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PHYSICO-CHEMICAL PRO PERTIES OF DC CURRENT DISCHARGE PLASMA
WITH LIQUID CATHODE

In article the results of experimental studies amdodeling of physiechemical parameters
of plasma of DC current discharges with electrolyte cathode are analyzed at the pressure range of
(1.01-0.10140° Pa for molecular and atomic gase$he 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 singlet oxygen, oxygen and/dirogen atomg, [ {1 and
1 Jolradicals etc.). These particles are capable to

Numerous studies publishedstaten years . o ) .
(see reviews [I7]) on various aspects of high pres__manlfest as oxidative as reduction properties depend-

sure norequilibrium plasma created with gas dis!N9 on con_dltlons. Another Important peculia of :
charges invater solutions or above their surface e processes in plasma systems is high rates at relatively

phasize the increasing interest of researches to QY temperatures. This is due to the fact that plasma

given area of chemistry and physics of plasma. One tems are ”‘?equ"'b”um Ones. The primary source
the reasons of that interest is the new possibiliti active Species for_m_atlo_n IS not heat activation but
which provide these discharges for practical applicR/0cesses with participationf @lectrons. Electrons
tion. To date, many applications were already test in the energy from external electric field and trans-

Among them biomedical applications (plasma sca orm this energy colliding with atoms and molecules to

pels, sterilization, wounds repair (NGerapy), mi- the energy of excitation of various states and to disso-

crosized sources of emission for analysis of Waté;fat'(.m' Further reactlons of p.artlcles' being formed
solutions containing the ion admixtures of metals (if2"0vide the formtion of other active particles.
cluding heavy metals), modification of polymer sur- In ,th,‘? given paper the properties, pec.ullarltles
faces, obtaining fullerenes, nano powders of se nd 'pOSSIbllltIeS of plasma forming at DC dlscha_rge
conductors, and catalysts. There is successful exp iming above a surface of wate_r or water_solutlon,
ence on the discharge application for soil remediatidr] ich serve as cathodes of the discharge, will be con-
and food treatment from pesticides £, One ofthe  Sidered.

promising directions of such discharge application IiREACTOR DESIGN. MAIN PHYSCAL PROPERTIES

the use for organic substances degradation and re-
moving ions of heavy metals (for example, Cr, Mn%,[ud
contained in wastewaters. A plasma action is attr y
tive since the plasma itself is a source ofvacspe-
cies (for exampfl,enplecldeg ofr

The typical sketch of reactor for creation and
{ of DC discharge properties is showrFig. 1
a1_“10-13]. The discharge is created by applying a DC
hégrél \I/ol(jg{suf]ei (Bs%v?ral I1<V) between metal anofjle (
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and water solutionThe cell with solution can be 024r R, a3
thermo stabilized and include the mixer. The solution
flow is also possible. 0,20 -
0,16 +
10 012}
s 6 0,08}
2 N
S 11
0,04 +
1 1 1 1 1
0,2 0,4 0,6 0,8 1,0
A 7 V. P, 80
I I Fig. 3. The dependence of discharge radius at hefghitam the
1 9 t8 pressurel, 37 N2[12,14], 2i O2[13]. Thedischargecurrentis
40 mA
Fig. 1. The schematic diagram of the experimentalipet tdm. 3. 1 OsdMmdBtsMmils: ©WOHJEMO tOL tcV
17 cathode, 2 glass beljar, 37 anode, 4 discharge, 5 quartz 1,37 N2[12,14],2i O2[ 13] . uvts¢ t©OLKGGWHO 4|
window, 61 radiation output to entrance lens of light fiber,
71 glass cell with solution, 8,0 gas outlet and inlet, 1:0en- Forming discharge is very close to normal

trance lens of light fiber, X1ight fiber .
Ldf. 1. w8iGo | Sny) e sseddiQisEhase gty prassure pn own parameters.
210 0CEEddy 2 1 Otetzf POY 6B%H9 OBYJ o 5 1) Discharge has the space of cathode voltage
sCdtipr EsH dL a&zeyd dedv, Mmtss d tcdiogeantacting gdikestly wvitls gswater surface -[II%.
7iWyd2¢0 M woOhEsBcgde " 886 S6 @PP; valu€s of cathode dropd,, are essentially higher
dqdL © Mo Jildyne)tHsd,5 11 that for discharges with metal cathodes. For metal
The discharge image is glowing cone in théathodes, theJ; values are less than ~300 V [6],
base of which the cathode spot is situated with tiéhereas for cathode from distilled water they lie in
diameter ofD.. The area of cathode voltage droghe range of 40050 V (Fig. 4, [16]). Thereforep-
abuts upon this spoFig. 2). emission coefficient for water system is less than for
Geometrical parameters of discharge con@etals.
depend on the discharge current. Ateg pressure
with the current increase the radius of cathode spot Yo !

and radius at height HF{g. 2) depends linearly on the 8% o -1
discharge current. At fixed current the discharge di- % Z :g
mensions decrease with the pressure growity 3). 700 - 5 A 4
Also, the radius depends arkind of plasmdorming o -5

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

creased from 42 to 18 mm at the current change Q o Q
from 10 to 30 mA for air discharge, from40to Q6 500 | A s

mm for argon discharge and fron08 to 02 mm for = A

helium discharge. 200 X

300 1 1 1 1
10 20 30 40 50

v s¢  te OFAWY H

Fig. 4. The cathode voltage drop vs discharge current for distilled
water (1) and KCI solutions. 2,3,4;Cl concentrations are
0.08, 0.25, 0.42 and 0.5 molfespectively. Plasmforming gas is
ambient air
- tdm. 4. sObtHdtsy §OHJded jtePisisy dzyd
Fig. 2. The discharge view.ilanode, 2 discharge, 3 cathode $©" H O Hd¥ Hdflsddzdzd toso OBLEZRIAS) SH ™ (1
spot on the solution surface Ctsdzyd dzls e Oy dd tOomMBXdBiksdgsd, D&, MBI]:
tdfm. 2. IdOEPE@IEOUONEBH & §visds NEO Jd tdeBL gstse tOLast AEI ¢ OL
ftsojtordzsmisd ttOMmlse stcO
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Unlike discharges of low pressure whede E,

does not depend on the discharge current, for the dis1090
charge with liquid cathode the trenddf dropping is

clearly observed under the current increase. The fact 800
is that at discharge action on water, oteebstances

are formed, partially, hydrogen peroxide [20]. And at oo
every current value we deal with the cathode of dif-
ferent chemical nature. This fact is confirmed Uy 400
change at addition to water of different salts. The
value depends also on the kind plasmaforming
gas. It decreases from 719 to 426 V in series of air,
N2, N.O, He, Q, CG; and Ar at the disharge current
of 25 mA [13,21]. The discharge current increase 0
results in the reduction of cathode drop and in the in-

200 +

md d3d "2016.5 & o 859 12 £ fles dzts & g W .

Il id

Ol

crease in a diameter of catte spot. When this diam-  Fig. 6. The electric field strength vs pressureNi, 2i Oz,

eter reaches the vessel diameter, the discharge traBisAr+2% N, 41 Ar, 51 air. 6, 7, 8 for Nz, air, and Ar ordata

fers to abnormal form as it takes place for the dis-
charge of low pressure. The cathode drop starts gro¥N-

ing with the discharge current [22].

2) The discharge structure is the saasefor
glow discharge at low pressure. It includes cathode
negati ve
tive column and anode glowing [153, 26].

3) Electric field strength, is constant within

dr op,

gl owi ng,

[20]. Thedischargecurrentis 40 mA
dmy O tewy j dzdztsls: 4 dzj Sstedyj MEtsets |
H Qo dzj ditf, 27 Oz, Bi Ar+2%Nz, 471 Ar,51 @ SL HEznR ,
6,7,8fe OLBI], oetLHEZA] d Otketdy Mt
[20.u5C 40 dBo

ROTATIONAL, VIBRATJONAL AND GAS
Far adayiserafiREs space, Ppos:s

Due to small dicharge dimensiong-ig. 3)

positive column (in plasma) [138, 24, 25]. E values  Practically the only methods for discharge studies are
depend on the discharge current, pressure and plas@i&ission spectroscopy [1], absorption spectroscopy
forming gas kind and less on electrolyte compositiol? /]: and laser induced fluorescence (LIF) [12]. The

(Fig. 5-6). emission spectroscopy is exclusively used for deter-
mination of rotatbnal and vibrational temperatures.
16'2’01 _/Cd3 o -1 The rotational temperatures are obtained from a dis-
° -2 tribution of emission intensities in vibrational bands
1400 - g f -3 of emission of excited states of second positive sys-
1200 | B :g tem Ny( %_u\"( _J *dy), usually (62) band is utilized. .
1000l % g Emission bands of OH are detected already in
5 o a discharge with water cathode angd dxists as ad-
800 - N i ? a mixture or it is intentionally introduced into plasma
6001 i g . forming gas as a small additior0.1-0.2% [11, 13,
a0l = 21]. Sincet he rotational 223 o0mstdan
No( &) are essentially | ess
200+ Boltzmann c&nsntdardhony R26o0op, ¢f
- - - - - #3918 fon26 s) and collision
10 20 30 40 50@ Om‘;gw ) molecules for atmospheric pressure arésfqt is be

Fig. 5. The electric field strength in a plasma vs discharge curre
for distilled water (1) and KClI solutis. 2,3,4,5 KCI concentra-

tions are 0.08, 0.25, 0.42 and 0.5 mol/l, respectively. Plasma
forming gas is ambient air

1 Of oW ) § dedats iy Is ¢

tdfm.
W HO

5.

H dzw

T ¢ tsdzyd dzls t6 Oy d dO8, BB fik2atxi®5s o d3© dz! /
slse j Is ik azPdzdits s B t6 O LolAssLHJR

f s dzv

possible to assume that the rotational degrees of free-
Bom are in equilibrium with the translational ones, i.e.
the rotational temperature has to be equal to the gas
temperature. All studies showed that fop( Nidy)

o mdlezalesjhe disibwlicndznydtatiosabdiois theL -
HqMisdddd e Od@B45 5BHlizdnh ofle WithNthe Sdfrieovalue of temperature
314?11‘5,'21, 26, 27-31]. At the same time, the distribu-

tion on rotatioBal VieVeban

4) Like normal discharge of low pre$su:he described with the two Boltzmann distributions with
densi qiﬁ?renﬂtwgaﬁufﬁﬁ- Updesgnedaiognal igvelJ Ohe d

di scharge

current

charge current at given pressure [15, 19].

which depend of plasm@rming gas kind J Gn-

Izv. Vyssh. Uchebn. Zaved. Khirhim. Tekhnol. 208. V. 59. N 12 7
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creases from 13 up to 25 in series He, Arp,AQQO, T K T, K
N,) the distribution is realized with the temperatur@500} °
which is equal to the one determined on the rotational
temperature of Nmolecules(see Tale). For higher 3000
J ®alues, the temperature is significantly higher and

it does not depend on the gas kind. At the same timssoo
for the Q discharge the temperatures determined with
both methods are the same [13]. When the irradiatioggg
is collected fom the whole positive column, then the

2800

2400

2000

result is the temperature averaged on the reactgyg 1600
crosssection. Some results of suchasarements are
listed in Table 1000 1200
Table. ! 1 1 : :
The results of rotational temperatures measurements at 0.2 0.4 0.6 0.8 1.0
P, B Ots

atmospheric pressure

BT IRIN A g B Lo ¢y LTS S et
4 fed BsE W J 1% ressure 21 r tddy [11], 2Zi N2 from study [12], 3, 4,

Gas | Tr(OH), | Troi(N2), Current o torences 7. 81 O2[13], 5- ambient air from study [16]. , 2, 3 were ob-
C oL K K (bt (dzd Is j te) tained on the rotational temperature of 8lwas obtained on the
i [05{0) rotational temperature of OH.-he Tv calculation at averaged
ar@tsL H3250013250N 25 [21] gas temperature [13],i7the temperature at discharge axis, T
N, 324212900N 25 [21] 81 the temperature at discharge boarder,The discharge cur-
He [1282011100RK 25 21 _ rentis40mA
Al [200812400R 25 %21} tdhuyrndd] 15 MJjujdds §dagL.df -5
! A LYWW jiCIlsde dzOv € tsdzj B OBz ¢z0¢ ¥ dzf
N.O |2755012000N 25 [21] HOo dzj dZf 9}, 21 NA[12], 3,4,7,8/ O2[13],51 ® 5L H & 7
Co 2931012100N 25 [21] [16]. 1,23-f sdzz yd dets § 5 o tc ON ONp. dz! dzis 2
air ( 1800N 20 [26] 4difsdzzyj dzes 5 o9 tcOh Olsj dz- e D Mg Y J te
air (| 2540 |1900N 31 [30] ) dmftsd L tse Oded § 5 Mte JTHSAEAIR J 14a)OdstizjtctO
N, 31121 31 [14] GOL O dzO @i ejOBligVe@®szZtO® ¢ OL O dzgo
N, [1450] 40 [12] Y HRY 5L 40 do
He 22181 31 14 . . .
Ar 17 2150 31 %14} The distribd#,i e\ 1,&f O
air ([3400011800N 23 [15] molecuks on vibrational levels was found on the in-
air ( 2000 N 1040 [16] tensity of vibrationat ot at i onaf Ykdnds
0, 270012700R 40 [13] transitons for air plasma in studi¢24, 26]. The tem-
perature obtained in [26]

The temperatures depend only slightly on théischarge current of 20 mA. THe values were in-
discharge current [1516] but significantly on the crea@ d  f rom (2000N200) up
pressure [1413]. Any essentialdependence on the discharge current increase from 15 up to 50 mA [24].
concentration of the dissolved substance (KCI, NaCl) ~ We do not know any experimental data on vi-
is not observed [15,6]. brational temperatures of ground state molecules of

The distribution of M &) molecules on vi- Plasmaforming gases and products of their reactions.
brational level (V = @) was measured for atmospherid@ut thereare several calculations carried out in stud-
pressure plasma in air in studies [10, 15, 26, 24, 31]i@8 [10, 31] for air plasma, in [11] for argon plasma,
was found that the distribution is the Boltzmann on@ [12] for N> plasma, and in [13] for Oplasma. In
with the temperature ofv~ ( 4 2 0 0 N ZHe @en- glese studies, the salbnsistent calculation of elec-
perature did not depend on the discharge current@n energy distribution functions (EEDF), moleeul
the range of 14110 mA. distributions on vibrational levels of ground states and

The distri BAL iWwn= o, Qm(ioqgg 9)f chagigal kinetics was carried out. For
ecules on vibrational levels wastdrmined on the discharges in Ar and DOthe small admixture of
intensity of vibrationat ot at i o n adsystema N<@2%prpolecyles was introduced. The calculated
for air plasma in study [26] at the discharge current i Was fitted to the measured one to find thater
20 mMA. The temperature ®epuieiconienyin @ gas phass. dncalh ey thecal-g |
i.e. it was close td@v for Ny( #3y) in a limit of error. culated distributions were neaquilibrium. But they

8 RLO. obkLts. mdddw01§.s 5 d8&9 12is) & fizks
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can be described by tHgoltzmann distribution for ~3 000 $§ 100, O01 NO—-26d@® S, [ 1(
low values of vibrational quantum numbéid. 8,9). At the given discharge current, the vibrational tem-
peratures increase with pressure. Suepetdence is
N(V)/N presented in Fig. F13] for current of 40 mA in oxy-

0
10 gen whereas for Ar plasmiain Fig. 10[11].
1 T,K
10 5000
10° 4000
10° 3000
10'4 I I I I I I
0 4 8 12 16 20 24 2000
\%
Fig. 8. Thenormalized distribution of B{X'#4*) molecules on 1000
vibration levels for nitrogen plasma [12]- Wumber of level.

1- 0.1 bar 27 1.0 bar. The discharge current is 40 mA L L L
tdm. 8. | SEddEse Oddes NLEBNY 8 JsH § zj ded P2 s @fc a6 08 10

Ctsdzj B Olsj dz¢ dz' d3 d3g tc t©a devig @disfd3ljRalz LS dzj -
BOIj d dzsc 91z 8BBIB0ORK.1 s 5¢ tcOL tgwhigdO. Jhgeffegliye vibrational temperatures of molecules
ground states for Ar plasma [11]20(100) (1), H2O(001)(2),

Oz (3), HO(010)i (4). The gas temperatuiés). The discharge
current is 40 mA
tdm. 10. stdzjBOlsjdzi dzg" j Isj B j teOIsk
Bts dzj € EHAfdeziLdrd11]. H20(100) (1), H20(001)(2), Ozi
(3),H200010)T1 (4) . v B jicD)sEZLOSE OLOL t6W H C
REDUCEDELECTRICFIELD STRENGHT.
ELECTRON PARAMETERS

In nonrequilibrium plasma the initiation of all
primary processes proceeds under the eleatnpact.
To find the rate constants of these processes, it is nec-
essary to know the EEDF which is nequilibrium.
For the conditions of high pressures the EEDF cannot
be determined experimentally. The only possible way
is the numerical solution of the Bninann equation.
Fig. 9. The G(X3%5) molecule distribution on vibrational levels Parametrically, the EEDF is a function of reduced
at the averaged gas temperature for oxygen plasma [18una-  electric field strengthE/N (N is the total concentra-
ber of vibation 'f"e'-hlld?‘ Pressures are 041 a“Ad)barf respec-  tion of particles), and plasma chemical composition
. gvé y'{ (eaf'r?% g%g&?,gé'; doz?js & iz 6 g &/Nyale is to some extent an analog of tem-
botso dzv 5 H dzv 1§ dzOL bF dats of etz tsStatsoi jOs R [ALHER . fRks norequilibrium EEDE E/N is deter-
¢t ktclsd de®s iz tzEflpe Qfgtsis fsls M ls.as sddamined on the basis & measurement and is calcu-

e OL A0 lated on a pressurdy is calculated from state equa-
I tiont = NT k.TE/N values depend on pressure and

Calculated vibrational temperatures fordischarge currentigs. 11, 12).
NA(X'Z;") ground state practically agree Wi.th the The electron collisions with water molecules
measured ones for N &,). Therefore, V|brat|.ona| have thestrongest effect on the EEDF formation. The
temperature found for A &) are a good estimate reason for this is an abnormally high value of moment
of the V|bra_1t|onal temperature die g_roun_d state. FOr v ansfer cross section for electron collision withOH
atmospheric pressure in air, the vibrational temperg, comparison with other gases [33].0Hmolecules
tures do not depend both on the discharge current 88 - «ected most strongly BIN<5L1026 V1 f[34,3
for No(X'%;") and for grou_nd states of other mole-] These values are typical for atmospheric pressure
cules. Theywere [ »(X%Fy) ~1700Q[ (81 @3& dischargesigs 11 12).

- N(V)IN(O)

Izv. Vyssh. Uchebn. Zaved. Khirhim. Tekhnol. 208. V. 59. N 12 9
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EN, 10" 1 *Mds 10ta @ 1

6,0
4,0

2,0

10'13 L L L L )
0 2 4 6 8 10
0,2 0,4 0,6 0,8 1,0 ei l

P, B (
Fig. 11. The dependence of E/N on pressuieO2, 27 N,
371 Ar[11-13]. The discharge current is 40 mA
tdm. 11. EOs$hdGeiiz®4a217 N2, 37 Ar
[11-13] . uvtsS ©WOLBYWHO 40

0,0

Fig. 13. Calculated electron energy distribution functions (EEDF)
for Oz plasma at E/N =@0¢ VV/cn? (the pressure is lar) and
different content of water molecules [12]. 1, 2, 3, water mole-
Cl&eq? content is.8%, 5%, and 10%, respectively. The discharge

current is 40 &b. Thae(@3EDF=i3 no

EN, 10" Ié& t dim.t @fiyud s O tzae@H dzO L[ toEN = 1Q07°
ledZ(HOodzjdzadj 1 BOt) HAzW t©OLd 7 ME
35¢r [12].1,2,3, 4 MisH j o) Pdz®Do, 1 5% d 10%; Mstsls
‘o @s. usC ©OLGYWHO 40 - BadBAEEdtss C
f , -3/2{ _,I
25l C)
10"
2,0+
10°
Ler 10°
10t 10"
. . s ! 10°
20 30 40 50 »
| 10
Fig. 12. The dependence of E/N on discharge current at atmos- 10"

pheric pressure for air plasma [17]
tdfm. 12. FAsEMEEEBRSLOLLYHO { tofhte Y ie dz
HOo9 dzj dzad d oH HfRAEDOL[d3j7 ]o 5L 0 2 4 6 8 10 12 14 16 18
e} |l
Such data for @plasma are presentedfiig.  Fig. 14. Calculated EEDF fordplasmal,3i at the pressure of
13 [13]. Formation of other particles in plasrmaex- 1 bar. 2,4 at the pressure of 0.1 bar. I,8econd kind collisions
cited molecules, atoms, and products of their I’ea(f'—\’ith vibrationally excited MX) did not take into account. 3j4

. . . . . Second kind collisions with vibrationally excited(X) were tak-
tionsi influences the EEDF only slightly since their en into account. Theischare currentis 40 mMA

concentrations are less than 1% of mainspla t dfy. 14. t Offqudls Odaa 131 M@ &) dacfigy o
forming gas density. The exception is vibrationallyl B Ot&H 08 dz4tlzdg OBk H Dicg oA O  dzj
excited nitrogen molecules in the ground state Zudls™ o OF-ifipzH Okgazd LB O Eyls] o
N2(X¥g*,V). For air and nitrogen plasmas, it is oblig- _ _

atory to take into consideration the secéittl colli- Another important parameter of electrons is
sions of electrons with these molecules irDEEcal- e €lectron density, which is necessarythar calcu-

culations [10,12]. If these processes are ignored jgtion of process rates. Available data on concentra-

results in the strong underestimation (by orders §PnS were obtained either from experiments (26,

magnitude) of the rate constants of processes with ther 36, 37, 40] or from calculations using plasma
electron participation as it can be seen fiig 14. |t conductivity [1013, 16, 24, 38] by the relationship

is necessary to point out thall EEDF are not the ] = N (&, Ne,, Vo are the chargeconcentration
Maxwell ones. Maxwell EEDF must be the straigh@nd drift velocity of elewons, respectively).
lines for coordinates d¥igs. 13, 14.
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In study [36] the electron density was meas- e} | N, 10" f &
ured for atmospheric pressure air plasma on absorp-
tion of microwave radiation at théischarge current
of 40-60 mA. The electron density did not depd on
the current and was found to be {10 fy M. This 3
value was confirmed with probes measurements [40].

Electron density was measured on Stark

br oad e nglimef amric hydrogen for atmos- 2
pheric pressure air discharges in studies 1,28,
37]. Furthermore, the slight dependence on discharge , |
current was observed. The concentrations obtained in
all studies were close: [128] i ~(5-9):10** fy m,
[24]1 ~6L10" fn M, [35]1 ~(1.5-4.5)L10* fry M. 0 - - - -

In any case, the calculation of plasma conduc- 0.2 0.4 0.6 0.8 1.0

- . P,B Ots
tivity gave the values by one order of magnitude IOWT:ig. 15. Average electron energies3jland their densities {@)

er. Thus, in_ study [10] _for the atmospheric PréSSURg pressurel,61 Ar, 2,47 Oz, 3,51 N2. Thedischargesurrentis
air plasma it was obtained that the electron density 40mA

increased with discharge current frorBl102fmMto t dfM. 15. wtej8ded i € dejamd qlap eOydd + dz
2.8110°2 fym at current range of (260) Ty . °) ° t @0 dmdEEDEE B (?ﬂfg?’fi bzj dzqf & ¢

value estimated in [38] givas.<2l10" ) M. In stud-

ies [1213] the values of ~10" fy M, ~8:10' iy M
and ~11110" fp M were obtained for atmospheric
pressure plasmas in Ar,,Naind Q, respectively at

Numerous studies are devoted to the rieite
nation of the so called effective temperatures of exci-
) tation and ionization. For this, the assumptions on
discharge current of 40 mA._ Boltzmann distribution and ratio of intensities of ap-
To explain so lege difference, the authors of

. _ : o ropriate lines or bands are used (see, for example,
review [1] write that photometric determination of thi19 26, 42)). It is clear that such pareters do not

discharge ra_dius, Whic.h s necessary for_discharge, o any physical sense for requilibrium systems.
current density calculation, results in large errors. By o+ is why we even avoid the discussion of these
it is not completely true. Photometric determinatiop esults. The estimation of

can onIyundgrestlmate the radius due_to the InSUﬁci’heir average energy have also restricted application
cient sensitivity. Therefore, the calculation of conducs—inCe EEDEs are not Maxwelliames. Nevertheless

tivity has to result in concentration overstating rathqfig 15 shows some data obtained in {13] on the
than in understating. Later, in study [39] a detailegas'is of the calculated EEDF

analysis of the methods based on Stark lireaden-

ing was carried out. On the basis of careful analysis PARTICLE COMPOSITIONOF GAS PHASE

authors concluded that &<1110" fj i the use of Qualitative data on composition are available
the relations connecting concentration and line widtfor excited particles only. All data were obtained by
which were obtained foN>1110" fiy i (see, for ex- optical spectroscop But it is known that for non
ample, [41]) forNe determination, redts in large er- equilibrium conditions, the particle concentration in
rors. It follows thatthe relationships obtained forground state is essentially higher than for excited
Ne>1110'* fi) i do not take in consideration the differ-states. Of course, it is impossible to determine the

ences in average energies of electrons and ions, Nfesence of metastable states as well as polyatomic
ther the fine structure of lines. The authors of all citegholecules usig emission spectra.
Therefore, the data obtained from plasma conductihow the bands and emission lines of excited states of
ty appear more realistic. Some data on electroncaf\i s soci at i o4 mob e e clfh, €95 of 18
centrations and their feHddad devusudlly présshee® vith twd hafds of @ T
discussed in the review paper [47]. AZ Y X {Q)land RZ Y X {0)0excitation en-

~ For the fixed discharge aemt the electron ergy from the ground states is.+4V). Atomic hy-
densities depend on a pressure and they grow with #{@gen shows three linesi656 nm, excitation en-
pressure. Such dgpe_ndenmes for discharges in Ar, @rgy is ~121 1 \, (434 ni, excitation energy is
and N are shown irFig. 15[11-13]. ~131 eV), and (486 nm, excitation energy is ~82V).

The radiation of O(l) atom isrpsented with the two

[
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most intensive lines 777 nm (3pP Y 3PS transition, 4, “Mmd

excitation energy is ~10 eV) and 845 nm 1

(3p°P Y S transition, excitation energy is ~A@V). o M
If plasmaforming gas contains molecular ni-

trogen, then in emission spectra the dmof second 10 23

posi ti ve W& B¥Y teansitiof, Lexcitation i N

energy is ~11 eV) corresponding ted} (0-1); (2-4); I

(1-3); (0-2); (36); (25); (1-4); (0-3); (48), (37); (2 "

6) vibrational levels appear. The bands of the first’0 | ———

positive system (transtth B'Yy Y A3S*,) are also i °

present but are essentially less intensive. I 7
The emissiobands of nitrogen oxide (NO) of .
o-system (transiton Z#Z Y Xd, exci t at i o”h;'energy of

~5.7 eV) corresponding to {Q), (22), (0-0), (01), .
(0-2), (0-3) and (64) transitions e also appeared. 20 25 30 3% 40 4|5 583 0
The discharge in COshows the emission fig 16. The dependencef A OHA dr aiddinaemtrtion on
bands of CO molecules of Angstrom system, and ithe discharge current. Water content is 11,0605%; 2, 6 2.3%;
Ar plasma the set of characteristic emission lines i8 77 50/70‘ 25 8;% (t3 % , re Stplg f t fi tVde [lz:gy] .(5A0H ,(
appears. The exception is He plasma where the emis- » ©). FoInts aré expenmental data ot study .
sir())?w lines do not a%pear. Thispis due to thet that Esdfn- 16. 1 06dMmddssls: OHEHMLE disie Oy d
=S ¢ _ _ 5C0 OBl EPOddj 1 OGASH; 206t28%; 1, 5
the excitation energy of He electronic states is 109, 7i 5%, 4,8/ 1 0 % mssls o jOflsD 3, dgmA (A5
large (198 eV and higher), whereas the electron ener-6, 7, 8) CMmprw§ dj dsOd dz j HOdd j
gies at atmospheric pressure are low. As the result,
the excitation rates of electronic states are low. [29, 46] in the same range of currents the concentra-
At the presence of salts dissohiedwater, the tion increasedrom 13 L @ to 18 L £ f§ M. The
emission lines (presumably for resonance transitiongdial distribution of OH concentration was measured
of appropriate metal (N&, Ca, Cu, Cd, Zn, Ni, Pb, for air plasma for the discharge current of 13 mA in
Cs,Mg) [16, 17,26, 38,43-44] show up. The emission study [27]. The concentratn at the discharge axis
has the threshold character, i.e. the appropriate lindgs ~17 L *1 g M. Therefore, averaged on discharge
appear at the definite ke of discharge current. crosssecti on concé®igrt @ondeen i s
It is necessary to point out that in spite of th&ations of all other particles were obtained by numer-
fact that the appropriate metals are present in a solgal modeling. The most reliable data for atmospheric
tion as cations, the emission spectrum shows only thegssure air plasma are presented in study [10] in the
lines of neutral atoms. Any lines or bands of anior§scharge current range of (20) mA. For Ar, N
contained in theadt are not observed. and Q plasmas the similar results were obtal in
As for discharge of low pressure, the emissiothe pressure range of {61) bar and at the discharge
bands of @ molecule are not registered. It is not surcurrent of 40 mA [1113]. These articles are the only
prising, since the potential curves of the excited stateges, where the setbnsistent approach was used for
(with the exception of the two lowest) are shiftednodeling. The Boltzmann equation fdret electrons,
against the ground stas® that their excitation with equations of vibrational kinetics, equation of plasma
electron impact from ground state has to result in digonductivity, and equations of chemical kinetics in-
sociation according to the FranGondon principle. cluding excited states were jointly solved. The re-
Experimental data have been obtained for OHuced electric field strengths, gas and vibrational
radicals only at atmospheric pressure. In studies [li@mperatures for Mu*8y), intensities of bands and
29, 46] these datavere obtained by LIF method andlines were measured experimentally. Intensities of
in study [27]7 by the wideband adsorption. It wasbands and lines and vibrational temperatures were
discovered that for the current range ot mA, used for determination of water content. For vibra-
OH concentration almost does not depend on the dignal kinetics, the pumping of vibrational states (for
charge current and equals tol+@3 fqm for Ar air it were N, O;, NO, HO) with electron impact as
pl as ma. F o.rplasmgs tha cahceniationwell as WV and V-T single quantum exchange were
growth is directly proportional to the current andaken into consideration. The rate constants of these
changes fromB0*to 14110 mMf or 1 j apragesges wete calculated by the generalized SSH
2110 to 23110 fry M for N2 plasma. For air plasma theory without any approximations [48]. Some chem-
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ical reactions weréaken into account as well. For airperoxide €10 fy . The interesting feature of this

9. oL tso .
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the process list included 187 reactions with the partidischarge is low concentration of ozone (¥1fg §
ipation of the excited and ground states for the fokven in the case of oxygen plasma.

lowing molecules and atoms:;NO,, H:O, {3, N,
NO, N.O, NG, NGs, HNO,, HNG;, O, OH, HQ, H,
Ho, O3, O, O, Oy, O and the electrons.
Calculations showed that in plasma of such

with the different oxidation level are formgiO-
~10' M, NO~ 6 LM“1fipm, N.O-~ 2 L41fipnd).
Along with nitrogen oxide molecules the nitric acid
(HNO3~10" fy M), nitrous acid (HN@- 4 L131f0m),

and nitroxyl molecules (HNO~ 6 I1“1fQnd) are supported by Ministry of Education and Science of the

an dz( ‘)

The
a n(b'Z;") metastablestates were

~10'5f) A,

Therefore, the discharges of higher pressure
discharge the substantial amount of nitrogen oxidegth liquid cathode provide a wide set of active spe-

cies possessing high redox properties.
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THEORETICAL STUDY ON HYDROGENATION OF CARBON MONOX IDE TO METHANOL
ON CO (111) SURFACE

The hydrogenation reaction of carbon monoxide (CO) to methanol ¢OH) on the
Co (111) surface was investigated using density functional theory and a climbing image nudged
elastic lond (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 H does not involve a transition state. A possible reaction pathway for the toansdtion
of CO to CHOH 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 elasticnial

INTRODUCTION double zeta basis plus polarization orbitals (DZP) is
Catalyic conversion of syngas (CO +)Ho used for valence electrons, while core electrons are
}%f rozend i n tbyhusingrnorrconsemi ¢ s

liquid fuels is an important process addressing t q als (NCP)Y in its. ful local
energy and environmental issues of great interedt'd PS€U gotentials ( ) in Its fully nonloca
[5]. The Brillouinzone sampling is restricted to

Previous studies have shown that metal catalysts s E’Frf]“ LAl fibri » q
as cobalt, copper, iron and ruthenium are the mdst" &P0INl. All equilibrium structures are performe

suitable fo CO hydrogenation [B]. Cobalt is the using Quasi Newton algorithm and the forces acting

catalyst which isused in industrial applications due ok the dynalllrin a}torlns_ dlarehsmaller than ]9'5 edvh/ P
activity and cost. Although a number of theoretical In all calculations, the Co(lll) surface and the

and experimental works on the conversion of syngiePlated gas molecules CO and Were firstly opti-

on cobaltbased catalysts have been carried out, tt 'z_e_d to minimize their total energ_ies. Each of th_ese
l|Jgd|V|dual molecules was kept at different adsorption

sites and the adgmion configurations were opti-
dnized to get the lowest energy stable structure.
The adsorption energy {& was defined as:

molecules with metal is quite rare.

The purpose of this work is to study the rea
tion mechanism of hydrogenation of carbon monoxide
to methanol on the most common and stable surface  Eads= Eadsorvateubstratel (Eadsoratet Esubstrap (1)
of cobalti Co(lll). The adsorption energy is an important param-

MODELS AND COMPUTATIONAL METHODS eter to evaluate the snpm_neit_y of the process. _
_ To study the activation step of the adsorption

Based on the XRD analysis, dl) surface process, a Climbing Image nudge Elastic Bond (Cl
was chosen due to its stability and activity. The g§&4EB) method was performed to determine the transi-
ometry optimization of structures Ad(1) as well as tjon state (TS) [6]. The total number of pixels along
H2 and CO molecules were carried out using densiffe reaction pathway (to be apel until conver-
functional theory in the genalized gradient approx- gence) was seven. The DFT calculations antEB

imation (GGA) with the Perdew, Burke, and Ernmethods were implemented in SIESTA code [7].
zerhof (PBE) gradientorrected functional [4]. The

18 RLO. obkLts. mdddw01§.s 5 d8&9 12is) & fizks



RLO. obkLto. mddd 2016 5 d89 12s) O s dse W .

RESULTS AND DISCUSSDNS Fig. 2 we also present the selected adsorption configura-
yt_ions of CO on the catalyst surface (TOCO-6).
drogen on the Cd(L1) surface The calculated adsorption energies related to

For the adsorption of hydrogen on the Co(III)eaCh qrientation possibility_ of hydrogen and carbon
surface we considered six possible adsorption configurflonoxide were presented in Table 1 and Table 2, re-

The adsorption of carbon monoxide and h

tions (H21 H2-6), which are shown in Fig. 1. In theSPECtively.
'_. 701 2007 ... @ c 701
« O b, % Co "
Co Co'o Co CO 2667
2403
c C-O " " Co Co . co.o Co CO Cc (‘;\n CCOC Coco %o Co C::O &
; Co g% o Co oc o “o Co 5 o Co
€ co G Co 2 Co Co CO‘o Co c©Co ¢ Co
Co Co g Co Co co & €
Co c Co COo Co Co C @
) g Co © Co @ o ~- < o
Co ca - Co Co
H2-1: H is oriented vertically above the H2-2: H; is oriented parallel H2-3: H: is oriented vertically atve the
Co atom to the Co atoms tetrahedral cavity
2958 2675
0.794 %o ' o “ 1.868 )
@ Co Cgo 1820 Eo Co ¢, ch Co Co C<;°
Co Co Co
2584 2544 Eo s Co Co X
" fo - Co Co Co Co Co.o .
0
0 coco Co Co Cc Co Co Co
Co Co Co Lo
Co oo Co Co

co Co’ Co
H2-4: H is oriented vertically above the H2-5: Hzis oriented horizontally above th H2-6: Hz is oriented horizontally above th
octahedral cavity octahedral cavity tetrahedral cavity

Fig. 1. The possible adsorption durations of hydrogen on the Co(lll) surface
tdh. IBLdBsyd jJ OHmMtstBydtsdeds j § s@KH)] dzgdw o tsHBSKLSHO dz2O

Cc

{1155 1170 1.196
T ® 5.
2,081 W1 g0 12016
. Co Co Co Co & g c CoC° ~o> c
L © e, © T e of ¢ 'eo & o COCO CoCe %o ~a © @ €@ Qe C
E. Co Co & co Co Co € o L C
Co ] CO‘ . Co coo -~ C o] £ i Cn = CO i Co CO Co Co
o Co <° Co
Co Cn
CO-1: CO is oriented vertically above the CO-2: CO is oriented vertically above the CO-3: CO is oriented vertically above the
Co atom with the O atom down Co atom with lhe C atom down tetrahedral cavity with the C atom down
c e g
l1143 1.200 1142
© c ®
19857 1%2.025 3112
3.106 2948 20N <, [ c
c o oco ot ~g? E : q B 3033
3.020 Co c Co 6 g . o2 c
Co Co g(‘) Co €0 (oco 0 B .. Co € o Co i
Co ‘ Co
Co Co Co o c
C Co Co
Cno . g Co Co
& Co LG C
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CO-4: CO is oriented vertically above the CO-5: CO is oriented vertically above the CO-6: COis orientedT/erticaIIy above the
tetrahedral cavity with the O atom down octahedral cavity with th€ atom down octahedral cavity with the O atom down

Fig. 2. The possible adsorption configurations of carbon monoxide on tHd §s(irface
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Table 1 CO(ads)i 2H(ads) = COH(ads) +H(ads) (1)

The calculated adsorption energy of Hon Co(111) at _
DET-GGA/PBE level COH(ads) + H(ads) => CH¥DH(ads) (2)

vOB d&zd yOMUY Isdz j L dzOy ded ™ 1 HHOH@DS) ©3HRAsE B>GHIH(ads) + H(as)(3)

Hode@o( 11 1DFTHEAPBEGL S H b CH,-OH(ads) + H(ads) => CHOH(ads)  (4)
Configuration Eads(eV) . .

Ho-1 -1.052 To study the mechanism of transformation of
H2-2 2421 CO to methanol on C@d.11) catalyst, a climbing inge
H2-3 0285 nudged elastic bond (&EB) method was performed
H2-4 20582 to determine the transition state (TS). The initial and
H2-5 -2.920 the final configurations as well as the transition state in
H2-6 -2.389 each reaction step are presented in Ff. B is as-

sumed that the energy of the iaitconfigurations is
Table 2 equal to zero. The relative energies of the seven con-
The calculated adsorption energy of CO on C¢l11) at figurations that occur in one step are also presented.
DFT-GGA/PBE level _ ~ The calculated data have shown that all of
vOB dZdyOMEY Isde" § L d2OyJ ded ™ 1 dedpfe Gré EndBtHMTEE Frekifkt step has the highest
COde@o( 1 11DQFTHEGAPBER] SEHE  4oivation energyHa = 3,212eV = 309,91 kJ/mol).
Configuration Eas{eV) This activation energy can be provided by heat. Thus,

CO1 -0.639 . . . .
Co2 3167 the proposed mechanism is relatively feasible.

CcO3 -3.324
CO4 20533 *] “ase
CO-5 -3.279 4 2R
CO6 -0.626 vl e

Based on the obtained data we can sugges® 2+
that the H25 and the CEB are the most thermody-
namically favorable adsorption configurations of H
and CO, respectively, due to the most negative valuez °1 = . S
of Eagsas compared to that of the other configurations g _, | o g
The results also showed that the adsorptions of hy : bt
drogen and carbon monoxide are of chemical nature 27 © “ &,
Hydrogen was dissociated on the catalystaxe. The 3
bond length between hydrogen @® was sharply Reaction pathway

increased from @ 7 4 j the(idolated gas mole- Fig. 3. Reaction pathway: CO(idI—T()a; S2)H(adS) =>

cue)t02058 | (for theidxbsqgpfhed mMad,CEtdcddae. co(ads) +
configuration). Similarly for the adsorption of CO on
the Co(111) structure. CO molecule was cstgly “
bonded with the Co active site via C atom. TROC  *] I
bond lengthwas significantly 3 O
toll196 |
When placing CO or Hon Co surface from a
far distance (about p), each gas molecule were still
absorbed by Co. Consequently, the apison process
of two gases does not involve the transition state
Thus, our study has shown that CO andkkmically | 2 o i
easily adsorbed on the €bl1) surface. 1 o o Wedncs ¢ g
Conversion of carbon monoxide to methanol | i ko © T RN
According to the data presented in Tdband ™ A ) - & W
2, theadsorption energy of the most favorable adsorp- | « %« “ <t COH(ads) + H(ads) => CH-OH(ads)
tion configuration of Cobal€CO (CO3) is relatively Reaction pathiway
lower as compared to that of the hydrogen. Thereforeg;y 4 Rreaction pathway: COH(ads) + H(ads) =>GH(ads)
we assume single possible pathway of methanol for-t qf. 4. mthH t©jOCydd: -OB@dd)( ads) +
mation on the C¢111) as follows:

e Energy, eV
|

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

(@]
o
0
o
o

w
1 "
o0
°

~
1

1 @

Relative Energy, eV
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0.973

4 The activation energies of each step are

3q 1327

o G AT shown in Table 3.

£ 4 co CONCLUSION

©
©

o In this work, we have performed a theoretical
- study of the hydrogenation of CO on the (dJ)
surface. The theoretical methods employed for this
task included densitfunctional theory (DFT) and a
0 - - CI-NEB method. The results showed that CO and H
% e a2 are temically easily absorbed on the Cd1). The
i en o T adsorption processes do not involve a transition state,

Co

e . regardless of the catalytic system considered. We also

]l e o (A e GO co s co

€ o ac¢ proposed a mechanism of hydrogenation of CO to
methanol that was shown to be feasible due to the

Relative Energy, eV

24
CH-OH(ads) + 2H(ads) => CH2-OH(ads) + H(ads)

Reaction pathway relative low activation energy.
Fig. 5. Reaction pathway: GAH(ads) + 2H(ads) => AC!(nOW|edgment5 _ _
=> CH-OH(ads) + H(ads) This work was supported by the Vietnam Min-
tdfm. 5. msHOHEIDPLAHdS)=>CH  istry of Education and Training, project number
=> CH>-OH(ads) + Héds) B201517-69
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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 shottived intermediate compouts 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 lasexcited molecules. The formalism is applicable to pho-
todissociative pcesses 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 conchatelly TRED
method, timedependent 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 TRED and TRXD as methods for structural
In the beginning of addynaggsudespffugdamental propefties diffgr ,
paradigm was formulated: implementing electdifa from traditional diffraction methods in both the exper-
fraction with time resolutioradds atemporal coordi- imental |mp|ementat|on and n th? theoretical ap-
nate to the determination of molecular structures [Prhoachesu_sgd to mtr(]erpre_me dlffractlor} datg?7, 8]
4]. Time-resolved electron diffraction (TREDsted |N€ ransition to the picosecorahd femtosecond

on the concept of flagphotolysis originallyproposed ;[emgoralhscales raisesf n#m(;erous _important is&uefs h
by Norrish and Porterin 1949[5]. Advarces in the 'ated to the accuracy of the dynamic parameters of the

generation of Xray pulses have made possible thayStems st_qdied b@mal_yzing timedependent scatter-
closely related timeesolved Xray diffraction Ing intensities. Ther is a particularly pronounced

(TRXD) [6]. In both methods, short laser pulses créleed_ of corresp_ondin_g theoretical basis for ghe-
ate the transient structures and induce chemical d§SSing of the diffraction data and the results of spec-

namics that are subsequently imaged by diffca at t aII myestrllgaft'lolr&sﬁft'he cohlerenrt] dyrlmamlcs %f ”.‘O'e‘
specific points in time. cules in the field of intenseltrashort laser radiation.

Such a uified and integrated approach canfoemu-
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lated using the adiabatic potential energy surfacesomic electron scattering amplitude)f(determines
(APES) of the ground and excited states of the mehe amplitude of the electron beam scattered into the
lecularsystems under stud9-11]. angleq (Fig. 1).

To understand the dynamic features of mo-
lecular systems within the complex Hdscapes of
APES it is necessaiy explore them in the associatec
4D spacdime continuumThe introduction of time in
diffraction methods and the developmeritfounda-
tional principles of their analysis opens up new metl‘

odologies to studjransient statof the reaction cen- ;
ters, and shotlived intermediate compounds in gase |
ous and condensed media. Vo E l
The use of picoor femtosecond bunches of
electrons as probes, synchronized with the pulses .\
the exciting ultrashort laser radiation, and led to th™ |
develgpment of ultrafast electron crystallography anu
nanocrystallographic techniqued?2], of dynamic Fig. 1. Scheme of the TRED for random oriented molecules and
transmission electron microscofy3-17] and of mo- determinatonofthe oor di nat es of t-hhe scatt
ecular quantum state tomograpfi], One of the SCoueTig (e & coraston e somern ol caeed
p_romls!ng appllcatlons, dgveloped by the eleCt,ronveyctors of the inpcident and scattered electror?s, respectively; s
diffraction methods, is their use for the characterizanomentum mnsfer vetor in the laboratory frame XY.Z- cath-
tion and the Avisual i z a tode@-randde, ALf Magpetic beitse®, O5i e ® h reatenc Ul 1 |
the photeexcitation of free molecules and biological duration of the laser pulsk,- electron pulse duration;laxis of
objects for the analysis of difierent Surfaces, tin 2o et 1 e leein o e n e e
films, and nanOStrUCtu_reS _(See the recent re\aaw ?ween the excitation laser pulse and diadnosing electro)rlwic pulse
cles[19-29]. The combination of staef-the-art opti- | w1 GRED! Sy jted ) dZsO Hdv - fesdL o
cal techniques and diffraction methods, using differ-lsqdtctso Odzdz" 7 Bsdzj Skdz d ey Hj dzj dzd |
ent physical principles but complementing each othet, dzj ¢ Is tg s daste di joClf)¥ f s O C O ¢ ke dziz
opens up new possibilities for structural research %tdzqw , 87 Lo OdREOY Ik dsdte-f S dadsts tgls Is O
ultrashort time sequences. It prowidehe required | 2 WRodlksi o Bdzdzise ' o € 155161 JIOGE@E Y G ¢
. a -Lp qu Ldzj s dse, fybeisoltstlsh j daasOud dd
i ntegration of tOyremicst 1 g3 & tc 0 1% tizh U GlpME j8t O 1§ tsigdetzsdidz0 Is
Functiono in chemistry, [|biioddadye, i ahoed taeas@elr,]ida dtshls s
ence[15, 16, 23] @ZOL | todats ¢ 5 Wifrflrdzisiz dg'Odzts fpls + 4 dzj € Isto s dac
In the current article, we propose the basic e 31 8’ 1 dzj tbLsddscs qdfzd MO o d
. dzd Ritsfp:  + dzj Cstetsdzdetsets MekMsCO o
ements of the theory that can be employed in analyseg,q @ o tc j dswtc oG jcBj Y HE oL BEY HOE N ¢
of TRED data recorded fronandomlyoriented laser d®fbkzdz fisds d HJOcGdesfisdtelzs h ddg + dzj §
excited molecules. The formalism is applicable to
dissociative processes and to nuclear dynamics stud- As the electron traverses the atom, it experi-
ies of dissociation phenomena. The theory will bences a phase delay, making the scattering factor
illustrated by modeling the diffraction intensities oicomplex. While for scattering from a single atom this
photogenerated dissociati of ICN molecules. The phase shift is inconsegntial, scattering from multi-
results will be compared with our previous modelingle atoms may entail different phase shifts from each
studies of randomly oriented molecular ensembles. individual atom.
1. Theory: basic assumptions and approxima- The amplitude of the wave scattered by atom i

tions within a molecule is written g80]:

A plane wave electron that easticallyscat- v, (R q) = {exp(ki R-ri )/i R-ril }exp(ikoz)fi(q), (2)
tered_ by an atom emerges as a Spakwave with an where zis theprojection of the atomic position vector
amplitude given by30]: ri onto the Zaxis (Fig. 1) and R is the scattering dis-

~ Y(R) ={exp(ikR)/R}(q), (1) tance. Since R is a macroscopic parameter (j.€s r
where R is the distance between the scattering cer&sr eqn. (2) can be expressed as:

and the detector plane and the absolute value of the . .
P Yi (Rq) = {exp(ikR)/R}exp[iko-ksri] fi(q), (3)

wave vector k is given by k ¥k¥a= 2p/l with | the _
wavelengh of the electron. For an isolated atom, th¥/heréke andks are the wave vectors of the incident

Td
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and scattered electrons, respectively, Hket/sV/ks/s states. Thushe latter can be accounted for by using
for elastic scattering. probability density functions (p.d.f.) that characterize
Introducing the momentum transfer vecwr the ensemble under investigation. If the molecular
with a magnitude of/sY=YKe-kvF (4p/l )sin(@/2), Systems investigated are not at equilibrium, as is the
and invoking the superposition principle, one olgtaircase in studies of lasexcited molecules, a tirme
the amplitude of the electron wave scattered by tlggpendent p.d.f. must be used to describe the structur-
molecular system of N atoms as: al evolution of the system. In addition, rotational and
Y =SinYi= {exp(ikR)/R}S=1nfi(S)exp(sr) (4) Vibrational motions can be separated adiabatically,
The intensity of the scattered electrons can sénce the latter involves much faster processes. The
expressed in terms of the electron current defisity ~ time-dependent molecular intensities caarttbe rep-
j(s) = he/4pmd)(Y *PYi- Y DY *), (5) resented by averaging eqn. 7 with the p.d.f. that repre-
wheree andm. are the electron charge and mas, Sents the spatial and vibrational distributions of the
the gradient operator, anti* the complex conjugate Scattering ensemb(82, 33}

wave function. lmoi(S, 1) = SBmol(S)indp=(1o/R?)?
Using Eqgns. (4) and (5), one obtains for thé SS, =undi(s) &;(s)i RelexpliDhi(s)]aexp(sri)dindg=
intensity: =(1/R?)SS; =1 fi(s)i Tfi(s)i cosDhii(s))?
1) = lo(jsdjo) = loR(1/2iko)Sean(Y *BY i - Y BY )} = 3 b0 Pvib(rij ,t)[m,pf@,ZpPsp(aij,bij ,t)exp(lsrij)3
= (I/R?) Re Se1nfi(S)exp(Br)Seinfi*(s)exptisr)} = *singgdbagldry (89
= (I/RA{ Seont fi(SF 2+ ReS, pnfi(S)E(S) exp(s(rir)} (6) In egn. (8a)a..ddenotes the vibrational and

spatial (orientation) averaging over the scattering en-
semble, Ru(ri,t) and R{ #Jift) are the vibrational
spati al p. dijdndgarértres pec
f the spherical polar coordinate system (Fig.

In equation (6),dis the intensity of the inci-
dent electron beanjp (=hkee/2ome) andjs. are the and
current densities for the incident and the Scatter%%gles o

electrons, respectivelRedenotes theeal part of the 2) that define the orientation of the internuclear dis-

function. I—!lgher order terms, corresponding to mumfance vectorj in the scattering coordinate frame.
ple scattering, are neglected for the current purpose.

Equation (6) is often written dgs) = 14(s) +
Imoi(S), where the first term is ascribed the incoherel
fat omi ¢ s c aetittdees nab dependbor the
internuclear distances. The second term, which does
pend on the internuclear distances, is ascribed to the
herent HAmol ecul ar scatte
separated by the instantaneous internuclear distar
ri =ri-rj egn. (6) yields the molecular intensity function: L
Imoi(S) = (I/R?) R SSi j=1 1 fi(S)i T fj(s)i exp(iDhij(s) ¥
3 exp(isri)}, (7
w h e rhgs) ithe difference in the phase shifts in \ /"
curred by the electrons while seathg from atoms i A
and j, respectivel{31, 32]. Fig. 2. Definition of scattering coordinates used for the develop-
Inherent in eqn. (7) is an approximationment of intensity equations in electron diffractiqns the scattering

known as the Independent Atom Model (IAM), whichangle ang the azimutth a_ngle in the detector plananid k are .
assumes that the electronic wave function of each teg vyave vectors of the incident and _scattered electrons,.respectlve-

. g . y; s is the momentum transfer vectgrisrthe internuclear distance
Om_ m_ a mOIGCUIe IS just that of the |sqlated a{G'O]. vector between the nuclei of atoms i and j, which areiposi at r
This imgies that the effects of chemical bonding onghg; 1 e s pectively; and U and b gi\
the electron density distribution of the atoms are |g- lar framework with respect to the XYZ laboratory frame
nored. Within the 1AM approximation, the molecularf dfp. 2. wdflsj O CttteH ddOl, Jhftsd
surrounding of an atom does not affect its scatteringdzed 2, tsfdfmr o O " dr  ddalsg ded o datsfyls’

so that tabulated atomic scattering factors cansed u a7 k ¢ @i fig] dg e  BzlsOdz dg" 2 ketsd o {§d
for each atom in a molecule. s ¢ skstp@i;o sdzdzsor § o jCIlster JOHOUN jg&
Assuming single scattering processes for fast % é ll: L5t , J. PB’?BJSEQ '9 @_gi&%m@ ‘{Wd. q _d3q
lectrons (> 10 keV) with short (attosecond) coher-> ¢ Sta A5 ) " HJ e\l i el ipts sifidgdierd
€ _ Me2 Mdmisj Bj €GBS o fftegons) d2e jskis s te d |
ence time, the electrons encounter molecules that agej ¢ s s 0 d3j 31 ¥ H | EUESEUSH JEBBIEEETY daEd v
essentially "frozen" in their rotational and vibrational
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For spatially isotropic, randomly orientedw h e r @ = @EEn, and g(s) is the reduced atomic
molecules, B J i = 1/4, and eqn. (8a) simplifies scattering factorf31].

to the following expression for the tintependent Therefoe, the radial distribution function ob-
molecular intensity foction: tained from a time resolved electron diffraction
Imoi(S,Y)=(1/R?)Si, j=1.ni Fi(S)I 1 i(S)T cosDhii(s) (TRED) experiment, i.e., the Fourier transform F(r,t)
3 Pyn(ri, t)[sin(sk)/sr]dr; (8b) of the modified molecular intensity sM(s,t), also de-

The timedependent p.d.f., s® #Jift) and Pends explicitly onboth the internuclear distances
P.in(ri,t) in eqn. (8a), determine the molecular intens@nd the time. Thus, it containslirect information on
ty function, ho(st) at time, t. The formerabcribes the timeevolution of the molecular structure through:
the evolution of the spatial distribution in the system F(rt) = (2p)' BM(s,t) exp(isr)ds  (13)
under investigation. The vibrational p.d.f. describes the Applying the general form of the molecular
evolution of structure in the ensemble of lasetited intensities, eqn. (8b), to the odénensional case, it
species. In what follows, we concentrate on internuclig- possible to write:

ar dynamics that evolgeon a timescale much shorter sM(s,t)=g(s) P (r,t) [sin(sr)/r]dr, (14)
than the orientation effects, such as the rotational recurhere P(r,t) =Y *(r,t) Y (r,t) and, consequently:
rence[10]. Therefore, only the timmdependent spa- F(r,) " P(rtyr (15)
tial p.d.f, R{ #J ip will be considered in the current Thus, egns. (12)15) show that in TREDthe

analysis.For the particular case of a molecular en-modified molecular intensities of scattered electrons
semble at thermal equilibriuregn. (8b) can be written depend explicitly on both the tire®olution of inter-

in the form first derived by Debyj&4]: nuclear distances and the energy distributidwver-
Imol(S)” RESS; j=1.nfi*f; &sin(sk)/SKi@ib-rot = aging the rolecular intensity function sM(s,t) over an

=SS =180 i 6fj6 coshi(s) electron pulse profile functiono(t; tq) yields the

-hj(s)Iisin(sk)/st] dF(r;), (9) TRED diffraction intensities sM(si)t parametrically

whereF+(r;) is the probabilitydistributionfunction at dependent on the delay timgbetween the pump la-

the vibrational temperature T, anB+r;) = Pr(rj)d;. ser pul se and the electron
As in the timeindependent case, the method BM(s; t)a = i lo(t'; t))sM(s, t)dt  (16)

of averaging in egns. (8a, bjay be defined freely, so In this way data refinement involves minimi-

long as certain conditions of convergence and normaation of the functional:

ization are fulfilled. Themodified molecular intensity Si-1m [BM( Siita )@.exp - R BM( Si;ta)@ thed % (17)

function sM(s,t) can be calculated as: where m is the number of data points &ithe index
SM(s, t) = sha(s, t)/k(s), (10) of resolution.

where k(s) is the atomic backgroundl], considered The solution of the inverse diffraction prob-

here to be timéndependent. lem is a characteristically #posed problenf37, 38]

We now consider more generally the intensiand is described for TRED data refinement in Chap-
ties of electrons scattered by a molecular ensemltéss 2 and 4 of the monograi].
after excitation by a short laser pulse. Let us assume 2. Modelling the dissociation dynamics of ICN
that the laser field produceswaave packebf highly To illustrate the basic effects arising in the
vibrationaly excited states that propagates on the pgeattering timalependent intensities and their corre-
tential energy surface of the excited electronic state sifonding Fourier transforms (the radial distribution
the molecule.The timedependent functioly (r,t) of functions of the inteatomic distances), we will fos
the wave packet can be expanded in terms of the on the linear triatomic molecules {B-C), in which
thonormal basis functiorjsi(r) in the following way the action of a laser pulse breaks the borB.An

(see, for exampld35]): many cases, the potential function for such systems
Y (1) = Sn=0sCrj n(r) expE2pi Ent/h), (11) can be expressed ga9]:

where n is the quantum number identifying the state ~ V(Rr)=Voexpl (R-2 )], (18)

with energy E, C, is theamplitude and the «(r) are a whereR 1 the distance betvem the n_ucleus A and the

complete set of arbitrary analytic functions. center of mass of the fragment@in the molecule

The modified molecular intensity for random-A-B-C; r =1o(BC) - re(BC); 9= mo/(me + me); 1o(BC)

ly orientedspecies can then be represente{Bby. andre(BC) T internuclear distance in the ground vi-
sM(s,1)= g(s) /Y *(r,0) Y (r,t) [sin(sr)/r] dr = brational state and the equilibrium internuclear dis-
= 9(S) SSnm=0p Car*Cn€XP(-2pi DEmit/h) 3 tance of the fragment-B, respectively;} 7 a so

3 w(1)j o) [sin(sr)/r] dr (12) called range paramet¢B9, 40] The reactions and
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APES of this kind are well known for a number of thecule in their ground ate were calculated with the
systems[39-41]. In the first stage of the analysis, itparameters of ref$32] and[42] using standard com-
has been shown the manifestation of the nuclear dydtational procedurgd81].
namics in the scattieg of the ultrashort pulses of the One approach that can be used to describe the
fast electrons by the systems that dissociate in accodynamics of the excited molecules is an approxima-
ance with the adiabatic potential functions. tion of the wave packg#6]. The wave packet carge
The ground state of the ICN molecule is apthe information on the relative positions and nuclear
proximated by a Morse function with the parametersnomenta, as well as their components at different
am = 190 pmt, R. (iodine to centenf mass distance) APES, corresponding to different electron stddeés.
= 2617 pm,D. = 26340 crt. The dissociative state isFor the wave function with minimal uncertainty
selected from several that are possible, and obegsussian function can be used as the basisiéocre-
Eqn. (18), with the parametevs = 242720 cm, Ry =  ation of the wave functions of the system, as it was
2622 pm and = 80 pm, as given in refpll, 42] proposed in the worfd7-49]; please, see aldd6]).
The photodissotiation of ICN has been studconsidering the classical trajectory in the phasace,
ied extensively both by experimental and theoreticalhere the Hamiltonian in the vicinity of the moving
methods, including femtosecond transient state spgmint {p(t); R(t)} can be expresskin terms of the de-
troscopy (please, see rg43] and references therein). grees of §f - 3(t)d and R - &R(t)d up to the second
The dissocigon of ICN (210 <l < 350 nm) order, the wave function is defined as folld4z]:

proceeds via two channd#3, 44} y (r,t) = exp{(pi/h)[a(t)(R-aR())? +
| CN  #Psp) - CN(XSY (19) + POAR-R(DI + AV} (21)
| CN 2P H CN(XSY, (20) whereUt) gives the spreading of the wave petci(t) i

producing the CN radicals predominantly in théts complex phase, anal.d71 is the expected value.
ground electronic state’g', and the iodine atoms in Using the timed e pend e n't Schro°odinge
the 2Ps; and 2Py, states. The vibrational distributioncan obtain the differential equations for the position
of the CN fragment of the ICN molecule was measnd the momentum:
ured[45] and at 266 nm it was found that vibrationalGRr(H)d O ept)d m agpty GO ( RH(22DR
population ratiosn(v = 1)in(v = 0) = 0012; n(v = whereV(R) i the potential in the Bor®ppenheimer
2)inv="0) “n(veB)MW= 0) “= 1L 14pproximation. The equations (22) describe the trajec-
In the 2@ nm photolysis, the experimefd5]  tory of the wave packet. For large temporal delays
determined rotational distribution of the radicals cagfter the excitation of the studied molecules and the
be presented as a sum of thregntiin distributions use of longer probing electron pulses it should be
centered at the rotational temperatures=T37(3)K, consideed the increase of the width (the spreading) of
T2 = 489(12)K and T = 6134(250)K, with approxi- the wave packet, which manifests in the diffraction
mately equbin grated fractional populations. pattern. In this case, the probability density of the in-
Rotational excitation of the CN fragments reteratomic distances in the ensemble of the dissociated
quires an additional term in the potential functionmolecules can be represented as follows:
Egn. (18), and can be approximated in diffraction in- PRt ) =2(O)[Y2XpfER - RM]Y 2B}, (23)
tensities by includindg whereit=0intherdispersidhaflthe @dves dackdt &ti 0 n
the r(CN) intenuclear distance in a relatively longthe initial time of the laser excitation, aft) i the
time range. However, considering time scale of thelassical trajectory of the center of gravity of the
dissociation, the evolution of the angular momentuijave packet. Consequently, the dispersiof the

can be neglected. propagating wave packet can be expressed as a linear
In a series of studies (please, see, e.g., réfinction of time during its free motion:
[43] and references cited therein) it was sholat,tat G(t) = 208G @]Y+ H24)
the wavelength of 306 nm, the dissociation channel | f t he pul se | aser pum

leading to the iodine excited statéPl(,) is effective- function att = 0, the temporal dependence of the mo-
ly closed. Thus, based on the experimental studiRgular intensitywill be:

described in ref[43], in our model calculations the s M( s , »gi(s) fisir (SRI/R)P(R, t)dR, (25)
dissociation of the ICN was assunedoroceed via a where P(R,t) = Nexp{Vo{R(t)} i Ro)/r E), (26)
stretching reaction coordinate, and the parameters of N = fexpVofR(D) T R} / 3 E) d R27) )
ref. [43] for the dissociative potential leading to
I(Ps;2) were used (please, see Eqgn. 19). The mOIeCiE!'app
lar electron diffraction intensities, sM(s), for the mol-

When the form of the probing electron pulse
roximated by the Gaussian function wiitte
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central pointt = to and corresponding duration &f When it is used the model of the Gaussian
the averaged molecular intensities can be written aswave packets (egn. (21), we can obtain the results
R ol B 2 . shown in Figs. 3 and 4. From Fig. 3 it is clear that the
&M(S,b)a].: (2 m,LQexp[-(t-to) /_ 2 $M(s dt (28) radial distribution curves obtained with a relatively
Using the above theory, it were calculated theyng probe pulses are significantly different from
time—dependent intensities dfi¢ molecular Scattering those presented in rdSO] However, some details of
and the corresponding radial distributions of the intefne dynamics of the wave packets still it is possible to
nuclear distances during the processes of the phogesfine at a time interval, which is much skeorthan
dissociation of ICN, Figs. 3 and 4 (please, see rehe probe duration. Figs. 3 and 4 also shows that the
[50] for comparison of the results). distribution of the timedependent wave packet can be
observed using the TRED technique, if the probing
45 fe electron pulse is 300 fs and can be achieved with our
new TRED equipmenbl].
30fs The studis carried out in the worfs0] show,
that the timedependent intensity of the electron dif-
151s fraction observed for dissociative states, is strongly
dependent on the shape of APES. The investigations
also demonstrate that the diffraction intensities in
s TRED can be easily calculated for the dissociative
processes, if we know the function of the potential
: Tom At energy. Thus, in principle it is possible to solve the
s, A 15 20 ) . . .
Fig. 3.Molecular intensity functions sM(s,t) calculated for the Inverse prOb.Iem’ l.e. the determ.matlon of the parame-
dissociation dynamics of the ICN randomly oriented molecules 46'S PES using the TRED technique.

a function of probe time in TRED using 300 fs electron pulses. The method of refrence frames and synchro-
Diffraction intensities were calculated for the photodissociationNit IC nization of structures

excitation from the ground state to the dissociative state (Eqn. 19) TRED ili h ; _
ot | 24 st d s eqneg gt bog RENRLL RS el e
u rd HdY H ud S H ( -
jdsd oo OdzdzICNS BE dzfl Tz yd d Gls j@;r@ﬁcm a@g glgctron pulses to probe the subse-
fls tc OTREDRM d fftseiddzd § d3 300 WM + duehtschanges iR the iiolecular structure of the sam-
q”idlszjiswg %%mfr]?sgulé%zd;df th tG({i lesu%Ndéfg dizsisd;ts_ fplé.dTh%%\ﬁié}jéﬁéﬁ(éjeﬁprétﬁon”pﬁf‘terns are rec-
" " w mera in the new femtosecond
wEs MEhksydd o1 dhmsy &zggg[j? appaarzatuﬁl]. 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
evoling molecular structure is performed in a con-
tinues recording mode.

0

—h

-

o A

45 fs

il

30 s One of the significant features of electron dif-
fraction is that electron scattering occurs from all at-

15fs oms and the atoratom pairs in the molecular sample.
Therefore, unlike spectroscoptechniques where a

0fs probe laser pulse is tuned to specific transitions, prob-

ing electron pulse is sensitive to all particles encoun-
0 tered along the way. Therefore, electron diffraction
Fig. 4. Radial distribution curves F(r,t) calculafedthe dissocia- can detect structures, which are not immediately de-
tion dynamics of the ICN randomly oriented molecules as a fungected by spectroscopyHowever, determination of

tion of probe time in TRED using 300 fs electron pulses. Dif'frac:[he molecular structure in TRED represents a formi-
tion intensities were calculated for the photodissociation at ICN

excitation from the ground state to the disatige state (Eqn. 19) dable c_:hallengg. Diffraction patte_ms represent a su-
t dMakdS ydd t©OHdOd dFes , - GpfiRRipesitipa:@l incoherent scattering from atoms as
lsOded’ j Hdzv HddzOd ¢ d HdMmmtydowelldas fceherent rsolecutar intertberdeditom-all at-
o Odzdz" = dOBEPECEZ&EzdCydd 6l o 6] GinEhmihhifsd Bk Y the lack of longange or-

TREDf) dMmitsdz L soaOdef jdz 300 Wiy ! . ro 1
[ WO ydsddy j d dels] dzif o dzBﬁ;qu’Wug%Jri gsdﬁgéé@crgﬁgﬁwgzlnféﬁgrenceofcoherent

Msydoydd f§ted oL BIGNGH] dafipdztoy ] e, incoherent nuclear scattering is an order
mMswddv o nwdmmsydOolsde dgfgagnituae higher that the coherent oneaddition,

T
o 4
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due to the small fraction of molecules that undergc
structurd changes (typically ~ 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 thai s ;.
undergostructural changes when the signal is much
less, than the background was the application of th
method of reference framgs2]. The method consists
of synchronization of electron pulses in such a way
that a baseline reference signal is established un sit
Thatis usuaIIy_ obtained at “negative time" (before the Fig. 5. Difference molecular intensity functioBsM(s; te, t)
pump (laser)) in the g_r_ounq state, or On? of the eVOIV'caIcuIated for the dissociation dynamics of the ICN randomly
ing structures at positive times. At a different refer- oriented molecules as a function of probe time in TRED using
ence times tf) it is possible to choose selected300 fs electron pulses. Diffractiontensities were calculated for
changes. Numerical methods allow figtermination the photodissociation the at ICN excitation from the ground state

. . . ~ to the dissociative state (Egn. 19)
of the difference between each of the diffraction pat df. 5. {OLdgshsd j Cwder j ddisj df

terns with a time resolution and a separate referengey m m jpsmfte,t) , ©OMMUd s Odedz § H v Hd

signal. The technique is demonstrated in a number ofoyddq ftetsdL o tsd ds tted JOits &89 O dzdz

examples (see, e.g. review artif3e]). zdCydy sl o] GJREPT & cdnlsayddo O
The method of reference frames has saver' @i € stetsdzdz’ = dsff 2 dz' fipts &3 OHOCdzcyldn). dz’ RSty

major advantages. First, the strong (unwanted) bac%%‘sgfl?e%% o 22‘;? i Vza‘qulsv;n W rq oleq tst%nggfg ‘c};tfslz, ?Sdzra

40

t, fs

s, At

ground signal from the atomic scattering is a common flssw dzdj (19)
contribution to all diffraction patterris regardless of

the time delay and the nature of the reactioand, Accordingly, fordifferenceradial distribution
therefore, can be virtually eliminatdsy calculating curveseseF ( r ; it theespace ointeratomic dis-

the difference between diffraction patterns for severgdncesr obiained by Fourier transform of the differ-
time delays. Thus, despite the fact that in general, tBAcecurvesses M( s ; tref , t), Fig.
background is dominated in the diffraction pattern, in
the curve of the intensity of the reference frame mo-
lecular scattering idominating. 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 eacara: uet; o|
reactamt and the transition structures, while in the I
original raw data, only relatively small fraction of the
signal originates from transient structures, while mos
of the signals are caused by unreacted component ;
Hence, the importance of the contributiontainsi- r, A
tional structures increases significantly in samplesij g. 6. Difference r agtjcadulatedi stri |
with selected reference frames. for the dissociation dynamics of the ICN randomly oriented mole-
Difference method for time-dependent dif- cules as a fun(_:tion of pr(_)_be time in TREBing 300 fs electror_1
fraction data analysis. The recorded diffraction pat- pulses. Diffraction intensities were calculated for the photodisso-

. iation at ICN excitation from the ground state to the dissociative
terns are dependent on the time delay between thé state (Eqn. 19)

pump (laser) and the @ioe (electron) pulse®I(s; trer, t dfm. 6.  OLdsMisde j SCtedo’ jFArneOH d Od
t), are difference curves related to the structurdlert) t6OM MU d QD did Chddzv d s yd Oydd

e : stedJ dals d e ts o Odzd@NR Wz ¥ kzdeS wootsls g

changes of the trlan3|t|o_n stzflte. | o) gémsgmq¢qa qmﬁ?gdz JL o Odzlé‘a L e
DI(S; ter, 1) = I(S; ter) - I(S; 1). (29) oo Mo Hadls  de destipls § g o BHISY 160
Accordingly, for the molecular intensity func- s r dzd tOMMudlsOdz' Hdw Yohstsu ¢ g Pd O
tions we get (Fig. 5): jsfvy wmfmdase detsets o HOMMsydOlsdo dats]

DSM(S; ter, t) =M (S; ter) - SM(s; 9, (30)
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The calculation of the theoretical equivalen®.
of time-dependent scattering intensity with the non
equilibrium distribution in this system should be perg
formed using a cumulant representation of the scatter-
ing intensity (please, see e.g. monogréply], part 1
and 4]) and, for example, the stochastic approach to
the analysis of the diffraction data, which has showh
to be effective in TRED analysis of photodissociation
of CS [53]. The difference method of TRED dat s.
analysis method has demonstrated its high efficiency
(please, see, e.g. review artifi]).

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 gfy.
300 fs, which is achieved at present in a number of
TRED experiments.

The study also shows that TRED intensitie_sL:
can be readily calculated for dissdoia processes,
provided the APES is known. Because of this correla-
tion, if the TRED intensities are expressed directly ifh2.
terms of the APES, solution of the inverse problem
seems feasible, which provide information on coher-
ent structural dynamics of theabsient state of the
chemical reaction from TRED data.
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METAL INFLUENCE IN P ORPHYRINE STRUCTURE ON KINETIC OF ELECTR ODEPOSITION
AND MORPHOLOGY OF HY DROXYPHENYLPORPHYRIN S BASEDFILMS

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.Hgutie film deposition
the working electrode surface was passivated in case of porpHigand, 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 orhé metal complex and films o small thickness films and lay-
ered structure based on the porphyrligand.

Key words: 2H-5,10,15,2&etrakis(4hydroxyphenyl)porphyrin, Zi%,10,15,2&etrakis(4hydroxy
phenyl)porphyrin, electropolymerization, morphology, kicet

Porphyrin based film materials are promisingetrakis(4methoxyphenyl)porphirins [26, 27] ob-
as an effective catalysts [1, 2], an active elements tafined in high yield by condensation of benzaldehydes
sensor devices [3, 4], in creating of organic transistovgth pyrrole [28]. ZnT(4OHPh)P was synthesized by
[5, 6], LEDs [7], nonlinear optical transmitters [8] andefluxing of HT(4-OHPh)P in methanol wit
electrochromic devices [9, 10]. & use as compo- Zn(OAc). excess for 3 hrs. The porphirins were
nent of photovoltaic cells [213] is commercially purified by preparative column chromatography on
attractive due to the ease of manufacturing technolaluminum oxide (Brockmann activity 1l). The puri-
gy, low cost, light weight, high efficiency at low lightfied products were studied by tHimyer chromatog-
levels, possibility of manufacturing the flexible eleraphy (silufol plates), UWIS spectrometry (Varian
ments. There are several tmeds for film materials Cary 50 spectrometer) andH-NMR spectrometry
fabrication [1416]. Formation of the film materials (Bruker AVANCE-500 spectrometer) methods. The
by electrochemical deposition makes it easy to contnalass spectra were recorded on a Shimadzu Axima
and adjust the film depaosition process, as well as g&enfidence (MALDITOF) mass spectrometer. The
ting on a solid substrate (working electrode surfac@yoducts characteristics agree quite well with the re-
of different types of materials [17, 18]. The proposegborted data [29, 30].He structures of porphyrins un-
mechanism of the polyporphyrin films formation viader study are shown in the Fig. 1.
electrochemical method is the recombination of the
radical particles obtained after the porphyrin precur- R R-4<:>—0H R
sor oxidation [1921]. Polymer hydroxyphenylpor-
phyrin films a their metal complexes have been ob-
tained previously in different media: aqueous solu-
tions [22], dichloromethane [23], acetonitrile [24, 25]. R R R R
Though, the influence of metal in the porphyrin cage
on the film formation process was not sufficiently
investigded yet. i)

In this paper polyporphyrin films obtained by 1 2
activated electrochemical deposition. Formation of  Fig. 1. Structural formulas of porphyrins under study
polyporphyrin films was performed from solutions2H &~ Jj &80 1. wbtekClkzted’ j Witedkzd dL
5,10,15,26tetrakis(4hydroxyphenyl)porphyrin
(H2T(4OHPh)P) and 245,10,15,2@etrakis(4hyd
roxyphenyl)porphyrin _ (ZnT(40HPR)P) in dimethyl was purified by zone melting and then stored over

sulfoxide (DMSO). The formation and morIOhOIOgymolecular sieves in a dry box before use. Tetrabu

e e Cmehlammonium perchiorate (TEAP 980, ALDRICH)
phyrinfig EXPERlMENTApL Paretyas purified by recrystallization from ethanol.*1K

solutions of porphyrins containingd2 M TBAP as
Procedure of synthesis the supporting electrolyte were prepared by the
H.T(4-OHPh)P was syntheed by the twe gravimetric method using the electronic analytical
step method via demethylation of Z0,1520 bal ance ¢Sartori uséndd&2 15S

Electrochemical procedure
Dimethylsulfoxide (DMSC* 995, ALDRICH)
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error did not exceed 3%). A potentiostat B30 (Bio RESULTS AND DISCUSSDN

Logic Science Instruments, France) was used for Fig. 2 shows cyclic voltammograms obtained at

Syporphyrin films deposition from SO solutions.
carried out in a threelectrode temperatweontrolled %r yporphy P

(255M0C) el ectr oc hshlynrepadd ¢ -~ ' ¢, °~ -~ " -
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 phing
Pt strip (the working surface equale@ tn¥) rigidly
fixed in the fluoroplastic lid. Before every measure-

j, mA/ecm

ment the active surface of the working electrode was -0.44 o5
mechanically mirropolished, degreased with etha- 05 T2 -1 0 1
nol, etched with a chromic mixture for 20in, care- 20 -5 -10 -05 00 05 10

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 gagate 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 obtainednder activation

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

j, mA/cm®

yporphyrin films deposition included cycling of the 05 ‘ ‘ ‘ ,
working electrode potential in the oxygenated solu- 20 -15 -0 -05 00 05 10
tions (to activate the deposition process), then cycling E,V

in degassed solutions (ttabilize the resulting film). b

The deposition process consisted of three stages. Ea€lg. 2. The electrochemical response et (4-OHPh)P (a) and

stage consisted of 10 cvcles in the degassed Solutié?lT("’OHPh)P (b) solutions during potential cycling. Scan rate
9 y g 0.02 V/s. 1- background current; 2degassed porphyrin solution;

and 10 cycles in an oxygenated solution. CV respons'g_ oxygenated porphyrin solution. Threset shows the oxygen

was recorded at scan rate 002.V/s. The CV data electrochemical response in DMSO without porphyrin
were correcté for Ohmic (iR) losses using the currentt dfy. 2. ¢ dzj Cltetsh d B3d Y TEQHPHPS Is € dzd €
interruption technique [33]. ( O¢nT@-OHPHP(b) fted yYdC ddtetse Odedd {§ ls,

Electrochemical impedance spectroscopy 2? E T l; JOL tc?rt(zst Z tézt’f rlslg ad s tg 'BVA;S? zmr lrﬁ‘rtm@; ;30 2
(EIS) measurements during of polyporphyrin films ¢ ¢ st n s to O lso@s tooh 4 At id tefdtazan i ls
¢d

formation were performed using Solartron Sl 1260+ dzj Clstetsn d 3 U MSd2 S dzd¢ ¢ dhdstst
analyzer at frequency range from™1® 1 Hz with fMsedd §tst? dted dzO

sinusoidal excitation voltage of 10 mV. We use {two

electrode cell for EIS study. The working and auxilia- Degassed solutions CV response (Fig. 2 a, b,

ry electrodes were piaced at 5 mm opposite to eagHrve 2) shows lovintensive wide irreversible oxida-
other. Face opolished Pt wire diameter of2mm, tion peaks at the potentials more thanl20V for the
pressed in teflon sleeve was used as worldleg- Porphyrin ligand and +Q7 V for the metal complex
trode. Platinized platinum disc 25 mm in diameteand irreversible reduction peaks with hative po-
was used as auxiliary electrode. Electrochemical cé@ntial of -1.03 for H,T(4O0HPh)P) and1.35 V for
was connected to the measuring device by-twgnT (4OHPh)P The irreversibility of the electro-
electrode foumwire scheme to avoid an effect of currentchemical peaks of porphyrins associated with the in-
carrying wires. Analysis of EIS data was penfied us- tramolecular electron transfer following the oxidation
ing ZView2 program. Atomic force microscope (AFM)or reduction processes [34, 35]. The CV shape is
images were obtained using the Scl@&Pro equip- Sllghtly varied from CyCle to CyCIE for the degassed
ment and processed by a Nova RC software. solutions. Oxygenated solutions of porphyrins CV
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100

response (Fig. 2 a, b, curve 3) shows intense irre-
versible peak of oxygen electroreduction atgmtials
more negative tharD.5 V. In the absence of porphy-
rins the electroreduction of oxygen in DMSQuigasi
reversible (inset in Fig. 2a) and leads to superoxide
anion radicals formation through the eslectron
mechanism: (&) : » +{ j ¥ [363B9]. At the
porphyrins presence the electroreduction of oxygen
turn to irreversibility due to an effectivateraction of
superoxide with porphyrins [443]. Additionally CV
° shapeof oxygenated porphyrins solutions sggnifi-
cantly changed from cycle to cycle. The gradual
change in CV curves was accompanied with the pol-
yporphyrin film formation on the surface tife work-
ing electrode. The resulting film has a golden color
and is insoluble in water, alcohol, dichloromethane.
According to AFM images the obtained poly
H.T(40OHPHP and poly ZnT(40HPh)P films has dif-
ferent morphology (Fig. 3). In the case of poly
H.T(4OHPh)P (Fig. 3a) there are miesoratches,
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(40HPh)P film. Unlike polyZnT(4OHPh)P films
the structure of the particles forming the pblyT
(40HPhH)P films can not be discern at Sol¢&r Pro
resolution. ZnT(4OHPh)P surface (Fig. 3c) is formed
of round globules with a lateral size of-400 nm.
The gbbular 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
o was performed iraerated 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 RandlesErshler scheme(Fig. 4) [44]. The calcu-
lated polarization resistance values reachethini-
mum at potential about @6 V for H,T(40OHPh)P
and about +@ V for ZnT(40OHPh)P vs Pt quasirefer-
ence electrode. These potentiatlere used at study-
ing of the films fomation kinetics via impedance
monitoring during the process (Fig. 4) [45].
It is clear to see the difference in Nyquist
d plots of HT(4OHPh)P an&nT(40OHPh)Pduring the
Fig. 3. AFM images of polyporphyrin films ¢fi ( 4 OH P h ) Pwhple) experiment. In case of ;H4OHPh)P the
ZnT(40HPh)P (c)) and histograms of heights (inset) of  Nyquist plots generally are elements loé tircle, that

HzT(40HP)P (b) and ZnT(40HPM)P (d) allows to suggest a minor contribution of diffusion
Bl SV | i i S " IO P L
J des ¢ .
H:T(4OHPHP(b) ,  4ZsTEOHPHP (d) ZnT(40OHPh)P elements of the circles come to a slop
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