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Abstract

By using the exothermic energy transfer previously determined as a function of pressure, the rate constant for &iffusicas
evaluated for benzophenone tripl@BZP*)/naphthalene (N), triphenylene tripl&PH*)/N and triphenylene singlet TPH*)/BZP, and

the diffusion coefficients);, for BZP, TPH and N were determined

irhexane at pressures up to 400 MPa by assumingithiatr the

excited states is equal to that for the ground state. The diffusion coefficients evaluated agreed well with the available data at 0.1 MPa.
The quenching rate constanks, for 'TPH*/O, and'TPH*/CBr4 were also measured at pressures up to 400 MPa in this work. For these
systems, the values &fii; were also evaluated and compared with those calculated by couplifog TPH in this work with that for the
guenchers determined by the dynamic fluorescence quenching in the previous works.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The exothermic excitation transfer from the lowest triplet
state (T) of donor €D*) to the ground state acceptor (A),
which is shown irEq. (1) has been extensively studied and
believed to be diffusion-controlled—3]:

k
3D* + ASSD + 3A* 1)
When the quenching 8D* by A is fully diffusion-controlled,
the rate constant for diffusiorkgis, is given by using the
diffusion coefficient of3D*, Dp-, and that of A,Da, as
follows [4,5]:

kit (x103) = 4mrpsp Dp*a Na (2)

whereDp+p is the sum ofDp+ andDa, andrp=a andNp are
the encounter distance=(p+ + ra; the sum of the radius of
3D* and A) and Avogadro’s number, respectively. However,
the quenching rate constakg,is not equal tkgist predicted
by Eq. (2)

Recently, we examined the quenching of the States
of benzophenone3BZP*) and triphenylene 3TPH*) by
naphthalene (N) and also fluorescence quenching of TPH
by BZP as a function of pressufé]. It was found that
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these quenching systems examined are not fully but nearly
diffusion-controlled, and showed thi§ can be separated
into kg and the bimolecular quenching rate constég,
in the solvent cagd7,8]. More recently, the separation
of kq into Kyit and kpim was modified by introducing the
radial distribution function at contact with hard spheres
and applied successfully to some fluorescence quenching
systems[9-15]. The approach was also successfully ap-
plied to triplet—triplet annihilation in liquid solutiofl6].
Once one obtains the accurdtgs, the diffusion coeffi-
cient, D;, for the solute moleculs, in a given solvent may
be calculated byEq. (2) in the following cases: (iD; is
known for a reference molecule, either the donor or accep-
tor molecule and/or (iikgir is measured for the systems
more than three donor/acceptor pairs such®BZP*/N,
STPH*/N and 1TPH*/BZP in the present work wheB;
for the excited state is assumed to be equal to that for the
ground state. By the former approach, the relevant diffu-
sion coefficients were successfully evaluated as a function
of pressure from the fluorescence quenching of pyrene and
9,10-dimethylanthracence by oxygen and carbon tetrabro-
mide[11,15] using the values db; of benzo(a)pyrene as a
reference fluorophore in-hexang17].

In this work,kqir was determined fotBZP* /N, STPH*/N
andTPH*/BZP by using the data a4, reported previously
[6] and the diffusion coefficients for BZP, TPH and N were
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evaluated as a function of pressure accordinggo(2) And Table 1

also, the fluorescence quenching rate const@mtof TPH Values of solvent viscosityy, zf andkq for *TPH*/O, and ' TPH*/CBr,
by oxygen and CBywas measured in order to evaludgs in n-hexane and at 25

in n-hexane. The results were compared vkgfz obtained P (MPa)  n(cP) 7 (s kg (x10'°M~1s™h)

from the diffusion coefficient for TPH together with that for ITPH*/O,P 1TPH*/CBr,°
the quenchers reported previougiyl,15]

0.1 0.294 36.3 3.4% 0.18 1.934 0.02
50 0.472 36.4 2.75% 0.14 1.464 0.02

: 100 0.650 36.8 2.2% 0.12 1.154 0.02

2. Experimental 150 0.849 36.6 1.84 0.10 0.93+ 0.02
) 200 1.063 37.0 1.5% 0.08 0.76+ 0.02
Triphenylene (TPH) (guaranteed grade; Wako Pure Chem- 55 1.310 36.6 1.3% 0.07 0.62- 0.02
icals) was recrystallized from ethanol twice. Carbon tetra- 300 1.610 36.4 1.1% 0.06 0.51+ 0.02
bromide (CBg) (Wako Pure Chemicals; guaranteed grade) 350 1.948 36.3 0.9& 0.05 0.43+ 0.02
400 2.368 36.0 0.8% 0.05 0.35+ 0.02

was purified by sublimation twice under reduced pressure.
n-Hexane of spectroscopic grade (Merck) was used without  2Errors were evaluated to be within 3%.
further purification. b Errors were evaluated from the valuesmfand .

Fluorescence decay curve measurements at high pres- °_Errors were evaluated from the standard deviation of the plotof 1/

. against [CBig].

sure were performed by using a 0.3ns pulse from a PRA
LN103 nitrogen laser for excitation (337.1 nm/less tha5
per pulse by ND filters), which was operated with repeti- at 25°C. The decay curves were analyzed satisfactorily by a
tion of 10Hz. The fluorescence intensities were measuredsingle exponential function in all the conditions examined.
by a Hamamatsu R1635-02 photomultiplier through a Ritsu The values of the Iifetimegfo, in the absence of the quencher
MC-25NP monochromator and the resulting signal was dig- are listed inTable 1 The quenching rate constaiit, can
itized by using a LeCroy 9362 digitizing oscilloscope. The be determined by
pulse width measured by using the system was less than 3 ns 1
(HV for PMT = —1000 V). All data were analyzed by using — — - = kql O] 3)
a personal computer, which was interfaced to the digitizer. ¥ %

The details about the associated high pressure techniques e
. wherert; represents the fluorescence lifetime in the presence
have been described elsewh§t8].

o P 0
The concentration of TPH for the fluorescence lifetime of the quer.\cher. FOTPH /Oy, kq was determined fronaf
measurements was less than cax 10-4M in order to andt; in air-saturatech-hexane. FORTPH*/CBiy, kg was

minimize the reabsorption effects. The sample solution was €valuated from the least-squares plot af Hgainst the con-

deoxygenated by bubbling nitrogen gas under nitrogen at- centratio? of EB“[’ whiclh is fhown inFig. 1. The values
mosphere for 20min. The change in the concentration of f ka for “TPH'/Oz and “TPH/CBry are listed inTable 1

1
carbon tetrabromide by bubbling was corrected by weigh- Flg.12a SEOWS the pressure.depende?’nckqwr IPH*iOZ
ing the sample solution. The concentration of dissolved anlePH*/CBrA,, together with that forBZP*/N, *TPH*/N
oxygen inn-hexane was determined from the solubility data @nd” TPH'/BZP[6]. One can see iRig. 2a thatk, decreases
of oxygen[19,20] The increase in the concentration due to significantly with increasing pressure for all thiquenchmg
the application of high pressure was corrected by using the Systems. The apparent activation volumekrA Vapp, eval-

compressibility of solvenf21-23] uated byEq. (4) is listed inTable 2
Temperature was controlled at 250.1°C. Pressure was aln kq "
measured by a Minebea STD-5000K strain gauge or a caI-RT< 3P ) = —AVapp 4)
T

ibrated manganin wire.

20

3. Results and discussion

In this section, the experimental results of the fluorescence
guenching of TPH by oxygen and carbon tetrabromide are
first shown, and then the separationkgfinto the rate con-
stant of diffusion kit , and the bimolecular rate constant in
the solvent cagekpim, is accomplished.

O4dmOPD>OO0

1/ (107 s
S
T

3.1. Fluorescence quenching of TPH by &hd CBq

[CBry] (mM)

Fluorescence quenching was examined in the absence angig. 1. piots of 1#; against the concentration of CB{CBr,], in n-hexane
presence of the quencher (Q: oxygen and £ Br n-hexane at 25°C and nine pressures.
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Fig. 2. Plots of Irky against pressure (a) and ofkqagainst Im (b) in
n-hexane at 25C. In (a), the solid lines were drawn by assuming that
INkq = AP? + BP+ C. In (b), the solid and dotted lines were drawn by
assuming that g = A(Inn) + B and Inkqg = A(In m2 + B(nny) + C,
respectively.

Itis noted inTable 2thatA Vgé is approximately independent

of the quenching systems, but significantly smaller than the

activation vqume,Av,?é , determined from the pressure de-
pendence of the fluidity, 3/ wheren is the viscosity of the
solvent[21-23] The latter observation was often found for

some quenching systems with a nearly diffusion-controlled

rate[9-15].

A fractional power dependence kf on », that is kg is
proportional ton~#, and also was examined for some sys-
tems in order to study the contribution of diffusion to the
guenching where & g < 1[24]. The plots of Irky against
Inn are shown irFig. 2b. The mean values ¢ determined
from the linear plot of Irky against Im (the solid lines in
Fig. 2b) are 070+ 0.03 and 083+ 0.03 for L. TPH*/O, and
1TPH*/CBIy, respectively, and.68+ 0.03, 062+ 0.02 and
0.79+ 0.03, for 3BZP*/N, 3TPH*/N and 'TPH*/BZP, re-

spectively[6]; they indicate the difference betweemvgé

andAV,?é (cm®/mol) sinceAVé"ézﬁAV,?'é according to the

Table 2
Values ofAV,ﬁ,p (mol/cr?) for some quenching systems at 0.1 MPa and
25°C in n-hexané

ITPH /O, 109+ 0.4
1TPH*/CBr4? 12.6+ 0.3
SBZP*IN [6] 134+ 1.2
STPH*/N [6] 109+ 1.2
1TPH*/BZP [6] 121+ 04

a Avfpp was evaluated by assuming thatp= AP? + BP+ C. AVY
was evaluated to be 23.8 éfmol from the pressure dependence of solvent
viscosity, 7, by assuming that Ip = AP® + BP2 4+ CP+ D.

b From the data in this experiment.
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fractional power dependence. Certainly, as seeRign 2o

for 3BZP*/N and3TPH*/N, the plots are approximately lin-
ear, whereas fotTPH*/BZP, 1TPH*/O, and TPH*/CBr;
with largerky, they bend significantly downwards (the dot-
ted lines inFig. 2b). These results of the fractional power
dependence are consistent with those observed for the nearly
diffusion-controlled quenching previously repor{@@—14]

As a result, the fluorescence quenching of TPH by oxygen
and CBpy, in this experimental study and the excitation trans-
fer under consideration may occur kinetically via a similar
mechanism.

3.2. Separation of kinto kit and km

The exothermic excitation transfer froAD* to A may
occur via encounter complex (DARs follows[3,9,25]

k diff

‘D* + A 3(DA)*L>D+3A*

—diff
Scheme 1.

For the fluorescence quenching of some fluorophores by
oxygen and heavy atom quenchers, a mechanism similar
to Scheme Iwas used9-16]. In Scheme lthe observed
guenching rate constarity, is equal tokgir when ket >
k_diff, andkq = kqiff ket/ k—ditt Whenk_gitt > ket; for the
former limiting case, the energy transfer occurs upon every
encounter, whereas for the latter case the efficiency is less
than unity.

In general, the diffusion coefficientDSE, by the
Stokes—Einstein (SE) equation for thepecies with a hard
sphere radius:;, in a continuum medium of the viscosity,

n, is given by

SE _ kBT

b fimrm ®)

wheref; is 4 and 6 for the slip and stick boundary limits,
respectively. Whem; for the donor and acceptor molecules
is approximately equal, the rate constant for diffusiag;
derived fromEgs. (2) and (5is given by the Debye equation:

8RT
kaiff = ——
an

(6)
wherea is 2000 and 3000 for slip and stick boundary limits,
respectively. In the previous worf8-16], we have shown
that f; (Eq. (5) and« (Eq. (6) are not predicted by the
SE equation and the Debye equation, respectively, although
the 1h dependence okgiy holds, and also shown that

in Eq. (6)should be taken as a paramete? | determined
experimentally ¢ in Eqg. (6) is replaced bya®X). On the
basis ofScheme logether withEq. (6) we can derive the
following equation[9]:

y 1 aex

LA — 7
kg k0" &RT @)
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Table 3
Values ofe® andkl, (x10°°M~1s71) at 0.1 MPa and 25C in n-hexane
SBZP*/Na STPH*/N2 1TPH*/BZP? 1TPH*/O, 1TPH*/CBry
a® 3090+ 240 2890+ 120 2620+ 20 945+ 20 2300+ 10
Ko 114+ 0.4 1.1+ 0.2 34403 5.5+ 0.6 6.3+ 0.4
2Values of«® and kgim were recalculated according fq. (7) by using the data of Ref6].

where 1ITPH*/CBI4, by usinge®™ and the solvent viscosity;, as

o kit a function of pressure according Ex. (6) where« is re-
Kpim = ket (k o ) (8) placed by®*. Table 4shows the values df;is as a function

—di 0

In Egs. (7) and (8)y is the ratio of the radial distribution
function at contact ofD* and A, g(rp«a) p, atP (in MPa)

to that at 0.1 MPag(rp+a) p/g(rp+a)o, and Kqii /K_gifi )o iS
kqitf /K—qif at 0.1 MPa[9]. Similar equation tdeq. (7) was

of pressure for three quenching pairs. The values of the sum
of the diffusion coefficientsDp+ + Da, determined accord-
ing to Eq. (2) by usingkgif andrp+a are also included in
Table 4 The values ok are about twice as large &g

at 0.1 MPa[6], and approaclky as pressure increases, in-

successfully applied to the fluorescence quenching of somedicating that the quenching is nearly diffusion-controlled in

fluorophores by the quenchers including oxygen, £&rd
polybromoethanes although the definitionkﬁfm (Eq. (8)
is modified[9].

The plots of y/kq againstyn for 3BZP*/N, 3TPH'/N
andTPH*/BZP, where the values &f, reported previously
are used6], are shown inFig. 3, together with those for
ITPH*/O, andTPH*/CBI4 in this experimental work. The
plots shown inFig. 3 are approximately linear with a posi-
tive intercept for a given system, sé@pendix A indicat-
ing that the quenching competes with diffusion, and also,

kgim is approximately independent ¢f;, that is, pressure.

the lower pressure region. From the valuesingf« + Da
listed inTable 4 the diffusion coefficient); (i = BZP, TPH
and N) was calculated by assuming tigtfor the excited
states is equal to that of the ground st&ible 5shows the
values ofD; (i = BZP, TPH and N) thus estimated. Previ-
ously, we reported the values Bf for O, and CBy, by cou-
pling kyifr for the fluorescence quenching of benzo(a)pyrene
(BZ(a)PY)/Q and BZ(a)PY/CBy [10] with D; for BZ(a)PY
that was measured as a function of pressure by Dymond and
Woolf [17]. The results are also listed Table 5 The values

of f; in Eq. (5) determined from the plot dD; against 1

These observations are consistent with those found for theare 556+ 0.01, 492+ 0.03 and 693+ 0.01 for BZP, TPH

fluorescence quenching systems studied previo@siy6].
The values o® and the bimolecular rate constakf),,,

and N, respectively; they are approximately in the range of
4—6 as predicted by the SE equation, but clearly depend on

were determined from the least-squares slope and intercepthe compounds examined.

of the plots Fig. 3), respectively, and are summarized in
Table 3! The values ofe® (and kQ,,/10'°°M~1s1) are
940+ 20 (54 £ 0.8) [10], 945+ 20 (55 + 0.6) [11] and
980+ 20 (69 4+ 1.2) [13] for the fluorescence quenching

There are few reliable data of diffusion coefficient at
0.1 MPa as well as at high pressure to the author’s knowl-
edge. The values @; observed for BZP and N in-hexane
are(2.86-291) x 1072 [28] and 36 x 10 2m?s-1[17,29]

of benzo(a)pyrene, 9,10-dimethylanthracene and pyrene byrespectively, at 25C and 0.1 MPa. One may evaluate

oxygen, and 198& 20 (7.0+0.5) [10], 1820+ 30 (55+0.9)
[11] and 228Gt 20 (694 96) [14] for that by CBu, respec-

the values ofD; empirically or semi-empirically; they
are 24 x 1079, 27 x 1072 and 33 x 10 2m?s1 by

tively; they are in good agreement with the present results the Wilke—Chang equatiofi30], and (2.6-31) x 1079,

for 'TPH*/O, and 'TPH*/CBr; although the error ok, .
is very large for pyrene/CBr

3.3. Rate constant for diffusiongik, and diffusion
coefficient,

As mentioned in the previous paragraph, the valuegbf

were evaluated, and hence, one may determine the accurate

kit for 3BZP*/N, 3STPH*/N, 1TPH*/BZP, 1TPH*/O, and

1 In the previous work{6], we assumed to bg = 1 in Eq. (6) The
values ofa® (and k,,/101°M~1s71) obtained from the plots of &4
andn are: 2840t 190 (14 +0.3), 2580+ 100 (13+0.2) and 251G 20
3.9+ 0.2) for 3BZP*/N, 3TPH*/N and 'TPH*/BZP, respectively; they
are slightly smaller and larger than thosexif and in kgim, respectively,
as seen ifrable 3

(2.9-34) x 102 and (3.3-42) x 10 9m?s ! by the
Spernol-Wirtz equationf31,32] for TPH, BZP and N,

T T T T T T T

10F o 'rpuwo,
L e ITPH¥CBr,
& BZP*N
2 8 a STeusN
= | o 'TPH#BzP
s 6
S |
T 4
£ ]
2
0 10 20 30 40 50 60
m (10° P)
Fig. 3. Plots ofy/ky againstyn in n-hexane at 25C.
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Table 4
Values ofkgir (x101°M~1s71) and Dp« + Da (x10-9m2s™1) for 3BZP*/N, 3TPH*/N and 'TPH*/BZP in n-hexane at 25C2
P (MPa) 3BZP*/N STPH*/N 1TPH/BZP
Kaitt Dp+ + Da Kaitt Dp+ + Da Kaitt Dp+ + Da
0.1 2.18+ 0.17 4.42+ 0.34 2.33+ 0.09 4.59+ 0.18 2.58+ 0.02 4.82+ 0.03
50 1.36+ 0.11 2.76+ 0.21 1.45+ 0.06 2.85+ 0.12 1.61+ 0.01 3.01+ 0.02
100 0.994+ 0.08 2.00+ 0.15 1.05+ 0.05 2.07+ 0.09 1.17+ 0.01 2.19+ 0.02
150 0.76+ 0.06 1.53+ 0.12 0.81+ 0.04 1.59+ 0.07 0.89+ 0.01 1.67+ 0.01
200 0.604+ 0.05 1.22+ 0.10 0.64+ 0.03 1.27+ 0.05 0.71+ 0.01 1.33+ 0.01
250 0.48+ 0.04 0.99+ 0.08 0.524+ 0.03 1.03+ 0.05 0.58+ 0.01 1.08+ 0.01
300 0.404+ 0.03 0.81+ 0.07 0.43+ 0.02 0.84+ 0.04 0.47+ 0.01 0.88+ 0.01
350 0.33+ 0.03 0.67+ 0.06 0.35+ 0.02 0.69+ 0.03 0.39+ 0.01 0.73+ 0.01
400 0.274+ 0.03 0.55+ 0.05 0.29+ 0.02 0.57+ 0.03 0.32+ 0.01 0.60+ 0.01

2The radiusy;, for BZP, TPH, N andch-hexane was estimated to be 0.345, 0.365, 0.309 and 3.01 nm, respectively, according to the method of Bondi
[27].

respectively. These values are comparable with those eval- — T

uated at 0.1 MPa in this work. 2% @ TPH/O,
The values okgitt for L.TPH*/O, and TPH*/CBr4 can be [ ¢ 5

determined by using® (Table 3 andy (Table 1) according R 7

to Eq. (6) (kgir (obs)), and also by usin; for TPH, & = ¢ é g 3

and CByp (Table 4 according toEq. (2) (kgir (cal)). Fig. 4 231 g 5

compares the pressure dependendggf(obs) with that of 0 00300 300 300

kqgir (cal). As seen irFig. 4, kgirr (obs) is equal tdgis (cal) pressure (MPa)

for 17TPH*/O, and TPH*/CBr,4 within the experimental er- B

rors, indicating thab; for TPH evaluated in this work gives (b) TPHICBr, |

a good estimation. Unfortunately, such a checkDgffor 2 3

N and BZP was not made because N cannot be excited by S 23 ° 3

the nitrogen laser used in this work and BZP is apparently E ¢ ¢ 5 ]

nonfluorescent. 22 é ol
Finally, we refer to the similarity in the diffusion coef-

! . : 0100 200 300 400
ficient between the excited and ground states for relatively pressure (MPa)
bulky molecules. Meyer and NickgB3] measured the dif-

fusion coefficientD; of the lowest triplet state of some aro-  Fig. 4. Pressure dependencekgf (obs) ©), kit (cal) (A) andkq (0bs)
matic hydrocarbons and found that is estimated to be at ~ (®) for *TPH/O; (a) and'TPH*/CBr4 (b) in n-hexane at 25C.
most 10% smaller than that of molecules in the ground state.
The evidence may support the assumption in this work that
D; for the excited state molecule is approximately equal to

that for the ground state one.

Appendix A

The radial distribution function at the closest approach
distancerm+q (= rm+ + rq) with hard spheregg(rm-q), is

Table 5 given by[26]
Values ofD; (x10-9m?s~1) for BZP, TPH, N, Q and CBg, in n-hexane
and 25°C 2
2(rv+Q) 1 + 3y T'red T 2y2 Tred
P (MPa) BZP TPH N 0,2  CBr QD=1 T a- 2\ ) T a3\
(this work)  (this work)  (this work) [10] y A=y \rs A=y>\rs A1
0.1 2.33+ 0.28 249+ 028 209+ 062 156  4.41 (A1)
50 146+ 0.17 155+ 017 1.30+0.39 950 254 : : ,
100 106+ 013 1134013 094+028 688 183  WNererred = rmwro/mm-q, andy is the packing fraction,
150 0.81+ 0.10 086+ 010 073+ 022 525 138 given in terms of the molar volume of solveMs, and the
200 0.64+ 0.08 0.69+ 0.08 0.58+0.17 4.18 1.09 radius of hard sphere solvemg, by
250 0.52+ 0.07 056+ 0.07 0.47+0.14 340 0.89 3
300 0.43+ 0.05 0.46+ 0.05 0.38+012 279 0.75 _ ANamrg A2)
350 0.35+ 0.05 0.38+0.05 0.324+0.10 232 0.63 YT T3y :
400 0.29+ 0.04 0.31+ 0.04 0.26+ 0.08

@Mean values determined from the fluorescence quenching for The values ofy-, ro, andrs were estimated by the method

benzo(a)pyrene/©[10], 9,10-dimethylanthracenef(Q14] and pyrene/Q of Bondi [27]; the radiusy;, for BZP, TPH, N anm'h_exane
[14]. was 0.345, 0.365, 0.309 and 3.01nm, respectively. The
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