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Nitroxyl radicals are used as paramagnetic labels
and probes for studying the chemical and physical
properties of various media (solutions, solid matrices,
biological systems, and others) [1]. Additional possibil-
ities appear when the probe can experience photochem-
ical transformations: if so, the probe reactivity will
depend on its surrounding. Various mechanisms of pho-
tochemical transformations of nitroxyl radicals are dis-
cussed in the literature: (1) formation of an oxaziridine
cycle, (2) reaction with the solvent, and (3) splitting of
an NO molecule. The first two mechanisms have been
observed experimentally and studied quite well. When
exposed to light, 2-

 

H

 

-2,2-dimethyl-4-phenylimidazole-
1-oxide isomerizes to 1,3-diaza-6-oxabicyclo[3.1.0]-4-
phenylhexane [2]. 2,2,6,6-Tetramethylpiperidine-1-
oxyl under irradiation in either a liquid solution or a
glassy matrix reacts with solvent molecules [3, 4].

The splitting of nitrogen(II) oxide remains the least
studied mechanism of the photochemical degradation
of nitroxyl radicals. This reaction has not been proven
experimentally, although it is considered possible by
analogy with the splitting of a CO molecule for ketones
[3]. Nitroxyl radical 2,2,5,5-tetramethyl-4-phenyl-3-
imidazoline-1-oxyl degrades in benzene under irradia-
tion according to this mechanism [5].

The authors carried out long-term photolysis, after
which isopropyl phenyl ketone was isolated from the

system. On this basis, it was suggested in [5] that the
reaction occurs in three stages, as shown by the scheme
below. However, the rationale for the suggested
scheme is unclear: products (compounds 

 

II

 

 and 

 

III

 

)
have not detected experimentally. In addition, water
(which was necessary for the specified processes to
occur) was not added to the system during the experi-
ment described in [5].

This work elucidates whether reactions can occur
according to the scheme and determines the kinetic
laws and efficiency of the photochemical degradation
of 2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl.

EXPERIMENTAL

The stable nitroxyl radical 2,2,5,5-tetramethyl-4-
phenyl-3-imidazoline-1-oxyl (compound 

 

I

 

) was syn-
thesized and kindly supplied to us by Professor
I.A. Grigor’ev.

The solvents used were heptane, toluene, and 2-
methyltetrahydrofuran (MTHF) of chemically pure
grade. Heptane and toluene were dried over calcined
molecular sieves. To free MTHF from peroxides, it was
stored over alkali and twice distilled. Samples for pho-
tolysis were prepared in quartz ampoules with an inner
diameter of 3 mm, into which a solution of the radical
was placed. Samples were freed from oxygen in four or
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five freezing/evacuating/defrosting cycles. In the last
two cycles, evacuating was to a residual pressure of
10

 

−

 

3

 

 mm Hg.

The light source used was a DRSh-500 high-pres-
sure mercury lamp equipped with quartz lenses, a water
filter, and a 365-nm standard glass light filter. The light
intensity (~3 

 

×

 

 10

 

16

 

 photons/s per sample) was deter-
mined using ferrioxalate actinometry [6].

ESR spectra were recorded on a Varian E3 spec-
trometer (3-cm range). The number of paramagnetic
centers was determined by double integration of ESR
spectra with reference to a CuCl

 

2

 

 · 2H

 

2

 

O single crystal,
for which the number of paramagnetic centers is
known. The determination precision was 10%. Anneal-
ing was carried out as follows: a sample was exposed
for 5 min to a nitrogen gas flow, whose temperature was
controlled with an accuracy of 

 

±

 

1 K.

The absorbance of 2,2,5,5-tetramethyl-4-phenyl-3-
imidazoline-1-oxyl was 55 L/(mol cm) in toluene and
48 L/(mol cm) in MTHF, as we determined experimen-
tally. Optical absorption spectra were recorded on a
Specord M40 spectrometer in cylindrical quartz
ampoules with the optical length equal to 0.3 cm.

The products of photochemical degradation of
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl were
studied by chromatography/mass spectrometry. After
photolysis was over, the sample was dried in air; then, it
was dissolved in acetonitrile. Analysis was carried out on
an HP5973 mass spectrometer and a GC 6890 gas chro-
matograph. A silicone capillary column was used with the
DB-5 phase (length, 30 m; inner diameter, 0.25 mm;
thickness, 0.25 

 

µ

 

m). The temperature schedule was as
follows: 70

 

°

 

C (3 min)–150

 

°

 

C (1 min)–280

 

°

 

C (10 min).

RESULTS AND DISCUSSION

When a solution of compound 

 

I

 

 at room temperature
is irradiated at 365 nm in either toluene or MTHF, its ESR
spectrum only contains the signal from the starting
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl. The
rate curve for the photolysis of 2,2,5,5-tetramethyl-4-phe-
nyl-3-imidazoline-1-oxyl is shown in Fig. 1 as the con-
centration of the radical versus time. One can see that the
kinetics of photochemical degradation of the radical at
room temperature obey a first-order equation. The quan-
tum yield of the reaction 

 

Φ

 

, derived from a log anamor-
phose, was 0.16. The quantum yield of the photochemical
degradation of compound 

 

I 

 

in MTHF at room tempera-
ture was determined in the same manner (

 

Φ

 

 = 0.21).
For glassy solutions of compound 

 

I

 

 that were frozen
at 77 K, the amplitude of the ESR signal decreases
under irradiation. Spectra of other radical species were
not detected during the reaction. At a certain moment,
the reaction rate starts to drop anomalously and rapidly
during photolysis at 77 K (Fig. 2), and a kinetic stop is
observed.

In order to elucidate the reason for this phenome-
non, we annealed a sample at the glass-transition tem-
perature of toluene (114 K); then, the sample was
cooled to 77 K and again photolyzed. The results of this
experiment are illustrated by Fig 2. The reactivity of the
unreacted compound is recovered during annealing.
Thus, the kinetics of the photochemical reaction have a
stepped character.

Similar kinetic laws, referred to as kinetic nonequiv-
alence, were earlier observed for other thermal [7, 8]
and photochemical [9, 10] reactions. Such kinetic laws
are due to the fact that chemically identical molecules
in a solid phase can have different energy barriers to the
reaction. Possible reasons for kinetic nonequivalence
include the macroscopic heterogeneity of a sample,
particle–particle distance distribution, distribution over
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Fig. 1.

 

 Area 

 

S

 

 under the ESR spectrum of a solution of
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl in tolu-
ene at 298 K under 365-nm irradiation vs. time.
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Fig. 2.

 

 Radical concentration vs. time during the photolysis
of compound 

 

I

 

 in glassy toluene at 77 K under 365-nm irra-
diation. Arrows mark annealing of a sample at the glass-
transition temperature of toluene (114 K).
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the free volume required for the reaction to occur, and
other factors. In the case at hand, the geometric size of
reaction products is likely larger than the size of the
starting radical. Only those molecules around which
there is the required free volume can enter the reaction.
Under these conditions, the existence of distribution of
molecules with respect to some kinetic parameter, the
quantum yield in our case, is manifested in the reaction
kinetics. The distribution-average quantum yield is
determined from the initial segment of the rate curve.
The quantum yield of the photochemical degradation of
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl in
glassy matrices at 77 K determined from the initial seg-
ment of rate curves, 

 

Φ

 

, is 0.006 for toluene and 0.001
for MTHF. These quantities are far smaller than the
quantum yields of radical degradation at room temper-
ature. This difference is evidently due to the hindrances
created by solid matrices to the motion required for a
molecule to degrade to fragments. The rather great dif-
ference between the quantum yields in the two glasses
is noticeable. Two hypotheses can explain this differ-
ence: (1) the lifetimes of an excited state in these matri-
ces are different; (2) the free volume in toluene is larger,
despite the high rigidity of this matrix.

The pathway of the photochemical reaction of
2,2,5,5-tetramethyl-4-phenyl-3-imidazoline-1-oxyl was
determined using the chromatography/mass spectrome-

try of reaction products. Photolysis at either room tem-
perature or 77 K yields qualitatively identical product
mixtures. The chromatogram of the photolysis products
obtained at room temperature and the mass spectrum of
its strongest peak are displayed in Fig. 3.

Figure 3a makes it clear that the peak with the reten-
tion time equal to 10.83 min is the strongest signal in
the chromatogram. The mass spectrum of this com-
pound (Fig. 3b) contains the peak of a molecular ion of
the degradation product of the radical with splitting of
nitrogen oxide (compound 

 

II

 

; molecular mass,
187 g/mol). Other, weaker peaks were identified on the
basis of their mass spectra as propyl phenyl ketone
(retention time, 9.52 min), isopropyl phenyl ketone
(retention time, 7.81 min), and benzoic acid amide
(retention time, 8.61 min). These minor products evi-
dently result from the hydrolysis of the primary product
of the photochemical reaction. Hydrolysis likely occurs
during sample preparation for chromatography/mass
spectrometry analysis, namely, while the sample is left
for drying in air for several days.

To summarize, our analysis shows that compound 

 

II

 

,
which is produced by nitrogen oxide splitting from the
starting radical, is the major product of the photochem-
ical degradation of 2,2,5,5-tetramethyl-4-phenyl-3-
imidazoline-1-oxyl.
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Fig. 3.

 

 Pattern (a): the chromatogram of photolysis products. Pattern (b): the mass spectrum of the strongest peak (187, the molec-
ular ion peak for compound 

 

I

 

).



 

8

 

MOSCOW UNIVERSITY CHEMISTRY BULLETIN

 

     

 

Vol. 63

 

       

 

No. 1

 

      

 

2008

 

VOROBIEV et al.

 

ACKNOWLEDGMENTS
The authors are grateful to Professor I.A. Grigor’ev

for supplying us with 2,2,5,5-tetramethyl-4-phenyl-3-
imidazoline-1-oxyl.

This work was supported by the Russian Foundation
for Basic Research (project no. 06-03-32231).

REFERENCES

 

1.

 

Spin Labeling. Theory and Applications

 

, Berliner, L.M.,
Ed., New York: Academic Press, 1976. Translated under
the title 

 

Metod spinovykh metok: teoriya i primenenie

 

,
Moscow, 1979.

2. Kirilyuk, I.A., Grigor’ev, I.A., Petrenko, O.P., and Volo-
darskii, L.B., 

 

Izv. Akad. Nauk SSSR, Ser. Khim.

 

, 1993,
p. 2096.

3. Bogatyreva, A.I. and Buchachenko, A.L., 

 

Kinet. Katal.

 

,
1971, vol. 12, p. 1380.

4. Bogatyreva, A.I, Sklyarova, A.G., and Buchachenko, A.L.,

 

Khim. Vys. En.

 

, 1971,vol. 5, p. 37.

5. Shchukin, G.I., Grigor’ev, I.A., and Volodarskii, L.B.,

 

Izv. Akad. Nauk SSSR, Ser. Khim.

 

, 1980, p. 1421.

6. Emmanuel’, N.M. and Kuz’min, M.G., 

 

Eksperimen-
tal’nye metody khimicheskoi kinetiki

 

 (Experimental
Techniques of Chemical Kinetics), Moscow, 1985.

7. Mikhailov, A.K., Lebedev, Ya.S., and Buben, N.Ya.,

 

Kinet. Katal.

 

, 1964, vol. 5, p. 1020.

8. Mikhailov, A.K., Lebedev, Ya.S., and Buben, N.Ya.,

 

Kinet. Katal.

 

, 1965, vol. 6, p. 48.

9. Karpukhin, O.N.,

 

 Usp. Khim

 

, 1978, vol. 48, p. 1119.

10. Vorobiev, A.Kh., 

 

J. Photochem.

 

, 1982, vol. 20, p. 123.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


