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Dependence in the Enhancement of Bimolecular Reaction Rates at Near-Critical Densities
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The quenching of anthracene, perylene, 9-cyanoanthracene (9CA), and 9,10-diphenylanthracene (DPA) excited
singlet states by carbon tetrabromide (¢)Bn supercritical CQ@ has been studied systematically by use of

the time-resolved fluorescence method. For 9€¥Br, and DPA-CBr,, there is enhanced fluorescence
guenching at near-critical GQlensities. On the other hand, the £@ensity dependence of fluorescence
guenching in the anthracer€Br, and perylene CBr, systems follows the prediction of the hydrodynamic
Smoluchowski equation for diffusion-controlled reactions. The results show, for the first time, that the
enhancement in bimolecular fluorescence quenching reactions due to effects of local quencher concentration
augmentation in supercritical G@s in fact system dependent.

Introduction what is predicted by the classical hydrodynamic model for
diffusion-controlled reactions. The enhanced quenching of the

recSeL:\F/):(;crrrlltlljcc?: z;ltl::adnstio?fg #'Elglﬁo:to:\r;en;r:a\ ﬁtegs et:]ti?ats hoa;ve BPEA excited singlet state by CBat near-critical CQdensities
X P brop may be attributed to a higher local CBroncentration in the

a supercritical fluid are the low densities, which are between vicinity of an excited BPEA molecul® However, in order

Fhose ofa gas and a liquid and are easny_tunable with changesto understand the results in a broader context, excited-state
in pressure isothermally, and the clustering effects. Selute

- S o guenching reactions in other arer@Br, systems are examined
so!vent clustering and golufesolute .clusterlng in sgpercrmcal systematically. Here we report a study of anthracene, 9-cy-
fluids have been studied extensively, and their effects on anoanthracene (9CA), 9,10-diphenylanthracene (DPA), and
unimolecular and bimolecular chemical processes have been e .
evaluated. While solutesolvent clusteringpin which the local perylene fluoreS(_:ence I|fet|rr_u_e quenching by EBrsupercriti-

: cal CG at a series of densities. The 9€&Br, and DPA-

density of solvent molecules surrounding a solute molecule is CBr, systems are similar to BPEACBI,, exhibiting enhanced
higher than the bulk density has been demonstrated by USingfluorescence quenching at near-criticél{l@nsities. On the

spectroscopic and other techniques for a series of molecularOther hand, the COdensity dependence of fluorescence

—16 i i
probes’™™¢ the existence and properties of the sokselute guenching in the anthracen€Br, and perylene CBr4 systems

clustering in supercritical fluids are_stiII subject to dethé’_? follows the prediction of the hydrodynamic Smoluchowski
The concept of solutesolute clustering was proposed initially equation for diffusion-controlled reactions. The results show

on the basis of observations of entrainer effects in supercritical -, 6 o time, that the enhancement in bimolecular fluores-

fluid extraction, namely, that solubilities in a supercritical fluid cence quenching reactions due to effects of local quencher

are S|gn|f|cantly |n(jreased with the presence .O.f a.small fraction concentration augmentation in supercritical €n fact system
of liquid cosolveng* Although a rigorous definition of solute dependent

solute clustering in supercritical fluids is not available, the
clustering may be understood in terms of a locally higher solute
concentration than the bulk concentration as a result of the
microscopically inhomogeneous nature of the fluid at near- Materials. Anthracene (99%), 9-cyanoanthracene (97%), 9,-
critical densitie#3 While experimental observations that may 10-diphenylanthracene (97%), perylene {9%), and carbon

be explained in terms of local solute concentration augmentation tetrabromide (99%) were obtained from Aldrich and used
effects have been reported, other evidence that is against thevithout further purification. Hexane and cyclohexane (spec-
existence of such effects has also been preséfitétl. The trophotometry grade) were obtained from Burdick & Jackson
proposed clustering effects appear to be system dependent. Wand used as received. ©(99.9999%) was obtained from Air
have recently used the quenching of the 9,10-bis(phenylethynyl)- Products. The oxygen content was checked by comparing
anthracene (BPEA) excited singlet state by carbon tetrabromidefluorescence quantum yields of pyrene before and after a
(CBry), which is known to be a simple bimolecular reaction, in rigorous deoxygenation procedure in which the ;C®as

the study of solutesolute clustering effects in supercritical repeatedly passed through oxygen traps obtained from Alltech
C0,.2% The apparent quenching rate constants, which were Associates. Because the results indicated no oxygen quenching,
obtained from time-resolved fluorescence measurements, ardhe CQ was used without further purification.

dependent on the G@ensity following a different pattern from Measurements. Absorption spectra were recorded on a
computer-controlled Shimadzu UVPC-2101 spectrophotometer.
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. Steady-state fluorescence spectra were obtained on a Spex

Experimental Section
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Fluorolog-2 photon-counting emission spectrometer equipped T T T T
with a 450 W xenon source, a Spex 1681 monochromator for
excitation and a Spex 350S monochromator for emission, and
a detector consisting of a Hamamatsu R928 photomultiplier tube
operated at-950 V. Excitation and emission slits were 0.25
mm (1 nm resolution) and 1.25 mm (5 nm resolution),
respectively. Fresh solutions were used in all measurements
to minimize the effect of possible photochemical reactions. All
fluorescence spectra were corrected for nonlinear instrumental
response of the spectrometer using predetermined correction
factors.

Fluorescence decays were measured by using the time-
correlated single photon counting (TCSPC) method. For
measurements in liquid solvents, the TCSPC setup includes a
nitrogen flash lamp obtained from Edinburgh Instruments as
the excitation source. The flash lamp was operated at 50 kHz,
and the wavelength of 317 nm was isolated using a band-pass
filter with 10 nm fwhm. Fluorescence decays were monitored
through a 545 nm color glass sharp-cut filter. The detector —
consists of a Philips X2020 photomultiplier tube in a thermo- 300 350 450 500 550
electrically cooled housing obtained from the Products for Wavelength (nm)
Research, Co. The photomultiplier tube was operated 2t . . .

KV using an EG&G 556 high-voltage power supply. The Figure 1. Absorption and quorechnce spectra of 9CA3\ |_n_ _room-
- g temperature hexane at CRioncentrations of 0-€), 2.4 x 1073 (- - -),
detector electronics from EG&G Ortec include two 9307 45 % 1073 (-++), 9.6 x 1072 (), and 1.26x 102 M (-++-)
discriminators, a 457 biased time-to-amplitude converter, and
a 916A multichannel analyzer. The instrument response func- sealed using Teflon O-rings. The optical paths of the cell for
tion of the setup has a fwhm 2.0 ns. The TCSPC setup  absorption (18%) and fluorescence (9Pmeasurements are 30.5
for the measurement of fluorescence decays in supercritical CO and 7.5 mm (both calibrated), respectively.
includes a Spectra-Physics 3690 Tsunami mode-locked Inthe preparation of samples for fluorescence measurements
Ti:sapphire laser as the excitation source. The laser wasin supercritical CQ, hexane solutions of the fluorophores were
configured to produce an 82 MHz train of pulses at +2@5 added to the high-pressure optical cell. The cell was purged
nm with a nominal pulse width of less than 2 ps. The repetition with a slow stream of nitrogen gas to remove the solvent hexane,
rate of the pulse train was reduced to 4 MHz using a Spectra- followed by the addition of a small quantity of CBsolid. A
Physics 3980 pulse selector. The laser output was frequency-procedure of repeatedly filling and discharging with low-
doubled using a phase matched LBO crystal obtained from CSK pressure C® gas (<100 psia) was used to eliminate trace
Optronics. Fluorescence decays were monitored through anamounts of oxygen trapped in the optical cell chamber. The
American Holographic DB-10S double subtractive monochro- cell was then sealed and thermostated at the desired temperature
mator. The detector consists of a Hamamatsu R3809U-01before CQ was introduced. The CBrconcentrations were
microchannel plate photomultiplier tube (MCP-PMT) in a determined spectroscopically using a calibration curve based
Hamamatsu C2773 thermoelectrically cooled housing. The on absorption in the wavelength region of 25820 nm.
MCP-PMT tube was biased at3 kV using a Stanford Research Viscosity values under our experimental conditions were
Systems PS350 power supply. The detector electronics consist®btained through interpolation from the experimental results
of two EG&G Ortec 9307 discriminators, a Tennelec TC-864 reported in the literatufé by using the empirical equation due
time-to-amplitude converter/biased amplifier, and a Tennelec to Jossi, Stiel, and Thodds.
PCA-Multiport-E multichannel analyzer. The instrument re-
sponse function of the setup has a fwhn~a80 ps. Fluores- Results
cence lifetimes were determined from observed decay curves | Sojution. Absorption and fluorescence spectra of an-

and instrument response functions by use of the Marquardthracene, 9CA, DPA, and perylene were measured in room-

Absorbance

Relative Fluorescence Intensity

nonlinear least-squares meth&d. temperature (22C) hexane at different CBrconcentrations.
The high-pressure setup for spectroscopic studies in super-The results for 9CA are shown in Figure 1. The absorption
critical CQ; is similar to the one reported previough. The spectra are CBrconcentration independent, with the changes

system pressure was generated by a Teflon-packed syringe pumjn the blue region €350 nm) due to CByrabsorptions. The
(High Pressure Equipment Co., 87-6-5) and monitored by a fluorescence spectra are independent of excitation wavelength.
precision pressure gauge (Dresser Industries, Heise-901A). TheAs shown in Figure 1 for 9CA, the observed fluorescence
calibrated accuracy of the pressure gauge-ispsia at 1100 spectral profiles remain essentially the same while the fluores-
psia. The system temperature was controlled and monitoredcence intensities decrease systematically with increasing CBr
by an RTD temperature controller (Omega, 4200A) coupled with concentrations. The intensity quenchif< ®g°/Pg) follows

a pair of cartridge heaters (Gaumer, 150W) inserted into the the linear SterfrVVolmer relationship

optical cell body. Absorption and fluorescence measurements

were carried out using a cubic shaped high-pressure optical cell R=1+k;’[CBry] (1)
made from stainless steel. The cell chamber (calibrated volume

1.87 mL) consists of four channels which open at the four side where k; is the quenching rate constant ang°® is the
walls of the cell. Three of the channels are for accommodating unquenched fluorescence lifetime. A Steiolmer plot for
optical windows and the fourth one is for cell cleaning. The 9CA that includes results obtained at different excitation
three quartz windows (12.7 mm diameter and 5 mm thick) are wavelengths is shown in Figure 2. The quenching is apparently
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TABLE 1: Fluorescence Quenching Results of the AreneCBr, Systems
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supercritical CQ

hexane cyclohexane kg x 10 Mt st for p, =
T NS kg x 1010, M~1s7? fa TF, NS kg x 1010, M~1s7? fa 1.0 1.2 1.4 1.6 1.8 fr.e
anthracene 5.36 3.0 1.4 5.41 125 1.8 4.0 3.3 2.8 2.3 2.0 0.21
perylene 5.29 2.1 1.0 5.1 4.1 3.4 2.8 2.4 0.26
9CA 14.2 0.76 0.36 2.2 1.6 1.2 0.9 0.79 0.088
DPA 7.75 2.0 0.97 5.6 4.2 3.3 2.6 2.1 0.25
af = ky/kair. ® The literature value is 1.% 10 M~ s7* (ref 28).¢f at o, = 1.8.
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Figure 2. Stern—Volmer plots for 9CA fluorescence lifetime quenching
7e°/7e (&) and quantum yield quenchinBe°/ Dk at different excitation
wavelengths (358 nn); 369 nm,Od; 394 nm,v) by CBr in room-

1.2 1.5

0.5 1.0
[cBr,] (mM)

Figure 3. Stern-Volmer plots for quenchings of anthracene fluores-
cence lifetimere®/7¢ (< in hexane andl in cyclohexane) and quantum
yield ®£°/®¢ (V in hexane and in cyclohexane) by CBrat room

temperature hexane. The line is from a global linear least-squarestemperature. The lines are from linear least-squares regressions with
slopes of 161 and 68 M in hexane and cyclohexane, respectively.

regression with a slope of 109 ™M

excitation wavelength independent.

A linear least-squares

T T T T T

regression yields a StertVolmer constantze® of 108 M2,

Fluorescence decays were also measured in room-temperature
hexane as a function of CBconcentration. The decays can
be well described by convolution of the corresponding instru-
mental response functions with a monoexponential equation.
For 9CA, results of the fluorescence lifetime quenching by/Br
are in excellent agreement with those from the fluorescence
intensity quenching (Figure 2). The lifetime quenching also
follows the linear SterfrVolmer relationship R = 7£°/t¢, €q
1). A linear least-squares regression that includes both fluo-
rescence intensity and lifetime quenching results of 9C8r,
yields kqze® of 109 M. With the known 9CA fluorescence
lifetime z¢° of 14.2 ns, the quenching rate constkis 7.6 x
10° M1 s1in hexane (Table 1).

The quenching results for anthracer@Br,;, DPA—CBr,, and
perylene-CBr, in room-temperature hexane are similar to those
of 9CA—CBr,. The quenching rate constants obtained from Tg”rte ;S-OE'UOBESCCBE”CG decat‘yst_Of 9C¢*(i”)@£zaf$g‘i°ﬁg gﬁg;ity of

: H Ua an k concentrations ofr (a = . =

e e, 130 nd ()26 10 1 901 an 107 T rment

. response function obtained under the same experimental conditions is
somewhat more viscous solvent cyclohexane at room temper-shown for comparison.
ature. While the fluorescence intensity and lifetime quenchings
of anthracene by CBrin cyclohexane also follow the linear
Stern—Volmer relationship (eq 1, Figure 3), the quenching rate
constankg in cyclohexane (1.25 10°° M~ s7Y) is significantly
smaller than that in hexane (30 10*° M~1 s71),

In (normalized intensity)

30 40

; [T

Time (ns)

exponential behavior even in the near-critical density region at
low and high CBj concentrations. The observed fluorescence
lifetimes for 9CA are shown in Figure 5, and the results for
anthracene, DPA, and perylene are similar. At a constani CBr
In Supercritical CO,. Fluorescence decays of anthracene, concentration, observed fluorescence lifetimes are clearly de-
9CA, DPA, and perylene were measured in supercritica} CO pendent on C@reduced density. The lifetime of 9CA in the
as a function of reduced density (defined as density/the critical absence of CBr decreases gradually with increasing £0
density) at 35C and at different quencher CBroncentrations. reduced density. In the presence of GBthe observed
Shown in Figure 4 are representative results for 9CA in fluorescence lifetime changes with @@duced density in a
supercritical CQ with and without the quencher CBr The characteristic fashion. The lifetime first increases with increas-
decay curves can all be well described using a monoexponentialing CO, reduced density and then levels off at reduced densities
function. There is no evidence for any deviations from single- of ~1.4 and higher. Shown in Table 2 are fluorescence lifetime
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TABLE 2: Fluorescence Lifetimes fr, ns) at Different CBr, Concentrations and CQ, Reduced Densities

CO; reduced density (35C)
[CBr4], mM 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Anthracene
0 7.93 7.87 7.81 7.75 7.69 7.63 7.58 7.52 7.47 7.41 7.36
2.40 4.80 4.86 4.94 5.07 5.15 5.20 5.24 5.29 5.36 5.47 5.64
3.00 3.64 3.81 3.98 4.14 4.30 4.46 4.61 4.76 491 5.05 5.19
6.16 2.25 2.44 2.62 2.79 2.96 3.12 3.27 3.42 3.56 3.70 3.82
Perylene
0 5.20 5.29 5.38 5.46 5.54 5.62 5.69 5.75 5.82 5.87 5.93
0.94 4.10 4.32 4.52 4.70 4.86 4.99 5.10 5.19 5.26 5.31 5.33
2.30 3.24 3.36 3.48 3.61 3.73 3.87 4.00 4.14 4.28 4.43 4.58
3.20 2.85 2.98 3.11 3.25 3.38 3.53 3.67 3.82 3.97 4.13 4.29
4.30 2.29 2.44 2.59 2.75 2.90 3.05 3.21 3.36 3.52 3.67 3.83
9CA
0 19.99 19.79 19.58 19.37 19.17 18.96 18.75 18.55 18.34 18.14 17.93
0.51 13.66 14.37 14.99 15.52 15.93 16.31 16.57 16.74 16.82 16.81 16.70
1.04 11.62 12.50 13.27 13.94 14.51 14.96 15.31 15.56 15.70 15.73 15.66
2.00 8.66 9.67 10.58 11.38 12.08 12.67 13.16 13.54 13.82 13.99 14.05
2.90 6.55 7.66 8.67 9.58 10.37 11.05 11.62 12.09 12.45 12.69 12.83
DPA
0 8.03 8.05 8.07 8.09 8.12 8.15 8.19 8.23 8.28 8.33 8.39
0.73 5.51 5.80 6.06 6.31 6.54 6.74 6.92 7.08 7.23 7.34 7.44
2.55 3.21 3.51 3.81 4.09 4.37 4.63 4.89 5.14 5.39 5.62 5.85
3.32 2.46 2.79 3.10 3.41 3.70 3.98 4.24 4.50 4.74 4.97 5.19
22 T T T T T 14
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Figure 5. Observed fluorescence lifetimes of 9CA in supercriticabCO ’ .
at 35°C as a function of reduced density at GBoncentrations of 0 Figure 6. Stern—Volmer plots for the quenching of 9CA fluorescence

(O), 5.14x 10 (v), 1.04x 103 (O), 1.99 x 103 (a), and 2.9x lifetime by CBr |? supercritical C(la at 35°C and retl:iuced densities
1073 M (©). The empirical curves are for the interpolation of lifetime of 1.0, 428 M), 1.2 (v, 290 M ), 1.4 @, 209 M ), 1.6 &, 160
values at s.elected densities M™1), and 1.8 ¢, 135 M1). The lines are from linear least-squares
) regressions, with the slope values given in the corresponding paren-
theses.
values at representative G&duced densities as a function of

CBr4 concentration, which were obtained from the experimental at a reduced density of 1.0. With the known fluorescence

results through interpolation. lifetimes of anthracene in CQTable 2), the quenching rate
The lifetime data in Table 2 were analyzed in terms of the constants at CQ; reduced densities of 1.8 and 1.0 arex2

Stern-Volmer relationship (eq 1). For 9CA, StetVolmer 10"%and 4x 10'°M~* s, respectively (Table 1). The Sten

plots at CQ reduced densities of 1.8, 1.6, 1.4, 1.2, and 1.0 are Volmer parameters for the fluorescence lifetime quenching

shown in Figure 6. The plots are reasonably linear, yielding results of DPA and perylene with CBin CO, at 35°C are

Stern-Volmer quenching constanksze° of 135 M~ at a high also summarized in Table 1 and Figure 8.

reduced density of 1.8 and 428 Wat a reduced density of ) ]

1.0. With the known fluorescence lifetimes of 9CA at the two Discussion

reduced densities (Table 2), the fluorescence quenching rate The selection of arereCBr4 as model systems for studies
constants at the reduced densities of 1.8 and 1.0 arex.9  in supercritical fluids is based on the expectation that their
10° and 2.2x 10" M~! s7%, respectively (Table 1). fluorescence quenching processes are simple bimolecular reac-
The fluorescence lifetime gquenching results of the an- tions?® Such expectations have been confirmed experimentally
thracene-CBrs;, DPA—CBry4, and perylene CBr, systems in in the study of 9,10-bis(phenylethynyl)anthracene (BPEA)
CO, (Table 2) were treated in the same fashion. Shown in CBrs2% and by the results reported here. In both room-
Figure 7 are SteraVolmer plots for anthracenreCBr, at CQ temperature solution and supercritical £ €xcited singlet states
reduced densities of 1.8, 1.6, 1.4, 1.2, and 1.0. Linear least-of anthracene, 9CA, DPA, and perylene are quenched efficiently
squares regressions yield Steivolmer quenching constants by CBr, without the formation of emissive excited-state
ranging from 146 M! at a reduced density of 1.8 to 313 ¥ complexes. There is also no evidence for any excitation
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kqir = 8RT/3000; 3)

2.5

For the quenching of anthracene fluorescence by, @Boom-
temperature hexang & 0.31 cP) and cyclohexang €& 0.96
cP), the ratio of quenching rate constants predicted by eq 3 is
0.32. This is in reasonable agreement with the ratio of
experimentally determined quenching rate constants for the two
solvents (Table 1). However, the absolute valuekygffrom
eq 3 are somewhat different from the experimentally determined
quenching rate constankg obtained from the SterAVolmer
relationship. For example, thg value for anthracereCBry
in cyclohexane obtained from the Stefviolmer relationship
is 1.25x 109 M~ s71, which is larger than thé&g value of
0.0 : * : 6.8 x 10° M~1s71. Such discrepancies between the diffusion-
0.0 2.0 4.0 6.0 8.0 )
controlled quenching rate constanks and kg are well-
[CBr,] (mM) documented in the literatu®. A factor f may be used to
Figure 7. Stern-Volmer plots for the quenching of anthracene account for the difference.
fluorescence lifetime by CBin supercritical CQat 35°C and reduced
densities of 1.0¢, 313 MY, 1.2 (v, 255 MY, 1.4 0, 211 MY, 1.6 Ky = Tkaite (4)
(A, 175 MY, and 1.8 ©, 146 M™Y. The lines are from linear least-
squares regressions, with the slope values given in the correspondingThe factorf is apparently system dependent even in a single
parentheses. solvent, 0.36 for 9CA-CBr, and 1.4 for anthracereCBr;, in
8 — : : : — room-temperature hexane. Similarly, thealues are different
. for different systems in supercritical G@t 35°C and a constant
. -§ | reduced density (Table 1).
: The fluorescence quenching rate constants in supercritical
. CO;, are also density dependent in a characteristic fashion. As
4r o 35 7 shown in Figure 8, the observéglvalues increase systematically
' "V\v::éjéw with decreasing Cereduced density. The increasesgmay
=" 2r ‘V"~V»~.:y:-_f be attributed to changes in G®iscosity, which decreases by
= a factor of 2.5 from the reduced density of +B0 at 35°C.
o 10 — . . . . . For anthraceneCBry, the dependence of observigvalues
» on CG reduced density may be described by using eq 4 with
~ . 8L B 4 a constantf factor of 0.21, which can be obtained from the
= ) minimization of the residuap (k; — fkgir)%. The agreement
- between experimental and predicted results is good over the
entire reduced density range (Figure 8). Also shown in Figure
8 is a similarly good agreement for perylen@Brs with a
constant factor of 0.26.
For 9CA—-CBr, and DPA-CBIy, the observed quenching rate
constantk, depend on C@reduced densities in a somewhat

2.0

o
T /Tp —1

0.5

7
’ 4 i
W

iy
i
A

08 1.0 12 1.4 16 1.8 different fashion. At high C@ reduced densities (1.4 and
Reduced Density higher), the results of anthracen€Br, and perylene CBr, may
Figure 8. Observed quenching rate constakyst different reduced also be descrlbeq by using eq 4 with constefattors of 0'0_88
densities for anthracereBr; (top, v), perylene-CBr, (top, A), 9CA— and 0.25, respectively. The agreement between thed@@sity
CBry (bottom,0), and DPA-CBr, (bottom,O) in supercritical CQat dependencies d{; andkgir in the high CQ density region is

35°C. The lines represent the G@ensity dependence of the Debye understandable because it is known that the solvent properties
Smoluchowski diffusion rate constants adjusted withfttaetors (Table of high-density supercritical C{are similar to those of normal

1. liquids. However, at low C® densities, increases in the
observed quenching rate constants are much steeper than those

wavelength dependence in the fluorescence quenching and forpredicted by the DebyeSmoluchowski equation (eq 3, Figure

any interference due to ground-state complexation and static8) Similar upward deviations have been observed in the

guenching contribution® - ; )
As shown in Table 1, the quenching of arene excited StatesI:I:Jig(r:zls(:cegzcgaahfetlme quenching of BPEA by GBn super

by CB1 is apparently at diffusion-controlled rat@g ~ Kait). . .
o _ ) O For a more direct comparison, plots kff vs CQ, reduced
Igr?t:;ftﬂcj)?lr?nd:ztde ﬁgpns;tcat?:jgr n;?{e??nses(;t;%a;esdmvglﬂﬂc:\?viki density for anthraceneCBrs, 9CA~CBr,, DPA-CBr,, and
y y y perylene-CBr,4 are shown in Figure 9. Clearly, dependencies

equation of the fluorescence quenching rate constants on @@uced
3 density for anthraceneCBr, and perylene CBr, are different
Kair = 4 > 10 “aN(ry + rcg, Oy + Degr) (2 from those for 9CA-CBr; and DPA-CBr,. The quenching in
anthracene CBr, and perylene CBry is diffusion-controlled and
wherery andrcg;, are molecular radii of the arene molecule is well described by the Debye&Smoluchowski equation. While
and the quencher CRrrespectively. Under a stick boundary the results for 9CA CBr, and DPA-CBr4 at high CQ densities
condition, the diffusion coefficient®; = kT/6mnri, wherey is are similar to those for anthracen€Br, and perylene CBry,
the shear viscosity of the solvent. A simplification by assuming there are significant upward deviations at low £densities
Dm = Dcgy, results in the DebyeSmoluchowski equation, (Figure 9), similar to that in the BPEACBI, systen?32
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45 — . T . ; T apparently different from system to system. At a reduced
density of 1.0, thex values for 9CA-CBr, and DPA-CBr,
are 1.27 and 1.13, respectively, in comparison wittwaralue
35 | i of 1.92 for BPEA-CBrs. Nevertheless, the strong system

40+ 4 -

)

-1 -1

w o dependence is even more clearly demonstrated by the absence
= 30r T of any enhanced fluorescence quenching for the anthracene
S s CBr4 and perylene CBr4 systems in supercritical GO

- The mechanistic details behind the strong system dependence
- 2 of enhanced fluorescence quenching at near-critical @&Dsi-

~

ties are not clear. However, the results seem to suggest that
properties of solute molecules may also play a critical role with

respect to effects of local quencher concentration augmentation
in bimolecular quenching reactions. With the same quencher

k
q
o

08 1.0 1_'2 14 156 1.8 CBra, the five solute molecules that have been studied so far
differ in molecular structures and in fluorescence quenching
mechanisms. BPEA, 9CA, and DPA are structurally slightly
different from anthracene and perylene because of the presence

line represents the GQdensity dependence of the Deby8molu- of substituent(s), though it is difficult to justify that such small
chowski diffusion rate constants. structural differences would result in very different local

5 1 !

Reduced Density

Figure 9. A plot of ky/f vs CO; reduced density for anthracen€Br,
(v), perylene-CBr, (2), 9CA—CBr, (O), and DPA-CBr, (O). The

guencher concentration augmentation effects. A more pro-

' ' ' ' ' nounced difference among these molecules is in their excited-
2or o T state properties. For BPEA, 9CA, and DPA, fluorescence is
essentially the only decay pathway with yields of urdtywWhile
= 1.8 T anthracene and perylene also have high fluorescence yields,
a intersystem crossing leading to the formation of excited triplet
< e O o 1 states is a significant competing decay pathway. Quenchings
3 of anthracene and perylene fluorescence intensities and lifetimes
= 14} O % . by CBIry4 are at least partially due to heavy atom effects which
g‘? O o o result in more efficient intersystem crossing processes. Such
12} a o 4 an assessment is supported by the observation of photochemical
O 0 8 <& bleaching of anthracene and perylene in the presence of CBr
10k a a 8 o - which is likely due to enhanced photochemical reactions through
. . . . . their excited triplet states. Quenchings of the excited singlet
0.8 1.0 12 1.4 16 states of BPEA, 9CA, and DPA by CBare probably dominated
Reduced Density by electron-transfer process@sAlthough there is no evidence
Figure 10. Plots of the ratio between local and bulk quencher Suggesting that the mechanistic difference in fluorescence
concentrations vs reduced density for quenchings of 9CA DPA guenching processes is responsible for the system dependence
(0), and BPEA @)% fluorescence lifetimes by CBin supercritical in local quencher concentration effects, it remains a possible
CQ; at 35°C. explanation for further experimental and theoretical investiga-
tions.

For BPEA-CBI, in supercritical CQ, the upward deviation
in the density dependence of observed fluorescence quenchin%
rate constants from the prediction of the hydrodynamic Smolu-
chowski equation has been attributed to enhanced bimoleculal
quenching due to higher local quencher concentrations in the
near-critical density regioff2 A similar argument may be
applied to the observed quenching rate constants for-9CBy,
and DPA-CBr4 in CO, at near-critical densities. With the
presence of effects due to local quencher concentration aug-
mentation, the SteraVolmer relationship may be rewritten as
follows 232

The applicability of the hydrodynamic equation to the
iffusion-controlled fluorescence quenching processes in su-
rpercritical CQ at different densities should also be considered.
It is a possibility that the factof might be CQ density
dependent, though it would be difficult to understand why such
a dependence becomes evident only for fluorescence quenchings
in the BPEA-CBr4, 9CA—CBr4, and DPA-CBIr,4 systems. In
addition, there are no reports in the literature suggesting that
diffusional processes in supercritical fluids can be more efficient
than those predicted in terms of the hydrodynamic equation.
The solute-solvent clustering or local solvent density augmen-

7e°lte = 1+ KT’ [CBr] oca. = 1 + k7o [CBr ] (5) tation in supercritical fluids apparently has little effect on

diffusion-controlled bimolecular reactions such as the photo-

whereo = [CBr4]Local/[CBr4] becomes unity in the absence dimerizaton of anthracer@. In fact, ?t would be reasonable to
of local concentration effects. By assuming tkain eq 5 can expect that. the sohﬁesolygnt clustgrlng or local .solvent_ density
be calculated fronfkgis as in the C@ density dependence of —augmentation at near-critical densities should hinder bimolecular
fluorescence quenchings in anthrace@8r, and perylene diffusional processes rather than making the processes more
CBr, systems (Figure 8) values at different C@reduced efficient as is required to explain the fluorescence quenching
densities in the near-critical density region may be estimated results of the BPEACBr;, 9CA-CBrs, and DPA-CBr,

using known bulk quencher concentrations [g]Band the  Systems. In such a context, it may be concluded that the
calculated local quencher concentrations [§Bjca. The significant discrepancies between observed quenching rate
results thus obtained are shown in Figure 10 along with the constants and hydrodynamic diffusion rate constants are unlikely
results for BPEA-CBI, reported previousl§32 While the o due to the breakdown of the hydrodynamic equation in

values clearly increase with decreasing Q@duced density ~ supercritical CQ.
for all three systems, the magnitude of such increases is The results presented here clearly demonstrate, for the first
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time, that effects of local solute concentration augmentation in

supercritical CQ at near-critical densities are in fact system

dependent. Further efforts are necessary in order to address

the mechanistic details.
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