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Ab&me!-CIDNP is used to study rate processes of free radicals in both homogeneous mnd micellar sohtion An 
estimak of the lifetime of the pbenyl-acetyl radical II ambient temperature (~~2 IO ‘set) produced during 
photdysis of dibenzyl ketone is made based on quantitative CIDNP measurements and computer simulations. 
Dbservation of CIDNP in micellar sohhon is shown lo be consistent with an isotropic medium which restricts 
di!Yusion on a slnxt tiaK sak. albwinp for an iwzreased tendency toward cage react& In the cue d 
&utyt/pivaloyl radial pa&. escape of the radical fragments from the micelk is shown to be coa3petitivt GUI 
dearbonyiation of tha pivabyl radical. Likewise. CIDNP is consistent with producl ykbd rcsufts which show the 
enhanced teodency of tripkt born beazyl radical pairs IO undergo w reaction when they are sequtrWed in a . 
mialk. 

Vst of CIDNP in ralt mrasurtmcnls of radical pair and 
micdar pr0ctsscs 

TIK radical pair theory’ provides the basis for under- 
standing not only the CIDNP phenomenon, but also the 
magnetic isotope effect’ and tht enhanced cage effect 
observed in miccllar solutions.’ nK theory results from 
a consideration of the effects of nuckar spin states on 
the reactivity of pairs of free radicals in recombination 
and disproportionation reactions. The important kinetic 
processes which take place during the lifetime of the 
radical pair’ are outlined in Scheme 1. 

The initially formed radical pair is surrounded by a 
solvent cage which acts to hold the pair together. This 
primary radical pair has a probability P’(t) to react from 
the sin& electronic state to form cage product R,R2. In 
general, the tripkt ekctronic state will be repulsive and 
no reaction will occur. Competitive with cage reaction 
are the forces of da&n, which tend to separate !he 
radical fragments. As this occurs, tht electron spin on 
each fragment assumes a precessional frequency highly 
dependent on the structure of the fragment, but in- 
dependent of its par&r radical If the radical possesses 
magnetic nucki which are coupled IO the electron by 
hyperfim interactions, then the precessional frequency is 
dependent on the nuclear spin state of the magnetic 
nuclei as well. Since the rate of mixing between singlet 
and triplet radical pairs is dependent on the difference of 
the precessional frequencies of the two unpaired electron 
spins’, the mere presence of magnetic nucki increases 
the rate of intersystem crossing. 

Statistical analysis of dittusion’ indicates that a pair of 
radicals which were togctbcr at t = 0. and have diffused 
apart, still have a fairly high probability of a rttncounter 
after several diffusive steps. When this occurs. tht radi- 
cal pair forms a secondary cage pair. distinguished from 
the primary cage pair by the simple act of diffusive 
separation and by its location in time. Du& the lifetime 
of the secondary cage pair, a second chance at reaction 
from the singlet state is possibk. Pairs which have either 
intersystem crossed 10 the tripkt state or have remained 
in the tripkt state are unreactive and tend to diftuse into 
the bulk solution. When the radti pair is enclosed in a 
micclle. the process of diflusion beyond several ang- 
stroms is severely limited.’ Tbc effect of the micelIe on 
the radical pair, therefore, is to increase the probability 
of mufripk rttncounlers. and with them to increase the 
probability of cage reaction. While it is not clear that 
diffusion within a micelk can be described as a three 
dimensional random walk‘ similar to that in homo- 
geneous solution, such an assumption at kast provides a 
preliminary basis for understanding the effects of 
micellcs on radical pair reactions. 

Pair subsIihwni efecrs. The process of diffusion, in- 
tcrsystcm crossing. reencountcr and reaction described 
above takes place in homogeneous solution in a time 
span on the order of 1 to 100ns.6 Radical processes 
which are competitive with ST mixing and/or secondary 
recombination may therefore pflecl the observed CIDNP 
intensities’. As a result, many processes involving either 
chemical reaction,’ exchange‘ or rotational motion’ may 
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be analyzed by careful consideration of quantitative 
CIDNP spectra.” Consider for example a radical pair, 
RP,. formed at t = 0, which undergoes a reaction to form 
the new radical pair, RP,,. which is competitive with 
secondary recombination, as shown in Scheme 2. Tbc 
bar over each radical pair implies all of the attendant 
processes necessary for the generation of CIDNP as 
shown in Scheme 1. Polarization which is developed 
during the lifetime of RP, may be transferred to RPn 
with a rate given by k,. The most important cases of this 
type of effect involve pairs in which RP, has Ag z 0, and 
thtrefore result in net CIDNP, and RP,, has Ag = 0. and 
therefore may result only in multipkt CIDNP. In these 
cases, net polarization developed during the lifetime of 
RP, is transferred by reaction to RPrr. and results in net 
polarized Pn. Since RP,, is itself incapable of producing 
net effects in Pi,. this process has been termed’ the 
“cooperative” or “pair substitution” effect. The relative 
magnitude of the polarization of the same nucki in Pi 
and Pri is dependent on the properties of RPr and RPri 
and, most importantly, on k,. Ckarly this results from 
the ability of the pair substitution reaction to compete 
with the formation of Pi from RPr. Two exampks of the 
application of this method have resulted in the estimation 
of rate constants for the decarboxylation of beruoyloxy 
and acetoxy radicals during the thermal decompositions 
of acyl peroxides.’ Below we dtscribt a similar deter- 
mination of the rate constant for the decarbonylation of 
phenylacetyl radical during the photolysis of dibcnxyl 
ketone as shown in Scheme 3. 

T 

Mice/k c&rs. As mentioned above, when a molecuk 
suflcrs bond homolysis in homogeneous solution, the 
resulting radical fragments may either react with ow 
arm&r (i.e., cage reaction) or diffuse apart to become 
free ladicals. In micellar solution the process of diffusion 
is restricted by the chemical potential of the micelle- 
water interface’, thus making cage reaction more prob 
able. The rate of intermicellar exchange of radical frag- 
ments relative to the rate of intersystem crossing for 
triplet born radical pairs is therefore important for 
optimizing the cage effect.’ Exit rate constants for 
various probe molecules from micelks have been csti- 
mated in the range of IV-IO’sec-’ for moderate to small 
size molecules, while retntry rate constants of neutral 
hydrophobic molecules are generally close to dilfusion 
controlled”, in the range of 10‘-lO’“M-’ see-‘. Thus, 
the rate of intermiccllar exchange of typical organk free 
radicals is governed by their rate of exit from the 
micelle. 

Measurement of unknown rates relative to that of 
known rate processes is a standard tool in the chemist’s 
arsenal. A potential method of measuring the exit rates 
of simple radicals from micelks is to relate this to the 
rate of a rearrangement or fragmentation reaction of the 
radical. While direct measurement of product yields is 
possible in some cases. an alternative method is based on 
the observation of CIDNP. During the photolysis of 
many ketones, acyllalkyl radical pairs are formed by 
type 1 cleavage reactions.” Since the rate of decar- 
bonylation of many acyl radicals are known,” we may 
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use the= reactions as internal clocks for estimating rate 
processes of tk radical pair. By observing tk CIDNP in 
micelks in tk presence and absence of aqueous free 
radical scavengers. we may assess tk contribution of 
tkse radical pairs formed after intcnniceltar exchange. 

The me of dccahonylation o/ !he phmylacttyl mdi- 

cd. Previous dctmni~thrts of tk rate of decarknyl- 
ation of tk pknytacctyl radical by steady state ESR 
methods” at bw temperatures result in an estimate of 
lLco * lo’-IO’ KC-’ at ambient temperatures. When this 
radical is formed by photoiysis of diknzyl ketone 
(DBK) at room temperature, the rate of decarbonytatbn 
is exPected to k competitive with in&system crossing 
of tk primary tripkt radical pair and secondary recom- 

0 

k-co ) + co 

k -co - ‘0 ‘3*xp[-7300 

bination, and. therefore, can k studied by quantitative 
CIDNP metkds. 

Previous examinat.ions’U~” of tk mechanism of tk 
photoreaction of DBK in homogeneous solution indicate 
that u-ckavagc takes place from tk excited triplet state. 
Tk initially formed triplet radical pair may then. ac- 
cording to Scheme 1. undergo nuckar spin dependent 
intersystem crossing and cage reaction to reform DBK or 
ditfusc apart to become free radicals. According to Kap- 
tein’s phase rule,‘* DBK formed in this way will exhibit 
emissive CIDNP in tk knzylic methykk protons 
(Ag = 1.8 x IO-‘. &, = - 16.3 G).” while the knzyl 
radicals which eventually undergo second order ter- 
mination will carry with them complimentary absorptive 
polarization. Since decarbonylation is expected to k 
competitive with ST mixing and cage recombination. net 
emissive polarization should k transferred to geminate 
knzyllknzyl radical pairs and end up as emissive 
CIDNP in tk methylek protons of dipknyl ethane 
(DPE). However, since in tk absence of scavengers tk 
escaped knzyl radicals eventually recombine to give tk 
same product, tk total CIDNP intensity of tk methy- 
lent protons of DPE skukl be tk sum of emissive and 
absorptive effects from geminate and random recom- 
bination. 

These predictions are verified by tk CIDNP spectrum 
obtained during tk photolysis of DBK in knzck” 
shown in Fig. I. Strong emissive ClDNP is observed in 
tk methylenc protons of starting ketone at 3.6 ppm. 
whik tk methyknc protons of DPE at 3.0ppm are 
observed in enhanced absorption. In addition. a compkx 
pattern of absorption and emission in tk aromatic region 
(7.0-7.25 ppm) and a weak emission at S.Oppm are 
observed. This tatter peak is assigned to tk tautomer of 
the isomeric p-methyl pknyl knzyl ketone. While 
p-Me-pknyl-knzyl ketone has not ken found pre- 

* drnotos CIDNP 
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Fii I. Santratioa recovery CIDNP spccwd’ (7 - IO set) dw tbc pbotolysis of II.0 mM DBK in Cg, II 303 K. 
30 scans over 60 scc4nds. PUlK widlh = 30. 

viously among the products in homogeneous solution, it 
has been isolated as a product from plmtolysis of DBK 
in micellar soIution.‘B CIDNP observations in home- 
geneous solution may, therefore, give clues to the for- 
mation of radical pairs products which may be enhanced 
by micellization. We have recently observed that pho- 
tolysis of either d.l or meso a.a’dimethyldibenzyI 
ketone in homogeneous solution results in CIDNP in 
both diastereomers regardless of which is initially 
present.m Isolation of the starting ketone however in- 
dicates that no measurabk isomerization occurs. When 
the photolysis is conducted in micellar solution, the 
recovered ketone product shows significant isomeriza- 
tionm Thus, the micelk enhances the “internal return” 
of geminate triplet radical pairs by restricting diffusion 
beyond several angstroms. 

The overlap of absorptive CIDNP in the methylene 
protons of DPE from random termination with the 
emissive effect expected from the cage product can be 
eliminated by the addition of free radical scavengers. 
Addition of sufhcient n-butyl thiol leads to the trapping 
of free benzyl radicals as tolucnc. Quantitative CIDNP 
spectra obtained by the saturation-recovery method of 
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Barbara and Lawler” during the photolysis of DBK in 
benzene in the presence of n-butyl thiol are shown in 
Fig. 2. As the concentration of thiol increases, the ab- 
sorptive polarization in the methyl group of toluenc. 
2.3 ppm, increases with a corresponding decrease DPE 
polarization. Above 0.25 M n-butyl thiol no polarized 
DPE signal is observed. and even at I.5 M thiol no 
emissive signal is observed at 3.0ppm. Thus, the rate of 
decarbonylation must be slow enough so as not to be 
competitive with recombination of this radical pair 
system. 

A quantitative estimate of the rate constant for decar- 
bonylation may be determined by a detailed simulation 
of the expected CIDNP as a function of Lo. The 
theoretical framework for calculation of CIDNP spectra 
with “cooperative” or “pair substitution” effects has 
been previously established by SchwertzJ cf u/.,” and by 
den Hollander”. Using a CIDNP simulation program 
mod&d to take such effects into account.” we have 
simulated the relative polarization of the methykne pro- 
tons of DBK and DPE as a function of Lo. The 
parameters used in these simulations are given in Fig. 3. 
and the results are presented in Figs. 4 and 5. 

Emission Absorption 
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Fig. 2. Ssrura~ion recovery CIDNP spcc~ra’~ (I = 1.0~~) during the photolysis of DBK in C,D, in the presence of 
nBuSH at 305 K. 30 scans over Ml seconds. puk width = 3U’. 
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Fig 3. ESR and NMR paramekrs used in the simulalion of lhc CIDNP arising during ~hc photolysis of DBK. 

As shown in Figs. 4 and 5. the polarization ratio 
DBK’/DPE* is quite sensitive IO the magnitude of the 
decarbonylation rate constant over the range IO’- 
10qsec ‘. A plot of this ratio vs T.~~,, tk lifetime of the 
phenylacetyl radical. is relatively linear for rKc, 2 
IO-* sec. Since the net effects arise solely from inler- 
actions in the hrsl radical pair (Ag = 1.8 x IO”‘), we 
would predict that the total polarization intensity 
(DBK’ + DPE*) should increase with the lifetime of the 
first radical pair. This is clearly borne OUI by rhe simula- 
tions shown in Fig. 4. 

From a comparison of the observed and simulated 
results, we estimate Lo lo be 5 IO’scc ’ at 31”. While 
this value is lower than the value estimated by steady 
stale ESR methods.” the previous determinations were 
calculated relative IO order of magnitude estimates of 
second order termination rate constants for which no 
experimental determination was availabk. We are 
extending our studies of this reaction in tk area of 
nanosecond resolved flash photolysis with hopes of 
observing this process directly. 

Estimation of the exit raft of t-butyllpivaloyl radicals 
from HDTc mictlles: Generally,” measurements of 
exit rates from micelks are obtained by observing the 
luminescence lifetime of the probe as a function of 
aqueous quencher concentration. Such methods offer 
high sensitivity and precision, buf are limited lo 
fluorescent or phosphorescent probes. CIDNP can, 
however. be used in some cases IO obtain estimates of 
exit rates of simple free radicals which would otherwise 
not be available. 

The rate of decarbonylation of the pivaloyl radical has 
been studied by kinetic ESR methods at various tem- 
peratures and yields a rate constant given by”’ L;co = 
7.84 x IO” e-cpwxuan. We can, therefore. estimate the 
rate constant for decarbonylation of the pivaloyl radical 
al 31°C as - ICP see-‘. 

Generation of this radical by photolysis of di-t-bulyl 
ketone results in the formation of an initial tripkt (Tl 
radical pair with a I-Bu radical.“’ Since the lifetime of 
the pivaloyl radical al ambient temperature is > I ps. we 
cxpcc~ that the products of cage reaction will be derived 
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from recombination and disproportionation reactions of 
pivaloyl and t-Bu radicals. Pivaloyl radicals which 
diffuse into the bulk of the solution. however, will 
decarbonylate prior IO encountering otbcr I-Bu radicals 
in free radical (R pairs (Scheme 5). Thus, in homo- 
geneous solution we observe” net ClDNP in the 
products of the initial tripkt pairs (Ag z 0) and multiplet 
CIDNP in the products of the secondary free radical 
pairs (Ag = 0) as shown in Fii. 6a. Wluo Ihi3 photolysh 

is performed in HDTCI micellar solution, an essentially 
identical CIDNP spectnun is observed, as shown in Fu 
6b. 

Exit rate constants for small probe mokcuks from 
typical micclks” are generally in the range of lO’- 
IO’scc- ‘. This places the rate of dccarbooylation of 
pivaloyl in a range competitive with typical exit rates. 
nK question then iui~s as to whether or not intcr- 
micellar cxcb of free radicals occur before or after 
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Scbcmc 6. 

the loss of CO by pivployl. This is schematically 
represented in Scheme 6. 

By add? an aqueous phase free radical scavenger 
such as Cu l , we may observe changes in tbc CIDNP 
spectrum due to the exchange of radicals out of the 
micclk. Fiie 7 shows the c-s in the high kid 
region of the CIDNP spectrum as CuC& in added to the 
system. The disappearance of the multipkt polarization 

due to isobutanc and the residual net polarization of 
2.2.33-tetramethylbuta1~ is compktc with the addition 
of only OJ equivaknts of Cu’*. Most importantly, the 
intensity of the net polarization in the methyl groups of 
isobutenc is unaffected by the added Cu”. 

siacc ST0 mixing and secondary recombination are 
expected to be effective up to approximately 100 ns* and 
the lifetime of the pivdoyl radical at 31T is - 6 ps, we 
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can estimate the exit rate constant for a pivaloyUt-Bu 
radical at I@-lO’scc-‘. This is clearly in Liac with tk 
measured exit rites of small Ouorcscent probe mokcuks 
from similar micelks.’ 

Lknwnsmtion of the cage eftcts on radical pair 
rractions of mic&&3a Perhaps tk larfist eflect 
noted to date of micelks on the photoreactions of 
ketones is tk tremendous incmsc in the yield of cage 
products of triplet radical pairs.’ IO tnnnogcncous solu- 
lion. tk cage reaction of triplet born pairs is a very 
minor contribution to tk overall product yields. Wkn 
tk radical pair is generated exclusively in tk triplet 
state, tk quantum yield for formation of free radicals is 
ususally found to k very close to I.” 

An exampk of this effect is tk yields of dipkny- 

lethorn from the photolysis of knzyi-p-toluylmcthyl 
ketone h homogeneous and miccllar solution. When this 
reaction is conducted in knzcnc or aqueous solution. the 
recovered dipkoyktbancs represent tk statistically 
expected I :2: 1 mixture. Wkn UK photolysis is conduc- 
ted in micellar solution, however, the yields of the 
symmetrical products drop substantially, indicating thal 
the micclk-water interface mtricts diffusion substan- 
tially and forces tk fragments to react with one another. 

A similar observation is found when tk CIDNP spcc- 
tra are obtained during this rcaction.a Photolysis of 
knzyl-p-toluyl methyl ketone in cyclokxanedll results 
in tk observed CIDNP spectrum shown in Fig. 8a. Only 
tk single assymetric ketone is polarized showing by tk 
relative magnitude of tk two methyknes that Q- 

b) HOTCI I 

Fe 8. Steady swc CIDNP spectra during the pbotiysis of bcnzyl-p-tdyl-melbyi kctore in (a) bomogmmus C,D,, 
solution and (b) HDTCI micclbr solution. 
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ckavagc i!3 pnferred on tbc side of the p-mcthyibcazyl 
radical. The polarization of tk mctbykrlc groups of the 
three dipbcayl ethanes, however. appear to represeat 
the statistical 1:2:1 rho expected on tbc besir of 
t& product yields. When the CIDNP spcctnun is 
obtakd during the photolysis is q icellar sohtioo (Pii 
8b) the same pattern of emission is observed for lbe 
present ketone, but in this case only tbc singk 8sym- 
metric dipknyl ethanc is observed with absorptive 
pohrizath. CIDNP, tbcrefore, compliments tbc product 
yield results’ for this photoreaction. 

CIDNPspa?trawc~a+KlJoarB&rWPulFrSpcG 
tromcccrwitboutnobdiaooo.So&miu5mmNMRthawcre 
pbotdyxd by means of a supcrsil quartz wt guide cxtcnded 
VdCdy down 1& NMR tube 011 Whkb WIS fOCUSCd tbc OUQ!4I 
or a I In rig/xc hi$b pcuure lamp.” fhccuive hatiu# or the 

sample wu awidcd by S(ainp the l*t th& 8 cm of qucous 
NiSG, Sob.= UV wavtk&s in the r+n 265nm <A < 
390 nm were sckctcd with a Coraiu5 7-U b&pass filter. 

Steady stak CIDNP spectra wm obhcd by pulsb @he 
ar#k = m as npidly PI poss1hk for 8ppfoximrlcly 60 set lflcf 
the light vu admitted to the probe (acquisition time - 1.02 Kc. 
number of scam = 60). Generally, tbt product NMR spectrum 
afccr UC lig!a was tunud OIY indicated lhrt S&70% d rbc 
kctoats were comumal. 

Quduivc uturatioo recovery CIDNP spectra were 
obthed by I& metbod of Barbara and Lawkr.‘O Saratioa of 
tbc entire proton NMR spectrum @eraBy po( more hmn 7 ppm 
full width) could be am wilb tbc Icmodad 
houckubKudb8ndlkcou&rinrboutIsccrtfullpowcr. 
‘Ibcdecoupkrwutbcnp~oUmdr3(rRFpulrclpplied 
after wait& I delay he 7,. After rquisith d the FID. tbc 
dccoupkr is rpia Iurncd 00 sod lhe cyck reputed. Thu. with 
~dccoupkr~~~fIorI.O~,1ddry~,-l.0Kcoadmdm 
aquisition time of l.O2scc, a FID of 20 sum can be colkctcd 
in appaimr1ely 60 sea. 
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