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The work contains the results of experimental and theoretical studies of the sensitiza-
tion processes in compounds with the Xe-O type bond between the molecule fragments.
Such a bond is formed between a molecule containing completely occupied molecular
orbitals and another one being in the triplet ground state. Such molecules include dia-
zonium salts, azides, as well as molecules comprising a heteroatom with localized n-orbital
to which an oxygen atom is connected. The studies have shown that all such compounds
inherit a series of XeO molecule features, namely, exhibit a photochemical activity and
might be photosensitized. The sensitization possibilities according to the electron transfer
and energy transfer mechanisms as well as the chemical sensitization have been consid-
ered. All three sensitization types have been shown to be possible in diazonium salts. This
is due to the fact that the dissociative state of diazonium cation is the lower excited state
and, moreover, the an additional electron is localized on that state. For azides and
molecules comprising an N-O bond, the sensitization according to the energy transfer
mechanism is only possible except for the sensitization to hard radiation, when the
electron capture becomes possible on the dissociative state of the photo-active molecule
being a high-excited state.

PaGora comep:KuT pe3yabTaThl 9KCIEPUMEHTAJIbHBIX 1 TEOPETUUYECKUX HCCIeLOBAHUNA IIPO-
IeCCOB CeHCcuOmam3anuu (POTOMM3a COeIMHEHHUH co ¢BA3b0 Tuna Xe—0 mMex gy ()parMeHTaMu
moJiekybl. Takas CBA3h BOBHHKAET MEMKAY MOJIEKYJaMM, OJHA N3 KOTOPBLIX MMEET IIOJHOC-
TBIO 3aHATHIE MOJIEKYJAPHbIE OPOMTANM, 8 BTOPas HAXOAUTCS B OCHOBHOM TPUILJIETHOM CO-
cTosgHNK. K 4uciay TaKUX MOJIEKYJ OTHOCSTCS COJIM AMA30HMS, a3WUAbl, 4 TAKMKEe MOJIEKYJBL C
reTepoaToMoM, HA KOTOPOM JIOKAJIM30BAHA N-OpPOUTAJb, II0 KOTOPOM IIPUCOEAMHEH aTOM KIC-
nmopoxa. HceanemoBaHusi IIOKasajam, 4YTO BCE 9THU COEIMHEHMUS 00JagaoT (POTOXMMHUYECKOM
AKTHUBHOCTLI0 M [JOIYCKAIOT CEHCHUOMIMBAIMI0 CBETOUYBCTBUTEJBLHOCTH. PaccMOTpeHbl BO3-
MOJKHOCTH CEHCHOMJIMBAIMK I[I0 MEXAaHH3My IIepeHOCa 3JIeKTPOHA, IIepeHOoca 9JHEepruu, a
TaKKe XUMUYEeCKol cemcmOuamsdanuu. [[okasano, 4TO AJs COJell AUMA30HUSA MOXKHO OCYII[ECT-
BUTH CEHCHOMJIMBAIMIO BCEX TPEX THUIIOB. ITO OOYCJOBJIEHO TE€M, UTO AMCCOI[MATHBHOE COCTO-
sSHUE KATHOHA AUA30HUA SBJISETCS HUMKHUM BO30YXKIEHHBIM COCTOSHHEM M, KpOME TOro, Ha
9TOM COCTOSHUM JIOKAJM3YEeTCS MOIOJHUTEJNbHBIN 9JeKTpoH. [id asumoB M MOJEKYJ CO
cBa3bi0 N—O BoaMoO)KHa ceHCHOMIMBAIMS TOJLKO [0 MEeXaHW3My [epeHoca SHepruu, 3a HcC-
KJIOUEeHUEeM cJyudas CeHCUOMIU3AIUU K IKECTKOMY U3JIYUYEeHUI0, KOTAA IOABJIAETCS BO3MOIK-
HOCTBH 3aXBaTa 9JeKTPOHA Ha IUCCOIIMATUBHOE COCTOAHUE (DOTOAKTUBHON MOJIEKYJBLI, KOTOpOe
SABJIAETCS BBICOKOBO30OY KIEHHBIM COCTOSHUIEM.

© 2008 — Institute for Single Crystals

This work is aimed at the study of photo-
sensitization processes in compounds with a
Xe-0O type bond between the fragments [1].
Instead of Xe and O atoms, molecules were
considered having the same properties as
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the above atoms. Namely, one molecule (N,
azobenzene, resorufine, methylene blue,
etc.) should comprise a completely occupied
molecular orbital (MO) (including n-MO)
while another one (oxygen atom, aryl cat-
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ion, nitrene, carbene, etc.) should be in the
triplet ground state. Those compounds in-
clude diazonium salts (DS) (I), diazoqui-
nones (II), azides (III), molecules containing

an N—O bond (IV), ete.
a / \
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The compounds containing a Xe-O type
bond between the fragments exhibit some
features similar to those of XeOj; (dissociate
into the initial fragments under excitation
or reduction [1-4]), that is why they are
often used as the primary components in
functional materials. For example, diazonium
salts and azides are used as the photosensi-
tive components in media for information op-
tical storage; the compounds containing an
N—O bond (resazurine, azoxybenzene, etc.)
can be used as working substances in lasers
based on dyes as wll in development and pro-
duction of data storage media.

In this work, we have intended to eluci-
date the main regularities in the photosen-
sitization of the compounds under study. To
that end, we have considered the following
processes: (i) sensitization according to the
photoinduced electron transfer mechanism; (ii)
sensitization according to the energy transfer
mechanism; (iii) chemical sensitization.

The experimental studies (absorption
spectra in visible and UV regions, the pho-
tochemical process kinetics) were carried
out using solutions of the photo-active com-
pounds and sensitizers in ethanol or in a
polymer matrix (polyvinyl acetate). To ob-
tain the solid polymeric solutions, all the
components were dissolved in ethanol and
the solution was poured onto a horizontal
glass plate and dried, then the polymer
layer was detached from the glass. The pho-
tochemical experiments were carried out
using a mercury arc lamp and light filters.
To record the absorption spectra, Specord
UV/VIS and Specord M40 spectrophotome-
ters were used. The X-ray examinations
were carried out using the a URS-55 instru-
ment with iron anticathode (the maximum
emission at A =0.1753 nm; A,;, =04 )
and a DRON-2M one with copper anti-
cathode (the maximum emission at A=
0.15393 nm). As the photosensitizers of the
compounds containing a Xe—O bond to the
long-wavelength spectral region, dyes of
various classes were used, namely, deriva-
tives of xanthene (eosin, Eoz), oxazine (re-
sazurine), thiazine (methylene blue, MB)
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Table 1. Ionization potentials and affinity
energies of photo-active compounds with a
Xe—-0 type bond

Molecule Ionization Affinity
potential, eV energy, eV

H,CN, 8.32 0.18
H3CN,* 8.44 7.12
DEAPhN,* 12.04 6.25
H;COPhN,* 12.97 6.63
HOPhN,* 13.27 6.23
PhN,* 13.84 6.91
O,NPhN,* 14.24 7.53
Diazoquinone 8.31 2.74
HN, 9.79 0.35
DEAPhN, 7.93 0.91
H,COPhN, 7.85 0.88
HOPhN, 7.76 2.30
PhN, 8.18 0.88
O,NPhN,4 9.02 1.96

and others [1, 5]. To sensitize the com-
pounds to the short-wavelength spectral re-
gion, heavy metal salts were used (HgCl,,
CdCl,, ZnCly). The quantum-chemical stud-
ies of the photo-active component were car-
ried out using the semi-empirical MNDO/d
method [6].

Sensitization according to the photoin-
duced electron transfer mechanism. Depend-
ing on the problem setting, a photosensitive
compound can be sensitized to the long-
wavelength (visible) or short-wavelength
(UV and X-ray range) spectral region as
well as to the region corresponding to the
absorption spectrum of the active com-
pound.

The photolysis of diazonium salts and az-
ides occurs due to the direct excitation into
the dissociative S(nc™) state [1] or due to
the excitation into the lower S(nn”) state
followed by pre- dissociation into the sin-
glet or triplet nc™ state [1, 8, 4]. We have
shown before [1] that the photosensitivity
sensitization of diazonium salts occurs ac-
cording to the photoinduced electron trans-
fer mechanism. This is possible due to a
high electron affinity energy of the dia-
zonium cations, Table 1 [7]. Moreover, after
the electron photoinduced transfer (without
any subsequent thermalization), there is no
potential barrier for the C—N bond breaking
with a nitrogen molecule release. The quan-
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tum-chemical calculation results agree per-
fectly with the experimental data.

The direct photolysis of diazonium salts
and azides has been stated to occur even in
solutions chilled down to 4.2 K. Therefore,
the energy surface of the no™ state is a
purely dissociative one. The attempts to
sensitize azides using dyes have been found
to be unsuccessful. The quantum-chemical
calculations have shown that the absence of
the sensitizing effect is caused by a low
electron affinity energy of azides (Table 1)
as well as the presence of potential barrier
hindering the N—N bond breaking in the re-
duced azide molecule. The barrier height ex-
ceeds 1 eV for non-optimized geometry of
the anion-radical and is about 1.8 eV for
the optimized one. This, however, does not
exclude the possible dissociation from the
excited dissociative state of the anion-radi-
cal that is formed due to capture of free
electrons (the sensitization to a high-energy
radiation).

It has been found in experiment that the
X-ray sensitivity of diazonium salts and az-
ides is sensitized a little by heavy metal
salts (the optical density decrease rate of
diazonium salts and azides increases some-
what when HgCl,, CdCl,, of ZnCl, are intro-
duced into the layer).

The compounds containing an N-O bond
(e.g., resazurine) form a separate class of
compounds including the Xe-O type bond.
Since the dissociative surface of resazurine
corresponds to a highly excited state [2],
the photoinduced electron transfer to the
dye molecule does not provide the N-O bond
dissociation. Moreover, the photoinduced
electron transfer from the dye is found to
be impossible due to the low electron affin-
ity energy of the dye (Table 2). The experi-
mental attempts to sensitize the resazurine
photolysis by eosin were unsuccessful.

To cause the sensitization effect to the
visible spectral region according to the pho-
toinduced electron transfer mechanism, con-
ditions are to be provided where the inter-
molecular photoinduced electron transfer
between the A and B molecules will be en-
ergy favorable. In that case, the reactions

ABYS A +B or(AB) S AT"B—

will occur. In the first case (diazonium cat-
ion and dye anion) the energy required is

AQ=E4-hv-Ip-E;

while in the other one (electrically neutral
molecules with a Xe—-O type bond)
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Table 2. Ionization potentials and affinity
energies of molecular compounds

Molecule Ionization Affinity energy
potential, eV

mB* 10.82 6.10
MB*-CI~ 7.22 2.51
MBO*-CI- 8.02 3.39
ResH 7.76 2.85
Res~ 4.15 -0.89
ResH,* 12.55 7.07
RfH 8.02 2.46
Rf~ 3.67 -1.51
RfH,* 12.02 6.83
AB 8.24 1.62
ABO 7.64 2.01
EozH 8.31 3.14
Eoz~ 4.49 -0.25
EozH,* 11.55 6.91

AQ=1I,-hv-E4-Eg,

where I, p is the ionization potential of the
electrically neutral molecules (radicals) A
and B; EAA,B, the electron affinity energy
of the same molecules; E., the Coulomb in-

teraction energy between the A+ and B
ions. The photochemical process is realized
at AQ<0.

The quantum-chemical examination re-
sults are presented in Tables 1 and 2. The
experimental determination results of the
electron affinity energy are described in [7].
Both calculated and experimental data [8]
evidence that the photoinduced electron
transfer from the dye molecules (Table 2) to
p-methoxybenzene diazonium chloride
(H;COPhN,* in Table 1) occurs at a high
efficiency, while the process is significantly
hindered in p-diethylaminophenyl dia-
zonium (DEAPhN,*) boron fluoride and
HOPhN,* due to presence of the energy bar-
rier (Table 1).

It is to note that the sensitized (dye)
cations show also a high electron affinity
energy. Therefore, those compounds can act
as electron acceptors with subsequent
chemical reactions. The further studies have
shown that there is only a restricted group
of molecules containing a Xe-O type bond
that can dissociate into two or more frag-
ments after photoinduced electron transfer
due to a significant energy decrease of the

3
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Fig. 1. Energy diagrams of diazoquinone (A) and p-hydroxyphenyl diazonium (B) depending on the
length of the C—N bond being dissociated. The C—N bond energy in the Sl(nnﬁ) state of diazoquinone
is 0.166 eV and in the T(nc™) state of diazonium cation, 0.16 eV.

bond being dissociated [1]. However, the re-
duced molecule dissociates from a non-equi-
librium state even in those cases.

It is naturally to expect that the photoin-
duced electron transfer to the electrically
neutral diazoquinone is possible, since the
electron affinity energy of the molecule is
high. That effect, however, does not pro-
vide any sensitization reaction due to the
presence of a significant energy barrier in
the ground state of the diazoquinone anion-
radical. That molecule can be sensitized
only under simultaneous excitation of the
anion-radical into a dissociative state. On
the other hand, the protonation of diazoqui-
none causes its transformation into dia-
zonium cation with all the consequences en-
suing therefrom. The experimental results
confirm those conclusions entirely [8].

The energy transfer (the molecule excita-
tion) results always in dissociation at the
Xe-0O type bond. Along with that bond,
other bonds can of course be broken in some
cases.

The intermolecular singlet-singlet energy
transfer is in essence identical with the di-
rect excitation of the molecule. Therefore,
the results of that effect can be considered
using the data shown in Figs. 1 and 2. Pro-
ceeding from those, it is clear that the dia-
zonium salts and azides can be sensitized if
the energy being transferred from the sensi-
tizer exceeds the Sy—S; energy of the
photo-active compound. Such a sensitization
has a sense if the extinction coefficient in
the sensitizer long-wavelength band exceeds
significantly the corresponding value for
the azide or the diazonium salt to provide
the complete absorption of the actinic light.
As to the compounds containing an N—O
bond, that energy should exceed that of the
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Fig. 2. Energy diagram of neutral resazuring
molecule depending on the length of the N-O
bond being dissociated.

excitation into a dissociative state if the
latter results from a m — ¢* transition or
should be equal to the excitation energy in
the case of a 6 —» o” transition. This is due
to the fact that the oscillator strength of
the first mentioned transition is very low
while it is high for the second one.

The sensitization to the long-wavelength
spectral region is possible only in the case
when the triplet excitation energy is trans-
ferred. For such a sensitization, the singlet-
triplet split in the sensitizing molecule
should be insignificant (e.g., as in benzo-
phenone) but simultaneously the sensitizer
triplet state in to be higher than the corre-
sponding state of the azide or diazonium salt
molecule. In principle, such molecules are
available. However, those are difficult to be
used due to a small radius of the triplet-trip-
let transfer of the excitation energy.

Chemical sensitization of photochemical
processes is well known and used for a long
time. For example, in [9], literature data
have been mentioned on the chemical sensi-
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tization of secondary alcohol photo-oxida-
tion with benzophenone.

To provide chemical sensitization of light
sensitivity in compounds containing a Xe-0O
type bond, first of all, a photosensitive com-
pound should be available that absorbs the
visible light where photochemical processes
run with an active radical formation. Then,
the active radical should have a low ioniza-
tion potential, resulting in the diazonium
cation reduction reaction running in the
dark. In searching for such a photosensitive
compound, we have paid attention to the
fact that when one C—-H bond in a C,Hjy,4s
hydrocarbon becomes broken, the ionization
potential is lowered by about 3 eV [10]. The
electron donating substituents introduced
into ethane cause a lowered ionization po-
tential of the molecule. On the other hand,
introduction of iodine atom results in a
shift of the absorption spectrum towards
the visible region. That is why we have
studied the photochemical properties of
diamino iodoethane H3CC(NH,),l having the
ionization potential of 8.7 e¢V. Furthermore,
its solution is colored yellow due to a weal
absorption in the sky-blue spectral range.
The quantum-chemical calculations have
shown that the excitation of H3;CC(NH,),l
results in its dissociation with release of
atomic iodine and formation of diamino
ethyl radical with the ionization potential
of 5.7 eV. This is quite enough to provide
reduction of some diazonium salts in the
dark. The photolysis of diamino iodoethane
runs at a high quantum yield due to pres-
ence of two triplet states Ty, and T3 ar-
ranged closely to one another between the
lower triplet state (T';) and two singlet ones
S, and S, close together (Fig. 38). Moreover,
the effect of a heavy atom in the singlet-
triplet conversion S;—T; is of a great im-
portance.

In fact, we have found in experiment
that the decomposition of diamino io-
doethane sensitizes the photosensitivity of
p-methoxy phenyldiazonium H3;COPhN,*
with the long-wavelength absorption band
maximum near 313 nm.

To conclude, consideration of literature
data as well as comprehensive theoretical
end experimental studies of the sensitiza-
tion processes in compounds containing a
Xe—O type bond have shown what follows.
The sensitization to the visible or short-
wavelength (UV, X-ray) spectral regions ac-
cording to the photoinduced electron trans-
fer mechanism is possible if the ionization
potential of the sensitizer is low and the
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Fig. 8. Energy diagram of HzC—C(NH,),l de-
pending on the length of the C—l bond.

electron affinity energy of the photo-active
compound is high, thus, the reaction is en-
ergy-favorable. The energy of dissociating
bond in the reduced photo-active molecule
should not exceed a critical value, or the
electron is transferred into a hot state with
an energy exceeding that of the correspond-
ing bond. The sensitization is possible if the
electron is transferred to the excited disso-
ciative state of the radical. That mechanism
is more efficient when the sensitization is
occurred to the short-wavelength spectral
region. The sensitization to the long-wave-
length spectral region according to the en-
ergy transfer mechanism is only possible in
the case when the lower triplet state of the
photo-active compound is active. The photo-
sensitivity increase of a recording material
to the self-absorption region of the photo-
active compound having a low extinction is
possible due to inductive-resonance energy
transfer from the sensitizer with a long life-
time in the lower excited singlet state. There
is a sensitization possibility of interest in the
short-wavelength spectral region, since in
this case, the processes can be sensitized that
run only in a highly excited state of the
photo-active compound (in N—>O bond con-
taining compounds among the Xe-O type
ones). Chemical sensitization of Xe-O type
bond containing compounds to the long-wave-
length spectral region supposes the electron
transfer from an intermediate radical (the
sensitized photolysis product) to the ground
state of the photo-active compound radical.
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IIpouecu cencubimizanii marepiaJais
HAa OCHOBi cmoayk 3i 3B’askom tumy Xe—O

I1.0.Kondpamenko, IO.M.JIonamkin, T.H.Caxyn

PoGora micTurh pesysbTaTH E€KCIEPUMEHTAJbHUX i TEOPEeTUUYHHUX MAOCIiIKeHb IIPOIleciB
cencubimisanii @oroxisy cmosyk 8i sB’askom Tuny Xe—-O M (parmMeHTaMU MOJIEKYJIU.
Takuil 8B’sI30K BUHHUKAE MiK MOJEeKyJaMu, OAHA 3 SAKUX MAae IMOBHICTIO 3alHATI MOJIEKY-
NapHi opbiTanmi, a Apyra sHaXOAUTHCA B OCHOBHOMY TPHUILIETHOMY cTaHi. JJo TAKMX MOJIEKYJ
HaJeXaThb COJi JiasoHiio, asuamM, a TAKOYK MOJIEKYJHU 3 IeTepoaToMoM, Ha SKOMY JOKaJiso-
BaHa n-opbiTajb, Mo AKiM mpuegHaHWUE aToM KuCHIO. ocHigiKeHHA MOKasajuW, Mo Bei Imi
CHOJIYKU MaioTh (POTOXiMiUHY aKTUBHICTH i JOIIYyCKAaIOTH ceHcuOisnisallito CBIiTIIOUYTIMBOCTI.
Posrnanyri MoskauBocTi ceHcubimisallii 3a MexaHisMaMu IepeHeceHHs €JIeKTPOHA, IepeHe-
ceHHsa eHeprii, a TakoK xXimiumoi ceHcubinisarii. [lokasaHo, 1[0 A cojieil Aia30HiI0 MOMKHA
smificuuTu ceHcubisisariio Beix Tpbox TumiB. Ile oO6yMoOBIEeHO TUM, IO AUCOIiaTUBHUUN CTaH
KaTioHa [OiasoHi0 € HMMKHIM 80yAKeHUM CTAHOM i, KpiM Toro, Ha I[bOMY CTaHi JIOKaJi-
3yeThCs NOJATKOBUI eneKTpoH. s asugis i mojerya i3 8B ssskom N-O moskauBa cemcubii-
sallid TiJIbKU 3a MeXaHi3MOM IlepeHeceHHs eHeprii, 3a BUHATKOM BUMIAAKy ceHcuOinisalrii go
JKOPCTKOTO BUIIPOMIiHIOBAHHS, KOJU 3 ABJIAETHCA MOJKJIUBICTL 3aXOIJIeHHSA e€JIeKTPOHA Ha
IUCOIiaTUBHUM cTaH (POTOAKTUBHOI MOJIEKYJIU, AKUM € BUCOKO30YIKEHUM CTAHOM.
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