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Abstract: This paper reports on the solvent effect on energy transfer reactions in supercriticalT&® energy

transfer reactions are studied by steady-state and time-resolved fluorescence spectroscopy and the fluorophor/quencher
reaction pairs are chosen to vary the reactions from diffusion-controlled to kinetically-controlled. In particular, the
fluorescence quenching of anthracene by £Bj2-benzanthracene by GBand anthracene by,8sBr in supercritical

CO, at 35°C has been reported. Experimental rate constants for the first two reaction pairs, anthraceaedCBr
1,2-benzanthracene/CRfollow the predicted diffusion control limit at all pressures from 77.9 to 160.6 bar, indicating

that local solvation does not enhance the reaction rate nor substantially impede the diffusion process in supercritical
CO,. The rate constants for the third reaction, the quenching of anthracenglgBrCare several orders of magnitude

below the diffusion control limit, indicating that the reaction is kinetically controlled, as it is in liquids. In supercritical

CO;, the apparent rate constants (i.e., those based on bulk concentrations of the reactants) for the angiite®ene/C
reaction decrease dramatically with increasing pressure. We believe that this apparently large pressure effect on the
reaction rate is primarily due to the local composition enhancement of the quencher molecules around the dilute
anthracene solute. This analysis is supported by fluorescence spectra and solvatochromic shift data of anthracene in
pure CQ and in mixtures of C@with C;HsBr at 35°C that indicate both local density augmentation and local
composition increases around the anthracene.

Introduction as eight times the bulk cosolvent composition in SCF/cosolvent
mixture12-15 While preferential solvation exists in liquid
solutions as well, the unique feature of supercritical fluid
solutions is that the local environments can be changed
substantially simply by adjusting the temperature and pressure.
This provides the additional capabilities of influencing and

manipulating reactivity in SCFs. As a result, the effect of local

There is great interest in the development of supercritical
fluids as possible alternatives to common organic solvents as
reaction media. This requires a detailed mechanistic knowledge
of the specific factors that can influence and control chemical
reactivity under supercritical conditions. In addition, super-
Pml'cg! ﬂu![ﬂs are att_rtact(ljyf? bg(;tfyluze miny of dth?;]r prgper.t;es, solvent structure has been the subject of many studies of a
Including the viscosity, dilfusivily, densily, and other density- variety of reactions in supercritical fluid$:3°
dependent properties, change dramatically with small changes
in temperature or pressure. Thus, one can control or tune the™ ) knutson, B. L.; Tomasko, D. L.; Eckert, C. A.; Debenedetti, P. G.;
reaction environment simply by adjusting the pressure or Chialvo, A. A. InSupercritical Fluid TechnologyBright, F. V., McNally,
temperature, without actua”y Changing the solvent. M. E. P., Eds.; ACS Symposium Series 488; American Chemical Society:

L - . Washington, DC, 1992; p 60.

_ A S|gn|f|cant number of gxpenmental, theoretlcal, and (7) Carlier, C.. Randolph, T. WAIChE J.1993 39, 876.
simulation works have established that the local environment (8) Eckert, C. A.; Knutson, B. LFluid Phase Equil1993 83, 93.
about a dilute solute in a supercritical fluid (SCF) or SCF/ __(9)Zhang, J.; Lee, L. L.; Brennecke, J. F. Phys. Chem1995 99,
cosolvent mixture can be significantly d|ffer_ent than the bulk. (10) Rice, J. K.; Niemeyer, E. D.; Dunbar, R. A.; Bright, F. ¥.Am.
The local density of the solvent around a dilute solute can be chem. Soc1995 117, 5832.
enhanced by as much as twice the bulk density in regions near 83 E_eitz,SM-JPh; B{ightk F~HV-ch- EhyS-C%henﬂgggglngZ%S%b 5

g H 11 . m, S.; Jonnston, K. HNd. Eng. em. re A X .
and belovy the critical pom*t The local composition of (13) Yonker. C. R.. Smith, R. 0. Phys. Cheml988 92, 2374,
cosolvent in the cybotactic sphere about a solute can be as much (14) Ellington, J. B.; Park, K. M.; Brennecke, J.IRd. Eng. Chem. Res.
1994 33, 965.
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Quenching Reactions of Anthracene and 1,2-Benzanthracene

In studies of kinetically controlled reactions in supercritical
fluids 1522232830 jt was reported that the local composition

J. Am. Chem. Soc., Vol. 119, No. 4294D97

is discussed in detail in the next section, their reaction rates
depend on donor energy levels and acceptor electron affinities.

enhancement can affect how reaction rates vary with pressuréeWe have taken advantage of this feature of energy transfer
by influencing the concentration of one reactive specie around reactions and chosen two reaction pairs that are diffusion
the other. Conversely, in a study of benzophenone triplet controlled in liquids and one that is well below the diffusion
triplet annihilation and the benzyl radical self-termination controlled limit. Specifically, the quenching reactions of
reaction in pure and 1 mol % acetonitrile doped supercritical anthracene by carbon tetrabromide (@Band 1,2-benzan-
CQO,, ethane, and CHf- Roberts et a#*25 observed that both  thracene (1,2-BA) by CBrare diffusion controlled in liquid-3°
reactions occurred essentially at the diffusion control limit when whereas the reaction of anthracene with bromoethanEs(C
spin statistical factors were taken into account. Thus, no Br) is kinetically controlled in normal liquid® In this paper,
evidence was found for the diffusion-controlled reactions being we present the results of these three quenching reactions in
influenced by the enhanced soluteolute interactions. Other  supercritical CQ at 35°C and various pressures. In addition,
researchers have reported similar results for diffusion-controlled we present solvatochromic shifts of steady-state fluorescence
reactions in supercritical fluid$-2! However, in arecent study  spectra of anthracene in G@nd CQ/C,HsBr mixtures and

of the fluorescence quenching reaction of 9,10-bis(phenylethy- use the shifts to obtain estimates of local densities and local
nyl)anthracene (BPEA)/CBiin supercritical CQ, Bunker and compositions. These data are vital in the interpretation of the
Sur?’ reported that the rate constant was unusually efficient at rates of the anthracene/bromoethane reaction.

lower pressures when the results were compared to Stokes

Einstein/Debye predictions, and the authors have attributed thisMechanism of Fluorescence Quenching

to the local composition enhancement of ¢@round BPEA It is important that reaction mechanisms be carefully con-
molecules. This suggests that diffusion controlled reactions cangjgered when using reaction intermediates as spectroscopic

be enhanced by local solvation, in contrast to previous experi- hropes of SCF solvent effects on chemical reactivity and reaction
mental reports and the explanations by Randolph and co-yinetics. This is especially true when considering the potential
workers™ that increased local concentrations of one reactant jmnortance of the influence of SCF solvation on transition states
about another do not exist in systems where the reaction 0cCUrsynq reaction intermediates. The structural and electronic nature
at the diffusion controlled limit. , . of these species may, or equally well may not, have a dominating
The purpose of this study is to investigate local solvation ixfjyence on observed reaction kinetics. Therefore, below we
effects on a single type of reaction as that reaction is varied yoc4)| some relevant literature regarding fluorescence quenching

from diffusion controlled to kinetically controlled. Energy o aromatic hydrocarbons by alkyl bromides and other heavy-
transfer reactions afford the unique opportunity to do this 4iom quenchers.

because the reaction rate constants can be anywhere from Tpgre js considerable experimental evidence that indicates
diffusion controlled to many orders of magnitude below ot fluorescence quenching of anthracene by .CBnd
diffusion control dependent upon the choice of the energy donor C,HsBr occurs by heavy-atom induced intersystem crossing
(fluorophor) and the energy acceptor (quencher). The energy (5c) of the initially formed excited state donor/acceptor singlet
transfer reactions that we investigate do not have any thermo-compjex. That is, the mechanism involves a diffusive encounter
dynamic Iimitati_ons_, i.e., they are not (_equilibrium limited  of the excited singlet state of anthracerfér®) with the
reactions. By “kinetically controlled” reactions we mean those q,enching reactant bromide (Q) that forms the initial excited
reactions that have a significant activation barrier and, thus, havesinglet state encounter comple}A(*-Q) that subsequently
rate constants far below the diffusion controlled limit. “Dif- undergoes heavy-atom spiorbit coupling induced ISC to an
fusion controlled” reactions are those that do not have an gycited triplet state compleX4n*-Q).

activation barrier, i.e., that react as soon as the species come
together. In liquid solutions, Leite and Naétshowed that

the quenching constant of aromatic molecules by quenchers of
heavy atoms depends largely on electron affinities and energy
levels of the reacting species. Even though the reactions of
interest are energy transfer (as opposed to electron transfer), a

k k
ANt + Q= "An*-Q—*An*-Q—An* +Q (1)

;’he triplet complex may then dissociate to excited state triplet
anthracene 3An*), which will subsequently deactivate to
ground-state anthracene and the bromide quencher. Wilkinson
and Medinget® have demonstrated that the triplet stetent)
is indeed the product of the fluorescence quenching of an-
thracene by bromobenzene by measurement of triplet state
quantum vyields. They found no effect on the mechanism in
going from a low to a moderate dielectric constant solvent and
no evidence for charged species. Ware and Nd&¥rbave
reported similar results in their investigation of the diffusion-
controlled fluorescence quenching of anthracene with,CBr

In more general terms, Thomaz and Ste¥éhave presented
a detailed description of external heavy-atom effects in aromatic
hydrocarbon fluorescence quenching. They have presented
convincing experimental evidence that measured rate constants
of fluorescence quenching will depend on two factors: (1) the

(22) Chateauneuf, J. E.; Roberts, C. B.; Brennecke, Supercritical
Fluid TechnologyBright, F. V., McNally, M. E. P., Eds.; ACS Symposium
Series 488; American Chemical Society: Washington, DC, 1992; p 106.

(23) Roberts, C. B.; Chateauneuf, J. E.; Brennecke, J. Am. Chem.
S0c.1992 114, 8455.

(24) Roberts, C. B.; Zhang, J.; Brennecke, J. F.; Chateauneuf,d]. E.
Phys. Chem1993 97, 5618.

(25) Roberts, C. B.; Zhang, J.; Chateauneuf, J. E.; Brennecke,JJ. F.
Am. Chem. Sod 993 115, 9576.

(26) Roberts, C. B.; Zhang, J.; Chateauneuf, J. E.; Brennecke,JJ. F.
Am. Chem. Sod 995 117, 6553.

(27) Bunker, C. E.; Sun, Y.-Rl. Am. Chem. S0d.995 117, 10865.

(28) Knutson, B. L.; Dillow, A. K.; Liotta, C. L.; Eckert, C. A. In
Innovations in Supercritical Fluid Science and Technolpghutchenson,

K. W., Foster, N. R., Eds.; ACS Symposium Series 608; American Chemical
Society: Washington, DC, 1995; p 166.

(29) Combes, J. R.; Johnston, K. P.; O'Shea, K. E.; Fox, M. A. In
Supercritical Fluid TechnologycNally, M. A., Bright, F. V., Eds.; ACS
Symposium Series 488; American Chemical Society: Washington, DC,
1992; p 31.

(30) Rhodes, T. A.; O'Shea, K.; Bennett, G.; Johnston, K. P.; Fox, M.
A. J. Phys. Chem1995 99, 9903.

(31) Ganapathy, S.; O'Brien, J. A.; Randolph, T. WIChE J. 1995
41, 346.

(32) Leite, M. S. S. C.; Nagvi, K. RChem. Phys. Lettl969 4, 35.

(33) Bowen, E. J.; Metcalf, W. Froc. R. Soc. A95], 206, 437.

(34) Ware, W. R.; Novros, J. S. Phys. Cheml1966 70, 3246.

(35) Nemzek, T. M.; Ware, W. Rl. Chem. Physl975 62, 477.

(36) Medinger, T.; Wilkinson, FTrans. Faraday Socl965 61, 620.

(37) Thomaz, M. F.; Stevens, B. Molecular Luminescenc¢d.im, E.
C., Ed.; Benjamin: New York, 1969; p 153.
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extent of spir-orbit coupling in the initial encounter complex used in the software, this system has the capability of measuring
and (2) the stability of the complex toward dissociation as lifetimes from 0.5 ns to several tens of microseconds. The steady state
determined by the donor/acceptor properties of the quenchingspectrofluorometer and the laserstrobe lifetime instrument share one
partners. The fluorescence quenching of pyrene (Py) with 29 sample com_partment. All data acqwsm_on functlons e>_<ce_pt sllt_ widths
chlorine, bromine, and iodine containing species was investi- are under direct computer control. Excitation and emission slits were

. typically set at a 0.52 nm resolution for the steady state fluorescence
gated and the observed quenching rate constaglswere measurements. Emission slits were typically of 3-nm resolution for

related to spir-orbit coupling parameters and electron-acceptor e jifetime measurements. A PTI laser dye (PLD 366) was used to
properties of the quenching species. Just as there is an internagenerate the laser pulse at the desired wavelength of 366 nm for the
effect of heavy atoms on the unimolecular ISC probability of experiments involving anthracene. The direct Ibser pulse at 337
isolated molecules, there is also an external heavy atomnm was used for the 1,2-benzanthracene study.

influence on the probability of ISC in th&Py*-Q complex The high-pressure optical cells used in this study were fitted with
caused by the heavy atom quenchég.and the ISC process  suprasil quartz windows, were equipped for @tection, and were
are related to the matrix element of the sporbit perturbation of approximately 2.5-mL capacity. They have been described previ-
operator between the singlet and triplet states of the compféx.  ously?

The second factor that influencés is the dissociation of Sample preparation for the anthracene/fiB0, system involved
Ipy*.Q. In the work of Thomaz and Stevéfso fluorescence placing a k_nown amount of an anthracene_/hexane sto_ck solution and
of the IPy*-Q complex was observed. This corroborated the an appropriate amount of a Cfitexane solution into the high-pressure
findings of Wilkinson and co-worke# that the heavy atom cell. The hexane was allowed to evaporate and the cell was evacuated

. . : with a vacuum pump and then filled with pure €ftom an Isco Model
quenching produces exclusively the hydrocarbon triplet state. 5 high-pressure syringe pump. The typical anthracene concentra-

Therefore kq may be re_presented by = kl'_kISC/_k—l for_ the tion was 3x 10 M. The quencher (CB) concentration varied from
cases wherk, is appreciably less than the diffusion limit. The 7.06x 104to 3.53x 103 M. The experiments were conducted at a
complex dissociation frequenck; may be related to its  constant molarity of the quencher as the pressure was varied from low
dissociation energyH) by k-1 = A exp(—E/RT), whereA is a to high by adding pure C£to the optical cell at 33C. The sample
constant andE is expressed, for a purely charge transfer was equilibrated for owe2 h before takjng any data to ensure that the
interaction, in terms of the ionization potentis$) of the donor components were fully dissolved. This was ascertained by a constant
and the electron affinityHa) of the acceptor, and the Coulomb intensity of the fluorescence signal. The constant molarity experiments
attraction energy G(r)) at the equilibrium, doneracceptor have been verified by separate experiments conducted at a constant
separation r), according to—E = Ip — Ea — C(r). A plot mole fraction of the quencher.

relatingk, and the two factors of spirorbit coupling parameters The reaction rate experiments for the anthracefté/By/CO, system

and acceptor properties (half-wave potentials) of the 29 heaVywere carried out at a constant mole fraction of quencher and involved

¢ h Kably i idering th ta slightly different procedure since@sBr is a liquid. Mixtures of
atom guenchers was remarkably linear considering the vas CO,/C,HsBr were prepared in an Isco Model 260D high-pressure

difference in the chemical composition of the quenchers. This syinge pump with use of a Reodyne HPLC injection loop for addition
result reinforces that the most likely mechanism for the reactions of liquid quencher (gHsBr). Pure CQ was flowed through the
presented in the present study is heavy atom induced ISC ofinjection loop containing the desired amount of quencher and was
the initially formed encounter pairs, i.éAn*-Q, and that the condensed in the Isco pump, which was maintained 4.7 Sample
magnitude ok, should be related t&, of anthracene (or 1,2- preparation involved placing an appropriate amount of the anthracene/
benzanthracene) arfe, of CBrs and GHsBr, as is observed hexane stock solution into the high-pressure optical cell, letting the
experimentally in our results. hexane evaporate, evacuating the cell, and filling it with the above
C;HsBr/CO, mixture from the Isco pump. All experiments were
performed from low pressure to high pressure by adding meke-C

Experimental Section Br/CO, mixture into the optical cell. Quencher concentrations were

Materials. Anthracene (Aldrich, zone-refined, 996), carbon determined with use of pure G@ensities calculated from the analytic
tetrabromide (Aldrich, 99%), bromoethane (Aldrich, 19%), 1,2- equation of state used by Angus et%h the construction of the IUPAC
benzanthracene (Aldrich, 99%), acetonitrile (Aldrich, 9998, HPLC CO; density data.
grade), hexane (Aldrich, 99%), and cyclohexane (Aldrich, 9%%%6, The 1,2-BA/CBK/CO; experiments were also carried out at a constant
HPLC grade) were used as received. Carbon dioxide (Scott Specialty mole fraction of the quencher in a manner similar to the one described
Gases, SFC grades2 ppm Q) was also used as received. for anthracene/éHsBr/CO,. Because CBris a solid, a U-tube

Procedure. Fluorescence spectra and fluorescence lifetimes were assembly, rather than the injection loop, was used to introduce it into
obtained with a Photon Technology International fluorescence system. the Isco pump. The U-tube was primed with the desired amount of
This system includes two main components: a steady-state spectro-CBrs, and pure C@was passed through it, carrying the quencher into
fluorometer and a laserstrobe lifetime instrument. The steady-state the pump. After filling the pump, the U-tube was rinsed thoroughly
spectrofluorometer consists of a 75-W xenon arc lamp with LPS-220 With acetone into a beaker to check for residual £BFhe acetone
power supply, lenses, emission monochromator, excitation monochro-was allowed to evaporate, leaving, in each case, no,.CBhe 1,2-
mator, and PMT for detection. The laserstrobe lifetime instrument uses BA was injected into the cell in the same manner described above for
a pulse method for the lifetime measurement. It includes a PL-2300 anthracene, and the experiments were performed from low to high
nitrogen laser coupled with a PL-202 high-resolution dye laser to Ppressure. The 1,2-BA concentration used was typically>3.00°
provide the desired excitation wavelength. The detection system for M, and the CBymole fractions were between 3.50107° and 1.20x
the lifetime system consists of the high efficiency emission monochro- 104 which yielded CBy concentrations between 3.%110*and 2.08
mator followed by a gated and pulsed photomultiplier tube. Time x 107°M. The 1,2-BA/CB/CO, samples could have been prepared
resolved detection is achieved with a stroboscopic approach similar to by using the method described above for anthracena/C8s. This
boxcar techniques. Fluorescence decay data are acquired by measuringrocedure, making up a G@Br, sample in the Isco pump, was
the fluorescence intensity at a large number of points in time from developed to ascertain that the concentration of,@&s the intended
before the excitation light pulse to a terminal point that is generally value. However, anthracene/GBEO, samples prepared by both
five to seven times the measured lifetime. With the 2 ns nitrogen laser methods produced the same results, indicating that both techniques are
pulse as the dye laser pump and the iterative reconvolution techniquereliable.

(38) McClure, D. SJ. Chem. Phys1949 17, 905. (40) Angus, S., Armstrong, B., de Reuck, K. M., Edsternational
(39) McGlynn, S. P.; Reynolds, M. J.; Daigre, G. W.; Christodouleas, Thermodynamic Tables of the Fluid State: Carbon DioxiBergamon
N. D. J. Phys. Cheml1962 66, 2499. Press: Oxford, 1976.
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The solvatochromic shift data were carried out in the same high-

pressure optical cell and with the same steady-state fluorescence 59.6 bar
spectrometer described above. The local density measurements (an-o [ oo | 75.6 bar
thracene/C@ data) involved depositing an appropriate amount of 3 |

anthracene into the cell and filling the cell with @ffom an Isco Model -2 Y | S 1 N 1t T 84.1 bar
260D pump. The experiments were performed at constant molarity & +  fRd [ERY bt | ool 160.7 bar
by adding pure C®from the Isco pump. The local composition ©

measurements (anthraceng#Br/CO, data) were also taken at constant & [~ o Emission
molarity of both the anthracene and the bromoethane. Liquid bromo- @ | EXC"ta"O“ .. spectra
ethane was introduced into an evacuated cell containing anthracene @ spectra o

through the Rheodyne injection loop with use of pure,@@m the o L

Isco pump. The experiments were conducted from low pressure to u_:_‘i

high pressure by adding pure @OThus, the spectra were taken at
various pressures with constant concentrations of anthracene and —~
bromoethane of 6.78< 10°® and 0.268 M, respectively. This e
corresponds to bromoethane mole fractions that range from 4 mol % 280 310 340 870 400 430 460
at low pressures to 1.4 mol % at high pressures. Wavelength (nm)

For all experiments, the temperature within the high-pressure optical Figure 1. Excitation and emission spectra of anthracene fluorescence
Ce“ was m0n|t0red and COntrO“ed W|th a p|atlnum rESIStance thel’- in pure CQ at 35°C at Various pressures_ The exc|tatlon Wavelength
mometer that made direct contact with the supercritical fluid mixtures, for the emission spectra measurements was 347 nm and the excitation
and an Omega (Model CS-6071A) temperature controller equipped with spectra were obtained by monitoring the fluorescence at 389 nm. The

a Watlow Firerod cartridge heater. Pressure was monitored at the fiyorescence intensity at different pressures has been normalized for a
optical cell with a Heise (Model 901A) pressure gauge. The optical clear comparison.

cell temperature and pressure were typically maintainegtGat °C
and +0.1 bar, respectively. All normal liquid experiments were a
conducted with use of 1 cm quartz cells at room temperature. 372

4
gy

=

Results

tion (nm)

370 |- OOOOO O O
&

368 - O

The experimental results are divided into four sections. The
first section describes the steady-state fluorescence of anthracene
in supercritical CQ and supercritical C&C;HsBr mixtures.
Both excitation and emission spectra were obtained for an-
thracene in pure Cat 35°C from 57.6 to 160.7 bar and the
observed spectral shift with pressure is analyzed in terms of
the local density augmentation. In the supercriticab{OgHsBr
mixture the excitation and emission spectra of anthracene were
obtained at 35C from 76.4 to 155.6 bar and analyzed to obtain 364 L ) ! ) A , | .
local compositions. The next three sections give the results for 50 75 100 125 150 175
the quenching reactions of anthracene/CBr2-BA/CB1, and Pressure (bar)
anthracene/@HsBr, respectively. The three different reactions
were studied in C@at 35°C and in liquids at room temperature
with time-resolved and/or steady-state fluorescence spectros-
copy. To obtain the bimolecular rate constants, either fluores-
cence lifetimes #) or fluorescence intensities (I) of the
fluorophor (anthracene or 1,2-BA) were measured at different
pressures and different quencher concentrations. Then-Stern
Volmer plots were constructed and the Ste¥folmer constants,

Ksv, were determined by reading the slopes, according to the
well-known Sterr-Volmer relationships. 7, and I, are the
fluorescence lifetime and intensity, respectively, of the fluoro-
phor in the absence of added quencher.

osi

366 O

Excitation Peak P
O

372

370 | O OO
DOO

368 | (59
366 - P

Emission Peak Position (nm) ©

7/t = 1+ K [quencher] (2a) 364 PR N PR TS RS B
50 75 100 125 150 175

or Pressure (bar)

_ Figure 2. Change of peak positions with pressure for excitation (a)
I/l =1+ KgJ[quencher] (2b) and emission spectra (b) of anthracene fluorescence inat36°C.

. . The vertical line is positioned where the wavelength increase changes
The bimolecular quenching rate constaki, was calculated  gjope.

from the following relationship.

room temperature. Then, both the fluorescence excitation and
Ky = — ) emission spectra of anthracene were measured from 57.6 to
! o 160.7 bar at 38C in pure CQ, and these results are shown in
Figure 1. Both spectra shifted about 6 nm at high pressures in
1. Steady-State Fluorescence of Anthracene in Super- CO;, at 35°C, relative to liquid acetonitrile. The spectra also
critical CO , and Supercritical CO,/C,HsBr Mixtures. For shift about 5 nm when changing the pressure from 57.6 to 160.7
comparison with SCF experiments, we first measured the bar at 35°C. Thus, a significant change in solvating power
excitation and emission spectra of anthracene in acetonitrile atcan be achieved by simply varying the pressure of the.CO
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a Table 1. Solvatochromic Shifts of the;5S; Emission Peak and
< 371 the $—S, Excitation Peak of Anthracene at 3& in Pure CQ and
c - a Mixture of CQ and GHsBr?
c 9701 Si—S emission S—S; excitation
:g r pressure peak max (nm) peak max (nm)
8 369 - (bar) pure C@  mixture pure CQ@  mixture
[a -
X ag8 76.4 367.75 369.5 367.5 368.75
8 B 80.0 368.25 370 368 369.5
o i 84.1 368.75 370.25 368.5 369.5
s 367 88.2 369.5 370.25 369 369.5
= 3 94.1 369.75 370.25 369.5 369.75
I 6l 101.0 369.75 370.25 369.75 370
L i 111.0 370 370.25 369.75 370
Ll 365 L r 128.4 370 370.25 370 370.25
0 0.2 0.4 0.6 0.8 1 155.6 370.25 370.5 370 370.25
Density (kg/l) aNote: The maxima for the ;S emission peak and theySS;
excitation peak occur at 379 and 378.5 nm, respectively, in pure
b bromoethane.
fé\ 371
£ 370 _ measured from 76.4 to 155.6 bar at 35 in the mixture of
.5 | CO,/C,HsBr, and the $—S; excitation band and the;SS
T 369 L emission band are listed in Table 1 as a function of pressure.
g | The peak positions change about 3 nm in going from low to
v high pressure, which is small but measurable with the instrument
S 368 |
O | accuracy of aboui=0.25 nm.
05 367 | 2. The Reaction of Anthracene with CBi in CO,. To
'8 L study potential effects of local solvation on fluorescence
QD 366 L qguenching reactions in supercritical fluids, we performed time-
UEJ L resolved fluorescence experiments on the system of anthracene/
365 . T | . L . L . CBr4 in CO, at 35°C over a pressure range of 80.3 to 160.7
0 0.2 0.4 0.6 0.8 1 bar.
Density (kg/l) To verify that the quenching reaction of anthracene by CBr
Figure 3. Change of peak positions with density for excitation (a) IS a diffusion-controlled reaction in liquids, as reported in the
and emission spectra (b) of anthracene fluorescence inaC@6°C. literature3234we performed time-resolved fluorescence experi-

The solid line is a linear least-squares fit to the high-pressure data. ments for this quenching reaction in acetonitrile at room
temperature. The fluorescence decay of anthracene was very
well fitted to a single exponential equation by deconvolution
from the instrument response function (IRF). The Stern

L = O 35%3M A 7.06e-4 M Volmer plot of the lifetime ratio ofzy/z versus quencher
9k g =ha = concentration is linear over the concentration range studied and

B o g O gives a SteraVolmer constanty,, of 110.7 M. The lifetime
- Q@AA AN DA A A LA of anthracene in pure acetonitrile at room temperature was

—
N
T

O  pure CO2 O 1.77e-3 M

determined to be 5.1 ns (which is in reasonable agreement with
o000 O © o © o the literature value of 4.83t 0.4 n$%, and this gives a
i égp o o © o0 © bimolecular rate constant of 2.1% 10 M~ s™1. This
3 000 bimolecular rate constant is in excellent agreement with the
3 g
I B prediction of the StokesEinstein based Debye equation, which
o , | L | _ | , gives a value of 1.9« 101 M~1s7L This confirmed that the
50 75 100 125 150 17 guenching reaction of anthracene by ¢Brdiffusion controlled
in liquids.
) o ) The pressure dependence of the fluorescence lifetime of
Flglojre 4, Measu'red fluorescence_ lifetimes of anthracene in, @D anthracene in pure GQvas measured and is shown as the top
35 °C as a function of pressure in pure £@nd for several CBr e in Figure 4. It is interesting to notice that the anthracene
concentrations. - L . .
lifetime decreases with increasing pressure and levels off at high
Figure 2 shows the change of spectral position with pressure. Pressures. This trend is the same as the fluorophor BPEA in
For a clear comparison of the pressure effect on the excitation CO2%’ but different from another fluorophor, 9-cyanoanthracene,
and emission spectra, we present theOOtransition for in several supercritical fluid&. It has been suggested that the
anthracene, i.e., the longest wavelength peak of the excitationradiative rate of the fluorescence decay should be proportional
spectra (§-S;) and the shortest wavelength peak of the tO the square of the refractive index of the solvetsTo
emission spectra (SS) in Figure 2. The spectra shift more identify the factors which affect the anthracene fluorescence
rapidly with increasing pressure at low pressures; however, this lifetime in CO,, a plot of ¢ x n?) versus pressure is given in
change is less dramatic after reaching a pressure of about 8g-igure 5, whera is the refractive index of Cgxalculated from
bar, which is marked with a vertical line as a guide. To show : : :
the dependence on bulk density, the same data are plotted again%é“é)‘lgéce' J. K., Niemeyer, E. D.; Bright, F. \J. Phys. Chem1996

the density of Q@.in Figure 3_- ] (42) Lampert, R. A.; Meech, S. R.; Metcalfe, J.; Phillips, D.; Schaap,
Both the excitation and emission spectra of anthracene wereA. P. Chem. Phys. Lett1983 94, 137.

Fluorescence Lifetime (ns)
[e)]
T

Pressure (bar)
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Figure 5. Plot of the fluorescence lifetime)(times the square of the Figure 6. Stern-Volmer plot for anthracene/CBin CO;, at 35°C at
refractive index 1(?) as a function of pressure for anthracene in pure gayeral pressures.

CQO; at 35°C.
3.0E+11

an empirical equatiof? The plot shows that x n?is constant -
from 165.4 bar to about 78 bar. This suggests that the refractive 2.5E+11 - O Experimental
index is the main factor responsible for the lifetime change in r kg (SE/D eqn)
this pressure range. However, the situation becomes more  20E+11 -
complicated at pressures below about 78 bar. In addition to I
the dramatic change of refractive index, the changes of T 'S8+
fluorescence quantum yield, extinction coefficient, and absorp- = I
tion spectral shift all become important and prohibit any 0B+ - o
f;[rétl:;usion without tackling all these influencing factors sepa- 5.0E+10 N © 0o © 0o o o

To construct SteraVolmer plots, the fluorescence lifetimes 0.0E+00 R R S R B
of anthracene were measured at different quencher concentra- 70 90 110 130 150 170
tions. The CBj concentration in C@ranged from 0.71 to 3.53 Pressure (bar)

mM. At all conditions the fluorescence decays of anthracene

were well fit to a single exponential. In fact, attempts to fit the constants for the fluorescence quenching reaction of anthracene/CBr

d.ec"’.‘Y to a double eXponenti{il equation did .not. improvg ,the fit in CO; at 35°C, compared to predictions from the Stoké&Snstein
significantly and gave essentially the same lifetime as fitting to p5geq Debye equation.

a single exponential equation. The experimental fluorescence . ) ) . e
lifetime results are presented in Figure 4 for anthracene in CO €xamined. This reaction was determifiedo be diffusion

at 35°C and several concentrations of quencher. In contrast to controlled in liquid 1,2-propanediol. To confirm diffusional
the trend of lifetime change with pressure in pure Ce react|_v|ty, We_performeq time-resolved quenching experiments
fluorescence lifetime of anthracene increases with increasingfor this reaction in liquid hexane at room temperature. The
pressure in the presence of the quencher. The change in th@tern—Volmer plot of rolr'versus quenc_her concentration is
lifetime is more dramatic at low pressures. This indicates that linear over the concentration range studied and gives a Stern

the high efficiency quenching of anthracene by ¢Brgreater ~ Volmer constantKs,, of 1113 M. This, along with a value
than the effect of refractive index on the lifetime. of 55.9 ns for the fluorescence lifetime of 1,2-BA in pure

The Stern-Volmer plot is presented in Figure 6 for an- Nexane, gives a bimolecular rate constant of 1x990'0 M~*
thracene/CBrin CO, at 35°C and at several pressures. The S % The value for this rate constant from the Stok&nstein
Stern-Volmer constants were obtained by reading the slopes based Debye equation is 2.1510'* M~* s™%, which confirms
in Figure 6. These values decrease from 1382 &t 80.3 bar that the reaction is diffusion controlled in liquids at room

to 361 M1 at 160.7 bar, a 3.8-fold change over this pressure temperature. . . .
range. According to eq 3, the bimolecular rate constants for ~ The quenching experiments in G& 35°C were performed

this quenching reaction were calculated from the Statolmer at various constant mole fractions of quencher over a pressure
constants and the fluorescence lifetime of anthracene in puref@nge from 77.9 bar to 158.6 bar. With use of these fluorescence

CO, measured at the pressure and temperature of the individuallifetimes and the densities of pure C5tern-Volmer plots

quenching experiments. The bimolecular rate constants areWere constructed at each pressure at@and these are shown
shown in Figure 7 as a function of pressure. Also shown in in Figure 8. The SteraVolmer plots are linear over the
the plot are the predicted bimolecular rate constants from the concentration range examined, and the St&folmer constants

Figure 7. Plot of the pressure dependence of the bimolecular rate

well-known Stokes Einstein based Debye equatitgi = 3RT/ were determined at each pressure from the slope of the lines
1, wherey is viscosity of the solvent, which is estimated by according to eq 2a. Using the Sterdiolmer constants and the
the Jossi Stiel-Thodos methatt45 for CO,. lifetimes of 1,2-BA in pure CQ@ the bimolecular quenching

3. The Reaction of 1,2-Benzanthracene with CBrin CO,. rate constants were determined from eq 3 and are plotted in

: Stokes-Einstein based Debye equation. With increasing pres-
gfg JBgsSssierJer'Aquﬁb T°Lb'?§‘¥”ﬁo%5'§'32?&“553%5?5*89753918' 137. sure, the bimolecular rate constaktsdecrease from 1.1&
(45) Reid, R. C.. Prausnitz, J. M.; Poling, B. Ehe Properties of Gases 10 M=t st at 77.9 bar to 5.1% 10'°M~! s™! at 158.6 bar,

and Liquids 4th ed.; McGraw-Hill: New York, 1987. a 2.3-fold change over the pressure range studied.
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Figure 10. Stern—Volmer plot for the quenching reaction of an-
et)"lracene/(éHsBr in cyclohexane (top) and GGat 35°C and various
pressures (bottom). The data obtain with £&% the solvent were
obtained from fluorescence lifetime measurements. The cyclohexane
data were obtained from both fluorescence lifetime and steady-state
intensity measurements.

Pressure (bar)

Figure 9. Plot of the pressure dependence of the bimolecular rate
constants for the fluorescence quenching reaction of 1,2-benzanthracen
CBr, in CO; at 35°C, compared to predictions from the Stokes
Einstein based Debye equation.

4. The Reaction of Anthracene with GHsBrin CO,. We
have presented experimental results for the diffusion-controlled Table 2. Rate Constants for the Reaction of Anthracene with
reactions between anthracene and £&Bd 1,2-benzanthracene C;HsBr in Various Solvents, Along with Their Physical Properties

and CBy in supercritical CQ. Here we give results for the refractive dielectric viscosity  rate const
kinetically controlled reaction of anthracene withHgBr in solvent index const (cP) M-1sh
supercritical CQ. We chose a quencher {dsBr), which CO;(73.5bay  1.0% 1.14 0.022F 1.63x 1C°
contains the same heavy atom (Br) as in the previous quencherCo, (166.5bay 1.1% 1.5 0.073t 2.17x 10°
(CBrg), but which has a reduction potential 62.08 V32 Since hexla?]e 11%292 %ggf i)-gjlf?‘ %-ggx ﬁ:
i i i cyclohexane . p 02" U .0b x
the reduction potential of the quencher is close to that of the a)(/:etonitrile 1 3480 37 50 038 218 106f

energy donor (the reduction potential of anthracene 1s96
V), one would expect this reaction to be kinetically controlled, 2 Reference 432 Reference 71¢ References 44 and 45Reference
as will be discussed laté?. 72.° All data for CQy are taken at 38C. f Liquid data at 20°C. 9 Liquid
data at 25°C. " Liquid data at 15°C.

The fluorescence quenching reaction of anthracene,biy&e
has been reported in the literatidfe To verify that this reaction

e e ot o et vt one. 2185 10 15 1 for Nexane,cylofexane, and acstonirie
P y Y y respectively. The rate constants are about two orders of

;ii?lc:/rﬁ?ritgl(;rt.erizegcteerixgergtrnre;ts'llrr::%ggl?s’ ?gflghgzﬁgiéﬂg%agnitude lower than the diffusion control limit and independent
P ) Y of the viscosity of the solvents (see Table 2). As previously

e in excellent agreement with the fetme results in il tree. CeTonSialed the quenching reaction of anhracene bYiG
solvents. The StgrﬂVolmer lots are linear over the concen- Br is kinetically controlled in liquids (i.e., it has an activation
: p barrier). As such, it is a good probe to study the solvation

tration range Stu?'ed’ and yield a St?Molmer constant (the effects on kinetically controlled quenching reactions in super-
slope) of 1.06 M1 for hexane, 1.09 M! for cyclohexane, and critical fluids

1.11 M1 for acetonitrile. The fluorescence lifetime of an- All fluorescence guenching experiments were performed
thracene has been determined to be 5.7 ns in hexane, 5.3 ns irL‘Jnder constant moleqfraction gondﬁions for this reacF;ion The
cyclohexane, and 5.1 ns in acetonitrile, which are in good )

agreement with the literatuf84? Thus, we determined the measured I|f_et|r_ne of a_nthracene, in the presence of quencher,

increased with increasing pressure and then leveled off at high
(46) Hui, M-H.; Ware, W. RJ. Am. Chem. S0d.976 98, 4718. pressures. From the measured fluorescence lifetimes and the
(47) Ware, W. R.; Baldwin, B. AJ. Chem. Phys1965 43, 1194. densities of pure CQwe constructed the StertVolmer plots

bimolecular rate constants to be 1.8710°, 2.06 x 108, and
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Figure 11. Bimolecular rate constants plotted vs pressure (top) and

density (bottom) for the quenching reaction of anthracene with
C,HsBr at 35°C.

at each pressure at 3& using the bulk concentrations of the
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Figure 12. Ratio of local density to bulk density of GCGaround
anthracene molecules in G@t 35°C as a function of reduced density.
These data were obtained from the spectral shift measurements shown
in Figure 3.

properties of solute molecules, and the potential effects on
reactions in supercritical fluids. Researchers have quantitatively
characterized local solvent density using different techniques,
which include absorption solvatochromic shiffgpyrene fluo-
rescence peak ratio$ifl3),*28 solvatochromic shifts of fluo-
rescence specttd;*°and measurement of rotational correlation
time of solute molecule®. In this study we can determine local
densities from the fluorescence wavelength shifts for the
anthracene/COsystem. This system is important since an-
thracene is a well-known and widely used molecular probe and
CGO; is the most widely used supercritical fluid and has potential
as an environmentally benign replacement for many organic
solvents.

We obtained quantitative estimates of the local density of
CGO; around anthracene using the data in Figure 3. These curves

qguencher, and these are shown in Figure 10 (bottom). Theexhibit a characteristic linear portion at high pressures and an

Stern-Volmer plots are linear at all pressures over the bulk
quencher concentrations studied. The Stérnlmer constants

upward deviation from that trend at intermediate pressures,
spanning through and extending well below the critical density.

were obtained by reading the slopes at each pressures in Figur@hese trends bear close resemblance to the peak ratio measure-

10 (bottom). From the SterrVolmer constant and lifetime in

pure CQ, the quenching rate constants based on bulk concen-

bulk

trations,k,; ", were determined for each pressure, according to

ment of pyrene fluorescence in supercritical fluids reported
previously*%48 The upward deviation from the linear trend
established at high pressures was used to estimate local densities,

eq 3, and are plotted versus both pressure and density in Figurgollowing procedures similar to those used previodsiy. The

11, parts a and b. With increasing press¥¥ decreased
from 1.63x 1°®M1stat73.4barto 2.1% 1M 1stat

local density values were obtained by finding the density that
a given peak position corresponds to on a linear least-squares

166.5 bar, about a 7.5-fold difference over the pressure rangeline fit through the high-pressure points in Figure 3. The local

studied.

Discussion

To interpret the experimental results, we will first use the
fluorescence wavelength shifts to determine local density
augmentation around anthracene in supercritica} @@ the
local composition of bromoethane around anthracene ingd CO
C;HsBr mixture. The next section includes a discussion of the
estimation of diffusion coefficients in supercritical fluids. Then
we will show how this applies to the two diffusion controlled
reactions of anthracene and 1,2-benzanthracene with &#8r
provide an alternative interpretation of the data previously
presented for the reaction of BPEA with GBrFinally, we will
discuss the kinetically controlled reaction of anthracene with
bromoethane (&4sBr).

1. Interpretation of Fluorescence Wavelength Shifts.
Local density augmentation of the solvent around dilute solute

molecules in supercritical fluids has been studied for some time

due to its important influence on solvation, physiochemical

density results are shown in Figure 12. The implied assumption
made is that there is no local density enhancement at high
pressures and the dependence of the spectral shift on density
should be the same at both low and high pressures if there is
no local density augmentation. The maximum in the ratio of
local to bulk density occurs at about a reduced density of 0.58,
well below the critical density, which is in qualitative agreement
with some recent studi€€:51.52 Although the ratio of local to

bulk density can be as high as 1.8 at about half the critical
density, the local density at any given pressure does not exceed
the local density at a higher pressure over the whole pressure
range studied.

(48) Sun, Y.-P.; Bunker, C. E.; Hamilton, N. Bhem. Phys. Letl.993
210 111.

(49) Sun, Y.-P.; Bunker, C. BBer. Bunsenges. Phys. Cheh995 99,
976.

(50) Anderson, R. M.; Kauffman, J. B. Phys. Cheml995 99, 13759

(51) Sun, Y.-P; Bennett, G.; Johnston, K. P.; Fox, MJAPhys. Chem.
1992 96, 10001.

(52) O'Brien, J. A.; Randolph, T. W.; Carlier, C.; GanapathyABChE
J. 1993 39, 1061.
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Figure 14. Plot of diffusion coefficients versus the inverse of viscosity
Pressure (bar) for anthracene in different liquid solvents. The solid line is a power

Figure 13. Ratio of local composition to bulk composition ofidsBr law fit of the form Dy, = (1.228 x 1075)7077"

around anthracene in G@t 35°C. These values were determined from

the solvatochromic shift data shown in Table 1. Equivalent results were the slope. Thus, a power law expression has been suggested,
obtained from the excitation specti@®)(and the emission spectril. D12 0 52 Hayduk and Minha¥ conducted a critical review

of liquid diffusivity data and found that an exponent of 0.78

Local compositions around dilute solutes in supercritical fluid worked best based on 254 values of diffusivities in nonpolar

mixtures have also been studied by a number of researchers . .
using solvatochromic shift dat& 5 Kim and JohnstoR solvents. An exponent of 0.8 was the best fit for 436 data points

o . __in both polar and nonpolar liquid solvents. Even in a study of
developed a model to calculate local compositions by assuming, " yie ity of naphthalene in supercritical GQamb et af8
that the shift in the mixture is due to a linear contribution of found that y pl e, Ojszp tant ted thei
the pure component shifts weighted by the local mole fractions ound that a power & V) constant, represented their
and the coordination numbers. Using this technique, we experimental data well. On the basis of this observation, the

obtained local compositions of the bromoethane around the;Zﬁ;{nthaéstlw:éﬁ”gcglzC%S%Oi'tgs)arznrgtg(e):;gwcgﬁK:rlilgons
dilute anthracene solute using the solvatochromic shift data in betwgen experimental diffusivit ), tical f ﬁ§7p

Table 1, and these results are shown in Figure 13. For the perimental difusIVItES In Supercritical Tlutis, one
coordination number ratios we used molar density ratios, where might expect the Stokeskinstein equation to overestimate the

the density of liquid bromoethane is 1.46 kg/L (13.4 M), the d|ffu5|V|ty at sulpc?;;:rlt!cal conﬁ((j.|t.|onsa f anth .
density of pure C@at each pressure was obtained from the  EXPerimental diffusion coefficient data of anthracene i,CO

IUPAC equation of staté and the density of the mixture was are not available in the literature to our knowledge. However,
approximated with the oiensity of pure GOExcitation and experimental diffusion data are available for both the anthracene

. . o ea
emission spectra data gave equivalent results, and both arddround .and. triplet states in normal_llqu@fs, ‘?‘”d they. are
plotted in Figure 13. Since the experiments were done at plotted in Figure 14. .Anthrace.ne triplet diffusion coefficients
constant molarity of the bromoethane rather than constant moledoI not ST‘?_’ anfy r:]otgez?(bleEc_ilffer_enc; fro dm the ground sk,;[ate
fraction, the results are plotted as a ratio: local mole fraction/ values. Ilt |9 t_ded_ffto es (ljnstelnh ase quuannlAtfo t €
bulk mole fraction. This presentation relies on the reasonable erpe_rmieg;a '1%8'5 ! us.'%n fa'gell S Ode f.'n Algbure ! glves
assumptiof?1415that at a particular temperature and pressure 62 o (d. rf ) s with a .a"ygoo 22It8 O?ttGEO.;E;S
the ratio of local to bulk mole fraction is not sensitive to © Ejamlf' wit ha povl\{gr aw equ;mdhlz_— I(Zl lel 51)_’; '
concentration over the small range of mole fractions used (0_014ar_1 this is the solid curve shown in Figure 14. IS agrees
to 0.04). The ratio of local to bulk mole fraction ranges from V.‘”th, the cornprehenswe study of d|ﬁgS|on coefﬁuepts n ”OTma'
close to unity at high pressures to about ten at low pressures.iduids mentioned abové. The question that remains is which
This trend and these values are similar to those obtained for €duation fit to the experiment diffusion dat_a In I|qU|d_s_ should
other solvatochromic probe/cosolvent systems in supercritical best represent the diffusivity o.f.anthrqcene |r_1_supercr|t|caJ.CO
CO,12-15 We will use these data to help in the analysis of the When extrapolated to supercritical fluid conditions, the Stekes

reaction rates for anthracene with bromoethane in i@@ection Ehlnsteln b?sed equation g|vesh5|gn|f|_can_tly larger velllueshthan
4 of the discussion below. the power law expression, as shown in Figure 15. Also shown

2. Estimation of Diffusion Coefficients in Supercritical in Figure 15 are the experimental diffusion coefficients of

Fluids. Diffusion data in supercritical fluids are often modeled molequles smglgg Gt;)(s?nthracene n supercrlltlcalmtalned
by StokesEinstein based equations, which state that the TOM literature2e: 55656 The power law equation obtained from

diffusivity is inversely proportional to viscosity of solveri2{, the liquid data gives remarkably good predictions when

O#n~1). However, it has been frequently found that the Stekes (58) Lamb, D. M.; Adamy, S. T.; Woo, K. W.; Jonas,JJ.Phys. Chem.
Einstein based equations do not apply to the low viscosity 1989 93, 5002.
region>3-57 After reviewing diffusivity data for noncomplexing (519) Chan, T. C.; Chan, M. L1. Chem. Soc., Faraday Trar992 88,

systems in normal liquids, Hay_duk a_nd Chetigpund that the (60) Meyer, E. G.: Nickel, BZ. Naturforsch. AL98Q 35A 503.
slope of the logD vs log # relationship appears to depend on (61) Fan, Y.; Qian, R.; Cheng, M.; Shi, M.; ShiBer. Bunsenges. Phys.

the diffusivity itself; i.e., the lower the diffusivity the greater ~Chem.1995 99, 1043.
(62) Bacon, J.; Adams, R. Mnal. Chem197Q 42, 524.

(53) Hayduk, W.; Cheng, S. Chem. Eng. Scil971, 26, 635. (63) Wisnudel, M. B.; Torkelson, J. MAIChE J.1996 42, 1157.
(54) Hayduk, W.; Minhas, B. SCan. J. Chem. Endl982 60, 295. (64) Dymond, J. HJ. Phys. Cheml1981, 85, 3291.

(55) Feist, R.; Schneider, G. Maep. Sci. Technol982 17, 261. (65) Imotev, M. B.; Tsekhanskaya, Yu. YRuss. J. Phys. Cherhi964
(56) Debenedetti, P. G.; Reid, R. BIChE J.1986 32, 2034. 38, 485.

(57) Liong, K. K.; Wells, P. A.; Foster, N. Rl. Supercrit. FluidsL991, (66) Swaid, I.; Schneider, G. MBer. Bunsenges. Phys. Chef®79

4, 91. 83, 969.
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Figure 15. Plot of diffusion coefficients versus the inverse of viscosity
for various aromatic molecules in supercritical £0he solid and
dashed lines are the extrapolations of the Stefgastein model and
the power law equation, respectively, fitted to diffusion coefficient data
of anthracene in liquids. The data are for the following solutes and
conditions: () naphthalene, 35C;%° (a) naphthalene, 38C;> (O)
naphthalene, 5%C;> (®) 2-naphthol, 35C;* (*) 2-naphthol, 45°C;*¢

(©) benzene, 40C;%¢ (O) n-propylbenzene, 40C;* and &) 1,3,5-
trimethylbenzene, 40°C5¢ The StokesEinstein and power law

J. Am. Chem. Soc., Vol. 119, No. 4298997

experiments indicate that the reactions of both anthraceng/CBr
and 1,2-BA/CBj occur at the expected diffusion control limit
in supercritical CQ.

However, these results do not agree with those published
recently for a very similar reaction, the fluorescence quenching
of 9,10-bis(phenylethynyl)anthracene (BPEA) with ¢Brboth
liquid hexane and supercritical G& In their paper Bunker
and Suf’ described the BPEA/CBrreaction as diffusion
controlled but concluded that the reaction was enhanced by the
local composition enhancement of GBaround BPEA, thus
suggesting that a diffusion-controlled reaction can be influenced
by the enhanced molecular interactions between the reacting
species. This is in striking contrast to the results for anthracene/
CBr4 and 1,2-benzanthracene/GRuenching reported above.
Bunker and Sun reached their conclusions for the BPEA{CBr
system by comparing their experimental data to the SE/D
prediction multiplied by a factor of 0.18. They did this to force
the theory to match the experimental data at high pressures.
However, when this multiplier was used the experimental data
fell above the SE/D prediction at lower pressures, and this
deviation was attributed to enhanced local compositions of the
CBr, around the BPEA? The discrepancy between our

extrapolations from the liquid data at room temperature are corrected @nthracene/CRrand 1,2-benzanthracene/GBesults presented

to 35°C for better comparison with the supercritical data.

extrapolated to the supercritical region (Figure 15). The

difference between the extrapolation of the StekEBistein

above and the results for the BPEA/GBeactio?” motivated
additional examination of the BPEA/CBsystem.

The BPEA/CBJ quenching reaction was described as diffu-
sion controlled and was analyzed with use of the Stekes

based equation and the power law equation (up to about a factorEinstein/Debye equatioH. However, the bimolecular rate

of 2) demonstrates why the StokeSinstein based equation has

constants were only about 34% of the value predicted from the

been observed to somewhat overpredict diffusion coefficients SE/D equation in liquid hexane, and only 18% of the value

in low viscosity supercritical fluids, even though it does an
excellent job of predicting diffusivities in liquids. Failure of
the Stokes Einstein equation at low density (which corresponds

predicted in CQ at a reduced density of 1.9 at 38. We
have confidence in these data since we have reproduced them
in our laboratory. Since the rate constants for BPEA/CBe

to low viscosity in SCFs) may be due to a violation of the significantly below the SE/D predictions in both liquids and
theory’s assumption that the solute diffuses through a continuumsupercritical C@, there is some concern as to whether this
that exerts a uniform force on the molecule or to clustering of reaction is really diffusion controlled. This concern is further
the solvent around the solute leading to a larger effective size strengthened by examining the reduction potentials and elec-
of the diffusing specie® This is an area that warrants further  tronic energies of the involved species. Leite and N&qvi
investigation. Nevertheless, an overestimation of the diffusion studied various quenching reactions and their results indicate

coefficient by the StokesEinstein equation leads directly to
an overprediction of the diffusion control limit of reaction rate
constants by the SE/D equation.

3. The Reactions of Anthracene with CBE and 1,2-
Benzanthracene with CBi. On the basis of the above

clearly that the important effect on the reaction rate is the
reduction potential difference between the two reacting species.
The quenching reaction can be shifted from a diffusion
controlled reaction to a kinetically controlled reaction by
choosing quenchers of different reduction potential or electron

discussion, we conclude that the reactions of both anthracene/affinity. The reduction potential of anthracene-i4.96 V88

CBrs and 1,2-BA/CBj occur at the diffusion control limit at
all pressures studied in GGt 35°C. This is in agreement
with other diffusion controlled reaction stud?g®> and the
revised analysi€®” of several studies of pyrene excimer
formation in supercritical fluid$%-2! In this study there is no

compared to—-0.81 V for BPEAS® The reduction potential is
—0.30 V for CBy, and, for comparison;-2.08 V for GHsBr.32

The closer the reduction potentials of the energy donor and
acceptor, the slower the reaction. The reduction potentials for
anthracene and CBare very different, and the energy transfer

indication of increased rate constant due to the enhancedreaction between them is diffusion controlled. Conversely,

molecular interaction between the anthracene or 1,2-BA mol-

ecule with the CBr. This may be due to the equilibrium
distribution of quencher molecules (GBaround the anthracene

anthracene and #sBr have similar reduction potentials and,
subsequently, react at a rate several orders of magnitude below
diffusion control (i.e., it is a kinetically controlled reactieone

or 1,2-benzanthracene not having sufficient time to be estab-with an activation barrier). The BPEA/CBreaction falls

lished for the fast diffusion process. The initial equilibrium

between these two extremes. Another measure of the donor’s

distribution of the CByaround the ground state anthracene may willingness to transfer energy to the quencher is the donor's
lead to a greater chance of static quenching, but this would occurelectronic energy. The electronic energy of anthracene in its
at a much shorter time scale than the diffusion process andfirst excited state is 3.3 é¢while it is 2.66 eV for BPEA? so
would not be detected in a nanosecond scale lifetime measurethe driving force is greater for the anthracene/QBaction than
ment. In other words, the diffusional bimolecular rate constants for the BPEA/CBJ, reaction. Thus, the reaction of BPEA with
determined from fluorescence lifetime measurements do not CBr, may not be diffusion controlled. The local composition
reflect static quenching effects if they are present. These enhancement obtained by Sun ef%aimay be from solvation

(67) Bright, F. V. Presented at the 49th Okazaki Conference on the

Structure and Dynamics of the Clusters formed in Supercritical Fluids;
Okazaki, Japan, March 1517, 1994.

(68) Ruoff, R. S.; Kadish, K. M.; Boulas, P.; Chen, E. C. J.Phys.
Chem.1995 99, 8843.
(69) Zhang, B.; Chen, J.; Cao, Xexue Tonghad 986 32, 1079.
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2.5E+11 for the BPEA/CBJ reaction. Since the BPEA/CBreaction is
L ® k, noticeably below diffusion control, we believe that the inter-
= 50411 L pretation presented here of both diffusional and activated
=2 | contributions to the measured rate may be an alternative
< e b explanation of the Bunker and Stirdata. Also, this analysis
I demonstrates that there may be mechanistic explanations for
5 i deviations from the expected diffusion control limit that may
5 ORI - be more apparent in supercritical fluids than in liquid solutions.
= I e.00 4. The Reaction of Anthracene with GHsBr. The
2 5.0E+10 - ®e 'E]Q n experimental results showed that there is a dramatic pressure
- Yoo Ydeee s @ effect on the reaction of anthracene witbHgBr in supercritical
0.0E+00 R T T N S N R CO,. There are several factors that could contribute to this
08 1 12 14 1.6 18 2 trend, such as changes in the bulk solvation properties as
Reduced Density (p/p.) reflected in changes in the solvent refractive index and dielectric
Figure 16. Different contributions to the observed bimolecular rate constant, the thermodynamic pressure effect on the rate constant
constantsky;, for the reaction of BPEA with CBrin CO, at 35°C. due to general molecular interactions, the formation of a highly
The experimentally measured bimolecular rate constdpisare the polar transition state, the local density augmentation, and the

solid circles?” The solid line is the diffusion controlled limit predicted local Composition enhancement of the quencher around the
from the SE/D equation. The squares are the rate constants for thegnthracene.

activated step of the reaction, determined from the measkrethd

the SE/D predictions of the diffusion control limit using eq 4 (see text). To analyze the possible effect of changing bulk solvent

properties on the rate constant, as reflected in the solvent

effects on the intrinsic activation process of a kinetically refractive index and dielectric constant, we make a simple
controlled reaction step. comparison of the rate constants in £ ®exane, cyclohexane,

The following general reaction scheme for quenching and acetonitrile, as shown in Table 2. Although the dielectric

reaction&®2involves the donor and acceptor diffusing together, constants and refractive indices are significantly different in the

followed by an activated step. three liquid solvents and in G@t high pressure, the bimolecular
rate constants for this quenching reaction are very similar,
D* —i—A—ﬁ‘(D*A) —- (DA) iproduct |nd|cat|ng that this reaction is not affected much by these
K- ka properties. So, we can reasonably assume that the small change

) ) o of the refractive index and dielectric constant in £f@m low
If k-a < ka and kit = k-qir, the following relationship is  pressure to high pressure cannot account for any significant

obtained’? change in the bimolecular rate constant.
The thermodynamic pressure effect due to general molecular
1_1 1 , ' , - |
E = Ea‘*‘ _kd (4) interactions can be estimated from transition state theory and
i iff

the Peng-Robinson equation of staté2® It predicts that the
bimolecular rate constants should increase very slightly with
increasing pressure, which is opposite to the trend observed for
the experimental bimolecular rate constants based on bulk
concentrations. The partial molar volumes are negative. Like
1,2-BA/CB, reported above. If there is a large activation the GHsBr, the transition state would most likely be polar sin.ce'
barrier, which would maké, substantially less that, then the encounter complex does have charge-transfer characteristics,

ko — ks This is the case for the anthracengAgBr reaction as discussed in the section on the Mechanism of Fluorescence

reported above. Also, one can have the case wheaadkdi Quenching. If the transition state were ionic or an io_r_l pair (as
are comparable, and we believe that this may be the situationWould occur in actual electron transfer), th(_a transition state
for the BPEA/CBj reaction. Since Bunker and Sun reported COMplex would have an even larger negative partial molar
experimental measurements of the bimolecular rate congggnt ( Volume. The evidence given in the mechanism section indicates
for the BPEA/CB reaction in CQ and SE/D gives estimates that this reaction does not involve electro_n trans_fer,_and this is
of kair, we can use eq 4 to gét and examine the relative _corroborated by the fact thf_;lt the rate of this reaction is the same
magnitude of each of these rate constants. This is what is showri™ Nonpolar hexane and highly polar acetonitrile. In fact, the
as a function of reduced density in Figure 16. Clearly, the complete insensitivity _o_f this reaction to various solvents
measured rate constantk,, are well below the diffusion  Sugdgests that the transition state and the_reactar_lts are equa_llly
controlled limit,kq. The rate constant for the activated portion Selvated so that the pressure effect on this reaction should, in
of the reactionk,, does appear to increase at lower pressures, fact, be very small. Nonetheless, a hypothetical ionic or ion
and it is possible that this increase in the activated reaction rateP@r transition state would result in a more negative activation
may actually be due to an increase in the local concentration of Volume than that predicted from the Perfgobinson equation,

the CBy, around the BPEA, as is discussed in much more detail and this would make the rate constants have an even greater

Thus, a measured bimolecular rate constant for fluorescence!
quenching can contain both diffusional and activated contribu-
tions. If there is no activation barrier thég — o andky =
kqit. This is the case for the reactions of anthracene/@ad

for the anthracene/ElsBr reaction in the next section. increase with increasing pressure. Thus the thermodynamic
Our results presented above for the diffusion controlled Pressure effect on the rate constant cannot explain the observed
reactions of anthracene/CRand 1,2-BA/CBj in supercritical trends of the rate constants based on bulk concentrations. Local

CO, do not show any indications of being enhanced by increased Selvent density augmentation would make the solvent environ-

local compositions, as had been suggested by Bunker arfdd Sun ment more like that at higher pressures, as well as increase the
local concentration of the quencher around the anthracene by
(70) Kavarnos, G. J.; Turro, N. £hem. Re. 1986 86, 401.

(71) Johnston, D. R.. Cole, R. K. Chem. Phys1962 36, 318 as much as a factor of 1.8, as shown in Figure 12. A solvent
(72) Burdick & Jackson Laboratories, INSobent Guide 2nd ed.; 1984; environment more like that at higher pressures would serve to
Distributed by American Scientific Products. depress the reaction rate since the rate constants are lower at
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2.0E+09 In conclusion, the quenching reaction of anthracene by
| C;HsBr is kinetically controlled in both liquids and supercritical
° CO,. The quenching rate is almost an order of magnitude higher
1.5E+09 - ®  apparentkp; in low-density supercritical C&than it is in a variety of liquids
= - ® A e ky or in high-density C@ and this can be explained by the
= 4 OE+09 L increased local concentration of theHgBr around the an-
= ® thracene.
XQ
5.0E+08 P Conclusions
. I AA ;:” 2 | 2 2 Il 4 | 2 Steady-state and time-resolved fluorescence has been used
.0E+ L L L . L

to study three different quenching reactions in supercriticagl. CO
60 85 110 135 160 185 .

Experimental results show that the rate constants for the

PRESSURE (bar) reactions of anthracene with Cgand 1,2-benzanthracene with

Figure 17. Bimolecular rate constants plotted vs pressure for the CBr, decreased with increasing pressure, and the trend closely
quenching reaction of anthracene withHgBr at 35°C: (@) rate followed the diffusion control limit under all conditions studied.
constants Baseg on tne IbUIkI concentrations c;f ;:f reactar)tjar]e There is no indication of the enhanced molecular interactions
constants based on the local concentration of thidsBr around the .
anthracene (see text). between an_thracene or 1,2-BA and_ G;Bnolecu_lc_as affecting

these diffusion controlled reactions in supercritical LO

the higher pressures. The 1.8-fold increase in the local The rate constant of the kinetically controlled quenching
concentration of quencher around the anthracene due to localfeéaction between anthracene antt§Br decreases dramatically
density enhancement would serve to increase the apparent ratdvith increasing pressure in G@t 35°C when bulk concentra-
at lower pressures but cannot account for the full 7.5-fold tions of the reactants are used. Since this reaction is relatively
increase observed. solvent insensitive and solvatochromic shift measurements
There is strong theoretidal and experimental evi- indicate preferential solvation of anthracene bHgBr at lower
dencé12-1523.26.29that the local compositions of cosolvents pressures, the apparent pressure effect on the reaction rate has
around dilute solute molecules in supercritical fluids are greater been attributed mainly to the increased local concentration of
than the bulk values. Moreover, we have used solvatochromic the quencher molecules around the dilute anthracene.
shift data and shown in Figure 13 that the local composition of  Thus, by studying both diffusion controlled and kinetically
CoHsBr around anthracene in G@ncreases to about ten times  controlled quenching reactions, we have shown two distinct
the bulk value at pressures around 75 bar. Previously, thesojyation effects on energy transfer reactions in supercritical
apparently dramatic pressure effects on the reaction rates ofcoz_ Moreover, we have suggested how supercritical fluids

several kinetically controlled reactions have been attributed to may affect reactions where the diffusion and activated rate

local composition enhancement of the reacting cosolvents around.,nstants are comparable in magnitude. Since diffusion is faster
the reacting solute in supercritical flui¢s!52326280On the basis

. ; .__in supercritical fluids than in liquids, the activated portion of
of the above analysis, we suggest that, fpr the quenching reactiony, o< reactions is more apparent, providing the opportunity to
of anthracene by £isBr, chal composition enhf_ﬂncement Of. better investigate the energetics and mechanisms of these energy
C,HsBr around anthracene is an important factor in the dramatic

- . transfer reactions.
pressure effect observed experimentally. To show this more

clearly, we have recalculated the bimolecular rate constants for Ack led i de to the d f the Petrol
the reaction of anthracene with:ldsBr in CO,, using local cknowledgmentis made (o the donors of the Fetroleum

concentrations, as indicated by the values in Figure 13, mstead?esea't'?hl Fund, atdn;lmgtered by tze _ﬁr‘nerlcalr: ((j:hemga(ljiouqty,
of the bulk values (i.e., rate- Kfanthracene]jgHsBr]ca or partial support of this research. The work described herein
. Uik bulk was also supported by the National Science Foundation. We
instead of rate= k{j [anthracene][@HsBr]PY%). These rate . .
ocal I o . would like to thank one of the reviewers for the very helpful
, are shown in Figure 17 and are relatively

fnzrésr:;?itjé tio ressure. This is in agreement with the liauid suggestion of measuring the solvatochromic shifts and local
P ) g q compositions in the anthracengHgBr/CO, system.

data that indicate that this reaction is completely solvent
insensitive. JA9642440



