Translational diffusion of transient radicals created by the photoinduced
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dependence in the radical diffusion
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Diffusion coefficients(D) of various radicals created by the photoinduced hydrogen abstraction
reactions from alcohol@thanol and 2-propanidire investigated by using the transient gratinG)
method. In all the reaction systenmid;s of the transient radicals, as well as those of the parent
molecules, can be measured simultaneously. The results clearly show slower diffusive motions of
the radicals, at least of the radicals in the hydrogen abstraction reaction systems, compared with
those of the parent moleculdd!s of the parent molecules usually agree well with the calculated
values based on the Spernol and Wirtz modification of the Stokes—EifiS®imelation. Although

the measure®’s of the radicals are closer to the values predicted by the simple SE equation, the
agreements and the ratio & between the radicals and its parent molecules depend on the
molecular size. The ratio becomes closer to unity as the molecular size becomes large. Possible
origins of this dependence are discussed1@95 American Institute of Physics.

I. INTRODUCTION ports on the diffusion of transient species. Noyes has devel-
oped the photochemical space intermitteti®s) method®

Diffusion of radicals in solution often plays a key role in Burkhart et al. have measured’s of some alkyl radicals
many chemical reactions. Not only does it determine reactivusing this metho§.However, probably because of the diffi-
ity or reaction mechanisthbut it also influences various culties in the procedure and relatively large uncertairfties,
physical phenomena such as chemically induced dynamige application of this method has been limited. Nickel and
electron (nucleaj polarization (CIDEP, CIDNB and mag- co-workers have developed a method for measubrsy of
netic field effects on the reactioAg:or example, mutual dif- transient species by modifying the PSI method with an inter-
fusion of radicals in a radical pair governs the electron spirference pattern between two laser be&ni$iey have de-
dynamics through the electron—electron interaction andiected delayed fluorescence and succeeded in determining
then, the spin dynamics controls the recombination probabilp's of several aromatic molecules in the triplet states with
ity of the radicals as well as the magnitude of the electron ohigh accuracy. Although, potentially, this method could be
nuclear Spin polarizatioﬁ.'l'herefore, the translational diffu- app“ed to photochemica] reaction systems, the Samp]e is
sion Coefficients(D) of radicals are always critical informa- limited to a molecule that shows luminescence. More re-
tion for the analysis of the phenomena related to the chemicently, Levinet al. suggested slow diffusion of a diphenyl-
cal reactions. hydroxymethyl radicabenzophenone ketyl radicéBPK)]

It is rather surprising, however, how rare the datalon  created by the photoinduced hydrogen abstraction reaction in
of such intermediate radicals are, in spite of many methodglycerin on the basis of the magnetic field effect on the dis-
of measuringD of stable molecules developed so fakl-  appearing rate of the radichHowever, this method is not a
though some magnetic resonance methods have been appligfect detection of the diffusive motion in solution.
to measuredD’s of stable radicalé,what we are interested in Recently we have demonstrated that the TG method has
is D’s of the transient radicals which participate in chemicalg capability of measuringD of transient radicals
reactions. It is also desirable to knoWw/’s of their pal’ent accurateb}lo’ll The success of the measurement is based on
molecules at the same time to understand the radical d|ﬁ:uthe high Sensitivity and much |ess time_consuming proce-
sion in detail. There are several reasons for this scarcity; firSiyre. The short time measurement is a result of a short dif-
most of these methods require relatively long times for meassion distancé~um orde) we need for the measurement.
surements. Naturally such methods cannot be applied to trafhe high sensitivity comes from the background free detec-
sient radicals that appear during chemical reactions for jusfon in this method. By taking these advantages, the TG
short periods. Second, usually concentrations of the radical§,ethod has been demonstrated to be a convenient and useful
are not very high unless very strong light intensity is used tQyethod for measurin@®’s of photochromic dye& species
produce the radicals. Further, even if such a high radical, the excited state$ and so on. We have applied this
concentration can be established, it will induce undesirable,eihod to photochemical reaction systems.
side reactions and will not be suitable for the study on the  The results of the TG measurements on the pyrazinyl
diffusion. o radical® and BPK,'! which are, respectively, created by the

In spite of these difficulties, there have been several "hydrogen abstraction reactions of pyrazine and benzophe-
none, show much slowétwo to four times diffusion of the
dAuthor to whom correspondence should be addressed. radicals compared with their parent moleculpgrazine and
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BP), although the molecular volumes are almost the sameescribed in a later section. The fringe spading was cal-

between the radicals and their parent molecules. Howeveculated from the decay of the thermal grating signal with the

the mechanism which controls the diffusive motions of radi-thermal diffusion constant of benzene as described in Ref.

cals is still unclear because of the scarce dataDds of 11.

radicals. An EPR signal was detected by a JEOL-FE3X ESR
In this work, we investigate diffusion processes of a va-spectrometer with a 100 kHz field modulation under the laser

riety of radicals. The radicals are created by the photoinfight irradiation (repetition rate=20 Hz). For the decay mea-

duced hydrogen abstraction reactions of various solutes froreurement, the signal from the spectrometer was averaged by

alcohols (ethanol and 2-propanol For the reactants, we the digital oscilloscope with a slower repetition rdfeHz).

choose carbonylgbenzaldehyde, acetophenone, xanthpne The response time of the spectrometer is several millisec-

quinones (benzoquinone,  1,4-naphthoquinone,  1,2-onds.

naphthoquinone, 1,4-chrysenquingne&nd N-hetero aro- For a transient absorption measurement, the sample so-

matic molecules(phenazine, quinoline, quinoxaline, acri- lution was irradiated by the excimer laser10 mJ/pulsg

dine, octahydrophenazine, 2,2-biquinoline The  and probed by a 900 W Xe lamp. The probe light was mono-

photoinduced hydrogen abstraction reaction is one of typicathromated with a Spex model 1704 and detected by the pho-

photochemical reactions and have been studied frequently kpmultiplier.

many means. In many cases, the reaction mechanisms and Spectrograde solvent&-propanol and ethanolwere

the intermediate radicals are well understood. used as received. Sample solutions were deoxygenated by
There are three aims in this study. First, measurements dhe nitrogen bubbling method just before the measurements.

various radical systems will give us a clue to answer theA typical concentration of the solutions was 0.01 M.

questions: whether or not the slower radical diffusion is a

general phenomenon and if there is a characteristic behavior

depending on the type of moleculésuch as ketones, quin- Il RESULTS

ones, and\-hetero aromatic moleculesSecond, the mea-

suredD’s of the radicals will provide valuable data for the A. Mechanism of photochemical reaction

analysis of many works on photochemical reactions. Third, A ginusoidal pattern of the excitation light is produced in

the molecular size effect oB’s may give us an insight for o sample solution by two coherent beams. At the bright

understanding the moyement Qf the radicals in SO!U'[IOH. W?egion of the grating, reactants!) are excited to the excited

can measur®’s of various radlcals'a.s well as their parent singlet states. As the intersystem crossit§C) from the

molecules at the same time. Here it is found & of all  |5\yest excited singletS,) state to the lowest excited triplet

the radicals studied are generally smaller than those of th?l'l) state takes place efficiently for all the samples we used,

parent molecules, and they show anomalous molecular siz@ey apstract hydrogen atoms from the alcoholic solvents in
dependence. Possible origins of the slow radical diffusion arg, T, states. The reaction scheme of the solute M is de-

discussed. scribed as follows:
Il. EXPERIMENT hy
M—— IM** (@

The experimental method has been published
elsewheré®!* We briefly describe the essential step for the

measurement. An excimer lasérumonics Hyper 40D (A Lggy DTERX
L : M** 5 IM*, (b)
=308 nm was used for the photoexcitation of the solutes in
alcoholic solvents(ethanol and 2-propanpol Typically, the
excitation laser power for the TG measurement wak 1 IS¢
P IM* SM*, (©)

mJ/pulse. After crossing two beams from the excimer laser in

a sample solution, the time dependence of the grating probed SC

by a He—Ne laser was monitored with a photomultiplier 3% M, (d)
(Hamamatsu R928 The repetition rate of the excitation

pulse was typically~3 Hz to prevent accumulation of pho- reaction

tochemical products in the irradiation region. The irradiated  3SM*+AH — MH+A", (e)
volume is so smalitypically ~4x10~2 cm®) compared with

the entire volume of the sample soluti¢rn4 cnt) that the  where AH, MH, and A are, respectively, an alcoholic sol-
interference due to the reaction product in the signal is novent and created radicals of the solute and the solvent. The
serious during one measurement. The sample solution washomogeneous distributions of heat from procegsgs(d)
replaced by a fresh one after everl000 shots of the exci- and of chemical species frofe) make a transient grating in
tation laser pulse. However, there were some solutions whicthe solution and it diffracts the probe beam. Since nonradia-
show relatively large effects of the reaction products. Whentive transitions always participate in the deactivation pro-
ever the effect of the product was noticeable, the solutiortesses, the thermal grating signal should be always antici-
was slowly stirred by a micromagnetic stirrer to dissipate thepated in the TG signal. The signal due to the mass diffusion
product away from the excitation region. The effect of theappears only when the modulation of the optical properties is
product on the signal and the effect of the stirring will be induced by the presence of the species.
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due to the creation of th&j) speciesDy, is the thermal
diffusion coefficient in the solutiorD;(;, is the mass diffu-
sion coefficient of thé(j) speciesk; is the first-order dis-
appearance rate constant of the intermediate raditgl a
o subsequent reaction amg= 27/ A, which is calculated from
- the measured.. Of course, intermediate radicals frequently
disappear by the self-termination reactions and the rate
should be described by the second-order kinetics. In such
00 o5 10 15 20 25 a0 circumstances, the time development of the TG signal cannot
' ' " t/ms . : be expressed by a simple equation such as(Eq.Meyer
and Nickel have used an approximate solution of the diffu-
sion equation including the second-order kinetics to analyze
FIG. 1. Time profile of the TG signal after the photoexcitation of benzo- their datsf However, we fortunately do not need to use such
quinone in 2-propanofdotted ling and the best fitted curve with E@) g approximate solution because the intermediate radicals we

1/2

(solid fine). examined in this work live long enough compared with the
observation time. Then it is appropriate to use Eq.with

B. Diffusion of benzoquinone and benzosemiquinone k;~0 for analyzing the time profile of the TG signal. The

radical slow disappearing condition can be examined by the analysis

In this section, taking the benzoquinof&Q) case as an of the time profile and/or by the measurement of the decay
example, we show how to determiiés of the radicals cre- rate constant as a function gf. If the self-termination re-
ated by the reaction scheme given in the previous section arfRftion significantly affects the time profile of the TG signal,
their parent molecules. Typical time dependence of the Tdhe time profile should seriously deviate from what is pre-
signal after the photoexcitation of BQ in 2-propanol is de-dicted by Eq.(1) and it cannot be simply analyzed by an
picted in Fig. 1. The initial strong spike-like signal is due to exponentllal function. Furthermore t.he decay rate constan; of
the contribution of the thermal grating. The decay of thethze TG signal should not show a linear dependence against
signal is determined by the thermal diffusion and the fringed™ Other assumptions made for deriving H4) are dis-
distance(A). After it decays to the base line once, anothercussed in more detail in Refs. 10 and 11. _
slowly developing signal appears. Since this signal develops After the thermal gra'tlnlg2 IS completely vanished, the
almost two to three orders of magnitude slower than that ofduare root of the TG signdirg) is expressed well by a sum
the thermal grating, the time profile must reflect the molecu©f tWo exponential functions with different signs of the pre-
lar diffusion in the solution. This assignment is very plau-&XPonential factors:
sible because optical properties of the aromatic molecules 1/2_ _ _
and the hydrogen attached radicals are totally different and, 76 =as exp k) +ar exp—kit), @
thus, the spatial inhomogeneity due to the created radicalghere the subscripts and f stand for the slow and fast
and the consumption of the reactants will diffract the probecomponents, respectively. The dip between the thermal grat-
beam. ing and the population grating implies that theterm in Eqg.

When the radical decays are determined by the first(1) is negligible, which is confirmed from the transient ab-
order processes, the time dependence of the diffracted signgbrption measurement. The absolute signs of the preexponen-
I16(t) induced by fringes with wave vectay can be calcu- tial factors in Eq.(2) can be determined as,>0>a; and
lated from the diffusion equation with the decay of the radi-|a | >|a;| from the facts that the signal once reaches the base

cals and is given by line andénd, in Eq. (1) should be negative.
The next task we have to consider is the assignment of
ltg(t) =« 5n?h exp(—Dyg%t) + | E 5ni° the chemical species contributing to the TG signals. Accord-
i ing to the photochemical investigations of B&the triplet

drogen from alcohol to form transient radicals of the ben-
zosemiquinone radica(BQH) and A, where A is the
2-hydroxypropyl radical(HPr) (Scheme 1 Therefore, the
+,3[ E 5ki0 exd — (D2 +ki)t] diffusion of BQ, A, BQH, A" and reaction products from

xex[ — (D;g?+k)t]— > on) exp(—D;g?t)

2 state BQ is deactivated to the ground state or abstracts hy-
I ] ]

BQH and A could be involved in the TG signal. According
to the absorption studies, all of these species have their ab-

2 sorption bands at shorter wavelengths than the light of the
_2. 3k exp( - quzt)} ’ (D He—Ne laset* A theoretical consideration on the refractive

! index associated with the absorption band states that the re-
where a and B are constants which depend on the laser infractive index change due to these species should be positive
tensities of the probe and excitation beams as well as the;;,>0). Because of the depletion of the parent molecules
experimental configurationénio(j) is the refractive index (BQ and AH), these reactants create a negative phase grating
change due to the creation of the spediesA- and MH  [the minus sign ofdn; in Eg. (1)] and the formation of the
(j=AH and M), 5k?(j) is the extinction coefficient change radicals or the stable products create a positive phase grating
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FIG. 3. Time profile of the transient absorption signal after the photoexci-
tation of a BQ/2-propanol detected at 400 appe). The negative spike
. _aroundt~0 is due to the scattering light of the excitation. Lower; the above
FIG. 2. A cw EPR spectrum measured during the pulsed laser photoexcitgofile is expanded in time to clearly show that the decay of the radical in
tion of BQ/2-propanol with 20 HZuppe) and a decay curve of the EPR  the TG measurement is negligible.
signal (lower).

[plus sign ofén; in Eg. (1)]. Therefore, the slow and fast coefficient of the species. Because of the small extinction
components originate from the radical spediesthe reac- coefficients of 2-propanol and HBt the TG signals due to

tion product$ and the parent molecules, respectively. these species are predicted to be weak compared with those
In the following, we identify the diffusing species based of BQ and/or BQH Indeed, in the previous work, the ob-
on several considerations. served TG signal after the photoexcitation of benzophenone

(a) The slow component decays faster under the air satun alcohols could be well explained in terms of the contribu-
ration condition. Since it is unlikely that the dissolved nitro- tions of the benzophenone and benzophenone kethyl radical.
gen or oxygen change the diffusion process in the solutionThe TG signals of 2-propanol and HRvere not detected.
the shorter decay must be due to the quenching of the difBased on these considerations, we believe that it is reason-
fusing species by oxygen. Therefore, the species of the sloable to attribute the slow and fast components to B
component should be an unstable species, i.e., a transieBQ, respectively. The TG signal of 2-propanol and HPr
radical. should be hidden under the relatively strong signal due to

(b) Figure 2 shows the cw EPR spectrum measured unBQH: as described in the previous paper.
der the irradiation by laser pulse with 20 Hz repetition rate.  (e) A further support comes from the determin@dval-

The spectrum is unambiguously assigned to BQWHere is  ues.D’s of the slow and fast components are totally different
no other detectable EPR signal. This fact gives conclusivérom those of 2-propanol and HPIf these components are
evidence that the transient radical seen in the TG signal imixed in the TG signal, the time profile should deviate from
BQH-. Furthermore, the fact that the signal can be detectethe biexponential behavior of ER). The fact that the signal
under the cw operation of EPR with the pulse excitationcan be well analyzed by EqR) strongly indicates that these
indicates that the lifetime of BQHs sufficiently long in the  chemical species do not contribute to the TG signal.
millisecond time range. Indeed, the signal decays nearly ex- On the basis of the above argument, the rise time con-
ponentially with a lifetime 32 ms under the excitation laserstantk; is assigned td:)BQq2 (Dgq is D of BQ) and the
power ~2 mJ/cn. decay rate constark to Dgd®+k (Dgop is D of BQH)

(c) We have tried to detect a transient absorption signalActually, all of the rate constants depend on the fringe spac-
However, the signal was too weak to be detected with théng A. Figure 4 shows thg? dependence df, andk; . Each
same excitation laser power as in the TG experiment. Thelope of the plot give® of each chemical species. Although
transient absorption signal can be detected with a strongéhe intercepts, which give the intrinsic lifetimes of the spe-
laser powe(~20 mJ/cn) in the 410-360 nm range and the cies, should have nonzero values for the transient radicals, all
spectrum is reasonably consistent with that of B@#orted plots indicate very small intercepts. Since the values are so
previously** The decay(Fig. 3) is expressed by the second- small that we fix the intercept to be zero for determining the
order decay and the half-lifetimg,;,) is ~12 ms under our slope by the least-squares method. We estimate that the error
experimental conditions. introduced by this assumption is typically within 5%. The

(d) Another clue for the assignment of the chemical spe-errors due to other sources were discussed previously and
cies contributing to the TG signal comes from the extinctionestimated to be about 104 The small intercept of thk vs
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TABLE |. Diffusion coefficients of the transient radical®yy) and their

3 . . . r x parent moleculegsDy,) measured by the transient grating method(4p
2-propanol andB) ethanol solvents. Calculated values by the SE equation
o i (Dgp) and by the SW equatiofDgy,) are also listed.
ol ] Solute Dun Dy Dge Dsw
- A. 2-Propanol
g - 1 Benzaldehyde 0.37 0.99 0.29 0.57
y Acetophenone 0.34 0.93 0.28 0.61
< 1F o o E Benzoquinone 0.36 0.98 0.29 0.79
G a-Naphthoquinone 0.25 0.80 0.26 0.70
9, o ] B-Naphthoquinone 0.33 0.68 0.27 0.84
Xanthone 0.30 0.68 0.23 0.82
\ . . . . 1,4-Chrysenequinone 0.17 0.53 0.45 0.53
00 ) 5 3 Pyrazine 0.35 1.4 031 1.00
5 5 Quinoline 0.31 0.77 0.28 0.53
q°/um Quinoxaline 0.26 0.73 0.27 0.60
Acridine 0.32 0.51 0.23 0.55
Phenazine 0.37 0.64 0.23 0.63
FIG. 4. Plots of the rate constants kf (squaresandk; (circles vs g Octahydorophenazine 0.30 0.51 0.23 0.57
2,2-Biquinoline 0.34 0.45 0.17 0.50
B. Ethanol
g2 plot indicates that the disappearing rate of the radical igenzaldehyde 0.66 15 0.57 1.09
slow compared with the smearing out time of the opticalAcetophenone 0.58 13 0.56 1.16
fringes by the diffusion process. The slow disappearing ratg_e,\?;gﬂfr:ggzﬁlone g'ig ig 8‘22 12}1
of BQH is consistent with the measured decays of the EPFg naphthoguinone 0.57 0.84 0.45 1.09
signal(Fig. 2) and the transient absorptigRig. 3) as shown  xanthone 0.47 1.1 0.46 1.59
above. The slow decay may be a result from the low concent,4-Chrysenequinone 0.73 0.88 0.35 1.03
tration of the radical10°-10° M).1* Pyrazine 0.66 2.0 0.61 2.00
If the second-order decay due to the self-termination reQuinoiine 0.54 11 0.56 1.00
. .. ived in the d . fth dical h | Quinoxaline 0.43 1.1 0.53 1.34
action is involved in t e dynamics o t e radicals, the SloWacridine 0.52 0.90 0.46 1.04
decay curve of the TG signal should deviate from the singlechenazine 0.66 1.1 0.45 1.16
exponential function and the apparent decay rate consta@itahydorophenazine 0.57 0.84 0.45 1.09
0.58 0.84 0.35 0.96

obtained by fitting with a single exponential function should 2:2-Biquinoline
be larger than that without the reaction. Then it will lead to &
seemingly faster diffusion of the radical. Therefore, if a mi-
nor chemical reaction of BQHis involved, the trueD of

BQH should be slightly smaller than that obtained here. Insamples show a noticeable effect of the prolonged irradiation

other wordsD’s in this study could be upper limits. by the excitation laser. We take the phenazine system as an
The determined’s are listed in Table I. The fact th&t  example.
of HPr is totally different fromD’s provides additional evi- Phenazine is also considered to abstract hydrogen from a

dence for our assignment, that the slow decay of the signal isydrogen donor molecule in tHg, state'® After just one or
not due to HPr It is worthy to compare the obtaindd with  two shots irradiation of the excitation beam to phenazine in
that measured by an independent method for a further sughe alcohol, the TG signal shows a rising component fol-
port. Although there has been no report Bnof BQ in  lowed by a decaying one after the contribution of the thermal
2-propanol D of toluene, which has a similar molecular vol- grating is diminished, which is very similar to the BQ case
ume to BQ, in 2-propanol has been reported[Fig. 5a]. However, we notice that the temporal profile
(D~1.60x10"° m?s 1.5 This D is close enough to the gradually varies with successive irradiation of the excitation
value of BQ (1.93x10 °m?s™ %) in Table I. All of these beam. The intensity of the rising component becomes weak
discussions support that the analysis of the observed TG sigmnd another decaying component which appears with an in-
nal based on Eq.l) is adequate. creased number of irradiation sh¢Eg. 5b)]. We think that
Similar arguments also hold for the ethanol solvent casethe new decaying component originates from a photochemi-
A very similar temporal profile of the TG signal is observed. cal species created by the photoexcitation of an intermediate
The assignment of the chemical species responsible for ther a final product in the photochemical reaction of phena-
signal can be made by a similar procedure except that theine. The identification of the species cannot be made at
hydroxyethyl radicalHEt) is involved instead of HPin the ~ present. To avoid the contribution of the secondary product
2-propanol caseD of HEt has been measured previouSly. to the TG signal, we stir the solution slowly to remove the
secondary product from the irradiation region. By this stir-
C. Other chemical systems ring_, we can average the TG signal for several shots of the
' excitation laser pulses to obtain a better S/N ratio. The effect
For most of the solutes we used, similar temporal pro-of the stirring on the decay rate of the TG signal is checked
files are observed as in the case of BQ. However, severdly comparing the obtained time profile with that recorded
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FIG. 5. Time profile of the TG signal after the photoexcitation of phenazine = ey <1t o
in 2-propanol with two laser shots for excitati¢® and with the prolonged it
excitation(b). 0 . . . 0
0 2 4 6 8 0 1 2 3 4 5 6
qzlum‘2 q"’/um'2

with two shots excitation, and found to be negligible in our
observaﬂ_on time _range. . FIG. 7. Plots of the rate constants kof (squaresandk; (circles vs g2 for
The time profiles of the other reaction systems are alSehe same samples shown in Fig. 4.

analyzed in a similar manner. In Fig. 6, some of the time

profiles are shown as examples. Although the reaction
mechanisms of all of them have not been elucidated, we can
reasonably assume that their intermediate radicals are t
hydrogen abstracted ones because of their similar function
groups(C=0 or aromatic N and from the analogs of the

photochemical reactions of other similar compoutdSimi-

lar temporal profiles obtained for all the samples suggest th
the chemical species involved in the signal are the pare

omatic compounds and their radicals. Indeed this is con-
iIrmed by several facts similar to the BQ case. For example,
e quenching of the slow components by oxygen is ob-
served for all the samples and this fact indicates that the slow
iffusing species are the transient radicals. Sufficiently long
etimes of these radicals are checked by the transient ab-
sorption method for several prototype radic@ach as qui-
noxalinyl and acetophenone kethyl radigalEven though
we have to use the stronger laser power for the absorption
measurements as stated previously, the decay curves can be
expressed by the second-order kinetics wiih,~several
milliseconds. Considering the low laser power for the TG
measurements, the radical concentration is considered to be
. . : constant within the period for the TG measurement as shown
t/ms ) t/ms ' in the BQ case. It should be noted that, again, the linear
relationship of thek vs g2 plots (described beloyensures
¢) d) that theD measured by this method is actually the diffusion
coefficients which are not affected by the disappearance re-
action rate of the radicals. Furthermore, the fact that all of
. . T the time profiles can be analyzed by E2). supports the long

Ig
Itg
/ Z

Irg
Irg

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0 . . . . .
t/ms t/ms lifetimes of the radicals and, at the same time, it suggests that
the alcoholic specie®-propanol and HPrdo not contribute
e) f) : ; T
> " to the TG signal. This conclusion is reasonable because the
- = observed signals are relatively strong compared to that of
HPr and the determineB®'’s are different from that of HPr
00 05 10 15 20 00 05 10 15 20 and 2-propanol.
t/ms t/ms Thek vs g2 plots of all the solutes we have examined in

both alcohols give straight lines with small interceffsg.

FIG. 6. Time profile of the TG signal after the photoexcitation of various 7. .lt IS nOtewor.thy that SPecies r?SponSIble for p(?SIWVF;,
solutes in 2-propands) benzaldehyde(b) acetophenoner) quinoline;(d) which are aSSIgn(?d to the _radlcals, a!Ways give smaller
quinoxaline;(e) xanthone;(f) 2,2-biquinoline. slopes. The small intercepts imply chemical stabilities of all
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FIG. 8. Comparison oD,, measured in this workin 2-propanol; open
circles and in ethanol; open squaresid D4 of neutral stable molecules
measured by other method&losed circles The samples are(1)
coronene/AdRef. 23, (2) coronene/CHXRef. 23, (3) perylene/Ac(Ref.
23), (4) perylene/CHX (Ref. 23, (5) anthracene/AcN(Ref. 24, (6)
trinitrobenzene/AcN(Ref. 25, (7) nitroanilen/AcN (Ref. 25, (8) benzoic
acis/EtOH (Ref. 26, (9) toluene/EtOH,(Ref. 27, (10) anthracene/EtOH
(Ref. 28, (11) biphenyl/EtOH(Ref. 28, (12) naphthalene/EtOHRef. 28,
(13) propylbenzene/EtOKRef. 28, (14) 1,2,4-trichlorobenzene/EtOHRef.
28), (15) cyclohexane/1-butandlRef. 29, (16) cyclohexane/EtOHRef.
29), (17) cyclohexane/l-propandRef. 29, (18) benzene/l-butandRef.
30), (19) benzene/l-propandRef. 30, and(20) benzene/EtOHRef. 30
(EtOH:ethanol, Ac; acetone, AcN, acetonitrile, CHX; cyclohexarkhe
straight line represents the calculafe¢ from the Stokes—Einstein relation.

the intermediate radicals. The obtainBd of the radicals
(Dpyy) and their parent moleculg®,,) are summarized in
Table I.

Terazima, Okamoto, and Hirota: Translational diffusion of transient radicals

During the course of our previous works on the pyrazine
and benzophenone reaction systems, we have foundthat
of the radicals and their parent molecules agree reasonably
well with the calculatedD’s by the SE equatiofEg. (3)] and
by a semiempirically modified SE equatiofEq. (4)],
respectively'! In this section, we first examine if the same
rule holds for other systems.

The SE equation, which describBsof a diffusing mol-
ecule in a homogeneous nonviscous solution with viscosity
7, is given by

()

wherer denotes the radius of a spherical molecule ansl a
factor for correction of the deviation from the spherical
shape and of the boundary condition.

A semiempirical modification of Eq(3) proposed by
Spernol and Wirtz is given B§°

Dge=kT/ amyr,

DSW: kT/67anfSW,

wherer,, andr,, respectively, represent the radii of the
solute (M) and the solvenfA). The reduced temperatures
Ty and T, which are parameters of the intermolecular in-
teractions, are calculated by

T =(T-THI(TE-TL)

using the freezingT;) and boiIing(TE’() points of the solute
(X=M) or the solvent(X=A). Sometimesfg,, is called a
microscopic friction. The radii of the solutdand radicals

Because we are going to discuss the radical diffusiorare calculated from the molecular geometries and the van der
based on the above assignment, it is worthwhile to give aVaals radii. The radii of the solvents are determined based
further support of the above assignment. For this purpose, wen the same method used by Spernol and Wirtz from the
try to compare thé@'’s of neutral stable molecules measured density, molecular weight, and free volurti&%). The data
by other traditional methods with those of the parent mol-of viscosities of the solvents are taken from Ref. 20.

ecules measured in this work. Since the experimental condi-

tions (such as temperature, solvents, solute different in

The calculated values @, listed in Table | agree well
with the observed’s for the parent molecules. Similar to

various reports, it is necessary to correct them. We corredhe results of our previous report, this situation is totally

the effect of solution viscosities by taking the productibf
and the viscosity#) and plotD  against ! (r is the radius

different for the radicals; i.eD’s of the transient radicals are
overestimated by, but are in good agreement wifbgg

of the solutes(Fig. 8). The idea behind these comparisons is(«=6), which does not take into account any specific inter-

based on the Stokes—EinstdBE) relation[Eqg. (3) in Sec.
IV], which predictsD 7 to be inversely proportional to. As

action between the solute and solvent except the hydrody-
namical force. However, with a closer examination of the

will be discussed in Sec. IV, even though the SE relationobserved and calculatdd’s of the radicals, we notice that

does not predict quantitatively correbX's of neutral mol-

the difference betwee,,; andD s depends on the radical.

ecules, this plot will be sufficient for examining the qualita- This point will be discussed in Sec. IV C.

tive agreements between tig, of our measurements and
the literature values oD. We believe that the reasonable
agreement seen in Fig. 8 confirms our assignment.

IV. DISCUSSION

A. Comparison of D,y with the calculated D

It should be noted thad,,; are generally smaller than

B. Radical diffusion in solution

As mentioned in the Introduction, Leviet al. have sug-
gested the slow diffusion of BPKrom the results of the
magnetic field effect. They have attributed the slowness to
the “trapped” nature of the radicals in the “cage” of the
radical pai The slow movement of the various radicals

D\, . This is not an apparent result because the difference ifound in this work, however, cannot be due to such a cage
the molecular volume between the parents and their radicaksffect because, in our observing time scamsus—ms, the
is just one hydrogen atom, which is negligible compared taadicals created as a radical pair just after the excitation

the whole molecular volume. The relati@y,,<D,, holds
in all the radicals regardless of the nature of the sollkée
tones, quinoned\ hetero aromatic molecules

should escape from the cage and should be surrounded by
the solvent molecules. Moreover, by taking advantage of the
high sensitivity of the TG method, the radical concentration
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can be kept low enough so that any free radical—free radical

interaction can be neglected. This negligible radical—-radical 22

interaction is confirmed by measuriry of the radical at 29 ]

various light intensities and various concentrations of quino- _ el ]

line in ethanol. The obtained is insensitive to the changes Lt ]

in the light intensity and the concentration in our observation % 1o 3 S S k

time scale* S oot % . . ]
Burkhartet al. have measureB’s of several alkyl radi- % o4l ]

cals and the benzyl radical by the PSI method and found that o D

D’s of the alkyl radicals is smaller than those of the parent %018 020 0.2 0.24 026 0.06 0.30 052 0.34

molecules, while that of the benzyl radical is in good agree- '/ 10%m?

ment with the calculated value by the SE equaficfhey L o L s

suggested that the slow diffusion, which might be due to the op ]

radical—solvent interaction, could be less effective when the - o7

unpaired electron is delocalized in theorbital. Our obser- ¢ 06f

vation here is not consistent with their interpretation. Al- > gi

though all the radicals in this investigation ar@adicals and % o3

the unpaireds electron should be delocalized in the entire S o2l ]

molecular frame, they diffuse slower than their parent mol- o

ecules. '0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34
In our previous workD’s of HPr and HEt have been /107 m?

measured by using acetone/2-propanol and acetoaldehyde/
ethanol feaCt'Q” S_yStemS’ resp_ectl\/]élyn contrast to the FIG. 9. Molecular size dependence Bf of the parent molecule&) and
general slow diffusion of ther radicals, we found thdd’'s of  those of the transient radicals) in 2-propanol(closed circlesand in eth-
HPr and HEt are larger or comparable to those of anol(open circles The solid lines represeiilsy, in (a) andDggin (b).
2-propanol and ethanol. Therefore, we cannot simply gener-

lize the radical diffusion in solution low. Neverthe- L . s .
alize the radical diffusio SO th to b.e S10 ceve t ' cluded. The attractive interaction, if it exists, should be due
less, we may conclude that the radicals with aromatic m0|et¥ . . )

. . . o o the unpaired electron—solvefsblute interaction.
diffuse slower and the radicals without it diffuse faster or : .

So far, the molecular size effect has been examined for

comparable to those of their parent molecules. stable spherical molecules by Evaetsal > When the size of

Itis interesting to note thaD of the pyrazmyl radical is the solute is large compared with that of the solvéntjs
comparable to that of octahydrophenazine, whose molecularrO ortional to 17 as predicted by the SE equation. With
volume is about 2.5 times larger than that of the pyrazinylp P P y q :

) s . ecreasing solute size, ther 1dependence oD deviates
radical. Octahydrophenazine is considered to be an alky; ; . . X .
. . ) rom the linear relation and increases exponentially. This is
substituted pyrazine and the unpaired electron should be lo- . . .
) . ) X X ; explained in terms of the breakdown of the important as-
calized in the pyrazine moiety. These considerations lead to a : . . )
X . . sumptions on which Eq(3) is derived, namely the solute
suggestion that only the unpairetlelectron moiety makes

P . . eDarticle should be large enough for the solvent to be treated
the diffusion slow and that increasing the molecular volum : : .
as a continuum. For the purpose of comparison with these

by substitution does not simply decrease the diffusion, which

is totally unexpected from the traditional theories on diffu- previous worksPyy andDyy vs 1k plots are shown in Fig.
o i . : . 9.D), almost constantly decreases with increasing molecular
sion in solution. In Sec. IV C we consider the possible ori-

. e ._ size although there are several noticeable bumps. The 1/
gins of the slow diffusion and the anomalous molecular size :
affect onD. depen.denceT ob,, can be reproduced by the SW equation
even including these bumps. On the other hand, Dhg,
plot first decreases with decreasing @htil 1/r ~0.3x10 1°
m~, and then it increases gradually. In this “inverted” re-
There are several possibilities for explaining the anomagion, the radicals diffuse faster with increasing size.
lous slow diffusion of radicals. First, the slow diffusion could From the above observation, we can generally summa-
be interpreted in terms of a specific radical-solvéot rize the diffusion ofD,,; andDy, as follows: the larger the
—other solutginteraction. In the presence of such an inter-molecular size, the smaller the ratioDf, to D,, . In terms
action, the radicals may be accompanied by several solvewf the friction, this tendency can be treated as follows. The
(or solutg molecules during the movement. The increase offriction coefficient of a species (i=M or MH), f;, is de-
the apparent size of the radical should slow down the diffufined by
sion. One plausible candidate for the origin of the attractive f —KTID. ®)
interaction is the hydrogen bonding interaction created by ! e
the formation of -OH or -NH groups in the radicals. In our For the case that the SE equation holds, the Stokes friction
previous work, however, we found that the radical diffusescoefficient is given byf se=67nr with the stick boundary
slower than the parent molecule even in nonpolar solventsondition. An excess frictiom\f, of the radical gained by the
which hardly involve hydrogen bonding with the radicHls. conversion from the parent molecule to the corresponding
Therefore, the participation of hydrogen bonding is ex-radical is given by

C. Molecular size effect
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sumption and quantitative measurementgfwill be pub-
lished together with results of measurements at various
temperatures in the near future.

To clarify the factors which control the radical diffusion
in solution, it is also important to investigate the diffusion
° % processes of other types of radicals suchramdicals. We
are currently investigating these radical diffusions.

e —_
(o] o N
T T
®
®
1 1

o V. CONCLUSIONS

. Translational diffusion coefficient®’s) of the transient
. . o radicals created by the photoinduced hydrogen abstraction
' 4 ' 6 8 10 12 reaction of vgrious solutes(quinones, ketones, and
r'2 / 10.18 m'2 N-heteroaromatic molecul)airom_ ethano_l and 2-propanol
are measured by using the transient grating method. Compar-
ing the results withD’s of their parent molecules, we can
FIG. 10. Plots of the excess frictioAf) vs r =2 The definition ofAf is ~ conclude that most of the radicals we investigated here dif-
given in the tex{Eq. (6)]. Solid lines are a guide for the eyes. fuse two to four times slower than their parent molecules
even though their molecular volume should be very similar.
The slow diffusion cannot be due to a specific radical—
radical interaction or hydrogen bonding effect between the
Af=Tfun—Tfwm. 6) solutes and the solvents. The obserizedalues of the parent

This quantity is calculated for each solvent and plottedMolecules agree well with the one calculated from the SW

against 172 (for the sake of later discussipin Fig. 10. [t ~ €quation, whileD’s of the radicals are more or less repro-

apparently shows a decreasing trend with increasing duced b_y the SE equation. The ra_ti_ofoetween the radical
The trend in the excess friction of the solutes studiec®d their parent molecules sensitively depends on the mo-

herein may be accounted for in the following way. First wel€cular size.
consider that the radical is diffusing accompanied py Severa}&CKNOWLEDGMENT
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