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a b s t r a c t

Radical cations of Me3CSiMe3 and Me3CGeMe3 were detected in hexane solution using the method of
time-resolved magnetic field effect. The structures and electronic distributions of neutral molecules
Me3CEMe3 and their radical cations: Me3CEMe3

�+ (E = C, Si, Ge, Sn) were investigated by DFT PBE/TZ2P
calculations. The calculated and the experimental hyperfine coupling constants a(H) are in good agree-
ment. The structures of Me3CSiMeþ�3 , Me3CGeMeþ�3 , and Me3CSnMeþ�3 are in essence a tight radical cation
pairs of the type CMe�3/EMeþ3 .

� 2008 Published by Elsevier B.V.
1. Introduction

It is known that oxidizing of Group 14 element organometallic
compounds to radical cations (RC) easily took place due to their
comparatively low ionization potentials [1]. Detection and quan-
tum chemical study of these transient species is of fundamental
importance from the point of view of establishing their structure
and reaction mechanisms. Recently, to study RC of Group 14 ele-
ment organometallics EMe4 and symmetric Me3EEMe3 (E = Si, Ge,
Sn) in irradiated liquid solution, the method of time-resolved mag-
netic field effect (TR MFE) was applied successfully [2]. The spin
evolution of spin correlated radical ion pairs involving the RC un-
der study was monitored by time resolved fluorescence arising
upon recombination of the pairs. This approach allowed for deter-
mining of g-factors and isotropic hyperfine coupling (HFC) con-
stants for those RCs as well as estimating their lifetimes in liquid
solution.

This Letter reports the detection of RCs of nonsymmetrical
Me3CSiMe3 and Me3CGeMe3 compounds in liquid hexane. To get
more insight into structure of these species we carried out quan-
tum chemical DFT PBE calculations on Me3CEMe3 (E = C (1), Si
(2), Ge (3), Sn (4)) and their radical cations Me3CEMe�þ3 , (1�+–4�+)
as well as some of their fragments: radicals EMe�3 and cations
EMeþ3 .
Elsevier B.V.
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2. Experimental and computational details

2.1. Method

RCs of studied organometallics were generated by irradiation of
n-hexane solutions of the compounds with 2-ns pulses of X-rays
with quantum energy of about 20 keV using a nanosecond X-ray
fluorimeter described elsewhere [3]. The radiation-initiated fluo-
rescence of the solutions, which also included the 30 lM of para-
terphenyl-d14 (pTP) as an electron acceptor and luminophor, was
detected by single photon counting method. The light was col-
lected using an optical bandpass filter (260–390 nm) to select the
fluorescence of pTP*, which appears via radical ions recombination

CMe3EMeþ�3 þ pTP�� ! CMe3EMe3 þ pTP�

To measure the influence of an external magnetic field on the
fluorescence, the sample cuvette constructed without using ferro-
magnetic materials was situated between magnet poles with mag-
netic field induction up to 1.1 T. The fluorescence was registered in
zero and strong magnetic fields, alternatively, for periods of 250 s.
Zero magnetic field was adjusted to within ±0.05 mT. The solutions
were degassed by repeated freeze-pump-thaw cycles. All measure-
ments were made at 293 ± 0.5 K.

2.2. Materials

n-Hexane used as a solvent was stirred with concentrated sulfu-
ric acid, washed with water, distilled over sodium and passed
through a 1 m column of activated alumina. para-Terphenyl-d14
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Fig. 1. The experimental and the calculated (smooth lines) TR MFE curves as
obtained for irradiated solution of 0.1 M tert-butyltrimethylsilane 2 in n-hexane
(+30 lM pTP) at B = 0.1 T and 1.1 T. The modeling parameters are given in Table 1.
By dashed line the experimental curve for 0.1 M hexamethylethane 1 solution in n-
hexane (+30 lM pTP) is shown [11].
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Fig. 2. The experimental and the calculated (smooth lines) TR MFE curves as
obtained for irradiated solution of 0.1 M tert-butyltrimethylgermane 3 in n-hexane
(+30 lM pTP) at B = 0.1 T and 1.1 T. The modeling parameters are given in Table 1.
By dashed line the experimental curve for 0.1 M hexamethylethane 1 solution in n-
hexane (+30 lM pTP) is shown [11].
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(98%) was received from Aldrich and used without additional
purification.

tert-Butyltrimethylsilane was prepared by the reaction of com-
mercially available tert-butyldimethylchlorosilane with meth-
ylmagnesiumbromide in 60% yield. tert-Butyltrimethylgermane
was prepared by the reaction of chlorotrimethylgermane with
tert-butyl lithium in 54% yield as described in Ref. [4].

2.3. Calculations

Quantum chemical calculations with full geometry optimiza-
tion were carried out with the PBE density functional [5] using
the PRIRODA program [6,7]. The three-exponent basis set TZ2P in-
cluded two sets of polarization functions, namely, (5s2p) [3s2p]
for H atoms, (11s6p2d) [6s3p2d] for C atoms, (15s11p2d)
[10s6p2d] for Si atoms and (18s14p9d) [13s10p5d] for Ge atoms
(figures in parentheses and in square brackets denote the initial
and contracted basis set, respectively) and the electron density
expansion over an auxiliary uncontracted basis set [7]: (5s2p) for
H atoms, (10s3p3d1f) for C atoms, (14s3p3d1f1g) for Si atoms
and (18s3p3d1f1g) for Ge atoms. Stationary points were character-
ized and confirmed by calculating and diagonalising the matrix of
energy second derivatives. The final energies included the zero-
point energy corrections, ZPE. The thermodynamic functions were
calculated using the ‘harmonic oscillator–rigid rotator’ model.

2.4. Spin dynamics calculations

In this work the well-elaborated approach [8] to the calcula-
tions of dynamics of spin evolution of spin-correlated radical ion
pairs (RIPs) was applied. According to that the ratio (MFE) of the
delayed fluorescence decays as recorded at (IB(t)) and without
(I0(t)) external magnetic field B may be represented as follows:

IBðtÞ
I0ðtÞ

�
hqB

ssðtÞ þ 1
4 ð1� hÞ

hq0
ssðtÞ þ 1

4 ð1� hÞ
ð1Þ

Here qss(t) is the singlet spin population of initially singlet-cor-
related RIPs. h is the empirical parameter, which allows one to take
into account that the fraction of such RIPs differs from unity due to
cross recombination in the radiation track. Indices B and 0 corre-
spond to measurements at strong and zero magnetic field,
respectively.

To describe the evolution of RIP’s spin state at high and zero
fields expressions [8]
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were used. Here 1/T1 and 1/T2 are the rates of spin-lattice and phase
relaxations, respectively. T0 is the parameter introduced to account
for paramagnetic relaxation in zero magnetic field. Dg is the differ-
ence between the g-values of RIP partners. G(t) is the function as
determined by HFC constants in corresponding radical ion only.
Indices ‘c’ and ‘a’ in Eqs. (2) and (3) indicate the radical cation
and radical anion, respectively.

Calculation of Ga(t), that is the contribution of pTP�� to spin
dynamics, was performed using semiclassical approximation [9].
According to that

G0
aðtÞ ¼

1
3
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c2r2 t2

2
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Here r2 is the second moment of ESR spectrum of radical anion,
c is the gyromagnetic ratio for electron.
To evaluate Gc(t) for RCs 2+� or 3+�, which did contain two groups
of magnetically equivalent nuclei, recently developed theoretical
approach was applied [10]. The particular expressions are rather
complex and may be found in the original paper. To provide more
reliable comparison between the experimental and calculated TR
MFE curves the temporal dependencies of qss(t) in Eq. (1) were con-
voluted with functions h(t) = exp(�t2/x2)/(px)1/2 (x = 2 ns) and
f(t) = exp(�t/s)/s (s = 1 ns). The h(t) function allows us to take into
account a particular time-response function of the experimental
equipment while the f(t) is introduced to account for luminophor
fluorescence lifetime [10].

3. Results and discussion

3.1. Experimental results

In Figs. 1 and 2 are shown experimental and calculated TR MFE
curves for 2+� and 3+� obtained for n-hexane solutions of 0.1 M of 2
(Fig. 1) and 3 (Fig. 2) at B = 0.1 T and 1.1 T. In these figures the TR
MFE curves for 1+� obtained for 0.1 M solutions of 1 at B = 0.1 T are
presented also by dashed line. Note that TR MFE curves obtained
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for 1+� were analyzed in detail earlier [11]. Unpaired electron in 1+�

couples with 18 b-protons whose equivalence is provided by fast
rotations of methyl groups and, very probable, of tert-butyl frag-
ment around elongated central C–C bond.

Let us first discuss the results obtained at B = 0.1 T. All the TR
MFE curves presented display several distinctive peaks. Impor-
tantly, weak HFC in radical anion pTP�� is not capable to contribute
significantly to this pattern within the time range under study and
the spin evolution is to be determined by HFCs in corresponding
RCs.

The first peak in TR MFE curves (<10 ns) is determined by the
second moment of ESR spectrum of RCs [8]. The minor difference
between the peaks for the solutions 1, 2, and 3 indicates similar
values of the second moment of ESR spectrum, r2, for radical cat-
ions in all the cases.

The next peaks are at about 20 ns in TR MFE curves for 2+� and
3+� and these are opposite in their relative sign as compared to the
second peak observed for 1+� at approximately 30 ns. It was shown
earlier [12] that in the case of RC, having HFC with magnetically
equivalent nuclei only, the time positions of the second peak is
determined by HFC constant value with the time shift being larger
for smaller constants. Besides, such a peak is positive if the number
of the equivalent nuclei is even while this becomes negative when
the number is odd.

Thus, the sign and time positions of the second peaks on the TR
MFE curves for 2+� and 3+� indicate unambiguously that in these RCs

1) unpaired electron interacts, mainly, with odd magnetically
equivalent protons;

2) the dominant HFC constants are larger than those of 1+�.

As will be shown below these conclusions are in excellent
agreement with results of our quantum chemical calculations.

Then, increasing magnetic field induction affects noticeably the
TR MFE curves. It suggests the significant difference between the g-
values of organometallic RCs and those of pTP�� (g � 2.0027 [13]).
The fit of the experimental TR MFE curves obtained at different val-
ues of magnetic induction B allows one to estimate both the g-val-
ues and HFC constants in the radical cations. As follows from Figs. 1
and 2, the model of spin dynamics in spin-correlated RIPs used
here works fairly good. It is significant that except the large HFC
Table 1
HFC constants, the g-values, and paramagnetic relaxation times as used for modeling
of TR MFE curves shown in Figs. 1 and 2.

Radical cation Parameters

Hexamethylethane+�(1+�) a(18H) = 1.22 mT;
g = 2.0034a

tert-Butyltrimethylsilane+� (2+�) a(9H) = 1.87 mT; a(9H) = 0.26 mT
g = 2.0044
T2 = T0 = 65 ns; T1 = 1500 ns

tert-Butyltrimethylgermane+� (3+�) a(9H) = 1.87 mT; a(9H) = 0.3 mT
g = 2.0116
T2 = T0 = 35 ns; T1 = 100 ns

a Ref. [11].

Table 2
The length of the central C(1)–E bond/A, the valence angles C(1)–E–C and E–C(1)–C in EMe3–

E Me3CEMe3 Me3CEMe3 Me3CEMe3

C(1)–E C(1)–E–C E–C(1)–C

C 1.590 111.3 111.3
Si 1.936 110.5 109.9
Ge 2.019 110.3 109.3
Sn 2.233 109.8 109.2
constant a smaller one with 9 equiv. protons should be taken into
account to properly simulate the curves. The parameter values pro-
viding the best fit for 2+� and 3+� are shown in Table 1.

The HFC values obtained are discussed in detail below. As for
paramagnetic relaxation for 2+� and 3+�, it should be noted that
the relaxation is rather fast except for spin-lattice relaxation of
2+�, for which T1 value has been estimated by the order of magni-
tude only. These relaxation parameters do not exhibit any signifi-
cant field induction or concentration (up to 0.1 M) dependences
that indicate negligible contribution of the degenerate electron
transfer to the relaxation.

3.2. Calculation results

In contrast to ethane which ionization is known to produce sev-
eral close in energy isomeric lower symmetry forms of H3CCH3

�+

[14], in the case of its hexamethylated analog 1�+ we found only
one minimum in which carbon skeleton has D3d symmetry, i.e.
the same as in neutral Me3CCMe3. The C3v symmetry of 2�+–4�+

skeletons is the same as that of neutral 2–4 molecules.
In neutral species 1–4 the length of central C–E bond has an ex-

pected order: C� Si < Ge < Sn (Table 2). Ionization results in sig-
nificant elongation of these bonds. The most dramatic effect is
observed in 1�+, where the calculated length of central C–C bond
(2.685 A) is longer than in any of H3CCH3

�+ isomers (1.973 A)
[14], and even longer than the C–E bonds in hetero analogs 2�+–
4�+ (Table 2).

In contrast to the central bond, other skeletal bonds (C–CH3 or
E–CH3) are slightly contracted (by ca 0.04 A) upon ionization. It is
worth to note that configuration of CMe3 and EMe3 groups in 1–
4 became less pyramidal in RCs 1�+–4�+. This flattening becomes
evident if we compare the sum of three valence angles of CMe3

fragments in 1 (322.7�) and 1�+ (354.5�) with that of pure tetrahedral
(328.8�) and planar (360.0�) configurations. Strong elongation of the
central bond in 1�+–4�+ indicates its weakening and even possibility
dissociation into CMe3 and EMe3 fragments with one bearing posi-
tive charge, other being neutral radical. To get insight into stability
of radical ions we compared energies of homolytic cleavage of C–E
bond in neutrals (1) and those of two pathways (2) and (3) of dis-
sociation of charged species 1�+–4�+ (see Scheme 1).

The energies presented in Table 3 show that ionization of 1–4
brings dramatic fall of the strength of central C–E bonds which
agrees with the observed changes in geometry discussed above.
With E = Si, Ge, Sn dissociation (2) to EMeþ3 + CMe�3 is clearly fa-
vored over an alternative (3) EMe�3 + CMeþ3 . An analysis of elec-
tronic structures of neutral and ionized species shows this
favorable dissociation pattern could be traced in 2�+–4�+ (Table 4).

Calculated and experimental hydrogen hyperfine coupling con-
stants aH in 1�+–4�+ and in some radicals, which could be produced
in reactions (1)–(3) are collected in Table 4. Calculated aH values
are averages over 9 protons of EMe3 fragments. In the case of 1�+

we have two CMe3 fragments which have identical aH values.
Calculated aH are in good agreement with the experimental val-

ues. The aH value in 1�+ is about a half of aH in CMe�3. This suggests
that distribution of spin density between C and H atoms in CMe3

fragments of radical 1�+ follows the same pattern as in radical
CMe3 (E = C, Si, Ge, Sn) and their radical cations calculated with the PBE/TZ2P method.

Me3CEMeþ3
� Me3CEMeþ3

� Me3CEMeþ3
�

C(1)–E C(1)–E–C E–C(1)–C

2.685 97.9 97.9
2.335 103.4 101.3
2.449 100.6 102.2
2.608 97.6 100.4
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Table 3
DFT PBE calculated total DE0

a and Gibbs DG b energies/kcal mol�1 for reactions (1)–
(3).

DE0 for reaction DG for reaction

(1) (2) (3) (1) (2) (3)

CMe3–CMe3 60.1 22.5 22.5 44.9 10.1 10.1
CMe3–SiMe3 68.3 29.5 38.9 60.0 15.8 25.9
CMe3–GeMe3 60.6 27.4 36.3 54.3 15.1 23.3
CMe3–SnMe3 51.0 26.8 34.5 46.9 16.8 21.7

a DE0 = DE + ZPE.
b At T = 298 K and p = 1 atm.

Table 4
DFT PBE calculated and experimental hyperfne coupling constants a(H)/mT.

Radical Fragment aH calc aH exp Ref.

1�+ Me3CCMe3 1.17 1.22 [11]
2�+ [CMe3] 1.82 1.87 This work
2�+ [SiMe3] 0.27 0.26 This work
3�+ [CMe3] 1.82 1.87 This work
3�+ [GeMe3] 0.27 0.3 This work
4�+ [CMe3] 1.92 – –
4�+ [SnMe3] 0.16 – –
�CMe3 CMe3 2.07 2.27 [15]
�SiMe3 SiMe3 0.62 0.63 [16]
�GeMe3 GeMe3 0.52 0.49 [16]
�SnMe3 SnMe3 0.32 0.28 [16]

Table 5
DFT PBE calculated fragment partitions of the charge and spin densities in 1�+–4�+/a.u.

Radical cation Fragment Charge Spin

1�+ [CMe3] 0.500 0.500
2�+ [CMe3] 0.439 0.679
2�+ [SiMe3] 0.562 0.322
3�+ [CMe3] 0.417 0.675
3�+ [GeMe3] 0.585 0.325
4�+ [CMe3] 0.390 0.709
4�+ [SnMe3] 0.611 0.291
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�CMe3. The situation is more complicated in hetero analogs 2�+–4�+.
The simulation of TR MFE spectra of 2�+ and 3�+ gave two values of
aH for each species. The higher values of aH for 2�+ and 3�+ are close
to each other and according to our calculation should be assigned
to CMe3 fragments. About two thirds (67–71%) of unpaired spin
density (Table 5) in 2�+–4�+ are located on CMe3 fragment, the
remaining third is on EMe3. Total electronic density distributions
on CMe3 and EMe3 fragments in 2�+–4�+ (Table 5) looks less polar-
ized with relatively small (0.12–0.22 a.u.) excess of positive charge
on EMe3 fragment. These arguments suggest that the electronic
structure of 2�+–4�+ could be seen as CMe�3/EMeþ3 , and thus readily
explains why their dissociation to EMeþ3 and CMe�3 fragments is
energetically favored over an alternative route Me�3 + CMeþ3 .

4. Conclusions

By applying the method of time-resolved magnetic field effect
the radical cations of Me3CSiMe3 and Me3CGeMe3 were observed
in liquid hexane at room temperature for the first time and their
HFC constants as well as g-values were determined. The RCs’ iden-
tity was confirmed by the quantum chemical calculation of HFC
constants in these radicals using DFT approach. No evidence for
the RCs decay within time domain 0–100 ns was observed. At the
same time, the unpaired electron spin density distribution in these
RCs resembles species, which is partially dissociated into tert-butyl
radical and cation of trimethylsubstituted Group 14 element
organometallics.
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