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The contribution of diffusion to the exciplex formation of the 1,2-benzanthracene (BZAN)/dimethylaniline
(DMA) and pyrene (PY)/DMA systems in methycyclohexane at pressures up to 400 MPa was investigated.
The rate constanks, for the exciplex formation, which was determined by the analysis of the rise and decay
curve of the exciplex emission, decreased significantly with increasing pressure. The apparent activation
volume forks, AVs™, was 14.9 and 18.1 cifmol for BZAN/DMA and PY/DMA, respectively. For comparison,

the rate constankg, for the fluorescence quenching by carbon tetrabromide /GBBZAN and PY that is
believed to be fully diffusion-controlled was also measured as a function of pressure. The apparent activation
volume fork,, AVy™, was 17.9 and 20.1 cttmol for BZAN/CBr, and PY/CBE§, respectively. These results

are interpreted by assuming an encounter complex formed between the donor and acceptor pairs, and it was
concluded that the exciplex formation reaction studied in this work is not fully diffusion controlled but competes
with a diffusion process of the donor and acceptor molecules that is expressed by a modified Debye equation.
It was also concluded that the quenching by £Bmot fully diffusion controlled at the lower pressure range.

The bimolecular rate constamm (= Kekair/K_girt), for the exciplex formation was estimated to be .40

M~1s1 for BZAN/DMA and 1.9 x 10 M~s™! for PY/DMA. The activation volumes for the various rate
processes also are discussed.

Introduction SCHEME 1

Exciplexes ((MQ)*), which are formed between the lowest
electronically excited singlet statéM*) and ground state (Q)
molecules, have been investigated by many researchers, and the
photokinetics is now establishéd® The formation processs, K
is often believed to occur with a diffusion-controlled rate for Ing s 3, "
some donor/acceptor systems. When the solute molecules diffuse M*+ Q - (MQ)

'M—

together in a continuum medium with viscosity the diffusion- K,
controlled rate constankgit, is given b
i, Is given by Lk, Lk,

Kqitr = 8RToy (1) '‘M+hv,,, 'M, "M* 'M +Q+hv,, products
wherea is 3000 and 2000 for the stick and slip boundary limits, constant for diffusionkgir, was evaluated. It was found that
respectively, on the basis of the Stokdsinstein equatiofi:° kaifr is inversely proportional to the solvent viscosity, anih
The conclusion that the step ki is diffusion-controlled ks ~ eq 1 changes from 2500 to 3590, which is roughly between the

kyirr) is mainly due to the 3 dependence dfs upon changing  stick and slip boundary limits. It was also found that the values
solvent, temperature’> 8 or pressuré!-*2Polimann and Weller  of a agree fairly well with those afiSW estimated for the given
determined the volume change for several exciplex systems insolutes and solvent system. Based on the evidence, it was
hydrocarbon solvents from the measurements of the fluorescenceconcluded that the exothermic energy transfer is not fully
intensities as a function of pressure by assuming that the stepdiffusion-controlled.

of ks is inversely proportional to the pressure-induced solvent  For some exciplex systems, the valuekgére significantly

viscosity314 For radical self-termination reactioftsand exo- smaller than those d; predicted by eq 1o{ = 2000 or 3000)
thermic excitation transféf;}” which were believed to be  upon changing temperature and solvent at 0.1 KB&2while
diffusion controlled, it has been reported thiaf is not they seem to approadh;; (0. = 2000 in eq 1) with increasing

expressed by eq 1 but by a modified equation developed by pressure when the solvent viscosity is changed by the application

Spernol and Wirt281° According to this approachy in eq 1 is of pressure at 25C 12 Such a pressure-induced solvent viscosity

replaced byaW that is related to the properties of solvent and dependence is also found for the excimer systeAs a result,

solutes. the fact thatks differs significantly from thekqix predicted by
Recently, the pressure-induced solvent viscosity dependenceeq 1 implies that the exciplex formation competes vkith at

of exothermic triplet-triplet excitation transfer was examined the lower pressure region as in the case of the exothermic energy

in various solvents at pressures up to 400 MPand the rate  transferz?
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TABLE 1: Melting Points, Ty, Boiling Points, Ty, and van TABLE 2: Solvent Viscosity, 7, and Rate Constants for
der Waals Radii, ry, of Solutes and Solvent BZAN/DMA in MCH
Tm/K Tog/K rw/nmd PIMPa 53cP kP 1(Ps?t k¥10°M1st Kk/lPst kfl(Fs?

1,2-benzanthracene (BZAN) 429 711 0.368 0.1 0.674 22.9 776020 11.9+-1.0 144.0+5.0
N,N-dimethylaniline (DMA) 276 467 0.314 50 1.143 23.3 548-0.26 12.0£1.7 67.0£54
pyrene (PY) 429 677 0.351 100 1.739 234 424018 11.9+15 325+4.2
carbon tetrabromide (CBr 367 463 0.289 150 2.542 23.6 3.140.16 11.8+14 17.7+£3.8
methylcyclohexane (MCH) 147 374 0.304 200 3.752 23.8 2.320.08 12.0+1.1 10.4+26
2 Estimated values according to the method of Bafidi. 588 E%ﬁ 34318 i;i 88; ﬂgi 12 ;%i gg

350 10.02 24.2 1.030.08 11.9+1.7 3.9+3.0

. . 400 12.81 24.3 0.740.08 12.4+22 3.2+3.6
The present work is focused on the pressure-induced solvent - o

viscosity dependence daq for the typical exciplex systems of 2 References 3632.° Reproducibility was within 1% Standard

pyrene (PY)/N,N-dimethylaniline (DMA), and 1,2-benzan- dev[ﬁtl?nsl\(;sAtlmated from the least-squares slope in the pkat-bfl,

thracene (BZAN)/DMA. Therefore, all of the rate constants against [ 1

associated_with the exciple_x system gho_wn in Scherr_le 1_WereTABLE 3: Rate Constants for PY/DMA in MCH

measured in or_der to obtain further insight of the diffusion- PIMPa kyW10Ps® KPIPM st Kk/iCFst /1P s 1

controlled reactions.

. 0.1 2.49 9.45+ 0.20 9.23+0.47 34.2+-4.7

Generally, fluorescence is quenched by a heavy-atom per- g, 2.64 6.041 0.14 073+ 048 17.7+14
turber. It has been proposed that the quenching occurs via an 100 2.65 4.18-0.12 10.0+ 0.06 9.2+ 23
exciplex between fluorophore and a heavy-atom perturber, the 150 2.68 3.18: 0.10 9.86+£0.56 5.1+1.3
photokinetics of which is similar to Scheme 1, although emission 200 2.69 2.38£0.08  10.0+0.58 34+ 1.2
characteristic of the exciplex was not obser¢&éef A typical 250 2.72 1.76:0.07  10.3-0.65 2.3+1.2
. 300 2.74 1.36+ 0.07 10.3+0.76 20+ 13

strong quencher, carbon tetrabromide (§Bquenches fluo- 350 277 0.99 004 10.9+ 055 15+ 1.0
rescence with a diffusion-controlled reite2® Therefore, the 400 2.80 0.75-0.05 11.0+0.81 14+ 1.3

qguenching of fluorescence by CBsf PY and BZAN also was
measured as a function of pressure for comparison gyoéght

be expected to involve extra diffusion processes between the
donor and acceptor pairs in the solvent cage to form an exciplex
as well as their translational diffusion. From the results, together
with the data for the pyrene excimer system reported previ-
ously?! the contribution of diffusion intds was discussed.

The van der Waals radii of the solute and solvent molecules Regyits
examined in this work, which are estimated by the method of .
Bondi2? together with their melting points and boiling points ~Rate Constants for the Exciplex SystemsThe fluorescence
are listed in Table 1. decay curves in the absence of the quencher exhibit single

exponential decays for all of the experimental conditions

examined. The values of the decay constit,are listed in

Tables 2 and 3 for BZAN and PY, respectively, and the data of
Pyrene (PY) (Wako Pure Chemicals Ltd.) and 1,2-benzan- solvent viscosityy, are also included in Table®:32 The values

thracene (BZAN) (Tokyo Kasei Organic Chemicals. Co.) of ©Of kw for pyrene at pressures of up to 300 MPa are in good

guaranteed grade were chromatographed twice on silica gel (20(Rdreement with those reported previouiSly.

mesh), developed and eluted with pentane, and then followed. ACC?Fd'”g to Scheme 1, the time dependenc_e of quore_scence

by recrystalization from ethanoN,N-dimethylaniline (DMA) Intensities f°F th.e mo.nometM(t), and ‘h‘? exmplsgxlE(t), IS

(Wako Pure Chemicals Ltd.) of guaranteed grade was distilled given for excitation with a pulse af-function by

twice under reduced pressure. Methylcyclohexane (MCH) of

spectroscopic grade (Dojin Pure Chemicals Co.) was used as

received. | Ie(t) = Ag{exp(-440) — exp(-2,0)} 3)
Fluorescence decay curve measurements at high pressure were

performed by using a 0.3-ns pulse from a PRA LN103 nitrogen \where

laser for excitation. The fluorescence intensity was measured

by a Hamamatsu R1635-02 or R928 photomultiplier through a 4, , = 1/2[ky, + kg[Q] 4k, + k; F

Ritsu MC-25N monochromator, and the resulting signal was L L2 1

digitized by using a Hewlett-Packard 54510A or a Lecroy 9362 {lkn + QL = ks = k)™ - Ak [QI} 14

digitizing oscilloscope. All data were analyzed by using a NEC

PC-9801 or a NEC PC-9821 microcomputer, which was

aReproducibility was within 1% Standard deviations estimated
from the least-squares slope in the plotlef+ 1, against [DMA].

Temperature was controlled at 25 0.2 °C. Pressure was
measured by a Minebea STD-5000K strain gauge or a calibrated
manganin wire.

Experimental Section

Iw(t) = A exp(=4.t) + A, exp(=4,t) )

From eq 4, one can obtain

interfaced to the digitizers. The details about the associated high- M+ 2y =ky + K+ K+ kfQ] (5)
pressure techniques have been described elsevhere.
The sample solution was deoxygenated by bubbling nitrogen Ay Ay = Ky(k, + kp) + k3kp[Q] (6)

gas under nitrogen atmosphere for 20 min. The change in the

concentration of the quencher by bubbling was corrected by In the present work, the exciplex emission was used to analyze
weighing the sample solution. The increase in the concentrationthe rate constants associated with the exciplex formation. The
due to the application of high pressure was corrected by usingvalues ofi; and1, were determined according to eq 3 by an
the compressibility of the solvef?. 32 iterative nonlinear least-squares method with deconvolution. The
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Figure 1. Plots of (a)i; + 4, and (b)A14, against [DMA] for BZAN/
DMA in MCH at nine different pressures.

plot of A1 + A, against Q] is shown in Figure 1a, and the plot
of 11 A, against {J] is also shown in Figure 1b for the BZAN/
DMA system. As seen in Figure 1, these plots are linear,
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Figure 2. Plots of 1£ against [CBj] for BZAN/CBr4in MCH at nine
different pressures.

TABLE 4: Quenching Rate Constants,kg, in MCH

ky/10° M~1s1@)

P/MPa BZAN/CBr, PY/CBy,
0.1 10.8+0.17 11.7+ 0.50
50 7.71+0.12 7.55+ 0.21
100 5.48+0.13 5.14+ 0.11
150 3.90+ 0.09 3.63+ 0.08
200 2.66+0.12 2.69+ 0.08
250 2.00+ 0.09 2.01+ 0.07
300 1.50+ 0.08 1.48+ 0.05
350 1.09:+ 0.08 1.10+ 0.05
400 0.81+0.08 0.87+ 0.03

a Standard deviations estimated from the least-squares slope in the
plot of 1/ against [CBJ].

suggesting that Scheme 1 holds in all of the experimental the range 1521 cn#/mol, which is smaller than the activation

conditions examined. The valueslaf, ks, ks, andk, are listed
in Tables 2 and 3 for BZAN/DMA and PY/DMA, respectively,
where the values ok, determined from egs 5 and 6 were
averaged.

Quenching Constant,kq, by Carbon Tetrabromide. The
fluorescence decay of BZAN and PY in the presence of,CBr
was measured as a function of the concentration of,8Br,],

volume,AV,” (24 £+ 1 cm?¥/mol), estimated from the pressure
dependence of the solvent viscosity. This suggests that the rate
process under consideration is not interpreted simply by a
diffusion-controlled reaction. It is noted in Table 5 th&V5s™

for BZAN/DMA is smaller thanAVy™ for BZAN/CBr4, and that
AV3™ for PY/DMA is also smaller tham\Vy™ for PY/CBIs.
However, at pressures above 300 MR¥,” (i = 3 and q) is

at pressures of up to 400 MPa, and found to be monoexponetialroughly equal toAV,* (ca. 13 cr/mol at 350 MPa). The
for all of the experimental conditions examined. The quenching findings, together with the results tHatfor the exciplex systems
rate constanty, was determined by the least-squares slope of js significantly smaller thark, for BZAN/CBr, and PY/CB§

the inverse of the lifetimez 1, against [CBj], according to

1ft — 1fry = kj[CBr] (7
wherery is the lifetime in the absence of CBIFigure 2 shows
the plot of 1t against [CBj] for BZAN/CBr4. The values okq
are listed in Table 4 for BZAN/CBrand PY/CB:.

Activation Volume. The apparent activation volumaAy;*,
for the rate constank;, is given by

RT(® In k/d P)y = —AV,” (8)

The values ofAV™ for ki (i = M, 3, 4, and p) associated with

the exciplex formation at 0.1 MPa are shown in Table 5, together

with those forky (i = q).

Discussion

Contribution of Diffusion to ks and kq. It can be seen in
Table 5 that the activation volum@&V;* (i = 3 and q), is in

at lower pressures, imply thkg is not fully diffusion controlled.

It has been pointed out by earlier workers thaf is not
correctly described by eq181°In fact, the plot ofk; (i = 3
and q) against /by using data listed in Tables-2 showed
significant downward curvature. Another test for the diffusion-
controlled reaction is the fractional power dependencgtbht
has been often observed for the nearly or fully diffusion-
controlled reaction, given by

k = Ap (9)
where the viscosity exponeift, is normally less than unit§f.35
However, as seen in Figure 3, the plot ofkn(i = 3 and q)
against Iny shows slightly downward curvature although it is
almost linear for PY/PY 3 = 0.75)2! Such a nonlinear plot

of In ki against Iny was found for energy transfer from the
triplet state of benzophenone to naphthalene in toluene and the

singlet state of triphenylene to benzophenone-irexane? In
Figure 3, the mean values ¢f (i = 3 and q) are 0.63, 0.86,
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TABLE 5: Activation Volumes (cm?&/mol) in MCH at 0.1 MPa and 25 °C2

AVy™ AV /Ay AV#” AV~ AV_&
BZAN/DMA -0.5+0.1 14.9+ 05 40.9+ 0.6 -0.1+0.1 227+ 1.1
PY/DMA -1.0£0.2 18.1+ 0.8 37.7+£0.9 -1.0£0.1 225+ 1.5
PY/PY -1.0+£ 0.5 16.8+ 0.5 36° —1+1° 8.1+ 4.7
BZAN/CBt, 17.9+05
PY/CBr, 20.1+0.5

2 AV,” for MCH were evaluated to be 24 1 cn/mol at 25°C and 0.1 MPa® —2.0 & 0.5 cn#/mol (reference 21): Reference 21.

T T T T T T

23 A ] (3) -]
B~ —O—: BZAN/DMA
~ --®--:PY/DMA

~ -+ A PYPY

22 --.‘j~ N

In k3

21} _ s

(b) ]
—0— : BZAN/CBr,
--@-- PY/CBr,

21 .

20 ’

Inn

Figure 3. Plots of (a) Inks against Iny for BZAN/DMA, PY/DMA,
and PY/PY¥!and (b) Inky against Iny for BZAN/CBr, and PY/CBj
in MCH at 25°C.

the solvent cage intétM* and Q. According to Scheme 2, the
observed rate constants lof and ks (Scheme 1) are given by

ks = KyirrKe/ (K_gisr + ko) (10)
Ky = K gtk o/ (K_girr + ko) (11)

In eq 10,ks = kit if ke > K_gitt, andks = Kaitrko/K—gitr if K—gifr
> k.. the exciplex formation occurs upon every encounter for
the former limiting case, whereas its efficiency is less than unity
for the latter case. The fluorescence quenching by,@iay
be considered kinetically in the same framework as Scheme 2
in which the step of the dissociation of excipleky, is
neglected?23In this case, the observed quenching rate constant,
kq is described by the same expression as eq 10.

When the rate constant for diffusioky, is expressed by eq
1, one may derive eq 12 by substituting eq 1 into eq 10

1_ K_ gt a

ks Kygk,  8RT'

(12)

For the fluorescence quenching by GRBme can obtain a similar
relationship to eq 12 in whicks is replaced by,. The plot of
1/ks againsty for BZAN/DMA and PY/DMA is shown in Figure
4a, together with the result for PY/PY reported previouslit.

is seen in Figure 4a that the plot is approximately linear with
positive intercepts for these three systems. The plot kf 1/
againsty for BZAN/CBr4 and PY/CBJ, which is shown in
Figure 4b, is also linear with a positive intercept. Consequently,
the fact that the plot of ¥/ (i = 3 or q) againsty is linear
means that (i)kgirr IS inversely proportional to the solvent
viscosity,7 (eq 1) and (ii) the bimolecular rate constakyim,

SCHEME 2 defined bykgirkd/k—girr, is apparently independent of pressure
K (or i), in agreement with the case of the exothermic excitation
e Kar (M*Q) = (MQ)* transfer in solutior?® The values ofkyim (= Kaiftko/K-qirt) and
M*+Q SR o, which were determined from the intercept and slope of the
K air - linear plot (Figure 4) by the least-squares method, respectively,
Lk, Lk, are listed in Table 6.

"M +hv,, "M’ M * 'M +Q + hv,, products

0.71, and 0.87 for BZAN/DMA, PY/DMA, BZAN/CBy, and

Comparison of a®* with aSW. The value ofu®*is very close
to the slip boundary limit¢ = 2000). In a previous publica-
tion,2° the solvent viscosity dependencekgf was discussed
on the basis of the Stokeg&instein equation and an empirical

PY/CB, respectively, at pressures up to 100 MPa and approachequation proposed by Spernol and W29 For the systems

to approximately unity at pressures above 300 MPa, being under considerationy (eq 1) expressed by Spernol and Wirtz,

consistent with the discussion of the activation volume described oSV, is given by

in the previous paragraph. For the heavy-atom quenching

systems, the values @, are slightly larger than those for the oSW = 1.2 x 10 1 n 1 \1t (13)
Vo) (fM* (" fQSWrQ)

exciplex systems at the low viscosity region, suggesting that
the contribution of diffusion to the former systems is larger

compared to the latter ones. wherer; is the radius of the spherical solute molecul¢i, =
In general, exciplex is probably formed via an encounter M* and Q), rw«q is the encounter distance, af?¥' represents

complex, {M*Q)en, between the donor and acceptor molecules, a microfriction factor and is given by

followed by extra diffusion processes such as a rotational

diffusion in a solvent cage (Scheme 2) as for the excimer

system?é! where the bar indicates the solvent cage, langk is

the unimolecular rate constant for dissociation Q) en in

f5W=(0.16+ 0.4r,/rg)(0.94 0.4T¢ — 0.25T) (14)

In eq 14, the first parenthetical quantity depends only on the
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Figure 4. Plots of (a) 1k; againsty for BZAN/DMA, PY/DMA, and
PY/PY?* and (b) 1k, againsty for BZAN/CBr, and PY/CBj in MCH
at 25°C.

TABLE 6: Values of kpim (= Kaitko/K—gitf) @and Those ofo*
and aSW in MCH

system Kpim/ LO*M ~1s71 o oSWatrunc/full
BZAN/DMA 1.5+0.3 1920+ 40 1800/2150
PY/DMA 19+04 1950+ 30 1780/2140
PY/PY 1.4+ 0.2 2060+ 60 1870/2420
BZAN/CBr,4 46+1.8 1830+ 30 1720/2270
PY/CBr, 254+0.3 17404+ 20 1710/2260

aValues ofaSW(trunc)oSW(full) were estimated by eq 13 (see text).

solute-to-solvent size ratiori{rs) (see Table 1). The second
parenthetical quantity involves the reduced temperaturés,
and Ty, of solvent and solute, respectively, which can be
calculated by using the melting poinf,,, and boiling point,
Thp: Of the solvent or solute at the experimental temperafre,
according to

Tis) = [T~ Tl [ Topce) = Trpis)

The values ofoaSW calculated according to eq 13 at 0.1 MPa
are shown in Table 6 in which theS" (full) and oSW (trunc)

(15)
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Figure 5. Pressure dependencelafor kq (O), Kqirr (@), andkpim (&)

for BZAN/DMA (a), PY/DMA (b), PY/PY (c), BZAN/CB, (d), and
PY/CBI4 (e) in MCH at 25°C. The dotted lines represent the values of
In kuim determined from the least-squares intercepts of the plotskef 1/
or 1k againsty (see Table 6).

Spernol and Wirt28 The evidence may also support the
conclusion mentioned above thafs is inversely proportional
to the pressure-induced solvent viscosijy(eq 1).

The values ok calculated by usingt®* and» are shown
in Figure 5, together with those &f(i = 3 or q) for comparison.

In Figure 5, kyir decreases from ca. 1.¥ 10 to 8 x 1C®
M~1s71 on going from 0.1 to 400 MPa, being almost indepen-
dent of the systems examined. Furthermdtgj = 3 and q)

are nearly equal t&g at pressures above 150 MPa, meaning
that the quenching for the systems under consideration is
diffusion controlled at the higher pressure region. This is
consistent with the observation of the pressure dependence of
k (i = 3 and q) mentioned above.

Bimolecular Rate Constant, kpim(= KcKairt/K—giff). It previ-
ously was reported thét,im for exothermic excitation transfer
from the triplet states of benzophenone and triphenylene to
naphthalene is 1.4 and 1.3 10'*° M~1s71, respectively, and
also thatkyin, for the singlet state of triphenylene to benzophe-
none is 3.9x 109 M~1s7! in hexan€? In addition, kyim for

were evaluated by eq 14 and by neglecting the secondenergy transfer from the triplet state of 9-acetylanthracene to

parenthetical quantity in eq 14. We can see in Table 6dRéat
is close toaSW (trunc) andaSW (full). 26 This fact may lead to
a conclusion thakgi is described satisfactorily by a modified

oxygen was estimated to be Z110*°M~1s71in MCH.35 These
values ofkyim are compared with those shown in Table 6.
The values ofkyim were evaluated by the equatiokekyit/

Debye equation (eq 1) for all of the systems examined in this (kair — ks) or KeKairt/(Kaitr — Kg) @s a function of pressure (see eq

work. Dymond and Wooff measured the diffusion coefficient,
D, of benzene, toluene, and berglpyrene in hexane at
pressures up to 384 MPa and Z5. The analysis by using their
data revealed thdd is approximately inversely proportional to
the pressure-induced solvent viscosity, and the valuds\tf

10), and the results are shown in Figure 5, together with those
of ks or ky and kgir. We can confirm in Figure 5 thagm is
roughly independent of pressure. The valuesgf for the
exciplex and excimer systems are similar in magnitude but are
slightly smaller than those for heavy atom quenching systems

evaluated are in good agreement with those calculated by(Table 6). We also can see in the lower-pressure region that
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22 . , : Table 5, together with that for PY/PY. It is noted in Table 5
thatAV_¢~ for BZAN/DMA and PY/DMA is significantly larger
O BIANDMA 7 compared to that for PY/PY. The activation volume, generally,
® PYDMA consists of two major contributions, one due to a structure
20 & PYRY T change AV=4, and the other due to a solvation chary§=so,
in activation. Since the charge transfer interaction is relatively
small for the excimer systemAV_c~ for PY/PY may be mainly
attributed to the contribution of the structure change in the
solvent cage.

For the exciplex system&V_c~ may involve the contribu-
tions of the loss of solvation\V=sq) as well as a slight increase
(AV*4) in the distance between M* and Q of the exciplex,
(MQ)*. When the reaction fok_ occurs from an exciplex with
dipole momentye, via a transition state with dipole moment,
U=, in continuum medium with dielectric constart, the
pressure / MPa activation volume due to solvatiol\V=s, is given by

Figure 6. Pressure dependence lof; for BZAN/DMA, PY/DMA,
and PY/PY in MCH at 25°C.

In k_,

. I )
0 100 200

3 3
= le

2 2
Uze U

A\/tsolv = _NA(_ - _e)qp (7)
the difference betwed, andkqi# for BZAN/DMA, PY/DMA,
and PY/PY is relatively small compared to values observed for
the heavy-atom quenching systems, meaning that the contribu-where
tion of diffusion is significant for the former systems. Thus,
the steps forks and k; compete with diffusion at the lower- Op= %(%)
pressure region for all of the systems examined in this work. (2¢ + 1) oPfT

Finally, Saltiel et al®1”have proposed from thermodynamic . ) y
considerations thakgi/k_qir is approximately equal to the In eq 17 reandr.- are the radii for the exciplex and the transition

inverse of the molarity of the solvent, 1/[S], in the study of the Stat€, respectively, a”SA is Avogadro’s number. The largely
exothermic excitation energy transfer at 0.1 MPa. Using this POSitive value ofAV_¢* for the exciplex systems (Table 5)
assumption and the data in Table 6, the unimolecular rate suggests that the polarity of th(_a transition state for the step of
constantk., is calculated to be in the range from 1x110 k—c is less than that of the exciplex, (MQ)*. We assume that
(9.1 ps) to 3.6x 1051 (2.7 ps) for the systems studied here. #=~ 0in order to estimate the maximum volume of activation
The lifetime for intermolecular electron transfer from couma- or the loss of solvation. The values Budre in eq 17 have
rines to electron-donating solvents such as aniline and DMA, P&en measured for several donor and acceptor pairs from the
for which no translational diffusion is needed, is in the Solvent dependence of the emission tl>and mammuzr;; they are
picosecond time doma?. This implies that the assumption for 62 x 10 and 6.6x 15%4 cm® MPa mol™ for PY/DMA*® and
ka/k_gir (= 1/[S]) by Saltiel et al. is valid to the present PY/N,N-diethylaniline; _respect!\{ely, and 5.% 10* cn® MPa
systems. However, the pressure dependenkgd_q should mol~1 for BZAN/N,N-diethylanilinel*%° From these values,

be described on the basis of that of the radial distribution together with the known value af> for MCH (1.847 x 107

function at the closest approach distance of the donor andMPa %),°! the maximum value oA\V~sqy can be estimated to
acceptor pairs in a solvent us#tsince the free volume of the ~ P€ 11.4 crifmol for PY/DMA and 10.9 crifmol for BZAN/

system decreases significantly with increasing pressure. In fact,\\N-diethylaniline. The value for the latter system may be nearly
the approach from the radial distribution function in which the €dual to that for BZAN/DMA, judging from the fact that the
solute and solvent molecules are assumed to be hard spheredifference inNaugre® for PY/DMA and PYN,N-diethylaniline
satisfactorily accounts for the pressure dependence of thelS NOt significant. ThereforeAV=sdue to the structure change
quenching of singlet oxygen by the solvent molecules 4ith for both the exciplex systems in the solvent cage is calculated
or without CT interactiof243and by the donor moleculigs46 to be ca. 10 ciiimol, nearly equal ta\V~s; for PY/PY.
in liquid solution. This indicates a moderate increasédgn/
k_qir With increasing pressurg,i.e., kyim should increase as
pressure increaseskfis assumed to be independent of pressure. It has been demonstrated from the high-pressure study that
In this case, the plot of i/ (i = 3 or q) against; is probably the processes of exciplex formation for BZAN/DMA and PY/
still linear with almost identical intercept and slope sirkgg DMA and also for the fluorescence quenching by S&BZAN
increases moderately from the values listed in Table 6, whereasand PY are not fully diffusion controlled in methylcyclohexane
kditr decreases significantly with increasing the solvent viscosity. but compete with a diffusion process that is expressed by a
Pressure Dependence d_.. From eqs 10 and 11, together modified Debye equation (eq 1). The bimolecular rate constant,
with Kpim(= Kckair/K—difr), the value ofk-c can be evaluated by  kyim, defined bykgirko/k—qirr, has been found to be approximately
constant in MCH at pressures up to 400 MPa. It is noted that
K¢ = (Ky/kg)Kpim (16) the nonlinear plot between Ik, and Iny and also the linear
plot between Irky and Iny with the slope larger thar-1 are
The pressure dependencekof is shown in Figure 6. The values  due to the contribution of bimolecular rate processes to the

Summary

of k¢ are in the range from 1.% 10" to 2.9 x 1® st at diffusion, in agreement with the conclusion reported previ-
pressures up to 150 MPa; they are smaller than 1 order of ously?2°
magnitude compared tQi. This fact suggests thét ¢ involves Finally, as mentioned briefly in the last paragraph of the

a purely chemical activation process. The activation volume, section of bimolecular rate constants, it is important to obtain
AV_c~, for the exciplex systems & —c in eq 8) is listed in the experimental evidence about the pressure dependekgg of
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k_qiir that is most likely described by the radial distribution
function at contact of the donor and acceptor pairs in liquid
solution. Based on this theorykgs/K-gir should increase
moderately with increasing pressdfeThe quenching system
with lower kyim compared tokgis may give insight into this
problem>2
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