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PHYSICO-CHEMICAL PRO PERTIES OF DC CURRENT DISCHARGE PLASMA  

WITH LIQUID CATHODE  

In article the results of experimental studies and modeling of physic-chemical parameters 

of plasma of DC current discharges with electrolyte cathode are analyzed at the pressure range of 

(1.01-0.101)Ā105 Pa for molecular and atomic gases. The data on physical parameters of plasma 

(electric field strength, cathode voltage drop, gas temperatures) are given. The results of meas-

urements and calculations of active species concentrations, electrons, as well as molecule distri-

butions on vibrational levels and electron energy distribution functions are analyzed. 

Key words: plasma, gas discharge, physical parameters, active species, process mechanisms 

 

INTRODUCTION 

Numerous studies published last ten years 

(see reviews [1-7]) on various aspects of high pres-

sure non-equilibrium plasma created with gas dis-

charges in water solutions or above their surface em-

phasize the increasing interest of researches to the 

given area of chemistry and physics of plasma. One of 

the reasons of that interest is the new possibilities 

which provide these discharges for practical applica-

tion. To date, many applications were already tested. 

Among them biomedical applications (plasma scal-

pels, sterilization, wounds repair (NO-therapy), mi-

crosized sources of emission for analysis of water 

solutions containing the ion admixtures of metals (in-

cluding heavy metals), modification of polymer sur-

faces, obtaining fullerenes, nano powders of semi-

conductors, and catalysts. There is successful experi-

ence on the discharge application for soil remediation 

and food treatment from pesticides [8, 9]. One of the 

promising directions of such discharge application is 

the use for organic substances degradation and re-

moving ions of heavy metals (for example, Cr, Mn) 

contained in wastewaters. A plasma action is attrac-

tive since the plasma itself is a source of active spe-

cies (for example, UV radiation, ʅ2ʆ2, molecules of 

singlet oxygen, oxygen and hydrogen atoms,Ŀʆʅ and 

ʅʆ2Ŀradicals etc.). These particles are capable to 

manifest as oxidative as reduction properties depend-

ing on conditions. Another important peculiarity of 

processes in plasma systems is high rates at relatively 

low temperatures. This is due to the fact that plasma 

systems are non-equilibrium ones. The primary source 

of active species formation is not heat activation but 

processes with participation of electrons. Electrons 

gain the energy from external electric field and trans-

form this energy colliding with atoms and molecules to 

the energy of excitation of various states and to disso-

ciation. Further reactions of particles being formed 

provide the formation of other active particles.  

In the given paper the properties, peculiarities 

and possibilities of plasma forming at DC discharge 

burning above a surface of water or water solution, 

which serve as cathodes of the discharge, will be con-

sidered.  

REACTOR DESIGN. MAIN PHYSICAL PROPERTIES 

The typical sketch of reactor for creation and 

study of DC discharge properties is shown in Fig. 1 

[10-13]. The discharge is created by applying a DC 

high voltage (~several kV) between metal anode (4) 
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and water solution. The cell with solution can be 

thermo stabilized and include the mixer. The solution 

flow is also possible.  

 

 

Fig. 1. The schematic diagram of the experimental set-up.  

1 ï cathode, 2 - glass bell-jar, 3 ï anode, 4 ï discharge, 5 - quartz 

window, 6 ï radiation output to entrance lens of light fiber,  

7 ï glass cell with solution, 8,9 ï gas outlet and inlet, 10 - en-

trance lens of light fiber, 11- light fiber 

ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʨʝʘʢʪʦʨʘ. 1 ï ʢʘʪʦʜ,  

2 ï ʚʘʢʫʫʤʥʳʡ ʢʦʣʧʘʢ, 3 ï ʘʥʦʜ, 4 ï ʨʘʟʨʷʜ, 5 ï ʢʚʘʨʮʝʚʦʝ 

ʦʢʥʦ, 6 ï ʚʳʭʦʜ ʠʟʣʫʯʝʥʠʷ, ʩʦʙʠʨʘʝʤʦʛʦ ʩʚʝʪʦʚʦʜʦʤ,  

7 ï ʷʯʝʡʢʘ ʩ ʨʘʩʪʚʦʨʦʤ, 8,9 ï ʚʭʦʜ ʠ ʚʳʭʦʜ ʛʘʟʘ, 10 ï ʚʭʦʜʥʘʷ 

ʣʠʥʟʘ ʩʚʝʪʦʚʦʜʘ, 11 ï ʩʚʝʪʦʚʦʜ 
 

The discharge image is glowing cone in the 

base of which the cathode spot is situated with the 

diameter of Dc. The area of cathode voltage drop 

abuts upon this spot (Fig. 2). 

Geometrical parameters of discharge cone 

depend on the discharge current. At given pressure 

with the current increase the radius of cathode spot 

and radius at height H (Fig. 2) depends linearly on the 

discharge current. At fixed current the discharge di-

mensions decrease with the pressure growth (Fig. 3). 

Also, the radius depends on a kind of plasma-forming 

gas. Thus, at atmospheric pressure the radius is in-

creased from 1.42 to 1.8 mm at the current change 

from 10 to 30 mA for air discharge, from 0.4 to 0.6 

mm for argon discharge and from 0.08 to 0.2 mm for 

helium discharge. 

 

 
Fig. 2. The discharge view. 1 ï anode, 2 ï discharge, 3 ï cathode 

spot on the solution surface  

ʈʠʩ. 2. ɺʠʜ ʨʘʟʨʷʜʘ. 1- ʘʥʦʜ, 2 ï ʨʘʟʨʷʜ, 3 ï ʢʘʪʦʜʥʦʝ ʧʷʪʥʦ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʪʚʦʨʘ 
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Fig. 3. The dependence of discharge radius at height of H on the 

pressure. 1,3 ï N2 [12,14], 2 ï O2 [13]. The discharge current is 

40 mA  

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʜʠʫʩʘ ʨʘʟʨʷʜʘ ʥʘ ʚʳʩʦʪʝ ʅ ʦʪ ʜʘʚʣʝʥʠʷ. 

1,3 ï N2 [12,14], 2 ï O2 [13]. ʊʦʢ ʨʘʟʨʷʜʘ 40 ʤɸ 

 

Forming discharge is very close to normal 

glow discharge of low pressure on own parameters. 

1) Discharge has the space of cathode voltage 

drop contacting directly with a water surface [15-19]. 

But values of cathode drops, Uc, are essentially higher 

that for discharges with metal cathodes. For metal 

cathodes, the Uc values are less than ~300 V [6], 

whereas for cathode from distilled water they lie in 

the range of 400-750 V (Fig. 4, [16]). Therefore, ɔ-

emission coefficient for water system is less than for 

metals. 
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Fig. 4. The cathode voltage drop vs discharge current for distilled 

water (1) and KCl solutions. 2,3,4,5 ï KCl concentrations are 

0.08, 0.25, 0.42 and 0.5 mol/l, respectively. Plasma-forming gas is 

ambient air 

ʈʠʩ. 4. ʂʘʪʦʜʥʦʝ ʧʘʜʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʢʘʢ ʬʫʥʢʮʠʷ ʪʦʢʘ ʨʘʟ-

ʨʷʜʘ ʜʣʷ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ (1) ʠ ʨʘʩʪʚʦʨʦʚ KCl. 2,3,4,5 ï 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʪʚʦʨʦʚ 0,08, 0,25, 0,42 ʠ 0,5 ʤʦʣʴ/ʣ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ. ʇʣʘʟʤʦʦʙʨʘʟʫʶʱʠʡ ʛʘʟ-ʚʦʟʜʫʭ 
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Unlike discharges of low pressure where Uc 

does not depend on the discharge current, for the dis-

charge with liquid cathode the trend of Uc dropping is 

clearly observed under the current increase. The fact 

is that at discharge action on water, other substances 

are formed, partially, hydrogen peroxide [20]. And at 

every current value we deal with the cathode of dif-

ferent chemical nature. This fact is confirmed by Uc 

change at addition to water of different salts. The Uc 

value depends also on the kind of plasma-forming 

gas. It decreases from 719 to 426 V in series of air, 

N2, N2O, He, O2, CO2 and Ar at the disharge current 

of 25 mA [13, 21]. The discharge current increase 

results in the reduction of cathode drop and in the in-

crease in a diameter of cathode spot. When this diam-

eter reaches the vessel diameter, the discharge trans-

fers to abnormal form as it takes place for the dis-

charge of low pressure. The cathode drop starts grow-

ing with the discharge current [22]. 

2) The discharge structure is the same as for 

glow discharge at low pressure. It includes cathode 

drop, negative glowing, Faradayôs dark space, posi-

tive column and anode glowing [15, 23, 26]. 

3) Electric field strength, E, is constant within 

positive column (in plasma) [15, 18, 24, 25]. E values 

depend on the discharge current, pressure and plasma-

forming gas kind and less on electrolyte composition 

(Fig. 5-6). 
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Fig. 5. The electric field strength in a plasma vs discharge current 

for distilled water (1) and KCl solutions. 2,3,4,5 ï KCl concentra-

tions are 0.08, 0.25, 0.42 and 0.5 mol/l, respectively. Plasma-

forming gas is ambient air 

ʈʠʩ. 5. ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʧʦʣʷ ʚ ʧʣʘʟʤʝ ʢʘʢ ʬʫʥʢʮʠʷ ʪʦʢʘ ʨʘʟ-

ʨʷʜʘ ʜʣʷ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ (1) ʠ ʨʘʩʪʚʦʨʦʚ KCl. 2,3,4,5 

ï ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʪʚʦʨʦʚ 0,08, 0,25, 0,42 and 0,5 ʤʦʣʴ/ʣ ʩʦ-

ʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʣʘʟʤʦʦʙʨʘʟʫʶʱʠʡ ʛʘʟ-ʚʦʟʜʫʭ 

 

4) Like normal discharge of low pressure the 

discharge current density doesnôt depend on the dis-

charge current at given pressure [15, 19]. 
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Fig. 6. The electric field strength vs pressure. 1- N2, 2 ï O2,  

3 ï Ar+2% N2, 4 ï Ar, 5 ï air. 6, 7, 8 ï for N2, air, and Ar on data 

[20]. The discharge current is 40 mA  

ʈʠʩ. 6. ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʘʚʣʝʥʠʷ; 1- N2, 2 ï O2, 3 ï Ar+2% N2, 4 ï Ar, 5 ï ʚʦʟʜʫʭ,  

6, 7, 8 ï ʚ ʘʟʦʪʝ, ʚʦʟʜʫʭʝ ʠ ʘʨʛʦʥʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦ ʜʘʥʥʳʤ 

[20]. ʊʦʢ 40 ʤɸ 

ROTATIONAL, VIBRATIONAL AND GAS 

TEMPERATURES 

Due to small discharge dimensions (Fig. 3) 

practically the only methods for discharge studies are 

emission spectroscopy [1], absorption spectroscopy 

[27], and laser induced fluorescence (LIF) [12]. The 

emission spectroscopy is exclusively used for deter-

mination of rotational and vibrational temperatures. 

The rotational temperatures are obtained from a dis-

tribution of emission intensities in vibrational bands 

of emission of excited states of second positive sys-

tem N2(ʉ3ɄuŸɺ3Ʉg), usually (0-2) band is utilized. 

Emission bands of OH are detected already in 

a discharge with water cathode and N2 exists as ad-

mixture or it is intentionally introduced into plasma-

forming gas as a small addition ~0.1-0.2% [11, 13, 

21]. Since the rotational constants of ʆʅ (ɸ2Ɇ) and 

N2(ʉ3Ʉu) are essentially less than ʢĬʊ (k is the 

Boltzmann constant) (for ɸ2Ɇ ï 17.4 ʩm-1 or 25 ʂ, for 

ʉ3Ʉu-1.8 ʩm-1 or 2.6 ʂ) and collision frequencies of 

molecules for atmospheric pressure are 109 s-1 it is be 

possible to assume that the rotational degrees of free-

dom are in equilibrium with the translational ones, i.e. 

the rotational temperature has to be equal to the gas 

temperature. All studies showed that for N2(ʉ3Ʉu) 

molecules, the distribution on rotational levels is the 

Boltzmann one with the same value of temperature 

[14, 15, 21, 26, 27-31]. At the same time, the distribu-

tion on rotational levels for ʆʅ (ɸ2Ɇ, V=1) can be 

described with the two Boltzmann distributions with 

different temperatures. Up to some rotational level, Jô, 

which depend of plasma-forming gas kind (Jô in-
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creases from 13 up to 25 in series He, Ar, CO2, N2O, 

N2) the distribution is realized with the temperature 

which is equal to the one determined on the rotational 

temperature of N2 molecules (see Table). For higher 

Jô values, the temperature is significantly higher and 

it does not depend on the gas kind. At the same time, 

for the O2 discharge the temperatures determined with 

both methods are the same [13]. When the irradiation 

is collected from the whole positive column, then the 

result is the temperature averaged on the reactor 

cross-section. Some results of such measurements are 

listed in Table.  
 

Table.  

The results of rotational temperatures measurements at 

atmospheric pressure  

ʊʘʙʣʠʮʘ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʚʨʘʱʘʪʝʣʴʥʦʡ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ 

Gas  

(ʛʘʟ) 

Trot(OH), 

K 

Trot(N2),  

K 

Current 

(ʪʦʢ), 

ʤɸ 

References  

(ʣʠʪʝʨʘʪʫʨʘ) 

air (ʚʦʟʜʫʭ) 3250Ñ250 3250Ñ250 25 [21] 

N2 3242Ñ200 2900Ñ200 25  [21] 

He 1282Ñ200 1100Ñ200 25  [21] 

Ar 2008Ñ200 2400Ñ200  25  [21] 

N2O 2755Ñ200 2000Ñ200  25  [21] 

CO2 2931Ñ200 2100Ñ200  25  [21] 

air (ʚʦʟʜʫʭ)  1800Ñ200  20  [26] 

air (ʚʦʟʜʫʭ) 2540 1900Ñ200  31  [30] 

N2 3112Ñ150   31  [14] 

N2 1450Ñ150   40  [12] 

He 2218Ñ150   31  [14] 

Ar 1720Ñ150   31  [14] 

air (ʚʦʟʜʫʭ) 3400Ñ200 1800Ñ200  23  [15] 

air (ʚʦʟʜʫʭ)  2000Ñ1500 10-40  [16] 

O2 2700Ñ100 2700Ñ100  40  [13] 

 

The temperatures depend only slightly on the 

discharge current [15, 16] but significantly on the 

pressure [11-13]. Any essential dependence on the 

concentration of the dissolved substance (KCl, NaCl) 

is not observed [15, 16].  

The distribution of N2(ʉ3Ʉu) molecules on vi-

brational level (V = 0-4) was measured for atmospheric 

pressure plasma in air in studies [10, 15, 26, 24, 31]. It 

was found that the distribution is the Boltzmann one 

with the temperature of TV~(4200Ñ200) ʂ. The tem-

perature did not depend on the discharge current in 

the range of 10-110 mA. 

The distribution of NO(ɸ2Ɇ, V = 0, 1, 2) mol-

ecules on vibrational levels was determined on the 

intensity of vibrational-rotational bands of ɔ-system 

for air plasma in study [26] at the discharge current of 

20 mA. The temperature obtained was (3800Ñ200) ʂ, 

i.e. it was close to TV for N2(ʉ3Ʉu) in a limit of error. 
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Fig. 7. Gas temperatures (Tg) averaged over plasma cross-section 

and effective vibrational temperature (TV) of O2(X) as a function 

of pressure. 1 ï Ar from study [11], 2 ï N2 from study [12], 3, 4, 

7, 8 ï O2 [13], 5 - ambient air from study [16].  1, 2, 3 were ob-

tained on the rotational temperature of N2. 4 was obtained on the 

rotational temperature of OH. 6 -the TV calculation at averaged 

gas temperature [13], 7 ï the temperature at discharge axis, T0,  

8 ï the temperature at discharge boarder, TR. The discharge cur-

rent is 40 mA 

ʈʠʩ. 7. ʉʨʝʜʥʠʝ ʧʦ ʩʝʯʝʥʠʶ ʧʣʘʟʤʳ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ (Tg) ʠ 

ʵʬʬʝʢʪʠʚʥʘʷ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ O2(X) ʢʘʢ ʬʫʥʢʮʠʷ 

ʜʘʚʣʝʥʠʷ.  1- Ar [9], 2 ï N2 [12], 3,4,7,8 ïO2 [13], 5 ï ʚʦʟʜʫʭ 

[16]. 1,2,3 - ʧʦʣʫʯʝʥʦ ʧʦ ʚʨʘʱʘʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ N2.  

4 ï ʧʦʣʫʯʝʥʦ ʧʦ ʚʨʘʱʘʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʆʅ. 6 - TV ʨʘʩʯʝʪ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʨʝʜʥʠʭ ʪʝʤʧʝʨʘʪʫʨ [13]. 7 ï ʪʝʤʧʝʨʘʪʫʨʘ 

ʛʘʟʘ ʥʘ ʦʩʠ ʨʘʟʨʷʜʘ, T0, 8 ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟ-

ʨʷʜʘ, TR. ʊʦʢ 40 ʤɸ 

 

The distribution of Oʅ (ɸ2Ɇ, V = 0, 1, 2) 

molecules on vibrational levels was found on the in-

tensity of vibrational-rotational bands of (ɸ2ɆŸX2Ʉ) 

transitions for air plasma in studies [24, 26]. The tem-

perature obtained in [26] was (3800Ñ200) ʂ at the 

discharge current of 20 mA. The TV values were in-

creased from (2000Ñ200) up to (3300Ñ200) K at the 

discharge current increase from 15 up to 50 mA [24]. 

We do not know any experimental data on vi-

brational temperatures of ground state molecules of 

plasma-forming gases and products of their reactions. 

But there are several calculations carried out in stud-

ies [10, 31] for air plasma, in [11] for argon plasma, 

in [12] for N2 plasma, and in [13] for O2 plasma. In 

these studies, the self-consistent calculation of elec-

tron energy distribution functions (EEDF), molecule 

distributions on vibrational levels of ground states and 

equations of chemical kinetics was carried out. For 

discharges in Ar and O2, the small admixture of 

N2(<0.2%) molecules was introduced. The calculated 

TV was fitted to the measured one to find the water 

molecule content in a gas phase. In all cases the cal-

culated distributions were non-equilibrium. But they 



ʀʟʚ. ʚʫʟʦʚ. ʍʠʤʠʷ ʠ ʭʠʤ. ʪʝʭʥʦʣʦʛʠʷ. 2016. ʊ. 59. ɺʳʧ. 12 

 

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12 9 

 

 

can be described by the Boltzmann distribution for 

low values of vibrational quantum number (Fig. 8, 9). 

 

0 4 8 12 16 20 24
10

-4

10
-3

10
-2

10
-1

10
0

 

2
1

V

N(V)/N

 
Fig. 8. The normalized distribution of N2(X1Ɇg

+) molecules on 

vibration levels for nitrogen plasma [12]. V- number of level.  

1- 0.1 bar, 2 ï 1.0 bar. The discharge current is 40 mA 

ʈʠʩ. 8. ʅʦʨʤʠʨʦʚʘʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʣʝʢʫʣ N2(X1Ɇg
+) ʧʦ 

ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʫʨʦʚʥʷʤ ʚ ʧʣʘʟʤʝ ʘʟʦʪʘ [12]. V ï ʥʦʤʝʨ ʢʦʣʝ-

ʙʘʪʝʣʴʥʦʛʦ ʫʨʦʚʥʷ. 1-0,1 ʙʘʨ, 2 -1,0 ʙʘʨ. ʊʦʢ ʨʘʟʨʷʜʘ 40 ʤɸ 
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Fig. 9. The O2(X3Ɇg
-) molecule distribution on vibrational levels 

at the averaged gas temperature for oxygen plasma [13]. V- num-

ber of vibration level. 1, 2 ï pressures are 0.1 and 1.0 bar, respec-

tively. The discharge current is 40 mA 

ʈʠʩ. 9. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʣʝʢʫʣ O2(X3Ɇg
-) ʧʦ ʢʦʣʝʙʘʪʝʣʴʥʳʤ 

ʫʨʦʚʥʷʤ ʜʣʷ ʧʣʘʟʤʳ ʢʠʩʣʦʨʦʜʘ [13]. V ï ʥʦʤʝʨ ʢʦʣʝʙʘʪʝʣʴʥʦ-

ʛʦ ʫʨʦʚʥʷ. 1, 2 ï ʜʘʚʣʝʥʠʝ 0,1 ʠ 1,0 ʙʘʨ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʦʢ 

ʨʘʟʨʷʜʘ 40 ʤɸ 

 

Calculated vibrational temperatures for 

N2(X1Ɇg
+) ground state practically agree with the 

measured ones for N2(ʉ3Ʉu). Therefore, vibrational 

temperature found for N2(ʉ3Ʉu) are a good estimate 

of the vibrational temperature of the ground state. For 

atmospheric pressure in air, the vibrational tempera-

tures do not depend both on the discharge current as 

for N2(X1Ɇg
+) and for ground states of other mole-

cules. They were ʆ2(X3Ɇg
-) ~1700 ʂ, ʅ2ʆ(010) 

~3000 ʂ, ʅ2ʆ(100,001) ~2700 ʂ, NO ~1600 ʂ [10]. 

At the given discharge current, the vibrational tem-

peratures increase with pressure. Such dependence is 

presented in Fig. 7 [13] for current of 40 mA in oxy-

gen whereas for Ar plasma ï in Fig. 10 [11]. 
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Fig. 10. The effective vibrational temperatures of molecules 

ground states for Ar plasma [11]. H2O(100)ï(1), H2O(001)-(2), 

O2ï(3), H2O(010) ï (4). The gas temperature ï(5). The discharge 

current is 40 mA 

ʈʠʩ. 10. ʂʦʣʝʙʘʪʝʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʩʥʦʚʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʤʦʣʝʢʫʣ ʜʣʷ ʧʣʘʟʤʳ Ar [11]. H2O(100)ï(1), H2O(001)-(2), O2ï

(3), H2O(010) ï (4). ʊʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ï(5). ʊʦʢ ʨʘʟʨʷʜʘ 40 ʤɸ 

REDUCED ELECTRIC FIELD STRENGHT. 

ELECTRON PARAMETERS 

In non-equilibrium plasma the initiation of all 

primary processes proceeds under the electron impact. 

To find the rate constants of these processes, it is nec-

essary to know the EEDF which is non-equilibrium. 

For the conditions of high pressures the EEDF cannot 

be determined experimentally. The only possible way 

is the numerical solution of the Boltzmann equation. 

Parametrically, the EEDF is a function of reduced 

electric field strength, E/N (N is the total concentra-

tion of particles), and plasma chemical composition 

[32]. E/N value is to some extent an analog of tem-

perature for non-equilibrium EEDF. E/N is deter-

mined on the basis of E measurement and N is calcu-

lated on a pressure. Tg is calculated from state equa-

tion ʈ = NĬkTg. E/N/ values depend on pressure and 

discharge current (Figs. 11, 12). 

The electron collisions with water molecules 

have the strongest effect on the EEDF formation. The 

reason for this is an abnormally high value of moment 

transfer cross section for electron collision with H2O 

in comparison with other gases [33]. H2O molecules 

are affected most strongly at E/N<5Ŀ10-16 VĿʩm2 [34,3 

5]. These values are typical for atmospheric pressure 

gas discharges (Figs 11, 12).  
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Fig. 11. The dependence of E/N on pressure. 1 ï O2, 2 ï N2,  

3 ï Ar [11-13]. The discharge current is 40 mA 

ʈʠʩ. 11. ɿʘʚʠʩʠʤʦʩʪʴ E/N ʦʪ ʜʘʚʣʝʥʠʷ. 1 ï O2, 2 ï N2, 3 ï Ar 

[11-13]. ʊʦʢ ʨʘʟʨʷʜʘ 40 ʤɸ 
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Fig. 12. The dependence of E/N on discharge current at atmos-

pheric pressure for air plasma [17] 

ʈʠʩ. 12. ɿʘʚʠʩʠʤʦʩʪʴ E/N ʦʪ ʪʦʢʘ ʨʘʟʨʷʜʘ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ 

ʜʘʚʣʝʥʠʠ ʚ ʧʣʘʟʤʝ ʚʦʟʜʫʭʘ [17] 
 

Such data for O2 plasma are presented in Fig. 

13 [13]. Formation of other particles in plasma ï ex-

cited molecules, atoms, and products of their reac-

tions ï influences the EEDF only slightly since their 

concentrations are less than 1% of main plasma-

forming gas density. The exception is vibrationally 

excited nitrogen molecules in the ground state 

N2(X1Ɇg
+,V). For air and nitrogen plasmas, it is oblig-

atory to take into consideration the second-kind colli-

sions of electrons with these molecules in EEDF cal-

culations [10, 12]. If these processes are ignored it 

results in the strong underestimation (by orders of 

magnitude) of the rate constants of processes with the 

electron participation as it can be seen from Fig. 14. It 

is necessary to point out that all EEDF are not the 

Maxwell ones. Maxwell EEDF must be the straight 

lines for coordinates of Figs. 13, 14. 
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Fig. 13. Calculated electron energy distribution functions (EEDF) 

for O2 plasma at E/N = 1Ö10-16 V/cm2 (the pressure is 1 bar) and 

different content of water molecules [12]. 1, 2, 3, 4 ï water mole-

cules content is 0.3%, 5%, and 10%, respectively. The discharge 

current is 40 ʤɸ. The EEDF is normalized as 0Ú
Ð
ä(Ů)ÖŮ1/2ÖdŮ = 1 

ʈʠʩ. 13. ʈʘʩʩʯʠʪʘʥʥʘʷ ʌʈʕʕ  ʜʣʷ ʧʣʘʟʤʳ ʆ2 ʧʨʠ E/N = 1Ö10-16 

ɺ/cʤ2 (ʜʘʚʣʝʥʠʝ 1 ʙʘʨ) ʜʣʷ ʨʘʟʥʳʭ ʩʦʜʝʨʞʘʥʠʡ ʤʦʣʝʢʫʣ ʚʦʜʳ 

[12]. 1, 2, 3, 4 ï ʩʦʜʝʨʞʘʥʠʝ ʅ2ʆ 0,3%, 5% ʠ 10%, ʩʦʦʪʚʝʪʩʪʚʝʥ-

ʥʦ. ʊʦʢ ʨʘʟʨʷʜʘ 40 ʤɸ. ʅʦʨʤʠʨʦʚʢʘ ʌʈʕʕ- 0Ú
Ð

ä(Ů)ÖŮ1/2ÖdŮ = 1 
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Fig. 14. Calculated EEDF for N2 plasma. 1,3 ï at the pressure of  

1 bar. 2,4 - at the pressure of 0.1 bar. 1,2 ï second kind collisions 

with vibrationally excited N2(X) did not take into account. 3,4 ï 

second kind collisions with vibrationally excited N2(X) were tak-

en into account. The discharge current is 40 mA 

ʈʠʩ. 14. ʈʘʩʩʯʠʪʘʥʥʳʝ ʌʈʕʕ ʜʣʷ ʧʣʘʟʤʳ N2. 1,3 ï ʜʘʚʣʝʥʠʝ  

1 ʙʘʨ. 2,4 ï ʜʘʚʣʝʥʠʝ 0,1 ʙʘʨ. 1,2 -  ʩʦʫʜʘʨʝʥʠʷ 2-ʛʦ ʨʦʜʘ ʥʝ 

ʫʯʠʪʳʚʘʶʪʩʷ. 3,4 - ʩʦʫʜʘʨʝʥʠʷ 2-ʛʦ ʨʦʜʘ ʫʯʪʝʥʳ 

 

Another important parameter of electrons is 

the electron density, which is necessary for the calcu-

lation of process rates. Available data on concentra-

tions were obtained either from experiments [19, 26, 

28, 36, 37, 40] or from calculations using plasma 

conductivity [10-13, 16, 24, 38] by the relationship  

j = NeĀeĀVD (e, Ne,,VD are the charge, concentration 

and drift velocity of electrons, respectively). 
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In study [36] the electron density was meas-

ured for atmospheric pressure air plasma on absorp-

tion of microwave radiation at the discharge current 

of 40-60 mA. The electron density did not depend on 

the current and was found to be (4-7)Ŀ1012 ʩm-3. This 

value was confirmed with probes measurements [40]. 

Electron density was measured on Stark 

broadening of ʅɓ line of atomic hydrogen for atmos-

pheric pressure air discharges in studies [19, 26, 28, 

37]. Furthermore, the slight dependence on discharge 

current was observed. The concentrations obtained in 

all studies were close: [19, 28] ï ~(5-9)Ŀ1014 ʩm-3, 

[24] ï ~6Ŀ1014 ʩm-3, [35] ï ~(1.5-4.5)Ŀ1014 ʩm-3. 

In any case, the calculation of plasma conduc-

tivity gave the values by one order of magnitude low-

er. Thus, in study [10] for the atmospheric pressure 

air plasma it was obtained that the electron density 

increased with discharge current from 1.5Ŀ1012 ʩm-3 to 

2.8Ŀ1012 ʩm-3 at current range of (20-50) mɸ. The 

value estimated in [38] gives Ne<2Ŀ1013 ʩm-3. In stud-

ies [11-13] the values of ~1Ŀ1013 ʩm-3, ~8Ŀ1012 ʩm-3 

and ~1.1Ŀ1013 ʩm-3 were obtained for atmospheric 

pressure plasmas in Ar, N2 and O2, respectively at 

discharge current of 40 mA.  

To explain so large difference, the authors of 

review [1] write that photometric determination of the 

discharge radius, which is necessary for discharge 

current density calculation, results in large errors. But 

it is not completely true. Photometric determination 

can only underestimate the radius due to the insuffi-

cient sensitivity. Therefore, the calculation of conduc-

tivity has to result in concentration overstating rather 

than in understating. Later, in study [39] a detailed 

analysis of the methods based on Stark line broaden-

ing was carried out. On the basis of careful analysis 

authors concluded that at Ne<1Ŀ1014 ʩm-3 the use of 

the relations connecting concentration and line width, 

which were obtained for Ne>1Ŀ1014 ʩm-3 (see, for ex-

ample, [41]) for Ne determination, results in large er-

rors. It follows that the relationships obtained for 

Ne>1Ŀ1014 ʩm-3 do not take in consideration the differ-

ences in average energies of electrons and ions, nei-

ther the fine structure of lines. The authors of all cited 

studies [19, 26, 28, 37] treated the results exactly so. 

Therefore, the data obtained from plasma conductivi-

ty appear more realistic. Some data on electron con-

centrations and their ñeffectiveò temperatures are also 

discussed in the review paper [47].  

For the fixed discharge current the electron 

densities depend on a pressure and they grow with the 

pressure. Such dependencies for discharges in Ar, O2, 

and N2 are shown in Fig. 15 [11-13].  
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Fig. 15. Average electron energies (1-3) and their densities (4-6) 

vs pressure.  1,6 ï Ar, 2,4 ï O2, 3,5 ï N2. The discharge current is 

40 mA 

ʈʠʩ. 15. ʉʨʝʜʥʠʝ ʵʥʝʨʛʠʠ (1-3) ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ (4-

6) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ. 1,6 ï Ar, 2,4 ï O2, 3,5 ï N2. ʊʦʢ 

ʨʘʟʨʷʜʘ 40 ʤɸ 

 

Numerous studies are devoted to the determi-

nation of the so called effective temperatures of exci-

tation and ionization. For this, the assumptions on 

Boltzmann distribution and ratio of intensities of ap-

propriate lines or bands are used (see, for example, 

[19, 26, 42]). It is clear that such parameters do not 

have any physical sense for non-equilibrium systems. 

That is why we even avoid the discussion of these 

results. The estimation of electron ñtemperaturesò and 

their average energy have also restricted application 

since EEDFs are not Maxwellian ones. Nevertheless, 

Fig. 15 shows some data obtained in [11-13] on the 

basis of the calculated EEDF.  

PARTICLE COMPOSITION OF GAS PHASE 

Qualitative data on composition are available 

for excited particles only. All data were obtained by 

optical spectroscopy. But it is known that for non-

equilibrium conditions, the particle concentration in 

ground state is essentially higher than for excited 

states. Of course, it is impossible to determine the 

presence of metastable states as well as polyatomic 

molecules using emission spectra.  

For any plasma-forming gases the spectra 

show the bands and emission lines of excited states of 

dissociation products of ʅ2ʆ molecules [13, 14, 19]. 

OH radicals are usually presented with two bands of 

A2ɆŸX2Ʉ (1-0) and A2ɆŸX2Ʉ (0-0) (excitation en-

ergy from the ground states is ~4.1 eV). Atomic hy-

drogen shows three lines: HŬ (656 nm, excitation en-

ergy is ~12.1 ʵv), Hɔ (434 nm, excitation energy is 

~13.1 eV), and Hɓ (486 nm, excitation energy is ~12.8 eV). 

The radiation of O(I) atom is presented with the two 
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most intensive lines ï 777 nm (3p5PŸ3s5S transition, 

excitat ion energy is ~10.7 eV) and 845 nm 

(3p3PŸ3s3S transition, excitation energy is ~10.9 eV).  

If plasma-forming gas contains molecular ni-

trogen, then in emission spectra the bands of second 

positive system (ʉ3ɄuŸB3Ʉg transition, excitation 

energy is ~11 eV) corresponding to (1-2); (0-1); (2-4); 

(1-3); (0-2); (3-6); (2-5); (1-4); (0-3); (4-8), (3-7); (2-

6) vibrational levels appear. The bands of the first 

positive system (transition B3Ʉg ŸA3S+
u) are also 

present but are essentially less intensive.  

The emission bands of nitrogen oxide (NO) of 

ɔ-system (transition A2ɆŸX2Ʉ, excitation energy of 

~5.7 eV) corresponding to (1-0), (2-2), (0-0), (0-1), 

(0-2), (0-3) and (0-4) transitions are also appeared. 

The discharge in CO2 shows the emission 

bands of CO molecules of Angstrom system, and in 

Ar plasma the set of characteristic emission lines is 

appears. The exception is He plasma where the emis-

sion lines do not appear. This is due to the fact that 

the excitation energy of He electronic states is too 

large (19.8 eV and higher), whereas the electron ener-

gies at atmospheric pressure are low. As the result, 

the excitation rates of electronic states are low.  

At the presence of salts dissolved in water, the 

emission lines (presumably for resonance transitions) 

of appropriate metal (Na, K, Ca, Cu, Cd, Zn, Ni, Pb, 

Cs, Mg) [16, 17, 26, 38, 43-44] show up. The emission 

has the threshold character, i.e. the appropriate lines 

appear at the definite value of discharge current.  

It is necessary to point out that in spite of the 

fact that the appropriate metals are present in a solu-

tion as cations, the emission spectrum shows only the 

lines of neutral atoms. Any lines or bands of anions 

contained in the salt are not observed. 

As for discharge of low pressure, the emission 

bands of O2 molecule are not registered. It is not sur-

prising, since the potential curves of the excited states 

(with the exception of the two lowest) are shifted 

against the ground state so that their excitation with 

electron impact from ground state has to result in dis-

sociation according to the Franck-Condon principle.  

Experimental data have been obtained for OH 

radicals only at atmospheric pressure. In studies [14, 

29, 46] these data were obtained by LIF method and 

in study [27] ï by the wideband adsorption. It was 

discovered that for the current range of 10-30 mA, 

OH concentration almost does not depend on the dis-

charge current and equals to ~5Ŀ1013 ʩm-3 for Ar 

plasma. For ʅʝ and N2 plasmas the concentration 

growth is directly proportional to the current and 

changes from 5Ŀ1014 to 1.4Ŀ1015 ʩm-3 for ʅʝ and from 

2Ŀ1015 to 2.3Ŀ1015 ʩm-3 for N2 plasma. For air plasma  
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Fig. 16. The dependence of ÅOH ʠ HO2Å radicals concentration on 

the discharge current. Water content is 1, 5 ï 0.05%; 2, 6 ï 2.3%; 

3, 7 ï 5%, 4, 8 ï 10% , respectively. ÅOH (1, 2, 3, 4), HO2Å (5, 6, 

7, 8). Points are experimental data of study [46] 

ʈʠʩ. 16. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʜʠʢʘʣʦʚ ÅOH ʠ HO2Å ʦʪ 

ʪʦʢʘ ʨʘʟʨʷʜʘ. ʉʦʜʝʨʞʘʥʠʝ ʧʘʨʦʚ ʚʦʜʳ 1, 5 ï 0,05%; 2, 6 ï 2,3%; 

3, 7 ï 5%, 4, 8 ï 10% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ÅOH (1, 2, 3, 4), HO2Å (5, 

6, 7, 8). ʊʦʯʢʠ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʨʘʙʦʪʳ [46] 

 

[29, 46] in the same range of currents the concentra-

tion increases from 1.3Ŀ1015 up to 1.8Ŀ1016 ʩm-3. The 

radial distribution of OH concentration was measured 

for air plasma for the discharge current of 13 mA in 

study [27]. The concentration at the discharge axis 

was ~1.7Ŀ1017 ʩm-3. Therefore, averaged on discharge 

cross-section concentration is ~8Ŀ1016 ʩm-3. Concen-

trations of all other particles were obtained by numer-

ical modeling. The most reliable data for atmospheric 

pressure air plasma are presented in study [10] in the 

discharge current range of (20-40) mA. For Ar, N2 

and O2 plasmas the similar results were obtained in 

the pressure range of (0.1-1) bar and at the discharge 

current of 40 mA [11-13]. These articles are the only 

ones, where the self-consistent approach was used for 

modeling. The Boltzmann equation for the electrons, 

equations of vibrational kinetics, equation of plasma 

conductivity, and equations of chemical kinetics in-

cluding excited states were jointly solved. The re-

duced electric field strengths, gas and vibrational 

temperatures for N2(ʉ3Ʉu), intensities of bands and 

lines were measured experimentally. Intensities of 

bands and lines and vibrational temperatures were 

used for determination of water content. For vibra-

tional kinetics, the pumping of vibrational states (for 

air it were N2, O2, NO, H2O) with electron impact as 

well as V-V and V-T single quantum exchange were 

taken into consideration. The rate constants of these 

processes were calculated by the generalized SSH 

theory without any approximations [48]. Some chem-
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ical reactions were taken into account as well. For air 

the process list included 187 reactions with the partic-

ipation of the excited and ground states for the fol-

lowing molecules and atoms: N2, O2, H2O, ʅ2ʆ2, N, 

NO, N2O, NO2, NO3, HNO2, HNO3, O, OH, HO2, H, 

H2, O3, O2
+, O+, O2

-, O- and the electrons. 

Calculations showed that in plasma of such 

discharge the substantial amount of nitrogen oxides 

with the different oxidation level are formed (NO-

~1016 ʩm-3, NO2-~6Ŀ1014 ʩm-3, N2O-~2Ŀ1014 ʩm-3). 

Along with nitrogen oxide molecules the nitric acid 

(HNO3~1015 ʩm-3), nitrous acid (HNO2~4Ŀ1013 ʩm-3), 

and nitroxyl molecules (HNO ~6Ŀ1014 ʩm-3) are 

formed. The main oxygen-hydrogen containing parti-

cles were ÅOH, HʆÅ
2 radicals (Fig. 16) and hydrogen 

peroxide (~1015 ʩʤ-3). The interesting feature of this 

discharge is low concentration of ozone (<1011 ʩʤ-3) 

even in the case of oxygen plasma. 

The concentrations of atomic oxygen ʆ(3ʈ) 

and ʆ2(ʘ1ȹg) and ʆ2(b1Ɇg
+) metastable states were 

~1015 ʩm-3. 

Therefore, the discharges of higher pressure 

with liquid cathode provide a wide set of active spe-

cies possessing high redox properties. 
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ʊɽʆʈɽʊʀʏɽʉʂʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʈɽɸʂʎʀʀ ɻʀɼʈʆɻɽʅʀɿɸʎʀʀ ʄʆʅʆʆʂʉʀɼɸ 

ʋɻʃɽʈʆɼɸ ɺ ʄɽʊɸʅʆʃ ʅɸ ʇʆɺɽʈʍʅʆʉʊʀ ʉʆ (111) 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ʛʠʜʨʦʛʝʥʠʟʘʮʠʠ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ (ʉʆ) ʚ ʤʝʪʘʥʦʣ ʧʨʦʚʝ-

ʜʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ CI-NEB ʤʝʪʦʜʘ. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʤʦʥʦʦʢʩʠʜ ʫʛʣʝʨʦʜ ʠ ʚʦʜʦʨʦʜ ʣʝʛʢʦ ʘʜʩʦʨʙʠʨʫʶʪʩʷ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ. ʇʨʦʮʝʩʩʳ ʘʜʩʦʨʙʮʠʠ ʥʝ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʧʝʨʝʭʦʜʥʳʝ ʩʦʩʪʦʷʥʠʷ. 

ʇʨʝʜʧʦʣʦʞʝʥ ʤʥʦʛʦʩʪʘʜʠʡʥʳʡ ʤʝʭʘʥʠʟʤ ʧʨʝʚʨʘʱʝʥʠʷ CO ʚ ʤʝʪʘʥʦʣ.  ʈʘʩʩʯʠʪʘʥʳ ʟʥʘ-

ʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʚʩʝʭ ʩʪʘʜʠʡ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʠʜʨʦʛʝʥʠʟʘʮʠʷ, ʤʦʥʦʦʢʩʠʜ ʫʛʣʝʨʦʜ, ʤʝʪʘʥʦʣ, ʘʜʩʦʨʙʮʠʷ, ʤʝʭʘʥʠʟʤ, ʪʝʦʨʠʷ 
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THEORETICAL STUDY ON  HYDROGENA TION OF CARBON MONOX IDE TO METHANOL  

ON CO (111) SURFACE 

The hydrogenation reaction of carbon monoxide (CO) to methanol (CH3OH) on the  

Co (111) surface was investigated using density functional theory and a climbing image nudged 

elastic bond (CI-NEB) method. The results obtained indicate that carbon monoxide and hydrogen 

are easily adsorbed on the catalyst surface. The results also showed that the process of adsorbing 

CO and H2 does not involve a transition state. A possible reaction pathway for the transformation 

of CO to CH3OH was proposed. The activation energies of each step were also calculated. 

Key words: hydrogenation, carbon monoxide, methanol, adsorption, mechanism, density functional 

theory, climbing image nudge elastic bond 

 

INTRODUCTION 

Catalytic conversion of syngas (CO + H2) to 

liquid fuels is an important process addressing the 

energy and environmental issues of great interest. 

Previous studies have shown that metal catalysts such 

as cobalt, copper, iron and ruthenium are the most 

suitable for CO hydrogenation [1-3]. Cobalt is the 

catalyst which isused in industrial applications due to 

activity and cost. Although a number of theoretical 

and experimental works on the conversion of syngas 

on cobalt-based catalysts have been carried out, the 

study of mechanism of interaction between gaseous 

molecules with metal is quite rare.  

The purpose of this work is to study the reac-

tion mechanism of hydrogenation of carbon monoxide 

to methanol on the most common and stable surface 

of cobalt ï Co(III). 

MODELS AND COMPUTATIONAL METHODS 

Based on the XRD analysis, Co(111) surface 

was chosen due to its stability and activity. The ge-

ometry optimization of structures Co(111) as well as 

H2 and CO molecules were carried out using density 

functional theory in the generalized gradient approx-

imation (GGA) with the Perdew, Burke, and Ern-

zerhof (PBE) gradient-corrected functional [4]. The 

double zeta basis plus polarization orbitals (DZP) is 

used for valence electrons, while core electrons are 

ófrozenô in their atomic state by using norm-conser-

ving pseudo-potentials (NCP) in its fully nonlocal 

form [5]. The Brillouin-zone sampling is restricted to 

the ũ-point. All equilibrium structures are performed 

using Quasi Newton algorithm and the forces acting 

on the dynamic atoms all are smaller than 0.05 eV/¡. 

In all calculations, the Co(III) surface and the 

isolated gas molecules CO and H2 were firstly opti-

mized to minimize their total energies. Each of these 

individual molecules was kept at different adsorption 

sites and the adsorption configurations were opti-

mized to get the lowest energy stable structure. 

The adsorption energy (Eads) was defined as:  

Eads = Eadsorbate-substrate ï (Eadsorbate + Esubstrate)     (1) 

The adsorption energy is an important param-

eter to evaluate the spontaneity of the process. 

To study the activation step of the adsorption 

process, a Climbing Image nudge Elastic Bond (CI-

NEB) method was performed to determine the transi-

tion state (TS) [6]. The total number of pixels along 

the reaction pathway (to be optimal until conver-

gence) was seven. The DFT calculations and CI-NEB 

methods were implemented in SIESTA code [7]. 
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RESULTS AND DISCUSSIONS 

The adsorption of carbon monoxide and hy-

drogen on the Co(111) surface 

For the adsorption of hydrogen on the Co(III) 

surface we considered six possible adsorption configura-

tions (H2-1  H2-6), which are shown in Fig. 1. In the 

Fig. 2 we also present the selected adsorption configura-

tions of CO on the catalyst surface (CO-1  CO-6). 

The calculated adsorption energies related to 

each orientation possibility of hydrogen and carbon 

monoxide were presented in Table 1 and Table 2, re-

spectively. 

 

 
 

 

 

H2-1: H2 is oriented vertically above the 

Co atom 

H2-2: H2 is oriented parallel  

to the Co atoms 

H2-3: H2 is oriented vertically above the 

tetrahedral cavity 

 

 

 

H2-4: H2 is oriented vertically above the 

octahedral cavity 

H2-5: H2 is oriented horizontally above the 

octahedral cavity 

H2-6: H2 is oriented horizontally above the 

tetrahedral cavity 

Fig. 1. The possible adsorption configurations of hydrogen on the Co(III) surface 

ʈʠʩ. 1. ɺʦʟʤʦʞʥʳʝ ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʧʦʣʦʞʝʥʠʷ ʚʦʜʦʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Co(III ) 

 

  

 
CO-1: CO is oriented vertically above the 

Co atom with the O atom down 

CO-2: CO is oriented vertically above the 

Co atom with the C atom down 

CO-3: CO is oriented vertically above the 

tetrahedral cavity with the C atom down 

 

 

 
CO-4: CO is oriented vertically above the 

tetrahedral cavity with the O atom down 

CO-5: CO is oriented vertically above the 

octahedral cavity with the C atom down 

CO-6: CO is oriented vertically above the 

octahedral cavity with the O atom down 

Fig. 2. The possible adsorption configurations of carbon monoxide on the Co(111) surface 

ʈʠʩ. 2. ɺʦʟʤʦʞʥʳʝ ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʧʦʣʦʞʝʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Co(111) 
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Table 1 

The calculated adsorption energy of H2 on Co (111) at 

DFT-GGA/PBE level 

ʊʘʙʣʠʮʘ 1. ʈʘʩʯʸʪʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʜʩʦʨʙʮʠʠ 

H2 ʥʘ Co (111) ʧʦ DFT-GGA/PBE ʤʝʪʦʜʫ 

Configuration  Eads (eV) 

H2-1 -1.052 

H2-2 -2.421 

H2-3 -0.285 

H2-4 -0.582 

H2-5 -2.920 

H2-6 -2.389 

 

Table 2 

The calculated adsorption energy of CO on Co (111) at 

DFT-GGA/PBE level 

ʊʘʙʣʠʮʘ 2. ʈʘʩʯʸʪʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʜʩʦʨʙʮʠʠ 

CO ʥʘ Co (111) ʧʦ DFT-GGA/PBE ʤʝʪʦʜʫ 

Configuration Eads(eV) 

CO-1 -0.639 

CO-2 -3.167 

CO-3 -3.324 

CO-4 -0.533 

CO-5 -3.279 

CO-6 -0.626 

 

Based on the obtained data we can suggest 

that the H2-5 and the CO-3 are the most thermody-

namically favorable adsorption configurations of H2 

and CO, respectively, due to the most negative values 

of Eads as compared to that of the other configurations. 

The results also showed that the adsorptions of hy-

drogen and carbon monoxide are of chemical nature. 

Hydrogen was dissociated on the catalyst surface. The 

bond length between hydrogen atoms was sharply 

increased from 0.774 ¡ (for the isolated gas mole-

cule) to 2.958 ¡ (for the adsorbed molecule ï H2-5 

configuration). Similarly for the adsorption of CO on 

the Co (111) structure. CO molecule was strongly 

bonded with the Co active site via C atom. The C-O 

bond length was significantly changed from 1.140 ¡ 

to 1.196 ¡. 

When placing CO or H2 on Co surface from a 

far distance (about 5 ¡), each gas molecule were still 

absorbed by Co. Consequently, the adsorption process 

of two gases does not involve the transition state. 

Thus, our study has shown that CO and H2 chemically 

easily adsorbed on the Co (111) surface.  

Conversion of carbon monoxide to methanol 

According to the data presented in Tabl. 1 and 

2, the adsorption energy of the most favorable adsorp-

tion configuration of Cobalt-CO (CO-3) is relatively 

lower as compared to that of the hydrogen. Therefore, 

we assume single possible pathway of methanol for-

mation on the Co (111) as follows:  

CO(ads) + 2H(ads) => COH(ads) +H(ads)       (1) 

COH(ads) + H(ads) => CH-OH(ads)     (2) 

CH-OH(ads) + 2H(ads) => CH2-OH(ads) + H(ads)(3) 

CH2-OH(ads) + H(ads) => CH3-OH(ads)      (4) 

To study the mechanism of transformation of 

CO to methanol on Co (111) catalyst, a climbing image 

nudged elastic bond (CI-NEB) method was performed 

to determine the transition state (TS). The initial and 

the final configurations as well as the transition state in 

each reaction step are presented in Fig. 3-6. It is as-

sumed that the energy of the initial configurations is 

equal to zero. The relative energies of the seven con-

figurations that occur in one step are also presented. 

The calculated data have shown that all of 

steps are endothermic. The first step has the highest 

activation energy (Ea = 3,212 eV = 309,91 kJ/mol). 

This activation energy can be provided by heat. Thus, 

the proposed mechanism is relatively feasible. 
 

 
Fig. 3. Reaction pathway: CO(ads) + 2H(ads)  =>  

=> COH(ads) +H(ads) 

ʈʠʩ. 3. ʍʦʜ ʨʝʘʢʮʠʠ:  CO(ads) + 2H(ads)  => COH(ads) +H(ads) 

 

 
Fig. 4. Reaction pathway: COH(ads) + H(ads) => CH-OH(ads) 

ʈʠʩ. 4. ʍʦʜ ʨʝʘʢʮʠʠ: COH(ads) + H(ads) => CH-OH(ads) 
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Fig. 5. Reaction pathway: CH-OH(ads) + 2H(ads) =>  

=> CH2-OH(ads) + H(ads) 

ʈʠʩ. 5. ʍʦʜ ʨʝʘʢʮʠʠ: CH-OH(ads) + 2H(ads) =>  

=> CH2-OH(ads) + H(ads) 

 

 
Fig. 6. Reaction pathway: CH2-OH(ads) + H(ads) =>  

Ĕ CH3-OH(ads) 

ʈʠʩ. 6. ʍʦʜ ʨʝʘʢʮʠʠ: CH2-OH(ads) + H(ads) => CH3-OH(ads) 
 

  
Table 3 

The calculated activation energies (Ea) of steps 1-4 that 

occur during the hydrogenation of CO to methanol on 

the Co (111) surface 

ʊʘʙʣʠʮʘ 3. ʈʘʩʯʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 

ʩʪʘʜʠʠ 1-4 ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ ʛʠʜʨʦʛʝʥʠʟʘʮʠʠ CO ʚ ʤʝ-

ʪʘʥʦʣ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Co (111) 

Stage Ea (eV) 

1 3.212 

2 2.310 

3 2.040 

4 2.447 

 

The activation energies of each step are 

shown in Table 3. 

CONCLUSION 

In this work, we have performed a theoretical 

study of the hydrogenation of CO on the Co (111) 

surface. The theoretical methods employed for this 

task included density-functional theory (DFT) and a 

CI-NEB method. The results showed that CO and H2 

are chemically easily absorbed on the Co (111). The 

adsorption processes do not involve a transition state, 

regardless of the catalytic system considered. We also 

proposed a mechanism of hydrogenation of CO to 

methanol that was shown to be feasible due to the 

relative low activation energy.  
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ʂʘʬʝʜʨʘ ʬʠʟʠʢʠ ʀʚʘʥʦʚʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʭʠʤʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, ʐʝʨʝʤʝʪʝʚ-
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ɼʀʅɸʄʀʂɸ ʌʆʊʆɼʀʉʉʆʎʀɸʎʀʀ ʅɽʋʇʆʈʗɼʆʏɽʅʅʓʍ ʄʆʃɽʂʋʃʗʈʅʓʍ 

ɸʅʉɸʄɹʃɽʁ ʇʆ ɼɸʅʅʓʄ ʄɽʊʆɼɸ ɼʀʌʈɸʂʎʀʀ ʕʃɽʂʊʈʆʅʆɺ ʉ ɺʈɽʄɽʅʅʓʄ 

ʈɸɿʈɽʐɽʅʀɽʄ 

ɺʚʝʜʝʥʠʝ ʚʨʝʤʝʥʠ ʚ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʠ ʨʘʟʨʘʙʦʪʢʘ ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʠʭ 

ʧʨʠʥʮʠʧʦʚ ʠʭ ʘʥʘʣʠʟʘ ʦʪʢʨʳʚʘʝʪ ʥʦʚʫʶ ʤʝʪʦʜʦʣʦʛʠʶ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʝʨʝʭʦʜʥʳʭ ʩʦʩʪʦʷ-

ʥʠʡ ʮʝʥʪʨʦʚ ʨʝʘʢʮʠʠ ʠ ʢʦʨʦʪʢʦʞʠʚʫʱʠʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʛʘʟʦʦʙʨʘʟʥʳʭ ʠ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜʘʭ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʦʩʥʦʚʥʳʝ ʵʣʝʤʝʥʪʳ ʪʝʦʨʠʠ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʘʥʘʣʠʟʝ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ TRED ʜʣʷ 

ʭʘʦʪʠʯʝʩʢʠ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʣʘʟʝʨʦ-ʚʦʟʙʫʞʜʝʥʥʳʭ ʤʦʣʝʢʫʣ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʪʝʦʨʠʷ 

ʧʨʠʤʝʥʠʤʘ ʢ ʧʨʦʮʝʩʩʘʤ ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʠ ʩʚʦʙʦʜʥʳʭ ʤʦʣʝʢʫʣ. ʊʝʦʨʠʷ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʦʡ ʜʠʩʩʦʮʠʘʮʠʠ ʤʦʣʝʢʫʣ ICN. ʅʘ ʦʩʥʦʚʝ ʤʦʜʝʣʴʥʳʭ 

ʨʘʩʯʝʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʵʪʦʡ ʩʪʘʪʴʝ, ʤʳ ʧʨʠʭʦʜʠʤ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʤʝʪʦʜʦʤ TRED 

ʚʦʟʤʦʞʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʛʝʨʝʥʪʥʦʡ ʜʠʥʘʤʠʢʠ ʧʨʦʮʝʩʩʦʚ ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʠ. ɿʘʚʠʩʷʱʠʝ 

ʦʪ ʚʨʝʤʝʥʠ ʜʘʥʥʳʝ ʤʝʪʦʜʘ TRED ʧʦʟʚʦʣʷʶʪ ʥʘʙʣʶʜʘʪʴ ʜʠʥʘʤʠʢʫ ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʠ 

ʧʨʠ ʨʝʘʣʠʩʪʠʯʥʦʤ ʟʥʘʯʝʥʠʠ ʚʨʝʤʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʤʝʪʦʜʘ, ʩʦʩʪʘʚʣʷʶʱʝʛʦ 300 ʬʩ, ʯʪʦ 

ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʨʷʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ ʤʝʪʦʜʘ TRED. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʬʨʘʢʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʧʝʨʝʭʦʜʥʳʝ ʩʦʩʪʦʷʥʠʷ ʨʝ-

ʘʢʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ, ʧʨʦʮʝʩʩʳ ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʠ, ʢʦʛʝʨʝʥʪʥʘʷ ʜʠʥʘʤʠʢʘ ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʠ 
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PHOTODISSOCIATION DY NAMICS OF RANDOMLY O RIENTED MOLECULAR EN SEMBLES 

BY TIME -RESOLVED ELECTRON DIF FRACTION  

The introduction of time in diffraction methods and the development of foundational 

principles of their analysis opens up new methodologies to study transient states of the reaction 

centers, and short-lived intermediate compounds in gaseous and condensed media. In the current 

article, we propose the basic elements of the theory that can be employed in analyses of TRED da-

ta recorded from randomly oriented laser-excited molecules. The formalism is applicable to pho-

todissociative processes and to nuclear dynamics studies of photodissociation phenomena. The 

theory was illustrated by modeling the diffraction intensities of photogenerated dissociation of 

ICN molecules. Based on model calculations presented in this article we conclude that, by TRED 

method, time-dependent coherent dissociation dynamics can in principle be resolved at a realistic 

time scale that significantly shorter than the electron pulse duration of 300 fs, which is achieved 

at present in a number of TRED experiments.  

Key words: time-resolved electron diffraction, transient states of the reaction centers, photodissocia-

tive processes, coherent dissociation dynamics 

 

 

INTRODUCTION 

In the beginning of 1980ôs, the diffraction 

paradigm was formulated: implementing electron dif-

fraction with time resolution adds a temporal coordi-

nate to the determination of molecular structures [1-

4]. Time-resolved electron diffraction (TRED) rested 

on the concept of flash photolysis originally proposed 

by Norrish and Porter in 1949 [5]. Advances in the 

generation of X-ray pulses have made possible the 

closely related time-resolved X-ray diffraction 

(TRXD) [6]. In both methods, short laser pulses cre-

ate the transient structures and induce chemical dy-

namics that are subsequently imaged by diffraction at 

specific points in time. 

TRED and TRXD as methods for structural 

and dynamic studies of fundamental properties differ 

from traditional diffraction methods in both the exper-

imental implementation and in the theoretical ap-

proaches used to interpret the diffraction data [7, 8]. 

The transition to the picosecond and femtosecond 

temporal scales raises numerous important issues re-

lated to the accuracy of the dynamic parameters of the 

systems studied by analyzing time-dependent scatter-

ing intensities. There is a particularly pronounced 

need of corresponding theoretical basis for the pro-

cessing of the diffraction data and the results of spec-

tral investigations of the coherent dynamics of mole-

cules in the field of intense ultrashort laser radiation. 

Such a unified and integrated approach can be formu-
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lated using the adiabatic potential energy surfaces 

(APES) of the ground and excited states of the mo-

lecular systems under study [9-11]. 

To understand the dynamic features of mo-

lecular systems within the complex landscapes of 

APES it is necessary to explore them in the associated 

4D space-time continuum. The introduction of time in 

diffraction methods and the development of founda-

tional principles of their analysis opens up new meth-

odologies to study transient states of the reaction cen-

ters, and short-lived intermediate compounds in gase-

ous and condensed media. 

The use of pico- or femtosecond bunches of 

electrons as probes, synchronized with the pulses of 

the exciting ultrashort laser radiation, and led to the 

development of ultrafast electron crystallography and 

nanocrystallographic techniques [12], of dynamic 

transmission electron microscopy [13-17] and of mo-

lecular quantum state tomography [18]. One of the 

promising applications, developed by the electron 

diffraction methods, is their use for the characteriza-

tion and the ñvisualizationò of processes, occurring in 

the photo-excitation of free molecules and biological 

objects for the analysis of different surfaces, thin 

films, and nanostructures (see the recent review arti-

cles [19-29]. The combination of state-of-the-art opti-

cal techniques and diffraction methods, using differ-

ent physical principles but complementing each other, 

opens up new possibilities for structural research at 

ultrashort time sequences. It provides the required 

integration of the triad ñStructure-Dynamics-

Functionò in chemistry, biology, and materials sci-

ence [15, 16, 23]. 

In the current article, we propose the basic el-

ements of the theory that can be employed in analyses 

of TRED data recorded from randomly oriented laser-

excited molecules. The formalism is applicable to 

dissociative processes and to nuclear dynamics stud-

ies of dissociation phenomena. The theory will be 

illustrated by modeling the diffraction intensities of 

photogenerated dissociation of ICN molecules. The 

results will be compared with our previous modeling 

studies of randomly oriented molecular ensembles. 

1. Theory: basic assumptions and approxima-

tions 

A plane wave electron that is elastically scat-

tered by an atom emerges as a spherical wave with an 

amplitude given by [30]: 

Y(R,q) = {exp(ikR)/R}f(q),                (1) 

where R is the distance between the scattering center 

and the detector plane and the absolute value of the 

wave vector k is given by k = ¼k¼ = 2p/l with l the 

wavelength of the electron. For an isolated atom, the 

atomic electron scattering amplitude f(q) determines 

the amplitude of the electron beam scattered into the 

angle q (Fig. 1). 

 

C  A

ML D

Sample  
Fig. 1. Scheme of the TRED for random oriented molecules and 

determination of the coordinates of the scattered electron. ɗ - the 

scattering angle, d (ɗ) ï a correction to the scattering angle caused 

by Coulomb repulsion in the electron bunch; ko and ks - wave 

vectors of the incident and scattered electrons, respectively; s - 

momentum transfer vector in the laboratory frame XYZ. C- cath-

ode, A - anode, ML - Magnetic Lenses, D - Diaphragm; ŰL - the 

duration of the laser pulse, te - electron pulse duration; l - axis of 

the electron bunch in the direction of its motion, R - axis of the 

electron bunch in the transverse direction; td - the time delay be-

tween the excitation laser pulse and diagnosing electronic pulse 

ʈʠʩ. 1. ʉʭʝʤʘ TRED ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʦ ʦʨʠʝʥ-

ʪʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʢʦʦʨʜʠʥʘʪ ʨʘʩʩʝʷʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ. q ï ʫʛʦʣ ʨʘʩʩʝʷʥʠʷ, ŭ(ɗ) ï ʧʦʧʨʘʚʢʘ ʢ ʫʛʣʫ ʨʘʩʩʝ-

ʷʥʠʷ, ʚʳʟʚʘʥʥʘʷ ʢʫʣʦʥʦʚʩʢʠʤ ʦʪʪʘʣʢʠʚʘʥʠʝʤ ʚ ʵʣʝʢʪ-ʨʦʥʥʦʤ 

ʧʫʯʢʝ; k0 ʠ ks ï ʚʦʣʥʦʚʳʝ ʚʝʢʪʦʨʳ ʧʘʜʘʶʱʝʛʦ ʠ ʨʘʩ-ʩʝʷʥʥʦʛʦ 

ʵʣʝʢʪʨʦʥʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; s ï ʚʝʢʪʦʨ ʧʝʨʝʜʘʯʠ ʠʤʧʫʣʴʩʘ ʚ 

ʣʘʙʦʨʘʪʦʨʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ XYZ; ʂ ï ʢʘʪʦʜ, ɸ ï ʘʥʦʜ, 

ʄʃ ï ʤʘʛʥʠʪʥʳʝ ʣʠʥʟʳ, ɼ ï ʜʠʘʬʨʘʛʤʘ, ŰL ï ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, Űe ï ʜʣʠʪʝʣʴʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠʤʧʫʣʴ-

ʩʘ, l ï ʦʩʴ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʝʛʦ ʜʚʠʞʝ-

ʥʠʷ, R ï ʦʩʴ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʛʫʩʪʢʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝ-

ʥʠʠ, Űd ï ʚʨʝʤʷ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʚʦʟʙʫʞʜʘʶʱʠʤ ʣʘʟʝʨʥʳʤ 

ʠʤʧʫʣʴʩʦʤ ʠ ʜʠʘʛʥʦʩʪʠʨʫʶʱʠʤ ʵʣʝʢʪʨʦʥʥʳʤ ʠʤʧʫʣʴʩʦʤ 

 

As the electron traverses the atom, it experi-

ences a phase delay, making the scattering factor 

complex. While for scattering from a single atom this 

phase shift is inconsequential, scattering from multi-

ple atoms may entail different phase shifts from each 

individual atom.  

The amplitude of the wave scattered by atom i 

within a molecule is written as [30]: 

Yi (R,q) = {exp(ikîR-r iî)/îR-r iî}exp(ik0zi)f i(q), (2) 

where zi is the projection of the atomic position vector 

r i onto the Z-axis (Fig. 1) and R is the scattering dis-

tance. Since R is a macroscopic parameter (i.e., ri << 

R), eqn. (2) can be expressed as: 

Yi (R,q) = {exp(ikR)/R}exp[i(k0-ks)r i] f i(q),    (3) 

where k0 and ks are the wave vectors of the incident 
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and scattered electrons, respectively, and ¼k0¼=¼ks¼ 

for elastic scattering. 

Introducing the momentum transfer vector s 

with a magnitude of ¼s¼=¼k0-ks¼= (4p/l)sin(q/2), 

and invoking the superposition principle, one obtains 

the amplitude of the electron wave scattered by the 

molecular system of N atoms as: 

Y = Si=1,N Yi = {exp(ikR)/R}Si=1,N f i(s)exp(isri)  (4) 

The intensity of the scattered electrons can be 

expressed in terms of the electron current density j:  

j (s) = (he/4pmei)(Yi*ÐYi - YiÐYi*),       (5) 

where e and me are the electron charge and mass, Ð 

the gradient operator, and Yi* the complex conjugate 

wave function. 

Using Eqns. (4) and (5), one obtains for the 

intensity: 

I(s) = I0(jsc/j0) = I0 Re{(1/2ik0)Si=1,N (Yi*ÐYi - YiÐYi*)} =  

= (I0/R2) Re{Si=1,N f i(s)exp(isri)Sj=1,N f j*(s)exp(-isrj)} = 

= (I0/R2){Si=1,N îfi(s)î2 + Re Si j̧=1,N fi(s)fj*(s) exp(is(ri-r j))} (6) 

In equation (6), I0 is the intensity of the inci-

dent electron beam, j 0 (=hk0e/2pme) and j sc are the 

current densities for the incident and the scattered 

electrons, respectively. Re denotes the real part of the 

function. Higher order terms, corresponding to multi-

ple scattering, are neglected for the current purpose. 

Equation (6) is often written as I (s) = I a(s) + 

Imol(s), where the first term is ascribed the incoherent 

ñatomic scatteringò because it does not depend on the 

internuclear distances. The second term, which does de-

pend on the internuclear distances, is ascribed to the co-

herent ñmolecular scatteringò. For each pair of atoms (i,j), 

separated by the instantaneous internuclear distance,  

r ij = r i-r j, eqn. (6) yields the molecular intensity function: 

Imol(s) = (I0/R2) Re{SSi j̧=1,Nîf i(s)îîf j(s)îexp(iDhij(s))³ 

³exp(isrij)} ,                             (7) 

where ȹhij(s) is the difference in the phase shifts in-

curred by the electrons while scattering from atoms i 

and j, respectively [31, 32]. 

Inherent in eqn. (7) is an approximation 

known as the Independent Atom Model (IAM), which 

assumes that the electronic wave function of each at-

om in a molecule is just that of the isolated atom [30]. 

This implies that the effects of chemical bonding on 

the electron density distribution of the atoms are ig-

nored. Within the IAM approximation, the molecular 

surrounding of an atom does not affect its scattering, 

so that tabulated atomic scattering factors can be used 

for each atom in a molecule.  

Assuming single scattering processes for fast 

electrons (> 10 keV) with short (attosecond) coher-

ence time, the electrons encounter molecules that are 

essentially "frozen" in their rotational and vibrational 

states. Thus, the latter can be accounted for by using 

probability density functions (p.d.f.) that characterize 

the ensemble under investigation. If the molecular 

systems investigated are not at equilibrium, as is the 

case in studies of laser-excited molecules, a time-

dependent p.d.f. must be used to describe the structur-

al evolution of the system. In addition, rotational and 

vibrational motions can be separated adiabatically, 

since the latter involves much faster processes. The 

time-dependent molecular intensities can then be rep-

resented by averaging eqn. 7 with the p.d.f. that repre-

sents the spatial and vibrational distributions of the 

scattering ensemble [32, 33]: 

Imol(s,t) = ààImol(s)ðvibðsp =(I0/R2)³ 

³SSi j̧=1,Nöf i(s)îöf j(s)îRe{exp[iDhij(s)]ààexp(isrij)ðvibðsp}=  

=(I0/R2)SSi j̧=1,Nîf i(s)îîf j(s)îcos(Dhij(s))³ 

³ñ0,¤ Pvib(rij,t)[ñ0,pñ0,2pPsp(aij,bij,t)exp(isrij)³ 

³sinaijdbaij]drij                      (8ʘ) 

In eqn. (8a), à...ð denotes the vibrational and 

spatial (orientation) averaging over the scattering en-

semble, Pvib(rij,t) and Psp(Ŭij,ɓij,t) are the vibrational 

and spatial p.d.f., respectively, and Ŭij and ɓij are the 

angles of the spherical polar coordinate system (Fig. 

2) that define the orientation of the internuclear dis-

tance vector r ij in the scattering coordinate frame. 

 

 
Fig. 2. Definition of scattering coordinates used for the develop-

ment of intensity equations in electron diffraction. q is the scattering 

angle and j the azimuthal angle in the detector plane; k0 and ks are 

the wave vectors of the incident and scattered electrons, respective-

ly; s is the momentum transfer vector; rij is the internuclear distance 

vector between the nuclei of atoms i and j, which are positioned at ri 

and rj, respectively; and Ŭ and ɓ give the orientation of the molecu-

lar framework with respect to the XYZ laboratory frame 

ʈʠʩ. 2. ʉʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʧʨʠ ʚʳʚʦʜʝ ʫʨʘʚʥʝ-

ʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʥʦʚ.  

q ï ʫʛʦʣ ʨʘʩʩʝʷʥʠʷ, ű ï ʘʟʠʤʫʪʘʣʴʥʳʡ ʫʛʦʣ ʚ ʧʣʦʩʢʦʩʪʠ ʜʝ-

ʪʝʢʪʦʨʘ; k0 ʠ ks ï ʚʦʣʥʦʚʳʝ ʚʝʢʪʦʨʳ ʧʘʜʘʶʱʝʛʦ ʠ ʨʘʩʩʝʷʥʥʦʛʦ 

ʵʣʝʢʪʨʦʥʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; s ï ʚʝʢʪʦʨ ʧʝʨʝʜʘʯʠ ʠʤʧʫʣʴʩʘ; rij  

- ʚʝʢʪʦʨ ʤʝʞʲʷʜʝʨʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ; Ŭij ʠ ɓij ï ʫʛʣʳ ʚ ʩʬʝʨʠʯʝ-

ʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ ʦʨʠʝʥʪʘʮʠʶ 

ʚʝʢʪʦʨʘ ʤʝʞʲʷʜʝʨʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʨʘʩʩʝʷʥʠʷ 
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For spatially isotropic, randomly oriented 

molecules, Psp(Ŭij,ɓij) = 1/4p, and eqn. (8a) simplifies 

to the following expression for the time-dependent 

molecular intensity function: 

Imol(s,t)=(I0/R2)Si j̧=1,Nîf i(s)îîf j(s)îcos(Dhij(s))³ 

³ñPvib(rij,t)[sin(srij)/srij]drij        (8b) 

The time-dependent p.d.f., Psp(Ŭij,ɓij,t) and 

Pvib(rij,t) in eqn. (8a), determine the molecular intensi-

ty function, Imol(s,t) at time, t. The former describes 

the evolution of the spatial distribution in the system 

under investigation. The vibrational p.d.f. describes the 

evolution of structure in the ensemble of laser-excited 

species. In what follows, we concentrate on internucle-

ar dynamics that evolves on a time-scale much shorter 

than the orientation effects, such as the rotational recur-

rence [10]. Therefore, only the time-independent spa-

tial p.d.f, Psp(Ŭij,ɓij), will be considered in the current 

analysis. For the particular case of a molecular en-

semble at thermal equilibrium, eqn. (8b) can be written 

in the form first derived by Debye [34]:  

Imol(s) ́  ReSSi j̧=1,N f i*f j àsin(srij)/srijðvib-rot = 

= SSi j̧=1,Nóf ióóf jócos[hi(s)- 

-hj(s)]ñ[sin(srij)/srij]  dFT(rij),      (9) 

where FT(rij) is the probability distribution function at 

the vibrational temperature T, and dFT(rij) = PT(rij)drij. 

As in the time-independent case, the method 

of averaging in eqns. (8a, b) may be defined freely, so 

long as certain conditions of convergence and normal-

ization are fulfilled. The modified molecular intensity 

function sM(s,t) can be calculated as:  

sM(s, t) = sImol(s, t)/Iat(s),    (10) 

where Iat(s) is the atomic background [31], considered 

here to be time-independent. 

We now consider more generally the intensi-

ties of electrons scattered by a molecular ensemble 

after excitation by a short laser pulse. Let us assume 

that the laser field produces a wave packet of highly 

vibrationally excited states that propagates on the po-

tential energy surface of the excited electronic state of 

the molecule.  The time-dependent function Y(r,t) of 

the wave packet can be expanded in terms of the or-

thonormal basis functions jn(r) in the following way 

(see, for example, [35]):  

Y(r,t) = Sn=0,¤Cnjn(r) exp(-2pi En t/h), (11) 

where n is the quantum number identifying the state 

with energy En, Cn is the amplitude, and the jn(r) are a 

complete set of arbitrary analytic functions. 

The modified molecular intensity for random-

ly oriented species can then be represented by [36]: 

sM(s,t) = g(s) ñY*(r,t)Y(r,t) [sin(sr)/r] dr  = 

= g(s) SSn,m=0,¤ Cm*Cn exp(-2pi DEmnt/h) ³ 

 ³ñjm*(r)jn(r) [sin(sr)/r] dr,     (12) 

where ȹEmn = Em-En, and g(s) is the reduced atomic 

scattering factors [31]. 

Therefore, the radial distribution function ob-

tained from a time resolved electron diffraction 

(TRED) experiment, i.e., the Fourier transform F(r,t) 

of the modified molecular intensity sM(s,t), also de-

pends explicitly on both the internuclear distances 

and the time. Thus, it contains direct information on 

the time-evolution of the molecular structure through: 

F(r,t) = (2/p)İ ñsM(s,t) exp(isr) ds (13) 

Applying the general form of the molecular 

intensities, eqn. (8b), to the one-dimensional case, it 

is possible to write: 

sM(s,t) = g(s) ñP(r,t) [sin(sr)/r]dr,          (14) 

where P(r,t) = Y*(r,t)Y(r,t) and, consequently: 

F(r,t)  ́P(r,t)/r                         (15) 

Thus, eqns. (12)-(15) show that in TRED, the 

modified molecular intensities of scattered electrons 

depend explicitly on both the time-evolution of inter-

nuclear distances and the energy distribution. Aver-

aging the molecular intensity function sM(s,t) over an 

electron pulse profile function I0(t; td) yields the 

TRED diffraction intensities sM(s; td), parametrically 

dependent on the delay time td between the pump la-

ser pulse and the electron probe pulse of duration Ű: 

àsM(s; td)ðt = ñt,t+t I0(t'; td)sM(s, t')dt'.       (16) 

In this way data refinement involves minimi-

zation of the functional: 

Si=1,m [àsiM( si;td )ðt,exp - R àsiM( si;td )ðt,theo]2,  (17) 

where m is the number of data points and R the index 

of resolution.  

The solution of the inverse diffraction prob-

lem is a characteristically ill-posed problem [37, 38] 

and is described for TRED data refinement in Chap-

ters 2 and 4 of the monograph [11].  

2. Modelling the dissociation dynamics of ICN 

To illustrate the basic effects arising in the 

scattering time-dependent intensities and their corre-

sponding Fourier transforms (the radial distribution 

functions of the inter-atomic distances), we will focus 

on the linear triatomic molecules (A-B-C), in which 

the action of a laser pulse breaks the bond A-B. In 

many cases, the potential function for such systems 

can be expressed as [39]: 

V(R, r) = V0 exp[- (R - ɔr)/ɟ],       (18) 

where R ï the distance between the nucleus A and the 

center of mass of the fragment B-C in the molecule 

A-B-C; r = r0(BC) - re(BC); ɔ = mC/(mB + mC); r0(BC) 

and re(BC) ï internuclear distance in the ground vi-

brational state and the equilibrium internuclear dis-

tance of the fragment B-C, respectively; ɟ ï a so-

called range parameter [39, 40]. The reactions and 
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APES of this kind are well known for a number of the 

systems [39-41]. In the first stage of the analysis, it 

has been shown the manifestation of the nuclear dy-

namics in the scattering of the ultrashort pulses of the 

fast electrons by the systems that dissociate in accord-

ance with the adiabatic potential functions.  

The ground state of the ICN molecule is ap-

proximated by a Morse function with the parameters: 

aM = 190 pm-1, Re (iodine to center-of mass distance) 

= 261.7 pm, De = 26340 cm-1. The dissociative state is 

selected from several that are possible, and obeys 

Eqn. (18), with the parameters V0 = 242720 cm-1, R0 = 

262.2 pm and ɟ = 80 pm, as given in refs. [41, 42].  

The photodissotiation of ICN has been stud-

ied extensively both by experimental and theoretical 

methods, including femtosecond transient state spec-

troscopy (please, see ref. [43] and references therein).  

The dissociation of ICN (210 < l< 350 nm) 

proceeds via two channels [43, 44]: 

ICN Ÿ I(2P3/2) + CN(X2S1)       (19) 

ICN Ÿ I(2P1/2) + CN(X2S1),       (20) 

producing the CN radicals predominantly in the 

ground electronic state X2Ɇ1, and the iodine atoms in 

the 2P3/2 and 2P1/2 states. The vibrational distribution 

of the CN fragment of the ICN molecule was meas-

ured [45] and at 266 nm it was found that vibrational 

population ratios, n(v = 1)/n(v = 0) = 0.012; n(v = 

2)/n(v = 0) = 6Ŀ10-4; n(v = 3)/n(v = 0) = 1Ŀ10-4.  

In the 266 nm photolysis, the experiment [45] 

determined rotational distribution of the radicals can 

be presented as a sum of three B0 main distributions 

centered at the rotational temperatures T1 = 37(3)K, 

T2 = 489(12)K and T3 = 6134(250)K, with approxi-

mately equal in grated fractional populations. 

Rotational excitation of the CN fragments re-

quires an additional term in the potential function, 

Eqn. (18), and can be approximated in diffraction in-

tensities by including the centrifugal distortion ŭr of 

the r(CN) internuclear distance in a relatively long 

time range. However, considering time scale of the 

dissociation, the evolution of the angular momentum 

can be neglected. 

In a series of studies (please, see, e.g., ref. 

[43] and references cited therein) it was shown that, at 

the wavelength of 306 nm, the dissociation channel 

leading to the iodine excited state I(2P1/2) is effective-

ly closed. Thus, based on the experimental studies 

described in ref. [43], in our model calculations the 

dissociation of the ICN was assumed to proceed via a 

stretching reaction coordinate, and the parameters of 

ref. [43] for the dissociative potential leading to 

I(2P3/2) were used (please, see Eqn. 19). The molecu-

lar electron diffraction intensities, sM(s), for the mol-

ecule in their ground state were calculated with the 

parameters of refs. [32] and [42] using standard com-

putational procedures [31]. 

One approach that can be used to describe the 

dynamics of the excited molecules is an approxima-

tion of the wave packet [46]. The wave packet carries 

the information on the relative positions and nuclear 

momenta, as well as their components at different 

APES, corresponding to different electron states [46]. 

For the wave function with minimal uncertainty 

Gaussian function can be used as the basis for the cre-

ation of the wave functions of the system, as it was 

proposed in the work [47-49]; please, see also [46]). 

Considering the classical trajectory in the phase space, 

where the Hamiltonian in the vicinity of the moving 

point {p(t); R(t)} can be expressed in terms of the de-

grees of (p - àp(t)ð) and (R - àR(t)ð) up to the second 

order, the wave function is defined as follows [47]: 

y(r,t) = exp{(2pi/h)[a(t)(R-àR(t)ð)2 + 

+ àp(t)ð(R-àR(t)ð) + g(t)]},         (21) 

where Ŭ(t) gives the spreading of the wave packet, ɔ(t) ï 

its complex phase, and à...ð ï is the expected value. 

Using the time-dependent Schrºdinger equation, we 

can obtain the differential equations for the position 

and the momentum: 

ÖàR(t)ð/Öt = àp(t)ð/m and Öàp(t)ð/Öt = -àÖV(R)/ÖRð,(22) 

where V(R) ï the potential in the Born-Oppenheimer 

approximation. The equations (22) describe the trajec-

tory of the wave packet. For large temporal delays 

after the excitation of the studied molecules and the 

use of longer probing electron pulses it should be 

considered the increase of the width (the spreading) of 

the wave packet, which manifests in the diffraction 

pattern. In this case, the probability density of the in-

teratomic distances in the ensemble of the dissociated 

molecules can be represented as follows: 

P(R, t) = [2ˊů2(t)]-1/2exp{-[R - R(t)]2/2ů2(t)},   (23) 

where ů(t = 0) ï the dispersion of the wave packet at 

the initial time of the laser excitation, and R(t) ï the 

classical trajectory of the center of gravity of the 

wave packet. Consequently, the dispersion of the 

propagating wave packet can be expressed as a linear 

function of time during its free motion: 

ů(t) = ů(0)[1 + h2t2/16ˊ2m2ů4(0)]1/2. (24) 

If the pulse laser pump has a form of ŭ-

function at t = 0, the temporal dependence of the mo-

lecular intensity will be: 

sM(s, t) = Ɇi>jgij(s) ñ(sin (sR)/R)P(R, t)dR,    (25) 

where     P(R,t) = Nexp(-V0{R(t)} ï R0)/rE),        (26) 

N = ñexp(-V0{R(t) ï R0}/ɟE)dR(t)         (27) 

When the form of the probing electron pulse 

is approximated by the Gaussian function with the 
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central point t = t0 and corresponding duration of Ű, 

the averaged molecular intensities can be written as: 

àsM(s,t0)ðŰ = (2ˊŰ
2
)
-İ ñt,t+Ű(exp[-(t-t0)

2
/2Ű

2
] sM(s,t) dt   (28) 

Using the above theory, it were calculated the 

time-dependent intensities of the molecular scattering 

and the corresponding radial distributions of the inter-

nuclear distances during the processes of the photo-

dissociation of ICN, Figs. 3 and 4 (please, see ref. 

[50] for comparison of the results). 
 

0 5 10 15 20

45 fs

30 fs

15 fs

0 fs

s, Å
-1

 
Fig. 3. Molecular intensity functions sM(s,t) calculated for the 

dissociation dynamics of the ICN randomly oriented molecules as 

a function of probe time in TRED using 300 fs electron pulses. 

Diffraction intensities were calculated for the photodissociation at ICN 

excitation from the ground state to the dissociative state (Eqn. 19) 

ʈʠʩ. 3. ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʨʘʩʩʝʷʥʠʷ sM(s,t), ʨʘʩ-

ʩʯʠʪʘʥʥʳʝ ʜʣʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʜʠʩʩʦʮʠʘʮʠʠ ʧʨʦʠʟʚʦʣʴʥʦ ʦʨʠ-

ʝʥʪʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ICN ʢʘʢ ʬʫʥʢʮʠʠ ʦʪ ʚʨʝʤʝʥʠ ʨʝʛʠ-

ʩʪʨʘʮʠʠ TRED ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 300 ʬʩ ʵʣʝʢʪʨʦʥʥʳʭ ʠʤ-

ʧʫʣʴʩʦʚ. ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʜʣʷ 

ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʤʦʣʝʢʫʣʳ ICN ʠʟ ʦʩʥʦʚ-

ʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʜʠʩʩʦʮʠʘʪʠʚʥʦʝ (19) 
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Fig. 4. Radial distribution curves F(r,t) calculated for the dissocia-

tion dynamics of the ICN randomly oriented molecules as a func-

tion of probe time in TRED using 300 fs electron pulses. Diffrac-

tion intensities were calculated for the photodissociation at ICN 

excitation from the ground state to the dissociative state (Eqn. 19) 

ʈʠʩ. 4. ʌʫʥʢʮʠʠ ʨʘʜʠʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ F(r, t), ʨʘʩʩʯʠ-

ʪʘʥʥʳʝ ʜʣʷ ʜʠʥʘʤʠʢʠ ʜʠʩʩʦʮʠʘʮʠʠ ʧʨʦʠʟʚʦʣʴʥʦ ʦʨʠʝʥʪʠʨʦ-

ʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ICN ʢʘʢ ʬʫʥʢʮʠʠ ʦʪ ʚʨʝʤʝʥʠ ʨʝʛʠʩʪʨʘʮʠʠ 

TRED ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 300 ʬʩ ʵʣʝʢʪʨʦʥʥʳʭ ʠʤʧʫʣʴʩʦʚ. 

ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʜʣʷ ʬʦʪʦʜʠʩ-

ʩʦʮʠʘʮʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʤʦʣʝʢʫʣʳ ICN ʠʟ ʦʩʥʦʚʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʚ ʜʠʩʩʦʮʠʘʪʠʚʥʦʝ (19) 

When it is used the model of the Gaussian 

wave packets (eqn. (21), we can obtain the results 

shown in Figs. 3 and 4. From Fig. 3 it is clear that the 

radial distribution curves obtained with a relatively 

long probe pulses are significantly different from 

those presented in ref. [50]. However, some details of 

the dynamics of the wave packets still it is possible to 

define at a time interval, which is much shorter than 

the probe duration. Figs. 3 and 4 also shows that the 

distribution of the time-dependent wave packet can be 

observed using the TRED technique, if the probing 

electron pulse is 300 fs and can be achieved with our 

new TRED equipment [51].  

The studies carried out in the work [50] show, 

that the time-dependent intensity of the electron dif-

fraction observed for dissociative states, is strongly 

dependent on the shape of APES. The investigations 

also demonstrate that the diffraction intensities in 

TRED can be easily calculated for the dissociative 

processes, if we know the function of the potential 

energy. Thus, in principle it is possible to solve the 

inverse problem, i.e. the determination of the parame-

ters PES using the TRED technique. 

The method of reference frames and synchro-

nization of structures  

TRED method utilizes synchronized sequenc-

es of ultrafast pulses ï laser pulse is utilized to initiate 

the reaction and electron pulses to probe the subse-

quent changes in the molecular structure of the sam-

ple. The time-dependent diffraction patterns are rec-

orded using CCD-camera in the new femtosecond 

TRED apparatus [51]. The pulse sequence is repeated 

in such a way that electron pulses appear before or 

after the laser pulse, and in fact the images of the 

evolving molecular structure is performed in a con-

tinues recording mode. 

One of the significant features of electron dif-

fraction is that electron scattering occurs from all at-

oms and the atom-atom pairs in the molecular sample. 

Therefore, unlike spectroscopic techniques where a 

probe laser pulse is tuned to specific transitions, prob-

ing electron pulse is sensitive to all particles encoun-

tered along the way. Therefore, electron diffraction 

can detect structures, which are not immediately de-

tected by spectroscopy. However, determination of 

the molecular structure in TRED represents a formi-

dable challenge. Diffraction patterns represent a su-

perposition of incoherent scattering from atoms as 

well as coherent molecular interference from all at-

om-atom pairs. Because of the lack of long-range or-

der in gases that increase the interference of coherent 

interference, incoherent nuclear scattering is an order 

of magnitude higher that the coherent one. In addition, 
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due to the small fraction of molecules that undergo 

structural changes (typically ï ~ 10% or less), a major 

contribution to electron diffraction pattern is made by 

molecules that did not undergo photoexcitation. 

A key success in obtaining information about 

structural dynamics of a small set of molecules that 

undergo structural changes when the signal is much 

less, than the background was the application of the 

method of reference frames [52]. The method consists 

of synchronization of electron pulses in such a way 

that a baseline reference signal is established in situ. 

That is usually obtained at "negative time" (before the 

pump (laser)) in the ground state, or one of the evolv-

ing structures at positive times. At a different refer-

ence times (tref) it is possible to choose selected 

changes. Numerical methods allow for determination 

of the difference between each of the diffraction pat-

terns with a time resolution and a separate reference 

signal. The technique is demonstrated in a number of 

examples (see, e.g. review article [52]). 

The method of reference frames has several 

major advantages. First, the strong (unwanted) back-

ground signal from the atomic scattering is a common 

contribution to all diffraction patterns ï regardless of 

the time delay and the nature of the reaction ï and, 

therefore, can be virtually eliminated by calculating 

the difference between diffraction patterns for several 

time delays. Thus, despite the fact that in general, the 

background is dominated in the diffraction pattern, in 

the curve of the intensity of the reference frame mo-

lecular scattering is dominating. Secondly, any intrin-

sic error of the detection system will be effectively 

eliminated or significantly reduced by calculating the 

difference. Finally, each sample with selected refer-

ence frame represents the relative contribution of each 

reactant and the transition structures, while in the 

original raw data, only relatively small fraction of the 

signal originates from transient structures, while most 

of the signals are caused by unreacted components. 

Hence, the importance of the contribution of transi-

tional structures increases significantly in samples 

with selected reference frames. 

Difference method for time-dependent dif-

fraction data analysis. The recorded diffraction pat-

terns are dependent on the time delay between the 

pump (laser) and the probe (electron) pulses, DI(s; tref, 

t), are difference curves related to the structural 

changes of the transition state: 

DI(s; tref, t) = I(s; tref) - I(s; t).       (29) 

Accordingly, for the molecular intensity func-

tions we get (Fig. 5): 

DsM(s; tref, t) =sM (s; tref) - sM(s; t), (30) 

 
Fig. 5. Difference molecular intensity functions DsM(s; tref, t)  

calculated for the dissociation dynamics of the ICN randomly 

oriented molecules as a function of probe time in TRED using 

300 fs electron pulses. Diffraction intensities were calculated for 

the photodissociation the at ICN excitation from the ground state 

to the dissociative state (Eqn. 19) 

ʈʠʩ. 5. ʈʘʟʥʦʩʪʥʳʝ ʢʨʠʚʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ DsM(s; tref, t), ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʜʠʥʘʤʠʢʠ ʜʠʩʩʦʮʠ-

ʘʮʠʠ ʧʨʦʠʟʚʦʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ   ICN, ʢʘʢ 

ʬʫʥʢʮʠʷ ʦʪ ʚʨʝʤʝʥʠ ʨʝʛʠʩʪʨʘʮʠʠ ʚ TRED ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʵʣʝʢʪʨʦʥʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʚ 300 ʬʩ. ʀʥʪʝʥʩʠʚ-

ʥʦʩʪʠ ʨʘʩʩʝʷʥʠʷ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʠ, 

ʢʦʛʜʘ  ICN ʚʦʟʙʫʞʜʘʝʪʩʷ ʠʟ ʦʩʥʦʚʥʦʛʦ ʚ ʜʠʩʩʦʮʠʘʪʠʚʥʦʝ ʩʦ-

ʩʪʦʷʥʠʝ (19) 

 

Accordingly, for difference radial distribution 

curves æF(r; tref, t) in the space of interatomic dis-

tances r obtained by Fourier transform of the differ-

ence curves æsM(s; tref, t), Fig. 6. 

 

 

Fig. 6. Difference radial distribution curves æF(r; tref, t) calculated 

for the dissociation dynamics of the ICN randomly oriented mole-

cules as a function of probe time in TRED using 300 fs electron 

pulses. Diffraction intensities were calculated for the photodisso-

ciation at ICN excitation from the ground state to the dissociative 

state (Eqn. 19) 

ʈʠʩ. 6. ʈʘʟʥʦʩʪʥʳʝ ʢʨʠʚʳʝ ʨʘʜʠʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ æF(r; 

tref, t) ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʜʠʥʘʤʠʢʠ ʜʠʩʩʦʮʠʘʮʠʠ ʧʨʦʠʟʚʦʣʴʥʦ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ   ICN, ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ ʚʨʝʤʝʥʠ 

ʨʝʛʠʩʪʨʘʮʠʠ ʚ TRED ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʠʤ-

ʧʫʣʴʩʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʚ 300 ʬc. ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʨʘʩʩʝʷʥʠʷ 

ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʠ, ʢʦʛʜʘ ICN ʚʦʟʙʫʞʜʘ-

ʝʪʩʷ ʠʟ ʦʩʥʦʚʥʦʛʦ ʚ ʜʠʩʩʦʮʠʘʪʠʚʥʦʝ ʩʦʩʪʦʷʥʠʝ (19) 
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The calculation of the theoretical equivalent 

of time-dependent scattering intensity with the non-

equilibrium distribution in this system should be per-

formed using a cumulant representation of the scatter-

ing intensity (please, see e.g. monograph [11], part 1 

and 4]) and, for example, the stochastic approach to 

the analysis of the diffraction data, which has shown 

to be effective in TRED analysis of photodissociation 

of CS2 [53]. The difference method of TRED data 

analysis method has demonstrated its high efficiency 

(please, see, e.g. review article [52]). 

CONCLUSIONS 

Based on model calculations presented in this 

article we conclude that, by TRED method, time-

dependent coherent dissociation dynamics can in 

principle be resolved at a realistic time scale that sig-

nificantly shorter than the electron pulse duration of 

300 fs, which is achieved at present in a number of 

TRED experiments.  

The study also shows that TRED intensities 

can be readily calculated for dissociative processes, 

provided the APES is known. Because of this correla-

tion, if the TRED intensities are expressed directly in 

terms of the APES, solution of the inverse problem 

seems feasible, which provide information on coher-

ent structural dynamics of the transient state of the 

chemical reaction from TRED data. 
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ɺʃʀʗʅʀɽ ʄɽʊɸʃʃɸ ɺ ʉʊʈʋʂʊʋʈɽ ʇʆʈʌʀʈʀʅɸ ʅɸ ʂʀʅɽʊʀʂʋ 

ʕʃɽʂʊʈʆʇʆʃʀʄɽʈʀɿɸʎʀʀ ʀ ʄʆʈʌʆʃʆɻʀʖ ʇʃɽʅʆʂ ʅɸ ʆʉʅʆɺɽ 

ɻʀɼʈʆʂʉʀʌɽʅʀʃʇʆʈʌʀʈʀʅɸ 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʧʣʝʥʦʢ ʠʟ ɼʄʉʆ 

ʧʨʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʤ ʢʠʩʣʦʨʦʜʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ ʦʢʠʩʣʝʥʠʠ ʛʠʜʨʦʢʩʠʬʝʥʠʣʧʦʨʬʠ-

ʨʠʥʘ ʠ ʝʛʦ ʮʠʥʢʦʚʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʀʟʫʯʝʥʘ ʢʠʥʝʪʠʢʘ ʦʩʘʞʜʝʥʠʷ ʠ ʤʦʨʬʦʣʦʛʠʷ ʧʣʝʥʦʢ. ʇʦ-

ʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʧʘʩʩʠʚʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʙʦʯʝʛʦ ʵʣʝʢʪʨʦʜʘ ʧʨʠ ʦʩʘʞʜʝʥʠʠ 

ʧʣʝʥʢʠ ʧʦʨʬʠʨʠʥʘ-ʣʠʛʘʥʜʘ; ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʧʣʝʥʢʠ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʘ ʧʦʚʝʨʭʥʦʩʪʴ ʥʝ 

ʧʘʩʩʠʚʠʨʫʝʪʩʷ. ʇʦʵʪʦʤʫ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʩʬʦʨʤʠʨʦʚʘʪʴ ʜʦʩʪʘ-

ʪʦʯʥʦ ʪʦʣʩʪʳʝ ʧʣʝʥʢʠ ʩ ʛʣʦʙʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʘ ʙʘʟʝ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʘ, ʠ ʧʣʝʥʢʠ 

ʤʘʣʦʡ ʪʦʣʱʠʥʳ ʠ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʙʘʟʝ ʧʦʨʬʠʨʠʥʘ-ʣʠʛʘʥʜʘ. 
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METAL INFLUENCE IN P ORPHYRINE STRUCTURE ON KINETIC OF ELECTR ODEPOSITION 

AND MORPHOLOGY OF HY DROXYPHENYLPORPHYRIN S BASED FILMS  

The films formation via activated by oxygen electrochemical oxidation of hydroxy-

phenylporphyrin and its zinc complex in dimethyl sulfoxide media was demonstrated. The differ-

ent kinetics of deposition and morphologies of the films were observed. During the film deposition 

the working electrode surface was passivated in case of porphyrin-ligand, and was not passivated 

in case of metal complex. As a result, the electrochemical method leads to sufficiently thick films 

with a globular structure based on the metal complex and films o small thickness films and lay-

ered structure based on the porphyrin-ligand. 

Key words: 2H-5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin, Zn-5,10,15,20-tetrakis(4-hydroxy-

phenyl)porphyrin, electropolymerization, morphology, kinetics 

 

Porphyrin based film materials are promising 

as an effective catalysts [1, 2], an active elements of 

sensor devices [3, 4], in creating of organic transistors 

[5, 6], LEDs [7], nonlinear optical transmitters [8] and 

electrochromic devices [9, 10]. Their use as compo-

nent of photovoltaic cells [11-13] is commercially 

attractive due to the ease of manufacturing technolo-

gy, low cost, light weight, high efficiency at low light 

levels, possibility of manufacturing the flexible ele-

ments. There are several methods for film materials 

fabrication [14-16]. Formation of the film materials 

by electrochemical deposition makes it easy to control 

and adjust the film deposition process, as well as get-

ting on a solid substrate (working electrode surface) 

of different types of materials [17, 18]. The proposed 

mechanism of the polyporphyrin films formation via 

electrochemical method is the recombination of the 

radical particles obtained after the porphyrin precur-

sor oxidation [19-21]. Polymer hydroxyphenylpor-

phyrin films or their metal complexes have been ob-

tained previously in different media: aqueous solu-

tions [22], dichloromethane [23], acetonitrile [24, 25]. 

Though, the influence of metal in the porphyrin cage 

on the film formation process was not sufficiently 

investigated yet. 

In this paper polyporphyrin films obtained by 

activated electrochemical deposition. Formation of 

polyporphyrin films was performed from solutions 2H-

5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin 

(H2T(4OHPh)P) and Zn-5,10,15,20-tetrakis(4-hyd-

roxyphenyl)porphyrin (ZnT(4OHPh)P) in dimethyl 

sulfoxide (DMSO). The formation and morphology 

kinetics of the films obtained on the basis of the por-

phyrin ligand and its metal complexes were compared. 
EXPERIMENTAL 

Procedure of synthesis 

H2T(4-OHPh)P was synthesized by the two-

step method via demethylation of 2H-5,10,15,20-

tetrakis(4-methoxyphenyl)porphirins [26, 27] ob-

tained in high yield by condensation of benzaldehydes 

with pyrrole [28]. ZnT(4-OHPh)P was synthesized by 

refluxing of H2T(4-OHPh)P in methanol with 

Zn(OAc)2 excess for 3-4 hrs. The porphirins were 

purified by preparative column chromatography on 

aluminum oxide (Brockmann activity III). The puri-

fied products were studied by thin-layer chromatog-

raphy (silufol plates), UV-VIS spectrometry (Varian 

Cary 50 spectrometer) and 1H-NMR spectrometry 

(Bruker AVANCE-500 spectrometer) methods. The 

mass spectra were recorded on a Shimadzu Axima 

Confidence (MALDI-TOF) mass spectrometer. The 

products characteristics agree quite well with the re-

ported data [29, 30]. The structures of porphyrins un-

der study are shown in the Fig. 1. 
 

 
Fig. 1. Structural formulas of porphyrins under study 

ʉʭʝʤʘ 1. ʉʪʨʫʢʪʫʨʥʳʝ ʬʦʨʤʫʣʳ ʠʟʫʯʘʝʤʳʭ ʧʦʨʬʠʨʠʥʦʚ 
 

Electrochemical procedure  

Dimethylsulfoxide (DMSO ² 99.5, ALDRICH) 

was purified by zone melting and then stored over 

molecular sieves in a dry box before use. Tetrabu-

tylammonium perchlorate (TBAP ² 98.0, ALDRICH) 

was purified by recrystallization from ethanol. 10-3 M 

solutions of porphyrins containing 0.02 M TBAP as 

the supporting electrolyte were prepared by the 

gravimetric method using the electronic analytical 

balance çSartoriusè ME215S (the mass determination 



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12 

 

34   ʀʟʚ. ʚʫʟʦʚ. ʍʠʤʠʷ ʠ ʭʠʤ. ʪʝʭʥʦʣʦʛʠʷ. 2016. ʊ. 59. ɺʳʧ. 12 

 

 

error did not exceed 3%). A potentiostat SP-150 (Bio-

Logic Science Instruments, France) was used for 

electrochemical measurements. The experiments were 

carried out in a three-electrode temperature-controlled 

(25Ñ0.5 ÁC) electrochemical cell in freshly prepared 

solutions. The saturated calomel electrode (SCE) 

inserted into the electrochemical cell through the 

Luggin capillary was used as the reference electrode. 

The Pt wire was used as an auxiliary electrode. 

As the working electrode, we used a polishing 

Pt strip (the working surface equaled 1.2 cm2) rigidly 

fixed in the fluoroplastic lid. Before every measure-

ment the active surface of the working electrode was 

mechanically mirror-polished, degreased with etha-

nol, etched with a chromic mixture for 20 min, care-

fully cleaned in distilled water and then in the solu-

tion under study. The working electrode was im-

mersed in the cell with the test solution where the po-

tential of the working electrode reached a steady val-

ue over 10 min. In order to degas or oxygenate solu-

tions before the electrochemical measurements, argon 

or oxygen was bubbled through the capillary tube for 

30 min. In earlier paper we have shown that in DMSO 

media the more effective electrochemical deposition 

of polyporphyrin films was obtained under activation 

by oxygen [31, 32]. Therefore, in this paper the pol-

yporphyrin films deposition included cycling of the 

working electrode potential in the oxygenated solu-

tions (to activate the deposition process), then cycling 

in degassed solutions (to stabilize the resulting film). 

The deposition process consisted of three stages. Each 

stage consisted of 10 cycles in the degassed solution 

and 10 cycles in an oxygenated solution. CV response 

was recorded at scan rate of 0.02 V/s. The CV data 

were corrected for Ohmic (iR) losses using the current 

interruption technique [33]. 

Electrochemical impedance spectroscopy 

(EIS) measurements during of polyporphyrin films 

formation were performed using Solartron SI 1260 

analyzer at frequency range from 10-1 to 106 Hz with 

sinusoidal excitation voltage of 10 mV. We use two-

electrode cell for EIS study. The working and auxilia-

ry electrodes were placed at 5 mm opposite to each 

other. Face of polished Pt wire diameter of 2.5 mm, 

pressed in teflon sleeve was used as working elec-

trode. Platinized platinum disc 25 mm in diameter 

was used as auxiliary electrode. Electrochemical cell 

was connected to the measuring device by two-

electrode four-wire scheme to avoid an effect of current-

carrying wires. Analysis of EIS data was performed us-

ing ZView2 program. Atomic force microscope (AFM) 

images were obtained using the Solver-47-Pro equip-

ment and processed by a Nova RC software. 

RESULTS AND DISCUSSION 

Fig. 2 shows cyclic voltammograms obtained at 

polyporphyrin films deposition from DMSO solutions. 

 

 
ʘ 

 
b 

Fig. 2. The electrochemical response of H2T(4-OHPh)P (a) and 

ZnT(4-OHPh)P (b) solutions during potential cycling. Scan rate - 

0.02 V/s. 1 - background current; 2 - degassed porphyrin solution; 

3 - oxygenated porphyrin solution. The inset shows the oxygen 

electrochemical response in DMSO without porphyrin 

ʈʠʩ. 2. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʨʘʩʪʚʦʨʦʚ H2T(4-OHPh)P 

(ʘ) ʠ ZnT(4-OHPh)P (b) ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʧʦʪʝʥʮʠʘʣʘ. ʉʢʦ-

ʨʦʩʪʴ ʨʘʟʚʝʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ 0.02 ɺ/ʩ. 1 ï ʬʦʥʦʚʳʡ ʪʦʢ;  

2 ï ʜʝʛʘʟʠʨʦʚʘʥʥʳʡ ʨʘʩʪʚʦʨ ʧʦʨʬʠʨʠʥʘ; 3 - ʥʘʩʳʱʝʥʥʳʡ 

ʢʠʩʣʦʨʦʜʦʤ ʨʘʩʪʚʦʨʘ ʧʦʨʬʠʨʠʥʘ. ʅʘ ʚʩʪʘʚʢʝ ʧʨʝʜʩʪʘʚʣʝʥ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʢʠʩʣʦʨʦʜʘ ʚ ɼʄʉʆ ʧʨʠ ʦʪʩʫʪ-

ʩʪʚʠʠ ʧʦʨʬʠʨʠʥʘ 

 

Degassed solutions CV response (Fig. 2 a, b, 

curve 2) shows low-intensive wide irreversible oxida-

tion peaks at the potentials more than +0.12 V for the 

porphyrin ligand and +0.17 V for the metal complex 

and irreversible reduction peaks with half-wave po-

tential of -1.03 for H2T(4OHPh)P) and -1.35 V for 

ZnT (4OHPh)P. The irreversibility of the electro-

chemical peaks of porphyrins associated with the in-

tramolecular electron transfer following the oxidation 

or reduction processes [34, 35]. The CV shape is 

slightly varied from cycle to cycle for the degassed 

solutions. Oxygenated solutions of porphyrins CV 
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Fig. 3. AFM images of polyporphyrin films (H2T(4OHPh)P (ʘ), 

ZnT(4OHPh)P (c)) and histograms of heights (inset) of 

H2T(4OHPh)P (b) and ZnT(4OHPh)P (d) 

ʈʠʩ. 3. ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʣʝʥʦʢ ʧʦʣʠ-H2T(4OHPh)P (ʘ), 

ʧʦʣʠ- ZnT(4OHPh)P (c) ʠ ʛʠʩʪʦʛʨʘʤʤʳ ʚʳʩʦʪ ʧʣʝʥʦʢ ʧʦʣʠ-

H2T(4OHPh)P(b), ʧʦʣʠ- ZnT(4OHPh)P (d) 

response (Fig. 2 a, b, curve 3) shows intense irre-

versible peak of oxygen electroreduction at potentials 

more negative than -0.5 V. In the absence of porphy-

rins the electroreduction of oxygen in DMSO is quasi 

reversible (inset in Fig. 2a) and leads to superoxide 

anion radicals formation through the one-electron 

mechanism: (O2Åï): ʆ2 + ʝ Ÿ O2
Åï [36-39]. At the 

porphyrins presence the electroreduction of oxygen 

turn to irreversibility due to an effective interaction of 

superoxide with porphyrins [40-43]. Additionally CV 

shape of oxygenated porphyrins solutions is signifi-

cantly changed from cycle to cycle. The gradual 

change in CV curves was accompanied with the pol-

yporphyrin film formation on the surface of the work-

ing electrode. The resulting film has a golden color 

and is insoluble in water, alcohol, dichloromethane. 

According to AFM images the obtained poly-

H2T(4OHPh)P and poly ZnT(4OHPh)P films has dif-

ferent morphology (Fig. 3). In the case of poly-

H2T(4OHPh)P (Fig. 3a) there are micro-scratches, 

typical for polished Pt electrode that indicates a small 

thickness of the film. The observed growth steps and 

a histogram of heights with two maximums (Fig. 3b) 

let us to conclude layered structure of poly-

H2T(4OHPh)P film. Unlike poly-ZnT(4OHPh)P films 

the structure of the particles forming the poly-H2T 

(4OHPh)P films can not be discern at Solver-47- Pro 

resolution. ZnT(4OHPh)P surface (Fig. 3c) is formed 

of round globules with a lateral size of 40-100 nm. 

The globular structure of the film leads to a heights 

histogram with a single maximum (Fig. 3d). The sub-

strate microroughnesses can not be seen on the AFM 

image, due to the large thickness of the films. 

EIS study of polyporphyrin films formation 

was performed in aerated solutions for the stationary 

potential of the working electrode. The deposition 

potential had been determined by a preliminary exper-

iment. For this purpose obtained at different poten-

tials of the working electrode EIS data were modeled 

by Randles-Ershler scheme (Fig. 4) [44]. The calcu-

lated polarization resistance values reached a mini-

mum at potential about +0.95 V for H2T(4OHPh)P 

and about +0.8 V for ZnT(4OHPh)P vs Pt quasirefer-

ence electrode. These potentials were used at study-

ing of the films formation kinetics via impedance 

monitoring during the process (Fig. 4) [45].  

It is clear to see the difference in Nyquist 

plots of H2T(4OHPh)P and ZnT(4OHPh)P during the 

whole experiment. In case of H2T(4OHPh)P the 

Nyquist plots generally are elements of the circle, that 

allows to suggest a minor contribution of diffusion 

limitations in the electrode process. In case of 

ZnT(4OHPh)P elements of the circles come to a slop 


