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X-band time-resolved electron paramagnetic resonance (TREPR) spectra of three flexible biradicals of varying
chain length and structure were obtained in liquid and supercritical carbon dioxidgg@@@ions and compared

to conventional solvents. Fori£acyl—alkyl biradical1a, an average spin exchange interaction between the
radical centersJa,g Was obtained by spectral simulation using a simple model for spin-correlated radical
pairs (SCRPs) and a small amount ofr&laxation from a previously establishdanodulation mechanism.

A large solvent effect oda,g Was observed for the first time, varying by almost 1 order of magnitude from
CO; (Javg= —1204+ 10 MHZz) to heavy mineral oil{11 £ 3 MHz) for 1a. For Gs bis(alkyl) biradicallb,

spectra obtained under supercritical conditions are only slightly different from those detected in liquid CO
but differ from spectra taken in benzene. Fap @cyl—alkyl biradical 2a, more emissive spin polarization

due to S T~ mixing is observed in C®than in benzene. These results are discussed in terms of solvent
properties such as dielectric constant, viscosity, and specific interactions. Both chain dynamics and changes
to the equilibrium distribution of end-to-end distances can dlfgrand the observed ratio of-S°to S-T~

mixing; however, faster chain dynamics is concluded to be the most likely cause of the observed effects in
these systems.

Introduction Biradicals have a long history of exploration by steady-state
In the past two decades, carbon dioxide g5@ both liquid EPR spe_ctroscopy, notably bis(nitroxid_e) structdfeshich can
and supercritical phases, has become a solvent of great utilityhave flexible spacers between the rad_|cal cente_rs. Semiquinone-
in separation sciende,integrated circuit technologfy,and ba§ed systems haye also been extepswely studied, bu.t these have
polymer synthesi8.Liquid CO, is a low dielectric constant typically been rigid systems in which stereoele_ctronlc effects
(1.2-1.5), low viscosity €0.05 cP at room temperature) solvent Were the focus of attentiot.Solvent effects are in fact rarely
with a pressure-tunable density and easily accessible criticalobserved in stable biradicals, even in flexible systems. A
temperature (31C) and pressure~74 bar)* Many free radical ~ particular disadvantage of stable systems is that ahgg
reactions are possible in GO yet little is known about the ~ becomes larger than the hyperfine coupling constaAt(MHz
magnetic, kinetic, and dynamic properties of free radicals or for nitroxide radicals), their EPR spectra become insensitive to
other reactive intermediates in this unusual sol¢eBlectron the magnitude of the exchange interaction. Also, such spectra
paramagnetic resonance (EPR) spectroscopy is ideal for sucrare completely insensitive to the signdfgat any magnitude.
studies, and EPR spectroscopy at high pressures presents There are therefore special advantages to studying flexible
significant experimental challenges that have been overcometransient biradicals as carried out in our laboratory using time-
in recent years.In our laboratory we have constructed a high- resolved EPR spectroscopy (TREPRDur spectra are collected
pressure flow apparatus for the real time detection of radicals without the use of field modulation, that is, using direct
and biradicals produced during photochemical reactions in®CO  detection. This is done to detect transient species present for
We have had a long-standing interest in the physical and |ess than Js in solution at room temperature. The experiment
chemical properties of flexible biradicéi$n particular, we have s successful because mixing between the singlet and triplet spin
studied the average exchange interactig, in polymethlyene  states in the biradical leads to strong chemically induced electron
qhain biradicals as a function of molecular strucﬂ_ﬁ’rmagnetic_ spin polarization (CIDEPY By signal averaging using a boxcar
field,!* solvent}? and temperatur€ In these studies, we paid  jntegrator and taking advantage of the CIDEP enhancements,
particular attention to changes in the end-to-end distanceye can retrieve almost all the signal-to-noise ratio lost by
distributions (a static or equilibrium property) and the rate of remoying the field modulation. The CIDEP polarization pattern
re-encounter of the radical centers (a kinetic property). Which of 5 transient biradical carries rich mechanistic, kinetic, and
of these two parameters is affected more by solvent propertiesyagnetic information. Several research groups have devoted
is at present still subject to some deb&dhe influence of ok of their research effort during that past two decades to

solvent on biradical chain dynamics is therefore of continued e analysis of what is known as spin-correlated radical pair
interest, and the low viscosity and other tunable properties of (SCRP) polarization in these spectfa

CO, at room temperature make it an attractive solvent for such ; . .
©. P In this paper, we report the TREPR observation of flexible

studies. - T -
biradicals in liquid and supercritical GOas compared to
* Corresponding author. E-mail: mdef@unc.edu. conventional solvents. Flexible aeyhlkyl biradicals of different
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SCHEME 1 Safety Note: Initial pressurization of such flow systems
HC O CHe CH, CH, should always be carried out with full face protection such as
HyComes SaCH, . 0= flmCH, o (CHg a visor. We also recommend using a plexiglass safety shield
— - around the sample cell/resonator assembly at all times when
R )é* (CHzln —5%7 (CHa)n the pressure is above 1 bar. On several occasions when ramping
HaC C ”sCH_é‘ up the pressure we have experienced shattered sample cells or
L:n=11 2 : failure of the epoxy seals between the quartz tube and the
2:n=5 1a, 2a 1b, 2b

stainless steel pressurizing heads.

chain length were produced photochemically in£kenzene,

and other solvents, as outlined in Scheme 1. Laser flash Results and Discussion

photolysis of tetramethyl cyclic ketorteleads to Norrish ko Before the presentation of experimental spectra, it is useful
cleavage from the first excited triplet state of the carbonyl to summarize the salient features of biradical SCRP spectra.
moiety. This process initially gives biradicab, a Ge acyl— We do this to help explain our model for spectral simulation

alkyl biradical, which decarbonylates on the submicrosecond and to define several important physical parameters relevant to
time scale to give & bis(alkyl) biradical 1b. Ketone 2 both the exchange interaction and the chain dynamics for the
photolyzes in a similar manner to givadacyl—alkyl biradical type of biradical shown in Scheme 1. To simulate SCRP spectra,
2a and decarbonylates to give bis(alkyl) biradi@dd. Below we require line positions, intensities, phase, and width. For line

we will show that indeed significant solvent effects are observed width and phase, we assume Lorentzian line shapes that are

on the TREPR spectra of these structures with large changes ireither purely absorptive or purely emissive. The width is input
both static and dynamic biradical physical parameters observedas a single fitting parameter unless a relaxation process is present

in liquid COy. that affects each line independently. Emissive or absorptive
) ) phase is determined from population differences between the
Experimental Section electron spin states, which are explained in Figure 1. Transition

Our TREPR apparatus has been described in detail intensities depend on these population differences and the
pre\/ious]y}Sa and our modifications for h|gh pressure are transition probabilities. The probabilities and the field pOSitiOﬂ
detailed in a separate publicati®Briefly, spectra were recorded ~ Of each resonance are determined by diagonalizing the spin
on a Varian E-line X-band (9.5 GHz) EPR console and bridge Hamiltonian in an appropriate high field basis. The Hamiltonian
modified with a fast preamplifier and a low noise GaAs FET is initially written in a standard basis set taken as the direct
microwave amplifier (25 dB gain). The microwave power product of the four electron spin levels'(TT?, T~, S) and the
incident on the samples was 10 mW for all experiments. High- nuclear spin state sublevels,
pressure C@solutions were circulated through a quartz flow Figure 1A shows a pictorial representation of the biradical
cell of 9 mm outside diameter and 2 mm inside diameter using energy levels at= 0, that is, immediately after creation of the
a specially modified micropump with a sapphire shaft. The biradical (a process we assume to be nonadiabatic) but before
quartz sample tube was epoxied to stainless steel pressurizinginy spin state mixing has taken place. We have omitted the
heads and centered in a home-built brass cylindricad;TE  hyperfine splitting for clarity, but it is important to note that
microwave cavity equipped with a slotted window for light each nuclear sublevel has a similar energy level diagram
access. associated with it that can be considered independently. The

The flow system included a 20 mL stainless steel reservoir situation at time= 0 is as follows: each triplet level contains
with a sapphire window and magnetic stir bar. Samples of ketone /3 of the total electronic spin state population, and the singlet
(the G parent compound is a solid) were placed in the reservoir, level is empty. Strictly speaking, there are slight differences in
which was then sealed and charged with,d@Bing a hand- the triplet level populations when the biradical precursor is a
turned HIP pump. The solution was mixed and flowed through photoexcited triplet state, but for the alkyl ketones considered
the entire apparatus until clear by visual inspection through the here, this polarization is small compared to the SCRP spectrum
sapphire window. Solutions were irradiated by a 308 nm laser and can be ignored. Figure 1B shows the populations and energy
pulse (20 ns width;-20 mJ, repetition rate 60 Hz) from a XeCl levels after the S and®Btates have mixed. This represents the
excimer laser LPX100i (Lambda Physik). The concentration of situation whenJaygis small compared to the hyperfine interac-
starting material was typically 0.69.1 M. After accounting tion, ap.
for the light intensity, ketone extinction coefficient, and the Diagonalization of the spin Hamiltonian creates two new
known quantum yield for biradical formation, we estimated eigenstates¥, andW3, which have both singlet (S) and triplet
biradical concentrations immediately after the laser flash to be (T% character. Any re-encounters between radical centers in
105 M or less. For this reason, intermolecular diffusion the singlet state will lead to a unit probability of reaction at
processes were ignored. van der Waals contact distance (3.5 A for these structures). In

Spectra were collected at a fixed delay time after the laser polymethylene chain biradicals, the re-encounter rd¢g¥ dre
flash using a Stanford Research Systems boxcar integrator (100n the order of 19s™! (for examples ok, values and other
ns gates), and the external field was swept oved Znin. All biradical simulation parameters, see refs 9a and 9b), and because
spectra and simulations shown have a sweep width of 150 G of their substantial singlet character, the statesand W3 are
unless otherwise noted. Because of the direct detection methoddepleted very quickly whedayg is small. This depletion is
employed, transitions below the baseline represent emission,depicted in Figure 1C and is the origin of the unusually large
while those above the baseline exhibit enhanced absorption. spin polarization often observed in these species by TREPR.

The precursor cyclic ketones were purchased from Aldrich At room temperature and below, this “smdlicase is typically
(Cy0) or Lancaster (&) and then tetramethylated with KH/GH observed in long% Ci4) acyl—alkyl type biradicals in conven-
or LDA/CHgsl. Purification was carried out by column chroma- tional solvents at delay times of about 100 ns after the laser
tography on silica gel with hexanes as the eluent. Characteriza-flash. It is important to note that the re-encounter ragg, is
tion of final products was completed B NMR and GC/MS. governed by the polymethylene chain dynamics (trans to gauche
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Figure 1. Electron spin state energy level diagrams for a flexible biradical created from a triplet precursor. The width of a line indicates the
population of that state. Panel A shows biradical energies and populations attin¢hat is, just after biradical creation, showing the empty
singlet state and equal populations in each triplet level. The energy difference between Si@r®XE.q In panel B, the ST mixing process
creates new eigenstateg; andiys, both of which now have significant singlet character and deplete their populations by chemical reaction. The
energy splitting between these states-2w, wherew? = a? + Jag> Panel C shows the resulting populations that lead to a first-order SCRP
spectrum. Panel D presents the same type of diagram as that in panel B exceptThani&ing is predominant and chemical reaction depletes
both T® and T~. Panel E shows populations that lead to a second-order SCRP spectrum with net emission fref thdgess. See text for
definitions and examples of first- and second-order spectra.
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Figure 2. The top panel shows allowed transitions in SCRP spectra, labeldddnd the bottom panel shows stickplots of expected EPR spectra
for the case of (A) smallayg (B) Javg =~ an, and (C) largelayg See text for details.

conformational transitions) and therefore, likg, is a function interaction,ay. There are three important cases to be consid-
of biradical chain length. We will comment further on this ered: (A)Javg < an, (B) Javg = an, and (C)Javg = gB6Bo. The
relationship below. It is also important to note that the time transition probabilities follow directly from spin selection rules
scale for encounters (1 ns) is much shorter than the time scaleand the ratio 08..t0 a4 (at largeJayg two of the four transitions
of observation (106200 ns). This difference in scale is in large become more forbidden while the two others remain strongly
part the reason for the validity of the use of an averdge allowed; see ref 9 for more details). For case A in Figure 2, the
coupling in modeling biradical TREPR spectra. spectrum consists of a pair of emissive/absorptive doublets of
Figure 1D illustrates what happens whi, greatly exceeds  approximately equal intensities. Apart from the anomalous
the hyperfine value and becomes comparable to the Zeemarphases, this spectrum is completely analogous to thellAX
energygpBo (g is the electrorg factor for the radical centef NMR spectral system for two spitl, nuclei whenJax < o
is the Bohr magneton, anB is the applied external field).  (whereJax is the nuclear spintspin coupling constant antlis
While S-T° mixing is still taking place, additional mixing  the nuclear chemical shift). We call this the first-order spectrum,
between S and the Tlevel now becomes an important process. and it is the only case in which the value &f4 can be read
The predominant depletion due to chemical reaction is now from directly off the spectrum Ry is the splitting between the
the T~ level, which is shown in Figure 1E. For the biradicals absorptive and emissive component of each doublet).
discussed here, chain dynamics (ilke, values) andlag are Keeping in mind our NMR analogy above, we now consider
responsible for the interplay between the ™ and S-T- what happens aslag increases in magnitude to become
mixing processes. Chemical lifetimes can be extracted tgm  comparable t@y (Figure 2B). There are still two doublets, but
values from the produdtis, wherelsis the fraction of singlet the splitting is so large that the outer transitions are just barely
character of the state. Thig values are determined from the perceptible on the perimeter of the spectrum. This happens
ratio of ay to 2Javg for S—T° mixing and from the ratio oé to because the transition probabilities become very low whgn
(2Javg + gBBg) for S—T~ mixing. ~ ay (recall the “roofing” effect observed when the A
Figure 2 shows the allowed TREPR transitions and “stickplot” NMR spectrum moves to the AB spectrum &s becomes
spectra expected for a symmetric biradical with one hyperfine comparable t@). Generally the only observable transitions are
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L immediately if it is previously unknown. Best fit of the line
positions gives the magnitude of the coupling, and the time
dependence of the signals can provide information about radical

T re-encounter rates, spin relaxation processes, and the magnitude

—ZJI —— of Jayg €ven when it exceeds the hyperfine value. The time
e S (Cie) dependence was not specifically addressed here because the
largest changes were seen withy and also because the decay

S (C10) is dominated for these structures by spin-rotation interaction

induced electron spin relaxation.

An additional complication that sometimes arises in the
Figure 3. Energy level diagram for two flexible biradicals of chain  simulation of SCRP spectra is that “ordinary” radical pair
length 16 and 10 carbon atoms at high magnetic field. In this mechanism (RPM) polarization often appears as a superposition
description, the triplet energy levels(TT°, and T) remain fixed and  , the “pure” SCRP spectrum. Here we deal with this problem
separated by the Zeeman interaction, while the smgle_t Iev_el Sis allowedb ting the RPM tt tel d addi it
to fluctuate due to chain motion. Only the smallest singteplet gap y compuling the . . pattern separately and a mg |_as
is shown as 2 all others are implied. Note that both the average value Necessary to best fit. Since both SCRP and RPM polarizations
of 2J and the magnitude of the fluctuations are different for the two arise from the same spin physics«% mixing), and both are
different chain lengths. affected by radical re-encounter rates, they should be solved
for simultaneously in a more rigorous approach. Our current
method suffices in most cases for our biradicals, but we

recognize that this procedure is not strictly correct.

More sophisticated models for the simulation of SCRP spectra
have been developed by'fiand otherg? In the simplest model
presented in Figures—13, called the ClossForbes-Norris or
CFN model8&® J, .4 and the re-encounter rate are evaluated
separately, a procedure only valid under conditions of fast
motion and strong exchange. This condition is largely fulfilled
for the biradicals under study here. The other models, which
are mostly based on solutions of the stochastic Liouville
equation, incorporate interradical motion explicitly and assess
the exchange interaction using a parametrized equation that is
exponentially dependent on distari€&°A major goal of these
d other models is to extract diffusion or dynamic information,

" but the concept of an averaderalue never appears because of
the distance dependence. Instead the parardgefdre value of

those labeled 1 and 2 in Figure 2B, which with increaslng
move toward the center of the spectrum to a limiting separation
of a4/2. In this case, the value df,gcannot be directly obtained
from the spectrum but instead must be varied as a fitting
parameter. This results in what we call the second-order
spectrum. The state mixing process is still predominantif s
therefore, the line positions are still determined from the
diagonalization procedure described above. However, the in-
tensities become dependent on the ratio efTSto S-T~
mixing and are therefore quite sensitiveJgq at early delay
times. At later delay times, more sensitivity kg is typically
observed.

Taking this situation to the extreme wheigq approaches
the magnitude of the Zeeman energ§B,, leads to the situation
outlined in Figure 2C. Only transitions 1 and 2 are observe
split exactly byan/2. Both transitions are emissive because the
dominant state mixing and chemical depletion process is now } A
S—T-. The exact appearance of the spectrum in this case is‘] at van der Waals contacg = 3.5 A) is used with diffusion

complicated because the mixing process can depend on botrfmd distance information to fit a time-dependent TREPR dataset.
Javgandken In general, for biradicals of the same chain length, Additionally, these models solve simultaneously for the RPM/

it is mostly ke, that influences the amount of-8~ mixing, SCRP superpositio_n problem, and one paper inparti€ular .

whereas if the chain length changes from lorgC{,) to short addresses a Sp‘?c'a' case when the kmgtlc and magnetic
(=C1), even for small values d&., the spectra remain emissive parameters combine to create a rather_ drastic asymmetry in the
becausdlayis large. This is illustrated graphically in Figure 3 SCRP line shape. This phenomenon is not observed here and

for the case of a @ vs Cis flexible biradical. When ST~ is not considered further.
mixing takes place, it can be a slow process (microsecond scale) At the present time, the more sophisticated simulation routines
to convert a second-order Spectrum with equa| amounts of deVeIOped for the eXp||C|t |nC0rp0rat|0n of chain dynamlCS for
emission and absorption into a fully emissive spectrum. This is Poth SCRP and RPM polarization patterns cannot accommodate
becausds is often on the order of & or smallerinthe ST~ the Iarge line width of the biradicals studied hefé(G atroom
process 4s is determined from the perturbation expression for temperature). Therefore, we proceed qualitatively with our
product kenls, SO for typical re-encounter rates of %1671, inclusion ofJ modulation relaxation (incorporated explicitly into
recording and simulating the time dependence over about a 5the calculation for each transition using Redfield therghd
us range can give an estimate &, even when it greatly ~ RPM polarization (added as a superposition) help to give better
exceedsay. This is a major advantage of the TREPR method fits to these spectra. The inclusionbfnodulation in particular
over steady-state EPR spectroscopy. suggests that chain dynamics are important in these systems.
Figures 1-3 and our simulation procedure can be summarized In this situation, the outer transitions are broadened by an
as follows: all magnetic parameters exceptJgg come from amount dependent on the ratio & to Ja,g Combined with
the monoradical data in the literattf&pin relaxation via 7 the state mixing and kinetic effects described above, the
effects (e.g., dipolar relaxation, local field fluctuations) can be Perimeter transitions can often completely disappear. The CFN
included, but for biradicals observed at 100 ns, these are notmodel, with slight modifications, can give significant qualitative

important processes. An importang &ffect is J modulation insight into both the spin exchange process and encounter rates
relaxation, but this requires knowledge of odlygandken Line in our biradical systems as a function of solvent.

positions, intensities, and phases come directly from diagonal- X-band (9.5 GHz) TREPR spectra of biradicaks 1b, and
ization of the biradical spin Hamiltonian with onB4yq (with 2ain CO; and in benzene are shown in Figure 4. Figure 4A

the correct sign) and the line width as input parameters. The shows signals from the;gacylalkyl biradical at a 0.s delay
phase of the SCRP polarization tells us the sign ofitbeupling time at 298 K. These spectra were independent of pressure from
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CO, Benzene to the supercritical region>31 °C), spectra due to biradical
1b become observable in both solvents at £s8 as shown in
Figure 4D. It should be noted that the €8pectrum for this
biradical has more net emission due te S mixing but in
benzene a superposition of spectra from the two biradidals (
and1b) still seems to be present. Acquisition of TREPR spectra
* in the supercritical region is hampered by poor signal-to-noise
ratios, which we assume is caused by dielectric fluctuations of
the sample inside the microwave resonator. Solutions of CO
are significantly more turbid in this region of the phase diagram.
Figure 4E shows spectra taken in liquid £8nd benzene
for the Gg acyl—alkyl biradical2a. Here the spectrum taken in
CO, shows a strong net emission compared to that taken in
benzene. Clearly mixing between the singlet state and the middle
sublevel, P, is overtaken by mixing with the lower sublevel,
T~. Promotion of ST~ mixing can be made possible either
by a larger value 08,4 Or by an increase iken, Which causes
momentary fluctuations of the end-to-end distance. This in turn
leads to greater access of conformations where the instantaneous
value ofJ is large and negative. Differences in chain dynamics
between CQ@ and benzene have been reported previously for
bis(alkyl) biradical2b,2 where relaxation due td modulation
was observed and successfully simulated as a hyperfine-
dependent alternating intensity effect. The detailed spectral
20 Gauss analysis of2b in both CQ and benzene has been published;
therefore, this structure is not considered further. It should be
Figure 4. TREPR spectra of biradicalka, 1b, and 2a obtained in noted, however, thal modulation can affect line widths §T
CO; (left) and in benzene (right) solutions using an X-band spectrometer relaxation) or intensities (Irelaxation) but rarely do both effects
after a 17 ns excimer laser flash at 308 nrlb mJ). Spectra A show  appear simultaneously, which is interesting and will be discussed
biradicallaat 28°C observed at a delay time of Q3 after the laser iy detail in a future publication. Qualitatively it appears that
flash. Specta B are simulations of the data in spectra A. For the CO the T, effects appear in long biradicals Whég\,g ~ ay and

spectrum, we used &value of —120 MHz, an encounter raté.f) of . ST . .
1‘()1B s, and aJ modulation matrix element of 100 G to fit tr(;)e line chain motion is moderate to slow and theeffect is dominant

* Absorption

¢ Emission

%

*
*

;
3

TREPR Intensity

!

widths. For the benzene spectrum simulatidnyas —70 MHz, the in very short biradicals with fast chain motion.

encounter ratekg) was also 10 s, and theJ modulation matrix CO, has a low viscosity (0.06 cP) at room temperature and
element was again 100 G. Transitions labeled witk are those most 1 bar pressure, and its physical properties are often described
sensitive to the simulation routine using a static valuelf@ther kinetic as being between those of a liquid and a gas. We expect faster

and magnetic parameters in this and all subsequent simulations are take’(",hain motion in the gas phase, leading to moreTS mixing

from previous work® Spectra C show biradicdlb at 28°C observed . . .
at a 0.8us delay time. Specta D show biradidd at 48°C at 0.8us or a larger effectivel value. Evidence for this has been put
Spectra E show biradic&la at 28°C observed at 0.2s. forward by Yurkovskaya et & in a gas-phase study of the

magnetic field dependence of CIDNP in flexible biradicals.

0.87 to 2 bar. From our previous work, we know that the However, the fact that we used similar amountd ofodulation
transitions marked with an asterisk are those the intensities andrelaxation in our simulations from both solvents leads us to
positions of which are extremely sensitive to the magnitude of suggest that dynamics are only part of the story. If we consider
Javg Simulations of these two spectra are shown in Figure 4B. the staticJ values to be functions of the end-to-end distance
It is clear by inspection that the intensities of the indicated distribution of the flexible chain, a practice that has served us
transitions are very different in the two solvents. The simulations well in the past in analyzing biradical SCRP speébrit, is
are based on the CFN modéf,and we have included a small  possible to interpret these data in terms of a shift in this
amount of b relaxation due td modulation?! which helps it distribution for this chain length in CO Examples of such
the line widths slightly better on the perimeter of the spectrum. distributions, computed using a rotational isomeric state model
We obtain values fad of =70+ 10 MHz in benzene anet 120 for the polymethylene chaitl,are shown in Figure 5 for the
+ 10 MHz in liquid CQ. This is the first time a significant  C,y and Gg chain lengths.
solvent effect onJayg has been observed. Figure 5 also shows the exponential falloff of the exchange

At later delay times, decarbonylation @& takes place to interactionJ(r) = Jo exp(A(r — ro)), as a function of this same
produce Gs bis(alkyl) biradical 1b. The TREPR spectrum  distance. From these curves, a compact expressiahfpcan
obtained at 0.8:s delay time is shown in Figure 4C. In GO be computed (eq 1) by selecting 280 values ofr; and
the spectrum is almost completely due to biraditial(see ref summing the product®.
9 for a comparison spectrum), but in benzene, we observe a

superposition of spectra frofta and1b. This suggests that the Z P(r)J, exp(A(r; — ry))
rate of appearance of the bis(alkyl) spectrum (by decarbonyla- |
tion) or the kinetics of disappearance of the aglkyl spectrum Javg= (1)
(chemical reaction or spin relaxati&hare different in the two Zp(ri)
I

solvents. A solvent-dependent decarbonylation rate has been

observed before in conventional solvents for radicals of similar

structure?* as have different spin relaxation rates in acyl radical ~ Clearly a shift in the equilibrium distribution is one way to
centers in different solvent8.When the temperature is raised achieve a higher value foda,g However, faster dynamic
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Figure 5. End-to-end distance distributions for a;sCand Go

polymethylene chain, computed using a rotational isomeric state model
as per ref 27. Also shown is the exponential distance dependence of 20
the spin exchange interactiod.2
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sampling of all possible distances within the same distribution
can produce the same effect. The reason for this is rooted in
the exponential dependence &f any process that increases
the sampling of shorter distances will weight the averhgere
heavily with the larger values experienced at those short
dlstgnpes. . . . Figure 6. X-band TREPR spectra of biradicAh obtained in (A)

Itis interesting to note tha_t there is a deep connection betweenmineral oil, (C) in benzene, and (D) in liquid GOSpectrum B is a
the distributions shown in Figure 5 and the graphical representa-simulation of spectrum A usings,= —11 + 3 MHz. All spectra were
tion of the J coupling shown in Figure 3 for long (g and acquired at 28C and a delay time of 0.2s. Note the transition from
short (Go) biradicals. The argument for this connection is as a first-order spectrum in the more viscous solvet(ay) to a second-
follows: jumps between different distances in the distribution ©rder spectrumX < ay) in CO.
plot for Cyg lead to large changes i) and fast jumping leads
to a large averagé value. For Gg, the J vs distance function alternating emissive and absorptive doublets, indicativeJgfa
is much flatter in regions of high probability. Changes in he value much less than the isotropic hyperfine interactions (about
value as a function of distance are therefore much smaller for 50 MHz in these systems). The simulation giveg = —11+
this chain length. Because of the longer distances involved, even3 MHz, with a small amount of RPM polarization added to best
at fast motion the averagevalue is smaller for the longer chain. ~ fit the slight E/A multiplet pattern superimposed on the SCRP

To test which of these is effects is more important, we wanted Pattern.
to comparelayg in solvents of similar solvating ability to GO The spectra obtained in benzene and,G@e shown for
but of similar viscosity to benzene. We are assuming that comparison in Figure 6C,D, respectively. From mineral oil to
solvents with similar solvating abilities will have similar end- CO;, at constant temperaturéa,g increases by about 1 order
to-end distance distributions. Therefore, we have collected of magnitude (the concomitant increase in viscosity is more than
TREPR data at room temperature for biradida in the 4 orders of magnitude). In the mineral oil spectrum, it was not
following solvents: methanol, acetontrile, pentane, Freon 113, necessary to include arymodulation relaxation, as predicted
and Vertrel (2,3-dihydroperfluoropentane). The latter two above. The results in Figure 6, coupled with our data for other
solvents were run because of their similar solvating properties solvents for which spectra are not shown, strongly suggest that
to CO,, while the first three were run to vary the dielectric chain dynamics are the dominant parameter dictating the
constant over a wide range. In all of these solvents,Jthe observed spectral pattern. The dynamics play this role by
value was identical. In fact the features of the TREPR spectra allowing faster sampling of the end-to-end distance distribution,
(not shown) were identical in every respect: line positions, shifting the weighted average dffrom eq 1 to larger values.
widths, intensities, and phases. The only common parameter toWWe cannot be more quantitative abdgt values because at
each of these solvents and benzene is their viscosity at roomabout 18 s the simulations become much less sensitive to
temperature, about 04 0.2 cP. this parameter, and we rely on RPM polarizatidmodulation,

To confirm the role of chain dynamics in these TREPR and Jayq to dictate the spectral shape. Specific interactions,
spectra, a solvent with similar polarity to benzene but a solvating ability, or shifts in the end-to-end distance distributions
drastically different viscosity from benzene is required. In this themselves do not seem to be major contributors to the increase
regard, we have selected heavy mineral oil of viscosity 220 cP. in Jayg Observed forlain COs.

If our arguments are correct, an increase in viscosity should There exists the possibility of specific interactions between
lead to a lowedaq Figure 6 shows TREPR spectra of biradical CO, and the biradical, and this is worthy of some discussion.
laacquired at room temperature in heavy mineral oil (Figure For example, if CQis a poor solvent for the biradical, then
6A), along with a simulation using the CFN procedure (Figure the chain segments may prefer to interact with each other rather
6B). The spectrum acquired in mineral oil is at the opposite than with the solveri® thereby shifting the end-to-end distance
extreme of the first two solvents in that it shows a very small distribution as discussed above. It is possible that the precursor
value of Jayg This is easily seen from the spectral pattern of ketonel is aggregating in C@to form a microemulsiod? but

i
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SCHEME 2 using substituents and other structural modifications on the
Tt e o e precursors to further address the issues of specific interactions

L 1 somo and chain dynamics in a systematic fashion.
somo (1) I - . . .
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very much like a hydrocarbon solvent, where we know that
is the same as it is in benzene. For this reason, we rule out the
possibility of aggregation to the extent of microemulsions. The (1) Innovations in Supercritical Fluids: Science and Technology

i ; ; ; Hutchenson, K. W., Foster, N. R., Eds.; ACS Symposium Series 608;
CO;, could also participate directly in the coupling between the American Chemical Society: Washington, DC, 1994. McHugh, M. A

unpaired electrons, assisting in a “superexchange-type” couplingkyukonis, V. J.Supercritical Fluid Extraction Butterworth-Heinemann:

mechanisnt® Or, there could be a specific interaction between Boston, 1994.

CO; and the carbonyl moiety on the acyl half of the biradical. c l()2) (ﬁ) éongs.sc. A GJeii::Ie[, é-; DéeYl%uggtLtJ. '\I;.;tMc(SZIaEigbi. B,
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Thls .WOUld lc.)wer the e_nergy .Of this half of the biradical, 29, 97-109. (b) Hoggan, E. N.; Flowers, D.; Wang, K.; DeSimone, J. M.;

bringing the singly occupied orbital on the acyl fragment closer carbonell, R. Gind. Eng. Chem. Reg004 43, 2113.

to the bonding orbitals of the polymethylene spacer unit, as (3) (a) DeSimone, J. M.; Maury, E. E.; Menceloglu, Y. Z.; McClain,

shown in Scheme 2. This would provide better coupling to the J. B.. Romack, T. J.; Combes, J. &ciencel994 265 356. (b) Clark, M.
R.; DeSimone, J. MMacromoleculed995 28, 3002. (c) Kapellen, K. K.;

spacgr, mcreasmg_, . . . Mistele, C. D.; DeSimone, J. MMacromolecules 996 29, 495.
This does not imply that the entire coupling is through- (4) DeSimone, J. M.; Guan, Z.; Elsbernd, C. &iencel992 257,
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just one part of the biradical (or by not interacting as well; poorer J. M. Ind. Eng. Chem. Re00Q 39, 4564. (d)Green Chemistry Using
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: PPIg ; Eds.; Oxford University Press: New York, 2003. (e) Kimura, Y.; Kanda,
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tioned34 1992 114, 8455. (c) Sun, Y.-P.; Fox, M. A.; Johnston, K. Am. Chem.

= . . . .. S0c.1992 114, 1187. (d) Inomata, H.; Hamatani, H.; Wada, N.; Yagi, Y.;
Itis important to qualify this argument by stating that specific - saito, S.J. Phys. Chem1993 97, 6332.
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has to do with the large quadrupole moment observec_i in this (8) Dukes, K. E.; Harbron, E. J.; Forbes, M. D. E.: DeSimone, J. M.
molecule. However, such a quadrupole moment exists for Re. Sci. Instrum.1997 68, 2505.

benzene as well. The physics of how £&vlublilizes organic (9) (a) Closs, G. L.; Forbes, M. D. B. Am. Chem. Sod.987, 109,

i _ i 6185. (b) Closs, G. L.; Forbes, M. D. E. Kinetics and Spectroscopy of
mo.lecull(es IS [$Sks V\ée.” kTownI_tEap for benzene, but Iflgng were Carbenes and BiradicajsPlatz, M., Ed.; Plenum: New York, 1990; pp
to invoke a “like dissolves like” argument, GQvould be 575 (¢) Closs, G. L.; Forbes, M. D. B. Phys. Cheml991, 95, 1924.

predicted to be the better solvent for the acyl end of the biradical  (10) (a) Forbes, M. D. EJ. Phys. Chem1993 97, 3390. (b) Forbes,
than would benzene. These differences in solubilizing ability M. D. E.J. Phys. Chem1993 97, 3396.
are interesting and can perhaps be studied in the future by (11) Forbes, M. D. E; Ruberuy, S. B. Phys. Cheml993 97, 13223.
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