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Spin-polarized (CIDEP) Neutral «-Aminoalkyl Radicals from Tertiary
Amines observed in Solution by Flash-photolysis Electron Spin Resonance

Keith A. MclLauchlan ® and Andrew J. D. Ritchie

Physical Chemistry Laboratory, South Parks Road, Oxford OX1 3QZ

Laser flash photolysis of benzene-1,2:4,5-tetracarboxylic dianhydride in the presence of tertiary amines
yielded «-aminoalkyl radicals, many of which had not been observed previously in solution. They were
produced in a spin-polarized state via the Triplet Mechanism, to facilitate their observation by e.s.r.

Aliphatic amines act as efficient quenchers of the excited
electronic states of a variety of compounds,'™ including
carbonyl derivatives, heterocyclic molecules, aromatic hydro-
carbons, and alkenes. Both photoreduction and physical
quenching often occur at diffusion-controlled rates and,
depending on the competing photophysical processes, either
or both of the excited singlet and triplet states of the light-
absorbing molecule may be involved (for example the dramatic
medium effects observed with fluorenone #%). The rapidity of
the triplet reaction has made amines ideal quenchers in
investigating the Triplet Mechanism (TM) of Chemically
Induced Dynamic Electron Polarization (CIDEP) ¢ observed
in several flash-photolysis e.s.r. studies. The electron spin
polarization which arises in the intersystem crossing (ISC)
step from the excited singlet to the triplet is readily trapped in
the radicals which are formed subsequently; the reaction rate
competes satisfactorily at reasonable amine concentrations
with the triplet spin—lattice relaxation rate. A curiosity in these
studies has been that whilst the e.s.r. spectra of radicals
formed from the substrate are readily observable, in no case
have the spectra of the radicals derived from the tertiary
amines been reported.” It has been assumed that they react too
quickly to be observed on the microsecond timescale of current
flash-photolysis e.s.r. experiments, and they have gone un-
reported in independent optical studies. A kinetic study of the
reactions of the radical MeCHNEt, produced by H-abstrac-
tion from triethylamine has shown it to have some of the
fastest known reactions of radicals with ground state mole-
cules.®

However, the reactions of amines with excited states do not
always yield TM-polarized radicals: sometimes the quenching
reactions are too slow and sometimes the ISC process is not
spin-selective.” In these situations the alternative Radical
Pair Mechanism (RPM) ®° of electron spin polarization pre-
dominates in the short-term e.s.r. spectra of the radicals
derived from the parent molecule. A knowledge of the e.s.r.
parameters of the x-aminoalkyl radicals involved in the pair
of radicals produced is then essential to the analysis of the
precise intensity distributions that are observed. Only in this
way can the polarization patterns be interpreted in detail to
vield such information as the multiplicity of the radical pre-
cursor and the identities of the radicals which encounter, so as
to expose the microstructure of the reaction mechanism as it
unfolds with time. Furthermore the intensity distributions in
RPM-polarized radicals often bear little relation to those
observed in the same radicals at thermal equilibrium and this
can cause difficulties in their identification. In consequence it
is imperative to observe the amine radicals themselves. In
solution, e.s.r. parameters for the x-aminoalkyl radical from
only one tertiary amine, trimethylamine, have been re-
ported,'® 2 although comparatively low-resolution spectra
were obtained from several others in the solid state at room
temperature.’* In this paper we report the direct observation
of seven related x-aminoalkyl radicals in solution.
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A characteristic of «-aminoalkyl radical spectra is that they
are complex, as a result of extensive hyperfine coupling, and
the absolute intensity of each line is low. Indeed it has been
stated that they are for the most part barely detectable, owing
to the high number of hyperfine lines which are expected to
have large linewidths.!%-!! As will be seen later, the linewidth
suggestion is not correct, nor would it be expected to be for a
carbon-centred radical under normal conditions. To overcome
the intensity problem the radicals have been created deliber-
ately in a highly polarized state via a TM process which leaves
the relative intensities of the lines unchanged from those
expected at thermal equilibrium whilst increasing the absolute
intensities drastically. In the reaction systems studied the
radicals disappeared rapidly by reaction (typically within 7 us
of their formation, which suggests that the mechanism is not
second-order in the radical concentration) and could be
detected only by using the flash-photolysis e.s.r. technique;
this is one of the first reports of the detection by this method
of a species which cannot also be observed in the longer
timescale.

With the amine spectra expected to be complex the mole-
cule irradiated, benzene-1,2:4,5-tetracarboxylic dianhydride
(BTDA) (1), was chosen so as to yield a counter-radical with
small hyperfine couplings to ensure that spectral overlap with
the other radical would not be severe. The radicals are emis-
sively polarized, which is consistent with selective popula-
tion of the upper triplet sublevel of BTDA in the ISC
process, as has been reported previously in a solid-state
study of the charge-transfer complex of BTDA with anthra-
cene.'* The chemistry of the BTDA molecule and its derived
radicals in this system is quite complicated, as is the asso-
ciated polarization behaviour; it will be reported separ-
ately.

Experimental

The flash-photolysis e.s.r. method and broad-banding modi-
fications to the basic Bruker ER 200D spectrometer have
been described in detail elsewhere.!® The spectra were ob-
tained without field modulation using a sampling method
which involved the time-integration of transient signals,
obtained at a series of digitally advanced magnetic field
settings, resulting from a train of photolysis pulses from a
Lambda Physik EMG 101 excimer laser operating at 308 nm.
The integration periods and the sampling times were recorded
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Figure 1. The spectra of (a) the radical obtained from BTDA,
(b) the TEA" radical, and (c) the simulation of the latter using the
coupling constants in the Table and values of T3 = 5 ps and
T, = 0.17 ps. The TEA® spectrum (low and high field) was recorded
using 20 mW of incident microwave power (IMP), 64 averages,
and an integration window between | and 4 s after the flash. For
the BTDA spectrum 20 uW of IMP, 16 averages, and a post-
flash integration window of 3—12 us were employed

carefully for subsequent use in the calculation of the lineshape
functions applied to the spectra simulated for comparison
with those observed. The g values of the radicals were ob-
tained by absolute measurement of the frequency of the
klystron, with simultaneous measurement of the magnetic
field via an n.m.r. probe; a correction was applied for dif-
ferences between the probe and sample positions by calibr-
ation using a radical of known g value (the 2,3,5,6-tetramethyl-
1,4-benzoquinone anion,'* g 2.004 915). The g values are
believed accurate to +0.000 03.

All solutions were degassed by passage of nitrogen, al-
though its effect was not apparent, and were caused to flow
slowly through the irradiation region. The purest chemicals
available commercially were used as supplied. Solutions in
dimethylformamide-propan-2-ol (2:1 v/v) were typically
0.15m in BTDA and IM in amine.

Results

In all the spectra recorded shortly after the photolysis flash
the spectrum from a BTDA-derived radical [Figure 1(a)] was
observed. It consisted of a triplet of triplets with hyperfine
couplings of 0.103 mT and 0.033 mT, with g 2.003 85. The
couplings are close to those observed previously by Fessenden
et al.V’ and assigned to the radical (2), although the g value
is considerably different. An unidentified radical with coupling
constants almost identical with those observed, but with its g
value not reported, was observed as a secondary species in the
electrolytic generation of the radical anion from BTDA.'"
The assignment remains a matter of conjecture, particularly
since a preliminary study of the time-dependence of the spec-
trum suggests that two radicals might be formed from BTDA.
However, this uncertainty does not affect the interpretation of
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the spectra of the a-aminoalkyl radicals. The simplicity of the
BTDA-derived spectrum, together with its longer lifetime,
caused the line intensities to be very high as compared with
those of the x-aminoalkyl radicals. In consequence, it was
necessary to avoid recording the complete spectra of both
radicals simultaneously so as to overcome dynamic range
problems in the dedicated microprocessor used in the experi-
ment and the experimental spectra were recorded in two
independent halves to either side of the strong signal.

The x-aminoalkyl radicals were observed in the inert solvent
cyanomethane and in various other protic and aprotic
solvents. In both cyanomethane and propan-2-ol BTDA was
soluble to an appreciable extent only in the presence of the
amine. In tetrahydrofuran no radicals were detected from
BTDA despite a previous report that photolysis yields an
ion pair,' nor were any radicals detected in dimethylform-
amide.

The previous study ! of a-aminoalkyl radicals produced by
X-irradiation in an adamantane matrix poisoned with the
amines yielded an important source of hyperfine coupling
constants which aided the initial identification of the radicals.
Subsequent analysis necessitated some reassignment and
yielded small changes in magnitude, mainly in the smallest
coupling constant quoted; no literature values were available
for the radicals formed from tripropylamine or tributyl-
amine. The couplings used in the spectral simulations are
given in the Table. To the stick spectra calculated from these
values were applied lineshape functions obtained by integr-
ation of the analytical solutions of the relevant Bloch equa-
tions between the integration limits set experimentally. As
always the lineshapes are quite sensitive functions of T3, and
in the simulations this was varied to produce optimum fits.
It is realised that, with the exception of the trimethylamine
radical for which all of the couplings were measured directly,
T, has been used here to introduce a line-broadening effect
for which the smallest (unresolved) §-couplings are respons-
ible.

In Figure | is shown the entire spectrum observed in the
presence of triethylamine, together with the spectral simul-
ation of the MeCHNEL, (TEA") radical. In all other diagrams,
for reasons of space, only the low-field halves of the «-amino-
alkyl radical spectra are shown. In Figure 2 the radicals are
CH,NMe, (TMA") from trimethylamine, CHZN(Me)Et from
dimethylethylamine (DMEA), and CH,NEt, from diethyl-
methylamine (DEMA). The spectra of EtCHNPr, from tri-
propylamine (TPA) and of Pr"CHNBu, from tributylamine
(TBA) are given in Figure 3. Each spectrum displayed a small
emission/absorption distortion (from low to high field) typical
of a RPM contribution to the polarization from a geminate
radical pair originating from a triplet precursor. A recent
method for obtaining the whole spectrum,?® including the few
lines obscured by the spectrum of the BTDA radical, could
not be used because of the very short lifetimes of the «-
aminoalkyl radicals.

The results from DEMA and DMEA confirm that H-
abstraction occurs preferentially from the methyl group rather
than from the methylene of the ethyl group.!? Extensive efforts
were made to detect the alternative radicals whose spectra
should be some 4 mT wider. Some very weak lines were
observed in the outlying regions and also small distortions in
the line intensities of the main radicals were evident. It is
apparent that other radicals were present in these systems but
sufficient information to characterize them could not be
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Table. E.s.r. parameters for a-aminoalkyl radicals

Amine Radical g Value
TMA ¢H,NMe, 2.003 18
DMEA CH,N(Et)Me 2.003 24
DEMA ¢H,NE, 2.003 26
TEA MeCHNEt, 2.003 32
TPA EtCHNPr, 2.003 14
TBA Pr"CHNBu, 2.003 13
HDEA Et,;NO 2.005 47

Hyperfine coupling constants (mT) *

a, ag a, an
1.295 0.41 0.709
1.3 0.422 (CH3) 0.73

0.33 (CH>)
1.281 0.351 0.702
1.396 1.924 0.254 0.518
1.374 1.865 0.254 0.528
1.38 1.79 0.254 0.52
1.064 1.567

* Radical coupling constants refer to radical of general type RCBH,—CQH—N(C.,HzR’)Z (R, R" = H, Me, Et, Pr).
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Figure 2. The low-field half spectra of (a) TMA" and the radicals derived from (b) DMEA and (¢) DEMA. The spectra were recorded
using 20 mW of IMP, 48 or 64 averages, and integration windows of 1 and 4 ps following the flash. In each case the calculated spectrum
appears below the observed one. Values of T, = 5 us and 7, = (a) 0.25 ps, (b) 0.16 ps, (c) 0.16 us were used. Under the conditions of the
experiment none of these values represents the absolute relaxation time of the system

obtained. No independent information on the reaction-site
selectivity of these molecules is available.

Attempts to extend the methods to other amines met with
limited success. With tripentylamine a BTDA-derived radical
was observed but no amine radical was detected. Tribenzyl-
amine yielded a narrow, rather structureless, x-aminoalkyl
spectrum which has not been analysed. Another tertiary
amine, hydroxydiethylamine (HDEA), gave the Et,NO
radical,’! parameters for which are included in the Table,
and it seems likely that related molecules would behave
similarly. Primary and secondary amines, on the other hand,
reacted with BTDA to yield products which were insoluble
in the normal solutions used. Dissolving these products in
various solvents and irradiating them yielded no detectable
radicals.

Discussion

Amine photoreduction is believed to occur usually rig a
charge-transfer process involving the formation of an exciplex
which may dissociate into a radical ion pair or into a radical
pair formed by H-abstraction within the exciplex; !-? this
latter stage may also occur between the members of 2n initially

formed ion pair. However, some recent discussions still
invoke direct hydrogen abstraction without the intermediacy
of an exciplex.2?-?3 The relative importance of these four pro-
cesses leading to reaction intermediates has been investigated
in detail for reactions between carbonyl compounds and
amines using CIDNP methods,?*?* but no information exists
for the reaction system reported here. In four of the reaction
systems studied no evidence was obtained for any radicals
other than the x-aminoalkyl but it is possible that the un-
assigned weak lines observed when DEMA and DMEA were
used as the amines originated in the appropriate cations. An
attempt to confirm this in a time-resolved study was thwarted
by the extremely short lifetime of all the radicals observed. As
stated already, the neutral x-aminoalkyl radicals react very
rapidly with many ground-state substrate molecules and their
rate of disappearance suggests that this was their fate here.
In the absence of independent information it is unclear why
the x-aminoalkyl radicals could be observed in this study.
BTDA is a powerful electron acceptor 2¢ which forms a wide
range of ground-state charge-transfer complexes,?’2® and it is
probable that the aliphatic tertiary amines conform with this
behaviour. It has been reported that charge-transfer in the
benzophenone-aromatic amine system enhanced the photo-
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Figure 3. The low-field half spectra of (a) TPA' and (b) TBA".
Recording conditions were the same as those for Figure 2. The
simulations were calculated using 7, = 5 us and T, = (a) 0.13 s,
(b) 0.08 us

reactivity of the benzophenone and increased the lifetimes of
the radicals 3® produced, and it may be that similar con-
siderations apply here. Alternatively, the association of BTDA
with the amine may limit the concentration of free BTDA and
consequently slow the «-aminoalkyl-radical-removing reac-
tion. Some support for this view lies in the observation that
BTDA is soluble in cyanomethane and propan-2-ol only in
the presence of the amines. Also, the reaction of the radicals
with the solvent appears to be slow. Dissociation of the anhy-
dride to form the dianion before irradiation would also
rationalise the observations. Further studies with two mole-
cules closely related in chemical structure to BTDA, phthalic
anhydride and naphthalic dianhydride, yield copious radicals
from the parent molecules but no x-aminoalkyl radicals could
be detected.!

However, it is difficult to form firm conclusions on this
matter, for re-examination of reaction systems in which the
a-aminoalkyl radicals were thought not to be observable
shows that, in the photolysis of both benzophenone and aceto-
phenone 3! in the presence of triethylamine, the outermost
lines from these radicals can in fact be observed, although the
centres are obscured by the spectrum from the counter-
radical. On the other hand in the photolysis of either 2,3,5,6-
tetramethyl-1,4-benzoquinone or a wide range of nitrogen
heterocyclics the TEA radical cannot be observed.

It has been shown that, despite previous statements to the
contrary, the radical from trimethylamine has no particular
characteristics of its own which differentiate it from its close
relatives. In particular, the spectra all display normal line-
widths. The difficulty in observing these radicals lies rather in
the complexity of their spectra and in their high reactivity in
many situations. This reactivity causes their absolute intensi-
ties to be much less, at feasible observation times, than those
of their counter-radicals, although the initial concentrations
of both species were equal.

The spectral parameters reported are generally in good
agreement with those already in the literature; the smaller
ones reported in the adamantane matrix are probably slightly
in error owing to the broader linewidth. The exception is
found in the TMA'" results where our values differ substanti-
ally from those reported by Neta and Fessenden '® for
aqueous solution, whilst being in good agreement with those
reported for solution in cyclopropane.''" Throughout, the
hyperfine couplings observed in closely related radicals are
sensibly similar, including those from the hitherto unreported
radicals from tripropylamine and tributylamine.

J. CHEM. SOC. PERKIN TRANS. 11 1984

In this study calculated lineshapes have been used for the
first time in reproducing highly resolved spectra from flash-
photolysis e.s.r. experiments using time-integration methods.
These shapes are unusual in being non-Lorentzian and it is
gratifying that they yield excellent resolution and that they
can be calculated accurately. This is shown more clearly here
than in a previous study of some rather complex spectra from
nitrogen heterocyclic radicals.”

Acknowledgements
A. J. D. R. thanks the S.E.R.C. for a research grant.

References

I S. G. Cohen, A. Parola, and G. H. Parsons, Chem. Rev., 1973,
73, 141.

2 P. J. Wagner, Top. Curr. Chem., 1976, 66, 1.

3 ). C. Scaiano, J. Photochem., 1973/1974, 2, 81.

4S. G. Cohen and J. B. Guttenplan, Tetrahedron Lett., 1968,
5353.

5 J. B. Guttenplan and S. G. Cohen, Terrahedron Lert., 1969,
2125.

6 P. J. Hore, C. G. Joslin, and K. A. McLauchlan, Chem. Soc.
Specialist Periodical Report, * E.s.r. Spectroscopy,” 1979, vol.
S, p- 1.

7 (a) P. W. Atkins, K. A. McLauchlan, and P. W. Percival, J.
Chem. Soc., Chem. Commun., 1973, 121; (b) P. W. Atkins, A. J.
Dobbs, G. T. Evans, K. A. McLauchlan, and P. W. Percival,
Mol. Phys., 1974, 27, 769 (c¢) A. J. Dobbs, Mol. Phys., 1975,
30, 1073; (d) K. A. McLauchlan and R. C. Sealy, Chem. Phys.
Lett., 1976, 39, 310; (e) K. A. McLauchlan, R. C. Sealy, and
J. M. Wittmann, J. Chem. Soc., Faraday Trans. 2, 1977,73, 926;
(f) K. A. McLauchlan, R. C. Sealy, and J. M. Wittmann, Mol.
Phys., 1978, 35, 51: (g) P. J. Hore and K. A. McLauchlan,
Chem. Phys. Lett., 1980, 75, 582; (h) P. J. Hore and K. A.
McLauchlan, Mol. Phys., 1981, 42, 533; (i) P. J. Hore and K. A.
McLauchlan, ibid., p. 1009; (j) K. S. Chen, J. K. S. Wan, and
J. K. Kochi, J. Phys. Chem., 1981, 85, 1726 (k) S. Basu, K.
A. McLauchlan, and G. R. Sealy, Chem. Phys. Lett., 1982, 88,
84; (/) S. Basu, K. A. McLauchlan, and A. J. D. Ritchie,
Chem. Phys., 1983, 79, 95.

8 J. C. Scaiano, J. Phys. Chem., 1981, 85, 2851.

9 F. J. Adrian, Rev. Chem. Intermediares, 1979, 3, 1.

10 P. Neta and R. W. Fessenden, J. Phys. Chem., 1971, 75, 738.

11 D. Griller, J. A. Howard, P. R. Marriott, and J. C. Scaiano,
J. Am. Chem. Soc., 1981, 103, 619.

12 P. R. Marrijott, A. L. Castelhano, and D. Griller, Can. J. Chem.,
1982, 60, 274.

13 D. E. Wood and R. V. Lloyd, J. Chem. Phys., 1970, 52, 3840,
3932.

14 D. Haarer and N. Karl, Chem. Phys. Lett., 1973, 21, 49.

15 S. Basu, K. A. McLauchlan, and G. R. Sealy, J. Phys. E., 1983,
16, 767.

16 B. G. Segal, M. Kaplan, and G. K. Fraenkel, J. Chem. Phys.,
1965, 43, 4191.

17 P. Neta and R. W. Fessenden, J. Phys. Chem., 1973, 77, 620.

18 R. E. Sioda and W. S. Koski, J. Am. Chem. Soc., 1967, 89, 475.

19 R. L. Ward, J. Chem. Phys., 1963, 39, 852.

20 S. Basu and K. A. McLauchlan, J. Magn. Reson., 1983, 51,
33s.

21 R. E. Florin, J. Chem. Phys., 1967, 47, 345.

22 S. Inbar, H. Linschitz, and S. G. Cohen, J. Am. Chem. Soc.,
1980, 102, 1419.

23 S. Arimitsu, H. Masuhara, N. Mataga, and H. Tsubomura,
J. Phys. Chem., 1975, 79, 1255.

24 H. D. Roth, in * Chemically Induced Magnetic Polarization,’
eds. L. T. Muus, P. W. Atkins, K. A. McLauchlan, and J. B.
Pedersen, Reidel, Dordrecht, Holland, 1977, p. 53.

25 H. D. Roth and M. L. Manion, J. Am. Chem. Soc., 1975, 97,
6886.



J. CHEM. SOC. PERKIN TRANS. 11 1984

26 L. L. Ferstandig, W. G. Toland, and C. D. Heaton, J. Am.

Chem. Soc., 1961, 83, 1151.

27 K. K. Kalninsh, J. Chem. Soc., Faraday Trans. 1, 1981, 77, 227.
28 A. Y. Ardashinikow, 1. E. Kardash, B. V. Kotov, and A. N.

Pravednikov, Dokl. Akad. Nauk. SSSR, 1965, 164, 1293.
29 Y. P. Pilette and K. Weiss, J. Phys. Chem., 1971, 75, 3805.

279

30 S. Arimitsu and H. Tsubomura, Bull. Chem. Soc. Jpn., 1972, 45,

1357.
31 C. D. Buckley, S. Mazurkiewicz, K. A. McLauchlan, A. J. D.
Ritchie, and G. R. Sealy, unpublished results.

Received 10th June 1983 ; Paper 3/966



