1666, 1426 and 1370 cm
"1

 features do not belong to the same species as the 

1762 and 1536 cm
"1

 bands. Unfortunately, the 1426 and 1370 cm
"1

 bands are in the spectral 

region where significant overlap of bands from different species may be expected.  This 

challenge is addressed further below.   

 

 

 

 

 

 

 

 

 

 

 

������� 
 Plots of the intensities of the key features in Figure 4 as a function of time, normalized 

to their maximum values. 

 

Close inspection of Figure 4 shows the distinctive 1160, 1130 and 1111 cm
"1

 bands attributable 

to liquid phase IPA, suggesting condensation on the windows and surfaces of the cell, which 

become indistinct in the spectra collected after 8 minutes.  These bands do not appear to change 

in intensity significantly up to 8 minutes, suggesting the thickness of the condensed layer does 

not change over this timescale.  These observations suggest that the spectra in Figure 4 could be 
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simplified if divided into two regions, those up to 8 min from which was subtracted the spectrum 

collected after 1 minute, and the spectrum taken at 8 minutes subtracted from those taken up to 

20 minutes.  The results are shown in Figures S9 and S10.   

 

By comparing the relative intensities of the various features in Figures S9 and S10 it is clear 

that there are bands due to at least two different species, some isolated as discussed above, but 

some clearly overlapping in the spectral region below 1500 cm
"1

.  Figure 6 shows the spectra 

collected at 8 minutes in Figure S9 and that at 20 minutes in Figure S10 along with the spectrum 

of liquid IPA in Figure S2 scaled such that the 1130 cm
"1

 feature is approximately the same 

intensity as that in Figure S9.  It is clear that the peak at 2970 cm
"1

 in Figures 6 and S9 is due to 

liquid IPA, that there is a significant contribution from liquid IPA to the broad feature between 

2500 and 3700 cm
"1

 in the spectra collected up to 8 minutes and that there are features below 

1500 cm
"1

 belonging to both the unidentified species characterized by the strong bands at 1762 

and 1666 cm
"1

.  The situation becomes clearer if the spectra collected at 10 min and 20 min in 

Figure S10 are compared, see Figure 7; thus the 1762, 1536, 1426 and 1370 belong to one 

species, species A, and the 1666, 1630(sh), 1430, 1385 and 1373 cm
"1

 features to species B.  It is 

not clear from the various figures what species is responsible for the 3329 cm
"1

 absorption: thus 

from Figure 6 it can be seen that there is an appreciable contribution from the O"H stretch of 

liquid IPA to the O"H absorption up to 8 minutes, and there are marked differences in the shape 

of the feature between the two NTP spectra in the figure.  Further, it appears from Figure 6 that 

the 2936 and 2876 cm
"1

 C"H bands are common to both species A and B, if in different relative 

intensities.  The various features are summarised in Table 4.  The time"dependent behaviour of 
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the intensities of the 1426 and 1370 cm
"1

 species A bands in Figure 5 is clearly distorted by the 

presence of the underlying 1430, 1385 and 1373 cm
"1

 features of species B.   

�

������� #
 A comparison of the spectrum (i) collected after 8 minutes in Figure S9, (ii) the 

spectrum taken after 20 minutes in Figures S10, and (iii) the spectrum of liquid IPA in Figure S2.  

See text for details. 
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�������'
 The spectra collected after (i) 10 minutes and (i) 20 minutes in Figure S10.  See text 

for details.     

�

The acetone generated from the IPA may undergo a range of transformations leading to higher 

molecular species bearing both C=O and –OH groups such as β"hydroxyketones (acid and/or 

base catalysed Aldol reaction) and diols resulting from Mg catalysed Pinacol coupling. The 

nature and distribution of the products is dependent upon the catalyst employed as is the extent 

of similar downstream reactions with additional structural complexity due to facile dehydration 

of these materials installing random elements of unsaturation. This sequence of events inevitably 

produces an orange or red polymeric oil
67,68

 containing CH3, C=O, C=C and O"H groups. The 

number, distribution and nature of these functionalities are a result of both the catalyst and the 

experimental conditions employed, and the polymers produced are described generically as 
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“polymethylacetylene"like”.  The C"H asymmetric and symmetric stretches are observed at ca. 

2960 and 2865 cm
"1

, respectively, and the absorptions due to C=O conjugated with the polyene 

structure appear around 1705 and 1670 cm
"1

, the latter much stronger than the former.  The C=C 

stretch of the polyene backbone moves down in frequency as the conjugation increases, see
69

 and 

references therein, and was reported to absorb around 1560 cm
"1

 in the seminal work by 

Cataldo.
67,68 

 If the conjugation between the ketone C=O moieties and the polyene backbone is 

broken, often by cyclisation and/or the formation of quaternary carbon centres (e.g. geminal 

CMe2 groups), the polyene C=C absorption does not shift, but the C=O absorption moves to 

significantly higher frequencies.  The fact that N2 (along with Macor and IPA) is essential to the 

formation of the liquid film suggests that nitrogen"containing moieties are also present in the 

polymer.  Thus we suggest that species A is a polymeric product resulting from a cascade of 

Aldol/Pinacol/dehydration type reactions initiated by the formation of acetone. Trinh and Mok
70

 

investigated the oxidative decomposition of acetone over ZnO and/or MnO2 catalysts and 

observed the formation of a brown polymeric deposit on the walls of their reactor.  The IR 

spectrum of this deposit shows similarities to the spectra in Figure 4, and the authors postulated 

the polymer contained ester groups. 

 

In the thermally"driven Aldol condensation of acetone over alkaline catalysts, as well as 

polymethylacetylene"like products, isophorone is a common side product (e.g. from cyclisation 

and subsequent E1CB elimination of water).  Figure S11 shows the spectrum of an authentic 

sample of isophorone, and the absorptions are summarized in Table 4.  On the basis of the 

spectrum, we identify product B as isophorone.  Interestingly, isophorone is one of the products 
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������ �
  The features observed in the spectra in Figures 4 and S6, S9 & S10, and the 

absorptions of isophorone from Figure S11. 

Product A  

bands /cm
"1

 

Product B 

bands /cm
"1

 

Isophorone 

/cm
"1

 

2936 2936 2957 

2876 2876 2869 

1762 1666 1668 

1536 1630 (sh) 1630 

1426 1430 1435 

1370 1385 1378 

 1373 1367 

 

from the thermal Aldol condensation of acetone at lamellar double hydroxides which, as is the 

case with Macor, also contain magnesium and aluminium oxides.
71 

 

Close inspection of the spectrum collected after 2 minutes in Figure 4 shows that the OH band 

is prominent, as is a clear band at 1640 cm
"1

.  The latter does not track the adjacent 1666 cm
"1

 

and becomes overlain by the 1630 cm
"1

 shoulder.  The presence of the 1640 cm
"1

 and the broad 

O"H absorption, along with the sloping absorption that increases at frequencies > 1750 cm
"1

 and 

the clear, broad absorption underlying the bands below 1750 cm
"1

 suggest the formation of 

water
72

, along with C"OH groups: the former arising from the Aldol condensation reaction.  

 

The production of the gas phase products CO, CH4 and HCN, and the fact that they fairly 

rapidly attain a steady"state in the plasma in the flowing feed gas, in conjunction with the 
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separate production of the isophorone and the polymer–containing brown oil, which requires a 

longer time to form, suggests the presence of two separate and parallel reaction pathways.  This 

observation is in accord with the model of Kim et al. 
73

 in which the active species such as OH 

radicals occupy a thin layer perhaps 50 �m thick above the catalyst and are available for reaction 

at the catalyst: above this layer, species produced in the plasma react in the same way as in the 

absence of catalyst.  Thus the gas phase products are produced in the body of the plasma, away 

from the direct participation of the catalyst, whilst the isophorone and polymer are produced in 

the plasma adjacent to the catalyst: both possibly require the build"up of intermediates on the 

Macor, but, as may be seen from the plots in Figure 5, the isophorone is produced in a different 

process to the polymer, and more rapidly.    

 

��
�
�������������������
�����

�

Figure 8(a) shows the spectra obtained in an analogous experiment to that in Figure 4 except 

that the nitrogen feed was replaced by argon.  The plasma was initiated at a significantly lower 

power (8 W in contrast to 18 W using N2) and the spectra in Figure 8(a) were collected at 8 W.  

The most obvious difference between the two experiments, apart from the expected absence of 

HCN in Figure 8(a), was that no liquid film or isophorone was produced, clearly highlighting the 

importance of nitrogen gas in their formation.  Cold CO, at 136 K (allowing for the resolution 

gives a temperature range of 108 – 167 K) was also produced.  Figure 8(b) shows the spectrum 

collected after 1 minute in Figure 8(a) with the IPA bands annulled by subtraction, using the O"H 

stretch at 3657 cm
"1

 to determine the scaling factor.  The acetone bands are clear, as are the CO2, 

cold CO and methane absorptions.  
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In addition to the bands stated above, there are features at 3315 and 3263 cm
"1

 in Figures 8(a) 

and (b) which may be attributed to the C"H stretch of acetylene.
74

   Along with the inhibition of 

the film formation, the production of acetylene strongly suggests the existence of a modified 

mechanism on employing argon. 
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�

�������"
 (a) The spectra collected in an analogous experiment to that in Figure 4, except that the 

feed gas was argon and the input power 8W. (b) The spectrum collected after 1 minute in Figure 

8(a).  The gas phase IPA bands were annulled using the spectrum of pure IPA, and employing 

the O"H stretch of the IPA at 3657 cm
"1

 to determine the subtraction factor. 

 

Figure 9 shows plots of the various features in Figure 8(a) as a function of time.  As was stated 

above, it is clear that (1) the methane, cold CO, CO2 and acetone essentially show steady state 

concentrations (as was noted above), whereas the acetylene in the plasma glow steadily 

increases, and (2) with the exception of the acetylene the remaining species clearly track each 

other, suggesting they arise from the same or linked process(es).  From the figure, the steady 

state partial pressure of methane was ca. 12 mBar, i.e. not insignificant.  The oscillating nature of 

the plots in Figure 9 are fascinating, but their interpretation requires further study.    
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First it will be useful to review the key facts arising from the data discussed above: 

 

•� It is clear that cold CO, CH4, HCN and acetone are produced in the plasma glow in the 

first minute. 

 

•� From Figure S6 and numerous repeats, it is clear that CH4 and cold CO (at least) are 

produced for the full 20 minutes i.e. the formation of the liquid has no effect therefore 

their formation must take place entirely in the gas phase.    
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�������(. Plots of the intensities of the various features in Figure 8(a) as a function of time. 

 

•� It is clear from Figures 3 and 9 that CO, CH4, HCN and acetone track each other exactly 

suggesting some commonality. 

 

•� Replacing N2 by Ar not only removes HCN but results in the formation of acetylene. 

 

The production of cold CO suggests the presence of a “loose” or “late” transition state and 

hence the possible presence of a roaming mechanism.  The roaming mechanism was first 

proposed by van Zee et al. 
75

 in a seminal paper on the photolysis of formaldehyde to CO and H2: 

in essence the standard, tight transition state route produced rotationally hot CO whilst the loose 

transition state resulted in rotationally cold CO.  During the photolysis of acetaldehyde, the 

formation of a loose transition state allows a roaming mechanism that results in CH4 and cold 
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CO
76"78

, and work by the Klippenstein group
79,80

 shows the same is true for thermal 

decomposition of CH3CHO at T > 1000K. 

 

It is not unreasonable to postulate acetaldehyde as an intermediate, however it is difficult to 

identify from IR spectra in the presence of acetone as it usually appears as a shoulder on the 

lower frequency of the acetone 1740 cm
"1

 C=O stretch.  Further, in our case, it may be present at 

low steady state concentrations below the detection limit of the equipment.  If acetaldehyde is the 

key intermediate then the following mechanism would explain the observed data. 

 

As per the model proposed by Kim and co"workers
73

, there are two reaction zones, the 

Macor/plasma interface and the bulk plasma, the chemistry in the latter wholly uninfluenced by 

the Macor. 

 

In the bulk of the plasma, the formation of both acetaldehyde and acetone takes place via 

electron impact: 

 

CH3CHOHCH3 + e
"
 → CH3CHO + CH4  + e

"
   (4) 

 

CH3CHOHCH3 + e
"
 → C3H7O

+
 + H

+
 + 3e

"
      (5) 

 

C3H7O
+
 → CH3COCH3 + H

+
     (6) 

 

Other decomposition mechanisms are also possible such as reaction with excited metastable N2 

(e.g. A
3
Σu

+
) and atomic nitrogen such as in the following reaction: 
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CH3CHOHCH3 + N → C3H7 + HNO  (7) 

 

 

Acetone does not react further: in contrast, acetaldehyde may react further, either by electron 

impact or photoexcitation (nitrogen"fed non"thermal plasmas show significant emission
81

 around 

the λmax for the dissociation of acetaldehyde of 308 nm
76

) 

 

CH3CHO + e
"
 → [CH3""""CHO]

ǂ
 + e

"
 (Loose TS)     (8) 

 

CH3CHO + hν → [CH3""""CHO]
ǂ
 (Loose TS)     (9) 

 

[CH3""""CHO]
ǂ
  → CH4 + CO(cold) (Roaming)     (10) 

 

[CH3""CHO]
ǂ
  →  CH3 + CHO (Tight TS)     (11) 

 

In the absence of the liquid film, i.e. with the Macor surface accessible, acetaldehyde is 

dehydrated to acetylene, catalysed by aluminium/magnesium oxide sites
82

 on the Macor:   

 

CH3CHO → HC≡CH + H2O     (12) 

 

�
�,
������
���

�

Macor does not catalyse any reaction of isopropyl alcohol in dinitrogen at temperatures up to 

600°C.  In contrast, it has a very significant effect upon the analogous plasma"driven process.  In 
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N2 + IPA –fed non"thermal plasma, two reaction zones are established: one at the Macor/plasma 

interface where the Macor catalyses the formation of a brown oil containing a 

polymethylacetylene"like polymer also (probably) bearing nitrogen containing functionality, and 

isophorone.  This oil eventually blocks the Macor surface preventing further reactions of this 

nature.  The second zone is in the bulk of the plasma, remote from the Macor.  In this zone, CO 

at a rotational temperature << 200K and CH4, HCN and acetone are also produced.  Electron 

impact of the IPA results in acetone and acetaldehyde production: the former does not react 

further.  In contrast, the acetaldehyde is excited to form a loose transition state via electron 

impact or photo"excitation from the plasma emission: this results in the dissociation of the 

acetaldehyde to CH4 and cold CO via a roaming reaction.  Replacing the dinitrogen by argon 

completely inhibits the formation of the oil, leaving the Macor surface clear, and this now 

catalyses the formation of acetylene. 

 

���
�������,
������

"��"�

������������	
�����

�

(a) A photograph and (b) schematic of the �����
� FTIR non thermal plasma cell (Figure S1), 

Comparison the spectra of gas phase IPA and an authentic sample of liquid IPA.  The former was 

obtained using the plasma transmission cell, and the latter as a thin layer pressed between the 

CaF2 windows of a Thermo Scientific Presslok demountable cell holder (Figure S2), The 

spectrum collected at 27W in Figure 1(a) and that of 13.4% CH4+ 10.6% CO2 + 76.0% N2 in the 

plasma transmission cell (Figure S3), A spectrum of (i) gas phase acetone obtained in the plasma 

transmission cell and (ii) the spectrum in Figure 2(b): (a) full spectral range and (b) 900 – 2000 
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cm
"1

.  The acetone spectrum was reduced by a factor of 3.9 (Figure S4), (i) The CO spectral 

region of Figure S3 and (ii) that of a spectrum collected of 100% CO in a 1 cm pathlength 

transmission cell at 298K. The spectrum in (ii) has been scaled down by a factor of 15.7 (Figure 

S5), In"situ FTIR absorbance spectra (100 co"added scans and averaged scans at 4 cm
"1

 

resolution, ca. 100 seconds per scan set) collected during the plasma treatment of IPA at 27W as 

a function of plasma operation time.  The N2 gas flow rate was 200 cm
3
 min

"1
, bubbled through a 

Dreschel bottle of pure IPA at room temperature (Figure S6), Plots of the intensities of the 2164 

cm
"1

 CO band and the 1740 cm
"1

 acetone band, and the partial pressure of CO, measured after 1 

minute plasma operation as a function of input power.  The spectra were collected and 

manipulated as in the experiment shown in Figure 2(a) (Figure S7), Plot of the intensities of the 

key features in Figure 4 vs time (Figure S8), The spectra collected in Figure 4 up to 8 minutes 

(Figure S9), The spectrum collected after 8 minutes in Figure 4 subtracted from those taken up to 

20 minutes (Figure S10), and IR spectrum of ca. 50 �L isophorone obtained as a thin layer 

pressed between the CaF2 windows of a Thermo Scientific Presslok demountable cell holder 

(Figure S11).    

�

���7
����<
�����
��

,
������
���������7
��
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