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Laser pulse photolysis experiments have shown that the triplet excited-state of 1,2,3,4-tetraphenylnaphthalene
(TPN) is one of the primary intermediates of the photochemical transformation’ efim@thylgerma-1,4,5,6-
tetraphenyl-2,3-benzo-norbornadiene (GNB) in hexane solution. The molar absorptienTo&ldsorption

and the quantum yield of the intersystem crossing of TPN were determined from the-ttijpktt energy

transfer. The scheme of GNB photocleavage has been suggested where the triplet excited TPN originated
from the triplet state of biradical through cleavage of the secon@€bond, the latter being generated from

the excited singlet state of the initial GNB after the cleavage of the firsG€ bond and the intersystem
crossing. Other channels of GNB’s chemical transformation have been discussed.

1. Introduction intersystem crossing into the triplet state. The cleavage of the
o ] ) second Ge C bond occurs in the triplet biradical that, in turn,
Germylenes are known to be reactive intermediates in the |gads to the formation of triplet dimethylgermylene and TPN
chemical and photochemical transformations of many germanium-in the singlet ground state (note that the suggested scheme does
containing compounds.® Most papers in this area are devoted not exclude another way for the transformation of the triplet
to the spectroscopy of dimethylgermylene @@e) and the  bijradical or the formation of TPN in an excited triplet state and
kinetics of its transformations:>7-14 7 7-Dimethylgerma- dimethylgermylene in a singlet ground state).
1,4,5,6-tetraphenyl-2,3-benzo-norbornadiene (GNB) is & con-  There have been other attempts to use laser pulse photolysis
venient source of MgSe; by exposing GNB to high tempera- 5 detect the intermediates in GNB photocleavg@hese
tures or UV-irradiation, it decomposes into M@ and 1,2,3,4-  stydies showed that the excitation of GNB results in formation
tetraphenylnaphthalene (TPR)>* However, data on the  of TPN in the excited triplet state. GNB is assuffetb
elementary stages of the photochemical transformations of GNB issociate in synchronous breaking of both-@:bonds over
are rather contradictory. Therefore, an application of #He 3 picosecond time scale. In this case, TPN is formed in the
CIDNP method suggests two different pathways of GNB singlet excited state and rapidly converts to the triplet state.
phototransformatio®? 22 The first pathway involves a one-step  Because no spectroscopic manifestations of,Ge were
mechanism of GNB dissociation, accompanied by the simul- observed, it was concluded that this particle rapidly (hundreds
taneous cleavage of both 6€ bonds. The second pathway is  of nanoseconds) dimerizes into tetramethyldigermene. However,
a two-step mechanism of GNB photocleavage through the this rapid recombination requires high Mg concentrations
consecutive cleavage of two 6€ bonds?122 According to (=103 M), exceeding the initial GNB concentration. It is worth
these suggestions, the cleavage of one of the Géonds in noting that even at 77 K no intermediates were recorded in the
the excited singlet state of GNB results in a biradical in the frozen matrix of methylcyclohexane, despite a high quantum
singlet state, which could recombine and/or undergo the yield (p = 0.37) of GNB dissociation. Unfortunately, the molar
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absorption of triplettriplet (T—T) absorption was not mea-

sured?® and a relative yield of the triplet TPN state remains

unknown. Therefore, it could be possible that the formation of 3
TPN in the triplet state is not the main channel of GNB
photodissociation. In addition, the initial GNB may contain
residual TPN as an impurity. In the UV region, the TPN
molecule has a stronger absorption than GNB. Therefore, laser
pulse photolysis experiments could easily observd Rbsorp-

tion as a result of direct excitation of TPN.

In the present work, we revised earlier suggested schemes of
GNB phototransformations by means of comprehensive analysis
of all sources of formation of TPN in triplet state. We have 1
measured the molar absorption of TPN-T absorption using
the energy transfer to anthracene to determine the contribution 250 300 350
of the channel of GNB photodissociation resulting in the Wavelength / nm

tetraphenylnaphthalene molecule in the triplet state. We have _ ) .
Figure 1. Change in the optical spectrum of GNB (1.87107 M)

also carefully analyzed the dynamics of the intermediate ; NS .
. D n hexane under irradiation with XeCl laser pulses (308 nm, energy 20
absorption to demonstrate that it is observed on a nanosecondm for 3 mL of solution and intensity 0.15cin 2 per pulse). For

time scale, which differs from the 5T absorption and can 35 ¢, 5 15, 30, 60, and 230 pulses, respectively.
belong to both biradical and dimethylgermylene.

Absorbance

2
2. Experimental Section

Laser pulse photolysis setup with an excimer XeCl laser (308
nm), pulse duration of 15 ns and a mean energy pulse of 20 mJ
has been used.Exciting and probing beams intersect at a small
angle ¢-2°) in a sample. All measurements were performed in
a cell with an optical path length of 1 cm. For stationary
photolysis, we employed irradiation of either the XeCl laser or e
mercury lamp (DRSh-500) with a set of glass filters to isolate Q00 350 | 400 | 450 500 55D
single lines. Optical absorption spectra were recorded using an Wavelength / nm
HP 8453 diode array spectrophotometer. Spectrally pure hexangrigure 2. Spectrum of transient absorption generated in the pulse
(Merck) was used for preparation of solutions. All measurements photolysis of GNB (1.0< 1074 M) in hexane. 1: the absorption formed
were carried out in the absence of oxygen, which was removedafter laser pulse (50 ns);-2: the spectra of rapidy components,
by purging the solutions with argon for 20 min (the residual Slow A, components, andD(w), respectively (the processing of the
concentration of oxygen was estimated from the kinetics of kinetic curves according to eq 1).
anthracene FT absorption decay and it was below X510

AAbsorbances10'

M). The standard GNB concentration was about 1.0~ M, 3. Results and Discussion
which corresponded to the optical densities of the solution ata 3.1, Stationary Photolysis of GNB SolutionFigure 1 shows
laser wavelength (308 nm) on the order of-60L2. a change in optical spectrum under stationary irradiation of GNB

GNB was synthesized as previously descrilethe amount solution in hexane. The coefficients of TPN absorption in hexane
of TPN impurity in GNB samples was determined by measuring are 308 = 9600 ande242 = 51 500 M lcm2, which almost
luminescence intensity. The TPN molecule in methylcyclohex- coincide with values in benzed&The initial GNB has a weaker
ane and ethanol exhibits a fluorescence band with a maximumabsorption ¢3%8 = 1600 and-242= 13 700 M-1cm™1). Therefore,
at 360 nm, a quantum yield of 0.09 and a lifetime of-2302 under irradiation, the kinetic curves are rapidly saturated due
ns20 The fresh GNB in solutions has shown a very weak to laser light absorption by TPN molecules. For example, the
luminescence. Therefore, the values of fluorescence intensitylast spectrum in Figure 1 corresponds to the transformation of
before irradiation and after the complete phototransformation about 60% of GNB to TPN. The quantum yield of GNB
of GNB to TPN under UV irradiation were used to estimate photodissociation under irradiation at 308 nm measured by the
the amount of TPN additive in the GNB preparation. These initial angle of kinetic curves wag = 0.31, which is in fair
measurements indicate that the impurity of TPN in our prepara- agreement with the values of quantum yield presented in
tion was about 3.5 0.5%, and its presence was taken into previous studie®’ The final spectrum fully coincides with the
account when further processing the results of laser pulse GNB (40%) and TPN (60%) spectra. Thus, the germanium-
photolysis measurements. containing products of GNB photodissociation show weaker

The absorption coefficient of TPN T absorption was absorption as compared with that of TPN.
determined from the data on energy transfer between the triplet  3.2. Laser Pulse Photolysis of GNB Solutiornlhe spectrum
levels of TPN and anthracene (ANT). Laser pulse intensity in of transient absorption that arises after a laser pulse in hexane
sample cell was estimated from the optical density of triplet  fresh GNB solution is shown in Figure 2. The kinetic curves at
triplet absorption of anthracene in oxygen-free benzene solutionthe selected wavelengths are given in Figure 3. In the UV region
at 431 nm (the quantum yield of the triplet state is 0.53, the (4 < 340 nm), 16-15us after the pulse, the absorption remains
molar absorption coefficient of ¥T absorption band is 42 000  constant and is attributed to TPN. It is worth noting that the
M~1cm~1).24 Numerical modeling of the kinetics for the decay initial slope of the kinetic curves depends on the spectral range
of transient optical absorption involved the solution of corre- of recording, which is evident from the kinetic curves (Figure
sponding differential equations by means of an in-house program3). This indicates that the laser pulse gives rise to two
based on the Runge&utta method of the fourth order. intermediates that disappear at quite different rates.
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Figure 3. Kinetic traces of a change in transient absorption generated
in the pulse photolysis of GNB (1.& 10* M) in hexane. 1 and 2:
recording wavelengths 315 and 470 nm, respectively.
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Figure 4. Spectra (a) of the triplettriplet absorption of TPN (1) and

the slowA; component (2) absorption in hexane. (b) The decay kinetics
of TPN T—T absorption.
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To distinguish the spectra of these patrticles, the kinetic curves
(AD(t)) are treated in the framework of the two-exponential
model

AD(t) = Aje ' + Ae ™ + AD(c) 1)
whereA; andA; are the optical densities of the absorption of
the particles disappearing with the rate constdataind ky,
respectively, and\D() is the optical density at long times after
the pulse, which is actually the TPN spectrum. Figure 2 shows

the spectra of componentg andA,, that is, the spectra of two
particles. The spectrum of the slow componeh) (covers a
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TABLE 1: Spectroscopic Characteristics of
Dimethylgermylene in 3-MP Frozen Matrices (77 K) and
Cyclohexane Solutions (300 K)

A (nm)

precursor 77K 300K  ref
MeGe(Ns)2 405 (Ar, 26 K) 9
PhGeMe(SiMe;) 418 425 8
Me,GeNB 420 11,12
Me,Ge(SePh) 420 420 10
(PhMeGe)GeMe 422 7
(PhMeGe)GeMe 422 420 3,4
Dinezo-1,1,2,2,3,3-hexamethyl- 430 13
1,2,3-trigermacyclohepta-4,6-diene
[MeGek 430 450 5
PhMeGe-GeMe 430 28
[Me.Gek 430 7
Me[Me,GeEgMe 436 7
(PhMeGe) 440 29
PMDGeN 440 30
[Me.Gek 506 490 14

the absence of oxygen, disappears within some microseconds.
However, from the two presented kinetics in this p&ércould

be concluded that the observed rate constapd ©Of absorption
decay at 480 nm is substantially higher (at least two times) than
the rate constant at 310 nm. Thus, the kinetic curves at various
wavelengths have not been carefully analy?ednd the fast
component4;) was not detected. Dimethylgermylene is likely

to be an active intermediate, which could be assigned to the
fast component4;). This data could be examined using Me

Ge spectroscopy in frozen matrices and solutions.

3.3. Dimethylgermylene Spectroscopy in Frozen Matrices
and Solutions.The photolysis of GNB in frozen 3-methylpen-
tane (3-MP) glasses (77 K) leads to the appearance of optical
absorption bands with maxima at 420 and 317%A#3The first
band disappears at the temperatures exceeding that of the matrix
melting point and was attributed to dimethylgermylene. The
second band, which is still observed in the spectrum after the
sample annealing, was attributed to TPN. The positions of Me
Ge bands observed for other precursors are shown in Table 1.

The photolysis of GNB in the frozen matrix of toluedg-
leads to the appearance of an absorption band with a maximum
at 420 nne’ similar to the photolysis of many other germanium-

wide spectral range from 300 to 600 nm. The decay rate constantcontaining compounds (Table 1). However, as opposed to all

is (4.64 0.6) x 10° s71, that is, this particle disappears within
about 2us. A fast component is localized in a more narrow

other papers, some studiéhave assigned this band not to
dimethylgermylene, but to a biradical arising from the cleavage

spectral range from 400 to 550 nm, and its decay rate constantof only one Ge-C bond (TPN—GeMe). This assumption is

is (3.34 0.4) x 10° s71 (~300 ns).

It is known that the addition of two phenyl groups (diphen-
ylnaphthalene molecule) widens the narrow bands efTT
absorption of naphthaleffeand shifts the spectrum from a range
of 415-430 nm to 486-500 nm?® The existence of four phenyl
groups in TPN could lead to the formation of structureles3 T

corroborated by the absence of a noticeable decomposition of
germanorbornadiene after the annealing of the irradiated matrix.
It was assumed that upon heating the matrix, the homolysis of
the second GeC bond is much slower than the recombination

of the first bond. At higher temperatures, the rate constant of
the second bond homolysis could increase faster than the

absorption over a wide spectral range. Thus, the spectrum ofrecombination rate constant. According to these studitise
the slow component can be assigned to the appearance of TPNatter explains the decomposition of GNB under UV irradiation

T—T absorption. This can be verified by recording the spectrum
of transient absorption during laser pulse photolysis of TPN in
hexane (Figure 4). The TPNT and slow f) component
absorption spectra normalize at 450 nm, which coincide with
each other, except for the 34@20 nm spectral region, where
an additional band with a maximum of 370 nm is present for
A, (Figure 4). While processing the kinetic curves for TPN in

in solution.

Germylene is formed through the photodissociation of many
germanium-containing compounds. For example, laser pulse
photolysis of aryl-substituted trigermanes'{Be—Ge(RR3)—
GeR) demonstrates the appearance of germylene absorption
bands with maxima in the range of 42850 nm after the
pulse34 Laser pulse photolysis (fourth harmonic of Nd laser at

hexane, it was observed that in these two cases, the rate constan66 nm) of 12-methyl-cyclohexagermane ((}{@&&)) in cyclo-

of absorption decay coincide. The nature of 370 nm additional
band forA; will be discussed later.

In previous studie®® of GNB photochemistry, the intermediate
absorption is assigned only to the triplet TPN state, which, in

hexané results in the absorption band of dimethylgermylene
with a maximum at 450 nm. The decay of this band in the
second-order reactionK2 = 2.7 x 10’ cm s, where X is
the rate constant of recombination ands molar absorption
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TABLE 2: Quantum Yield and Spectroscopic Parameters of

level. Three bands correspond to the transitions from the zero
vibronic level of the T state to the vibronic levels with vibronic
numbers 0, 1, and 2 of the ground Sate, respectively. The

g al Phosphorescence the Triplet State of Anthracene

:>= Fluorescence solvent ¢t A (nm) er (M~tem™) ref

2 benzene 0.53 430 42 000 24
Fé’ ol benzene 0.5 430 45500 33
= cyclohexane 0.7 422 64 700 33
8 ethanol 0.58 424 34
5 toluene 428 42 000 35
?

o

£

1S

=

-

400 500 600

position of the first band determines the triplet level energy for
Wavelength / nm TPN, Er = 2.45 eV (note that for naphthalefig = 3.15 e\?Y).
Figure 5. Fluorescence and phosphorescence spectra of TPN in Anthracene, with a much lower triplet level ener@y & 1.82—
methylcyclohexane matrix at 77 K. 1.89 eV)3L.32was used as an energy acceptor. The spectrum of

. ) ) the triplet-triplet absorption of anthracene in hexane consists
coefficient of dimethylgermylene) is followed by the appearance of 4 strong and narrow band with a maximum at 421 nm, which
of a new band at 370 nm belonging to tetramethylgermane gctually coincides with the position of this band in cyclohexane,

(MexGe)). toluene® and ethanot* The absorption coefficients of this band
Excitation (266 nm) of 10-methyl-cyclopentagermane (fMe  are summarized in Table 2.

Gey)) in cyclohexan¥ results in the formation of a particle with Processing of the kinetic curves of the- T absorption decay

an absorption band at 490 nm immediately after the laser pulse,indicates that the the triplet state of anthracene in hexane at

which disappears through recombinatio/¢2= 3.5 x 10" cm room temperature disappears through the first- and second-order

s71). In this case, a new band is formed with a maximum at reactions Kiant = (3.0 £ 0.2) x 10* s~ andkoant = (5.0 &

370 nm, which disappears in the second-order reaction. Thep.8) x 10° M~s™%, respectively). The second-order reaction is
first band belongs to dimethylgermylene, and the second bandthe reaction of triplettriplet annihilation. The triplettriplet
belongs to the product of its dimerization, that is, tetramethyl- TPN absorption in hexane disappears in the first-order reaction,
digermane ((MgGe)). Laser pulse photolysis (266 nm) of \ith the rate constankitpy = (3.5 &+ 0.5) x 1P s The
phenyl bis(trimethyl-silyl)germane (PhGebBiMe;) in cyclo- kinetics of T-T absorption disappearance for TPN and an-
hexane leads to the appearance of a wide absorption band withthracene are shown in Figure 6a (kinetics traces 2 and 3).

a maximum at 425 nm, which was attributed to dimethylgerm- | 3 solution that contains TPN and anthracene, the total
ylene? A similar absorption band with a maximum at 420 nm  ahsorption of the triplet states of TPN and anthracene (ANT)
arises after the laser pulse (308 nm) in cyclohexane solution of arises just after the laser pulse because both of the molecules

dimethyl bis-(phenylseleno)germane (}&(SePh).*° Table absorb at the wavelength of laser irradiation (308 nm). The
1 also summarizes the data on the location of the(Gée

absorption band maxima detected by pulse photolysis of 3,0

different precursors. It is worth noting that even in the same ) .
solvent, the position of the band could move by as much as 30 v UL
nm to the extent that the generation of dimethylgermylene is 8 20
carried out using various precursors. ] 15
Thus, Table 1 demonstrates a wide range of positions of the £
Me,Ge absorption band maximum in a frozen matrix and in 3 107
solutions when generated from various precursors. The band 2 0,5
shift could be due to the different geometries{Ge—C angle) < 50
of dimethylgermylene present in the frozen matrix, when '
generated from various precursors. In solutions, this shift might Time / us
occur due to the weak complexes formed from germylene K
interacting with the solvent. . 30 5
In most cases, M&e disappears in the reaction of dimer- © 25tb
ization, resulting in tetramethyldigermene. The valueldé 2~ > 20
(1-5) x 107 cm s1 points to a rather high recombination rate 2~
constan:810.14Therefore, the additional absorption band with 815
a maximum at 370 nm in the spectrum of thg component S 10
detected (Figure 4) could be attributed to tetramethyldigermene 2
((Me,Ge)) formed from the MeGe recombination. <é 05
3.4. Molar Absorption Coefficient and Quantum Yield of 0,0 : . : :
380 400 420 440 460

the T—T Absorption of TPN. A relative yield of the triplet

state of TPN in the GNB photodissociation can be determined Wavelength / nm

using the absorption coefficient of TPN—T absorption

measured in the process of triptetiplet energy transfer. Figure arising at pulse photolveis of TPN (10 10- M) and ANT (1.0 x

5 shows ?he TPN luminescence spectrum ina me_thylcyc_lohex- 10 lsl) sg)lutiong in hgxane. (a) 1:( The kinet)ic trace for(TPN and
ane matrix at 77 K. The band at 368 nm is associated with the ANT mixture. 2 and 3: The kinetic traces ofT absorption decay of
fluorescence, and the other three bands with maxima at 505,TPN and ANT in separate solutions. (b) 1 and 2: The spectra at 0 and
543, and 584 nm resulted from the phosphorescence of the triplet2 us after laser pulse, respectively, for TPN and ANT mixture.

Figure 6. Kinetic traces (a) and spectra (b) of transient absorption



Photochemistry of 7-Dimethylgermanorbornadiene J. Phys. Chem. A, Vol. 110, No. 50, 20083345

2
15
1/ ANT
T o
-~ 10} <
p 3
2 S 1}
* ®©
< 5
5r D
Z
2 TPN
O 1 1 1 1
0 2 4 6 8 0 .
5
[Anthracene]=10° / M 0 10 20

s -2
Figure 7. Dependence of the rate constipifast exponent in eq 3) Laser Intensity / mJ«cm

on anthracene concentration. Figure 8. Dependence of the optical density of the-T absorption

. L . . . of anthracene (1) and TPN (2) at 421 nm in hexane on laser pulse
optical density in a maximum of the triplet anthracene absorption @ &) ! X bu

band (421 nm) increases over2 us as a result of energy intensity
transfer (kinetic curve 1 in Figure 6a). was calculated with regard to a fraction of the laser pulse quanta
T % T absorbed by anthracene. This fraction was determined from the
TPN+ SANT — STPN+ ANT () initial optical spectra. A set of experimental data was used to

Figure 6b shows both a change of the spectrum upon energyObtam the following ratio

transfer and an increase in the triplet anthracene absorption band €

intensity at 421 nm. To determine the absorption coefficients A =51+08 (6)

of TPN T—T absorption, experiments were carried out at low €TPN

intensities of the laser pulse when the concentrations of triplet _, . . . -

molecules are small«(l?ﬁ6 — 1077 M), and the second-ordel? Strictly speaking, €q 6 determines the lower limit fm"\".

reaction of anthracene in triplet state fails to contribute because the reaction of energy tra_msf_e rcan compete with t_he

substantially to the kinetics of absorption disappearance. The process of r_adlatlonless TPN deactivation upon collision of this

kinetic curves at 421 nm were treated using the two-exponential molecule with anthracene

approximation
PP TTPN + SANT — STPN + SANT )

_ A okt —lot

AD( A T Ag ©) Itis, however, worth noting that at a large rate constant of energy

whereA, is the amplitude of the optical density increase due to 'gansfer FTE '“Vj[ ki) thfe rate consta.rllt of ra?%;&nless deactiva-

energy transfer ané; is the absorption of anthracene in triplet '02 IS close (t)hzer_oldorfn;a}rnyb3|m| ?r syste .I hotolvsi

state that results from both the direct excitation of anthracene omparing the yield o absorplion upon puise pnotolysis

(€(308 nm)= 1030 M-cmY) and the energy transfer (just after for so!utlons of TPN and anthracene (Figure 8), the following

pulse, the absorptioAs = A, — Aq). The rate constants in eq equation was obtained

3 at small signal amplitudes are of the form

ky = Kyrpn + KrelANT], Ky = Kyant 4)

€
EANTPANT _ 5611 0.7 (8)

€PN TPN

wherekre is the energy transfer rate constant. Figure 7 shows This equation makes it possible to estimate (at knewr/
the dependence & on anthracene concentration whose slope €ten) the ratio between the quantum yields
determines the valukrg = (1.1 4+ 0.3) x 10° M~1s™L. This
rate constant is close to the diffusion limit and enables energy LAY
transfer to successfully compete with the process of the
deactivation of the TPN triplet state. Kinetics calculated with
the parameters obtained (molar absorption coefficients and rate For anthracene, the quantum yield of the triplet statef),
constants) are in fair agreement with the experimental kinetic the position of the FT absorption band¢™*), and its
curves (smooth curve 1 in Figure 6a). absorption coefficient ¢f) depend on a solvent. Table 2
The ratio between the absorption coefficients of theTT summarizes these values obtained for some solvents. Following
absorption of TPN and anthracene at low intensities of the laserthis table, the position of theJT absorption band of anthracene

=0.18+0.03 9)
@anT

pulse can be written as follow: in hexane 4tm& = 421 nm) almost coincides with this parameter
for cyclohexane. Therefore, when determinipgen and etpn
EANT kre[ANT] y A, — Aoant 5) for TPN in h_exane (eqgs 6 and 9), thenT andeant values for
eron Kgpn + KrelANT] ™ Ao — Agant anthracene in cyclohexane were used as stanéfaftsls, when

determining the parameters of GNB photochemical dissociation,
whereAoanT is the contribution to the intermediate absorption for TPN below we use the valugspy = 0.13+ 0.02 anderpn-
due to direct anthracene excitation to triplet state calculated from (421 nm) = 12 700 & 2000 M~lcm % The TPN T
the investigation of the pulse photolysis of only anthracene absorption spectrum (Figure 4) can be used to determine the
solutions. For solutions containing TPN and anthrac@ggyt absorption coefficient at other wavelengths.
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TABLE 3: Position of Maxima and the Molar Absorption Coefficients of the Absorption Bands of Stable and Unstable
Germylenes

germylene solvent Amax (NM) e (M~cm™) ref
Stable Germylenes
[2,4,6-(CR)3CsH2] .Ge: hexane 374 1300 36
Th(Mes)Ge: hexane 575 1600 37,38
(CH(SiM&;),).Ge: hexane 414 970 39, 40
[Mes*],Ge: hexane, THF 430 520 41
((MesSi).,CCH,).Ge: hexane, THF 450 320 42
(ButzN),Ge: cyclohexane 445 420 43
Unstable Germylenes

(Phy).Ge: hexane 500 1650 44
MesGe: hexane 550 1440 44

aTHF = tetrahydrofuran.

3.5. Parameters of Photocleavage of GNBhe abovetpy substitution ofpr, yT,, andys, to eq 11 givey = 0.24+ 0.06.
value is used to calculate a relative yield of TPN in the triplet In another extreme casexat= 0 (the population of excited;S
state upon excitation of GNB. The amplitude and kinetics of a state is zero)y = y1, = 0.34+ 0.04 ¢ = ys, = 0.66+ 0.07).
change in optical density at 315 nm after the laser pulse (Figure Thus, the direct yield of the triplet state of TPN upon GNB
3) were determined by both the TPN absorption in the ground, photodissociation can vary over the range 6-2484. It is worth
excited, and triplet states and the disappearance of GNBnoting that, because of a small quantum yield of intersystem
absorption. The ratio between the additional absorption, just aftercrossing {r = 0.13), only the g state fails to give rise to a
the pulse &) and at long times{..) when the triplet TPN state  substantial number of TPN molecules in the triplet staie €
has relaxed into the ground singlet state of this molecule, follow 0.34).
the equation: The obtained values of the $tate yield allow us to estimate
the absorption coefficient of dimethylgermylene absorption band

ﬁ . 1" % @ 1+ @ 10 (Figure 2), which is observed as a fast component in the kinetic
D, €s— €[S [SJ] (10) curves (Figure 3). In this case, the molar absorption is of the
form
whereer = etpn, €s, andeg are the absorption coefficients of
the TPN T=T absorption, its absorption in the ground singlet A
state, and the absorption of GNB at 315 nmy][@nd [S] are €Me,ge = ETPN A VT, (12)
2

the yields (concentrations) of TPN in the excited triplet)(T

and ground singlet @ states upon GNB molecule photodis- )

sociation. All three absorption coefficients are known, and the Where Ar and A, are the amplitudes of the fast and slow
Ay/D.., ratio can be found from the kinetic curves. Therefore, components. Using the data in Figure 2, we get the valdge
eq 10 can be used to estimate the][[By] ratio. A 2400+ 500 M~*cm™. - _ _

The treatment of kinetic curves at 315 nm (one is shown in Table 1 summarize the positions of the maxima of d|mgth-
Figure 3) provide#\y/Ds, = 1.45+ 0.1. Substitutingo/D., and ylgermylene absorptlon bands in frozen matrices and so]utlor)s.
(e — €o)l(es — €c) = 2.34+ 0.1 into eq 10 indicates that [Jf However, the abS(_)rpt|on coefﬂment of these bands is still
[So]l = y1,/ys, = 0.51+ 0.1 (whereyr, andys, are the relative unknovyn. The optical absorption bands o_f g_ermylepes are
yields of the triplet and ground singlet states of TPN). Because determined by electron transfer from the binding orbital 2a

the total TPN yield per one GNB molecule equals unity, (- (linear combination of 4s and 4prbitals of Ge and of orbitals

ys, = 1), thenyr, = 0.34+ 0.04 andys, = 0.66+ 0.07. of ligands X in germylene ¥Ge:) to the nonbonding orbital
Upon GNB photodissociation, the final product (TPN mol- 1b1 (the Cz, symmetry group), which is the flﬂ’”?'ta' of the

ecule) can be in the ground dStriplet (Ty), and singlet (9 Ge atom. Transition between the terrhs; — 1B, is resolved

excited state® The quantum yield and the lifetime of fluores- with respect to symmetry. However, location of the orbitals in
cence from the Sstate are; ~ 3 ns andy; = 0.09 for TPN in different planes reduces both their overlapping and their
methylcyclohexane at 297 ®. As shown previously, the transition intensity. Thus, the absorption coefficient should be
quantum yield of the triplet stater = 0.13+ 0.02, therefore, 1i21 or(j?rs of magnitude as small as the highest valueidf

the excited TPN molecule effectively relaxes into the ground M~ ‘cm . For stable gfrm_yllenes, the bands do have the small
state as a result of radiationless processgsn = 1 — ¢f — values of about TOM~'cm (Table 3).

@t ~ 0.79). Thus, the valuers, = 0.66 &= 0.07 can be In a recent papet? the absorption coefficients were deter-
determined by both the direct appearance of TPN in the ground mined fOf some unstable germylenes (Table 3) that qlso vary
state and either the radiation or the radiationless relaxation of Over this range. Thus, the above estimate of the dimethyl-

the excited state :(S; — So). The parametepr, = 0.34 + germylene absorption coefficient is in fair agreement with the
0.04 can also be determined by both the direct formation of the literature data on other germylenes.

triplet state and the intersystem crossing-ST;. If to indicate The recombination of dimethylgermylene leads to the tet-
the relative populations of STy, and $ states of TPN after ~ "amethyldigermene appearance, which has the absorption band
the GNB photodissociation as y, andz (x + y + z = 1), with a 370 nm maximum (see additional band with 370 nm in
respectively, it is possible to write the equation spectrum ofA, component in Figure 4). The ratio of optical

densities of absorption bands of these species (spectrum of fast
@7 componentd; in Figure 2 for dimethylgermylene) allows for
Y=y~ H(VSO -2 (11) an estimate of the molar absorption for tetramethyldigermene
T (eme,ce-GeMe, ~ 3600 £ 800 M~lcm™1). The tetramethyldi-
So, if z= 0 (the population of groundSstate is zero), the  germene is also the transient particle and disappears in the
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reaction of dimerization with rate constant&2= (4.8 — 0.65) substantially smaller than unity(~ 0.4° and fluorescence is

x 10 cm s71),51445 with the formation of oligogermanes. actually absent, the major mechanism of excited singlet state
Taking into account the absorption coefficient, the bimolecular decay for this molecule is the radiationless relaxation into the
rate constant will be equal tok2= 1.7 x 10° — 2.3 x 10° ground state. From the excited statésNB can dissociate to
M~1s71 The observed rate constant of tetramethyldigermene break two Ge-C bonds and form TPN and dimethylgermylene.
decay iskops = 2kC = 2kAD/el ~ (2.0 — 0.3) x 10° s (Cis The TPN molecule could be in either the ground or the excited

the concentration of tetramethydigermene amlis its optical singlet state

density at 370 nm). Thus, its decay rate is essentially less than

the decay Of ITPN (kobs = 4.6 x 10° s71). S'GNB — *TPN + 5GeMe, (14)
3.6. Discussion of ResultsAs shown above, the considerable

portion of triplet TPN state (76- 100%) can arise directly SIGNB — SITPN + S(3e|\/|e2 (15)

(without intermediate Sstate) from GNB photodissociation.
In previous studied? there are no qualitative estimates of the A long-wave GNB absorption band is localized in the range
yield of various TPN states, because the authors did not of 275 nm, which corresponds to an energy of absorbed quantum
determine the absorption coefficient of the-T absorption of of about 4.5 eV. The effective thermal decomposition of GNB
this molecule. Therefore, they assumed that the triplet state at about 100C647indicates that the energy of the first G€
results only from the intersystem crossing in TPN, (S Tj). bond break is about 1:01.2 eV*® (the break of the second
This assumption accounts for the absence of the chemicalGe-C bond will require a much smaller amount of energy).
polarization of'H nuclei on TPN and GNB under irradiation.  About 3.3-3.5 eV can be spent to form the excit&édFN
As aresult, it was conclud&that dimethylgermylene is formed  molecule, which is insufficient because a maximum of the long-
though a one-step mechanism upon a synchronous break of twvavave TPN absorption band is at 300 nm (4.1 eV). Therefore,
Ge—C bonds. the reaction (15) is improbable.
It is worth noting that the TPN molecule in the triplet state The appearance of one of the partners (TPN op®4&) in
can arise from GNB photodissociation from the triplet state the triplet state upo®GNB dissociation is forbidden by the
("TGNB). However, the previous studi@have assumed that this  rule of total spin conservation. This rule does not forbid a
mechanism is not realized, because in the sensibilized photolysisparallel formation of two particles in the triplet states
(triplet sensibilizers-benzophenone and xanthone) there is no
intermediate absorption that could be assigned to the triplet GNB S'.GNB — ""TPN+ "GeMe, (16)
state. As compared with germanorbornadiene, for TPN, the
process of the triplettriplet energy transfer from sensibilizers However, the probability of such a process is much smaller (1/
is effective enough. Indeed, the absolute absence of photore-9) than the probability of particle appearance in singlet states
action from theTGNB state is not guaranteed, because the (eq 14), and in this case, there is an energy problem, because a
intersystem crossing (S~ T) in this molecule and the triplet reserve of 3.23.5 eV is insufficient for the simultaneous
triplet energy transfer between two molecules are two different appearance of:TPN (2.45 eV) and'GeMe (1.2 eV)51
processes. The absence of one of these does not guarantee thgrticles.
absence of the other. The processes where the GNB photodissociation occurs in
Assuming the GNB photodissociation occurs in the singlet one act with the break of both of the GE bonds have been
state, then the appearance of the triplet TPN state can bedescribed previously. It is most probable that the reaction in eq
assigned only to the formation of the TPNGeMe biradical 14 will occur in which the final products arise in the ground
in which one Ge-C band is broken and can evolve from the singlet states. Assumption of a single act means that a time
initial singlet state into the triplet state. In this case, upon the interval between the breaks of the first and second Geéonds
decay of the triplet biradical (the break of the second-Ge is much shorter than the time resolution of the method of
bond) one of the partners (M@e or TPN) could be in the triplet  registration, and a short lifetime of the biradical (the break of
state. Analyzing the signs of tHel CIDNP effects upon GNB the first bond)
photolysis in the presence of acceptors indicates that dimeth-
ylgermylene can arise in the triplet st&t€246Unfortunately, SIGNB < ¥(TPN*...*GeMe,) a7)
the CIDNP method fails to provide quantitative estimates, and
the relative yield of MgGe' remains unknown. Our data indicate ~ fails to cause a substantial change in the yield of final products,
that a relative yield of the triplet state of dimethylgermylene including a change in the electron state of these products.
varies over the range of-@66%. The lower limit (0%) can be  However, the observation of CIDNP effe€t$>“tindicates that
realized in the case of the dissociation of the triplet state of the the lifetime of the biradical is sufficient for transition into the
biradical TPN—GeMe, with the appearance of TPN only in  triplet state.
the triplet state. This is hardly probable, because CIDNP

confirms the existence of dimethylgermylene in the triplet S(TPN*..*GeMe,) <= (TPN*..*GeMe,)  (18)
state?12246 The upper limit of the yield of the triplet M&e
restricts itself toyye,ce = 1 — y7, = 0.66. From this state, the biradical can dissociate to give rise to one

The data set obtained by the methods of laser pulse photolysisof the partners in the triplet state.
and CIDNP indicates that the GNB photodissociation and the

appearance of dimethylgermylene might be a result from several "(TPN*...*GeMe) — "“TPN + “GeMe, (19)

competing reactions. The primary process is the excitation of . .

GNB into the first excited singlet state (TPN*..*GeMe,) — STPN + GeMe, (20)
SGNB ™ SIGNB (13) So, in various electron states, the final TPN molecule can

arise in four reactions (egs 14, 15, 19, and 20). A relative
Because the quantum vyield of GNB photodissociation is fraction of each channel is undetermined, and only the value
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