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Abstract: The direct detection electron paramagnetic resonance (EPR) spectra of three flexible polymethylene 1,n-
biradicals (n = 22, 24, and 26) in tetrahydrofuran solution at low temperatures are reported. The acyl-alkyl biradicals,
which show broad spin-polarized EPR transitions at room temperature and above, exhibit unusual structure at temperatures
below 240 K. Simulations show that this additional fine structure is due to a collapse of emissive and absorptive
transitions into each other, caused by a steady decrease in the spin exchange interaction (J) between the unpaired
electrons. The effect is more pronounced at lower temperatures as the chains assume more extended conformations.
For the Cy biradical the lowest temperature spectrum clearly shows the residual doublet state CIDEP (emissive/
absorptive) indicative of uncorrelated radical centers. This transition from correlated to uncorrelated spins in a tethered
chain is discussed in terms of through-bond and through-solvent spin—spin coupling mechanisms averaged over the

equilibrium distribution of chain conformers.

Introduction

The single—triplet energy gap (AEsr) in organic biradicals is
an excellent probe of molecular structure.! Flexible 1,n-biradicals,
which can be observed in liquid solution using direct detection
electron paramagnetic resonance (EPR) spectroscopy,? have
AEgr’sthatareaccurately measurable over a wide range of values
(10% to 1 em!). If the motion of the flexible biradical is fast
and the molecules are conformationally averaged on the EPR
timescale, the interaction manifests itself as an additional splitting
in the EPR spectrum and is usually referred to as the isotropic
electron spin exchange interaction (2J). Long-range electronic
interactions such as these can be difficult to quantify in processes
involving donor—acceptor systems (e.g. electron and energy
transfer) because of the presence of photoexcited states or excess
charge which complicates the direct measurement of the electronic
matrix element. Neutral biradicals at or near their electronic
ground state do not suffer from these complications and are
therefore good model compounds for the study of such matrix
elements. We draw this comparision because, as for electronic
matrix elements, biradical J couplings are proportional to the
overlap of the orbitals involved. There are theoretical models for
the magnitude of matrix elements driving electron and energy
transfer processes over large distances,? especially in biological
systems,* which have not been tested experimentally in simpler
systems. Our laboratory has a long-term project aimed at
measuring the sign and magnitude of J in biradicals at very long
distances and as a function of simple systematic changes in
molecular geometry.> Todateis hasnot been possible todetermine
the chain length at which J couplings in biradicals go to zero, or
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more correctly, the chain length at which they become too small
to be observable by EPR spectroscopy. In this paper we report
time-resolved solution EPR spectra of 1,22-, 1,24-, and 1,26-
polymethylene chain biradicals which show a large decrease in
J with decreasing temperature, and we present evidence for the
loss of spin correlation (i.e., when J approaches zero) in the Cy¢
chain at the lowest temperatures accessable by our apparatus
(ca.230K). Thesearethelongestorganicbiradicals ever observed
spectroscopically, and they have the smallest singlet—triplet energy
gaps measured by any direct physical method.

In several recent publications from our laboratory, changes in
J couplings with molecular structure for short and medium chain
length biradicals were reported.>¢ The spin correlated radical
pair (SCRP) polarization typically observed in the EPR spectra
of these species becomes very weak when the J couplings are
large as in short (1,3- to 1,8-) biradicals, but can be useful in
obtaining very accurate values for J by spectral simulation in
longer chain structures (1,9- to 1,16-biradicals).” In this regard
the time-resolved EPR method is superior to steady state EPR
spectroscopy of stable biradicals, ¢.g. nitroxides, where a somewhat
narrower range of J couplings is measurable. In one of our
previous studies we found that J is a strong function of
temperature, especially at longer chain lengths.® This is due to
contributions from two coupling mechanisms, through-bond and
through-solvent, which have temperature coefficients of opposite
sign. A decrease in temperature tends to favor extended
conformations of the chains,'leading toa decrease inthe through-
solvent interaction. Since the longer chain biradicals are
dominated by through-solvent coupling, even a small change in
the distribution of end-to-end distances can produce a large change
inthe Jcoupling. This “temperature controlled” spin correlation

(5) (a) Forbes, M. D. E. J. Phys. Chem. 1993, 97, 3390. (b) Forbes, M.
D. E. J. Phys. Chem. 1993, 97, 3396.

(6) (a) Forbes, M. D. E.; Bhagat, K. J. Am. Chem. Soc. 1993, 115, 3382,
(b) Forbes, M. D. E,; Rubery, S. R. J. Phys. Chem. 1993, 97, 13223. (c)
Forbes, M. D. E. J. Am. Chem. Soc. 1993, 115, 1613.

(7) Closs, G. L.; Forbes, M. D. E.; Piotrowiak, P. J. Am. Chem. Soc. 1992,
114, 3285,

(8) Luckhurst, G.R.InSpin Labelling: Theory and Applications; Berliner,
L. J. Ed.; Academic Press: New York, 1976, Chapter 4. For other systems
see: Coffman, R. E.; Buettner, G. R. J. Phys. Chem. 1979, 83, 2387.

(9) Forbes, M. D. E,; Closs, G. L.; Calle, P.; Gautam, P. J. Phys. Chem.
1993, 97, 3384.

(10) (a) Winnik, M. A. Chem. Rev. 1981,81,491. (b) Morawetz, H. Pure
Appl. Chem. 1980, 52, 277.

© 1994 American Chemical Society



Disappearance of Spin Correlation in Flexible I1,n-Biradicals

Scheme 1
@]

h
Y {CHz)nf\Y

n=22 24,26

(CHz)h 5

should be enhanced in even longer chains, and this was the impetus
for the present set of experiments.!!

Results and Discussion

The systems under investigation are shown in Scheme 1. The
main ring system of each precursor ketone was synthesized
according to a previously published procedure.'? Tetramethyl-
ation was carried out in order to speed up the rate of Norrish I
cleavage from the excited triplet state of the ketone, ensuring the
maximum yield of biradical per laser flash. The temperature
dependence of the C,; biradical EPR spectrum is shown in Figure
1. The most unusual feature of this series is the apparent
sharpening of several transitions as the temperature is lowered.
The other chain lengths showed similar changes with decreasing
temperature, which is particularly noticable in the centermost
transition of each spectrum. The origin of this phenomenon,
which the simulations shown below will support, is the gradual
decrease of the through-solvent contributon to the J value as the
conformational distribution shifts away from coiled geometries
toward more extended ones. To understand this effect in more
detail, it is useful to present the NMR analogy for the case of
very small J couplings. Each hyperfine line in the spectrum
represents a radical center with a chemical shift (from the center
field) that is large compared with the J coupling to the other
electron. The hyperfine line should appear as a normal S =1/,
transition, mildly perturbed by the exchange interaction, i.e., it
should be splitinto twolines separated by 2J. The only difference
between this EPR spectrum and a first-order AX spin !/, NMR
spectrum is that the population differences, which arise in SCRP
theory by singlet-triplet mixing, cause the low-field line of each
doublet to be emissive (E) and the high-field line absorptive (A).
It is then obvious that as the splitting (2J) decreases further,
these E and A transitions will begin to overlap and cancel each
other out. The additional fine structure observed in Figure 1
comes from the remaining transitions, of which there are many
because of the large number of nuclear hyperfine couplings on
the alkyl half of the biradical. It should be noted that the low-
temperature spectra of these covalently linked systems show
polarization patterns remarkably similar to those observed from
unbound radical pairs confined to the interior of micelles.!3 In
contrast to micellar radical pairs, however, these signals did not
change shape with delay time, decaying instead uniformly to
intensities below the sensitivity of the spectrometer by either
chemical reaction or spin relaxation.
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Figure 1. X-band time-ordered EPR spectra of the 1,22-biradical indicated
inScheme 1 as a function of temperature. All four spectra were obtained
at a delay time of 0.1 us after the laser flash with use of 100 ns boxcar
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Figure 2. X-band time-resolved EPR spectra of the 1,22- (top), 1,24-
(center), and 1,26- (bottom) biradicals, all taken at 227 K under the
same conditions as described in the text and the caption to Figure 1. The
vertical scale has been expanded to show all details except the center
transition. A line has beendrawn through the baseline to show the growth
of the uncorrelated E/A CIDEP pattern with increasing chain length.

Spectra of the Cy, Cps, and Cy4 biradicals are shown on an
expanded vertical scale in Figure 2. These spectra were taken
at 227 K, the lowest temperature presently possible with our flow
system. All three biradicals clearly show the additional fine
structure described above, but an additional feature also presents
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itself in the chain length dependence. A line is drawn along the
baseline of each spectrum to illustrate this. As the chain length
increases, the low-field transitions acquire moré¢ emissive character
while those at high field become more absorptive. Two repre-
sentative transitions showing this phenomenon are indicated by
asterisks in Figure 2. Such behavior is also observed in micellar
radical pairs with increasing delay time and is attributed to
polarization from uncorrelated radicals which have escaped the
micelle and no longer experience an exchange interaction. In
covalently linked biradicals there can be no such escape processes,
but there can be contributions to the spectrum from the “normal”
chemically induced dynamic electron spin polarization (CIDEP)
transitions,'# which is E/A for triplet precursors. The concentra-
tion of biradicals in our experiments is estimated at 10-6 M8z, so
on the time scale of our experiments (ca. 1 us) it is not possible
for this polarization to arise from intermolecular random
encounters. It has been shown by Norris and co-workers!® and
by Wang et al.!é that CIDEP is produced alongside SCRP
polarization, since both mechanisms share single—triplet mixing
as their origin. Most likely the intensity of the CIDEP is about
the same for each biradical in Figure 2, but the SCRP is weaker
in the Cy case due to a slightly smaller J coupling and further
collapse of the E/A doublets. Further evidence for this comes
from the fact that the overall signal intensities of the Cj;, Cys,
and Cy spectra decrease with chain length, as expected if the
stronger SCRP polarization is disappearing. Theintensities were
compared by examining spectra obtained under identical condi-
tions of light flux, concentration, solvent, temperature, and delay
time.

The averaging of J over the conformational distribution is of
interest. There may be a significant number of conformations
of the C,4 biradical for which 2J is much less than half of the line
width of the transitions, which is the “solution EPR definition”
of zero J for SCRP polarized biradicals. These biradicals will
have completely collapsed their doublets, leaving only the residual
CIDEPsignals. If thebiradicals undergo rapid motion, the “zero
J” biradicals are averaged into the spectrum in a manner similar
toa two-site NMR chemical exchange problem. Evenif motional
averaging is slow, the frequency differences between the SCRP
and CIDEP transitions are small, so in that case we would see
a spectrum that looks like a superpositon of the two mechanisms.
However, even at these temperatures we believe that conforma-
tional jumps of the chains are fast enough to average these small
interactions. With both mechanisms operative our SCRP
simulation program can no longer be used to obtain an exact
value for the J coupling, only an upper limit which we place at
-1.5 MHz. This number was arrived at by conducting the
simulations shown in Figure 3. Figure 3A shows the pure SCRP
spectrum for the Cy biradical with J =-1.5 MHz. The essential
features of the experimental spectrum are adequately reproduced
except that there is too much absorption at low field and too
much emission at high field. Figure 3B shows the pure CIDEP
spectrum of the uncorrelated radical pair, and figure 3C is a
superposition of the SCRP and CIDEP spectra in a ratio
determined by approximate fit to Figure 3A. Clearly a much
better fit of the Cj6 spectrum is obtained with the superposition
and less CIDEP would be required to fit the C,; and C,q4 spectra
in Figure 2. This is strong evidence in support of the loss of spin
correlation due to the combined effects of lower temperatures
and longer chain lengths. It is interesting to point out that in
unbound radical pairs the effect of lowering the temperature is
opposite to that observed here,!” i.e. the magnitude of the SCRP
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Figure 3. (A, top) Simulation of a biradical using pure SCRP theory
with the hyperfine interactions and g factors for the monoradicals taken
from ref 20, a line width of 5 G, and a J value of -1.5 MHz. (B, center)
Simulation of the pure doublet state CIDEP spectrum of the uncorrelated
biradical with a line width of 7 G for the acyl fragment and 3.5 G for
the alkyl fragment. (C, bottom) Superposition of the SCRPand CIDEP
described above which best fits the 1,26-biradical spectrum at the bottom
of Figure 2.

polarization increases because the higher viscosity causes geminate
pairs toremain in contact (J 5 0) for times long enough todetect
the fine structure.

By inspection of the central transitions in the spectra in Figure
litis clear that the line widths of the biradicals are also changing.
It is well-known that acyl radicals have smaller line widths at
lower temperatures,!® most likely due to less mixing of the linear
excited state from which decarbonylation takes place.!® This
narrowing could be responsible for the appearance of additional
structure regardless of the magnitude of /. However, we observed
spectra of pivaloyl radicals in THF2® which showed normal acyl
monoradical line widths of 7-8 G over this temperature range,
anditis unlikely that a different line width exists in the biradicals.
Although the line width of the alkyl fragment is believed toincrease
with decreasing temperature due to the presence of hyperfine
anisotropy, this should be a fairly minor effect for the biradicals
shown here because they have only 8 hyperfine interactions where
the anisotropies are known to be quite small.2! Interestingly, one
of the manifestations of the loss of spin correlation is that the two
ends of the biradical no longer share the same line width, as they
do when the spins are strongly coupled. This may be interesting
diagnostic tool for quantifying J values in the very long distance
region.

These spectra have perhaps raised more questions then they
have answered. The original issue of where J couplings “go to
zero” in flexible polymethylene chain biradicals has been settled,
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are quite different. This explanation, and not g factor anisotropy, gives the
correct temperature dependence.

(20) The pivaloyl radicals were produced by laser flash photolysis of di-
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at least to the extent that we now know where the transition to
uncorrelated radical centers begins. The long chain length and
low temperature required to observe this transition is somewhat
surprising, but it should be noted that smaller and smaller J
couplings could probably be measured if systems with narrower
natural line widths could be synthesized. Another interesting
question is whether or not any of the coupling mechanism is
“indirect” through the biradical’s excluded volume (26 methylene
units occupy a large portion of the free volume between the radical
centers).

Experimental Section

TREPR Methods. The tetramethyl ketones were photolyzed
by a 308 nm eximer laser (Lambda Physik LPX 110i, 15 ns
fwhm, 200 mJ, 60 Hz repetition rate) in THF (distilled from
lithium aluminum hydride). Solutions were flowed through a
0.5 mm path length quartz flat cell within the microwave cavity
of a JEOL, USA, Inc. X-band EPR spectrometer equipped for
direct detection using a boxcar integrator as previously de-
scribed.®’ The temperature of the flow system was controlled
with acetone/dry ice cold baths in which both the sample reservoir
and a heat exchange coil located just prior to entry into the
microwave cavity were immersed. The flow lines, pump head,
and microwave cavity were insulated with polyurethane foam
and dry nitrogen was blown through the microwave cavity to
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eliminate frost buildup on the surface of the flat cell. All
temperatures are accurate to 2 K.

Characterization Methods. Low-resolution gas chromatog-
raphy/mass spectrometry (GC/MS analyses were performed on
a Hewlett-Packard 5890 GC automated with a 5971A MS
instrument containing a 12 m HP-1 capillary column. High-
resolution mass spectra were obtained at the Mass Spectrometry
Laboratory for Biotechnology Center, North Carolina State
University. !H and 13C NMR spectra were recorded on a Varian
XL-400 spectrometer. Infrared spectra were obtained neat with
NacCl windows on a Bio-Rad FTS-7 spectrometer.

Solvents and Materials. Tetrahydrofuran was distilled from
lithium aluminum hydride. Diisopropylamine was distilled from
calcium hydride prior touse. Iodomethane and n-BuLi (Aldrich)
were used as received. The synthesis of the parent cyclic ketones
has been published previously.!? Alkylations were performed
using a previously described procedure?® in 75-82% yield. All
products were purified by column chromatography on silica gel
(200-400 mesh) with a 1% diethyl ether /petroleum ether eluent.
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