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Abstract
The time-resolved 1H photo-CIDNP formed upon photocleavage of diisopropylketone in the presence and absence of stable radical (TEMPO) and dodecanetiol-1 as radical traps has been studied. It was found that TEMPO affects CIDNP formation in a primary radical pair not only as a radical acceptor but also through spin exchange. The rate constant of the recombination of isopropyl radicals and TEMPO in acetonitrile at ambient temperature was determined as (2.4 ( 0.5)·108 M-1s-1.

Introduction

The study on spin dynamics in multispin systems is the focus of attention of many researchers due to potential applications of this area. Note that in the most enzymatic reactions with a metal atom at the enzymatic active center the paramagnetic precursors of products represent a multispin system. At present, positive experience is gained in using the methods of spin chemistry for studying radical stages in enzymatic processes [
, 
]. However, the analysis of magnetic field effects in multispin systems faces the problem of taking into account the mutual spin influence.

The phenomenon of spin catalysis of recombination in radical pair, revealed by Buchachenko et al., demonstrates some new aspects of this influence [
]. It implies the acceleration of triplet-singlet evolution in radical pairs (RP) in the presence of a third paramagnetic particle. The phenomenon was observed upon photolysis of some aliphatic ketones in the presence of stable radicals or biradicals. The same effects, i.e., an increase in the probability of RP recombination in micellar systems, have been recorded [3] in the presence of ions of transient metals. It is proved [3] that the additional channel of "triplet-singlet" transitions under the influence of electron exchange interaction between the third spin and electron spins of RP partners in a radical triad is a driving force of spin catalysis. Besides, stable radicals are known [
] to be the effective traps of free radicals. Therefore, in this case, an increase in the probability of RP recombination is assigned [3] to a great radius of exchange interaction as compared with the reaction radius.

It is assumed that the CIDNP effects, mainly formed upon diffusion movements of RP partners along the so-called "remote trajectories" [
], should be particularly sensitive to the influence of the third spin. The present paper is devoted to the study of the time-resolved 1H photo-CIDNP formed upon photocleavage of diisopropylketone in the presence and absence of the stable radical (TEMPO) and dodecanetiol-1 as radical traps. Conclusions on the origin of stable radical influence on spin dynamics should be drawn by comparing the dependences of the net CIDNP of photolysis products on the concentrations of TEMPO and dodecanetiol, close in its radical trapping efficiency to that of TEMPO.

Experimental

The diisopropylketone (DIK) “Merk” was doubly distilled. Deuteroacetonitrile “CIL” was used without additional purification. Dodecantiol-1 (DDTL) was purified by distillation and TEMPO was purified by double recrystallization from hexane. 

The time resolved (TR) CIDNP experiments were performed using a DPX200 Bruker NMR spectrometer (200 MHz 1H operating frequency, ((90o) = 7 (s). The Lambda Physik EMG 101 MSC excimer laser was used as a light source (308 nm, 15 ns, 100 mJ at output window and about 20 mJ per pulse in the sample volume). The samples in standard 5 mm Pyrex NMR tubes were irradiated directly in the probe of NMR spectrometer at room temperature. The samples were bubbled with argon for 10 min to remove dissolved oxygen just before photolysis.

The CIDNP time dependences and trap concentration dependences were obtained for 0.14 M and 0.71 M of DIK solutions in deuteroacetonitrile, respectively. The extinction coefficients of DIK and TEMPO at 308 nm were 6.5 M-1cm-1 and 38 M‑1cm-1, respectively. The optical density of DIK per 1 cm at 0.71 M was 4.6. The optical density of TEMPO per 1 cm was 1.9 at 0.05 M. DDTL has no noticeable absorbance at 308 nm for all concentrations used. All data on the concentration dependences correspond to the delay time between laser pulses and an acquisition of 50 (s and are averaged by four experimental series.

To estimate the radical scavenging rate constant by TEMPO, the time dependences of DIK photolysis products were obtained in the presence of 4·10-4 and 6·10-4 M TEMPO. To show the experimental results in a suitable format, all experimental data are presented in arbitrary units. 

The rate constant of the reaction between the TEMPO and isopropyl radicals was estimated from the time dependences of the polarization of methyl protons of isopropyl fragment of the adduct with TEMPO (2,2',6,6'-(CH3)4C5H6NO-CH(CH3)2). The adduct (
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where R1 and R2 are the concentrations of isopropyl and stable radicals, respectively.

Since the measured values are not the adduct concentrations but the polarizations (I) of CH3 groups in the isopropyl fragment of the adduct, eq. (e1) can be rewritten with respect to (e2) as follows:
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where ( is the polarization coefficient chosen for the following reasons: in the frames of the S-T0 mechanism of CIDNP formation (high magnetic fields) the value of the total polarization of CH3 groups of radicals escaping into the bulk from the primary cage 
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 is equal to that of the cage products on the CH3 group protons of isopropyl radicals 
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 (DIK and propene). Hence, 
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 is the polarization per one escaped isopropyl radical:
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where 
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 is the initial concentration of isopropyl radicals escaping into the bulk. 

From (e3), using (e4), at 
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 is the concentration of added traps.

To check the possibility of additional CIDNP formation pathways, the expected CIDNP values calculated using the program initially introduced by N. Shokhirev [
] were compared with the experimental ones. 

Results and Discussion

The photolysis of DIK in solutions has been repeatedly studied by physical methods including CIDNP [
, 
, 
]. The mechanism of this process includes several stages (1-7):

	(CH3)2CHCOCH(CH3)2 ( (CH3)2CHCO· + (CH3)2CH·
	(1)

	(CH3)2CHCO· + (CH3)2CH· ( (CH3)2CHСHO + CH2=CHCH3
	(2)

	(CH3)2CHCO· + (CH3)2CH· ( (CH3)2CHCOCH(CH3)2
	(3)

	(CH3)2CHCO· ( (CH3)2CH· + CO
	(4)

	2(CH3)2CH· ( CH3CH2CH3 + CH2=CHCH3
	(5)

	2(CH3)2CH· ( (CH3)2CHCH(CH3)2
	(6)

	2(CH3)2CHCO· ( (CH3)2CHCOCOCH(CH3)2
	(7)


Due to the high rate of 2-methylpropanoyl radical decarbonylation (4), under our experimental conditions the decarbonylation rate constant is about 107 c-1 [8], the stages (2) and (3) mainly occur in the primary cage. For the same reason, (7) can also be neglected in CIDNP analysis. 

The CIDNP time dependence shown in Fig.1 confirms the reaction scheme. The stationary kinetic traces of the polarization of the aldehyde protons of 2-methylpropanal and the methyl group of initial DIK clearly indicate them to form only in the primary radical pair - stage (2), (3). At the same time, the CIDNP time dependences of propene, 2,3-dimethylbutane and propane unambiguously testify to the contribution of bulk processes (5, 6). A decrease in propene polarization with time reflects the contribution of escape polarization by disproportion processes in the bulk (5) to the primary polarization arising from geminate processes (2). The additional isopropyl radicals obtained in stage (4) can introduce no changes in the CIDNP pattern, because the 2-methyl-propanoyl radical escaping into the bulk has no noticeable CIDNP due to the insignificance of its proton HFC constants (1H: < 0.15 mT [7]) comparing with the HFC constants of isopropyl radical protons (1H: -2.194, 6H: 2.469 mT [7]). The experimental ratio between the CIDNP values of CH3 and CH groups in the initial DIK is 7.6 which is close to the calculated value of 7.2 obtained using the magnetic resonance parameters of isopropyl and 2-methyl-propanoyl radicals. Thus, the CIDNP results clearly show that the main CIDNP arises from geminate processes due to the isopropyl radical from which it transfers to the initial DIK, propene and 2-methyl-propanal. For the 2-methyl-propanal, only the aldehyde proton demonstrates a noticeable polarization because this proton is abstracted from the methyl group of isopropyl radical – stage (2). The ratio between the net polarization values of in-cage products i.e., DIK and sum of propene and 2-methylpropanal, corresponds to the ratio between the recombitation (3) and disproportion  (2) rate constants.

Photolysis carried out in the presence of TEMPO and DDTL, gives rise to new signals belonging to the adducts of isopropyl and trap radicals (see Table 1 and Fig. 2). The analysis of reaction products shows that in the presence of traps, the following stages should be added to the reaction scheme:

	(CH3)2CH· + TEMPO ( Add ,
	(8)


where Add is the nitroso compound from addition of  isopropyl radicals to TEMPO, and

	(CH3)2CH· + RSH ( (CH3)2CH2 + RS· ,
	(9)


which occurs in the presence of DDTL.

There are also the processes competing with decarbonylation:

	(CH3)2CHCO· + TEMPO ( Add1
	(10)

	(CH3)2CHCO·  + RSH ( (CH3)2CHCOH + RS·
	(11)


where Add1 is the adduct of  nitroxyl and 2-methyl-propanoyl radicals. However, even under the diffusion control regime of stage (10), it can appear in the CIDNP spectra only with TEMPO concentration greater than 5·10-2 M.

Let us discuss the consequences of the addition of these stages for CIDNP effects. When using DDTL as a trap stage (9) can cause an increase in the amount of propane whose polarization sign is the same as in experiments without traps. Additional CIDNP can also arise in either the F-pair (8) or the pair of isopropyl and sulfur-centered radicals initially formed in process (9). However, as shown below, these processes make no noticeable contribution to the polarization observed. Addition of stages (10) and (11) to the observed CIDNP can be neglected for the above reasons. 

As mentioned above, TEMPO is assumed to be an effective alkyl radicals trap (8). In particular, it is known [4] that nitroxyl stable radicals react with free alkyl radicals with rate constants varying from 106 to 108 M-1s-1. To check the efficiency of TEMPO as a scavenger of isopropyl radicals under our experimental conditions, the TR CIDNP experiments were carried out for two different TEMPO concentrations (4·10‑4 M and 6·10-4 M). The CIDNP time dependences are presented in fig. 3. As follows from fig. 3, varying TEMPO concentrations changes the rates not only of adduct formation (8), but also of propane, 2,3-dimethylbutane and propene obtained in the bulk processes (5, 6). This shows that TEMPO is a purely chemical quencher, at least for low trap concentrations. The constant 
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 determined as described in Experimental is (2.4 ( 0.5)·108 M-1s-1. This value results from the averaging of the rate constants determined for two TEMPO concentrations (fig. 3). This confirms that TEMPO is a truly effective trap of isopropyl radicals.

The CIDNP dependences of the photolysis products of DIK on TEMPO concentration give the same results (fig. 4). The net polarization of propene increases at low TEMPO concentrations, but the polarization of DIK and 2-methylpropanal changes only slightly. Thus, the contribution of escape polarization to the CIDNP of propene methyl protons (stage (5)) decreases which is in fair agreement with the above time dependences. At the same time, the  DIK polarization does not change due to the different time scales of geminate and bulk processes. A further increase in TEMPO concentration leads to a decrease in the CIDNP of propene as well as of other products, including in-cage DIK and 2-methylpropanal (see the right-hand part of the curve in fig. 4). This indicates that the stable radical affects geminate processes by entering the primary cage. A decrease in geminate polarization in the presence of radical acceptors is well known and is described in detail [
]. 

To better understand whether the TEMPO influence on geminate CIDNP is caused  only by chemical quenching or there is the nuclear spin-independent triplet-singlet conversion in a geminate RP under the action of the third spin, let us compare the concentration dependences of CIDNP detected in the presence of TEMPO and DDTL (fig. 4-5). 

It is obvious that the trap activity at low concentrations is connected with the quenching of escaped isopropyl radicals in the bulk. This makes it possible to estimate the ratio between the rates of the chemical quenching of CIDNP of the methyl protons of propene by  TEMPO and DDTL from the concentration dependences of CIDNP taking into account the following factors. The concentration of escaped radicals is the same for both concentration dependences (about 10 - 4M) and depends only on light intensity and the probability of geminate recombination of primary RP. Therefore, it can be expected that the equal rates of radical trapping should lead to an equal change in the concentration of isopropyl radicals in the bulk and, consequently, to an equal decrease in the contribution of escaped polarization to propene (e.g., a twofold decrease). The trap concentrations leading to a twofold decrease of escaped polarization in propene were estimated from figs. 4-5 and amount to 0.035-0.040 M for DDTL and to 0.0018-0.0020 M for TEMPO. As these concentrations exceed that of isopropyl radicals escaped from geminate recombination, at least by two orders of magnitude, one can estimate the ratio between the trap rate constants as 
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 using the quasi-monomolecular approach.

As mentioned above, the region of high trap concentration reflects the influence of traps on geminate processes. The ratio between the rate constants of geminate polarization quenching found from the ratio between the slopes of the concentration dependences of either DIK or 2-methyl-propanal polarization in the presence of TEMPO and DDTL is 
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. This value differs from those expected for chemical quenching. The difference in the efficiency of the quenching of geminate CIDNP by TEMPO and DDTL points to the additional channel of the stable radical effect on geminate CIDNP. Thus, in the reaction under study, the stable radical acts as a chemical quencher and affects spin dynamics in RP. This confirms the mechanism of third spin action on T-S conversion in a radical triad [3]. Indeed, the spin exchange could destroy CIDNP formed at remote trajectories and leads to the nuclear spin-independent evolution of RP. It is known [5] that all re-encounters of radicals in RP contribute to the total recombination probability and, correspondingly, to polarization. As mentioned above, the CIDNP effects reflect, to a greater extent, the contribution of remote trajectories.

The problem of the extent of the diffusion movements of radicals among re-encounters was considered by Pedersen and Freed [
], Korolenko and Shokhirev [
] although the body of experimental data on the determination of "cage" size is rather scarce.

In particular, Pedersen and Freed have shown that the radicals separated by several tens of nanometers can recombine [11]. It was demonstrated [12] that the contribution to the polarization of remote trajectories depends on the values of HFI constants of RP partners. It should be much higher for small constants. For example, for the typical organic radicals with HFI constants of about 1 mT, the remote trajectories when the distance between radicals reaches up to 20 nm contribute much to the geminate CIDNP [12].

The concentration range of stable radicals, used in this paper, corresponds to a mean distance between radicals of 10 nm at 5·10-3 M and 3 nm at 5·10-2 M. Thus, the geminate RP partners are sure to encounter stable radicals upon diffusion walks. At these contacts, the radicals can either recombine (chemical quenching) or undergo spin exchange. Note also that the spin exchange can proceed at distances greater than the contact radius. This can lead to more efficient CIDNP quenching as compared with a chemical pathway.   The obtained results and the results of works on spin catalysis [3] testify that this possibility is realized.

We think that the difference in the effects of stable radicals on CIDNP 1H in this paper and on  CIDNP 31P studied in [
] is caused by the difference in the HFI constants of protons and phosphorus. In [13] the dependences of integral CIDNP 31P resulting from the photolysis of (2,4,6-trimethylbenzoil)diphenylphosphooxide in the presence of a stable imidazoline radical (4-methyl-2,2,5,5,-tetramethyl-3-imidazoline-3-oxide-1-oxyl) have been studied. A comparison between the experimental and calculated concentration dependences of CIDNP 31P shows that they can be quantitatively described when the kinetic scheme includes the stable radical as a chemical trap. Since the phosphorus HFI constant is 36.5 mT, the contribution to the CIDNP of remote trajectories is small which excludes the effect of spin exchange.

Thus, the study on CIDNP effects in the presence of stable radicals shows that paramagnetic particles both act as chemical quenchers and affect the spin dynamics in RP. It is likely that the studies on CIDNP effects in the presence of stable radicals can provide a promising method for studying the role of remote trajectories in CIDNP effects formation.
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Table 1. 1H Chemical shifts and CIDNP signs of protons during photolysis of DIK.

	Compound
	Group
	Chemical shift, ppm
	CIDNP sign

	DIK
	–CH3
–CH–
	1.03, d

2.82, sep
	A

E

	Propene
	–CH3
=CH2
–CH=
	1.71, d

5.0, m

5.9, m
	A

A

E

	
	
	
	

	
	
	
	

	2-Methyl-propanal
	–CH3
–CH–

–OCH
	1.12, d

2.38, sep

9.6, d
	no

no

A


	
	
	
	

	
	
	
	

	Propane
	–CH3
	0.87, m
	E

	2,3-dimethylbutane
	–CH3
	0.87, m
	E

	Adduct with TEMPO
	–CH3
–CH–
	1.14, d

4.0, sep
	E

A
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Figure 1. The net 1H CIDNP effects time dependence of DIK photolysis products. Polarization magnitudes of CH3 protons of DIK (●), sum polarizations of CH3 protons of 2,3-dimethylbuthane and propane (■) are related to left axis. Polarization magnitudes of CHO protons of 2-methylpropanal (○) and of CH3 protons of propene (() are related to right axis. The CIDNP magnitude of CH3 protons of DIK at zero time delay is set to 10 a.u. 


[image: image17]
Figure 2. TR 1H-CIDNP spectrum (time delay 50 (s) during photolysis of DIK in presence of TEMPO (a) and DDPL (b). Signal references and CIDNP signs are shown in Table 1.


[image: image18]
Figure 3. The net 1H CIDNP effects time dependence of CH3 protons of DIK photolysis products in presence of two concentrations of TEMPO. Inset shows the dependences references. The scale setting is the same as in Fig. 1. 
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Figure 4. Dependence of net 1H CIDNP effects of DIK photolysis products on concentration of TEMPO. The CIDNP values of CH3 protons of propene (▲), of DIK (() and of CHO protons of 2-methylpropanal (●) are normalized by the same values, but in the absence of TEMPO. The CIDNP values of CH3 protons of adduct (■) of isopropyl radical and TEMPO are normalized by its maximum value. For CIDNP signs refer to Table 1.
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Figure 5. Dependence of net CIDNP effects of DIK photolysis products on concentration of DDTL. The CIDNP values of CH3 protons of propene (■), DIK (() and CHO protons of 2-methylpropanal (●) are normalized by the same values, but in the absence of DDTL. For CIDNP signs refer to Table 1.
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