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Diffusion processes of intermediate radicals created by the photoinduced hydrogen abstraction
reactions of ketones, quinones, aNdhetero aromatic molecules in ethanol and 2-propanol are
studied at various temperatures by using the transient gr&fi® method. The temperature
dependences of the translational diffusion coefficidgits) of both the radicals and the parent
molecules can be expressed by the Arrhenius relationship. The activation endfgipgof
diffusion of the radicals are larger than those of the parent molecules and the differeBge in
depends on the molecular size. The differ&pt is explained in terms of the molecular volume
dependence & ; that is, larger molecular volumes of the radicals could be the cause of the larger
Ep. The larger apparent molecular volumes of the radicals are consistent with a model of
microscopic aggregation of the surrounding molecules around the radicdP9® American
Institute of Physics.

I. INTRODUCTION ment, and the protidor aprotig character of the solvent.
From these observations, we have concluded that the hydro-
) X ) . p ‘gen bonding between the radical and the solvent cannot be
diate radical in a fluid is an important process for undere essential origin of the slow diffusion. Also, we have in-
standing mechanisrhend dynamicsof chemical reactions. vestigated the solute size dependenceDofising various
However, only a few attempts have so far been made tQqtes, such as ketones, quinones, Ahtetero aromatic
elucidate the diffusion mechanism of trafggc,lent radicalsyoleculed The result suggested that the slow diffusion of
mainly because of the experimental difficulties. _ radicals is not related to their detailed molecular structure.
Recently, we have demonstrated that the laser inducefhstead, we found that the ratios BFs of the radicals to
transient gratingTG) method is a very useful and conve- ,oqe of the parent molecules depend on the molecular size,
nient technique to measure the diffusion coefficiem$ 0f  4ng anomalous dependencemfon the molecular size was
short-lived radicals accurately” We have found that the ,pservedD's of the radicals first decrease with decreasing
intermediate radicals created by photoinduced hydrogen als; 1/r, until a certain point, and then increase gradually,

straction reactions. diffuse much more slowly than thg Stabl?houghD’s of the parent molecules constantly decrease with
parent molecules in organic solvents though the r_ad|cal anGecreasing of /s . In the inverted region, the radicals dif-
the parent molecule possess nearly the same size and thgse aster with increasing the size. These observations have

same shape. This fact is very important because it points oeen interpreted in terms of a larger friction of the radicals
thatD of a transient radical should not be simply substitutedy ,a to an attractive intermolecular interaction.

by that of a stable molecule with a similar molecular volume | this paper, we focus our attention on the temperature
in an analysis of chemical reaction dynamics. However, Wgjgnendence db to obtain a further insight into the diffusion
are still seeking the exact origin of the slow diffusion of the . 5cesses of the transient radicals in solution. The tempera-
radicals. o . - . ture dependences &f of stable molecules have been studied
To understand diffusion in solutions, it is useful to inves- extensively in liquids and solids so 19 Almost all the
tigate factors which control the diffusion process. For ex-ggyjts revealed that the logarithmDfis proportional to the
ample, according to the Stokes—Einste8E) relation,D is  yqciprocal of T. This Arrhenius-type expression &f is de-

governed by three parameters, the radius of the solute Mok ineq as follows with a diffusion activation energy and
eculer ,, the viscosity of the solven, and the temperature 4 pre-exponential factdd,.

T.91% Therefore, for elucidating the diffusion mechanism of
the radicals, the first step is to investigate the influence of E
D=Dg ex;{ )

The translational diffusion process of a reaction interme

()

these factors.

In previous work, the viscosity dependence @f has
been studied for benzophenone ketyl radi@&?K) and ben- ¢ ragical diffusion is governed solely by the molecular dy-
zophenonéBP) in various solvent$.The results showed that namics of the solvent, we expect that the temperature depen-
D’s of BPK as well as BP are inversely proportional to the yence ofb should be expressed by this Arrhenius type ex-
viscosity of the solvent. Th® of BPK was found to be 5 aqqion and,, should be close to that of the ViSCOSify ).
smaller than that of BP in a variety of solvents regardless OE|owever, when the solute interacts with the solvent rather
the solvent properties, such as the polarity, the dipole mOgyongly by a specific interaction such as hydrogen bonding
and the interaction influences the diffusion process seriously,
dAuthor to whom correspondence should be addressed. Ep should deviate fronk, . For exampleEp, for hydrogen
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bonded molecules was found to be larger tiEgnby about

2—4 kcal/mol because of the activation energy of the hydro- \!a) 234t |\ (P) 207 €
gen bonding! Or if the fraction of the hydrogen-bonded
structure depends on the temperature, the Arrhenius plot of L 115 C 11.0 C
D would not be represented well by a single activation -
energy*? In other words, the specific intermolecular interac- ‘2 25T /\ 1.3°C
tion between solutes and solvents like a hydrogen bonding
can be manifested itself by a larg&y, than E, and/or a = ’L 108 T V\ 85T
deviation from a linear relation in the Arrhenius plot. w

We expected that the existence of the specific solute— E L 195 C 234 C
solvent interaction could be clarified from the results. How- 4
ever, we found thab'’s of the radicals as well as the parent -30.6 T 327 C
molecules are expressed by the Arrhenius relation with a
single activation energy and the valuedsf are close to the 405 T ‘/\.424 T
activation energies of the viscosities. This resemblance indi- Bi——

0 10 20 30 0 10 20 30

cates that the diffusional dynamics of the radicals are gov- t/ms t/ms

erned by the hydrodynamic force of the solvents. Noticeable

differences irEp depending on the solutes and that betweerk g 1. Temporal profiles of the TG signals after the photoexcitatiofalof
the radicals and the parent molecules are consistently execetone/2-propanol2-PrOH, (b) benzophenone/2-PrOH at various tem-
plained in terms of the molecular size dependencé&gf  Pperatures.

which has been reported previously.

lll. RESULTS

Figure 1 shows that the time dependence of the TG sig-
II. EXPERIMENT nals after the photo excitation of acetone in 2-propanol and
benzophenone in 2-propanol at various temperatures. All sig-
The details of the experimental setup for the TG mea-nals consist of a strong signal which decays in a few micro-
surements have been described elsewhBriefly, a laser seconds and a subsequent slowly developing one. The spike-
beam from an excimer las@cumonics Hyper EX-40Dwith like signal in Fig. 1 originates from the thermal grating
a 10 ns pulse width and 308 nm wavelength was used focreated by the nonradiative transitions of the photoexcited
excitation. The transient grating was generated by crossingolecules. The decay of the thermal grating signal is deter-
two laser beams split from the excitation pulse. The repetimined by the heat conduction process. After the thermal grat-
tion rate of the excitation pulse was 1-3 Hz. A probe beaning signal decays to the baseline completely, another signal
from a He—Ne laser was partly diffracted by the gratingappears and then decays again with a lifetime of millisecond
when the phase matching condition was satisfied. The diferder. The time development of this component reflects the
fracted beam(TG signa) isolated from the excitation beam spatial movement of several chemical species and, from this
with a glass filter(Toshiba R-62 and a pinholg ¢~2 mm)  profile, D of each species can be measured.
was detected by a photomultiplier tuldamamatsu R-928 The method of calculatindgp for various species from
and recorded with a digital oscilloscof&ektronix 2430A.  the time dependence of the TG signals has already been re-
The signal was averaged about 320 times by a microcomported in previous papePs®* Therefore, we briefly sum-
puter to improve the signal to noise ratio. The fringe spacingnarize the method below. A sinusoidal bright—dark pattern in
A was roughly estimated from the crossing anglend then the sample solution is created by crossing two coherent
calibrated from the decay of the thermal grating signal bybeams(optical grating. After the photoexcitation by the op-
using the thermal diffusion constant of benzémh@.1x10® tical grating, intermediate radicals are created by the photo-
m?/s).}* The temperature of the sample solution was coninduced hydrogen abstraction reaction and the parent mol-
trolled by flowing temperature-regulated methanol around &cules are depleted in the bright region. Then, since the
cell holder with a temperature control systgirauda RS  spatially periodic concentration distributions of the created
D6D). radicals and reactants are induced in the solution, the optical
Spectroscopic grade solvents, ethanol and 2-propangiroperties(refractive index and/or absorption coefficigof
(purchased from Wako Chemical Goand solutes were used the sample solution are spatially modulatédhe diffracted
without further purification. Typical concentrations of the probe light intensity(the TG signal is related to the magni-
solutes were-10 2 M. Sample solutions were deoxygenated tude of these modulations. Since the diffusion process be-
by the nitrogen bubbling method and flowed by a peristaltictween the fringes smears out the modulation, the temporal
pump(Atto SJ-121] to avoid the effect of reaction products profile of the signal should be a function Bf.
in the signal. Analytically, the intensity of the TG signals can be de-
The van der Waals volumeg,, of the molecules were scribed by a sum of the square of the refractive index change
obtained from the atomic increments method given byén and the absorption coefficient chandle, both of which
Edward®®!® The radii of the molecules, were calculated are induced by the optical gratid§ Since all the chemical
from V,, using the relationr = (3V,,/4m)*/5. species used in this work and involved in the reactions do not
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absorb at the probe beam wavelentjttf? the TG signals

obtained under this condition should consist of only the re- 0.4 o
fractive index change, and the time dependence of the TG
signal intensityl 1g(t) is given by*® 0.3 1
T o
I1()¥2=A{ 6n8, exp( — Dyg%t) E02r o :
s | ]
0 ) 0.11 5 1
+; an? expl((—D;g?+k))t)
0.0 ! X X ) b
— > on? exp(— D;gt) 2 R T S
i 1 Iq ’ q / um

where A is a constant and is the magnitude of the wave FIG. 2. Plot of the decay rate constants of TG signals due to the mass
vector of the grating=2#/A). The first term of Eq(2) diffusion process of 2-propanolyl radical in 2-PrOK) (against the square
. ! )
represents the decay of the TG signal by the heat conducticl e 9rating vector ).
process andDy, is the thermal diffusion coefficient. The

value of Dy, calculated from the decay rate constants of theyng the Arrhenius-type plots are shown in Fig. 4. All of the
initial part of TG signals is in excellent agreement with the |og D vs 1/T plots show a linear relationship. The activation
literature valu€:** The second term of Eq2) describes the  energies of BRE paren) @nd BPK (Eqica) Obtained from the
mass diffusion process of the radigaand the parent mol-  sjopes are listed in Table I. An important point to be noticed
eculei, andD; andD; denote diffusion coefficients of these from Table | is the resemblance Bf, of the radicals and the
speciesk; is the first-order disappearance rate constant oharent molecules with the activation energy of the viscosity
the intermediate radicgl by subsequent reactions, aﬁd? (E,). Furthermore, althougEp, of BPK and BP are similar,
and on? describe the refractive index changes just after thghe small difference is beyond our experimental uncertainty.
excitation by the presence of the radigabnd the parent g of BPK is slightly smaller than that of BP. We will come
moleculei, respectively. Both value@n} andon?) are posi-  pack to this point in a later section.

tive because all the chemical species participated in the gometimes the time profile of the TG signal is deter-

photoinduced hydrogen abstraction reaction possess absolpined by a successive reaction from the intermediate as well

tion bands in the wavelength region shorter than 633
nm_19—22

The TG signal in the acetone/2-propanol systefig.

1(a)] decays with a single-exponential function, and previ- 08 ' T T ]
ously we have assigned the chemical species which gives 071 (a) T
this signal to 2-propanolyl radicdHPr-). The decay rate of o 06[ ]
the signal is determined only by the smearing out time of the NE 05f o .
grating by the translational diffusion of this radical % 0.4F ]
(D;g*>k;).” The slow component of the TG signal of T .l 0 ]
benzophenone/2-propanFig. 1(b)] is composed of the Q- o ;
growth and slow decay. The square root of the signal was 02r T ]
described well by the sum of two exponential functions with 01T gooe™” ? §
different signs for the pre-exponential factors. We have at- 0.0 e L
tributed the fast negative component to the concentration 60 -40 -20 o 0 20 40
grating signal of BP and the slow positive component to the t/°C
signal due to the transient radical BBKhe two different 05— - A
rate constants indicate the different diffusion coefficients of (b) .
BP and BPK. - 041 1
The time profiles of the TG signals in Fig. 1 show that &0 ol °
the decays of the TG signals of all the species become slower q)E 03r * o T
with decreasing temperaturB®. at each temperature is ob- = o a
tained from theg? dependence of the rate constant. For ex- Q o2r o “ i
ample, the plot of the decay rate constant for HRr2-PrOH o a”
at a low temperaturé—46 °C) is shown in Fig. 2. This plot 01 | et et |
shows a good linear relation betwelerandq? and the slope 0.0 pe sooa”” u' L
givesD of HPr-. The small intercept with the ordinate of the -60 -40 -20 © 20 40
plot indicates that the intrinsic lifetime of HPis negligible t/°c

in the observation time scale, which is consistent with the

reSU!tS at room temperature .reported preVioa—S%’Th_e def' FIG. 3. Temperature dependenceDfobtained from the TG signals ¢8)
terminedD’s are plotted against the temperature in Fig. 3acetone in 2-PrOH(J;HPr-) and of (b) BP in 2-PrOH(LJ;BPK,@;BP).
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o T
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3.2 3.4 386 3.18 4.03 4.2 4.4 46 g o
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3020 10 O -10 20 -30 -40 -50 -60 oc -41.0 " s . L " L 11.0 " " N s
9.0 +—+—+—F+—+—+— t t t 3.2 34 3.6 3.8 4.0 4.2 44 46 54 356 38 40 42 44
9.2 T '10° K T '1107° K
9.4
9.6 FIG. 5. Arrhenius plots for various solutes in 2-PrQk), benzaldehydeb)
a 9.8 acetophenondg) benzoquinone(d) pyrazine,[ 1 and @ represent the radi-
-100¢ cals and the parent molecules, respectively.
D 102
= -104
-10.6
'l?g- would not show a linear relation dEy should be much
A19 larger tharE ,, because the activation energy for the chemical
PR/ S S S S S T S S reaction would not be the same as that for diffusion. Based
3.2 3.4 3.6 3.8_14.0 _%.2 4.4 4648 on similar reasoning, if diffusion is dominantly controlled by
T /10" K a specific interaction such as the hydrogen bonding, the

Arrhenius plot is expected neither to be expressed with a
single activation energy nor to Hé,~E, . Therefore, the
linear Arrhenius plot suggest that the diffusion process is
dominantly controlled by the hydrodynamic force of the sol-
as the diffusion process. In the previous papers, we excludedEnt.

the participation of the chemical reaction from thess g2 The Arrhenius plots obtained in other reaction systems
p|ot which shows a linear re|ations|"ﬁp?'l4'|'he linear rela- are shown in Flg 5. The Straight lines in these figures are the
tion of the logD vs 1/T plot and the resemblance Bf, are best fitted lines by the least square method. Table | summa-
further support for the suggestion that the time profiles of thdizes Ep of the radicals and their parent molecules in
TG signals are determined by the diffusion process of bott?-propanol and in ethanol. As shown before in the BP case,
species, and not by a successive chemical reaction becausebaf of the radical are slightly smaller than those of the parent
the following reason. If some chemical reactions of the radinolecule in all the reaction systems. More importantly, al-
cals, such as the extinction by the secondary reaction, at@oughEp in a solvent is close to that dt,, there is a
involved in the dynamics of the TG signal, the Arrhenius plotdefinitive variation depending on the solutes.

FIG. 4. (a) Plot of logD vs 1/T (Arrhenius ploj of HPr in 2-PrOH(C]) and
(b) those of BPK((J) and BP(®) in 2-PrOH.

TABLE |. The activation energies for diffusion of the transient radicals IV. DISCUSSION

created by a photoinduced hydrogen abstraction rea¢igy;.,) and their A. Molecular size dependence of E
parent molecule$E,en) in 2-propenol and ethanol. For comparison, the ™~ P b

activation energy of solvent viscosity akg,=5.854 kcal/mol in 2-PrOH, Figures 4 and 5 show that the difference bnof the
E,=3.957kcal/mol in EtOH. . L .
7 radicals and the parent molecules decreases with increasing

E aical E parent E aical Eparent temperature, and the intercepts of the Arrhenius plots of the

Solute (/kcal mol* in 2-ProH (/kcal mol™* in EtOH) parent molecules and the radicals seem to have similar val-

Acetone 4.650.20 ues. This suggests that the radicals are harder to move in

Acetoaldehyde 3.280.31 those solvents than the parent molecules. This large value of
Benzophenone 5.120.10 4.34-0.12 3.53-0.20 3.16-0.13 Ep may cause the anomalously slow diffusion of radicals.
Benzaldehyde 5.210.06  4.08-0.04 3.70-0.03 2.85-0.05 According to the SE theoryp depends on the radius of

Acetophenone 519005 445012 343006 315012  the golute molecule,, the viscosity of the solveny, and

Benzoquione 5.060.31 4.36:0.29 3.52£0.07 2.62:0.09 .
Pyrazine 482026 43R052 361010 306022 the temperaturel. » depends on temperature and is fre

Phenazine 516015 417027 344013 302026  duently given by
Xanthone 50%0.13 4.40:0.09 3.50:0.09 3.22:0.14 £
one ”
2.2.biquinoline 5.3@0.31 4.56:0.28 3.530.15 3.46:-0.08 n=noT eX'{ ” T) , 3
B
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where E,, is the activation energy of viscosity. The SE
equation can be written with E@3) as

SE 67TrA770 kBT )
When Eg. 4. is compared with Eqg. 1, we obtain the following
relationship

ED:E.”.

The temperature dependences of the viscosities of 2-FYOH
and EtOH® have been already reported and from these val-
ues, we obtainE,=5.854 kcal/mol for 2-PrOH and
E,=3.957kcal/mol for EtOH. The results in Table 1 indeed
show that the obtaine& in 2-propanol and ethanol are
close to thesé&, . This resemblance would indicate that the
diffusion process of the radical as well as the parent mol-
ecules are mainly controlled by the solvent dynamics as
stated before. Moreover, if the specific interaction such as the
hydrogen bonding between the radical and the solvents
dominantly control the diffusion process, the activation en-
ergy would not be close tg&, .

As stated previously, there is a definite difference be-
tweenEp of the radicals and the parent molecules and the

-1

Ey / keal mol

B
o

-1

6.0

o
)

5.0

4.0

w
o

w
o
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solute dependence &, is also noticeable. Before discuss-

ing the difference irEy between the radicals and the parent

molecules, we consider the dependenceEgfon the mo-
lecular size of the parent molecule. Figure 6 is the gt
against the reciprocal of the solute radjiiin 2-propanol and
ethanol. From Fig. 6E, seems to relate to . For sim-
plicity, we assume thaEp is linear in 1f ,,

o
Ep=— = +E,, (5
where « is a constant. The relation ensures that jf- o,
thenE,=Ep . Therefore, the formula of the Arrhenius rela-
tionship of diffusion[Eqg. (1)] must be rewritten as the fol-
lowing formula:

—(alrp)+E,
D—Do EX[{kB—T .

We believe that the various valueskef, in Table | is due to
the effect of the molecular size.

The size dependence & for stable molecules has
been studied by Evaret al?>"?8 They empirically described
D/10 °m?s ™! (Dgy) by

b _AT
EV np '
whereA is a constant, which is equivalentkg/6r 5 in the
SE equation. Evanst al. found that bothA andp depend on
the solute molecular size by measuridgof many solutes at
variable temperatures. They proposed thandp are given
by*®

A=expalrp+h),

(6)

(78

(7b)

p=c/ra+d, (70

E; / keal mol
w
N

N
o

. (b)
1 1 1 1 !
0.0 0.1 0.2 0.3 0.4

7100 m!

N
=)

FIG. 6. Plot of the activation energies for diffusion of the radidals and

of the parent molecule@®) vs radii of the solutes ifa) 2-PrOH and(b)
EtOH. Straight line is the calculated one for the parent molecules Ban
[Eqg. (8)]. Curved line is calculated one for the transient radicals from Eq.
(11) with Vo=8x10? A3,

=-0.863 65 A andd=1.0741.Equation(7b) indicates
that D increases exponentially with the increase i L/
Equation(7c) means that the effective viscosity of the sol-
vent against the solute increases with increase of the solute
molecular size. When, approaches infinityy® becomesy.

Our experimentally observed relatigiq. (6)] is very
close to the relation derived by Evaesal. Since the viscos-
ity of the solvent is expressed by E(B), the equation of
Evanset al. can be described by the following:

5 _ATEP —E,((c/rp)+d)
EV™ 7 ex KeT

Therefore, wherp is close to 1 the activation energy for
diffusion is given by

. (8

c
—+d
A

ED:Erl . (9)

Comparing Eq(5) and Eq.(9), we find that both equations
become identical whe=—E,c, d=1. Indeed, the value
of d obtained by Evan®t al. was 1.0741, which is suffi-
ciently close to unity. Therefore, the molecular size depen-

wherea, b, ¢, andd are constants, which are determined bydence ofE, proposed for the parent molecUlEg. (5)] is

Evans etal. as a=5.9734 A, b=-7.3401, c

almost equivalent to the previously proposed relafiéq.
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B. E, of transient radicals

On the basis of the molecular size dependencé& of
described in the previous section, we will interpret the dif-
ferentEp of radicals and parent molecules in terms of the
previously proposed model of the radical diffusfoin a
series of our investigations on the radical diffusion, we con-
sidered that the transient radicals are surrounded by the sol-
vent or solute molecules with an attractive intermolecular
interaction, and the effect of the attractive interaction was
treated as an increase of the effective molecular volume.
0.0 ' ! . L Namely, we have treated the smallof the radicals in terms

0.20 025 0.30 0.35  0.40 i .
F 100 ! of the appar(_ant molecular size expansion. _
A Let us think the apparent radius of the radiagl {vhich
is increased from the radius of the parent molecul® @y
gathering additional molecules around the radical. Assuming
that the additional volume by the interactionMg, r is cal-
culated from

D/ 10°m%"

2 -1
ms

-9

r=(ry+(3Vq/4m))s. (10)

D/ 10

If we replacer, in Eq. (6) by r, Ep of the radical is de-
scribed by

0.20 0.25 0.30 035 0.40
-1 10 -1
roa /10" m

(24
=- +E,.
Bo= T (B @vplam) B B (o

FIG. 7. The molecular size dependenceDobf radical's([J) and of parent

molecule‘s(,) i_n (a) 2-PrOH andb) EtOH at room tempe_ratur(érom Re;. This equation reduces to E¢) Whenri> 3Vy/4m. In other

)?é.curved line is calculated value DY by Egs.(12), (13), with Vo=5x10" 5 4s E of the radical becomes closer to that of the parent
molecule with increasing the molecular volume. When
becomes smalleicy of the radicals approaches a constant
value. The curved lines in Fig. 6 are fitted lines calculated
from Eq. (11) with V,=8x10? A% in 2-propanol and etha-

7(a)]. Equation (6) is identical to Eq. (8) when nol. They reproduce the observed molecular size dependence

AT} P/7B=D,. The values ofEy calculated from Eq(9)  of Ep fairly well.

with ¢=—-0.853 65,d=1, and E,=5.854 kcal/mol in It should be noted that EqQ) as well as Eq(11) predict

2-PrOH,E,=3.957kcal/mol in EtOH are plotted in Fig. 6. thatEp of the parent and the radical should appro&ghas

Since this line agrees with experimental values fairly well, itthe molecular size increases. For the parent molecule, this

is recognized that the temperature dependence of the stagfndency is consistent with the continuous model of the me-
(paren molecules is described by E¢@). dium in the hydrodynamic theory. For the radicals, when the

The 1k, dependence oE, can be explained by the molecular size becomes large, the character of the radical

breakdown of the continuous fluid approximation of the sol-(Probably the spin densilyis diluted and the diffusion pro-

vent in the theory of the hydrodynamics. The viscosity of the®€SS becomes similar to that of the parent molecule. Then the
vation energy should be again closesy.

. ; ti
solvent is the macroscopic parameter and the hydrodynamft® . .
piep y y Above results and the analyses are consistent with the

theory treats the solvent as continuous fluid. When the solute . e . . ) .
. . radical diffusion model that the radical diffuses in solution
size is as small as the solvent molecular size, the solvent can. . X
with a larger effective volume than the actual molecular size

b.e no .ltonlger tlreg ted ?s contm;(t)# S flul|dt and ﬁhe Tﬂ;grtzscomﬁecause of the attractive intermolecular interaction. This at-
VISCosl y(oca viscosity around the solute molecy € tractive intermolecular interaction is recently supported by
§olvent is appareptly reduped. In such a solvgnt, the actiVa;me resolved transient Ramman spectros@pyhe appar-
tion energy for diffusion is reduced. Contrarily, when the gt \,olume expansion is considered to be the origin of the
solute molecules become larger, the solvent molecules can bgomalously slow diffusion of the transient radicals. In the
treated as continuous fluid to a good approximation. If thegnalyses in this section, we assume that the increase of the
solute molecule has infinite size, the microscopic viscosityeffective volume is a constant which is independent of the
should coincide with the macroscopic viscosifyActually,  solute size and the temperature. If we assume that the vol-
Fig. 6 suggests that the valuesky of the parent molecules ume expansion is the result of the aggregation of the solvent
are close to the value oE, (E,=5.854 kcal/mol in  molecules around the radicals, the estimated volume
2-PrOH, E,=3.957 kcal/mol in EtOH when 1f, ap- V,=8X 102 A3 corresponds to about ten solvent molecules
proaches zero; i.er,, approaches infinity. in 2-propanol or ethanol.
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C. Molecular size dependence of D

In our previous papei’s of the radicals are compared
with those of the parent molecules as a function of the mo

lecular size at room temperatuteD’s of the parent mol-
ecules increase with increasing 1 Wherea®D's of the radi-

cals are rather insensitive to the molecular size. This
different behavior was discussed in term of an excess frictio
gained by forming the radicals. In this section, we try to

explain the molecular size dependenceDofat room tem-

perature by a different way; namely, by using the model

discussed in the previous section.
From Eqgs(1), (9), and(11), the diffusion coefficients of
the parent molecul®; and of the radicaD; are given by

D;=Djg EXL(kB—Tn , (129
* +E
(ra+3Volam)t3 = =7
DJ = D]O ex kBT (12b)

These two formulas satisfy the condition Bf>D; and
D;=D; atr,~c. The pre-exponential factot®;, andDj)
are described by the following formulas from E®) with
T P~1:

explal/rp+b)
0™ (Clrp+d)  » (13a
Mo
expal/(r3+3Vy/4m)3+b
_explal(rR+3Vo/4m ) 130

o~ (cl(r3+3Vo/4mPBtd)
Mo
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depend on the solute molecular size. When the solute mo-
lecular sizes become larger, the valuesgfbecome larger.
The solute molecular size dependence of the parent mol-
ecule’sEp could be explained by the empirical formula ob-
tained by Evangt al.

Different values irE between the transient radicals and

rt‘heir parent molecules are interpreted in terms of a diffusion

model we proposed before; the radicals are surrounded by
other moleculesgsolvent and/or parent molecu)es solution

by an attractive interaction. The equationk as a function

of solute radii derived by assuming that the apparent volume
increase of the radical is constant for all of the radicals can
reproduce the molecular size dependencE& gfof the radi-
cals. The results of this investigation will give us a clue to
understand the anomalous slow diffusion process of transient
radicals.
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