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The rate constantk,, for the fluorescence quenching of pyrene by six heavy-atom quenchers, carbon
tetrabromide (CBj), pentabromoethane (PENTBE), 1,2-tetrabromoethane (TETRBE), 1,1-dibromo-2-bro-
moethane (TRIBE), 1,2-dibromoethane (DIBE), and bromoethane (BE), were measured in methylcyclohexane
(MCH) at pressures of up to 650 MPa and Z5. The plots of Inky against pressure show a monotonical
decrease for CBrand PENTBE, a maximum for TETRBE and TRIBE, and a monotonical increase for DIBE
and BE. The activation volumes were estimated as 18.9, 3210,2,—8.0, —7.3, and—7.1 cn¥mol for

CBr, PENTBE, TETRBE, TRIBE, DIBE, and BE, respectively. For GBnd PENTBE, the plots of &f
againsty, wherey; is solvent viscosity, were approximately linear with positive intercepts, whereas for TETRBE,
TRIBE, DIBE, and BE, they deviated significantly from linearity. These results are interpreted to occur by

a quenching mechanism via an encounter complex formed between the singlet state of pyrene and heavy-

atom quencher molecules, which is followed by exciplex formation in the solvent cage. It was shown that the
ratio kqir/K—qir, Of the rate constant for the formatioky§) to that for the dissociatiork(qi), of the encounter

complex involved in the kinetic model increases with increasing pressure, and also that the pressure dependence

of kyir/k—qirr 1S described satisfactorily by the radial distribution function at the closest approach distance
between the solute molecules. From these facts, together with the findingtHatapproximately inversely
proportional to the solvent viscosity, the pressure dependenkgatfserved in this work was attributed to

the competing rate processes of the bimolecular quenching consfantyith K.

Introduction fluorescence quenching of pyrene by heavy-atom quenchers with
kq from ~10F to 10 M~ s71 at 0.1 MPa to obtain further

The addition of compounds with heavy atoms, such as insight into the quenching mechanism in liquid solution.
bromine and iodine, to a solution of fluorescent substance leads The lifetime of singlet oxygen in liquid solution decreases
to the decrease of both fluorescence intensity and lifetime. This moderately with increasing pressufé? The reduction in the
phenomenon is attributed to increased intersystem crossinglifetime is not only due to the increase in the concentration of
induced by the interactions between the fluorophore and heavy-solvent but also to the increase in the collision frequency
atom quencher molecules in deactivatiohhe quenching rate  between the singlet oxygen and solvent molecules at high
constant,kq, varies from diffusion controlled to kinetically pressure, which is caused by the decrease in free volume.
controlled depending on the heavy-atom quenéheilhe fact Consequently, the pressure dependence of the lifetime was
thatk, changes in a wide range has been interpreted by assumingsatisfactorily interpreted from the pressure dependence of the
an exciplex, (MQ)*, that is formed reversibly between the value of the radial distribution function at the closest approach
fluorophore {M*) and heavy-atom quencher (Q) molecules, distance of the solute and solvent molecules. This approach was
although no emission characteristics of an exciplex have beensuccessfully applied to systems with charge transfer (CT)
observed:’ For strong quenchers, such as carbon tetrabromide, interactions between singlet oxygen and donor pa&irs. For
the quenching is nearly diffusion controlled as a result of the the quenching of singlet oxygen with lifetimes of microseconds,
faster deactivation of (MQ)* compared with the dissociafidi® the quenching does not compete with the diffusion processes
For weak quenchers, such as carbon tetrachloride, on the otheeven at high pressures of a few hundred megapascals. However,
hand, the dissociation is much faster than deactivation so thefor the systems investigated in the present work, it is necessary
quenching is less than the diffusion réte’ to take into account the contributions kg of the diffusion

A few high-pressure studies on the fluorescence quenchingprocesses as well as of the collision frequency in liquid solu-
by some heavy-atom quenchers have been rep¥tétRecent tion.
work?® revealed that the rate constaky, for the fluorescence The rate constant for diffusion-controlled reactiokss, is
quenching by carbon tetrabromide of pyrene and 1,2-benzan-often expressed by the Debye equation in a continuum medium
thracene decreases significantly with increasing pressure atwith viscosity, 1,202
pressures up to 400 MPa. From the analysis of pressure-induced
solvent viscosity dependence kf, it was concluded that the Kqir = 8RTIom ()
qguenching is diffusion controlled at the higher-pressure region,
but is competing with the diffusion processes at 0.1 MPa. The wherea is 2000 and 3000 for the slip and stick boundary limits,
present work is focused on the pressure dependence of theespectively. However, the expression of eq 1 has often failed.
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TABLE 1. Melting Points, Ty, Boiling Points, Ty,, van der Carbon tetrabromide (CBrWako Pure Chemicals Ltd.) of
Waals Radii, rw, and a Microfriction Factor, fS*, defined by guaranteed grade was purified by sublimation twice under
Spernol and Wirtz for the Solute and Solvent Molecules reduced pressure. Pentabromoethane (PENTBE), 1,2-tetrabro-
£ moethane (TETRBE), 1,1-dibromo-2-bromoethane (TRIBE),
molecule  Tmp K Top K Fw, NP trunc full i,z-dibrc(:)moethanengl)BE), and b;om?heth??et(r?E; Tokfyo ?asei
ogyo Company, Ltd.) were used without further purification.
l|\3/|$ H }ég 2;‘; g'_ggi 82222 g:ggg Methy]cyclohexane (MCH) of spectroscopic grade (Dojin Pure
PENTBE 329 573 0.321 0.582 0.698 Chemicals Company) was used as received.
TETRBE 273 517 0.306 0.563 0.642 Fluorescence decay curve measurements at high pressure were
TRIBE 244 461 0.289 0540 0597 performed using a 0.3-ns pulse from a PRA LN103 nitrogen
DIBE 283 405 0.270 0515 0.585 laser for excitation. The fluorescence intensity was measured
BE 154 312 0.248 0.486 0.456 . .
CBI, 367 463 0.289 0541 0727 with a Hamamatsu R163%2 or R928 photomultiplier through
. ) a Ritsu MC-25N monochromator, and the resulting signal was
* Estimated values by the method of BoAti” See text. digitized with a Hewlett-Packard 54510A or a Lecroy 9362

digitizing oscilloscope. All data were analyzed with a NEC PC-

This failure may be mainly attributed to the neglect of the ggn1 or 3 NEC PC-9821 microcomputer, which was interfaced
difference in size of the solute and solvent molecules and alsoyq, the gigitizers. The details about the associated high-pressure

t?; thﬁ di:viation f'rotm thet:. contigugm mo?ﬁl thatla[ises ?js a rFS“|:techniques have been described elsewkere.
ol short-range Interactions between the solute and Solvent 1. oqneentration of PY was adjusted & x 107% M,

mole_c_ules, such as translational and rotatlonalm%c;lga)llng. An where the excimer formation is neglected. The sample solution
em.plrlcallequatlon. developed by SSWpernoI and t, for was deoxygenated by bubbling nitrogen gas under nitrogen
which o 1n eq 1 is replaced byx>" that depends on the . _atmosphere for 20 min. For the quenching in BE, the bubbling
properties of the sclver_1t and solute molecules, has bee_n applle as carried out at OC because of the low boiling point. The

successfully to diffusion-controlled radical self-termination change in the concentration of the quencher by bubbling was

i 4 i i i i 27
;ii?“@?ﬁormitgﬁrrrgfctitgﬁgn %gﬁgﬁ ELZ”?;%ZCO%QSm corrected by weighing the sample solution. The increase in the
P : ’ concentration due to the application of high pressure was

for diffusion, kg, is estimated by analysis of the pressure . S
- . corrected by using the compressibility of solvéht!
dependence di, followed by the evaluation o in eq 1, and Temperature was controlled at 25t00.2 °C. Pressure was

o thus determined is compared witt¥'V. o ; .
Finally, in the present WOF;k the fluorescence quenching of measured with Minebea STD-5000K strain gauge or a calibrated
' ' ananganin wire.

pyrene by heavy-atom quenchers was investigated to understan
the pressure effect on fast chemical reactions in liquid solution.
For this purpose, the quenching experiments were carried outResults

at pressures of up to 650 MPa for five polybromoethanes in

methylcyclohexane because the quenching ability can be The fluorescence decay curve in the absence of the quencher
changed by changing the number of bromine atoms incorporatedwas analyzed satisfactorily with a single-exponential function
in the quencher. The properties of solvent and solutes that areunder all the experimental conditions examined. The values of
necessary for the analysis of the data are shown in Table 1, inthe decay constanky, are listed in Table 2, together with the
which van der Waals radiry, were estimated by the method  data of solvent viscosity;.2-3! The values oky at pressures

of Bondi?8 of up to 400 MPa are in good agreement with those reported
previously32
Experimental Section Decay curves of fluorescence in the presence of the quencher,

Q, was measured as a function of the concentration of Q, [Q],

Pyrene (PY) (Wako Pure Chemicals Ltd.) of guaranteed grade at pressures of up to 650 MPa, and found to be single
was chromatographed twice on silica gel (200 mesh), developedexponential for all the experimental conditions examined. The
and eluted with pentane, and then recrystalized from ethanol. quenching rate constark, was determined by the least-squares

TABLE 2: Quenching Rate Constant, kg, in MCH

kf10°PM-1s71b

P, MPa n,102P ku, 1P 5712 CBre PENTBE TETRBE TRIBE DIBE BE
0.1 0.674 2.48 11.70 7.57 0.262 0.0354 0.0135 0.00278
50 1.143 2.54 7.55 5.49 0.303 0.0400 0.0149 0.00305
100 1.739 2.56 5.14 4.28 0.335 0.0430 0.0163 0.00331
150 2.542 2.58 3.63 3.18 0.358 0.0465 0.0176 0.00357
200 3.752 2.60 2.69 2.36 0.385 0.0508 0.0189 0.00384
250 5.146 2.63 2.01 1.76 0.379 0.0534 0.0206 0.00416
300 7.211 2.66 1.48 1.32 0.391 0.0577 0.0227 0.00443
350 10.02 2.67 1.10 0.99 0.360 0.0597 0.0233 0.00475
400 12.81 2.75 0.87 0.75 0.337 0.0636 0.0250 0.00498
450 17.15 2.83 0.67 0.56 0.305 0.0667 0.0269 0.00526
500 23.28 2.84 0.51 0.43 0.261 0.0689 0.0282 0.00563
550 3171 2.87 0.39 0.32 0.218 0.0696 0.0291 0.00588
600 43.38 2.88 0.30 0.24 0.177 0.0671 0.0304 0.00629
650 59.58 2.91 0.24 0.18 0.141 0.0633 0.0311 0.00660

aErrors were within 2% Errors were estimated from the plots ofr Mersus [Q] except for BE (within 5%}Y.Reference 13 for data at the
pressures of up to 400 MP4See text.
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I ' I TABLE 3: Activation Volumes (cm&mol) in MCH at 0.1
12 2 NP MPa and 25°C
~ 10 S §§§ ﬁ.‘? quencher Ayt AVt ™) — AV_ i *H9) AVg,*
. m 500 MPa CBry 18.9+ 0.7 -9.4+0.4 23.8+0.7
T gl VN MR PENTBE  12.0+0.4 -9.5+0.4 20.1+ 0.3
| TETRBE —10.2+ 0.4 —9.54+ 0.4 1.0£0.2
" TRIBE —8.0+0.6 —9.4+0.4 0.840.1
DIBE -7.3+0.4 -9.34+0.4 0.3£0.1
4' BE —7.1+0.4 —9.2+0.4 1.1+ 0.2

. with high kq values, whereas it is negative for the other
5 ' 10 ' 20 quenchers withg values of~10F—10® M1 st at 0.1 MPa.
[TETRBE| / mM

Figure 1. Plots of 1t versus the concentration of TETRBE, [TETRBE], o )
in MCH at 25°C. Rate Constant for Diffusion. In general, when the transient
terms can be neglected, the rate constkg, for the bimo-
lecular diffusion-controlled reaction betwe®* and Q is given
by eq 4 in a solvent with the relative diffusion coefficieDis g
(= DM* + DQ):20,21

Discussion

Kitt = 477 - oD oNa/10° (4)

wherery’q andNa are the encounter distance and Avogadro’s
number, respectively. The relationship betw&gr{i = M* or

Q) andg;, the friction coefficient, for the solute molecuig|n

a given solvent is expressed by the Einstein equabpr; kg T/

i, wherekg is the Boltzmann constant. Because the hydrody-
namic friction, g”, for the solute molecule of the spherical
radius,ri, in a continuum medium with viscosity;, is given
Figure 2. Pressure dependencelgfin MCH at 25°C. by éiH = nafiry (Stokes’ Law), one can obtain the Stokes
Einstein (SE) equation,

. I . I . il
0 200 400 600
pressure (MPa)

slope of the plot of the inverse of the lifetime;1, versus [Q],
according to DiSE= ks T/t r (5)

1/t — 1y = k[Q] (2 wheref, = 6 and 4 for the stick and slip boundary limits,
respectively. However, the SE equation has often been observed
wherety is the lifetime in the absence of Q. Figure 1 shows to break down for diffusion in liquid solutio#f.33:34
the plots of 1¢ versus [Q] for TETRBE. The values & are In the previous publicatiof?” the solvent-viscosity depen-
listed in Table 2 for six quenchers in MCH at the pressures of dence ofkgir induced by pressure was described successfully
up to 650 MPa. In Table 2, the data for GBat the pressures  for several quenching systems on the basis of an empirical
of up to 400 MPa are those reported in the previous publica- equation proposed by Spernol and Witt#2According to their

tion.13 approach, the diffusion coefficierﬁ]isw, is expressed by
The quenching for BE was carried out in bulk solution sw sw
because of the lol,. The lifetime decreased from 25.3 to 8.71 D = kg T/6afrin (6)

ns on going from 0.1 to 650 MPa at 2&. The lifetime at 0.1

MPa is significantly smaller and its pressure dependence is largerwhere

compared with the results in MCH (see Table 2). Clearly, the

short lifetime and its larger pressure dependence in BE may fiSW= (0.16+ 0.4r,/r)(0.9+ 0.4T5— 0.25T)  (7)

result in the heavy-atom quenching by BE. The valuegof

determined by assuming tha{BE) ~ 7o(MCH) (eq 2) are also  In eq 7, the first parenthetical quantity depends only on the

listed in Table 2. solute-to-solvent size ratia,/rs (see Table 1). The second
The plot of Ink, versus pressure is shown in Figure 2. For parenthetical quantity involves the reduced temperatufgs,

CBrs and PENTBE,k, decreases significantly in the whole and T{, of solvent and solute, respectively, which can be

pressure range, whereas it increases moderately for TETRBEcalculated with the melting point,,, and boiling point, Ty,

and TRIBE and then decreases with increasing pressure.of the solvent or solute (Table 1) at the experimental temper-

fiSW represents a microfriction factor and is given by

Furthermore there is a monotonical increaskgifor DIBE and ature, T, according to
BE. The activation volumeAVy¥, at 0.1 MPa was determined
from the pressure dependencekgaccording to eq 3, where i) = [T = T [ Tops) — Trnpes) (8)

is the isothermal compressibility of the solvent.
From the approximation by Spernorl and Wirtz, eq 9 can be

RT(dIn k/oP); = — A\/q’F — RT« A3) derived
ZRTrM*Q 1 1
The values ofAV4* are summarized in Table 3, where it is noted Kyitt = 300 ( S s ) 9)
that the activation volume is positive for CBand PENTBE 07 [V VD fQ ro
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TABLE 4: Values of a5, o and Ky, in MCH SCHEME 1
(XSW P
e — k iy
qguencher  trunc full s Kpim, 101°M 1571 'M* + Q ditt (IM *Q).. —> (MQ)*
CBry 1710 2260 174 2070 25+ 0.3 N N k.
17604+ 20¢ 1.9+ 0.4 -t
PENTBE 1800 2260 186& 20° 1.0+£0.2 \L x \L k
1954+ 20¢ 1.1+ 0.3 M P
TETRBE 1760 2120 178& 10° 0.058+ 0.002 1 1 3NF % 1 INA %
1929+ 2C¢ 0.028+ 0.00F M+ hVM’ M,'M M'M
TRIBE 1710 2010
DIBE 1640 1960 a is replaced by, one may derive eq 12 from eqgs 1 and
BE 1560 1620 g.l: P ¥ y q q
2 Reference 13® The values ofx® andkyim Were evaluated by the
plots of 1k, versusy (see eq 12)¢ The values of®* and kyim were 1 kp + K\ (K gise o
evaluated by the plots gf/k, versusyn (see eq 17). k_q = kc—kp k-T arT" (12)
iff

By comparing with eq 1o5W is given by

-1
aSW=1.2x104( 1 1)

SW, SW,
farrw fo o

In the previous workg the fluorescence quenching by G
1,2-benzanthracene and PY was examined at pressures of up
to 400 MPa. It was found that the plot olkdAersusy is linear,

and it was concluded that the bimolecular rate constant for the
quenching, kpim, defined by Kekqitt/k—qitr, IS independent of
pressure. Here, we redefitgm by eq 13 according to eq 12:

(10)
Mo

The values off; at 0.1 MPa for the soluteMCH systems

examined in this study are listed in Table 1, wh(ﬁ‘@( (full)

andfiSW (trunc) were evaluated by eq 7 and by neglecting the kckp Ky

second parenthetical quantity in eq 7, respectively. Koim = ( )(—'ﬁ) (13)
Available experimental data indicate that self-diffusion coef- kp + Koo/ \K- i

ficients are approximately inversely proportional to the pressure-

induced solvent viscosity;, for a number of liquid$-3¢ The When one assumes thgt> k¢ in eq 13, therkyim is equal to

value of f>" evaluated according to eq 7 is 0.42 for MCH, Kekaii/K-qitt, which is in agreement with the previous definition

which is smaller by~30% than the values listed in Table 1, Of koim for the quenching by CBr'® The values okoim ando™

but the agreement between experimental and calculated valuedor CBrs evaluated previousty are listed in Table 4, together

is fairly good. Unfortunately, there are no data available of With those for the other quenching systems discussed later.

mutual diffusion coefficients in MCH at high pressures. Dymond ~ Figure 3 shows the plots of Ky versusy for six quenchers.

and Woolf measured the diffusion coefficients of benzene, The plot for CBg in Figure 3a, in which the data are extended

toluene, and benzalpyrene inn-hexane at the pressures of up o the pressures of up to 650 MPa in this work and where

to 384 MPa and 25°C37 The diffusion coefficients are  increases~90 times, shows slight downward curvature. The

approximately inversely proportional to the pressure-induced mean values 06, determined from the slope of the plot of

solvent viscosity7. The values off " evaluated from their ~ 1/Kq versusy, decreased from 1730 (0-200 MPa) to 1310

data are 0.50, 0.51, and 0.65 for benzene, toluene, and benzol400-650 MPa). This decrease implies thak deviates slightly

[a]pyrene, respectively; these values are in good agreement withfrom the 1# dependence in the wide viscosity range, although

those OffiSW calculated according to eq Vi?w(trunc) — 052, f[he pressure dgpendenceaff‘. is not S|gn|f|qant. As a.result,

0.54, and 0.66, andY(ful) = 0.58, 0.57, and 0.86 for in agreemerlt with the ponclusmn desprlbgd |n'the previous work,

benz’ene, toluen’e, antlj benajgiyrene, r,espec{iveIV? the quenchln_g by CRiis competing W|t_h d|f_fu3|on at the lower
The values ofaSW calculated by eq 10 for the quenching pressure region and approaches a diffusion-controlled process

systems studied in this work are shown in Table 4. As seen in as pressure increases further. - . .

Table 4,a5"(trunc) andoSY(full) are close to the value for the For PENTBE, the plot shown in Figure 3a is almost linear,

: AR : leading probably to the same conclusion as for the quenching
slip boundary limit ¢ = 2000) rather than that for the stick » .
boundary limit fc = 3000). by CBr;. The values okym ando®* that are determined from

Solvent Viscosity Dependence ofk The mechanism of the the I.east-squares intercept and tslope.of the plot kf iersus
fluorescence quenching by the heavy-atom quenchers examine(§7e(XF.Igure 3a),_respect|vely, areslllvsted In T_abl_e 4: The value of
in this work should be explained in the same framework. It was & t'm Tt‘?b'e 4 's cl!)ose toltzh"."t of I_d(trunc), indicating that the
reported in the previous publicatiSrthat the quenching occurs eslz'ma_llgjnggdéﬁ yde'IgRIBIIES vaiid. find - in th
via an exciplex, (MQ)*, which is formed from an encounter or an \IBE, oné can find a minimum in the
complex, (M*Q)n, between the excited singlet state of PY (M*) P|0t of 1/.kq Versusy, which is shown in Flgur_es da an(_j 3b. It
and heavy-atom quencher (Q) in the solvent cage, as shown in's noted in Figures 3a and 3b that the plots increase linearly at
Scheme 1, where the bar indicates the solvent cage. Accordingﬁ’_ressures above450 MPa for TETRBE and-550 MPa for

. . RIBE. From the linear portion of the plots, the valuesof
L%ntgtznrtnkic?sag:\s/?n ECOW” in Scheme 1, the observed rate . o timated to be 1780 (TETRBE) and 1100 (TRIBE); the

value of a®* for TETRBE is in good agreement with that of

Kaits aSW (trunc) (Table 4). This agreement means that the quenching

Ky = Tk (11) by TETRBE is diffusion controlled in the higher viscosity
14+ kK . kp —C region. Consequently, this fact suggests that the minimum

it kckp observed in the plot of kj versusy arises as a result of a

decrease irkgir and an increase in the bimolecular quenching
When the rate constant for diffusioky, is expressed by eq 1 constantkuim (€gq 13), with increasing pressure.
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100 . , ; - . |
(2)
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=
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Figure 3. Plots of 1k, versusy in MCH at 25°C. Figure 4. Plots ofy/k versusyn in MCH at 25°C.

The increase itkyim With increasing pressure can be clearly = rvro/fm'q, andy is the packing fraction, given in terms of
observed for DIBE and BE (Figures 2) with lower quenching the molar volume of solvent/s, by
ability for which kyim is much smaller thahyis calculated by
usingaSW andy according to eq 1. We discuss the reasons why 4NA7”53
kvim increases with increasing pressure in liquid solution next. y= Tav. (16)
Pressure Dependence df,m. For the fluorescence quench- S
ing by the quenchers with lovi, keim, defined by eq 13,
increases with increasing pressure as mentioned in the previou§0

section. For the strong quenchers, ¢&nd PENTBE for which AV_qi""S was determined from eq 14. The results are summa-

ko is much larger thak—¢ (ky > k-¢), koim (= keaitt/K-ifr) iS - j . . “HS
: L . : rized in Table 3. It is noted in Table 3 that the valuedfi*(HS)
also expected to increase with increasing pressure; but, no_ AV_qi"H9) is negative and almost independent of the

pressure dependence was observed. Probably, the increase ofuenchers examined, and also approximately equaMg for
koim is buried in the significant decreasel@ft with increasing q ’ PP Y €q

pressure becauggn, is comparable tlgi at 0.1 MPa (see Table :jhee gﬁzgﬁtzrwlt?slg\t}tqﬂi.bmf dr;a:g:a?%gkgefkts _th?stélgeeprigiure
4). Thus, the plot of X, versusy is linear and the intercept P im ifif % dift d9).

- P . . According to eq 14, the ratio diw/k—qirr atP MPa to that at
ghv:r:r? tl:]b(.emF;?esﬁjzzn\a,\:glr);élndependent of pressure, as pointed 0.1 MPa, Kir/k_air)e/ (keit/K_cit)o, 1S expressed bg(fu'o)e/

It was reported that the lifetime of singlet oxygen in liquid 9(rw'q)o- Therefore, one can obtain eq 17 from eq 12.

By using the values ofs, ry*, andrq listed in Table 14°
gether with the data of the solvent dengity3! AV HS) —

solution decreases moderately with increasing pressure, and the kp +k Mk . ex
pressure dependence was satisfactorily interpreted by that of Y= (—_C)(ﬂ) + & ny a7
the radial distribution function at the closest approach distance K kko Kair Jo - BRT

of the solute and solvent molecufé¢s®In a hard sphere solution
consisting of a hard-sphere PY molecule with a radiusypf
and a hard-sphere heavy-atom quencher molecule with a radius
of rq in @ hard-sphere solvent molecule with a radiusgpthe
volume changeAVg* M) — AV_giw"HS) for the encounter
complex formation is given 15§

where
7 = 9" )p/9(Nv-0)o

Plots ofy/ky versusyn for six quenchers are shown in Figure
4, where the plot for CBrwas drawn with data at pressures up
3N g(ry,.0) to 400 MPa_ becau_séxdiff_ devi_ates slightly from the i;{
Avdiﬂ*(HS) — Avfdiff*(HS) = —RT[A] —RTc (14) dependence in the wide viscosity range, as already mentioned.
aP T In Figure 4,y/ky increases linearly with a positive intercept as
) S ) yn increases for PENTBE and TETRBE, but is almost inde-
where g(rmg), the radial distribution function at the closest pendent ofyy for TRIBE, DIBE, and BE. It is also seen in
approach distance (the encounter distanggh(= rv' + ro), Figure 4 that the plot ofy/kq versusyn for TETRBE is
is expressed by approximately linear, although the plot ofkdersusy has a
) minimum (Figure 3), strongly suggesting the validity of eq 17.
1 ,_ 3y (E) i 2y (@) (15) The values ofx®* andkpim, determined from the least-squares
1-y @-y? 1-y)>3\rs slopes and intercepts of the linear plots in Figure 4, respectively,
for CBrs, PENTBE, and TETRBE are listed in Table*4For
andx is the isothermal compressibility of solvent. In eq 5y CBrs and PENTBE, the values of* andkyim are roughly equal

9(ry) =

I's
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24 - . - T T T been examined. The pressure dependence of the quenching rate
1 constantk,, shows a monotonical decrease, a maximum, and a
monotonical increase, depending on the heavy-atom quencher
examined. The observations have been interpreted by a mech-
anism that involves formation of an encounter complex followed
by the formation of an exciplex between M* and Q (see Scheme
1). Analysis based on this mechanism has revealed that the
r guenching involves both contributions of the bimolecular rate
1 = constant, kyim, defined by eq 13 and the rate constant for
diffusion, kg, that is inversely proportional to the solvent
viscosity (eq 1). The evidence, together with the experimental

. | . | . |
0 200 400 600

results, has led to a conclusion that, may increase with
pressure (MPa) increasing pressure. The ratiQg/K—qi, involved in kpim was
Figure 5. Pressure dependencelafy in MCH at 25°C. calculated on the basis of the radial distribution functigfnv o),

at the closest approach distance between M* and Q with a hard
sphere assumption, and it was found that the pressure depen-
dence ofkgiit/k_giir is approximately equal to that dfyim.
Therefore, the pressure dependencekgf, with negative
activation volume, was attributed to that &fif/K_gir. An
equation that can be applied to the fluorescence quenching by
the heavy-atom quenchers with nearly diffusion-controlled rate
has been proposed.

to those evaluated by eq 12. However, the valuegpf for
TETRBE is significantly smaller than that determined by eq
12, although the difference in®* is not large. For CByand
PENTBE kyim is comparable téyis at 0.1 MPa, so the observed
kq rapidly approachekqis becausek,m increases moderately,
whereaskgir decreases significantly with increasing pressure.
This situation may lead to almost no differencekif,. For
TETRBE, on the other handm, is much smaller thakyis at

0.1 MPa, and hence the obseriedyradually approaches the
region wherek,im competes withkgir with increasing pressure.

Thus,the large diference kyn determined by eqs 12 and 17 o (1) HEGHIL 2, B 2 T DOSS MRl B Loeeen
for TETRBE (Table 4) may be understood. (2) Birks, J. B. Photophysics of Aromatic Moleculewviley-Inter-
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with Kqitr, y/Kq should be independent ¢f;. In fact, the plots (3) Bowen, E. J.; Metcalf, W. Sroc. R. Soc. AL951, 206, 437.

; ; ; (4) Melhuish, H. W.; Metcalf, W. SJ. Chem. Socl954 976.
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