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Abstract: The viscosity dependence for the excitation step of the chemically initiated electron-exchange
luminescence (CIEEL) triggered from a novel bicyclic furan-annelated dioxetane has been studied. The observed
small but mechanistically significant enhancement of the CIEEL efficiency with increasing viscosity is
rationalized in terms of the free-volume model, in which the molecular bond-rotation process that leads to the
ground-state product is frictionally impeded and the chemiexcitation yield is higher.

Introduction applications, utilize thermally persistent monocyclic spiroada-

. L . mantyl-substituted dioxetanes with a properly protected phe-
Chemically initiated ~ electron-exchange luminescence pgjate jon. Also the novel triggerable bicyclic dioxetates

(CIEEL).'a chgmnusmllnescence process derived from electron- ,,ssess remarkable thermal persistence and appreciable CIEEL

transfer chemistry;® is a general phenomenon which was efficiency and thereby qualify for chemiluminescence bio-

originally discovered by Schuster for diphenoyl peroxidad assays.

a!oundantly reported foa-peroxy lactones and appropr[ate A pertinent feature of the phenolate-ion-initiated CIEEL

dioxetanes. The CIEEL generation may result from both inter- rocess is the intramolecular electron transfer (ET) from the

and intramolecular electron transfer; the latter has been propose henolate moiety to the antibondiig orbital of the peroxide
in the case of the firefly bioluminescent&he intramolecular bond, concomitant with ©0 bond cleavage; however, a

C.IEEL Is of.parti(.:ular interest for mpdern chemiluminescent detailed mechanism of excited-state generation in this chemi-
bioassay$® in which CIEEL-active dioxetanes are used. The luminescent process still needs to be establidhdrecently,

most popular CIEEL systen&}1developed for clinical bioassay we have provided a valuable experimental probe, namely, the

* Correspondence should be addressed as follows: Telefa@ 931 viscosity efTeCt on the.C!EEL emCi,enCy' to distinguish betwe?n
8884756; E-mail: adam@chemie.uni-wuerzburg.de; Internet: http:/mww- the two main mechanistic alternatives for the CIEEL generation
organik.chemie.uni-wuerzburg.de. of the monocyclic dioxetan¥ namely, direct chemiexcitation

N Egg’:&:ﬁ Vl\jlrﬁ\z/gggy by concerted dioxetane cleavage through charge transfer and a

$ Russian Academy of Sciences. stepwise electron-transfer process, in which chemiexcitation
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concept of the BET mechanism for the CIEEL proédéssests
on the observed chemiexcitation in the electron transfer for
chemically and electrochemicafygenerated iorradical pairs.
If the BET process operates in the CIEEL generation, its
efficiency should be subject to a solvertage effect; e.g., it
should obey a viscosity dependence. In our previous study on
the monocyclic dioxetane, we have found an increase of the
chemiluminescence efficiency on increasing visco¥ityhich
is consistent with the BET mechanism.

Presently, we have investigated the viscosity dependence of
the CIEEL-active bicyclic dioxetané!? (Scheme 1), for a
rigorous scrutiny of the CIEEL mechanism. The reasons for
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Figure 1. Viscosity dependence of the singlet chemiexcitation yield

(Ps,, W) the fluoride-ion-triggered (FBu4NF]= 8.5 x 1073 M) CIEEL
this choice are the following: (a) Contrary to the monocyclic cleavage of the ?IOXetarle([l] = 6.5x 102 M) and the fluorescence
dioxetané'# cage escape is not possible for bicyclic dioxetane i“almlum V'f(';!;l’ M.) tc;]f the amhﬁm'c methyh-0>t(yi)r(]enzoate lon f(‘]f
1; (b) the CIEEL emitters triggered from moﬁﬂ_)and bicyclic ;ea'sur:mems for)’eacﬁ d(;rtg)rpoi?f represent the range ot four
dioxetanes possess the same chromophore, i.emythe/ben-
zoate ion moiety; (c) as we have recently establisiieao
exciplex is involved in both CIEEL processes (Scheme 1). The
relevant question is, however, whether the CIEEL intensity
triggered froml is subject to a viscosity effect, as we have
observed for the monocyclic dioxetane. Herein, we report our
results on the viscosity dependence of the CIEEL process for
the bicyclic furan-annelated dioxetadeand compare it with
that of the monocyclic spiroadamantyl-substituted dioxeténe.

The CIEEL intensityC'FEL = ®CIEEL, is a product of the

reaction rate and the CIEEL yield®C'EE- = dg ®f!, in which
dg, and ®" are the singlet chemiexcitation yield and the
fluorescence efficiency of the CIEEL emitter. The required
experimental data fofbs, versus viscosity ) were obtained
by measurement of th&C'EEL and ®f values as a function of
viscosity, as described previoustyThe viscosity was varied
by changing the amount of the viscous,Hl, in benzene
Ph,CH, mixtures. This solvent combination was used originally
with success for the viscosity studies on tript&iplet energy
transfet® and autoxidation kinetic¥

CIEEL

monocyclic spiroadamantyl-substituted dioxetane (ca. 2.6 times
for the 4-fold viscosity incread® but mechanistically signifi-
cant. What molecular features are responsible for this small (ca.
40%) but definitive viscosity effect in the triggered CIEEL
process of bicyclic dioxetan&? It certainly cannot be cage
escape in the BET step, as was previously established for the
monocyclic dioxetané?

To rationalize the observed viscosity behaviorIqScheme
1), it is helpful to consider the MOs of the CIEEL emit&P.
The AM1-based calculations have revealed thatsthe a*
excitation of this CIEEL emitter constitutes an electronic
transition between HOMO and LUM®L. For the subsequent
discussion, it is important to note that the HOMO coefficients
are maximal on the phenolate ion functionality, while in the
LUMO+1 they are concentrated on the ester mdeétycf.
Supporting Information). For the BET process, this implies
that the electron transfer from the ketyl radical to the phenoxyl
group of the intermediat8 should result in theground-state
product4 (kEET), while the electron transfer to the ester moiety
should generate the electronically exci#f i.e., chemiexci-
. - o tation (7). The reason for the latter is that the estketyl/

The experimental results for the excitation efficiendys/) phenoxyfl diradical species generated frdiis cross-conjugated
of dioxetanel and the fluorescence quantum yietti"| of the and represents the first,i*-excited state of the phenolate
authentic CIEEL emitte@ are shown in Figure 1. Itis fortur)ate product4. Consequently, the chemiexcitation yiel®), as
that the fluorescence yield of the metigloxybenzoate anion  gxnressed by eq 3, is a result of the competition between these
(4), the CIEEL emitter, does not depend on the G, excited-statekg™' ) and ground-state€™" ) BET channels.
concentration, as man_lfested by the constant vami_bs 0.220 What role does the medium viscosity play in this BET
+ 0.014 over the entire concentration range (Figure 1). The 500559 Scheme 2 reveals that the initial conformation of

same bgtf]aviorhwas Obser\ll_edd_for th:gxybenzoate anion  he diradical 3 formed on dioxetane cleavage has the ketyl-
triggered from the monocyclic dioxetare. radical functionality in proximity to the ester carbonyl group.

The experimental data in Figure 1 disclose a regular enhance-ry;g geometrical arrangement is predestined for electron transfer
ment of the chemiexcitation yieldls,) with an increase in the (KET) to afford the electronically excited phenolate product

2 - fold viscosty inorease is considerably smaller than for the & SUbseuent emissiom{I=€) eads 1 is ground state
) Vi iyt ! ! Y Rotations about the methylene bonds in diradBRa@ompetes

Results and Discussion
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radical fragment approaches the phenoxyl group, which corre-

sponds to the conformatic8i in Scheme 2. Electron transfer
(ks"" ) from the ketyl radical to the phenoxyl moiety B
should generate preferably thground-state phenolate ion
product4 (cf. Scheme 2) since HOMO coefficients are maximal
on the phenolate grougP Expectedly, the molecular rotation
in the 3 — 3 conformational change (competitive to the

chemiexcitation BETKS™' ) is retarded in a more viscous

medium and, consequently, the chemiluminescence yield should

increase because more of the conformat®nthan 3' is

populated. This was observed experimentally (Figure 1)!
Although the viscosity effect is small (ca. 40%) over the narrow
viscosity change (ca. 4-fold) investigated here, for such mo-

lecular rotations the viscosity retardation is expected to be

small17.18

The frictional modéi®2° should apply for the observed
viscosity dependence since the available “free volume” in the
medium will determine how readily conformational changes
through bond rotation will take place and thereby influence the
chemiexcitation yield®s)). The latter is given by eq 1, in which

ET
K

1 =AexpVyVy) )

BT = ko exp(-aVy/Vy) ®)

kST = ko(AV)* (4)
sk

kBET (I)Sl kBET Ah?) (5)

1— dg
In q)—l = const— alny (6)
S

1

the rate constark®®" needs to be expressed as a function of
solvent viscosity#). According to the free-volume approath,
molecular motion (rotations, translations) in a liquid medium
is possible when sufficient free volum¥4) is available, i.e.,
when theV; per molecule is larger than some “critical” value
Vo. The fluidity (771) is proportional to the probability factor
[exp(—Vo/Vr)] for the motion of molecules in the liquid medium,
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Figure 2. Plot of the ratio (1— ®s)/®s, as a function of viscosity
according to eq 5 in the fluoride-ion-triggered CIEEL cleavage of
dioxetanel. The insert displays the double-logarithmic plot according

to eq 6.
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was first applied to rationalize the viscosity dependence for the
photoisomerization of stilbené&8 Substitution of eq 2 into eq
3 gives eq 4 for the viscosity dependence of the rate constant
KEET . Finally, the combination of eqs 1 and 4 leads to eq 5; its
double-logarithmic form (eq 6) predicts a linear dependence of
dg, On 7.

The experimental viscosity dependence of the chemiexcitation

kBET

3.

and, hence, the free-volume dependence of the viscosity mayyIeld is given in Figure 2, and the good linear fit of all the data

be expressed by eq 2, in whiéhis a proportionality factor. In

points in the double-logarithmic plot according to eqrR8 &

contrast to the translational motion of a molecule, rotations about 0.985, cf. insert in Figure 2) manifests that the “free-volume”

bonds involve only a portion of the molecule and, thus, only a
fraction aVy (a0 < 1) of Vp is required. Therefore, the rate

constantk:-' for the ground-state BET process is given by eq
3 (in whichkg is a preexponential factor), an expression which
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model is well-obeyed. The slope of the double-logarithmic plot
providesa. = 0.35, which matches well the values (ca.-©.1
0.6) obtained for a number of viscosity-controlled rearrangement
processe$?2° The fact thate. < 1 means that the motion of
only a fraction of the molecule is subject to the viscosity effect,
which in the present case corresponds to the bond rotations
required to bring the ketyl-radical fragment in close vicinity to
the phenoxyl-radical site (Scheme 2).

The present study demonstrates that the viscosity effect on
the CIEEL generation triggered from the bicyclic furan-
annelated dioxetankis significantly lower than that observed
from the monocyclic spiroadamantane-substituted dioxetane.
For the diradical derived from the bicyclic dioxetane, the
conformational changes are retarded by the more viscous
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expectedly, the latter should display a more pronounced viscosity
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