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Time-Resolved EPR Study of a 1,9-Flexible Biradical Dissolved in Liquid Carbon Dioxide.
Observation of a New Spin-Relaxation Phenomenon: Alternating Intensities in
Spin-Correlated Radical Pair Spectra
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X-band (9.5 GHz) time-resolved electron paramagnetic resonance (TREPR) spectra of a-1g8kgidyiradical

were obtained at room temperature in benzene and in liquid (950 psi) carbon dioxiges@@ions. The

spin exchange interactiod)(in this biradical is negative and larger in magnitude than the hyperfine interaction

(9). This leads to the observation, in both solvents, of spin-correlated radical pair (SCRP) spectra which are
net emissive. Spectra obtained at later delay timekj us) in CQ, exhibit alternating intensities of their

SCRP transitions due to spin relaxation but do not show any significant change in line width. The same
effect is observed in benzene, but on a slower time scale. Q-band (35 GHz) experiments in benzene showed
that the phenomenon was found to be both field and temperature dependent. Itis also chain-length dependent,
being much stronger in short biradicals@;0). A Redfield theory analysis of the spin-state populations is
presented and discussed that includesiodulation, electron dipotedipole interaction modulation, and
uncorrelated relaxation mechanisms (hyperfine gsfidctor anisotropies). Using this model, simulation of

the Q-band time dependence at €2, along with a careful consideration of several relaxation parameters,
leads to the conclusion that hyperfine-dependenbdulation relaxation, coupled with the dipolar mechanism

and S-T~ mixing, is responsible for the observed effects.

Introduction SCHEME 1

In a series of recent papéersye have demonstrated that in
time-resolved (CW) electron paramagnetic resonance (TREPR)
spectroscopy of spin-correlated radical pairs and biradicals
(SCRPs), dynamic or motional effects can exert a large influence
on the spectral appearance. This applies to spin-relaxation hv¢
phenomena such akmodulation, which leads to alternating
line widthda1band also to chemically induced electron-spin- C 3
polarization (CIDEP) mechanisms, where changes in viscosity O
can lead to differences in competition between the various —c0¢
mechanism$? For example, in long biradicals at low temper-
atures, we have observed that the radical pair mechanism (RPM) M 1
of CIDEP becomes stronger than the SCRP mechanism due to
the increased viscosity in low-temperature organic solvEnts.

All of our previous studies of dynamic effects were carried photochemical production using laser flash photolysis are shown
out in “conventional” solvents over a wide temperature range. in Scheme 1. In separate publications, we will describe (1) the
However, the viscosities of these solutions were never less thandetail construction of our apparatus for performing TREPR at
0.5 cP. Liquid carbon dioxide, GQis an unusual solvent in  high pressures and variable temperatdrgd), the large solvent
that it has a very low viscosity (approximately 0.06 cP at effect of CQ on the spin exchange interaction in aeglky!
ambient temperatures and 868000 psi pressure), placing it  biradicals? and (3) preliminary studies of polymer free-radical
somewhere in between a conventional solvent and a gas.initiator kinetics and RPM spin-polarization production in £0
Furthermore, liquid and supercritical fluid GGave gained vs conventional solvents such as benzene and several fluoro-
attention for their roles in separation sciehaad in free-radical carbons and chlorofluorocarbons (CF€s).
polymerization chemistry. For these reasons, we have em-
barked upon a research program aimed at understanding theexperimental Section
magnetic and kinetic properties of free radicals and biradicals
in liquid and supercritical C@and to use the unique properties ~_Our setups for TREPR at X-bah@9.5 GHz) and Q-barfd
of this solvent, such as its pressure-tunable viscosity and density (35 GHz) have been described previously. The UV-transparent,
to examine well-established spin-polarization mechanisms at thehigh-pressure flow cell is a 9-mm-o.d., 2-mm-i.d. optical-grade
other end of the viscosity spectrum from “normal” solvents, ~ duartz tube that has been epoxied at each end to stainless steel

In this paper, we present the results of a TREPR study of Pressurizing heads. These heads are in turn connectéevia
spin relaxation in a 1,9-bis(alkyl) biradical, whose structure and In- Stainless steel tubing to a high-pressure pump and a reservoir

equipped with sapphire windows to allow visualization of the

* To whom correspondence should be addressed. sample during flow. A high-pressure syringe capable of
€ Abstract published ilddvance ACS Abstractfecember 15, 1996.  withstanding pressures of 30 000 psi is used to pressurize the
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Figure 1. Experimental X-band TREPR spectra of biraditah (A) g
benzene and (B) liquid C{at 950 psi. The experimental spectra were
obtained upon photolysis of a 50 mM solution of precursor ketone at
a temperature of 28C and the delay times indicated.

:

Figure 2. (A) Experimental and (B) simulated Q-band TREPR spectra

. . . . of biradicall. The spectra in A were obtained upon photolysis of a 50
flow system after introduction of the desired solute into the \i'c 1o o precuror ketone in benzene at a temperature 6664

reservoir. Aboti1 h of equilibration time is necessary before  The parameters used in the simulations are listed in Table 1.
EPR data can be collected. This ensures a stable pressure,
temperature, and a flat EPR baseline. The X-band microwaveihe two solvents proceeds very differently. In £Qhe
resonator is a home-built brass diEcylindrical cavity with biradicals lose intensity from every other packet of lines in the
tunable alumllnum endplates which are posmoned to bring the spectrum, leading to a pattern of alternating intensities from
resonator, with sample and flow tube, into the range of the |5y to high field. Note that the line widths appear to remain
microwave source. A grid to provide light access was con- fajrly constant over this time range. Considering the low
structed by machlnlng horlzqntal slices through the cavity. A viscosity of CQ, it seems likely that chain dynamics will be
Kevlar safety shield, 1-in. thickness, was used when pressurejfferent in this unusual solvent and that this could lead to
testing the cell to at least 3000 psi for 1 h, after which the cell nysyal spin polarization or relaxation. Furthermore, the
was placed in the cavity, which is 0.5-in.-thick brass and acts phenomenon observed here seems to affect only the intensities
as its own shield. A thick-walled cavity can be used for these anq not the line widths. This has led us to focus our attention
studies because field modulation is bypassed in TREPR gp T, gpin-relaxation mechanisms (population transfer) as the
spectroscopy. The operating pressure during all experiments.5se of this interesting effect.
was at least 50% lower than the highest test pressure. If population transfer between the triplet levels is important,
Prior to each high-pressure experiment, the entire flow systemthen running the experiment at a different magnetic field should
was flushed with a variety of organic solvents and purged with ajter the relaxation rate.Figure 2A shows the time dependence
dry nitrogen gas. The precursor ketone (2,2,10,10-tetrameth-gptained for biradical in benzene at Q-band. Unfortunately,
ylcyclodecanone) was synthesized from cyclodecanone (Lan-we are not presently equipped to perform high pressure
caster) using standard alkylation chemistry. It is a white experiments at Q-band. However, the results in Figure 2A
crystalline solid at ambient temperature and pressure. UV-gradeclearly show that the alternating intensities effect is indeed
benzene was used without further purification, and dry2CO stronger at this field. These data were also taken at a higher
(SCF/SFE Grade) was purchased from Air Products and temperature than that in Figure 1A, but a comparison of data

Chemicals, Inc. obtained at the same temperature shows that there are still large
differences in the effect at the two spectrometer frequencies.
Results Data from the higher temperature experiment are displayed here

because they showed the best signal to noise ratio and are the
dataset most representative of the effect. A simulation of the
Q-band time dependence is shown in Figure 2B, and the
theoretical model leading to this result will be discussed in the
next section.

Figure 1 shows X-band TREPR data of biradidabs a
function of delay time after the excimer laser flash (308 nm,
17 ns, 10 mJ). The data in Figure 1A were obtained in benzene
solution, while those in Figure 1B were obtained in liquid CO
at a temperature of 28 and a pressure of 950 psi. At early
delay times in both solvents, the signals appear typical of short
bis(alkyl) biradicals with SCRP polarization: net emissive from
S—T~ mixing and half the hyperfine coupling due to the large In a previous publication, we considered the effects]of
J coupling. However, the time evolution of these signals in modulation by conformational motion on h flexible biradicals

Discussion
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SCHEME 2 fast indeed for the short-chain-lengthy Gis(alkyl) biradical
qg#0 q=0 under discussion in this paper. The energies and populations
of the four electronic sublevels are shown in Scheme 2 for two
N N cases: (left) whem = 0 and (right) wherg = 0: .

To calculate the rate constants fdmodulation, dipole-
dipole, and uncorrelated relaxation mechanisms, we have applied
T | A 50| A Redfield theory® as in the work of de Kanter et &.on
simulations of magnetic field effects in CIDNP data on similar
biradicals and as was used in our previous wérkSince this
y, —YV ) W= 1T =y approach is baS(_ed on perturbatic_)n_ theory, it_ must be l_Jsed

Ty X . carefully. The criterion for the validity of Redfield theory is
3=15> written as

Y3
Ta' | B \ Tu'| B \
k k
s s W, <1 2)
ky-g Products Kr-s products

J HereV is a general time-dependent matrix element inducing
Ly T /— the transitions and is its correlation time. We now make a

) ) ] few estimations about the magntiude of these parameters in
in organic solvent®!® In that work, we found that this ;T yr piradical forJd modulation relaxation. We define the
mechanism was relatively unimportant, but it played a large matrix element forJ modulation asvy. As in our previous
role in determining ¥ for certain SCRP transitions. Its  paper, the use of end-to-end distance distributions, along with
cpntnbutlon _to T will _be reconS|der_ed here in light of_the an exponentially decaying function famwith distance,) = Jo
different chain dynamics expected in @OTwo other spin-  aynj(r — 1)), allows us to estimate this parameter for a given
relaxation mechanisms are possible in biradicals: (1) modulation ¢p4in length. Usingl = 1.1 A1 andr, = 3.5 A, we have

of the electron dipoledipole interaction and (2) uncorrelated  yetermined thalV/ 2032 ~ J for most short biradicals (&-Co).
relaxation due to hyperfine angtfactor anisotropies. These Tpe value we have used fy andJ in our calculated spectra
two mechanisms have been considered in an earlier paper byis 1500 G. Next we estimate that the correlation time Jor

de Kanter et al® on the magnetic field dependence of modulation, z., is about 2x 1071l's, a reasonable value for
chemically induced dynamic nuclear polarization (CIDNP) in  5ikane chain jump times at these temperatures and in these
acyl—alkyl .biradicals performed using NMR specFroscopy. Here gojvents. Using these values, we obtain the resultat2r,

we have incorporated all three mechanisms into our SCRP i apoyt 0.3. While this is close to the limit of the validity of
simulation routine to attempt to reproduce the time-dependent i, theory, we can still use it to explain the observed phenomena.
behavior in Figure 1B and Figure 2A. The behavioris complex, 3 modulation relaxation not only affects broadening of
and it is appropriate to begin our discussion of the results by sejected SCRP transitions in biradical TREPR spectra but also

presenting the relaxation model in more detail. causes population relaxation between subleyis and |3>
We begin with an overview of SCRP theory, as illustrated ccording to egs 3a and 3b.

by the level diagram in Scheme 2. Conventional SCRP théory

uses kinetic differential equations for the diagonal elements of m/fmf
the density matrixpi1, p22, p33 andpass with the states described R]22,33= —zk(ZQ) (3a)
by a basis set consisting of the wave functions (with their Q
eigenvalues) Tq
k(w) = T4 ot ? (3b)
10=T'0 E,=-J+Q (1a) T

The Redfield relaxation element for this process is given in eqs
|200= cosO|SH sinO|T°0  E,=Q (1b) 3aand 3b. Since the relaxation rate? is proportional to the
g value, there are no transitions between sté®es and |3>
due to this relaxation mechanism for biradicals with the same
nuclear spin numbers at both radical centers, i.e., vgrer0.
We now consider population relaxation caused by modulation
[40=T 0 E=-3-Q (1d) of the electron dipoledipole interaction. This mechanism can

effect the transitiongTt> < |2> and |T™> < |2>, i.e,

whereQ = (g7 + J)¥2 tan ¥ = ¢/J, and the other variables  transitions between states with substantial triplet character. The

130= —(sin §)|SCH cosh|T’0  E;=—-Q (1)

have their conventional meaningS>, [T*>, |T°>, and|T~> matrix element for this process, which is the same for each of
are the standard singlet and triplet spin basis functidisthe the two transitions, is shown in
spin-exchange interaction, argdis the local magnetic field
difference between the radical centers, consisting of hyperfine 3@/(,2Eksin2 0
interactions and-factor differences. For the biradical studied Rypis = — 10 Koz) (4a)
here,Ag = 0; therefore,q is determined exclusively by the 44
hyperfine coupling terms. Thgterm is very important in our V2= gp (4b)
analysis since it is clear that the relaxation mechanism we are d h2r®
pbserving affects some hyperfine lines differently than others;  1,o dipole-dipole interaction also connects statgs and
I.e., we nged_ to considerdependent processes. . |3>. The relaxation matrix element is given by

The “kinetic” approach to the density matrix method is
reasonable since a large value of the reencounter rate constant, m/dsz
ken (>1C° s, leads to a fast dephasing rate, destroying the Rd22,33= T.sz(wza) (5)

off-diagonal elements of the density matrix at the times much
shorter than our experimental observation titheke,, is very The ratiog?/Q? that appears in eq 5 causes this matrix element
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TABLE 1: Kinetic and Magnetic Parameters Used for Simulations in Figure 2B

J modulation dipole-dipole uncorrelated
J, MHz Ken V(t)2¥2, MHz Te, S V(t)22, MHz T, S V(t)2¥2, MHz Tw S natural line widtf,G
-4200 5x 10° 8400 10t 280 wo% 56 10 2.5-3.0

aLine widths are a function of delay time and were varied over this range.

to be quite small. This is because thealue obtained from
our simulations is about 1500 G (vide infra), amés about 20
G, with the result that this factor decreases the matrix element
by about 2 orders of magnitude. Although eq 3a also contains
this ratio for T; relaxation between staté®> and|3> via J
modulation, the matrix element fod modulation, V;, is
substantially larger in this biradical than the matrix element for
dipole—dipole relaxationVy, between these two states. This
allows us to excluddrdy, 33 from further consideration. We
conclude from this analysis that the most importgdependent
T, relaxation channel connecting sublevéls and |3> is J
modulation. For reasonable values gfor organic radicals
(about 30 G or 100 MHz), a correlation timgof about 1011
s, and by assuming (as discussed above) W#?2 ~ J, we
estimate thaly; 1 is approximately 10s™1. This is at least an
order of magnitude faster than any other relaxation rate for
transitions between staté2> and |3>. Because of thg
dependence of;71, there is therefore a large difference in
relaxation rate for subensembles wigh= 0 andg = 0. The
overall appearance after a few microseconds is an alternation
of line intensities in the TREPR spectra. Note that this is a
very different polarization pattern from the alternating line width
patterns which are created Bymodulation via a ¥ process.
The uncorrelated relaxation matrix elemé®it, 33 has been
described previously by de Kanter efalnd is shown in eq 6.

Ru22,33: wuz[k(wzs) (6)

It is important to note that the uncorrelated matrix element does
not show any dependence gn The matrix elemeny, arises
from hyperfine org-factor anisotropy. An interesting feature

Figure 2B shows a simulation of the time dependence of the
Q-band TREPR spectra of shown in Figure 2A. The
parameters used in the simulation are listed in Table 1. The
combination of T relaxation byJ modulation, which causes
transitions between subleve|2> and |3>, and dipolar T
relaxation transition§T+> < |2> and|2> < |T~> reproduces
the effect of alternating line intensities in the biradical spectra
very well.

Interestingly, both uncorrelated and dipelgipole relaxation
mechanisms lead to the same effect. Increasing the rate of any
of the three relaxation pathways causes an increase of the
relative decay rate of the transitions corresponding to biradicals
with g = 0. However, uncorrelated relaxation leads to alternat-
ing intensities only when the two matrix elemeiR4; 33 and
RY33.44 corresponding to transitions between energy leNets
< |3> and|3> < |T~>, respectively, have approximately the
same value. This situation can only occur when the relaxation
rate constants do not depend on the Larmor frequency values,
i.e.,wory < 1. At Q-band (35 GHz), this means the correlation
time for uncorrelated relaxation,, should be smaller than 5
x 10712s. At X band (9.5 GHz), it should be smaller than 2
x 10711s. If the motion leading to uncorrelated relaxation is
the movement of the end of the chain (e.g., methyl group
rotation), these are reasonable upper limitstipr

In contrast, electron dipotedipole relaxation leads to this
effect at any value of the correlation timey, because this
mechanism does not effect transitions between subléVeks
or |[T~> and subleve|3>. In a short alkyl chain, there may
also be a very short correlation time for the dipolar mechanism.
For this reason, it might be considered difficult to separate the

of the present system is that all three relaxation mechanismsdipolar and uncorrelated relaxation channels. However, because
have nonzer®y; 3zmatrix elements, which connegi, andpss. the phenomenon of alternating intensities is observed only for

For largeJ values (i.e.JJ > ) the resonant frequencies for  short-chain-lenth biradicals (less than 10 carbon atoms), we
transitions A and B in Scheme 2 are the same within the limit conclude that dipoledipole relaxation is more likely to be the
of line widths. The total line intensity is proportional to the active mechanism. Chain-length dependent uncorrelated relax-
sum of two population differences: that betweg@&n> and state ation would be extremely unusual, and we do not see the
|2>, (nt— — np), and that between statg> and |T+>, (n, — alternating intensities in {g biradicals in either solvent. We
nr+). This sum works out to bar— — nry, or the difference therefore do not consider the uncorrelated mechanism further.
in population betweerfT™> and |T~>. In the completely The electron dipoledipole interaction can be modulated
symmetric case, when all the rates for transitions figm> either by tumbling of the entire biradical with a slow correlation
or |[T*> to [T°> or |S> are the same, the line intensities are time (ry > 107195s) or by fast rotation around each single bond
determined only by the population difference betwg&h> (ta ~ (1—5) x 107 s). For a slow correlation time with an
and |T~>. So, the population of théT?> state becomes upper limit of about 1x 10719 s at the X-band microwave
unimportant. However, ST~ mixing, which can be dominant  frequency, the factory/(1 + wo?r4?) is about 2.5x 10712 s,
in the largeJ case, can lead to a dependence of line intensities which would lead tol;~ values that are too slow to account
on the transition rates between stg@s and|3>. Or, in other for the observed effects. We can therefore neglect the contribu-
words, S-T~ transitions break the symmetry of thiE"> and tion of the rotation of the whole biradical and consider only
|IT-> states. Also important is that, in the presence of the short correlation time for dipotadipole relaxation. As
sufficiently fast population relaxatioriT{;~* in Scheme 2),] shown in Figure 2, increasing the temperature t64at Q-
modulation can significantly decrease the lifetime of biradicals band leads to a more pronounced alternating intensity effect.
with g = 0. The above-mentioned conditions can lead to the This allows us to conclude that the correlation timehas to
observed effect of different decay rate constants for biradicals be longer thanwe™1, or 5 x 10712 s, which is reasonable.
with =0 andg= 0. To obtain more quantitative information  Differences in decay rate constants observed in X-band experi-
about relaxation rates and correlation times, a more detailedments between benzene and liquid Cléad to the same
kinetic analysis is required, which is currently underway in our conclusion, andvy~? leads to an even higher estimated lower
laboratory. limit for 74 of about 2x 1071s,

Now we are equipped, using eqgs 3, 4, and 6, to calculate Itis also difficult to separate dipotedipole and) modulation
rates for the]T*> < |2>, [T*> < |3>, |2> < |T~>, and relaxation contributions. They are necessarily coupled due to
|3> < |T~> transitions for all three Trelaxation mechanisms. the fact that they are both functions of the end-to-end distance
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