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The magnetic field dependence of the chemically induced dynamic electron polarization (CIDEP) spectra of
spin-correlated radical pairs (SCRPs) was studied by time-resolved EPR at three different external magnetic
fields, i.e., X band (9.2 GHz, 330 mT), S band (3.0 GHz, 100 mT), and L band (1.5 GHz, 50 mT). The
CIDEP spectra were obtained by the photolysis of three systems, xanthone ande2édtylphenol (2,6-

DBP) in a sodium dodecyl sulfate (SDS) micelle solution, zinc tetrakis(4-sulfonatophenyl)porphyrin (ZnTPPS)
andp-benzoquinoneptBQ) in a cetyltrimethylammonium chloride (CTAC) micelle solution, and acetone in
2-propanol, at low temperatures. In the two micelle systems, the SCRP spectra scarcely depend on the external
magnetic field, and the decay times do not change much on going from the X band to the L band. These
observations are discussed in terms of the cage escape rate and thiatsipi relaxation rate. The strong
magnetic field dependence found for the net emissive polarization in the CIDEP spectra of the xanthone and
2,6-DBP system is ascribed to the magnetic field dependence of the triplet mechanism (TM). On the other
hand, the intensity of the SCRP spectrum in the acetone system drastically decreases with decreasing the
magnetic field. This observation is rationalized on the basis of the restricted motions of the SCRPs in the
2-propanol solution at low temperatures.

1. Introduction we discuss the MFEs on the CIDEP of spin-correlated radical
pairs (SCRPs).

The spin states of unpaired electrons and nuclei of chemical SCRPs are short-lived intermediate species that play essential

species play very important roles in chemical reactions, affecting roles in the spin-state mixings in the course of reactions. CIDEP

rates, yields, and selectivities, especially in the existence of an . P . . .
external magnetic field. Over the last 2 decades, the spin anol_spectra of SCRPs provide detailed information about interactions

magnetic field effects (MFES) on chemical reactions have been Lgéiﬂ:?[?ﬂﬁsa?ﬂ;gmgcg éiiﬁ';ggyr;?ﬁicei %fnlrtlﬁzrrgtleg?;e
the subject of much interest, and numerous experimental and i y

theroetical investigations have been méde of SCRPs, but they have been carried out mostly in the X band

. . (9.5 GHz, 330 mT), except for some studies at higher mw
The time-resolved electron paramagnetic resonance (TREPR)frequencie§.‘10~14'15 However. in view of the MEEs on the

technique provides one O.f the powerful tool_s for_investiga_ting CIDEP of SCRPs, studies at low magnetic fields are also
.MFES’ not only _because It can de“?a qnd identify short-lived interesting because more effective Smixing and possible
intermediate radicals and radical pairs directly but also becausechanges in relaxation times are expected. Moreover, in some

Itl prz)wdes uds W'tlh a meth(t)g toSobse_fr_ve”thethsplnh states of cases, the CIDEP generation mechanisms in the SCRPs are of
electrons and nuclei separatély. Specifically, the phenom- 1065t For example, the SCRP spectra with excess net

eg%'ng cgemlcaollly w;ﬁuc_s;{jE%yF?amlc telecgon polarization polarizations have been observed in some systémsput it
( ) observed in the Spectra often gives unique s gigficyit to determine unequivocally the generating mecha-

information that is difficult to obtain by other means. A . - oo
. . nisms of the net polarization, whether it is the TM or ST
comparison between the CIDEP results and those obtained by P

. . - . . ) mixing of RPMs or others. The MFEs on the CIDEP spectra
other techniques in relatl_on to MFEs is of considerable interest. would be useful for understanding the CIDEP mechanisms in
However, CIDEP experiments so far have been performed such systems
mostly in the X band (9.5 GHz, 330 mT), though there have 4 ) . .
been some studies in other bafds Experiments at different In this work, we have investigated the CIDEP spectra of
microwave (mw) frequencies are desirable for a complete SCRPS in three representative systems using the TREPR

understanding of the CIDEP phenomenon, because CIDEP dueSPECtrometers inthe L band (1.5 GHz, 50 mT) and S band (3.0
M GHz, 100 mT) as well as the X band. We have succeeded in

to several mechanisms (for example, the triplet mechanism (TM) . )
and ST. mixing of the radical pair mechanism (RPM)) depends observing the CIDEP spectra of SCRPs at low mw frequencies
for the first time. The systems studied are xanthone and 2,6-

strongly on the external magnetic figld'316.17 Furthermore, X : X
useful information may be obtained about the dynamics of di-tert-butylphenol (2,6-DBP) in a sodium dodecyl! sulfate (SDS)

intermediate radicals and radical pairs, because their relaxationMicelle solution, zinc tetrakis(4-sulfonatophenyl)porphyrin (ZnT-
times should be strongly dependent on the external magneticPPS) and-benzoquinonetBQ) in a cetyltrimethylammonium
field.14 We therefore started to study CIDEP phenomena at chloride (CTAC) micelle solution, and acetone in 2-propanol
low mw frequencies (low magnetic fields). In a recent paper, at low temperatures. The CIDEP spectra of the SCRPs in these

we discussed the MFEs on the TM in defdilIn this paper systems have been investigated extensively in the X band, and
their spectral features are well characterize#.26 Here we

) - - . compare the spectra obtained at different magnetic fields and
T Present address: Department of Chemistry, Faculty of Science, Eh|med. h ic field d d f th d ti
University, Matsuyama 790-77, Japan. iscuss the magnetic fie ependence o the spectra and time
€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. developments of the CIDEP signals.
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2. Experimental Section and

TREPR measurements in the X, S, and L bands were carried tan = Q/J (8)
out with a modified JEOL EPR spectrometer equipped with two
microwave units, one for the X band and the other for the S Here,w, andwy, are the frequencies of the EPR transitions of
and L bands, as reported befdfé3 CIDEP spectra were radicala and radicalb, respectively. When radical pairs are
obtained by accumulating dc-detected EPR signals without field produced by a reaction of the triplet state of the precursor
modulation using a boxcar integrator (Stanford Research Systemmolecule, the initial population of each triplet sublevel is usually
SR-250 or PAR Model 160) whose gate width and delay time assumed to bé/;.2427 Sublevels 2 and 3 have different
were usually 0.2 and s, respectively. A digital oscilloscope populations by the state mixing between S ard However,
(Tektronix TDS 520 or 2430A) was used for recording the time it has been suggested that in some systems, fast relaxation
evolutions of transient signals. In the measurements of the timebetween sublevels 2 and 3 must be assumed to explain the
evolutions, the mw power was kept as low as possible, 0.2 mW observed spectf&:1° In this case, it is assumed that sublevels
in the X band and 1 mW in the L band. Because ofthe@w 2 and 3 have the same population. Moreover, the initial
factor of the L-band resonator, the effective mw power is population of each triplet sublevel may be different because of
considered to be sufficiently low in the L band. The time the polarization due to the TM. This population difference is
evolution data were stored and processed in a personal computetrepresented by a parameter When the population difference
A Nd-YAG laser (Quanta-Ray GCR-170, SHG 532 nm, 5 Hz) in the thermal equilibrium is neglected, the populations of the
was used for photoexcitation in the case of ZnTPPS and a XeClsublevels of SCRP are given by
excimer laser (Lumonics Hyper 400, 308 nm, 7.5 Hz) in other L
cases. —

The sample solution was deoxygenated by bubbling nitrogen Py o ©
gas before and during the experiments and flowed in a quartz

flat cell (optical path 1 mm for S and L bands, 0.3 mm for X P,= 1 ex;(— lk,t) (10)
band) or a quartz tube (1-mm o.d.). The sample temperature 6 2
was controlled with cold nitrogen gas flow.

Xanthone, 2,6-DBP, ang-BQ were commercially available P,= 1 ex;{— 1krt) (11)
special-grade reagents (Nacalai tesque) used as received. ZnT- 6 2
PPS was synthesized fromesetetrakis-4-sulfonatophenyl)- 1
porphine dihydrochloride (Porphyrine Products, Inc.) in ethanol. P,=5—a 12)

SDS and CTAC were special-grade reagents (Nacalai Tesque)
used as received. The micellar solutions were prepared with a
concentration of 0.1 M in distilled water. The micelle concen-
trations were about-11.5 mM. (The critical micelle concentra-
tions were 8 and 1.4 mM, and the aggregation numbers were
62 and 105 for SDS and CTAC, respectively.) Acetone
2-propanol (Nacalai Tesque), acetag-and 2-propanotis
(Aldrich) were used as received.

. 1 1 1
3. Basis of the Analysis 1=~y = sir? 9[5 Toa—g exp{— Ekrt)] (13)

Here, k; is the rate constant of the radical recombination from
the singlet state of the radical pair. Whén> J, transitions
among spin sublevels produce hyperfine (hf) lines each of which
is split by 2J into two lines with emission and absorption (E/A

' shape line). The relative transition intensities of the EPR lines
are given by

The CIDEP spectra of SCRP are now well under-
stood6-10.18-20.24.27 The spectral simulation was carried out l,3= —la, = cOS 9[1 —a— 1 exp(— l'k,t)] (14)
according to the reported meth&t!® Radicals comprising the 3 6
pair interact with each other by an exchange interacti®n (
resulting in the mixing of the singlet state (S) with the triplet
state (T) of the pair. Then, in the high-field approximation,
the eigenfunction and eigenvalues of the radical pair are given

Parameter. produces the net polarization by adding excess
populations to the sublevels of the SCRPs. It should also be
understood that the value df used here represents a time
average of the fluctuatind, because the radicals in the pair are

as not fixed and the value of varies rapidly with time.
Y, =T.0 w,=-Jd+o (1) The _decay of the CIDEP signal of the SCRP is usually
determined by the cage escape rate of the radicals as well as
; _ the spin-lattice relaxation rate. The spirattice relaxation
= cosO|S[H-sin 6| T,O =Q 2 ) :
V2 | ITo @2 2) processes among spin states of the SCRPs have been discussed
o _ previouslyl=3:910.2829 They are considered to be induced by
[%5L= —sin6|SLH cosf[TeH  wg = —£ (3) the fluctuating local field (electronnucleus dipole interaction,
_ g-factor anisotropy, and spin rotation) and electretectron
Y=1T 0 wop=-J-0 (4) dipole interaction. The main cause for the fluctuation of the
ith local field is considered to be the rotational motion of the
wit radicals. The spirtlattice relaxation timeT; is given by the
1 following equation:
o =0, + wp) (5)
2 2
1 BIoc Tc
1 T 20+ o)) =
Q= 5.~ wy) (6) 1 201+ w'T)

Here, By, is the value of the local magnetic field that induces
Q*= P+ Q? (7 the relaxation transition and. is the correlation time of the
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Figure 1. CIDEP spectra in the X, S, and L bands observed in the photolysis of xanthone and 2,6-DBP in a SDS micelle solution at (a) room
temperature (delay time: O/s) and (b) °C (1.0us). In some spectra, particularly afQ, peaks due to the separate radicals are superimposed.
The concentrations of xanthone, 2,6-DBP, and SDS arex21073, 2.1 x 1073, and 0.10 M, respectively. (c) The simulated spectra in the X, S,

and L bands. Parameters used in the simulation are given in the text.

fluctuation. The relaxation time determined by the fluctuation the net E contribution becomes much smaller, and in the L band,
of the electron dipole interaction is also given by a similar itis hardly detectable. To see these features more quantitatively,
equation. The magnetic field dependence Taf may be we have simulated the spectra by the method described above.
classified in two cases, faswzc < 1) and slow @ore > 1) The simulated spectra shown in Figure 1c are in reasonable
fluctuation regions. In the fast fluctuation regiofi; is agreement with the observed ones. The parameters used in the
independent of the external magnetic field, whereas in the slow simylation are the following: the factor and the hyperfine
region, T, decreases rapidly with decreasing the external coypling (hfc's) constants of xanthone ketyl are 2.0030, 0.410
magnetic field. Though the absolute valueTafdepends on  m\T (humber of equivalent protons: 2), 0.380 mT (2), 0.100
Bioc, the ratio ofT, at different magnetic fields is determined 1 (2) 0.060 mT (2), and 0.270 mT (1) and those of 2,6-DBP

only by zc. phenoxyl radical are 2.0045, 0.200 mT (2), 0.960 mT (1), and
J = —0.2 mT2® These parameters are common in the X, S,
. . and L bands. On the other hand, parametesaries with the
4. Results and Discussion magnetic fieldo = 0.025, 0.008, and 0.002 in the X, S, and L

bands, respectively. The results of the simulation clearly show
(a) Xanthone/2,6-DBP in a SDS Micelle.Figure 1 shows that the main spectral feature with the E/A/E/A pattern of the
the CIDEP spectra in the X, S, and L bands observed in the SCRP spectrum, which is mainly determined}and the hfc’s,
photolysis of xanthone and 2,6-DBP in a SDS micelle solution is scarcely affected by the magnetic field. The interaction
at room temperature and ©C. The hydrogen-abstraction between the radicals in the pair represented by exchange integral
reaction of triplet xanthone from 2,6-DBP in the SDS micelle J in the spectra is independent of the external magnetic field.
produces xanthone ketyl and phenoxyl radicals to form the On the other hand, the net E polarization, which is given by
SCRP: parameter in the simulation, decreases with decreasing the
magnetic field. This observation excludes the possibility that
the net polarization is due to STmixing (ST-M) of RPM,

3 0 * OH
N because the polarization due to ST-M is expected to increase
( + — at lower magnetic field$!12
Z>o

Magnetic field dependence of the net polarization was
observed in the pyrazine/2-propanol and maleic anhydride/2-
OH o propanol systems reported previously There we discussed
X the magnetic field dependence of the contribution of the TM
(/ * using the Atkins-Evans theory® The observed magnetic field
o dependence of the net E polarization in these SCRP spectra can
also be rationalized on the basis of the TM. It is considered
The spectra show a characteristic E/A/E/A pattern assignedthat the reaction of triplet xanthone with 2,6-DBP is rapid
to the SCRP composed of the xanthone ketyl and the 2,6-DBPenough to transfer the TM polarization to the produced SCRP
phenoxyl radical. The sharp signals observed at slightly in the SDS micelle. This result suggests that both precursor
different positions with different mw frequencies are assigned triplet xanthone and 2,6-DBP are together within the micelle
to the solvated electrorg(= 2.0003)2! There are also peaks Sphere. Furthermore, the magnetic field dependence of param-
of the separated radical superimposed on the spectra. Theeter o is quite similar to that found for pyrazine and maleic
X-band spectrum at room temperature agrees well with that anhydride systems. Figure 2 shows the results calculated by
reported by Ishiwatzet al previously?® The spectra were  using the Atkins-Evans theory for the spiflattice relaxation
slightly better resolved at 8C. The observed spectra show time ©Ty) of triplet xanthone |O| = 2.0 GHz andE| = 0.52
clear magnetic field dependence. In the X band, the spectraGHz)° and the spin polarization of the produced radicals due
have a considerable net emission (E) in addition to the E/A/ to the TM (Prv) Vs the rotational correlation timeg) of triplet
E/A pattern of the SCRP as reported befétbut in the S band, xanthone. From the comparison of the observed magnetic field
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Figure 2. Calculated values of (€)1 and (b)Ptm vs zr in the X, S, > o8 F {‘\k — L-Band
and L bands for xanthone and 2,6-DBP in a SDS micelle. Itis assumed B F f s
that|D| = 2.0 GHz,|E| = 0.52 GHz, andkr = 3 x 1 s § 0.6 [ _l h,\
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dependence of the TM polarization with the results given in o 04 ¢ / ; .
Figure 2, it is suggested that triplet xanthone in the micelle is £ 02 f wl nVA 1
rotating fast and its correlation timeg is <1071°s around room E ok : V‘ HI\W’MV\AMM\M o
. . . *, g e ) A Oy
temperature. Taking into account the molecular size of xan- LA Rl Y wﬂ e WY
thone, this result indicates that the viscosity of the inside of the 0.2 |
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micelle is low as in hydrocarbons.
Figure 3a shows the time evolutions of the SCRP CIDEP -2 0 2 4 6 8 10

signals in the X and L bands observed in xanthone and 2,6- Delay Time / us

DBP in the SDS micelle at 0C. The decays are expressed Figure 3. (a) Time evolutions of the CIDEP signals of the SCRPs

approximately by single-exponential curves, and the decay ratesobserved in the photolysis of xanthone and 2,6-DBP in a SDS micelle

determined by least-squares fits of the data arex3B¥® and at 0°C in the X and L bands. (b and c) Time evolutions of the EPR

5.0 x 10° st in the X and L bands, respectively. The former Signais observed in the photolysis of ZnTPPS @rBQ in a CTAC

- : - micelle at 0°C. (b) At the low-field side (E) and high-field side (A)
value is somewhat smaller than the value ob'_[alned by Metrai _in the E/A peak shape in the L band. (c) SCRP signals in the X and
al.2031 at room temperature. From an analysis of the magnetic | pands.
field effect on the transient absorption, Mugtial.3! estimated
the escape rate constant to be 8.20° s~! at room temperature.  nuclear polarization spectra, rotational correlation times ef (3
At 0 °C, the escape rate would be slower and be comparable to5) x 10711 s were successfully used to calculate the relaxation
or smaller than the spirlattice relaxation rate. The increase rates of the benzoyl radical in alkyl sulfate micelles induced
of the decay rate on going from the X band to the L band is by anisotropy of hyperfine interactic®3* If we takez. to be
considered to be due to the increase of the -sfittice 3 x 107s, eq 15 withT; ~ 2 x 107 s in the L band predicts
relaxation rate. Assuming that the spilattice relaxation rate  T; in the X band to be~7 x 107® s. Considering the
is comparable to the escape rate in the X ban(X band)T;- uncertainties in the estimation ®f and the approximate nature
(L band) becomes about 2. Thegis estimated to be-2 x of eq 15, the agreement between our value and the reported
1011 s from eq 15. values may be considered reasonable. Relaxation induced by

The rotational correlation times of small radicals in micelles the electron-electron dipolar interaction is not important here,
have been investigated before. For example, the rotationalbecause the relaxation time should be much longer for this
correlation times of small stable nitroxide radicals in the SDS process?
micelle were estimated to be 8 10711 s from a line-width (b) ZnTPPS/p-BQ in a CTAC Micelle. Figure 4 shows the
analysis®?2 In the simulation of the TREPR and stimulated CIDEP spectra of ZnTPPS angtBQ in a CTAC micelle
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Figure 4. SCRP CIDEP spectra in the X, S, and L bands observe
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d in the photolysis of ZnTPR&B&Mdn a CTAC micelle at (a) room

temperature and (b) C. The concentrations of ZNTPPS apdBQ are 0.5x 102 and 1.9x 1073 M, respectively.

solution at room temperature and ®&. The reaction is
considered to proceed according to the following scheme:

ZnTPPS™ + BQ—> ZnTPPS + BQ"™

In previous works on ZnTPPS and duroquinone (DQ) in a
CTAC micelle?223 the escape rate was estimated to be 4
1% s71. In the present system, a similar or larger escape rate
is expected (becaugeBQ is more soluble to water compared
with DQ), and the SCRP CIDEP signal decay may be

The spectra are characterized by E/A-type hyperfine peaks thatdeétermined by it. However, the fact that the decay rate is not

are assigned to the SCRP signals ofpFRQ anion radical 4
=0.236 mT). This result is similar to that found for the X-band
spectrum of ZnTPPS and duroquinone in a CTAC micelle
solution reported previousB#22 The ZnTPP$™ and p-BQ~
anion radicals are trapped by the CTAC cationic micelle and

enhanced much on going from the X band to the L band
indicates that the spiflattice relaxation time is still relatively
long even in the L band.

(c) Acetone/2-Propanol. The CIDEP spectra obtained in the
photolysis of acetone in 2-propanol have been investigated

interact with each other. In the X band, a broad background extensively2*-26:353 The hydrogen-abstraction reaction of

signal presumably due to ZnTPPSradical is observed, but

triplet acetone from 2-propanol produces a pair of 2-hydrox-

this signal is much reduced in the S- and L-band spectra. Suchypropan-2-yl radicals. The CIDEP spectra are strongly de-
a reduction of a broad signal at low magnetic field was also pendent on temperature, indicating that various polarization
observed in the case of ZnTPP cation radical in alcohols studiedmechanisms are involved. It is now well-established that the
previously!® This is probably due to short spifattice SCRP spectrum of the 2-hydroxypropan-2-yl radical pair can

relaxation times of ZNTPPS at low magnetic fields. The mw  be observed at very low temperatures. Here we focus our
frequency dependence @ indicates thaff; becomes much  attention on the SCRP spectrum. Figure 5a shows the low-
shorter at low mw frequencies whegis larger than~10"0s, temperature CIDEP spectra in the X, S, and L bands observed
Such a value is reasonable fog of a large molecule like  in the photolysis of acetone in 2-propanol. As reported

ZnTPPS. A slight distortion of the E/A type over the entire previously, the X-band spectrum shows an E/A central peak at
spectrum observed in the X band, which is ascribed to thST ~ —45 °C and a strong distortion of the central portion of the

RPM due to the difference in thg factors (\g) between spectrum at further lower temperatures that were ascribed to
ZnTPPS™ (g = 2.0025) ang-BQ anion § = 2.0040) radicals, the superposition of the SCRP spectrum. Inthe S and L bands,
also decreases at low magnetic fields. Consequently, the spectrfowever, the SCRP spectrum is not clearly observed even at
inthe S and L bands are more symmetric. The E/A-type SCRP Very low temperatures. This is partly because of the enhance-
spectra are almost the same in X, S, and L bands, but the linement of the emissive polarization due to the ST-M and the

widths of the SCRP spectra appear to be slightly different
depending on the magnetic field.

In Figure 3b and 3c, the time evolutions of the E/A line shape
in the L band and the SCRP CIDEP signals in the X and L
bands observed for ZnTPPS amBQ in the CTAC micelle at
0 °C are shown. A quick rise and decay of the net A

presence of the second-order splittings as reported b&fore.
However, the relative contribution of the SCRP spectrum also
appears to be diminished. To examine this point further, we
have studied the photolysis of acetagn 2-propanolds. The
relative intensity of the SCRP signal should be greatly enhanced,
since the polarization due to the §and ST mixing RPM in

polarization was observed in the L band as shown in Figure the deuterated system is greatly reduced because of much
3b, but this was not observed in the X band. This component smaller hfc’s of the deuterated radical.
is considered to arise from the radicals that have the polarization Figure 5b shows the CIDEP spectra in the X, S, and L bands

of the TM. The net A polarization due to the TM would

observed at about &s after the photolysis of acetomk-in

increase with decreasing the magnetic field because of the large2-propanolds at low temperatures. The X-band spectrum shows

rotational correlation time oZnTPP3™, as found fofZnTPP
in our previous work3 Because of pod®N ratios, it is difficult

to make an accurate comparison of the decays in the X- andvery low temperatures.

L-band signals. However, Figure 3c shows that the decay rate
are similar in both X and L bands, being about x10° s

an E/A peak in the center of the SCRP spectrum-45 °C,

and the SCRP spectrum dominates over the entire spectrum at
In the S- and L-band spectra, the
semissive polarizations due to the ST-M are much weaker, but
the SCRP spectra are still very weak. Therefore, it is concluded
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Figure 5. (a) SCRP CIDEP spectra in the X, S, and L bands observed in the photolysis of acetone (0.1 M) in 2-propanol. (b and c) SCRP CIDEP
spectra observed in the X, S, and L bands on the photolysis of acgs@@s- M) in 2-propanolds. Observed temperatures are shown in the figure.

that the intensities of the SCRP signals are actually reduced atSCRP spectra scarcely depend on the external magnetic field,
lower magnetic fields. and the decay times also do not change much on going from
The magnetic interaction relevant in producing the SCRP the X band to the L band. These observations are explained in
polarization is considered to be independent of the magneticterms of the cage escape rate and the -sfgittice relaxation
field. Other factors affecting the SCRP polarization, such as rate. The strong magnetic field dependence found for the net
the correlation time and the reaction rate in the singlet manifold, emissive polarization in the CIDEP spectra of the xanthone and
are mainly determined by the diffusion processes in the solution 2,6-DBP system is ascribed to the magnetic field dependence
and are also independent of the magnetic field. Then the changeof the TM. On the other hand, the intensity of the SCRP
of the spin-lattice relaxation time is the most likely cause of spectrum in the acetone system decreases with decreasing the
the weak SCRP signal at low magnetic fields. Unfortunately, magnetic field. This observation is rationalized on the basis of
the decay of the SCRP signal could not be measured becausghe restricted motions of the SCRP in the 2-propanol solution
of the weak signal intensity and the po&iN ratio in the L at low temperatures.
band. However, the relative intensity of the SCRP signal with
respect to that of the separate radical is increased with shorter Acknowledgment. We thank Professors H. Murai, V. F.
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