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ABSTRACT Why does electron transfer quench RESULTS & DISCUSSION

Fluorescent xanthene dyes used as probes in bio-
logical systems tend to undergo fluorescence
quenching when at a high concentration in an aque-
ous environment. This phenomenon is believed to be
caused by the formation of dye aggregates, and re-
sults in an often drastic decrease in fluorescence sig-
nal. Although exciton splitting, which creates a quasi
forbidden fluorescing state, is most often invoked as
the root of the loss of fluorescence, it is unclear that
this effect could lead to the extreme quenching usu-
ally seen. Vibronic coupling to the higher strongly al-
lowed exciton state should provide considerable
emitting strength. Here, using hybrid quantum me-
chanical-molecular mechanical (QM-MM) models of
explicitly solvated sandwich homo dimers of fluo-
rescein and tetramethyl rhodamine (TMR), we inves-
tigate the possibility that fluctuations in the water en-
vironment could stabilize preferential electron trans-
fer between seemingly identical molecules.

This method has previously been successfully ap-
plied, in this laboratory, to fluorescence quenching of
tryptophan. During 50 ps molecular dynamics trajec-
tories in which the charge density was simulating the
fluorescent state, we found that the local solvation al-
most always favored electron transfer to one of the
identical molecules. Although the mean separation
between S; and the lowest charge transfer (CT)
state was 5000 cm’” (0.62 eV), large fluctuations in
CT state energy suggested that the two states could
become degenerate, thereby facilitating electron
transfer. Simulation of a CT event by moving an elec-
tron from one molecule to another caused the CT
state to be stabilized by 2 eV within 100 fs. This sug-
gests that quenching would be complete. At this
point in our study, electron transfer appears to be a
likely mechanism for concentration quenching. The
effect is more pronounced for fluorescein when com-
pared to TMR.

Exciton Theory & Charge Transfer Theory

Exciton theory says that the lowest = —— ¢
state in which excitation is shared by
the two molecules has canceling
transition dipoles and leads to a for-
bidden emission process. (E’in Fig-
ure 1)1. While theoretically forbid- "~
den, transitions from these energy
states are allowed under certain cir-
cumstances, including degeneracy. This would lead
to reduced, but not total absence of, fluorescence, if
other non-radiative pathways are not reduced by the
dimer formation.

Figure 1

Electron transfer is a mechanism that involves one
molecule with a very high occupied molecular orbital
(the quencher) and a fluorescent molecule (the
quenched molecule). In the fluorescent molecule, an
electron becomes excited to a higher molecular or-
bital, leaving a hole in its place. By leaving this hole,
an electron from the quencher is transferred to the
lower energy orbital. Since the excited electron is
unable to return to its ground state, fluorescence is
not emitted, and the fluorescence is quenched, see
Figure 2.
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Figure 2

Why would electron transfer occur
in homodimers?

If the molecular orbitals of the dyes are exactly
the same, it would be expected that electron
transfer could not occur.

Is the random fluctuation of the
water molecules enough to
promote electron transfer?

METHODS

. Create dimers spaced 5.00 A and 3.75 A as re-

ported by Millié?, and solvate in 20.0 A of water
(see Figure 3).

+ Hybrid Molecular Dynamics (CHARMM) — ZINDO/S

method

- Dye bond lengths are fixed at Charge Transfer (CT)

state geometry.
CHARMM

Solvent motion simulated using

- T=2300K, time interval 1 fs.
- Every 10 fs, coordinates are input in ZINDO/S,

which then calculates the vertical transition energy,
taking into account electrostatic effects

. Two excited states are tracked, the S; and the

charge transfer (CT) state

« Information from ZINDO/S is then used in the next

iteration

. For the first 50 ps of simulation, the charges in the

dye molecules are those of the S; state. At t=50
ps, the values are switched, instantaneously, to
those of the CT state

Solvated Tetramethyl Rhodamine Dimer

Figures 4 and 5 show the 60 ps trajectories that were
generated for the fluorescein dimers in fixed parallel
conformations located 5.00 and 3.75 A apart respec-
tively.

As discussed in the Methods section, the first 50 ps
of simulation correspond to dimers in their S, state.
At t=50 ps, the atomic charges are switched to those
of the CT state, thereby simulating the charge trans-
fer event.

Comparison of Figures 4 and 5 to Figures 10 and 11
shows that the average size of the fluctuations does
not depend on the separation between the compo-
nent parts of the homodimers. However, the overall
energy of the CT state is lower when the two mole-
cules are spaced closer together. This is due to the
lower energy that is needed for an electron to transfer
a shorter distance.

In addition, the closer molecules result in a larger
number of mixed states, as is shown by the large de-
viations (~10,000 cm™) from the average band of the
CT state. The actual values for the energy of the
mixed states lie within the average band of values.
The key factor in the stabilization of the CT state is
the orientation of the water molecules. For any par-
ticular moment in time when the CT state is at a low
point, one molecule in the dimer had a predominance
of water hydrogen atoms pointed toward it, while the
other was predominantly close to oxygen atoms.
When this occurred, it allowed an electron to be
transferred to the molecule that would be stabilized
by a positive electric field generated by the partial
charges in the water. (Figure 6).

This was also shown to be true even during unusual
orientations of water (Figure 9). In this case, with the
water forming a sheet around the electron donor, the
most stabilizing waters were those that were further
away. In any case, the orientation of the water mole-
cules was still consistent with what had previously
been noticed.

Figure 7 shows the 60 ps trajectory generated for
fluorescein dimers that are free to move.

Comparing Figures 4 and 7, it can be seen that the
fluctuations in the transition energy are much greater
during the unfixed trajectories. (See Tables 1 and 2)
It is thought that this occurs because the molecules
are able to interact with each other more freely than
when they were fixed. The fluctuations themselves
occur due to the differences in the solvation coordi-
nate over time. The lowest energy cases have more
water molecules that stabilize the CT state, thus driv-
ing the energy lower.

Along the unfixed trajectories, there are points in
which the dye molecules separate a great deal. This
is obvious form Figure 8, which shows the relative po-
sition of the two monomers at the times indicated in
Figure 7. The energy of the CT state increases
monotonically with increased distance.

Figure 9 shows the fluorescein dianion dimer and se-
lected solvent molecules. The picture on the left
shows the location of the waters that are the largest
contributors to the stabilization of the charge transfer
state. This compares to the picture on the right,
which shows the closest water molecules.

Figures 10 and 11 show the 60 ps trajectories for
tetramethyl rhodamine dimers (again at separations
of 5.00 and 3.75 A.

The general findings regarding the S; — CT energy
gap and the magnitude of the energy fluctuations are
similar to those of the fluorescein dimers.
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Table 1. Transition Energies and
Relaxation Time for Fluorescein and

Tetramethyl Rhodamine Dimers
(5.00 A) (From Figures 4, 7, and 10)

Fluorescein Tetramethyl
Rhodamine
Fixed Unfixed Fixed Unfixed
<Ecr> Si charges 32.8 37.0 31.7 29.7

04000em) oo arges 18.5 8.1 222 121

7 <Eg> (x1000cm™) 271 25.8 26.2 243
<AEcr> (x1000cm”) -14.3 -28.8 -9.5 -17.6
§,-.CT charges

keal/mol -41 -82 -27 -50

<Ecr-Es> S charges 16 32 16 15
keal/mol

CT charges -25 -51 -11 -35

Relaxation time (fs) 30 20 200 30

Table 2. Transition Energies and
Relaxation Time for Fluorescein and

Tetramethyl Rhodamine Dimers
(3.75 A) (From Figures 5 and 11)

Fluorescein Tetramethyl
Rhodamine
Fixed Unfixed Fixed Unfixed
<Ecr> ~ Sicharges 30.0 35.3 291 271
(000D Cronarges 1.2 65 242 17.6
<Es.> (x1000cm™) 27.4 25.6 26.3 248
<OEcr> (x1000cm”) -8.8 -28.8 -4.9 -9.5
$1~CT charges
keal/mol 25 -82 14 27
<Ecr-Es> S charges 8 28 8 7
keal/mol
CT charges -18 -54 -8 -21
Relaxation time (fs) 40 20 160 80

Conclusions

« This is the first study, to our knowledge, that dem-
onstrates that in aqueous solution, electron transfer
as a quenching mechanism between identical dye
molecules is physically possible

*«Random (thermal) fluctuations in the solvent
field are responsible for the stabilization of the
CT state that is key to the electron transfer
quenching process.

« This finding is not contradictory to exciton theory.
Exciton effects are always present in dimers but are
not expected to cause complete quenching that is
often reported for dimers

Future Work
Improve the topology and parameter files used for
this study; those that were used were only rudi-
mentary in the specifications for the molecules in-
volved.
Vary the initial angle at which the two molecules
interact.
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