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Sequential electronproton addition to different NAD model compounds was studied by pulse radiolysis.
Under mildly acidic conditions, the radicals obtained by reduction of the cations are protonated at the carbonyl
group. The K, values of the resulting enol radical cations were determined. The same enol radical cations
can also be formed via a deprotonatiorprotonation process from the keto radical cations of the corresponding
NADH model compounds.

1. Introduction 2. Results and Discussion

I Model Compounds. We have chosen for this study the
In ref 1, we demonstrated that on oxidation of NADH model 470 forms of 1,4-dihydropyridines that were discussed in

compoundsXHK , the tautomeric enol radical Cation$HE™, ot 1. 1+ [tne oxidized form of 1-methyl-1,4-dihydro-6,7,8,9-
may form spontaneously, provided that the carbonyl group tetrahydro-5i-cyclohepta[b]pyridin-5-one, ,14‘”()], ot ,[tr;e,
assumes a favorable orientation for the required [1,4]-hydrogen . idized form of 1-methyl-1,4.7,8-tetrahydro-5{Bquinolinone
atom transfer. In this paper we shoyv that th_e same_species(ZHK)]' and 3+ [the oxidized form of 1-methyl-3-formyl-1,4-
XHE"" are also formed upon protonation of radicals, which — gjihydropyridine 8HK)]. In addition,4* [the oxidized form of
can be obtained by the reduction of NABnodel compounds, 1-benzyl-3-acetyl-1,4-dihydropyridindidK )] was also inves-

X+ .This approach is more general, s.iﬂce the geometric yigated. In the first step, radicak are formed by reduction of
requirements are less important than in the case of the

intramoleculatrXHK *+ — XHE** tautomerization described in o

0 o 0
ref 1. When this latter process is ineffective because of structural _ _ ~ H 7 CH
or environmental reasons, deprotonation is a major decay path [, | | | | *

~ oF o+ S+
N N N N
CH, CH,

for keto radical cationsXHK **. However, in these cases

|
reprotonation of the radicals may lead to the more stable enol ~ CH; CH,Ph
radical cationsXHE**. We believe that these studies contribute 1+ 2+ 3¢ 4+
to a better understanding of mechanism of the NABHNAD*+
transformation. the corresponding cation$", whereas in the second step the
radicals are protonated to form enol radical catioti$E*"
SCHEME 1 [Scheme 1]. Spectroscopic and kinetic characterization of the
- different species involved in these processes will be presented.
HH O o Sequential Electron—Proton Addition . Electron addition to
h)LR» 1* was achieved by pulse radiolytic reduction in aqueous
- solution at room temperatufe® The spectrum obtained at pH
g 7 (Figure 1A, curve a) has a maximum at 490 nm and an
XHKC* elevated absorption below 340 nm. Reductiod dfo 1°* could

also be achieved by electron radiolysis in 2-propanol at 77 K
(Figure 1B)® which resulted in a spectrum similar to that
obtained at pH 7 in aqueous solution.

At pH 3 (Figure 1A, curve b) a spectrum that clearly

2 o /OH corresponds to a different species is obtained. Monitoring the
NR‘ +er (E/U\R' +H* O)\R‘ absorption of the radicdl at 500 nm as a function of pH gave
N2 ” N NG the titration curve shown as an inset to Figure 1A. It indicates
| | |
R R R

that the radical is being protonated at lower pH. The time

dependence of the absorption at 500 nm followed, for example,
x X XHE™ at pH 4.5 (see inset to Figure 2) shows a rapid decay to a level

that remains constant on the microsecond time scale. This means

* On leave from the Institute of Applied Radiation Chemistry, Technical that after protonation of a fraction df [the initial spectrum
University, 90-924 Lodz, Poland. collected 45 ns after a pulse (curve a in Figure 2) is dominated
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Figure 1. Transient absorption spectra observed upon radiolysis. (A)
1* (3 x 1073 M) in aqueous solution (PD, 2-propanol [1 M]): dose,
50 Gy; thickness of the sample, 1 cih= 25 °C; spectra collected 2
x 1077 s after a 17 ns pulse at pH 7 (a) and pH 3 (b). Inset: absorption
(arbitrary units) at 500 nm (after 4 1076 s) vs pH. (B)1* (saturated
solution) in 2-propanol matrix (77 K): dose, 10 kGy; thickness of the
sample, 3 mm.
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Figure 3. Transient absorption spectra observed upon pulse radiolysis.
(A) 3" (3 x 1072 M) in aqueous solution (pD, 2-propanol [1 M]),
with spectra collected 1.2 1076 s after a 17 ns pulse at pH 7 (a) and
pH 3 (b): dose, 50 Gy; thickness of the samples, 1 T 25 °C.
Inset: absorption (arbitrary units) at 480 nm (aftex 4.0 6 s) vs pH.

(B) 4" (1 x 1072 M) in aqueous solution (N 2-propanol [0.1 M]),
with spectra collected 3.& 107 s after a 17 ns pulse at pH 7 (a) and
pH 3 (b): dose, 50 Gy; thickness of the samples, 1 T 25 °C.
Inset: absorption (arbitrary units) at 500 nm (aftex 307 s) vs pH.

TABLE 1: Excited States of 3 by CASPT2 Calculations

states EAS,nm CASPT2,nm f2 CASSCEF configuratiorts
12A" (0) (0) 81% (re)* (ground state)
22A" 1277 0.003 78%xs— 77*
32A" 460 422 0.027 48%¢— mg*

16%.7'[4 — Tl
427" <320 289 0.029 57%s— 76
52A" 278 0.134 33%rs — 76
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Figure 2. Transient absorption spectra obtained by pulse radiolysis
of 1* (3 x 1072 M) in aqueous solution (pD, 2-propanol [1 M], pH
4.5): dose, 50 Gy; thickness of the sample, 1 @ 25 °C. Spectra
were collected 4.5 1078 (a) and 2x 10’ s (b) after a 17 ns pulse.
Inset: scope trace at 500 nm.

by the radical absorption] an equilibrium is achieved (curve b
in Figure 2 shows a mixture df* and 1HE*").
Since the keto radical catiodHK **, which is obtained by

26%.7'[5 - .7'[3*

aQscillator strength for electronic transitiohActive space: 11
electrons in 5 occupied- 6 virtual &' MOs. In terms of excitations
within the 7-MOs (76 is the HOMO).

calculations for3* (Table 1). These show that the band with
Amax = 460 nm corresponds to theecondexcited state (the
HOMO — LUMO excitation in the NIR cannot be detected in
the present experiments). The observed transition, which cor-
responds to a mixture of excitations within the occupied MOs
and into virtual MOs, is predicted to be0.25 eV too high in
energy. The reason for this may be the increase in the dipole
moment from 2.76 to 3.76 D on excitation (CASSCF prediction).
In aqueous solution this increase is expected to result in
significantly enhanced solvation of the second excited state, i.e.,

protonation at C-4, is less stable than the corresponding enolin a red shift of the corresponding absorption band.

form XHE**, which arises upon O protonatidii, is reasonable

Protonation of3* leads to a band withmax = 420 nm. This

to assume that the latter is being formed predominantly. Indeed,band could not be observed in the previous argon matrix

max = 460 nm of the species that is obtained frdmagrees
very well with the peak at 453 nm in the spectruml¢fE:+
observed after intramolecular H transfer fradK** in argon
matrice$ (the band system oLlHE*" at 700-900 nm lies
outside the observation range of the present experiments).

Similar conclusions were reached for the other two com-

pounds (see Figure 3). From the titration curves we dedlge p
values of 5.1+ 0.1 for IHE**, 4.3+ 0.1 for 3HE**, and 4.5
+ 0.1 for 4HE**. These values are about 3 units higher than

experiments because it was obscured by absorptions of neutral
3HK, which do not intervene under the present conditions. We
note, however, that its position is in excellent agreement with
the CASPT2 prediction ofnax= 435 nm for the second excited
state of3HE**.1 Also, the blue shift of 30 nm on going from
1HE*" to 3HE*" is well reproduced by TD-B3LYP calculations
(reported in Table 6 of ref 1).

In all cases protonation is so rapid that it is obscured by
reduction of cation. The electron capture rate can be significantly

those of enol radical cations generated from NADH analogues enhanced by raising the concentration of the salt. Nevertheless,

carrying an amide group’ which testifies to the inductive effect
of the NH; group in these compounds.

To confirm the assignment of the spectra to the radicals
obtained by reduction, we carried out CASSCF/CASPT2

the rate of protonation can only be estimated~d€)-1° M~1
s 1. However a primary kinetic isotope effect kfi,o/ko,0 =
2.7 could be determined (measured 4d; i.e., the lifetime of
the radical increases in deuterated water. At equilibrium the
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0.3 However, we now found that significant changes become
noticeable on matrix annealing that promotes slow diffusion
0.2 leading to intermolecular processes. All four NADH analogues
’ 1HK —4HK exhibit a similar pattern of reactivity on annealing
after ionization. We will illustrate this for 1-methyl-1,4,7,8-
0.1 tetrahydro-5(61)-quinolinone 2HK, because in this compound
8
£ 00 HH O
£ ()
B N
2 CH,
2HK
1 L
conformational changes can be neglected and no spontaneous
or . j intramolecular tautomerization is observed in the corresponding
300 400 500 600 radical cation
nm In the absence of intramolecular enolization, deprotonation
Figure 4. Absorption spectra obtained by pulse radiolysi<d{3 x is found to be a major decay path of radical cations generated

102 M) in aqueous solution (b0, 2-propanol [1 M], pH7) atdose of o NADH model compound® In pulse radiolysis experi-

50 Gy, thickness of the sample of 1 cm, ahek 25 °C: (A) spectra . . e
collected 2x 107 s (a) and 7x 105 s (b) after a 17 ns pulse; (B) ments conducted in aqueous solution®biK, the lifetime of

steady-state spectrum detected a few minutes after delivering a radiatiorin® radical cation increases with decreasing concentration of
dose of 750 Gy. the starting material, which indicates that the neutral substrate

can act as a proton accepiérl® The rate constant for

SCHEME 2
o OH 2HK™" + 2HK — 2"+ 2H,"
e (N
Nig N was found to be 2.5« 1° M~1s L,
CI>H3 éHa A strong absorption oRH," overlaps with the absorption
3+ 3*H,0 band of neutral2HK, but its assignment was confirmed

experimentally. Pulse radiolysis of a 1:1 mixture of £y and
radical absorption is lower in I, which can be explained by ~ CHsCN generates HCK:*> which protonate2HK and leads

the slightly higher acidity of BO™.8 to a species with an absorption below 450 nm that decays within
For 3* only, a slower reduction process is observed (at least Milliseconds under these experimental conditions.
about an order of magnitude). The lower reactivit@oftoward In a 2-chlorobutane matrix the first product that can be

electrons (alsd3* cannot be reduced in alcoholic matrices) may spectroscopically distinguished on annealing to 95 K also
be explained by hydration of this cation in aqueous solution absorbs below 450 nm. Because of strong overlap of this band
[Scheme 2p:10 with that of the neutral precursor, its rise manifests itself as a
Since electron capture takes place at the O &6ésych a red shift of the2HK absorption. These changes are accompanied
hydration could be the reason for the observed retardation of by the decay of the radical cation absorption (see Figure 5A,
the reduction. However, after the reduction &f+H,O is curves a and b) and can be interpreted as deprotonation of
completed, the ensuing products, i.8:, and 3HE*t, show 2HK** and formation of2H,". Only a very weak absorption
spectroscopic and kinetic features similar to those observed inband, which can be assigned to the raditais seen most likely
the case o™ and4+ (see Figures 1 and 3). This indicates that because the oscillator strength for this transition is much smaller.

(if H,O is present) reduction oB87-H,O is followed by Prolonged annealing of the matrix to 107 K leads to a further
immediate dehydration and that the further reactivity is analo- decay of the radical cation with distinct formation of a new
gous to that ofL*. group of absorption bands in the region 48D0 nm, along

After the equilibrium betweet* and1HE*" is reached, both  with a further increase of the absorption below 450 nm (Figure
species decay in a parallel fashion following second-order 5A, curve c). These bands can be assigned to the ragical
kinetics Z/(el) = (3—5) x 10*s™1. Thereby a new product with ~ obtained on deprotonation &#HK**, as similar bands are
an absorption around 36@80 nm is formed (Figure 4A). This  observed upon one-electron reduction of the corresponding
absorption was assigned to the dinterl.2~5 In neutral or basic cation, 2%, embedded in a methanol matrix (Figure 5C). The
solution 1—1 was stable enough to be observed for several assignment t&® is also in accord with that of the spectra in
minutes after radiolysis by a steady-state method (Figure 4B). Figures 1 and 3 assigned to the related radital3, and4:. A

Deprotonation—Reprotonation Reactions of lonized NADH sequence of a strong narrow absorption band at around 500 nm
Model Compounds. In organic low-temperature matrices Wwith a broader shoulder at shorter wavelength is observed under
ionization of different NADH model compounds leads to matrix conditions for3" and 4* also (see Figure 6) and is
formation of the parent keto radical cations, which under those reminiscent of the acridinyl radicaf. 18
conditions do not undergo enolizatidh! In the rigid matrix However, we cannot exclude the possibility that, along with
environment no changes in the spectra were observed even aftethe radical2*, the enol radical catio@HE*" is also formed. It
several hours, and illumination of the samples did not result in is possible that if the basicity of the radical is sufficient, it may
any spectral changes except for slow photobleaching of the be protonated to give the corresponding enol radical ca2idK.
primary radical cation absorption presumably through charge is a good model substrate to analyze this problem because in
recombination. this case the absorption bands of the radical and the enol radical
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Figure 5. Transient absorption spectra observed upon radiolysis. (A)
2HK (2 x 1072 M) in 2-chlorobutane matrix: dose, 7 kGy; thickness
of the sample, 2 mm. Spectra were collected at 77 K (a), after thermal
relaxation of the sample at 95 K for 10 min (b), and at 107 K for 10
min (c). (B) 2HK (1 x 1072 M) in 2-chlorobutane matrix: dose, 20
kGy; thickness of the sample, 3 mm. Spectra were collected after
thermal relaxation of the sample at 100 K for 10 min (a), 20 min (b),
and 25 min (c). (C2" (5 x 1073 M) in methanol matrix (77 K): dose,

20 kGy; thickness of the sample, 2 mm.
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Figure 6. Transient absorption spectra observed upon radiolysis. (A)

3HK (1 x 1072 M) in 2-chlorobutane matrix: dose, 10 kGy; thickness

of the sample, 3 mm. Spectra were collected at 77 K (a) and after

thermal relaxation of the sample at 105 K for 15 min (b). @jK

400 700

(saturated solution) in 2-chlorobutane matrix: dose, 14 kGy; thickness
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species. Also, when the rate of annealing was changed, these
two species were formed in a different ratio and, moreover, they
decayed with different rates on further thermal relaxation of
the matrix. In the first experiment (Figure 5A) both species arose
simultaneously, whereas in the second experiment (Figure 5B)
almost none of the radical absorbing at 490 nm was observed,
while the transformation of the primary radical cation into a
product absorbing at 455 nm still occurred. This product can
be assigned to the enol radical cati@hE**, but because it is
generated only upon matrix softening, where diffusion is
allowed, it must be formed via an intermolecular process.

Two possible reactions may be responsible for the formation
of the enol radical cation both of which are energetically feasible
according to B3LYP/6-31G* calculations and involve the neutral
radical as a key intermediate (see Scheme 3). As the concentra-
tion of the radical increases (reaction 1), it begins to compete
(by virtue of its higher basicity) with the neutral compound in
the deprotonation of the keto radical cation (reaction 2), although
electron transfer (reaction 3) seems to be more favorable in this
Case_S,l%Zl

On the other hand, the products of the initial hydrogen-transfer
step (reaction 1) are formed close to one another under matrix
conditions. Furthermore, under conditions of slow diffusion, any
exchange of reactants, as is required for reactions 2 and 3 or
for dimerization of radicals, is significantly inhibited. Thus,
hydrogen back-transfer, which is also exothermic if it leads to
the enol radical cation (reaction 4), may take over. In this
mechanism, enolization of the initial keto radical cation may
be considered as being assisted or catalyzed by the neutral keto
compound, which acts as a proton shuttle.

3. Conclusions

The results presented in this paper clearly indicate that a
stepwise electronproton—electron transfer in NADH= NAD*
type transformations necessarily involves two tautomeric forms
of the NADH radical cation (Scheme 4). In particular, the
reverse stepwise transformation of NABo NADH occurs by
protonation of the NADradical at the oxygen atom, which leads
to the more stable enol radical cation. After reneutralization,
the enol form reverts rapidly to the more stable keto form of
NADH, thus closing the cycle of reactions.

4. Experimental Section

Compounds. 1-Benzyl-3-acetyl-1,4-dihydropyridine (4HK)
A solution of 3-acetylpyridine (Aldrich, 3 g, 25 mmol) and
benzyl chloride (3.5 g, 30 mmol) in 10 mL of anhydrous
methanol was refluxed for 3 h. The solvent was distilled under
vacuum and the residual solid washed with ethyl ether and
vacuum-dried to give 5.8 g (92%) of 1-benzyl-3-acetylpyri-
dinium chloride 4). 4HK was obtained by dithionite reduction
of 4™ according to the literature prescript@rand purified by
column chromatography (silica gel, CHLand then crystallized
from petroleum ether (mp 6566 °C). *H NMR (80 MHz,
CHCI3) 6 ppm: 2.09 (s, 3H, Ck), 2.98 (m, 2H, CH), 4.49 (s,
2H, CH,—Ph), 4.85 (m, 1H), 5,92 (m, 1H), 7.37 (m, 5HgH5),
7.40 (s, 1H).

The syntheses of other oxidized and reduced compounds are

of the sample, 2 mm. Spectra were collected at 77 K (a) and after described in ref 1.

thermal relaxation of the sample at 100 K for 20 min (b). 4€)X5 x
103 M) in 2-propanol matrix (77 K): dose, 16 kGy; thickness of the
sample, 3 mm.

Radiolysis in Solution. The pulse radiolysis of water
produces three highly reactive species;OH~ eyq (2.6),*OH
(2.7), and H (0.6) (numbers in parentheses are Gealues,

cation are clearly separated and no conformational changesi.e., yield of radicals per 100 eV of energy absorb&d).

interfere with the spectroscopic analysis.

The radicals of interest are mainly formed by the reaction of

Selective photobleaching experiments demonstrated indeedpyridine salts with g with a rate greater than oM ~1s™%. To

that the two bands in Figure 5A, curve c, belong to different

study this reaction without any interference of the other products
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SCHEME 3: Energy Changes in kcal/mol from B3LYP/6-31G* Calculations on Fully Optimized Geometries
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from the radiolysis of water, it is necessary to scavenge the species. The rate constant of the reaction of the acetone ketyl
*OH radicals bytert-butyl or isopropyl alcohols (0:21 M) in radical with solute was found to be (6-71) x 10° M~1 s™1,
the Np-saturated aqueous solutions. Isopropanol also effectively Complete reduction by the acetone ketyl radical was achieved
scavenges Hatoms?425 in aqueous solutions contaigrl M 2-propanol saturated with
The radical produced from the reaction ‘@H with tert- N20O, which converts g into *OH radicals with a rate constant

butyl alcohol is inert in further reactions, but the acetone ketyl on the order of 1 M~1 s71,
radical formed via the following reactions

. . €q T NO—~'OH+OH +N, (7
OH + (CH,),CHOH— (CH,),’COH+H,0O (5)
. . . The reactions of one-electron oxidants'Brand Ny (formed
H + (CHy),CHOH = (CHy), COH +H, ©) in the reactions shown below) wittHK were carried out in
- i 2
acts as an reducing agent. This enables a quantitative analysi 20 saturatt_edlaglzjseous solutions of Bnd NaN (5 x 10~
of results over a wide pH range, sirt€@H radicals and Hatoms ), respectively’
are converted to a reducing agent, i.e., acetone ketyl radical. It . . B
is especially important in acidic solutions when most of the Br +'OH—"Br + OH (8)

electrons are captured by protons, lowering the yield of the
electron attachment products. Because thesJ&EIOH radical
reacts with solute as a reducing agent in the pH rang&0l
this method was used to determine tlig palue of the transient

‘Br+ Br — Br,” )

N, -+ ‘OH— N + “OH (10)
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Solutions were buffered with perchloric acid, potassium (6) Some of electrons generated upon radiolysis are stabilized in the

hydroxide, and phosphate buffers. The concentration of solute matrix, and their absorption may interfere with the absorption of other
! ) radiolysis products in the visible region; however, it can be easily bleached

i 3 . . . '
was kept in the range 110) x 10 M. . photochemically or thermally. It leads to a concomitant increase in the
The pulse radiolysis system based on a linear electron radical absorption, which confirms this assignment.
accelerator delivering a dose of 480 Gy per pulse (17 ns) (7) Tripathi, G. N. R.; Su, Y.; Bentley, J.; Fessenden, R. W.; Jiang,

P.-Y.J. Am. Chem. S0d.996 118 2245.

was described earliéf.
; : - B _ (8) Schowen, R. LProg. Phys. Org. Chenil972 9, 275.
Experiments in Cryogenic Glasses2-Chlorobutane, meth (9) Oppenheimer, N. J.. Handlon, A. L. the EnzymesSigman, D.

ylcyclohexane, and 2-propanol or methanol were used as organics, | gd.; Academic Press: San Diego, CA, 1992; p 453.

matrices, which on freezing form transparent glasses suitable (10) wiberg, K. B.; Morgan, K. M.; Maltz, HJ. Am. Chem. S0d4.994
for optical measurements. The samples were prepared byl16 11067. _

immersing room-temperature solutions in liquid nitrogen. The Angllc)hgf'%ké&]ébgalrfg%glA-? Adamus, J.; Paneth, P.; Rogowskd, J.
samples W(_are_—23 mm thick e_md were placed in temperature- (12) Marcinek, A.: Rogowski, J.; Adamus, J.. Beki, J.; Platz, M. S.
controlled liquid helium or nitrogen-cooled cryostats (Oxford . phys. Chem1996 100, 13539.

Instruments). The desired temperature{100 K) was achieved (13) Marcinek, A.; Zielonka, J.; Gxcki, J. Manuscript in preparation.
by proper helium flow and/or automatically controlled heating. ~ (14) Levanon, H.; Neta, RChem. Phys. Letf198Q 70, 100.

The optical absorption spectra were measured on a Philips 8710_ (15) Anne, A.; Hapiot, P.; Moiroux, J.; Neta, P.; Sawé J.-M.J. Am.

. Chem. Soc1992 114, 4694.
or a Cary 5 (Varian) spectrophotometer. (16) Neta, PJ. Phys. Chemi979 83, 3096.

The samples mounted in a cryostat were irradiated wjts 4 (17) Anne, A.; Hapiot, P.; Moiroux, J.; Neta, P.; Sane J.-M.J. Phys.
electron pulses from an ELU-6 linear accelerator. Details of chem.1991, 95, 2370.
the pulse radiolysis system are given elsewR&ré. (18) Adamus, J.; Rogowski, J.; Michalak, J.; Paneth, Phicé J.;

Quantum Chemical Calculations. The geometries of all M""(rlcg)‘e'(r A-é_';'atZ' ’VIL- Sé- _Phyé- %rgAChemeg?*S& 52‘7‘-7 06, 5057
. F . . van eikeren ., rier . LI AM. em. S0 .
species were optimized by the B3LYP density functional . . ’ i . N
. . . . 20) van Eikeren, P.; Kenney, P.; Tokmakian, R.Am. Chem. Soc.
method®2° as implemented in the Gaussian 94 suite of 19§9 )101 1402, Y

programs®3lusing the 6-31G* basis set. Relative energies were  (21) Moiroux, J.; Elving, P. 3J. Am. Chem. S0d.98Q 102, 6533.

calculated at the same level. (22) Anderson, A. G., Jr.; Berkelhammer, &.Am. Chem. S0d.958
Excited-state calculation a8t was carried out at the B3LYP/ 80 992.
6-31G* geometries by the CASSCF/CASPT2 procth (23) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJB.

. Phys. Chem. Ref. Datk988 17,513.
the MOLCAS prograr# using the [C,N,0]3s2p1d/ [H]2s ANO (24) Neta, P.; Huie, R. E.; Ross, A. B. Phys. Chem. Ref. Da088

basis set* The active space was chosen to obtain a satisfactory 17, 1027.
description of allr excited states of interest at the CASPT2 (25) Mohan, H.; Srividya, N.; Ramamurthy, P.; Mittal, J. P.Chem.

level (the CASPT2 wave functions are described te-%8% SO(Céé ;:aézfgzzgfnél?aijﬁ 2K35u3bls ~ Kron 1. Radioanal. Nudl
by the CASSCF wave function for all excited states). Chem.1986 101, 177. P e e : ‘

. (27) Ggbicki, J.; Marcinek, A.; Rogowski, Radiat. Phys. Cheni992
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