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Introduction

Chemiluminescence is the emission of light from an electronic
excited state accessed in the course of a chemical reaction
without photon absorption.” The triggered decomposition of
sterically stabilized 1,2-dioxetanes is a chemiluminescence
reaction that has been particularly useful for bioimaging®®
and other applications.*® Early demonstrations that 1,2-dioxe-
tanes are biocompatible with emissions bright enough to
observe through living tissue’® have sparked world-wide
research activity in this area.>*'®'»27'> gteric stabilization of
1,2-dioxetanes prevents rapid thermal chemiluminescence
decomposition.” However, installation of a phenolate meta to
the 1,2-dioxetane can trigger chemiluminescence.'®™® Several
mechanisms have been proposed including chemically
initiated electron exchange luminescence mechanism
(CIEEL)," charge transfer induced luminescence (CTIL),> and
gradually reversible charge transfer induced luminescence
(GR-CTIL).>" Mechanistic studies on the chemiluminescence
decomposition of 1,2-dioxetanes have been performed in
organic media and a likely pathway involves rate-limiting elec-
tron or charge transfer from the phenolate to the dioxetane as
supported by empirical Hammett analyses®® and multiconfi-
gurational computational methods.>"

The CIEEL mechanism proceeds via further cleavage of the
carbon-carbon bond to form a radical pair in a solvent cage,
and then electron back transfer to generate the phenolate in
the excited state (Scheme 1). Empirical evidence for the elec-
tron back transfer chemiexcitation step was initially gathered
in organic media by measuring chemiluminescent quantum
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cells and animals. Here, we observe an increase in chemiluminescence emission intensity with increasing
solvent viscosity in aqueous systems, and interpret these observations within the context of chemically
initiated electron exchange luminescence (CIEEL), concerted charge transfer induced luminescence
(CTIL), and gradually reversible charge transfer induced luminescence (GR-CTIL) mechanisms.

yields in response to varying the viscosity of the solvent
medium.****7® This data has been analysed in terms of a col-
lisional model, where the increase in quantum yield with
increasing viscosity is interpreted as evidence for a solvent
cage because increasing viscosity will reduce the rate of cage
escape and increase the yield of electron back transfer
products.”®**® A similar free-volume model interprets the elec-
tron back transfer steps in terms of molecular
reorganization.>**® These types of viscosity studies in organic
media have been executed on spiroadamantane 1,2-
dioxetanes,**>*?®  bicyclic  dioxetanes,**®  diphenoyl
peroxide,””*® 1,2-dioxetanones,?”?® and the peroxyoxalate che-
miluminescent reaction.>®

A related mechanism with concerted intramolecular elec-
tron back transfer and C-C bond cleavage has been invoked to
explain high singlet quantum yields and observed viscosity
effects.”® The charge-transfer induced luminescence (CTIL)
mechanism was proposed as a concerted path for dioxetane
luminescence,?® as well as a more recent stepwise gradually
reversible charge transfer induced luminescence mechanism
(GR-CTIL),>* which posits that partial charge transfer occurs
instead of full charge transfer.
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Scheme 1 Chemically initiated electron exchange luminescence
(CIEEL) mechanism with chemiexcitation occurring with electron back
transfer of a solvent-caged radical pair.
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Despite this body of mechanistic work in organic media,
most imaging applications using modern 1,2-dioxetanes are
performed in aqueous systems, especially since the disclosure
of elegant synthetic modifications reported by Shabat and co-
workers that drastically increase fluorescence and chemilumi-
nescence quantum yields in water.>*° Strikingly, the mechan-
istic roles of electron back transfer and/or charge transfer have
never been systematically investigated for these high quantum
yield dioxetanes in aqueous systems.

This study serves to bridge this critical knowledge gap by
investigating the mechanism of chemiluminescence decompo-
sition of 1,2-dioxetanes in aqueous conditions. Herein, we
studied the decomposition of mono- and bicyclic 1,2-dioxe-
tanes 1 and 2 (Scheme 2) in PBS (pH = 7.4) at different viscos-
ities using polyethylene glycol (PEG-3350) and ethylene glycol
(EG). The rationale for using two different solvents to modu-
late viscosity is to have two independent experimental systems
that can increase confidence if the two systems show similar
correlations with viscosity. For both systems, the singlet
quantum yield increases with solvent viscosity, providing
empirical mechanistic evidence in aqueous systems that we
have interpreted using several mechanistic models.

Results

A monocyclic dioxetane 1, consisting of a spiroadamantane
stabilized 1,2-dioxetane, and a bicyclic dioxetane 2, were syn-
thesized using adaptations of previous procedures (Schemes 2,
S1 and S21).*"** Both of these dioxetanes have excellent
thermal stability (>1 year),’® enabling distinction between
thermal mechanisms and electron transfer or charge transfer
mechanisms. The isopropyl group on 2 was chosen versus a
tert-butyl group due to the commercial availability of the diol
precursor 2,2, 4-trimethyl-1,3-pentanediol  (Scheme  S1f).
Viscosity effects on the chemiluminescence decomposition of
both dioxetanes were studied using 100 mM phosphate
buffered saline (PBS) at pH 7.4 and using mixtures of PBS with
polyethylene glycol (PEG-3350) or ethylene glycol (EG) to
increase solvent viscosity. Similar aqueous mixtures have pre-
viously been used to investigate the role of a solvent caged
radical pair in reactions of peroxynitrite.***> Experiments were
carried out using 1.33% of DMSO as a practical matter for pre-
paring solutions from a standard stock solution of the dioxe-
tanes in DMSO. The viscosities for each of these solvent mix-
tures was measured using an Ostwald capillary viscometer,
and these values are tabulated in Table S1.f The average

Scheme 2 Structure of the monocyclic dioxetane 1 and bicyclic dioxe-
tane 2.
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kinetic traces of the chemiluminescence emission resulting
from the decomposition of 1 and 2 are shown in Fig. 1.
Increasing from 0% to 30% PEG-3350 results in a slower rate
of chemiluminescence decomposition and an increase in total
light emission for both dioxetanes 1 (Fig. 1A) and 2 (Fig. 1C),
showing that viscosity influences both the emission intensity
and emission kinetics. A similar trend is seen for increasing
the amount of ethylene glycol (Fig. 1B and D). The observed
rate constants were obtained by fitting these intensity versus
time curves using mono exponential decay functions for dioxe-
tanes 1 (Fig. S2,1 and Table 1) and 2 (Fig. S3, and Table 2).

The singlet chemiexcitation quantum yields (&) can be
determined from the observed chemiluminescence quantum
yield (&) divided by the fluorescence quantum yield (&g)
according to eqn (1).

@S — ¢CL/¢ﬂ (1)

Authentic emitters 3 and 4 were independently synthesized
and isolated and the fluorescence quantum yields (@q) in the
different solvent mixtures were determined using an integrat-
ing sphere (Fig. 2). The fluorescence quantum yield of 3 (the
authentic emitter for 1) shows an increase as the viscosity
increases (Fig. 2A), while 4 (the authentic emitter of 2) does
not depend on viscosity, and displays a constant average value
of 0.515 over the entire range (Fig. 2B).

These fluorescence quantum yields are tabulated in
Table S2.1 The chemiluminescence quantum yields (®¢;) were
determined from the integration of the curves using luminol as
a standard (Fig. 3A, B and Tables 3, 4),°° and the singlet
quantum yields (®;) are calculated according to eqn (1) (Fig. 3C,
D, and Tables 5, 6). For both dioxetanes 1 and 2, increases in
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Fig. 1 Average kinetic emission intensity profiles for the decomposition
of (A) 0.66 pM 1 and (C) 10 pM 2 in different mixtures of PBS/PEG-3350,
and (B) 0.66 uM 1 and (D) 10 uM 2 in different mixtures of PBS/EG (ethyl-
ene glycol). Error bars (S.D. of n = 3 technical replicates) are removed
for clarity but can be found in Fig. S1.§
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Table 1 Effect of viscosity on the emission decay rate constant (kops) in
the decomposition of 0.66 pM monocyclic 1,2-dioxetane 1 at 25 °C in
100 mM PBS (pH 7.4) with 1.3% DMSO

PEG-3350 EG
wt% cP kobs (S_l) cP kobs (S_l)

0 0.89  0.937+0.003x10°  0.89  0.937 £0.005 x 10>
5 1.58 0.729 + 0.007 x 10 1.11 0.862 + 0.004 x 10>
15 432 0.559+0.007x10°  1.47  0.700 +0.005 x 107>
30 10.16  0.419+0.002x 10> 215  0.458 + 0.007 x 10~

Table 2 Effect of viscosity on the emission decay rate constant (kqps) in
the decomposition of 10 uM bicyclic 1,2-dioxetane 2 at 25 °C in 100 mM
(pH = 7.4) with 1.3% DMSO

PEG-3350 EG
wt% cP kobs (Sil) cP kobs (sil)

0 0.89 0.922 +0.008 x 10°*  0.89 1.04 +0.02 x 107

5 1.58 0.781 + 0.009 x 10™* 1.11 0.99 +0.01 x 107*
15 432  0.611+0.006x10™*  1.47  0.879+0.004 x 10™*
30 10.16  0.472+0.004 x10™* 215  0.725 +0.004 x 10°*
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Fig. 2 Viscosity dependence of the fluorescence quantum yield of the
authentic emitters (A) 3 and (B) 4 from the decomposition of 1 and 2 in
different mixtures of PBS/EG and PBS/PEG-3350, at 25 °C.

the chemiluminescence quantum yield (&) and singlet
quantum yield (&) are observed as the viscosity of the medium
is increased. The total @ values increase by a factor of 1.34 and
1.30 in response to a 11.4-fold viscosity increase for the
decomposition of 1 and 2 respectively. Importantly, the data for
PEG-3350 (PEG, Fig. 3 blue data points) and ethylene glycol (EG,
Fig. 3 red data points) fall along the same curve, providing confi-
dence that the effects are indeed due to changes in solvent vis-
cosity. Additionally, the polarity of the solvent mixtures was
measured using Reichardt’s dye and was found to be relatively
constant, providing further support to conclude that the
observed differences are due to viscosity (Fig. S31). It is note-
worthy that dioxetane 1 reaches a singlet quantum yield (&)
near unity in highly viscous medium, highlighting the excellent
performance of this dioxetane. Tables 3-6 summarize the
measured chemiluminescence and singlet quantum yields for
dioxetanes 1 and 2 in these solvent systems.
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Fig. 3 Viscosity dependence of the (A) and (B) chemiluminescence
quantum yield of the decomposition of (A) dioxetane 1 and (B) dioxetane
2, and (C) and (D) the singlet quantum yield (&) of the decomposition of
(C) dioxetane 1 and (D) dioxetane 2 in different mixtures of PBS/EG (red
data points) and PBS/PEG-3350 (blue data points), at 25 °C.

Table 3 Effect of viscosity on the chemiluminescence quantum yield
(@) in the decomposition the decomposition of 0.66 uM monocyclic
1,2-dioxetane 1 at 25 °C in 100 mM PBS (pH 7.4) with 1.3% DMSO

PEG-3350 EG
wt% cP Dcy, cP Dy,
0 0.89 0.32 +0.01 E mol™* 0.89 0.32 +0.01 E mol™

5 1.58 0.43 +0.01 E mol™* 1.11 0.37 +0.01 E mol™*
15 4.32 0.51 + 0.01 E mol™* 1.47 0.41 + 0.02 E mol™
30 10.16 0.57 +0.01 E mol™* 2.15 0.44 + 0.01 E mol™*

Table 4 Effect of viscosity on the chemiluminescence quantum yield
(@cy) in the decomposition the decomposition of 10 uM bicyclic 1,2-
dioxetane 2 at 25 °C in 100 mM (pH = 7.4) with 1.3% DMSO

PEG-3350 EG
wt% cP Dy, cP Dy,

0 0.89  0.24 +0.01 E mol™* 0.89  0.24 +0.01 E mol™*
5 1.58  0.27 +0.01 E mol™ 1.11  0.25+0.004 E mol™
15 432 0.30 +0.01 E mol™* 1.47  0.27 +0.01 Emol™
30 10.16  0.31£0.001 Emol™*  2.15  0.29 + 0.006 E mol™*
Discussion

Collisional and free-volume models

The behaviour of the chemiexcitation quantum yields with
medium viscosity has been previously interpreted using
collisional®*?** and free-volume models,>**®3” which we have

This journal is © The Royal Society of Chemistry 2025
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Table 5 Effect of viscosity on the singlet quantum yield (®;) in the
decomposition the decomposition of 0.66 uM monocyclic 1,2-dioxe-
tane 1 at 25 °C in 100 mM PBS (pH 7.4) with 1.3% DMSO

PEG-3350 EG
wt% cP Dy cP Dy

0 0.89 0.74 +0.02 E mol™* 0.89 0.73 + 0.03 E mol™*
5 1.58 0.87 +0.03 E mol™* 1.11 0.79 +0.01 E mol™*
15 4.32 0.94 + 0.01 E mol™* 1.47 0.82 + 0.03 E mol™*
30 10.16 0.99 +0.01 E mol™* 2.15 0.87 + 0.02 E mol™*

Table 6 Effect of viscosity on the singlet quantum yield (&) in the
decomposition the decomposition of 10 uM bicyclic 1,2-dioxetane 2 at
25°Cin 100 mM (pH = 7.4) with 1.3% DMSO

PEG-3350 EG
wt% cP Dy cP Dy

0 0.89  0.46 +0.01 E mol™* 0.89  0.46 +0.01 E mol™*
5 1.58  0.51+0.01 E mol™ 1.11  0.48 +0.007 E mol™*
15 432 0.58+0.01 Emol™ 1.47  0.53 +0.01 Emol™
30 10.16  0.60 £0.003 Emol™  2.15  0.56 + 0.01 E mol™*

used to analyse the data acquired in this study (Fig. 4). The col-
lisional model is framed in terms of the probability of electron
back transfer each time the molecular fragments collide within
a solvent cage. A double reciprocal plot of singlet quantum
yield and viscosity gives eqn (2),>>*® with the parameters B =
DPebt/Ps1 and A = A,/pg, enabling estimates of pg;, the prob-
ability of obtaining the S; product per collision and pep the
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Fig. 4 Analysis of the singlet quantum yield of the decomposition of
the 1,2-dioxetanes in different mixtures of PBS/EG and PBS/PEG-3350
using a collisional model for (A) dioxetane 1 and (B) dioxetane 2 or a
free-volume model for (C) dioxetane 1 and (D) dioxetane 2.
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probability of electron back transfer per collision, given knowl-
edge of A, the Arrhenius preexponential factor for viscosity.”?
The values determined for these parameters are given in
Table 7.

1/®s =B+A/n (2)

A plot of In n versus 1/T for PBS buffers containing increas-
ing amounts of PEG-3350 gives Arrhenius plots for these
solvent mixtures (Table S4, and Fig. S41).*® From these plots
shown in Fig. S4,T the y-intercept is equal to In A,,, which is the
Arrhenius preexponential factor for the viscosity, and we deter-
mined an average A, = 1.46 + 1.10 x 10~ cP from temperature
dependent plots of PBS/PEG-3350 solvent mixtures. Using this
value, we can estimate a probability of obtaining the singlet
excited state product per collision within the solvent cage
(from the expression A = A, /ps;) for 1 and 2 to be py; =4.6 + 3.6
x 10 and py; = 2.8 + 2.2 x 107°, respectively. This, in turn,
allows us to estimate the probability of electron back transfer
(from the expression B = pep/ps1) for 1 and 2 to be pep, = 4.47 +
3.40 x 10~ and 4.46 + 3.40 x 10~. This collisional model inter-
estingly suggests that while the probability of electron back
transfer is essentially the same for 1 and 2, the probability of
entering the singlet state is about 60% more likely for 1 than
2. This is consistent with dioxetane 1 reaching a &g near unity
at high viscosity, while the dioxetane 2 reaches a @, = 0.6, even
at the highest viscosity tested. This analysis assumes that the
yield of the solvent-caged radical pair (which we denote ¢,p) in
the first step of the mechanism is 100%. We will relax this
assumption in the derivation of a revised “cage-escape” model
below. Additionally, we note that dioxetane 2 cannot undergo
cage escape in a strict sense, so this mechanistic model
should be interpreted as a separation of the radical pair
through molecular reorientation, which is better modelled
through the free-volume model described below.

The free-volume model relates the viscosity of the medium
to the fraction of free volume needed to account for molecular
motions through the free volume. This model is described by a
plot using eqn (3) (Fig. 6C and D).>>2%%7

In((1 - &;)/®s) = C — aIn(y) 3)

Table 7 Fitting parameters for the decomposition of 1,2-dioxetanes
using two different models

Collisional model: 1/& = B + Free-volume model: In((1

Aln - @,)/Ds)=C —alny

B A R? c —a R?
1 0.98 0.32 0.953 -1.16 1.15 0.982
2 1.59 0.52 0.948 0.05 0.23 0.885
326 1.8 2.2 0.985 1.9 0.7 0.989
4%° 7.8 4.1 0.93 2.4 0.3 0.98
526 2.7 4.8 0.99 1.1 0.7 0.984
6%’ 10 000 14 000 0.89 10.11 0.5 0.96
7% 3200 1000 0.89 8.35 0.22 0.96
g%° -92 279 0.913 5.1 1.5 0.974
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The parameter — o has been interpreted as the fraction of
the free volume needed for a particular process, with —a < 1
being indicative that molecular bond rotations are needed for
the process to occur, and —a ~ 1 has been interpreted as trans-
lational movement of the entire molecule in a bimolecular
process.>>***” We find that the monocyclic compound 1 has
—a = 1.15, a value that has been interpreted as a bimolecular
process, while bicyclic compound 2 has —a = 0.23, indicating
that approximately a quarter of the free volume of the mole-
cule is involved in viscosity-dependent processes, most likely
bond rotations that change the molecular conformation. This
result is consistent with —a values found for similar dioxetanes
(mono and bicyclic) in organic solvents, albeit with a smaller
—a of 0.7 found for the TBAF-initiated chemiluminescence for
the monocyclic dioxetane 3, and a comparable —a of 0.3 for
the bicyclic dioxetane 4 in organic solvent (Table 7, and
Fig. 5).>%° The dimethyl dioxetane 5 gave an —a of 0.7, similar
to the spiroadamantane dioxetane 3.>° Bimolecular activated
chemiluminescence systems have also been studied with
regards to their viscosity dependence, including dioxetanone 6
and diphenoyl peroxide 7,>” which were activated by rubrene,
and the peroxyoxalate chemiluminescent reaction using diphe-
nyl anthracene as an activator. The dioxetanone and diphenyl
peroxide systems gave smaller —a values of 0.5 and 0.22,
respectively, while the peroxyoxalate system gives a —a of 1.5
(Table 7 and Fig. 5, 6-8).%°

Cage escape and molecular reorganization models

One drawback of these models is that they implicitly assume
that the yield of radical pair formation (¢.,) is 100%, and
observed singlet quantum yields of less than 100% are due to
either a “direct” concerted pathway of chemiluminescence (not
accounted for in the above treatment) or due to formation of
non-emissive singlet ground states or triplet excited states. We
have thus reinterpreted the data for these compounds in terms
of revised models where the yield of formation of a radical pair
is taken into consideration (eqn (4)), where ¢y, is the yield of
the radical pair and ¢, is the yield of electron back transfer
to the singlet excited state (Scheme 3).

o0 OCH, CI 0 OCH,

~
° OTBDMS
+ TBAF
CN

3
Q
-
o [0}
OTBDMS o
+ TBAF + rubrene
5 6

) o o diphenyl
imidazole anthracene h
TCPO ———— - "

o}
|+ rubrene
O

O H,0, 0-0
o 7 8

Fig. 5 Summary of chemiluminescence systems that have been studied
using viscosity-dependence experiments.
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Scheme 3 Cage escape and molecular reorientation kinetic models.

&b = ¢rp¢ebt (4)

In a model that we describe as a “cage-escape” model, we
assume that cage escape obeys the Eigen equation,*® which
states that rate of cage escape is proportional to ', The yield
of electron back transfer to the singlet excited state can be
expressed in terms of the rate of electron back transfer (kep:)
and the rate of cage escape (kc.) (eqn (5)), with k.. = Cee/n (eqn
(5)), where C. comprises the constant terms of the Eigen
equation (see ESI eqn (S9)-(S11)f). These equations can be
combined and rearranged to give the double reciprocal eqn
(7). Substituting eqn (4) into eqn (7) gives eqn (8) after simplifi-
cation. A more detailed derivation can be found in the ESL.{

kebt
== 5
¢ebt kebt"'kce ( )

Cee
kee = - 6
e =, (6)

1 Cee

 — = 7
¢ebt kebtr/ ( )
1 1 Cee (8)

— =4
(ps ¢7rp ¢rp kebtn

This cage-escape model allows reinterpretation of the
double reciprocal plots to give the yield of the radical pair for-
mation (¢, = 1/B) and relative rates of electron back transfer
and cage escape (keni/kee = A X (rp/n), the derivation of which is
shown in ESI eqn (S20)-(S24)T by substituting Cee = 7 X ke
obtained from eqn (6) into the parameter A = Cee/hrpkene. These
values are summarized in Table 8. This model provides insight
regarding the observed singlet quantum yields in various
systems. For 1,2-dioxetanes, this model estimates high yields of
radical pair formations as high as 100% and 63% for the case
free phenolate dioxetanes 1 and 2, and somewhat lower yields
between 13-55% for the TBAF induced decomposition of 3-5.
This is in stark contrast with the intermolecular activation of
dioxetanone 6 and diphenoyl peroxide 7 with rubrene, which
the cage-escape model estimates for radical pair formation
yields are 0.01% and 0.03%, respectively. This interpretation
explains the differences in chemiluminescence emission
between the intramolecular activation and intermolecular acti-
vation is largely due to differences in the yield of the radical
pair formation, which is reasonable considering the inter-
molecular systems require the chemiluminescent compound

This journal is © The Royal Society of Chemistry 2025
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Table 8 Fitting parameters for the decomposition of 1,2-dioxetanes
using reinterpreted cage escape and reorientation models

Cage escape model: Reorientation model:
1 1 Cee 1 1 Cor

— = — =4
b ¢rp ¢rpkebt'7 D ¢rp ¢rpkebt'7{l

Kebea Kbty Kebta  Kebts
kce kCE kOl’ kOl’
brp (lown)  (highn) ¢p° « (lown)  (highun)

1 1.0 2.7 6.6 1.0 1.19 2.8 7.9
2 0.63 2.7 6.6 0.62 1.16 2.9 8.1
3%¢ 0.55 0.43 2.2 — R — —
4%° 0.3 1.1 4.6 — — — —
526 0.37 0.30 1.5 — R — —
6>’ 0.0001 0.40 1.8 0.0001 1.14 0.38 2.1
727 0.0003 1.8 8.2 0.0003 0.94 1.9 8.0
8¢ n.d. n.d. n.d. 0.022 247 0.11 4.9

%5 =0.54-0.89 cp. ° 7 = 2.15-0.89 cp. ¢ For entries 6 and 7, ¢rp Was con-
strained to the values determined in the cage-escape model.

and activator to collide and not every collision will have the
appropriate trajectory to for productive radical pair formation.

We note that the data for the peroxyoxalate reaction does not
provide meaningful information with this cage-escape model,
given the negative value for the parameter B. However, we have
also considered a “reorientation” model, which is similar to the
free-volume model in that it models the viscosity effect as limit-
ing the rate molecular reorientation (k) that leads to structures
that do not undergo electron back transfer to the singlet excited
state (eqn (9)). Generally, the dependency of the rate of mole-
cular reorientation depends on 7~* (determined empirically and
in independently derived models),** as described in eqn (10).
Using a similar approach as taken above (and described in more
detail in the ESIf), we arrive at eqn (11).

kebt
=2 9
¢ebt kebt +k0r ( )
Cor
Kkor = — 10
or = a (10)
101 Cor

P B ¢rp - ¢rpkebt’7a (11)

We performed non-linear fits to this expression for dioxe-
tanes 1 and 2, and for 6,>” 7,>” and 8>° using raw data provided
in the literature (ESI Fig. S5-S9t). This reorientation model
provides similar estimates for ¢, of 1 and 2 as does the cage
escape model, but we also determine a ¢, = 2.2% for the per-
oxyoxalate system reported by Bastos et al.>® This model gives
revised a values, which show less difference between monocyc-
lic 1 and bicyclic 2 due to accounting for the differences in the
overall high singlet quantum yield at high viscosity, reflective
of different ¢,,. These revised models also provide estimates of
the relative rates of electron back transfer versus cage escape
(kebt/kce for the cage escape model) or versus molecular reorien-
tation (kepi/kor) for the molecular reorientation model. The
dioxetanes 1 and 2 in this study show higher ¢,, as well as

This journal is © The Royal Society of Chemistry 2025
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higher kepi/kce and kepe/kor at low viscosity than other dioxetane
systems studied. The differences between kep/kce and kep/kor at
low versus high viscosity, in combination with the a values,
gives a quantitative description of the magnitude of the vis-
cosity effect for each system. We note that these models do not
consider electron back transfer pathways to form non-emissive
ground state singlet and triplet products. Assuming that these
processes are independent of viscosity, we can re-evaluate eqn
(8) to give eqn (12) below, which accounts for loss of quantum
yield from incomplete radical pair formation as well as loss
due to viscosity-independent electron back transfer to non-
emissive states. If we assume that ¢, = 1 and all losses in
singlet quantum yield are due to formation of non-emissive
states, we get eqn (13), which can give estimates of the relative
rates and yields of non-emissive electron back transfer pro-
cesses. It is likely that both radical pair formation and electron
back transfer to non-emissive states are processes that reduce
chemiluminescence emission yields, although they cannot be
readily differentiated using these models. However, when con-
sidering the intermolecular systems 6 and 7, there is a clear
argument for low yields of radical pair formation due to the
likelihood of trajectory-dependent outcomes, specifically
whether the collision brings the activator in contact with the
0O-0 bond or not. In the cases of the intramolecular activation
of 1,2-dioxetanes, the activator and dioxetane are pre-
organized, and the 1,2-dioxetanedione high energy intermedi-
ate™ of the peroxyoxalate system is symmetric and less steri-
cally hindered. Therefore, it is reasonable to think that col-
lisions in this system are more likely to result in radical pair
formation, in line with previous arguments.*>**

kebt(s,) T Kebt(ry)

1 1 k C
ebt(S;) ce
— = + 12
®S ¢rp ¢rpkebt(sl)’1 ( )
1 k + k C
14 ebt(Sy) ebt(Ty) + ce (13)
D Kebe(s,) kebe(s)n

Concerted charge transfer induced luminescence (CTIL)

These revised models assume the formation of a solvent-caged
radical pair, that can either undergo electron back transfer to
the singlet excited state or a viscosity-dependent process (cage
escape or molecular reorientation) that leads to a non-emissive
product. However, other mechanistic pathways have been pro-
posed based on empirical and theoretical studies.’®?"?° A
direct, concerted pathway from the dioxetane to the singlet
excited state via a charge transfer intermediate is described as
a charge transfer induced luminescence (CTIL) mechanism.*®
It is, however, difficult to explain the observed and reproduci-
ble viscosity dependence of the concerted path. One could
invoke the need for a specific conformation of the aryl ring
rotation for optimal charge transfer to occur, which would be
viscosity dependent. A reduction in the rate is indeed observed
with increasing viscosity, which could in principle be
explained by viscosity hindering achieving an appropriate con-
formation for efficient charge transfer as supported by a com-
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putational analysis below. However, while the kinetics of emis-
sion, which in a concerted CTIL mechanism would be in the
same step as chemiexcitation, is decreased with increasing vis-
cosity, the chemiluminescence quantum yield increases with
increasing viscosity. If this were a concerted reaction, one
would expect similar trends for the rate-limiting step and che-
miluminescence emission. By contrast, a stepwise mechanism
with distinct intermediates and kinetics could explain these
differences.

Concerted electron back transfer and gradually reversible
charge transfer induced luminescence (GR-CTIL)

Two stepwise mechanisms have been proposed that do not rely
on intermolecular electron back transfer from a solvent-caged
radical pair. A concerted electron back transfer and C-C bond
cleavage after the formation of an initial full electron transfer
biradical intermediate has been proposed,*® with the viscosity
effect interpreted as bond rotation of the initial radical pair to
a conformation that does not undergo concerted formation of
the singlet excited state (Fig. 6A). Our data can provide insight
to this model for intramolecular electron back transfer.
Dioxetanes 1 and 2 show similar kep/kee and kep/kor, Which
could be expected if the intermediates after the initial electron
transfer are similar as described in the CIEEL mechanism
Scheme 3, which could be reasonably expected to have similar
rates of electron back transfer versus molecular reorganization.
On the other hand, the viscosity dependence (k,, and a values)
is not as consistent with bond rotation around the C-C bond
because dioxetane 2 is significantly more restricted due to the
five-membered ring still being intact (Fig. 6B). An alternate
bond rotation could be invoked by considering rotation
around the C-C bond connecting the aryl ring and the dioxe-
tane, which would indeed be similar for the two structures
and could conceivably result in a similar viscosity effect on ko,
and a values.

debt
(yield of electron back transfer)
1

b
(yield of radlcal pair)
_0 QCH3Cl e O OCH;CI OCH; CI

9 . E)
0
obs e bt
concerted ebt /
CN

c-C bnnd c\eavage

% o cx:H3 & OCHsCI QCHs ¢l

°
non-emissive m }\@/\+ hv
products ~——— oN
Dg = drpPent
et
(yield of electron back transfer)

B (yleld of radlcal pair)

1
Oy c % 5 @ OCH; CI

: :
concerted ebt
A en A en and A en
C-C bond cleavage
R

ocHs ¢l

i 0
non-emissive ggﬁiﬂ ° + hv
products ~—— rotation A en

Ds = drpdebt

Fig. 6 Intramolecular concerted electron back transfer model.
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In these models, the differences in singlet quantum yield
between 1 and 2 would be explained either by differences in
the yield of radical pair formation or differences in the ratio of
electron back transfer to an emissive excited singlet state or a
non-emissive ground singlet or triplet state. Differences in
dioxetane ring strain could lead to differences in efficiency of
the initial radical pair formation, ¢,,. This is consonant with
an approximately 10-fold lower ks for 2 versus 1, an indication
that this first step may not be as efficient with other competi-
tive processes.

A stepwise mechanism is also consonant with the gradually
reversible charge transfer induced chemiluminescence
(GR-CTIL).>" Using multiconfigurational computational
methods, a reaction pathway for the decomposition of 1,2-
dioxetanes similar to 1 and 3 was computed that showed an
initial charge transfer step to form a biradicaloid intermediate,
followed by C-C bond cleavage, with a charge back transfer
occurring after S, — S; transition. Similarly to the concerted
electron back transfer mechanism discussed above,?® the vis-
cosity-dependence of the chemiluminescence emission can be
reasoned by a viscosity dependence of the bond rotation away
from conformations that are optimal for S, — S; cross-over.
This is supported by the computed potential energy curves
that indicate the bond rotation around the C-C bond is an
important part of the reaction pathway.”’ The reorientation
model can be used in this case, where k., would be substi-
tuted with kc_c, the rate of dioxetane C-C bond cleavage/che-
miexcitation in the second step of the GR-CTIL mechanism.
Thus, the derived molecular reorientation model could be
applied in the context of a GR-CTIL mechanism to give useful
estimates of ¢, and relative rates of the S, — S; chemiexcita-
tion versus viscosity dependent molecular reorientation.

Viscosity effects on the rates of chemiluminescence emission

Viscosity effects are observed for both the kinetics of the che-
miluminescence emission (which decrease with increasing vis-
cosity), and the intensity of the chemiluminescence emission
(which increases with increasing viscosity). In order to under-
stand the decrease in the rate of the reaction with increasing
viscosity, it is possible that a specific conformation with
regards to the rotation around the aryl-dioxetane bond may be
optimal for the initial electron transfer step. We computation-
ally investigated how rotation around the aryl-dioxetane bond
affected the global energy (to find the minimum energy con-
formation) and the HOMO-LUMO gap (to gain insight into the
energy barrier for electron transfer).

The potential energy surface (PES) along the dihedral
angles between the 1,2-dioxetane and aryl ring was constructed
based on relaxed scan calculations for the ionized forms of
both compounds 1 and 2 (Fig. 7A and B). Both compounds
have two barriers associated with the rotation of the target di-
hedral angles. For compound 1, these two barriers are 28 kcal
mol™" (with the dihedral angle at 74 degrees) and 20 kcal
mol ™" at 274 degrees. For compound 2, these two barriers are
14 keal mol ™" at 145 degrees and 20 keal mol ™" at 325 degrees.
The structures with the lowest potential energy of both com-
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Fig. 7 (A) and (C) show the total energy and HOMO-LUMO energy gap
as a function of dihedral angles for compound 1. (B) and (D) show the
total energy and HOMO-LUMO energy gap as a function of dihedral
angles for compound 2.

pounds 1 and 2 exhibit similar conformations in terms of the
relative orientation between chlorine and 1,2-dioxetane groups
(Fig. 8A and B). The dihedral angles for geometries with the
lowest potential energy are 14 degrees and 215 degrees for
compounds 1 and 2, respectively.

For comparison, the HOMO-LUMO energy gap was ana-
lysed across all conformations to gain insight and compare di-
hedral angles of the minimum energy conformations to the
conformations with the lowest HOMO-LUMO gap. The
rotation between the 1,2-dioxetane and aryl rings significantly
influenced the HOMO-LUMO energy gap for both compounds
(Fig. 7C and D). The ranges of HOMO-LUMO energy gap for
compounds 1 and 2 are roughly between 149 kcal mol™" and
153 keal mol™" with compound 2 displaying slightly wider
range. Interestingly, the geometries with the lowest HOMO-
LUMO energy gap are different from the geometries with the
lowest potential energy for both compounds (Fig. 8C and D).
The dihedral angles for geometries with the lowest HOMO-
LUMO energy gap are 264 degrees and 335 degrees for com-

Fig. 8 Key geometries from relaxed scan calculations of compounds 1
and 2. (A) The geometry of compound 1 with the lowest potential
energy. (B) The geometry of compound 2 with the lowest potential
energy. (C) The geometry of compound 1 with the lowest HOMO-
LUMO energy gap. (D) The geometry of compound 2 with the lowest
HOMO-LUMO energy gap.
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pounds 1 and 2, respectively. Interestingly, the orientation of
the chlorine in the structure with the lowest HOMO-LUMO
energy gap is opposite from the structure with the lowest
potential energy for both compounds.

These computations show the possibility that conversion
from the lowest energy ground state conformation to the con-
formation with the lowest HOMO-LUMO gap requires a bond
rotation, which would be expected to be viscosity dependent.
While a full treatment of the reaction pathway using this
relaxed scan approach is outside the scope of the current
work, it provides a reasonable explanation of the viscosity
dependence of the kinetics. We do note that the trends of
these viscosity effects of k.5 differ between ethylene glycol and
PEG-3350, in contradistinction to @,, which shows similar vis-
cosity dependence for ethylene glycol and PEG-3350.
Therefore, caution should be exercised when interpreting the
viscosity effects on kops.

Conclusions

This study demonstrates that dioxetanes 1 and 2 display
clearly observable viscosity-dependent increases in chemilumi-
nescence and singlet quantum yields. Singlet quantum yields
at high viscosity approaching 100% for dioxetane 1 and 60%
for dioxetane 2 were observed. Two strengths of the experi-
mental approach include studying the system across a wide
range of viscosity (~10-fold increase in viscosity) and using
two solvent systems, ethylene glycol and PEG-3350, that show
similar effects on chemiluminescence emission intensity at
similar viscosities, increasing confidence that the effects of
increasing concentrations of PEG-3350 or ethylene glycol are
due to increasing viscosity and not due to other factors like
solvent reorganization energy or solvent polarity. A decrease in
kobs is measured with increasing concentrations of ethylene
glycol and PEG-3350, although trends are slightly different for
these two solvent systems. We note that viscosity dependence
on chemiluminescence has been reproducibly observed in
several different laboratories and several chemiluminescence
systems, so any mechanistic proposal should be consistent
with these empirical observations.

We have analysed the data in the context of classic colli-
sional and free-volume intermolecular CIEEL models, newly
derived “cage-escape” and “molecular reorientation” kinetic
models that consider the yield of radical pair formation, an
intramolecular CIEEL model with concerted electron back
transfer and C-C bond cleavage, concerted CTIL, and the step-
wise GR-CTIL model. Differential viscosity effects where kps is
decreased while @ is increased with increasing viscosity is
more consistent with a stepwise mechanism with distinct rate-
limiting and chemiexcitation steps. Accounting for the yield of
radical pair formation provides useful insights, in particular
providing a rationalization for the high singlet quantum yields
of dioxetanes with intramolecular activators (1-5 in Fig. 5)
versus the lower singlet quantum yields for systems that
require intermolecular activation (6-8 in Fig. 5), although we
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note that the estimates of radical pair yields are not completely
disentangled from other viscosity-independent processes that
reduce @;. These models can also give estimates of relative
rates of pathways after the rate-limiting step by virtue of
measuring differences in the fast chemiexcitation step of the
mechanism. In summary, this study provides the first aqueous
data for how viscosity effects chemiluminescence emission
and mechanistic insights that will serve to inform future mole-
cular design.
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