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The rate constants,, for the exothermic energy transfer from the triplet states of benzopheABAEY)

and triphenylene3TPh*) to naphthalene (N), and also from the singlet sate of triphenyl&reht) to
benzophenone (BZP), were measured in polar and nonpolar solvents as a function of presséiz &@b5

all the systems of the donercceptor pairs, the plots ¢f against 1 showed downward curvature. For
3BZP*IN in acetonitrile, methanol, anathexane, the plots of Ik, against Iny were linear with the slopes

larger than—1, while for3BZP*/N in toluene and foFTPh*/BZP inn-hexane they showed downward curvature.
However, the plots of X} against; were linear with positive intercepts for all the systems examined. It was
also found that the plot of B against;/T, in which ky; was measured fé8ZP*/N as a function of temperature

and pressure in-hexane, is linear. These results were interpreted by the energy transfer mechanism via the
formation of an encounter complex between the donor and acceptor molecules, and it was concluded that the
exothermic energy transfer examined in the present study is not fully diffusion-controlled but competes with
a diffusion process that is expressed by a modified Debye equation. The bimolecular rate constants for the
energy transfefgim (=kairke/K—qirr), were in the range of (210) x 10° M~* s71 depending on solvent. The
pressure dependencelgfis discussed from the experimental fact tkat is independent of solvent viscosity
changed by varying pressure and temperature in all the systems examined.

Introduction Kyt = 8RTaw (1)

th Bgﬁglsilﬁ;f’hfé?ﬁgﬁnr?éﬁl aler;g Fl)gto'[igilgtci)ggcs!nm% c:rtt_lzr;ce, wherea is 3000 and 2000 for the stick and slip boundary limits,
beeen ex{ee nsive? studied Pl'he peXOtGhermico eners transfer respectively>. The conclusion that the exothermic tripldtiplet
y ’ 9y energy transfer is diffusion-controllelly(~ kqir) is mainly due

process, which is due to an electron exchange mechanis he 1 nden n changin mperature or
developed by Dexter, is often believed to occur upon ever;ntO the 1f dependence ok upon changing temperature o

encounter between a donor molecifi®¥) in the electronically

excited triplet state and an acceptor molecule (A) in the ground The deviation ok, from eq 1, which is observed in alcohol

and viscous hydrocarbon solvents, has been often attributed to

1
state. the viscosity dependence of the diffusion coefficient in solution,
K, and modified empirical equations were propo$ed.
D* + A—D +3A* On the other hand, Wagner and Kochevar suggested that

energy transfer competes with diffusion apart of the encounter
When the solute molecules move in a continuum medium with pairs in the quenching of the triplet state of valerophenone by
viscosity# (P unit), the diffusion-controlled rate constak;; 2,5,-dimethyl-2,4-hexadiene by the stationary-state measure-
(M~1s™h), is expressed by ments® The same conclusion was reported on the basis of the
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TABLE 1: Energies of the Lowest Singlet, 3, and Triplet, chromator and the resulting signal was digitized by using a
Ty, States and van der Waals Radiiyw, of Solutes LeCroy 9362 digitizing oscilloscope. All data were analyzed
donor/acceptor Skimolr!t  Ti32kImol!  ry,Pnm by using a NEC microcomputer interfaced to the digitizers.
naphthalene (N) 385 277 0.309 Details about the associated high-pressure techniques have been
benzophenone (BZP) 314 289 0.345  described elsewheré!!
triphenylene (TPh) 347 280 0.365 Concentrations of benzophenone and triphenylene for tran-

sient absorption measurements were adjusted to give ca. 0.8

absorbance (1 cm cell) at 337.1 nm, and that of triphenylene
d for fluorescence decay measurements was adjusted to give less
than 0.1 absorbance at the maximum absorption wavelength in
order to minimize self-absorption effects. Sample solutions
were deoxygenated by bubbling nitrogen gas under a nitrogen
atmosphere. Changes in concentration of the acceptor due to
bubbling were corrected for by weighing the sample solution.
The increase in concentration due to the application of high
pressure was corrected for by using the compressibility of
solvent!?-15

Temperature was controlled within 0°Z. Pressure was

2 Reference 8° Estimated values according to the method by Béndi.

evidence obtained from the quenching of thermally produce
acetone triplets by acceptdrsSubsequently, the rate constants
for the quenching of singlet and triplet states of aromatic
molecules by a series of azo compounds with varying steric
properties were measured, and the significance of the contribu-
tion of steric hindrance to these collisional exothermic energy
transfer processes was pointed 6uFhis is another suggestion
that the rate constant for exothermic energy transfer by the
exchange mechanism is comparable to that for diffusional
separation of encounter pairs in solution, and further the . . L . .
significance of the steric hindrance implies that the observed measured with a calibrated manganin wire or with a Minebea
rate processes for the energy transfer involve the distanceSTD'5000K strain gauge.

dependence between the donor and acceptor pairs in SOIVenhesults

cage as well as those for translational diffusion.

Application of high pressure is a useful technique for the  Rate Constants for Energy Transfer from the Benzophe-
study of bimolecular diffusion-controlled reactions since the none Triplet to Naphthalene. Energy transfer from benzophe-
viscosity of the solvent can be changed without varying solvent none triplets BZP*) to naphthalene (N) to yield naphthalene
and temperature. In this paper, the rate constants for exothermidriplets ¢N*) in solvent RH is expressed By
energy transfer from the triplet states of benzophenone and
triphenylene to naphthalene, where the lowest triplet states of szﬂ» 1Bzp* — 3BzZP*
the donors arénz* and 3zr*, respectively, are measured as a

function of pressure up to 400 MPa in order to provide some 3 ha .
insight into the mechanism, and the contribution of diffusion BZP* + RH— ketyl radica+ R @)
to the energy transfer is investigated from the pressure-induced . Ky .
solvent viscosity dependence. One of the aims of the present BZP* + N — BZP + “N* (2)

work is to attempt the separation of the observed rate constants ) ) )
into contributions of translational diffusion and energy transfer According to this scheme, the time dependence of the observed
processes. Therefore, rate constants are also measured foabsorbance at timg A(t), is given by

energy transfer from the singlet state of triphenylene to . _ -

benzophenone, whose system might be expected to show similar AD) = A() + {A0) — A()} exp(—kpd) (3)
viscosity dependence to the triptdtiplet energy transfer for
diffusion processes but a different energy transfer rate. The
energies for the lowest singlet and triplet states of donors and _

acceptorgexamined in the present work are listed in Table 1, Kops = K{RH] + kq[N] “)
together with values of their van der Waals radii.

where

In eqs 3 and 4A(0) and A(») are the initial and residual
absorbances, respectively, and [N] and [RH] are the concentra-
tions of N and RH, respectively. The decay curvesSgZP*

Benzophenone (Wako Pure Chemical Industries Ltd.) and obtained at 530 nm were analyzed satisfactorily by eq 3 in the
triphenylene (Tokyo Kasei Kogyo Co., Ltd.) of guaranteed grade experimental conditions examined. To confirm the kinetic
were recrystallized three times from benzene and ethanol,scheme (eqs 1 and 2) furthek(t) at 415 nm due mainly to
respectively. Zone-refined naphthalene (Tokyo Kasei Kogyo 3N* was also measured at 0.1 MPa and analyzed by eq 3, and
Co., Ltd.) was used as received. Acetonitrile, methanol, toluene, it was found that the values &§,sagreed within 5% with those
andn-hexane of spectroscopic grade (Dojin Pure Chemicals Co.) observed at 530 nm. Figure 1 shows typical examples of plots
were used as received. of kepsagainst [N]. Rate constants, for energy transfer were

Transient absorption measurements at high pressure wereobtained from the least-squares slopes, and those for hydrogen
performed by using an 8-ns pulse from a nitrogen laser (337.1 abstractionk;, were determined from the intercepts of the least-
nm) for excitation and a xenon analyzing flash lamp positioned squares plots and [RH] at each pressure. The pressure
at right angles to the direction of the excitation pulse. The dependence values &f obtained in toluene, methanol, and
analyzing light intensities were monitored by a Hamamatsu n-hexane are in good agreement with those of our previous
R928 photomultiplier through a Ritsu MC-25N monochromator work.*! The values fokg in toluene, methanol, and acetonitrile
and the signal was digitized by using a Hewlett-Packard 54510A at 25 °C and inn-hexane at 15, 25, and 3% are listed in
digitizing oscilloscope. Fluorescence decay curve measurementslables 2 and 3, respectively, together with those of solvent
at high pressure were performed at right angles by using a 0.3-viscosity2-15
ns pulse from a PRA LN103 nitrogen laser for excitation. The  Rate Constants for Energy Transfer from Triphenylene
fluorescence intensities were measured with a HamamatsuTriplet to Naphthalene. The rise time of the absorbance at
R1635-02 photomultiplier through a Ritsu MC-25NP mono- 415 nm was measured as a function of the concentration of N

Experimental Section
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60 the energy transfer processes are not fully diffusion-controlled
or that the solvent viscosity dependencegf is not correctly
described by eq 1, as pointed out by earlier workers.
Diffusion-Controlled Quenching. The rate constankg,
for bimolecular diffusion-controlled reaction between the elec-
tronically excited state of the donor, D*, and the ground state
of the acceptor, A, is given by eq 8 in a solvent with the relative
diffusion coefficient,Dp+«a(=Dp+ + Da), when the transient
terms can be neglectéd:

H 0.1|MPa l
: 50 MPa
1100 MPa
: 150 MPa
:200 MPa

O<<IIEI>D.O_

Kyt = 47F pop Dpea Na/10° (8)

concentration of naphthalene, [N] (mM)

. . . whererp«a andNa are the encounter distance and Avogadro’s
Figure 1. Plots ofkons against the concentration of naphthalene, [N], number, respectively. The solvent viscosity dependend® of
in toluene at 25°C. (i = D* or A) is expressed by the Einstein relation (eq 9) using

in n-hexane for pressures up to 400 MPa: the frictior_1 coefficient,g;, between the solvent and the solute
molecule,i:
TPh*+ N % TPh+ N (5) D, = ks /¢, 9)

Values ofkypsWere determined by curve-fitting to eq 3 in which
eq 4 is replaced by the equatidg,s = Kg[N], although the
transient absorption spectra &TPh* and 3N* are partially
overlappingt®1? Plots ofkyps against six concentrations of N
show good linearity through the origin at each pressure. The
rate constantsk,, were determined from the least-squares slopes SE
of the plots. The values d{; are listed in Table 4. D™= kg T/, (10)
Rate Constants for Energy Transfer from Triphenylene
Singlet to Benzophenone.The fluorescence decay curves of Whereri is the radius of the spherical solute molecules el
triphenylene (TPh) were measured as a function of [BzP] in 6 and 4 for the stick and slip boundary limits, respectively.
n-hexane for pressures up to 400 MPa af@%and were found However, the breakdown of the SE equation has been often
to be monoexponential for the experimental conditions exam- observed for diffusion in solution, and the corrections were
ined. The singlet lifetimero, of TPh in the absence of BZP is ~ attempted. Among them, an empirical equation proposed by
almost independent of pressure (ca. 36 ns). The quenchingSperol and Wirt has been applied successfully to the
constantsk,, were determined from the least-squares slopes of diffusion-controlled radical self-termination reactidhsand

the plots of 1¢ against four concentrations of BZP according €xothermic triplet excitation transfét> According to this
to approach, the diffusion coefficienD;SV, is expressed by

introducing a microfriction factorf;SW, as a correction factor:

wherekg is the Boltzmann constant. Since the hydrodynamic
friction, &1, is given bygH = fizyr; (Stokes’ law), we can obtain
the Stokes-Einstein (SE) equation (eq 10) by combining with
eq9:

1t — 1y = ky[BZP] (6)
D> = kg T/6sf; >y, (11)

wheret is the lifetime at a specific concentration of [BZP].
The values ok, are listed in Table 4, together with those of \yhere
the 3TPh*/N system inn-hexane at 25C.

f5W=(0.16+ 0.4r,/rg)(0.94 0.4T¢ — 0.25T) (12)
Discussion ' . .

In eq 12, the first parenthetical quantity depends only on the

solute-to-solvent size ratiorifrs). The second parenthetical

As seen in Tables-24, the rate constantk, for energy L :
transfer decrease strongly with increasing pressure in all solventsdtantity invalves the reduced temperatufigsandTy', of solvent

examined. The apparent activation voluma¥,*, evaluated and solute, respectively, which can be calculated by using the

by eq 7 are listed in Table 5, together with those of the solvent melting point_,Tmp, and boiling pointTp, of t_he solvent or solute
viscosity ' at the experimental temperatuii,according to

(a In kq) A Tie) = [T~ Tl [ Topce) = Trpis] (13)
T

aP R'Ici (7) .
From egs 8 and 11, the diffusion-controlled rate constagt,

It can be seen in Table 5 that the valueAdf,* does not depend DY Spernol and Wirtz approximation is given by
on solvent polarity, but seems to correlate with those for solvent

viscosity, AV,*. The observation suggests that the energy o ZRTrD*AI 1 1 (14)
transfer is qualitatively diffusion-controlled, in agreement with 3000 \fD*SWrD* 5%

conclusions reported by earlier workérdlowever, it is noted

from the data listed in Tables 2 and 3 that the valuek,@ire Comparing with eq 1¢SW is given by

significantly smaller than those &z calculated with the use

of eq 1 . = 2000 or 3000) in solvents examined, especially at sw_12x 104 1 1 \1

lower pressures. Similar results were found for #i@h*/N o= W W ) (15)
and ITPh*/BZP systems (Table 4). These results imply that D*A \fD* o fa7Ta
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TABLE 2: Solvent Viscosity, 7, and Rate Constantskg, for the 3BZP*/N System in Toluene, Methanol, and Acetonitrile at 25

°C
toluene methanol acetonitrile
pressure, MPa 7, 1072P kg, I M~1s7? 7, 1072P kg, 1P M~1st 7, 1072P kg, 1P M-1s72
0.1 0.556 6.44+ 0.07 0.543 8.9% 0.05 0.343 9.84-0.18
50 0.785 5.5Gk 0.04 0.669 7.33:0.09 0.454 8.4@-0.29
100 1.063 4.4% 0.09 0.794 6.66- 0.08 0.560 8.04-0.24
150 1.400 3.740.10 0.917 5.43-0.13 0.658 7.06-0.08
200 1.814 3.1G: 0.04 1.041 5.4@ 0.10 0.750 6.19% 0.21
250 2.333 2.53: 0.02 1.164 453 0.07 0.849 5.49-0.15
300 2.996 2.13£ 0.05 1.287 3.95-0.09 0.974 5.22-0.07
350 3.849 1.76: 0.06
400 4,939 1.44-0.07

TABLE 3: Solvent Viscosity, 7, and Rate Constantskg, for the 3BZP*/N System at 15, 25, and 35C in n-Hexane

15°C 25°C 35°C
pressure, MPa 7, 102P ke 1IPM1st n, 1072P ke 1IPM1st n, 1072P ke 1IPM1st
0.1 0.325 9.64+ 0.22 0.294 10.4£ 0.2 0.267 10.A0.4
50 0.523 7.8H 0.16 0.472 7.4¢% 0.45 0.429 9.1% 0.35
100 0.716 6.24+ 0.24 0.650 5.7% 0.52 0.594 7.2%0.31
150 0.940 5.2# 0.17 0.849 5.24£ 0.15 0.772 5.9% 0.33
200 1.180 3.93: 0.22 1.063 4.33 0.29 0.964 5.7 0.16
250 1.463 3.6Gt 0.10 1.310 3.7# 0.45 1.181 5.05%0.14
300 1.810 3.14: 0.17 1.610 2.92t 0.46 1.443 4.45-0.30
350 2.203 2.6H 0.05 1.948 2.72£ 0.45 1.736 3.33%0.15
400 2.687 1.75:0.11 2.368 2.6% 0.23 2.104 2.8% 0.19
TABLE 4: Rate Constants, kq, for the STPh*/N and TPh*/ 24— : | : .
BZP Systems inn-Hexane at 25°C | @
Ka» 1PM1s1 O : toluene
23 - ® :methanol
pressure, MPa STPh*/N ITPh*/BZP 5 : acetonitrile
0.1 10.1+ 0.5 15.4+ 0.2 £
50 7.144+0.23 11.9+0.3 2 7
100 5.99+ 0.16 9.23+ 0.20
150 5.05+ 0.12 7.57+0.20
200 4.60+ 0.23 6.39+ 0.20 21+ -
250 3.99+0.20 5.21+ 0.06 , , , .
300 3.62+£ 0.19 4.344+ 0.07 -1 0 1
350 2.89+ 0.15 3.69+ 0.10 Inn
400 2.69+£ 0.17 3.08+ 0.08 ”
T T T
The 1k dependence of the diffusion coefficient has often O(l‘))3BZP*/N
failed#c1° This breakdown of the #/dependence is recognized . Zijhj/N
as the deviation from the continuum model that arises as a result 3 A :"TPh /BZP T
of short-range interactions between the solute and solvent N

molecules such as translational and rotational coupling. In such
cases, the expression fgris phenomenologically given by

¢ 0O n"

(16)

The viscosity exponenty;, which is normally less than unity, _ ) )
depends on the solute size but is independent of solent. Figure 2. Plots of Inkg against Iny (a) for BZP*/N in three solvents
Assuming thatyp~ = ya (= y) since their sizes are similar
(Table 1), the diffusion-controlled rate constdq}, is described

by

Kaifr = A"

7

where A is assumed to be a constant that is invariant yith
fact, eq 17 has been used to express the observed rate constanigcreasing pressuré.
for chemical reactions that are influenced by solvent visca8ity.
Pressure and Pressure-Induced Viscosity Dependence of
kq. Energy transfer for theBZP*/N, STPh*/N, and*TPh*/BZP
systems with different quenching abilities was concluded to be against 1 (Table 3) give good linearity. Since the van der
qualitatively diffusion-controlled as mentioned above. In this Waals radii of the solutes can be estimated to be 0.268, 0.287,
section, the contribution of the diffusion to the energy transfer and 0.374 nm for benzene, toluene, and bedlpgfene,

I . | .
a -1 0 1

Inn
and (b) forBZP*/N, 3TPh*/N, and'TPh*/BZP inn-hexane at 25C.

is discussed mainly from the pressure and pressure-induced
viscosity dependence &,

Self-diffusion coefficients are inversely proportional to the
pressure-induced solvent viscosity for a number of liquids?
Even for methanot}, this relationship seems roughly valid,
although the value offi in eq 10 decreases slightly with

Dymond and Woolf?® measured the diffusion coefficients,
D, of benzene, toluene, and berdjgyrene inn-hexane for
pressures up to 384 MPa at 26. Plots of theirD values
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TABLE 5: Activation Volumes for Solvent Viscosity, AV,, and for kq, AV4* of the 3BZP*/N, 3TPh*/N, and TPh*/BZP Systems

at 25°C and 0.1 MPa

AVF, cm? mol~t
+ —1 b
solvent AV, ? errfmol™ 3BZP*IN STPh*/N ITPh*/BZP fw,” M
toluene 17.6 8.9 0.3 0.287
methanol 11.4 7.61.4 0.202
acetonitrile 16.1 5209 0.224
n-hexane 23.8 13.41.2 10.9+:1.2 12.14+0.4 0.301

2 The values ofAV,* were determined fromd(In #/8P)r = AV,*/RT. b Estimated values according to the method by Béndi.

TABLE 6: Values of o and the Bimolecular Rate Constant,Kpim(=KgitKedK—qitr), for the SBZP*/N, 3TPh*/N, and ‘TPh*/BZP

Systems in Various Solvents at 25C

o Kpim/10*° M1 572
solvent 3BZP*IN STPh*/N ITPh*/BZP 3BZP*/IN STPh*/N ITPh*/BZP
toluene 250Gt 30 1.1+ 0.1
(2110/1760)
methanol 359Gt 200 9.4+ 8.4
(2850/2250)
acetonitrile 297Gt 150 2.1+ 0.3
(2490/2100)
n-hexane 28406- 19¢* 25804 100 2510+ 20 1.4+ 0.3 1.34+0.2 3.94+0.2
(2110/1680) (2250/1690) (2440/1890)

2 Mean values ofx andksim were determined to be 31080 120 and (2.2t 0.4) x 10'° M~ s7%, respectively, from the data at 15, 25, and 35
°C for pressures up to 400 MPa (see tektyalues ofa in parentheses represantV(full)/ oSW(truncated) estimated by eq 15 (see text).

respectively?, the values off; in eq 10 from the least-squares
slopes of the plots dD against 14 were determined to be 2.99
+ 0.06, 3.04+ 0.07, and 3.8A 0.11 for benzene, toluene,
and benzdj]pyrene inn-hexane, respectively. The valuefof
obtained is clearly smaller than that expected for the slip
boundary limit §{ = 4) for benzene and toluene but increases
with increasing size of the solute. Such a size dependence of
fi has been often found in the measurements of the diffusion
coefficient as a function of temperature at 0.1 MPalowever,
plots of kg against 1 for the data in Tables 24 show
significant downward curvature for all the systems examined.

Another test for fully diffusion-controlled reaction is provided
by the use of eq 17. The plots of kg against Irw;, which are
shown in Figure 2, are almost linear f#BZP*/N in methanol
(In A= 2237+ 0.02,y = 0.91+ 0.05), acetonitrile (IM\ =
22.37+ 0.03,y = 0.63+ 0.04), andn-hexane (InA = 22.22
+0.02,y = 0.684+ 0.03 at 25°C) and for®TPh*/N in n-hexane
(InA=22.26+ 0.01,y = 0.62+ 0.02). However, as seen for
3BZP*/N in toluene (Figure 2a) with larger pressure-induced
viscosity dependence and also #3Ph*/BZP inn-hexane with
higherk, (Figure 2b), they show significant downward curvature.
Consequently, these results, together with those described in
the previous paragraph, suggest that the energy transfer for the
systems ofBZP*/N in toluene andTPh*/BZP inn-hexane is
not fully diffusion-controlled.

In general, exothermic energy transfer from D* to A may
occur via an encounter compleXDA)*, as follows:

1k, (10™° Ms)

1/k, (107 Ms)

8

- @

| O :acetonitrile
® : methanol
4 : toluene

' 1
20 30
n (10°P)

40

- (b

© : TPh/BZP
| e : TPhN
& :°BZP'/N

10
n (10°P)

20

Figure 3. Plots of 1kq againsty for (a) *BZP*/N in three solvents
and (b) for®BZP*/N, *TPh*/N, and'TPh*/BZP inn-hexane at 25C.

If kgir is assumed to be expressed by a modified Debye

equation (eq 1) since the diffusion coefficient is inversely

K ket
D* 4+ A ﬁ 3DA)* —D + A (18)

According to eq 18, the observed rate constkgtis given by

KaitrKet
= k—diﬁﬁ+ Ket (19)

1

ky

Plots of 1k, againsty are shown in Figure 3. As can be seen

kfdiff

ok 8R!

proportional to the pressure-induced solvent viscosity as men-
tioned above, one may derive eq 20 from eqgs 1 and 19:

(20)

in these figures, the plots are linear in all systems examined.

In eq 19,kg = kit if Ket > K-qitt andkg = KaitrKedK—air if K—aifr

The values of the bimolecular rate constant for the energy

> ke the energy transfer occurs upon every encounter for the transfer, koim(=kairrkedK—ait), and oo determined by the least-
former limiting case, whereas its efficiency is less than unity squares plots are listed in Table 6, together with thoseS$f

for the latter case.

evaluated by eq 18 The buildup and decay times of energy
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TABLE 7: Values of Pressure Coefficients for the Bimolecular Rate Constant,d In Kpim/aP)t, and of AVe — AV_gi for the
SBZP*/N, 3TPh*/N, and TPh*/BZP Systems in Various Solvents at 25C

SBZP*/N STPh*/N ITPh*/BZP
(3 In koim/ 0P)T, AVef — AV_git*, (3 In koim/ OP)T, AVeff — AV_gi*, (3 In koim/ 0P)T, AVeff — AV_gi*,
solvent 104 MPa! cm® mol—? 104 MPa? cm® mol—? 104 MPa? cm® mol—?
toluene -09+14 —-17.44+0.4
methanol —7.5+14.4 —95+ 3.6
acetonitrile —-0.4+3.3 —-16.0+0.9
n-hexane —7.9+ 3.0 —21.84+0.8 -0.6+3.1 —23.6+0.8 1.0+ 14 —23.5+0.4

o — 1 T T ] no pressure dependencekg, is observed within experimental
© MPa § errors. Since Kyiit/K—gif)Ket IS defined ad,im, One may obtain

—RT(@In ky/dP); = AV," + AV,f — AV 4* (21)

(o2 RN Iul 3 3 YoRu

where AV_gi* and AVei are the activation volumes foe_gis
andke, respectively. By use of the data listed in Tables 5 and
7, the values ofAVef — AV_gi* were evaluated (Table 7). As
seen in Table 7AVef — AV_git* ~ —AV,, since the left-hand
side in eq 21 is nearly equal to zero.

1k, (107" M's™)

0 . | L | L 1 L I

0 20 40 60 80 100 The value okpim(=KairkedK—itt) is the observed rate constant
WT (10° P/K) in the preequilibrium limit (see eq 19). Saltiel et3alhave
Figure 4. Plots of 1k, againsty/T for 3BZP*/N in three solvents at ~ proposed from thermodynamic considerations that the equilib-
15, 25, and 35C. rium constantK (=Kkgiit/K—qift), IS approximately equal to the

fer f ipl h hvinaphthal inverse of the molarity of the solvent, [S], at 0.1 MPa. Hence,
transfer from triplet benzophenone to 1-methyinaphthalene asne yajye ofk decreases slightly with increasing pressure, and

solvent by picosecond laser photolysis were measured to be cay, o \ojume change for encounter complex formatiaw, is
10 and 20 ps, respectivel§. If we assume that the lifetimes in calculated to be zero sin€&T(d In K/oP)r = —AV — RTk wk’;ere
bulk quencher are given as the pseudo-first-order rate constant, i< ihe isothermal compressibility of the solvent so N
the second-order rate constant for the energy transfer can be_ g (Taple 7). Another estimation for the pressure dependence
evaluated to be (071.4) x 10°° M™% s* (molarity of ¢\ i given by the hard sphere theory, which has been applied
1-methylnaphthalene 7.2 M), which are comparable to those  g,ccessfully to many systems in liquid solution such as the
of koim shown in Table 6. complex formation between donor and accepforAccording

It can be seen in Table 6 that the valueswfare ap- 4 this theory AV is evaluated to be negative (caZ ~ —13
proximately in the range between the slip and stick boundary ./ for B8zP*/N depending on solven®. Unfortunately,

- 3 o
I3|m|t;* for_ EZP*/N in five sollvents ‘_and fcirSBZrI?*/Nh andl however, there is no direct evidence that would allow further
TPh*/N in hexane. We can also see in Table 6 that the solvent ;s\ ssjon at present stage. The pressure dependence of the

dependence of bo®"(full) and a(truncated) estimated by €q g orqy transfer rate constant in bulk quencher solution, which

1|5 IS S'm'lr‘?r tsowt?alf odfa de_tgrmlfnf_etlj expﬁrlrr]nentally, and We s in"the picosecond time domain, may give us important
also see that:S"(full) describes fairly well the rate constants ircormation about this problem,

for diffusion of interest (eqs 14 and 15). Further, as noted in
Table 6, the value of,m for I7TPh*/BZP inn-hexane is about
3 times larger than those f8BZP*/N and3TPh*/N; neverthe-
less, the values oft are almost independent of the doror It has been demonstrated from the high-pressure study that
acceptor pairs. These results suggest that the bimolecular ratexothermic energy transfers frofBZP* and3TPh* to N and
constantkyim, which is independent of solvent viscosity changed also fromTPh* to BZP are not fully diffusion-controlled in
by the application of pressure, is comparablédg (eq 20)27 solvents examined but compete with diffusional separation of
This suggestion was tested experimentally by varying both encounter complex, which is expressed by a modified Debye
temperature and pressure. Figure 4 shows the plotskgf 1/ equation (eq 1). The bimolecular rate constant for energy
againsty/T for 3BZP*/N in n-hexane at 15, 25, and 3% for transfer, koim(=Kairketk—-qirt), is found to be approximately
pressures up to 400 MPa. As seen in Figure 4, the plot is linear, constant for the range of pressure and temperature examined.
meaning that the intercept,kbf, is independent of/T. The It should be noted that the nonlinear plots betwkgand 14
mean values of andkyim, obtained by the least-squares method and between lik; and Iny, and also the linear plots between In
were evaluated to be 316D 120 and (2.2 0.4) x 1019M~1 ks and Inn with the slopes larger thar-1, are due to the
s71, respectively (see Table 6). Therefore, it is concluded from contribution of bimolecular energy transfer rate processes to
the results that the observed rate constepfor energy transfer  the diffusion.
is described well by eq 20, in which the bimolecular rate Finally, exothermic energy transfer due to the exchange
constant Kpim(=KairtkedK—aitr), is independent off/T. mechanism has been expected to depend on the spatial overlap
Pressure Dependence ok The rate constant&g and of the orbitals of the donor and acceptor molecules as well as
k_qir, depend undoubtedly on pressure and temperature. How-their collisional processes. However, it can be seen from the
ever, the bimolecular rate constak,n, was found to be almost  data of Table 7 that the values 8iVef — AV_gix* show no
constant in the range of pressure and temperature examineddifference in the electronic states of the donacceptor pairs
The pressure dependencekgf,, (9 In koim/0P)T, was calculated  for the3BZP*(®nz*)/N(Y*), STPh*Craa*)/IN(twz*), and 'TPh*
from the least-squares slopes of the plots of Irk{} o/ (Ara*)/BZP(Inm*) systems inn-hexane within experimental
8RT) against pressure (Table 7). It can be seen in Table 7 thaterrors. The reason is not known, but it seems likely that very

Summary
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rapid rate processes such as rotational diffusion in the solvent

cage are involved in the energy transfer mechanism.
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