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ABSTRACT: Acylgermanes have been shown to act as efficient photoinitiators. In this investigation we show how
dibenzoyldiethylgermane 1 reacts upon photoexcitation. Our real-time investigation utilizes femto- and nanosecond transient
absorption, time-resolved EPR (50 ns), photo-chemically induced dynamic nuclear polarization, DFT calculations, and GC-MS
analysis. The benzoyldiethylgermyl radical G• is formed via the triplet state of parent 1. On the nanosecond time scale this
radical can recombine or undergo hydrogen-transfer reactions. Radical G• reacts with butyl acrylate at a rate of 1.2 ± 0.1 × 108

and 3.2 ± 0.2 × 108 M−1 s−1, in toluene and acetonitrile, respectively. This is ∼1 order of magnitude faster than related
phosphorus-based radicals. The initial germyl and benzoyl radicals undergo follow-up reactions leading to oligomers comprising
Ge−O bonds. LC-NMR analysis of photocured mixtures containing 1 and the sterically hindered acrylate 3,3-dimethyl-2-
methylenebutanoate reveals that the products formed in the course of a polymerization are consistent with the intermediates
established at short time scales.

1. INTRODUCTION
Germanium-centered radicals are key intermediates in a broad
range of chemical reactions.1−7 The reactivity of the related tin-
and silicon-based radicals has been well described, but the
reactivity of the related Ge-centered radicals is much less
explored.8−13

In the field of photoinitiated free-radical polymerization14,15

Ge-centered radicals have started to play an important role.
Especially for applications requiring longer excitation wave-
lengths (e.g., dental fillings), optimizations of photoinitiators
are highly desirable. The recently developed dibenzoyldiethyl-
germane 116,17 shows the absorption maximum of its n−π*
transition, which is required for α-cleavage reactions leading to
radicals, at red-shifted 418 nm. The overlap of the d-orbitals of
Ge with the π* orbital of the carbonyl group is responsible for
that shift. In classical hydroxyalkylphenones this transition can

be found at ∼350 nm. Up to now the highest shift for type I
photoinitiators was observed for bis-acylphosphine oxides with
shifts <400 nm.

The efficiency of 1 has been demonstrated,16−19 in terms of
photo-DSC measurements and product analysis. However, the
primary species leading to the polymerization process have not
been established by experiment. As shown in Scheme 1, the
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primary reaction expected is the α-cleavage of a Ge−C(O)
bond. Whereas the reactivity of the benzoyl radical is rather
well established,20−23 the knowledge on the Ge-centered
radicals requires some expansion.10

The aim of our work is to establish the mechanism of the
primary cleavage of 1 and to investigate the properties of the
thus formed Ge-centered radical. This germyl radical will be
described in terms of its structure and its intrinsic conversions;
furthermore its reactivity toward acrylate double bonds will be
explored quantitatively. This is accomplished by time-resolved
optical spectroscopy (fs−μs), time-resolved electron para-
magnetic resonance (TR-EPR) (ns), photo-chemically induced
dynamic nuclear polarization (CIDNP), EI-MS, and DFT
calculations. In addition to the primary reactions of the germyl
radical, we show conversions of 1 at long-term irradiation (up
to 600 s) in the presence of butyl acrylate and the sterically
hindered acrylate 3,3-dimethyl-2-methylenebutanoate (to avoid
formation of insoluble polymers). We predominately focus on
the chemistry of the Ge-centered radicals, showing some
general features of their characteristic transformations.

2. EXPERIMENTAL SECTION
The synthesis of 1 is described in refs 16 and 17. Toluene, toluene-d8
(Fluka), and acetonitrile-d3 were used as received. Samples were
saturated with Argon prior to use to remove the oxygen from the
solution.
For time-resolved optical spectroscopy, toluene (Fisher Scientific,

>99.8%), acetonitrile (Fisher Scientific, 99.98%), and butylacrylate
(Sigma-Aldrich) were used as received.
The apparatus used for femtosecond transient absorption (fs-TA)

spectra with excitation at 400 nm was already described.24 The
instrument response function had a full width at half-maximum
(fwhm) of ∼200−500 fs as obtained from measurements of the optical
Kerr effect in toluene and acetonitrile. Samples were excited with
∼1015 photons/(cm2 pulse). Samples were bubbled with nitrogen
during the experiment to constantly refresh the excitation volume, thus
avoiding sample decomposition. Changes in the sample concentration
due to degradation and/or solvent evaporation were negligible as
judged from absorption spectra before and after the experiments.
Nanosecond transient absorption (ns-TA) experiments were

performed with excitation at 355 nm using a setup described in ref
25. Samples were saturated with nitrogen and constantly bubbled with
nitrogen to refresh the sample and avoid sample decomposition.
Rate constants were extracted from the experimental spectra by

global target analysis.26

TR-EPR experiments were performed using light pulses (355 nm,
∼10 mJ/pulse, pulse length ∼10 ns) from a Continuum Surelight II
Nd:YAG laser, operating at 20 Hz. A Bruker ESP 300E X-band
spectrometer with unmodulated static magnetic field and a LeCroy
9400 dual 125 MHz digital oscilloscope were used to acquire the TR-

EPR spectra. During a TR-EPR experiment the desired magnetic field
range was scanned by recording the accumulated (50−100
accumulations) EPR time responses to the incident laser pulses at a
given static magnetic field. The experimental setup was controlled
using fsc2, software developed and kindly provided by J. Toerring
(Berlin). Argon-saturated solutions were irreversibly pumped through
a quartz tube (inner diameter 2 mm, flow ∼2−3 mL/min) in the
rectangular cavity of the EPR spectrometer.

1H NMR and CIDNP experiments were carried out on a 200 MHz
Bruker AVANCE DPX spectrometer equipped with a custom-made
CIDNP probe head. A Spectra Physics INDI Nd:YAG laser (355 nm,
∼60 mJ/pulse, pulse length ∼8−10 ns) operating at 20 Hz and a
Hamamatsu Hg−Xe lamp (150 W, pulse length 300 ms) served as
light sources. The typical CIDNP timing sequence consists of the
following parts: composite pulse presaturation, laser/lamp flash, 90°
radiofrequency detection pulse (2.2 μs), and FID. Sample decom-
position during the CIDNP experiment did not exceed 1%, as
controlled by NMR.

Geometry optimizations, hyperfine coupling constant (hfc)
calculations and frequency analysis were done using the Gaussian
0327 software package at the B3LYP28,29 level of theory with the
TZVP30 basis set. Single point energy calculations were carried out
using the M052X/6-311+G(2d,2p) protocol.31

GC-TOF MS analyses of irradiated solutions of 1 in CD3CN (c =
4.8 × 10−6 mol/L, irradiation time up to 2 min, under Ar) were
performed on an Agilent 7890A (Agilent, USA) gas chromatograph
coupled to an orthogonal TOF mass spectrometer (GCT Premier,
Waters). The GC conditions were as follows: column, DB-5MS (J &
W Scientific, CA, USA) 30 m length × 0.25 mm ID × 0.25 μm phase
thickness; injection temperature, 250 °C; transfer line temperature,
250 °C; column temperature program, 40 °C for 4 min, ramp at 20
°C/min to 280 °C, with a final 4 min hold at 280 °C; carrier gas,
helium 1.00 mL/min; injection mode, split 1:100; and injection
volume, 1 μL. Mass spectra were acquired in electron ionization mode
(70 eV, source temperature 250 °C), over the mass range m/z 50−800
Da, with ∼7000 fwhm resolution and an acquisition rate of 4 spectra/s.
Data were processed using MassLynx (version 4.1) software.

Photolysis experiments in the presence of the monomer 3,3-
dimethyl-2-methylenebutanoate (t-BAM)32 were performed with a
Bluephase C8 long-term irradiation (LED) lamp (430−530 nm). The
corresponding LC-NMR spectra were recorded on a 400 MHz Bruker
Avance DRX400 FT-NMR spectrometer with a 60 μL triple-resonance
flow probe head. LC was carried out on an Agilent 1100 HPLC with
quaternary pump, UV detector, and solid-phase extraction unit SEP
Prospekt 2.

3. RESULTS AND DISCUSSION
3.1. Photophysics. Time-resolved optical spectroscopy was

used to obtain information how and on which time scale a Ge-
centered radical is formed. We performed femto- and
nanosecond broadband transient absorption experiments.
Directly after photoexcitation we observe a transient absorption
spectrum with a maximum around 470 nm, which we can
attribute to the singlet excited state of 1. This species
disappears within tens of picoseconds (cf. Table 1) to give
rise to the triplet state of 1, which exhibits absorption maxima
at 460 nm and above 700 nm (green line, upper part of Figure
1).
On the nanosecond time scale, it can be observed that the

triplet state of 1 decays within ∼15 ns and a new band at 500

Scheme 1. Reaction Scheme of the Relevant Photophysical
Processes of 1 upon Laser Excitationa

aThe grey boxes refer to the processes observable with the respective
experimental techniques. The colors of the species correspond to
those in the transient absorption spectra (Figure 1).

Table 1. Rate Constants of Inter System Crossing (ISC) and
α-Cleavage of 1

solvent kISC, s
−1 kcleav, s

−1

toluene (3 ± 0.3)·1010 (6 ± 2)·107

acetonitrile (2 ± 0.1)·1010 (7 ± 2)·107
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nm emerges (Figure 1, lower part). This absorption can
straightforwardly be ascribed to the Ge-centered radical G•
since the simultaneously formed benzoyl radical B• is known
not to be detectable in the 400−700 nm range.21

Accordingly, the reaction sequence sketched in Scheme 1 can
be adopted. Whereas the rate constant for inter system crossing
has an expectable value of ∼3 × 1010 s−1, the rate constant for
α-bond cleavage is relatively small (∼7 × 107 s−1). This is in
remarkable contrast to the photophysics of the P containing
analog, the intersystem crossing rate of which is reported to be
8 × 109 s−1 and its cleavage rate being much faster with 1010

s−1.21 The corresponding rate constants are summarized in
Table 1.
3.2. TR-EPR.With a time resolution of ∼50 ns, and its rather

high sensitivity based on radical-pair effects,33−36 TR-EPR is
ideally suited to get insight into the structure of the primary
Ge-centered radical G•. Laser-flash photolysis of 1 leads to the
TR-EPR spectrum shown in Figure 2. It consists of two

different overlapping signals appearing in emission, indicating
that radicals are polarized via the triplet mechanism,34,37 in line
with the results obtained by optical spectroscopy. The rather
narrow and unresolved signal (g = 2.000, marked in gray in
Figure 2) is attributed to the benzoyl radical B•.20,38 The
dominating pattern (g = 2.006, blue in Figure 2) is a quintet
(intensity ratio 1:4:6:4:1), with an isotropic 1H hfc of 0.44 mT.
It can be assigned readily to the four equivalent methylene
protons (“β-hydrogens”) of the two ethyl groups in the Ge-
centered radical39 G• (calcd 1H hfc, 0.61 mT). Moreover,

calculations show that the remaining 1H hfcs (γ- and aromatic
protons) in G• are at least 1 order of magnitude smaller and
are not resolved in the experimental TR-EPR spectrum (see
Supporting Information).40

The TR-EPR experiments clearly establish radicals B• and
G• as the primary species formed on a 50 ns time scale upon
irradiation of 1 after intersystem crossing from the excited
singlet to the excited triplet state and subsequent α-cleavage
(Scheme 1).

3.3. 1H TR-CIDNP. When an initiator is photolyzed and
undergoes a homolytic bond cleavage, the corresponding
radical pair is created in a correlated spin state. The follow-
up reactions of this initially formed radicals depend on the
relative orientations of their spins, e.g., two radicals with an
overall triplet state cannot recombine, causing a non-Boltzmann
population of magnetic energy levels (up to a μs time scale)
and leading to ‘polarized’ NMR signals. Therefore, reaction
pathways proceeding via radical pairs can preferentially be
followed using this phenomenon (CIDNP).41,42 We have
applied the time-resolved 1H CIDNP technique43−45 to
investigate primary transformations of the radicals G• and B•.
In Figure 3, the 1H NMR spectrum of parent 1 and the

corresponding TR-CIDNP resonances with delays of 1 and 20
μs (in toluene-d8) are presented. The spectra taken 1 and 20 μs
after the laser flash show compatible polarization patterns but
indicate that additional follow-up products emerge after 20 μs.
The resonances can be assigned in the following way: In the

1 μs TR-CIDNP spectrum (Figure 3B) methylene protons of
parent 1 appear in strong enhanced absorption. This can be
attributed to the (geminate or cage) reformation of 1 from G•
and B•.46 Using Kaptein’s rule47−49 for the net polarization and
taking into account the g factor and the 1H hfcs of G• and B•
(enhanced absorption, Δg > 0, hfc(CH2) > 0, derived from
EPR and DFT calculations, respectively, see above) it can be
deduced that the primary radical pair is created in the triplet
excited state, in full agreement with the emissive polarization
pattern of the TR-EPR signals (Figure 2) and in line with
related photoinitiators.50

The initial radicals also diffuse apart and yield ‘escape’
products. A well-established reaction is the dimerization of two
identical radicals leading to 2 (formed from two G•, related to
the reactivity of phosphinoyl radicals)51 and diphenylethane-
1,2-dione (benzil, 6, from two B•).
The signals assigned to 2 are the emissive resonances at δ =

1.31 and 1.74 ppm, for CH3 and CH2 respectively, in agreement
with Kaptein’s rule for the net CIDNP polarization. 1H CIDNP
resonances of 6 can hardly be distinguished because the small
hfcs of phenyl protons of the precursor (benzoyl radical) lead
to very weak polarization intensities and the aromatic region
contains many overlapping peaks.
Even after the short delay of 1 μs, new resonances appear

with distinct polarizations. In particular, a singlet in enhanced
absorption at δ = 9.59 ppm and a negatively polarized multiplet
at δ = 7.54 ppm emerge. These resonances are typical for the
carbonyl and ortho-phenyl protons of benzaldehyde 3 and have
been frequently observed for several photoinitiating systems
containing the benzoyl moiety.52 Formation of 3 is usually
attributed to a disproportionation reaction (β-hydrogen
transfer)52 in the primary radical pairs consisting of a benzoyl
radical and radicals, which are able to donate hydrogen atoms.
In the present case, the hydrogen has to be transferred from the
ethyl group of G• as shown in Scheme 2.

Figure 1. Femto- and nanosecond transient absorption spectra of 1 in
toluene. The upper part shows the time regime between 1 and 200 ps,
whereas the lower part represents the nanosecond experiment 10−60
ns (see Experimental Section). Note, that the dashed green spectrum
in the lower part corresponds to a spectrum comprising 31 and G•.

Figure 2. TR-EPR spectrum of 1 in toluene, taken 250 ns after the
laser flash, showing two different EPR signals: G• (blue) and B•
(gray).

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja404433u | J. Am. Chem. Soc. 2013, 135, 17314−1732117316



According to Kaptein’s rules, aldehyde 3 is observed on the
time scale of our experiment as a cage product (enhanced
absorption, triplet precursor, Δg > 0, hfc(CH2) > 0).
The resonances of vinyl hydrogens at δ = ∼5.7 ppm point at

E- and Z-isomers of a (transient) germene 4 (Scheme 2).
The strongly emissive quartet at δ = 2.44 ppm (J = 7.1 Hz)

can be provisionally assigned to the methylene protons of
diethylgermylene 5 (Figure 3B) as the result of a second
cleavage at the stage of G• leading to 5 and a second benzoyl
radical B• (Scheme 3). This assignment is provisional since we
neither found 1H NMR spectroscopic information for Ge(II)
nor for similar Si(II) and Sn(II) species. The decomposition of
G• is feasible according to M052X/6-311+G(2d,2p) DFT

calculations, which predict the bond dissociation energy of the
Ge−C bond in G• being only 183 kJ mol−1. Since Ge(II)-
containing species are known to be highly reactive without
additional stabilization (e.g., by donor−acceptor substitu-
tion),53−55 5 is rapidly converted to more persistent products
(see Section 3.4) and cannot be established after longer
reaction periods.
In the CIDNP spectrum taken 1 μs after the laser flash, two

weaker emissive signals are observed at δ = 4.67 and 4.81 ppm.
These signals presumably do not stem directly from the initial
radicals G• and B•. These resonances might be due to
secondary products generated via rapid follow-up reactions of
an intermediate germene 4.
Germenes are reported to undergo fast and almost

quantitative [2 + 2] and [2 + 4] cycloadditions56−59 in the
presence of saturated and unsaturated ketones, respectively.
The thus formed heterocycles are likely to undergo further
transformations. Accordingly, the signals at δ = 4.67 and 4.81
ppm, the emissively polarized signals at ca. δ = 6.15 ppm and
two multiplets (δ = 4.47 and 4.88 ppm) in the 1 and 20 μs TR-
CIDNP spectra (Figure 3B,C) could originate from such
products. Scheme 4 summarizes the short-lived intermediates
(up to 20 μs), which have been established (and, partly,
anticipated) from TR-EPR and 1H TR-CIDNP experiments.

3.4. GC-MS Analysis of “Relaxed” Reaction Mixtures.
The above experiments have shown reaction products obtained
upon laser-flash photolysis (355 nm, 10 ns pulse) up to a
microsecond time scale, creating the basis for conversions,
following at longer irradiation times. In technical applications,
however, irradiation is performed over a period in the order of
seconds. To obtain insight into products formed at extended
time scales and under thermodynamic control, GC-TOF MS
analysis of reaction solutions treated with different periods of
irradiation was performed.
Generally, follow-up products compatible with the formation

of benzoyl radical B• could be well established, e.g.,
benzaldehyde 3 and benzil 6 were found as the main products.

Figure 3. 1H NMR (A), 1 μs (B) and 20 μs (C) TR-CIDNP spectra of 1 in toluene-d8.

Scheme 2. Possible Hydrogen Transfer Reaction within the
Primary Radical Pair (G• and B•) Formed upon
Photoinduced α-Cleavage of 1

Scheme 3. Cleavage of Ge-Centered Radical G•
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Additionally, small amounts of phenol and benzoic acid were
detected. In the case of products formed via Ge-centered radical
G•, where 1H CIDNP and 1H NMR only provided early
products, mass spectra were observed, that can be assigned to
products revealing Ge−O bonds, especially cyclic products
(GeEt2O)n (7n).

As an example, the most important product containing
germanium was detected at a retention time tR = 12.7 min and
is assigned to 73. The base peak in the corresponding mass
spectrum was observed at m/z = 410.9473 Da, which
corresponds well to the calculated mass of the fragment ion
[73-Et]

+ (C10H25Ge3O3; m/zcalc = 410.9469 Da). The molecular
ion 73

+ was observed too, but only with very low relative
intensity and consequently low mass accuracy. The homolo-
gous products 7n with n = 4 and 5 were observed at tR = 14.6
and 16.4 min, respectively. Furthermore, other volatile products
were detected at low concentration, where the fragmentation
pattern as well as the accurate mass data indicated species like
(GeEt2n−1O)nBz (Bz = benzoyl-), e.g., (GeEt2n−1O)4Bz at a
retention time of tR = 17.9 min.
The formerly suggested oligomeric Ge−Ge bonded

species,19 anticipated from broadened 1H NMR lines, could
not be discerned. This is not astonishing in view of the
relatively weak Ge−Ge bond (∼270 kJ mol−1) compared to,
e.g., a Ge−O bond (662 kJ mol−1), which is certainly more
likely to be formed under these reaction conditions favoring
thermodynamic control. The results discussed above imply that
oligomeric and probably also polymeric (cyclic) molecules with
O−Ge−O connectivity are formed.

3.5. Addition of Radical G• to Double Bonds. It has
been shown that the acylgermane photoinitiator 1 is rather
efficient from a technical point of view.16−18 Obviously, both
radicals G• and B• add to (acrylate) double bonds. The kinetic
data for B• were determined by time-resolved IR spectrosco-
py.21

We have measured the rate constant of the addition of G• to
butyl acrylate using ns-TA spectroscopy, by following the decay
of the absorption at ∼500 nm (cf. Figure 1). The plots showing
the dependence of the observed (pseudo first order) rate
constant vs the concentration of butyl acrylate are shown in
Figure 4.

The corresponding addition rate constants, kadd, are 1.2 × 108

and 3.2 × 108 M−1 s−1, in toluene and acetonitrile, respectively,
are compatible with those determined for the triphenylgermyl
radical PhG•50 (Table 2).
The kadd values for the Ge-centered radicals are substantially

higher than those of the radical B• (3 orders of magnitude).

Scheme 4. Reaction Pattern of the Primary Radicals B• and G•

Figure 4. (a) Decay curves obtained from ns-TA experiments at
different butyl acrylate concentrations (0, 0.014, 0.028, 0.048, 0.077 M;
observation wavelength, 507 nm; solvent, acetonitrile); (b)
pseudofirst-order decay rate constants, kobs, obtained from (a) as a
function of butyl acrylate concentration in toluene and acetonitrile for
the determination of kadd.
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Thus, the G• is the prominently active radical generated from
photoinitiator 1. It is moreover, noteworthy, that the
substituents do not markedly alter the rate constants for the
addition of the Ge center to double bonds.
3.6. Photolysis in the Presence of 3,3-dimethyl-2-

methylenebutanoate (t-BAM). For the application of
photoinitiator 1 in polymerizations, usually LEDs and longer
irradiation times are applied. To investigate if the species
established by the time-resolved experiments at very short time
scales described above also are decisive during a polymer-
ization, photolysis experiments (LED lamp, 430−530 nm) of 1
in the presence of t-BAM (6 equiv) were performed in
acetonitrile. The products were analyzed by LC-NMR.
The LC presents nine prominent components (Figure 7,

individual NMR spectra see Supporting Information). These
can be clearly assigned to photoproducts of the primary radicals
G• and B•. Benzaldehyde 3 has been identified as a product
being formed at very early stages of the decomposition of 1,
based on B•. It has, however, to be borne in mind that 3 can
also be formed by a partly reversible polymerization process.60

When the benzoyl radical reacts with t-BAM, the saturated
derivative B1 and the two unsaturated isomers B2 and B3 are
formed connected with hydrogen transfer. The occurrence of
B4, where an additional benzoyl moiety is attached to B1
indicates that benzoyl radicals are even present during the
initial steps of the polymerization and are able to add to the
growing polymer chain. Interestingly, 2, the dimer of the
benzoyldiethylgermyl radical G•, also established by the
CIDNP technique still can be detected by LC-NMR. In

analogy to the B•-derived molecules B1 and B2/3, products
G1 and G2 represent the addition of t-BAM to G•. Whereas
the saturated product B1 dominates in the case of B• as the
precursor, unsaturated G2 shows a higher LC peak intensity.
Owing to the characteristics of the LED utilized, further
photochemical decomposition of G1 and G2 is not observed.
In irradiation experiments at 365 nm, these products occurred
only in traces because immediate photochemical decomposition
occurred at shorter-wavelength irradiation. Another remarkable
product is GMB. It can be either based on a B-(t-BAM) radical
and addition of G• or a G-(t-BAM) radical reacting with B•.

4. CONCLUSION

The germanium based photoinitiator 1 displays a substantial
efficiency for initiating radical polymerization. Its red-shifted
n−π* absorption provides excellent usability. Parent 1 cleaves
upon irradiation to give the radical pair B• (benzoyl) and G•
(germyl). These two radicals are the primary species initiating
radical polymerizations.
On short time scales, G• radicals can form germylenes (H-

transfer) or dimerize, however, the substantial preference of Ge
toward oxygen leads to the formation of products displaying
(Ge−O)n moieties.
It is remarkable that long-term irradiation (LED) and short-

time scale experiments (laser) reveal rather similar products.
This can be traced back to the low energy of the LED utilized
for these experiments but is also consistent with a partially
reversible addition−elimination mechanism of the parent
radicals toward the double bonds followed by hydrogen
transfer.60,61

Our investigations suggest that the substituents around a Ge
radical center should not have a very high impact on the
reactivity of the radical toward (acrylate) double bonds. This is
in line with published data50 but certainly needs substantiation.
Another important factor will be the investigation of the
reactivity of Ge-centered radicals with oxygen.

Table 2. Experimentally Established Rate Constants for the
Addition of the Radicals G• to Butyl Acrylate and PhG• to
Methyl Acrylate

radical solvent kadd, M
−1 s−1 ref

G• toluene (1.2 ± 0.1) × 108 this work
G• acetonitrile (3.2 ± 0.2) × 108 this work
PhG• acetonitrile 2.2 × 108a 50

B• acetonitrile 2.7 × 105 (±10%) 21

aNo error limits given.

Figure 7. Optimized LC chromatogram for the NMR detection of the photolysis solution of 2 in acetonitrile (detection wavelength 225 nm).
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