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Photoinduced electron transfer (PET) from a biological amine, tryptophan to a well-known acridine-derivative,
proflavin has been investigated employing laser flash photolysis technique in heterogeneous AOT reverse mi-
celles (RMs). In AOT RMs a significant magnetic field effect (MFF) on PET has been observed which authenticates
the triplet spin states of the precursors of PET. The measurement of B;, value gives an indication of the extent of
hyperfine interactions present in the system in AOT medium. The cause of discrepancy between calculated and

experimental By, values is explained. Further, it is observed that MFE decreases with increase in pool size of the
RMs which highlights the importance of optimum separation between the corresponding radical ions pairs to

maximize MFE.

1. Introduction

Electron transfer (ET) is one of the most fundamental reactions that
occur in biological systems [1]. The study of the crucial role of ET in
different proteins ranging from photosynthetic proteins to protein con-
taining copper, iron-sulfur or heme group, becomes imperative day by
day [2-7]. Generally in proteins, ET is a long distance phenomenon
(>10 A) which occurs through hopping between different protein resi-
dues in order to reduce the time that would be required for a single step
tunneling from donor to acceptor [8-10]. Among the amino acid resi-
dues of proteins, Tryptophan (TrpH) in particular acts as a relay in such
processes [11-16]. Among the four aromatic amino acids (i.e. phenyl-
alanine, tyrosine, histidine, and tryptophan), TrpH is the only one which
can donate and forms an ET-complex, as observed with riboflavin, se-
rotonin (5-hydroxytryptamine), tryptamine derivatives, lysergic acid etc
[17,18]. This kind of ET occurs from the n-electron pool of the indole
system of residue to the acceptor [19]. TrpH also acts as a
photo-triggered electron donor as observed in cryptochromes [20], DNA
repairing by photolyase [21] etc. Further, when there is no electron
acceptor nearby, TrpH undergoes ET with the backbone of the protein as
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observed in case of apo-myoglobin mutants, small cyclic peptides, and
human y-D-crystallin etc [22]. Recently, it has been observed that a
“Tryprtophan triad” is able to make an ET channel during photoreduc-
tion of FAD in various protein families [23-26]. Therefore, the versa-
tility of TrpH-mediated ET in proteins and its widespread occurrence in
proteins, make TrpH a routine as well as pivotal probe in investigation of
the dynamics of protein.

Proflavin (PF'), an acridine derivative is well known for its anti-
bacterial and antifungal properties against many gram-positive bacteria
and is extensively used as an extrinsic probe to reveal biological in-
tricacies as it is able to bind with DNA and proteins [27,28]. Further, its
intrinsic fluorescence and triplet absorption properties make PF™ an
efficient probe for the investigations of ground and excited state phe-
nomena [29]. It remains positively charged in a long range of pH
(0.2-9.5) including biological pH [30]. Thus, it may act as a good
electron acceptor which was confirmed by previous studies from our
laboratory [31,32]. The interaction of PF™ with aliphatic amine (e.g.
triethylamine) [31] or aromatic amines (e.g. N, N'-dimethylaniline and
4,4'-bis (dimethylamino) diphenylmethane) [32] indicates the depen-
dence of photoinduced electron transfer (PET) on the nature of acceptor
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molecules and the nature of the solvent matrices.

One of the most popular means of studying photoinduced processes
like PET or excited-state intramolecular proton transfer is fluorescence
spectroscopy [33-38]. In fact, the ultimate products and transient in-
termediates of PET reactions are usually estimated by steady-state and
time-resolved absorption and fluorescence experiments respectively.
However, since last few decades the application of an external magnetic
field (MF) has been gaining importance along with the above mentioned
experiments [39-48]. This is because the magnetic field effect (MFE) is
quite competent to identify the initial spin state of the precursors of PET,
one of the deciding factors for ultimate products, and to assess the in-
termediate distance in geminate spin-correlated radical pairs
(RP)/radical ion pairs (RIP) produced as transients, which is very much
useful to study ‘distance-dependent’ interactions in biomacromolecules.

The RPs/RIPs, which are formed in the due course of PET, are sus-
ceptible to be easily perturbed by external MF as they contain unpaired
electrons. When the partners of the geminate RIPs undergo diffusion and
are separated by an optimum distance where exchange interaction is
negligible, the internal MF produced by electron-nuclear hyperfine
interaction (HFI) can induce spin flipping, i.e. sufficient mixing of singlet
(S) and triplet (T, Tp) states and promote intersystem crossing (ISC). In
the absence of an external MF, leakage to the triplet surface is maximum.
If an external MF of the order of HFI or higher is applied, then the de-
generacy of the triplet spin states is removed and only S—T, channel
becomes operative. As a result, the population of the initial spin state of
the RIPs formed during PET increases. If the initial spin state is singlet
then there will be a predominance of recombination product while if it is
triplet then more of free radicals will be formed.

We herein report the interaction study of positively charged PF* with
TrpH, a biologically available electron donor system, in homogeneous
medium (tris-NaCl/HCI buffer medium, at biological pH 7.4) as well as
reverse micellar heterogeneous medium of sodium bis-(2-ethylhexyl)
sulfosuccinate (aerosol OT or AOT) using laser flash photolysis (LFP)
technique corroborated with an external MF. Choice of reverse micelle
(RMs) is significant in this purpose as in RMs, the micellar interface and
aqueous phase yield a unique and versatile reaction field for the study of
biochemical processes [49]. Photogenerated ions produced through PET
reactions prefer to recombine in homogeneous medium. Organized
media can effectively prevent this subsequent recombination and con-
trol back ET by manipulating electrostatic and spatial effects. Amphi-
philic molecules are capable of self-assembly and can thus associate to
form spatially organized pockets. Charged amphiphiles are also capable
of displaying a strong electric field in their vicinity. These hydrophobic
and electrostatic interactions lead to efficient partitioning of the sub-
strates. These systems are also used for probing local environment on the
distance scale of angstroms. Moreover micelles, RMs and vesicles are
model membrane mimetic systems. Therefore, understanding PET in
these simple systems can help in our understanding of biological PET
reactions. The confined systems prolong the lifetimes of the radicals or
radical ion pairs formed as a consequence of PET reactions and also
maintain the optimum distance between them so that the geminate
characteristic, which is an important factor for obtaining appreciable
MEFE, is preserved. Further, biological nanocavities like protein struc-
tures may impart pseudo-confinement to the radical ions which may
help in to maintain the optimum conditions required to observe sub-
stantial MFE [50-52]. In fact, we have previously reported the inter-
action of PF" with human serum albumin (HSA), a serum protein which
houses a single tryptophan residue. Using LFP we found that PET occurs
from the tryptophan residue to PF' and observation of MFE helped us to
conclude that the parent spin state of the precursor of PET is triplet [52].
MEFE is observed prominently when the partner radical/radical ions are
separated by 10-20 A. In case of PF*-HSA system, the stereoview of the
docked conformation showed that the distance between the tryptophan
residue and PF' is 12.93 A, which explained the observed MFE. The
complex structure of the protein imparts pseudo-confinement to the
radical ions, which consequently leads to appreciable MFE. The present
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Scheme 1. Chemical structures of PF* and TrpH.

communication is a quest to explore that whether PET takes place be-
tween PF' and tryptophan in another confined system of AOT, which
itself is a unique solvent matrix.

2. Experimental
2.1. Instrumentation

LFP technique was used to detect the non-fluorescent transients
formed during PET reactions. The transient absorption spectra were
measured by using a nanosecond flash photolysis setup (Applied Pho-
tophysics) having a Q-switched, Neodymium doped Yttrium Aluminium
Garnet (Nd:YAG) laser (Lab series, Model Lab 150, Spectra Physics,
USA.) (described earlier) [53]. The fundamental emission at 1064 nm is
generated from the active medium Nd3+ (4F3 - 4111 ,2). Other harmonics
can be produced by frequency conversion in the nonlinear potassium
dideuterium phosphate (KD*P) crystals.

In our experiments, the sample was excited by 355 nm laser light
with FWHM =8 ns. Absorption of light from a pulsed Xe lamp (150 W) at
right angle to the laser beam was employed to detect the newly gener-
ated transient species in the system. The photomultiplier (R928) output
was fed into an Agilent Infiniium oscilloscope (DSO8064A, 600 MHz, 4
Gs/s) and the data were transferred to a computer using I[YONIX soft-
ware. MFEs on the transient absorption spectra were explored by passing
direct current through a pair of electromagnetic coils placed inside the
sample chamber. The strength of MF was varied from 0.0 to 0.08 T.
Before carrying out the experiments, all samples were deaerated prop-
erly by argon gas. During the experiments no degradation of the samples
was observed. The software Origin 8.0 was used for the analyses of data.

2.2. Materials

Proflavin, i-tryptophan, tris buffer and AOT were procured from
Sigma Aldrich and used without further purification. Structures of the
chemicals used are shown in Scheme 1 pH of 0.01 M tris-HCl/NaCl
buffer was maintained at biological pH 7.4. To get homogeneous solu-
tions, PF" and TrpH were dissolved in tris buffer medium. The hetero-
geneous medium AOT/H,0/n-heptane reverse micelle (AOT RMs) was
prepared by dissolving measured amount of solid AOT in n-heptane by
volumetric method. Subsequently triple distilled water was added to the
solution to obtain appropriate value of wy, where wy denotes the ratio of
molar concentration of water to AOT. AOT RMs form a well character-
ized monodispersed spherical RMs in n-heptane and are able to solubi-
lize a large quantity of water inside [54]. For a known concentration of
AOT the size of the entrapped water pool depends on the wy value [55],
where,

wo = [polar solvent] / [surfactant] @

The diameter (d) of a RM depends on these wy values, which can be
calculated (in nm) using the following equation [56],

d=0.29w + 1.1 2)

Solutions were made by dissolving measured amount of solid AOT in
n-heptane by volumetric method. Subsequently triple distilled water
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Fig. 1. A: Transient absorption spectra of (a) PF" (5 pM) and (b) PF* (5 pM) +
TrpH (0.5 mM) in buffer medium of pH 7.4 at a delay of 0.5 ps after the laser
pulse at 355 nm. B: Decay profiles of (a) PF" (5 pM) and (b) PF* (5 pM) + TrpH
(0.5 mM) in buffer medium at 360 nm after the laser flash at 355 nm.

was added to the solution to obtain appropriate value of wy, where wy
denotes the ratio of molar concentration of water to AOT. The wy values
were kept as 10, 15 and 20. The concentration of AOT in all RMs was
maintained at 0.1 M. The mixtures were then thoroughly shaken and
sonicated for 10 min to obtain a transparent and thermodynamically
stable solution. The optimum concentration of water in AOT is deter-
mined using absorption spectra. As TrpH is not easily soluble in AOT,
therefore it was at first dissolved in very small amount of tris buffer
(<2.5%) followed by the water adjustment to maintain wyp in AOT. All
the measurements were performed at room temperature.

2.3. Theoretical modeling

Proflavin radical structure (with 111 electrons) was geometry opti-
mized and the Fermi Contact coupling constants were computed using
unrestricted B3LYP [57,58] functional with EPR-III basis set, which is
optimized for the computation of hyperfine coupling constants by
Density Functional Theory methods, specifically B3LYP [59]. EPR-III is a
triple-zeta basis set which includes diffuse functions, double d-polari-
zations and a single set of f-polarization functions (as depicted in
Fig. S1). Further, the s-part is improved to better describe the nuclear
regions. Fig. S2 shows labeled structure of proflavin used for theoretical
modeling.
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Classical molecular dynamics (MD) simulation was performed on
proflavin and Trp in water following previously published protocol [60].
Coulombic and van der Waals interaction energies between proflavin
and Trp was computed over the 4.8 ns of simulation time. A few prob-
able complexes having pi-stacking, hydrogen bonding or pi-cation in-
teractions were further optimized using density functional theory (DFT)
following previously published protocol using B3LYP exchange corre-
lation functional and 6-31 g-+(d) basis set [61]. Grimme’s empirical
dispersion correction (GD3) was added to account for the non-bonded
intermolecular interactions [62]. All the optimization were done in
polarizable continuum model (IEFPCM) of water, where the molecule
was placed in a solvation cavity and a constant dielectric field was
assumed on the outside [63]. UV visible spectra of the complex formed
between proflavin and TrpH was computed using time dependent den-
sity functional theory (TD-DFT) with same exchange correlations and
basis sets, which was used for geometry optimization [64]. Fig. S3 shows
the optimized geometry of the most favourable complex formed
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Fig. 2. A: Transient absorption spectra of (a) PF* (5 pM) and (b) PF™ (5 uM) +
TrpH (0.5 mM) in AOT RM medium of wp = 10 at a delay of 0.5 ps after the
laser pulse at 355 nm. Inset shows time-resolved transient absorption spectra of
PF' (5 pM) + TrpH (0.5 mM) at 0.5 ps (), 1.0 ps (e), 1.5 ps (4) and 3.0 ps (v)
after the laser pulse at 355 nm in AOT RMs of wy = 10. B: Decay profiles of (a)
PF" (5 uM) and (b) PF" (5 uM) + TrpH (0.5 mM) in AOT RM medium of wy =
10 at 360 nm after the laser flash at 355 nm.
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between proflavin and TrpH. in Fig. 1B.

3. Results and discussion
3.1. LFP in conjunction MF

3.1.1. Homogeneous medium

In tris-HCl/NaCl buffer medium (pH = 7.4), the triplet state peak of
PF™ is observed at 360 nm. On addition of TrpH to a solution of PF*,
there is appreciable quenching of absorbance of 3pF* at 360 nm
accompanied by formation of a small new hump at 400 nm as shown in
Fig. 1A. Further, there is also small increase in absorbance at 520 and
560 nm. As suggested in literature reports, emergence of a distinctly new
hump at 400 nm is attributed to the formation of PF* [31,32,52]. Pre-
vious reports suggest that the transient absorption spectral signatures of
TrpH*" are found at 350 nm as well as 560 nm and that of Trp* is at 510
nm [52]. Decay profiles of 5 pM solution of PF" in buffer medium in
absence and presence of TrpH at 360 nm after the laser flash are depicted

3.1.2. Heterogeneous medium

The number of water molecules per AOT is usually defined by wy
parameter (as represented in equation (2)). The interior of RMs is highly
heterogeneous in nature [54,55], consisting of two types of aqueous
environments, i.e. interfacial water (or bound water) and core water
(free water). The interfacial water molecules resemble the water mole-
cules at the immediate vicinity of the bioaggregates such as proteins,
membranes and mitochondria [65,66], while core water shows
bulk-water like properties. Thus, AOT RMs serve as excellent biomimics
for exploration of biologically confined water molecules [67,68]. Sol-
vation time and relaxation of a highly structured nanopool of water are
found to be slower by several orders of magnitude compared to those of
ordinary water [65]. The inhomogeneous dynamics of water inside the
nanopool is because of its differential H-bonding behaviour in two
different regions of RMs [67-72]. Some workers have rationalized this
differential behavior of water by considering the interactions among
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Scheme 2. Proposed reaction pathways.

water molecules and surfactant head groups, while other believe that the
nature of confinement is responsible for such a behaviour [73,74].

In AOT RMs medium of wy = 10, the triplet state peak of PF* is
observed at 360 nm similar to that in homogeneous medium. Upon
addition of TrpH, there is quenching of the spectral signature of PF"
along with the formation of a new hump at 400 nm and also a slight
increase in absorbance at 520 nm as well as at 550 nm as shown in
Fig. 2A. These observations are very similar to those obtained in ho-
mogeneous medium and probably suggest that PET takes from TrpH to
PF' which leads to the formation of PF* and TrpH*. Inset of Fig. 2A
shows time-resolved transient absorption spectra of PF" (5 pM) + TrpH
(0.5 mM) at 0.5, 1.0, 1.5 and 3.0 ps after triggering of the laser pulse in
AOT RMs of wy = 10. Decay profiles of 5 uM solution of PF" in AOT RM
medium of wy = 10 in absence and presence of TrpH at 360 nm after the
laser flash are depicted in Fig. 2B.

Now the pertinent question is why the signature of Trp* is observed
as evident from increase in absorbance in presence of TrpH around 500
nm as depicted in Fig. 2A? Earlier reports suggest that electron transfer
followed by proton transfer involving the TrpH residue of protein is a
common phenomenon [75] and has also been observed previously by
our group while studying the interaction of PF* with HSA [52]. Thus, it
may be proposed that PET takes place from TrpH to PF'. As PF" bears a
unipositive charge at pH 7.4, PF" yields a radical (PF*) instead of a
radical anion (PF*") in the due course of PET [52], which eventually
produces the spin-correlated geminate pair (TrpH*" PF*) that undergoes
proton transfer within the geminate cage to yield spin-correlated (Trp®
PFH*"). The proton transfer step may be represented as follow:

PF* + TrpH*" — PFH*" + Trp* 3)

The transient absorption spectra of PF' (5 pM) + TrpH (0.5 mM) in
absence and presence of a weak external MF of 0.08 T in AOT RMs
medium of wy = 10 are shown in Fig. 3A. Inset of Fig. 3A shows time-
resolved transient absorption spectra of PF" (5 pM) + TrpH (0.5 mM)
in presence of MF at 0.5, 1.0, 1.5 and 3.0 ps after triggering of the laser
pulse in AOT RMs of wy = 10. In presence of MF, there is augmentation
of absorbance at 360, 400, 510 and 560 nm. The most appreciable MFE
is observed in the region of 350-360 nm which is the spectral signature
of TrpH*". The decay profiles of the transient at 360 nm (as depicted in
Fig. 3B) show an increase in lifetime from 1.77 ps (in absence of MF) to
2.45 ps (in presence of MF). This implies that the precursors of PET are
triplet-born. In absence of MF, increase in absorbance at 360 nm on
addition of TrpH to PF* solution is not clearly understood because 3PF"

0.025 pyom
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Fig. 4. Transient absorption spectra of PF* (5 pM) + TrpH (0.5 mM) in absence
and presence of MF at a delay of 0.5 ps after the laser pulse at 355 nm in AOT
RMs of wy = 15. Inset shows time-resolved transient absorption spectra of PF"
(5 pM) + TrpH (0.5 mM) in presence of MF at 0.5 us (), 1.0 ps (e), 1.5 ps (a)
and 3.0 ps (v) after the laser pulse at 355 nm in AOT RMs of wy = 15.

has characteristic peak at 360 nm and shows an overall quenching as
evident from Fig. 2A. It is only the use of MF which helps to reveal that a
radical ion TrpH*" is formed at 360 nm. Insets (i) and (ii) of Fig. 3B are
the logarithmic representations of decay profiles of Fig. 3B to check their
monoexponential nature. Previous study suggests that the signature of
PFH*" is at 550 nm while that of TrpH*" is at 560 nm [46]. Therefore,
increase in absorbance at 550 nm may imply the increase in yields of
both PFH*" and TrpH*". Thus, the observed MFE may arise due to both
the types of spin correlated geminate pairs, viz, (TrpH*" PF*) as well as
(Trp* PFH*"). Moreover, MFE at 360 and 400 nm confirms that the initial
spin state of the precursors of PET is triplet and pathway II in Scheme 2 is
preferred over pathway I. The proposed mechanism of reaction is
depicted in Scheme 2 although the proton transfer step is not shown in
this Scheme.
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RMs of wy = 20. Inset shows time-resolved transient absorption spectra of PF"
(5 pM) + TrpH (0.5 mM) in presence of MF at 0.5 ps (), 1.0 ps (e), 1.5 ps (a)
and 3.0 ps (v) after the laser pulse at 355 nm in AOT RMs of w, = 20.

Table 1

Decay rate constant (k) and relative radical escape yield (y) of TrpH*" in absence
and presence of MF. [ ¢ Arbitarily taken]. y = Absorbance (MF, x ps) /Absorbance
(MF = 0, x ps).

Wavelength (nm) Wo MF (T) Decay rate constant k (s1) 4
360 10 0 5.6 x 10° 1.00°
0.08 4.0 x 10° 1.72
15 0 5.3 x 10° 1.00°
0.08 4.9 x 10° 1.40
20 0 4.9 x 10° 1.00°
0.08 4.4 x 10° 1.08
HFI
1(TrpH'+ PF*) +—> 3(TrpH'+ PF*) ()]
MF
and
HFI
1(Trp' PFH*") — 3(Trp' PFH*") 5)
MF

Further, Figs. 4 and 5 depict the effect of MF on transient absorption
spectra of PF" (5 uM) + TrpH (0.5 mM) in varying water pool size of
RMs. Also, insets of Figs. 4 and 5 show time-resolved transient absorp-
tion spectra of PF' (5 pM) + TrpH (0.5 mM) in presence of MF at 0.5,
1.0, 1.5 and 3.0 ps after triggering of the laser pulse in AOT RMs of wy =
15 and 20 respectively. It is observed that MFE varies with wy and as the
water pool size of the RMs is increased, the extent of MFE becomes less
prominent. A direct estimation of variation of MFE with wy can be ob-
tained from the values of escape yield as depicted in Table 1. Decay
profiles of PF" (5 pM) + TrpH (0.5 mM) in absence and presence of MF
in AOT RMs of wyp = 15 and 20 at 360 nm are depicted in Supporting
Information (Figs. S4-S7). It is evident from Table 1 that on application
of an external MF, decay rate decreases and correspondingly escape
yield increases for each value of wy of RMs, which further supports the
fact that the RIPs are generated in the triplet state. On application of MF,
the conversion of the triplet RIP to the singlet RIP is hindered, and, as a
result, the decay rates become slower, and escape yield is enhanced.
Further, with increase in the values of wy, the value of escape yield is
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Fig. 6. Variation of AOD with external MF for PF" (5 uM) + TrpH (0.5 mM)
system at 510 nm in AOT RMs of wy = 10 at 0.5 ps delay of laser pulse at
355 nm.

found to decrease, which indicates that MFE is most prominent for wy =
10 and gradually decreases with increase in water pool size of the RMs.
Actually in RMs where wy > 10, water exhibits more of bulk water
property and a floppy encounter complex is formed owing to free
diffusion of water molecules [76], which consequently destabilizes the
geminate SSIP because of loss in spin-correlation between RPs/RIPs. It is
pertinent to mention here that the value of y at 350 nm for PF"-HSA
system is 1.63 [52] which lies between the value of y at 360 for wy = 10
and 15 in the present case.

It is well-known that the nature of confined water inside RMs is not
similar like bulk water. However, with the increase in size of the water
pool the nature of confined water becomes closer to that of bulk water
although some researchers suggest that even in RMs with wy = 40, the
number of confined water is too small to behave like bulk water [77]. It
has also been reported that the dielectric relaxation is quite slower for
confined water compared to bulk water [77]. With increase in water
pool size of RMs the dielectric relaxation rate increases. Furthermore, in
AOT RMs the ‘acidity’, i.e. free proton concentration is greater at
interface compared to inside due to the anionic nature of the RMs. The
availability of H' is less in RMs with smaller pool size due to the lesser
number of water molecules compared to that with bigger pool size [78].

It is known that the tryptophan assigns its location in RMs at inter-
face [79,80], whereas PF ' remains in bulk water. As interfacial region of
AOT is more acidic compared to bulk, this will help in formation of
TrpH*"and not Trp* as suggested by Burdi et. al., In 1997, Burdi and
co-workers suggested that at low pH formation of TrpH*"is favoured
over Trp* [81]. In the present case, TrpH*"which is formed due to
electron transfer, will try to come out of the interfacial region and
approach free water where it can get stabilized by solvation; whereas PF®
will try to approach the interface. Again PF* will have a tendency to
abstract H" from TrpH*"or from the bound water at interface which
leads to formation of PFH*"and Trp*.

The comparison between the spectra of PF* in absence and presence
of TrpH clearly signifies the presence of TrpH* *. Owing to the occur-
rence of secondary processes the signature of PF*, PFH*" and Trp* be-
comes somewhat insignificant. However, only in presence of MF the
presence of the secondary species can be detected and it is significant in
AOT RMs with water pool size wy = 10. It is pertinent to mention here
that previous report suggests that AOT with water pool size around wy =
7.5 gives the most stable structure due to the appropriate combination of
attractive and repulsive electrostatic interactions, which also controls
the spin and diffusion dynamics of RIPs to show MFE [82].

With increase in water pool size the formation of TrpH*" as well as
PF* becomes prominent because of the increase of stability of TrpH*" in
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Fig. 7. Coulombic and van der Waals interaction energies of proflavin and Trp in water. Stacking interactions at three different times are shown on the right. Pi-
cation and hydrogen bonding interactions between proflavin and Trp are marked with dotted lines. proflavin and Trp are shown in ball-and-stick model with C,
N and O in green, blue and red, respectively. Only polar hydrogens are shown in white.

bulk water, since it faces much more repulsion from the acidic H' at the
interface, whose concentration increases with increase in water pool size
[77,78]. In fact, if the spectra of PF" in presence of TrpH in AOT RMs of
wp = 10, 15 and 20 are compared (Figs. 3A, 4 and 5) it is found that in
absence of MF, signature of presence of PF* at 400 nm is prominent and
its yield increases with increase in value of wy_ The lifetime at 400 nm for
the aforementioned sample solution is almost insignificant in wy = 10,
1.43 ps in wp = 15 and 1.54 ps in wp = 20. However, as TrpH*" remains
inside water pool and PF* tends to move towards the interface, lack of
optimum separation distance between TrpH*" and PF* leads to low MFE
at higher wy owing to loss of spin correlation.

The extent of HFI present in the system has been determined by
measuring the By, value, the MF corresponding to the half saturation of
MFE. The value of By, has been determined experimentally from the
changes in absorbance of transients with variation of externally applied
MF as shown in Fig. 6. By, has also been calculated by following theo-
retical expressions [Egs. (6) and (7)] established by Weller using
quantitative co-relation between B;, and HFI energy of the individual
radical pair [83],

(81 + BY)]

6
B, + B, ©

Byp=

where, B; represents the effective nuclear MF at the unpaired electron in
each radical. Further, those individual B; values can also be determined
following the equation [Eq. (7)] on the basis of the interaction study
between nuclear spin (Iy) and the unpaired electron spin in each radical.

= (Y aunin+n)” %

The values of ayy for TrpH™® molecule in aqueous medium have been
obtained from the literature [84]. On the other hand, the a;y values of
PF® have been computed (Table S1, Figs. S1 and S2). The isotropic
hyperfine coupling constants have been calculated from the
Fermi-contact interactions (Table S2) i.e. the contact interaction occurs
only for s-electrons since s-orbitals have non-zero electron density at the
nucleus. The calculated Bj /2 values have been observed as 4.3 mT using
B; values for TrpH"® and PF® as 2.56 mT and 0.99 mT respectively. The
experimental Bj/, value is found to be 15 mT as depicted in Fig. 6.

The discrepancy between calculated and experimental B, values
have already been observed with different geminate radical ion pair
systems in homogeneous as well as heterogeneous media at high donor
concentrations [45,85]. Several interpretations have been proposed like
uncertainty broadening of energy levels due to hopping of electron be-
tween ionic and neutral donors in the near vicinity [86-88] or lifetime

time shortening of the radical ion pairs due to quenching of excess donor
[891, which leads to the broadening of the energy levels. Hence higher
MF is required to overcome the hyperfine interactions and decouple the
T. spin levels from Ty and S. In the present case, the concentration of
TrpH is much higher than that of PF" and both are confined in the
heterogeneous reverse micellar medium. Considering the above mech-
anisms the discrepancy between calculated and experimental By, values
could be well interpreted.

Higher experimental By, values due to saturation at very high fields
were explained by Sakaguchi et al. and Ulrich et al. [90,91] by the role
of diffusion which can limit the rate constant of recombination of
geminate radical ions and the spin relaxation which needs higher field.
For relaxation mechanism between T. and T, states, the ISC rate is
controlled by anisotropic hyperfine interaction and Zeeman interaction
within microsecond time scale and the rate increases with the increase in
the field. However, the relaxation mechanism is operative in the field
range of 0.05 T-2.0 T. Therefore, since in the present system the satu-
ration of MFE reaches at a very low field, the role of relaxation mech-
anism becomes insignificant. Moreover, the proton abstraction by PF®
from TrpH"® reduces the lifetime of the original geminate radical pair.

The Weller’s formula for calculation of B; 3 is applicable only when
significant spin interactions are the isotropic hyperfine interaction be-
tween the electron and nuclear spins in each radical and the isotropic
Zeeman interaction of the two electron spins with the applied MF [92].
In the present case, since the geminate radical ion pair lifetime increases
as well as the concentration of one of the components is quite high the
probability of reencounter or exchange within this confined medium
cannot be over ruled. There may be an exchange zone where spin evo-
lution is restricted. Moreover, in restricted environment there is possi-
bility of spin-state mixing which is the interplay between HFI and fast
dephasing process. The dephasing processes are induced by the fluctu-
ation of inter-electron-spin-interactions, ie. exchange interaction
and/or dipole-dipole interaction caused by the diffusive motion of the
radical pair in the confined medium [93].

3.2. MD simulation

Classical MD simulation shows that proflavin and Trp can interact in
the ground state. Possible interactions include pi-stacking, pi-cation
interaction and hydrogen bonding (Fig. 7). The complete trajectory of
the simulation is shown in Video S1. In a confined environment of AOT
reverse micelle, these interactions would be more stable facilitating PET.
DFT study is performed on the favourable complexes observed in MD
simulation to probe the charge transfer process. Analyses of the frontier
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Fig. 8. Frontier molecular orbitals of the PF*-Trp complex. Ladder on the left
side represents relative energies.

molecular orbitals (Fig. 8) suggest that PET is possible from Trp to
proflavin supporting the experimental results. TD-DFT calculations
showed that the major electronic transitions occur from HOMO to
LUMO+1 and {HOMO-1, HOMO-2, HOMO-3} to LUMO, which in-
dicates electron transfer from Trp to proflavin. Band gap energies closely
correspond to the wavelengths of the excitation light. Coordinate of the
optimized geometry of the most favourable complex formed between
proflavin and Trp is given in the supporting information (Table S3).
Supplementary data related to this article can be found at https
://doi.org/10.1016/j.jlumin.2019.116953.

4. Conclusion

This paper reflects PET from a versatile biological amine TrpH to a
routine probe used to reveal biological intricacies, PF'. In the present
case, PET occurs through radical pair mechanism in triplet state as
revealed by MFE. The confined structure of AOT RMs helps to maintain
the optimum separation distance between the RPs which results in
observation of a prominent MFE. However, MFE decreases with increase
in pool size of the RMs as the spin-correlation between the geminate
RPs/RIPs formed during PET is lost due to increased separation distance
induced by faster water dynamics in larger RMs. Further, the use of
external MF authenticates the signature of TrpH™® at 360 nm and
confirms that the precursors of PET are triplet born. Had there been no
MFE, the formation of TrpH™® would probably go unnoticed. Finally,
the probable cause of discrepancy between calculated and observed By,
values has been discussed.
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