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ABSTRACT: Nonphotochemical quenching (NPQ) is a
photoprotective regulatory mechanism employed by many
photosynthetic organisms to dynamically modulate energy
flow within the photosynthetic apparatus in response to
fluctuating light conditions. Activated by decreases in lumen
pH produced during periods of high photon flux, NPQ
induces rapid thermal dissipation of excess excitation energy.
As a result, the rate of charge separation (CS) decreases,
thereby limiting the accumulation of potentially deleterious
reactive intermediates and byproducts. Herein, a molecular
triad that functionally mimics the effects of NPQ associated
with an artificial photosynthetic reaction center is described.
Steady-state absorption and emission, time-resolved fluores-
cence, and transient absorption spectroscopies have been used to demonstrate a 1 order of magnitude reduction in the CS
quantum yield via reversible protonation of an excited-state-quenching molecular switch moiety. As in the natural system, the
populations of unquenched and quenched states and therefore the overall yields of CS were found to be dependent on acid
concentration.

■ INTRODUCTION

Charge separation (CS) is the primary light-driven reaction in
photosynthesis. The conversion of solar energy into electro-
chemical potential in the form of charge-separated states within
photosystem II (PSII) reaction centers provides the driving
force for water oxidation; a critical step in the photosynthetic
production of chemical fuels. Light-harvesting antennas (light-
harvesting complex II (LHCII)) are employed in the
photosynthetic apparatus of green plants to increase photon
capture and, ultimately, the rate of CS in PSII. In this way, the
photosynthetic activity is adaptive to periods of low photon
flux. Consequently, high photon flux increases the rates of
photon capture and CS to the point that they overwhelm the
slower downstream electron transfer (ET) and energy
conversion reactions.1 High-energy intermediates accumulate
and can cause irreversible damage to PSII.2−4 Thus, the ability
of the photosynthetic apparatus to regulate the efficiency of
energy conversion in response to solar energy flux is paramount
to the survival of photosynthetic organisms.
Nonphotochemical quenching (NPQ) is a photoprotective

regulatory mechanism that modulates the efficiency of energy
transfer (ENT) from LHCII to PSII in response to photon flux
and dissipates excess excitation energy harmlessly as heat.5

Water oxidation and some of the ET reactions involved in
photosynthesis drive the release of protons to the lumen side of

the thylakoid membrane, thereby generating an electrochemical
gradient, which stores the chemical potential that can be used
to produce the chemical fuel ATP and NADPH for carbon
dioxide fixation.6 When the release of protons into the
thylakoid lumen outpaces the ability of subsequent dark
reactions to use this potential during periods of high photon
flux, the resulting decrease in lumen pH produces a
proportional NPQ response.1,6,7 Time-resolved fluorescence
spectroscopy shows that NPQ shortens the average excited
state lifetime of LHCII chlorophylls, thereby reducing the
quantum yield of ENT to PSII.8−10 Consequently, the quantum
yield of CS in the reaction center also decreases, and
photoinduced CS is brought into balance with subsequent
energy-storing reactions.5,11 The NPQ process induces
reorganization and aggregation of photosynthetic protein
complexes, which is thought to be influenced by metabolic
cycling of xanthophyll carotenoids and protonation of an
auxiliary protein, PsbS.12−16 Ultrafast spectroscopic studies
have led to several different theories regarding the identity of
the excitation quencher(s) and their mechanisms of
action.8,13,17−21 Consumption of the proton gradient during
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periods of low photon flux leads to the deactivation of NPQ
and increased efficiencies (quantum yields) of CS.
Just as NPQ is vital to the survival of plants, realizing self-

regulation of photoinduced ET efficiency may be necessary to
maximize the lifespans of artificial photosynthetic solar energy
conversion devices.22−26 There are few reported examples of
self-regulating molecules that model biological photoprotective
behavior.27,28 An antenna composed of five zinc porphyrins
linked to a rhodamine dye is the only artificial photosynthetic
system that exhibits acid-responsive self-regulation of its
excited-state lifetime as found in NPQ.28 Protonation of the
otherwise photochemically passive dye yields its open form,
which is an excellent Förster-type energy acceptor for and
therefore quencher of the associated porphyrin excited singlet
states. The excited-state lifetimes of the porphyrins in the
quenched form of the antenna are decreased by roughly 2
orders of magnitude, thus dramatically attenuating its potential
for photochemical activity. Although this system functionally
mimics the antenna portion of the NPQ process, it does not
demonstrate regulation of CS, as is observed in photosynthetic
reaction centers.
Here, we report the synthesis and photophysical character-

ization of triad 1 (Figure 1), a reaction center model

comprising a zinc porphyrin electron donor, a fullerene
electron acceptor, and the aforementioned excited-state-
quenching rhodamine dye switch. In a nonacidic solution,
excitation of the porphyrin leads to the formation of a long-
lived charge-separated state. Addition of acid to the solution
produces the open, protonated dye, which rapidly quenches the
porphyrin excited state and significantly decreases the quantum
yield of CS. Steady-state absorption and emission, time-
resolved fluorescence and transient absorption spectroscopies
were used to evaluate the photochemistry of the triad in the
presence and absence of acid and determine the efficacy of
ENT to the dye as a means to regulate CS. Model compounds
2 and 3 (Figure 2) were also prepared and studied in parallel to
enable the photochemical analysis.

■ EXPERIMENTAL SECTION
Spectroscopy samples were prepared using dichloromethane
distilled from calcium hydride. Sample concentrations for
steady-state absorption, emission and time-resolved fluores-
cence measurements were ca. 10−6 M. Transient absorption
samples were ca. 10−4 M. Glacial acetic acid was added to
dichloromethane solutions to produce the open, protonated
forms of 1, 2, and 3.
Absorption spectra were measured on Shimadzu UV2100U

UV−vis and UV-3101PC UV−vis−near-infrared spectrometers.
Fluorescence spectra were measured using a Photon Technol-
ogy International MP-1 spectrometer and corrected for
detection system response. Excitation was provided by a 75
W xenon-arc lamp and a single-grating monochromator.
Fluorescence was detected 90° to the excitation beam via a
single-grating monochromator and an R928 photomultiplier
tube having S 20 spectral response and operating in the single-
photon-counting mode.
Fluorescence decay measurements were performed by the

time-correlated single-photon-counting method. The excitation
source was a fiber supercontinuum laser based on a passive
mode-locked fiber laser and a high-nonlinearity photonic crystal
fiber supercontinuum generator (Fianium SC450). The laser
provides 6-ps pulses at a repetition rate variable from 0.1 to 40
MHz. The laser output was sent through an Acousto-Optical
Tunable Filter (Fianium AOTF) to obtain excitation pulses at
any desired wavelength from ca. 450 to 900 nm. Fluorescence
emission was detected at the magic angle (54.7°) using a
double-grating monochromator (Gemini 180; Jobin Yvon) and
a microchannel plate photomultiplier tube (R3809U-50;
Hamamatsu). The instrument response function was 35−55
ps. The spectrometer was controlled by software based on the
LabView programming language, and data acquisition was done
using a single-photon-counting card (SPC-830; Becker-Hickl).
The femtosecond transient absorption apparatus consisted of

a 1 kHz pulsed laser source and a pump−probe optical setup.
Laser pulses of 100 fs at 800 nm were generated from an
amplified, mode-locked titanium−sapphire kHz laser system

Figure 1. Triad 1 can be reversibly converted from its closed (1c) to
its open (1o) form by protonation of the rhodamine dye (Dc, Do).
Excitation of the porphyrin moiety of 1c leads to the formation of the
charge-separated state Dc-PZn

•+−C60
•− by ET. Conversion to 1o

allows for rapid singlet−singlet ENT from 1PZn to Do, thereby
reducing the quantum yield of CS.

Figure 2. Model dyad 2 and dye 3. In acidified solutions, they exist in
open, protonated forms analogous to that of triad 1.
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(Millennia/Tsunami/Spitfire; Spectra Physics). Part of the laser
pulse energy was sent through an optical delay line and focused
on a 3 mm sapphire plate to generate a white light continuum
for the probe beam. The rest of the pulse energy was used to
pump an optical parametric amplifier (Spectra Physics) to
generate excitation pulses, which were selected using a
mechanical chopper. The white light generated was compressed
by prism pairs (CVI) before passing through the sample. The
polarization of the pump beam was set to the magic angle
relative to the probe beam, and its intensity was adjusted using
a continuously variable neutral density filter. The white light
probe was dispersed by a spectrograph (300-line grating) onto
a charge-coupled device camera (DU420; Andor Tech). The
final spectral resolution was about 2.3 nm over a 300 nm
spectral region. The instrument response function was ca. 150
fs. Nanosecond time scale measurements were performed using
an EOS spectrometer from Ultrafast Systems (IRF ca. 800 ps),
with excitation from the optical parametric amplifier described
above.
Data analysis was carried out using locally written software

(ASUFIT) developed in MATLAB (Mathworks Inc.). Decay-
associated spectra were obtained by fitting the transient
absorption or fluorescence change curves over a selected
wavelength region simultaneously as described by the parallel
kinetic model (eq 1)
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where ΔA(λ,t) is the observed absorption (or fluorescence)
change at a given wavelength at time delay t and n is the
number of kinetic components used in the fitting. A plot of
Ai(λ) versus wavelength is called a decay-associated spectrum
(DAS), and it represents the amplitude spectrum of the ith
kinetic component, which has a lifetime of τi. Standard errors
associated with the reported lifetimes obtained from
fluorescence and transient absorption measurements were
typically ≤5%.

■ RESULTS AND DISCUSSION

Synthesis. A modular synthetic pathway (Figure 3) was
developed to prepare triad 1 and its analogue, dyad 2. The
porphyrin, hexaphenylbenzene, rhodamine, and fullerene
moieties were synthesized separately and then sequentially
coupled. The unsymmetrically substituted hexaphenylbenzene
was formed by a Diels−Alder [4 + 2] cycloaddition reaction of
tetraphenylcyclopentadienone with a bifunctionalized dipheny-
lacetylene followed by formation of the boronate ester. A
Suzuki palladium coupling reaction with a previously reported
meso-bromoporphyrin29 was used to obtain the hexaphenyl-
benzene-substituted porphyrin. Following hydrolysis of the
acetanilide and methyl ester moieties and protection of the
resulting carboxylic acid with an acid-labile ester, the
deprotected amine and rhodamine dye were coupled using a
Buchwald−Hartwig aryl amination reaction.28 Deprotection of
the resulting dyad with trifluoroacetic acid yielded the free base
porphyrin bearing a carboxylic acid. A carbodiimide coupling
reaction27,30 was used with an anilinofullerene30,31 to obtain the
free base triad. Finally, treatment with zinc acetate dihydrate
afforded triad 1. A similar strategy was used to obtain dyad 2,
and dye 3 was prepared by a reported method.28 A detailed
description of the synthetic methods for 1 and 2 and

compound characterization are provided in the Supporting
Information.

Steady-State Absorption and Emission. The acetic acid-
mediated conversion of 1c to 1o in dichloromethane was
monitored using steady-state absorption and emission spectros-
copies. The absorption spectrum of 1c, shown in Figure 4a
(solid, black line), displays maxima typical of a zinc porphyrin
(PZn) at 422 nm (Soret) and 549 and 589 nm (Q-bands). The
fullerene moiety (C60) contributes a very weak absorption
throughout the visible region, with the lowest energy maximum
at 706 nm. This band is too weak to be apparent at the
concentration shown in Figure 4a. Absorption bands attributed
to the closed rhodamine dye (Dc) at 311 and 330 nm and
additional C60 absorption in the UV region were also observed
(not shown).
Addition of acetic acid led to the appearance of a broad

absorption band centered at ca. 650 nm accompanied by
slightly increased absorbance across the visible range. These
features are characteristic of the open, protonated dye (Do) and
indicate the formation of 1o.28 Following the acidification, the
sample was neutralized with aqueous Na2CO3, filtered through
a pad of silica gel, evaporated to dryness under a stream of
argon, and redissolved in dichloromethane. The resulting

Figure 3. Summary of the synthetic scheme for preparation of 1 and 2.
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absorption spectrum (open circles) very closely matches the
preacidification spectrum of 1c, indicating reversible inter-
conversion between 1c and 1o.
The emission spectrum of 1c in dichloromethane (λex = 550

nm), shown in Figure 4b (solid, black line), features maxima at
599 and 647 nm, characteristic of fluorescence from the zinc
porphyrin singlet excited state (1PZn), and at 711 and 793 nm,
attributed to fluorescence of the fullerene singlet excited state
(1C60). Protonation of the dye with acetic acid led to a
significant reduction in porphyrin emission intensity, indicating
that Do strongly quenches 1PZn. Following neutralization, the
emission spectrum (open circles) closely resembles that of 1c,
again demonstrating reversible interconversion between 1c and
1o by protonation/deprotonation of the dye. The very slight
increase in the 1C60 emission intensity at 700−800 nm relative
to that of 1PZn at 600−650 nm following neutralization is likely
due to increased quenching of 1PZn by CS due to residual water

from the aqueous work-up procedure,32 and/or minor
decomposition.

Time-Resolved Fluorescence. Fluorescence decays (λex =
550 nm, λobs = 650 nm) for 1 and 2 in dichloromethane
containing 0, 1.6, and 4.5 M acetic acid were recorded using the
time-correlated single-photon-counting technique, and the data
were fitted by multiexponential decay curves (Figure 5). The

decay lifetimes obtained from fitting these data are given in
Table 1. The lifetime of 2c at 0 M acetic acid, τ1 = 1.97 ns, is in

Figure 4. Absorption (a) and emission (b) spectra were collected after
1 in dichloromethane was acidified with acetic acid to concentrations
of 0 M (solid, black), 0.43 M (dash, red), 0.83 M (dot, orange), 1.2 M
(dot-dash, yellow), 1.6 M (dot-dash-dot, green), and 2.3 M (solid,
blue). Neutralization resulted in the spectra shown as circles. Spectra
have been corrected for volume changes. (a) The maxima at
approximately 422, 550, and 595 nm are characteristic of PZn. The
increasing intensity of the feature at 652 nm, diagnostic for Do,
signifies the formation of 1o. (b) Emission spectra (λex = 550 nm)
show decreasing intensity of 1PZn fluorescence at approximately 600
and 650 nm, concomitant with the formation of 1o. Maxima at
approximately 711 and 793 nm arise from 1C60.

Figure 5. Time-resolved fluorescence decays (λex = 420 nm, time
window = 12 ns) collected at 650 nm for 1 (a) and 2 (b) in
dichloromethane with [acetic acid] = 0 M (circles), 1.6 M (triangles),
and 4.5 M (squares). The solid lines are fits to exponential functions.
Time constants are given in Table 1.

Table 1. Fluorescence Lifetimes (Estimated Standard Error
±5%) and Percentage Amplitude for Porphyrin First Excited
Singlet States of 1 and 2 in Dichloromethane with Added
Acetic Acid

cmpd [acetic acid] τ1 (ps) τ2 (ps) χ2

1 0 M 183 (100%) ∼1.1
1.6 M 178 (33%) 17 (67%) ∼1.1
4.5 M 160 (15%) 17 (85%) ∼1.1

2 0 M 1970 (100%) ∼1.1
1.6 M 1960 (32%) 19 (68%) ∼1.1
4.5 M 1970 (13%) 19 (87%) ∼1.1
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good agreement with typical zinc porphyrin lifetimes, whereas
that of 1c, τ1 = 183 ps, is 1 order of magnitude shorter. This
lifetime difference is attributed to one or more quenching
processes resulting from interactions between 1PZn and C60.

28

These include CS and ENT to form 1C60.
30,31,33−36 The data

sets for 1 and 2 in acidified solutions were each fitted by two
decay components, indicating mixtures of their closed and open
forms, the relative populations of which are reflected by their
respective pre-exponential factors. In each case, the longer τ1
lifetimes (Table 2) are attributed to the closed forms, as they

are similar to those found in the absence of acetic acid. The τ1
lifetimes of 1c are seen to decrease with increasing acetic acid
concentration, which can be explained by the enhancement of
CS rates expected in the increasingly polar solutions.32 The
shorter τ2 components are assigned to the decay of 1PZn for 1o
and 2o, respectively. The dramatic decreases in the τ2 versus τ1
lifetimes are a result of 1PZn to Do singlet−singlet ENT.

28

A fluorescence decay data profile of 1c in toluene (λex = 550
nm, λobs = 800 nm) was collected to investigate the origin of
the weak 1C60 emission observed in the steady-state studies.
The data were best fitted by a multiexponential decay, shown in
Figure 6, with a τ = 255 ps rise component and decay
components with τ = 1.34 ns (90%) and 2.18 ns (10%). The
dominant 1.34 ns decay component is attributed to the decay of

1C60, and it is in good agreement with reported 1C60

lifetimes.31,33−35 Whereas some of the 1C60 population was
undoubtedly formed by direct excitation of C60, the much
greater A550 of PZn relative to that of C60 is a good indicator that
the rise component may be attributed to 1C60 formation by a
decay pathway associated with 1PZn.

33−35 The minor, 2.18 ns
component is similar to the decay lifetime of 1PZn for 2c in
dichloromethane and so is assigned to 1PZn decay from a
species produced by a small amount of sample decomposition
through which the C60 moiety was cleaved from the molecule
and/or a small amount of zinc porphyrin impurity in this
sample.

Transient Absorption. Additional information was ob-
tained from transient absorption studies. The PZn moiety of 1c
was excited at 550 nm in dichloromethane and the absorption
difference spectra across several spectral windows were
collected at 0.05−3000 ps intervals to monitor the decay of
1PZn and formation of the resulting PZn

•+−C60
•− charge-

separated state. Global fitting of these data produced DAS,
showing the formation of long-lived PZn

•+ and C60
•− species

evolving from the decay of 1PZn. The 190 ps DAS in Figure 7a
shows a decay of stimulated emission (SE) from 1PZn (dashed
line) at 650 nm and the appearance of induced absorption (IA)
at ca. 660 nm due to the formation of PZn

•+. The induced

Table 2. Rate Constants and Quantum Yields for the
Processes Shown in Figure 11

quantum yield

decay step rate constant (s−1) 1c 1oa

0 (5.1 ± 0.3) × 108

1 (3.5 ± 0.2) × 109 0.64 ± 0.04 0.06 ± 0.01
2 (7.5 ± 0.4) × 108

3 (1.5 ± 0.3) × 109b 0.27 ± 0.04 0.03 ± 0.01
4 (1.9 ± 0.1) × 108

5 (5.3 ± 0.3) × 1010 0 0.90 ± 0.01
6 (6.3 ± 0.3) × 1011

aIn dichloromethane containing 1.6 M acetic acid. bIn dichloro-
methane without acid.

Figure 6. Time-resolved fluorescence decay profile collected at 800
nm for 1 in toluene (λex = 550 nm) (circles) and an exponential fitting
(solid line). The fit is composed of a rise component, with τ = 255 ps,
and decay components of τ = 1.34 ns (90%) and 2.18 ns (10%).

Figure 7. Decay-associated spectra fitted to transient absorption data
collected from 1c in dichloromethane (λex = 550 nm). (a) The dashed
line represents the decay of 1PZn, with τ = 190 ps, and the solid
spectrum arises from nondecaying PZn

•+ species. (b) The dashed
component indicates the formation of C60

•−, with τ = 190 ps. This
radical ion (solid line) did not decay within the time scale of this
experiment.
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absorption (solid line) did not decay on the time scale of this
experiment.30,34,35 The 190 ps DAS in Figure 7b shows the
formation (negative amplitude, dashed line) of IA at 1000 nm
indicative of the formation of C60

•−.30,34,35 The radical anion
does not decay on the time scale of the measurement (solid
line). These lifetimes agree with the fluorescence decay
lifetimes determined for 1c, indicating that CS is a major
1PZn decay pathway. A longer time scale experiment was
performed with a deoxygenated sample of 1c in dichloro-
methane (λex = 560 nm) to determine the lifetimes of the
charge-separated state and other long-lived species. The DAS
data (not shown) feature a decay of IA at 650 nm, signifying
the decay of PZn

•+ with τ = 5.19 ns. Also, at later times, an IA
was observed at 700 nm, which is attributed to 3C60 produced
by intersystem crossing (ISC) from 1C60.

35,37

Transient absorption spectroscopy was also used to study
further the mechanism of 1C60 formation in 1c. The decay of
1PZn in toluene (λex = 590 nm) gave spectra whose global
analysis gave a good fit with the lifetimes obtained from the
1C60 fluorescence decay data mentioned above, resulting in the
DAS shown in Figure 8. The 255 ps DAS (solid line) shows the

decay of SE at 600 and 650 nm due to the decay of 1PZn and
essentially simultaneous decay of ground-state bleaching (GSB)
at 550 and 590 nm, signifying the re-formation of the ground
state PZn. This is suggestive of zinc porphyrin excited singlet
state quenching by ENT to the fullerene moiety. In principle,
the fullerene excited singlet state could be formed via ET from
1PZn to the fullerene followed by recombination of the resulting
charge-separated state. However, such a mechanism is normally
expected to show a delay between the decay of the excited state
and the re-formation of the ground state.35 Formation of a
charge-separated state would also be characterized by IA
around 660 nm from PZn

•+, and this is not observed. The lack
of formation of a charge-separated state is attributed to the low
polarity of the solvent, which reduces the thermodynamic
driving force for CS. The 1.34 ns DAS, shown as a dashed line
in Figure 8, represents the decay of 1C60 and the resulting

formation of 3C60 by ISC with an efficiency of 100% and having
a time constant of 1.34 ns. The fullerene triplet (dotted line in
Figure 8) does not decay on the time scale of this experiment.37

Model rhodamine dye 3 was also investigated using transient
absorption spectroscopy. A dichloromethane/acetic acid
solution composed predominantly of 3o was excited at 640
nm, and the resulting DAS are shown in Figure 9. They

describe a rapid multiexponential decay process with lifetimes
of 1.6, 2.9, and 12 ps. The 1.6 ps DAS shows the decay of SE at
700−770 nm and the concomitant decay of positive amplitude
at 630 nm that corresponds to an increase in the amplitude of
GSB, signifying the decay of 1Do and the formation of a hot
ground state, hotDo.

38 This ultrafast relaxation of 1Do likely
occurs due to intramolecular charge transfer (ICT) in 1Do,
which narrows the energy gap between the excited and ground
states along the ICT reaction coordinate.38,39 The slower
components show a decay and blue shift of GSB at ca. 640 nm
and IA at longer wavelengths. These decays are attributed to
the vibrational relaxation and cooling of hotDo with τ = 2.9 and
12 ps, respectively.38,39 Alternatively, there is the possibility of
an inverted kinetics situation where the 2.9 ps component
would be associated with the decay of 1Do, and the 1.6 ps
component would arise from hotDo relaxation.
Finally, transient absorption investigations of 1o and model

2o were carried out to monitor ENT from 1PZn to Do, which is
responsible for the acid-induced quenching of the porphyrin
excited singlet state. Because porphyrin Q band absorption
overlaps strongly with the absorption of Do, excitation was into
the porphyrin Soret band at 420 nm. The DAS for 2o in
dichloromethane with an excess of acetic acid (λex = 420 nm)
are consistent with the decay of 1PZn by ENT to Do and
ultrafast relaxation of 1Do (Figure 10a). Because of inverted
kinetics (1Do decays faster than it forms from 1PZn), the DAS
are mixed and do not represent the pure transient species. The
19 ps DAS (dashed line) shows the decay of 1PZn SE at 610 and
660 nm. This time constant is consistent with the fluorescence
decay lifetimes of 1o and 2o and was fixed to simplify the data
analysis. This DAS also contains features associated with some

Figure 8. Decay-associated spectra fitted to transient absorption data
collected from 1c in toluene (λex = 590 nm). The 255 ps (solid line)
component shows the concerted decay of 1PZn and re-formation of its
ground state. The dashed line represents the formation of 3C60 with τ
= 1.34 ns. The 3C60 component (dotted line) did not decay within the
time scale of this experiment.

Figure 9. Decay-associated spectra fitted to transient absorption data
collected from 3o in dichloromethane with an excess of acetic acid
added (λex = 640 nm). The 1.6 ps component (solid line) arises from
the decay of 1Do. The remaining components arise from vibrational
relaxation and cooling of the hot ground state with time constants of
2.9 ps (dashed line) and 12 ps (dotted line).
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of the relaxation processes of hotDo, which occur on the same
time scale. The 1.6 ps DAS shows the formation of SE at 610
and 660 nm mixed with some much weaker features
characteristic of 1Do. These weak features (formation of GSB
at ca. 640 and decay of SE at ca. 700 nm) are apparent if the
DAS are compared with those in Figures 9 and 10. This
component may also include contributions from relaxation of
the PZn S2 excited state, which has a similar lifetime (around 1.5
ps40). Triad 1o was studied under identical conditions, and the
data collected were fitted satisfactorily by the same lifetimes to
give DAS with similar features to those of the spectra of 2o
(Figure 10b).
Kinetic Analysis. Energetics. The transient data were

analyzed to determine the rate constants and yields for the
formation and decay of the various high-energy states of triad 1,
which are shown schematically in Figure 11. The 1PZn state lies
2.09 eV above the ground state. The charge-separated state is
estimated to reside approximately 1.40 eV above the ground
state based on electrochemical determinations for a closely
related zinc tetraarylporphyrin−fullerene dyad.34 The energy
level for 1C60 (1.75 eV) is taken from absorption and
fluorescence measurements on related compounds.35 Although

3C60 is not included in this scheme, its energy level lies
approximately 0.2−0.3 eV below that of 1C60.

35 On the basis of
the lowest energy absorption band of Do (652 nm) and the
highest energy SE peak measured for 1Do (ca. 700 nm), the first
excited singlet state of Do is estimated to lie at 1.84 eV.

Rate Constants. Figure 11 also shows the various decay
pathways of interest for the porphyrin excited singlet state of 1.
Values for the associated rate constants and relevant quantum
yields, determined as discussed below, appear in Table 2. In the
following calculations, the sum of the rate constants for internal
conversion (IC), ISC, and emission processes for 1PZn is
expressed as k0. One interchromophore decay process for

1PZn
is the formation of 1C60 (step 1 in Figure 11). Two mechanisms
must be considered for this process. The expected pathway for
the formation of 1C60 is via singlet−singlet ENT, which is
commonly seen in porphyrin−fullerene dyads. However,
transient formation of a PZn

•+−C60
•− charge-separated state

followed by rapid recombination to form PZn−1C60 has been
observed in some porphyrin−fullerene molecules.35 Although
the transient absorption DAS data for 1c in toluene do not
provide evidence to support this pathway, there is a possibility
that the charge-separated state does form but then decays too
rapidly to produce any diagnostic transient signals above the
instrument noise level.
The time-resolved fluorescence and absorption measure-

ments for 1c in toluene yielded a time constant τs1 of 255 ps for
the decay of 1PZn and concomitant rise of 1C60. Assuming that
singlet−singlet ENT is the only interchromophore relaxation
process available to 1PZn in toluene, where photoinduced ET is
slow or absent due to the low dielectric constant of the solvent,
the rate constant k1 for ENT (Figure 11) may be calculated
from eq 2, where k0 is taken as the reciprocal of the 1.97 ns
lifetime of 1PZn in 2c (5.1 × 108 s−1), and equals 3.4 × 109 s−1.

τ
= −k k

1
1

s1
0

(2)

The rate of ENT was also calculated using the Förster
equation.41,42 The fluorescence quantum yield of 1PZn was
taken as 0.04.43 The extinction coefficient of the functionalized
C60 was measured to be 2315 M−1 cm−1 for a related
anilinofullerene compound.30 The structure of 1c was
minimized using the PM6 semiempirical method and the
PZn−C60 center-to-center distance of 19 Å was taken as the

Figure 10. (a) Decay-associated spectra fitted to transient absorption
data collected from 2o in dichloromethane with an excess of acetic
acid (λex = 420 nm). The dashed component arises mostly from the
decay of 1PZn with τ = 19 ps. The solid component is attributed mainly
to the decay of 1Do with τ = 1.6 ps. (b) Decay-associated spectra fitted
to transient absorption data collected from 1o in dichloromethane
with an excess of acetic acid (λex = 420 nm). The dashed component
arises mostly from the decay of 1PZn with τ = 19 ps. The solid
component is attributed mostly to the decay of 1Do with τ = 1.6 ps.
Lines correspond to the smoothed data shown by solid symbols, and
the small wiggles are artifacts caused by this procedure.

Figure 11. Energy-level diagram showing the pathways of 1PZn decay
for 1 in dichloromethane.
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interchromophore distance. Assuming a dipole-orientation
factor of 2/3 (random orientation), the rate was determined
to be kFRET = 2.8 × 109 s−1. Taking into consideration the
assumption of random dipole orientation and the omission of
solvent effects in the structure minimization, the calculated
value is in good agreement with the value of k1 determined
above. This further supports the assignment of the formation of
1C60 from

1PZn to singlet−singlet ENT. The rate constant for
the decay of 1C60 to the ground state (partially via 3C60) was
determined from the fluorescence lifetime as k2 = 7.5 × 108 s−1.
The remaining process associated with the decay of 1PZn in

1c is photoinduced ET to the fullerene to yield the PZn
•+−

C60
•− charge-separated state, and the rate constant for this

process in Figure 11 is k3. Equation 3 allows calculation of k3
from k0, k1, and τs2, where τs2 is the lifetime of 1PZn in 1c. In
dichloromethane, τs2 = 182 ps and k3 = 1.5 × 109 s−1.

τ
= − −k k k

1
3

s2
1 0

(3)

In dichloromethane containing 1.6 and 4.5 M acetic acid, the
values of τs2 are 178 and 160 ps, which yield rate constants k3 of
1.7 × 109 and 2.3 × 109 s−1, respectively. The rate constants for
ET increase slightly as the solution is made more polar by the
addition of the acid. The rate of charge recombination of
PZn

•+−C60
•−, k4, in dichloromethane was determined to be 1.9

× 108 s−1 from the lifetime of the charge-separated state in that
solvent (5.19 ns).
We now turn to the behavior of the triad 1o, which is formed

upon protonation of the dye Dc to give Do. In 1o, an additional
pathway is available for the decay of 1PZn: singlet−singlet ENT
to Do (rate constant k5 in Figure 11). This process may be
studied in dyad 2, which lacks the competing ET pathway. In
dyad 2o, the rate constant for ENT from 1PZn to Do may be
calculated from an equation analogous to eq 2, using the 19 ps
fluorescence decay time measured for this species in acidified
dichloromethane (Figure 5), and equals 5.2 × 1010 s−1. We
assume that the corresponding rate constant in 1o, k5, has the
same value.
In the presence of acetic acid, triad 1o 1PZn can decay by all

four processes k0, k1, k3, and k5. If we assume that the rate
constants for photoinduced ET and singlet−singlet ENT from
1PZn to the fullerene are essentially identical for 1o and 1c, then
values are now available for all rate constants of interest from
the above analyses. As a consistency check, the values for all
four decay constants of 1PZn yield a lifetime of 17 ps, for 1o in
dichloromethane containing either 1.6 or 4.5 M acetic acid,
which is identical to the lifetime measured using time-resolved
fluorescence spectroscopy.
The transient absorption DAS data for 3o show a three-

component relaxation mechanism of which the fastest step (τ =
1.6 ps) is most likely associated with the decay of the excited
singlet state to form a more slowly relaxing hot ground state.
Therefore, the rate constant for 1Do relaxation to the ground
state can be approximated as the inverse of this lifetime, which
gives k6 = 6.3 × 1011 s−1.
Quantum Yields. The availability of rate constants for all of

the processes in Figure 11 allows calculation of the quantum
yields of the various decay steps. For 1c, the quantum yields of
1PZn to C60 ENT (ENT1) and CS were determined using eqs 4
and 5 and were calculated to be ΦENT1 = 0.64 and ΦCS = 0.27 in
dichloromethane. In 1.6 M acetic acid in dichloromethane,

ΦENT1 = 0.61 and ΦCS = 0.30, and in 4.5 M acetic acid in
dichloromethane, ΦENT1 = 0.55 and ΦCS = 0.36.

Φ =
+ +

k
k k kENT1

1

1 3 0 (4)

Φ =
+ +

k
k k kCS

3

1 3 0 (5)

For 1o, the addition of rapid singlet ENT from 1PZn to Do
changes the situation dramatically. The quantum yields of 1PZn
to C60 ENT (ENT1), CS, and 1PZn to Do ENT (ENT2) were
determined for 1o using eqs 6, 7, and 8.

Φ =
+ + +

k
k k k kENT1

1

5 1 3 0 (6)

Φ =
+ + +

k
k k k kCS

3

5 1 3 0 (7)

Φ =
+ + +

k
k k k kENT2

5

5 1 3 0 (8)

In dichloromethane containing 1.6 M acetic acid, ΦENT1 = 0.06,
ΦCS = 0.03, and ΦENT2 = 0.90. When the concentration of
acetic acid is 4.5 M, ΦENT1 = 0.06, ΦCS = 0.04, and ΦENT2 =
0.89. When the dye is in the open form, Förster-type singlet−
singlet ENT from the porphyrin first excited singlet state to the
dye is much faster than ENT to the fullerene, because the
overlap of the donor emission and acceptor absorption is much
larger for the porphyrin and the dye than for the porphyrin and
the fullerene.
The control of photoinduced ET by acidification of the

medium found in PSII is thus functionally mimicked by triad 1.
In dichloromethane, the molecule is present only in the closed
form 1c, and the quantum yield of PZn

•+−C60
•− from 1PZn is

0.27. The majority of 1PZn decays by singlet−singlet ENT to
the fullerene, which does not undergo photoinduced ET, and
simply decays by the usual unichromophoric photophysical
processes. Upon acidification of the medium, 1c is converted to
1o, and the quantum yield of PZn

•+−C60
•− in the open form is

only 0.03. Thus, acidification reduces the quantum yield of CS
by about 90%.
In a solution of triads, the overall quantum yield of CS

depends on the amount of added acid, which determines the
fraction of 1 that is present in the open form. For the
experiments reported here, in dichloromethane containing 4.5
M acetic acid, 85% of the triad is converted to 1o, and the
overall solution yield of PZn

•+−C60
•− is reduced from 0.27 to

0.09 (a 67% reduction). In principle, increasing the acid
strength of the medium would reduce the quantum yield of CS
further, but from a practical point of view, doing so will
eventually result in the expulsion of the zinc from the center of
the porphyrin.

■ CONCLUSIONS
This research demonstrates molecular self-regulation of photo-
induced CS as a function of acid concentration in the medium
and thus is functionally analogous to the basic principle of
photoprotection in NPQ. Triad 1 achieves this function by
converting from a structure with the rhodamine dye D in the
closed form, which has no effect on the photochemistry of the
porphyrin, to a molecule with D in the open, protonated form,
which serves as a potent ENT quencher of the porphyrin first
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excited singlet state. Kinetic analysis of 1 indicates that the
open dye decreases the yield of CS by about 1 order of
magnitude. The fraction of 1o in a particular solution, and
therefore the overall reduction of the yield of photoinduced ET,
is a function of the amount of added acid. Here, a maximum
reduction of 67% was observed. Of course, the regulatory
apparatus in this model system is much simpler than that in
photosynthetic organisms, and the acid was added externally,
rather than being produced by light. Artificial photosynthetic
systems for solar fuel production may also eventually require
photoregulation as one mechanism of adjusting the rates of the
various chemical processes to variations in the rate of light
delivery from the sun. In a perfect system, the chemical steps
would operate rapidly enough to keep up with the generation of
reactive intermediates by light absorption, regardless of the
light intensity. Such perfection will be difficult to achieve,
especially if solar concentration in the form of molecular
antenna systems (as in photosynthesis) or external devices is
employed. Without photoprotection, high-energy reactive
intermediates would be expected to accumulate at high light
levels, and these in turn would attack the solar conversion
system.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcb.6b07609.

Synthetic methods and characterization of reported new
compounds (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: amoore@asu.edu. Tel: 480-965-2953 (A.L.M.).
*E-mail: tmoore@asu.edu. Tel: 480-965-3308 (T.A.M.).
*E-mail: gust@asu.edu. Tel: 480-965-4547 (D.G.).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Kul Bhushan for the preparation of some materials
used while developing methodology for these experiments. This
work was supported by the Office of Basic Energy Sciences,
Division of Chemical Sciences, Geosciences, and Energy
Biosciences, Department of Energy, under contract DE-FG02-
03ER15393. Graham R. Fleming’s contribution was supported
by the Office of Basic Energy Sciences, Division of Chemical
Sciences, Geosciences, and Energy Biosciences of the US
Department of Energy under contract DE-AC02-05CH11231
and through grant DE-AC-03-76F000098.

■ REFERENCES
(1) Horton, P.; Ruban, A. V.; Walters, R. G. Regulation of Light
Harvesting in Green Plants. Plant Physiol. 1994, 106, 415−420.
(2) Non-Photochemical Quenching and Energy Dissipation in Plants,
Algae and Bacteria; Demmig-Adams, B., Garab, G., Adams, W. W., III,
Govindjee, Eds.; Springer: Dordrecht, 2014.
(3) Barber, J. Molecular Basis of the Vulnerability of Photosystem Ii
to Damage by Light. Aust. J. Plant Physiol. 1995, 22, 201−208.
(4) Nagy, L.; Balint, E.; Barber, J.; Ringler, A.; Cook, K. M.; Maroti,
P. Photoinhibition and Law of Reciprocity in Photosynthetic Reactions
of Synechocystis Sp. Pcc 6803*. J. Plant Physiol. 1995, 145, 410−415.
(5) Li, X. P.; Gilmore, A. M.; Caffarri, S.; Bassi, R.; Golan, T.;
Kramer, D.; Niyogi, K. Regulation of Photosynthetic Light Harvesting

Involves Intrathylakoid Lumen pH Sensing by the PsbS Protein. J. Biol.
Chem. 2004, 279, 22866−22874.
(6) Ruban, A. V.; Johnson, M. P.; Duffy, C. D. P. The
Photoprotective Molecular Switch in the Photosystem II Antenna.
Biochim. Biophys. Acta, Bioenerg. 2012, 1817, 167−181.
(7) Briantais, J. M.; Vernotte, C.; Picaud, M.; Krause, G. H. Biochim.
Biophys. Acta 1979, 548, 128−138.
(8) Johnson, M. P.; Ruban, A. V. Photoprotective Energy Dissipation
in Higher Plants Involves Alteration of the Excited State Energy of the
Emitting Chlorophyll(S) in the Light Harvesting Antenna Ii (Lhcii). J.
Biol. Chem. 2009, 284, 23592−23601.
(9) Mullineaux, C. W.; Pascal, A. A.; Horton, P.; Holzwarth, A. R.
Excitation-Energy Quenching in Aggregates of the Lhc Ii Chlorophyll-
Protein Complex: A Time-Resolved Fluorescence Study. Biochim.
Biophys. Acta, Bioenerg. 1993, 1141, 23−28.
(10) van Oort, B.; van Hoek, A.; Ruban, A. V.; van Amerongen, H.
Aggregation of Light-Harvesting Complex Ii Leads to Formation of
Efficient Excitation Energy Traps in Monomeric and Trimeric
Complexes. FEBS Lett. 2007, 581, 3528−3532.
(11) Rees, D.; Horton, P. The Mechanisms of Changes in
Photosystem Ii Efficiency in Spinach Thylakoids. Biochim. Biophys.
Acta, Bioenerg. 1990, 1016, 219−227.
(12) Horton, P.; Wentworth, M.; Ruban, A. Control of the Light
Harvesting Function of Chloroplast Membranes: The LHCII-
Aggregation Model for Non-Photochemical Quenching. FEBS Lett.
2005, 579, 4201−4206.
(13) Holzwarth, A. R.; Miloslavina, Y.; Nilkens, M.; Jahns, P.
Identification of Two Quenching Sites Active in the Regulation of
Photosynthetic Light-Harvesting Studied by Time-Resolved Fluo-
rescence. Chem. Phys. Lett. 2009, 483, 262−267.
(14) Rees, D.; Young, A.; Noctor, G. D.; Britton, G.; Horton, P.
Enhancement of the Deltaph-Dependent Dissipation of Excitation
Energy in Spinach Chloroplasts by Light-Activation; Correlation with
the Synthesis of Zeaxanthin. FEBS Lett. 1989, 256, 85−90.
(15) Noctor, G. D.; Rees, D.; Young, A.; Horton, P. The Relationship
Between Zeaxanthin, Energy-Dependent Quenching of Chlorophyll
Fluorescence and the Transthylakoid Ph-Gradient in Isolated
Chloroplasts. Biochim. Biophys. Acta, Bioenerg. 1991, 1057, 320−330.
(16) Zia, A.; Johnson, M. P.; Ruban, A. Acclimation- and Mutation-
Induced Enhancement of Psbs Levels Affects the Kinetics of Non-
Photochemical Quenching in Arabidopsis thaliana. Planta 2011, 233,
1253−1264.
(17) Miloslavina, Y.; Wehner, A.; Lambrev, P.; Wientjes, E.; Reus,
M.; Garab, G.; Croce, R.; Holzwarth, A. R. Far-Red Fluorescence: A
Direct Spectroscopic Marker for Lhcii Oligomer Formation in Non-
Photochemical Quenching. FEBS Lett. 2008, 582, 3625−3631.
(18) Dreuw, A.; Fleming, G. R.; Head-Gordon, M. Role of Electron-
Transfer Quenching of Chlorophyll Fluorescence by Carotenoids in
Non-Photochemical Quenching of Green Plants. Biochem. Soc. Trans.
2005, 33, 858−862.
(19) Holt, N. E.; Zigmantas, D.; Valkunas, L.; Li, X.; Niyogi, K. K.;
Fleming, G. R. Carotenoid Cation Formation and the Regulation of
Photosynthetic Light Harvesting. Science 2005, 307, 433−436.
(20) Ruban, A. V.; Berera, R.; Ilioaia, C.; van Stokkum, I. H. M.;
Kennis, J. T. M.; Pascal, A. A.; van Amerongen, H.; Robert, B.; Horton,
P.; van Grongelle, R. Identification of a Mechanism of Photoprotective
Energy Dissipation in Higher Plants. Nature 2007, 450, 575−579.
(21) Müller, M. G.; Lambrev, P.; Reus, M.; Wientjes, E.; Croce, R.;
Holzwarth, A. R. Singlet Energy Dissipation in the Photosystem II
Light-Harvesting Complex Does Not Involve Energy Transfer to
Carotenoids. ChemPhysChem 2010, 11, 1289−1296.
(22) Stephanopoulos, N.; Solis, E. O.; Stephanopoulos, G. Nanoscale
Process Systems Engineering: Toward Molecular Factories, Synthetic
Cells, and Adaptive Devices. AIChE J. 2005, 51, 1858−1869.
(23) Gust, D.; Moore, T. A.; Moore, A. L. Solar Fuels Via Artificial
Photosynthesis. Acc. Chem. Res. 2009, 42, 1890−1898.
(24) Gust, D.; Moore, T. A.; Moore, A. L. Towards Molecular Logic
and Artificial Photosynthesis. In From Non-Covalent Assemblies to

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b07609
J. Phys. Chem. B 2016, 120, 10553−10562

10561

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcb.6b07609
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b07609/suppl_file/jp6b07609_si_001.pdf
mailto:amoore@asu.edu
mailto:tmoore@asu.edu
mailto:gust@asu.edu
http://dx.doi.org/10.1021/acs.jpcb.6b07609


Molecular Machines; Sauvage, J.-P., Gaspard, P., Eds.; Wiley-VCH
Verlag & Co.: Weinheim, 2011; pp 321−353.
(25) Gust, D.; Moore, T. A.; Moore, A. L. Mimicking Photosynthetic
Solar Energy Transduction. Acc. Chem. Res. 2001, 34, 40−48.
(26) Moore, T. A.; Moore, A. L.; Gust, D. The Design and Synthesis
of Artificial Photosynthetic Antennas, Reaction Centres, and
Membranes. Philos. Trans. R. Soc., B 2002, 357, 1481−1498.
(27) Straight, S. D.; Kodis, G.; Terazono, Y.; Hambourger, M.;
Moore, T. A.; Moore, A. L.; Gust, D. Self-Regulation of Photoinduced
Electron Transfer by a Molecule Nonlinear Transducer. Nat.
Nanotechnol. 2008, 3, 280−283.
(28) Terazono, Y.; Kodis, G.; Bhushan, K.; Zaks, J.; Madden, C.;
Moore, A. L.; Moore, T. A.; Fleming, G. R.; Gust, D. Mimicking the
Role of the Antenna in Photosynthetic Photoprotection. J. Am. Chem.
Soc. 2011, 133, 2916−2922.
(29) Battacharyya, S.; Kibel, A.; Kodis, G.; Liddell, P. A.; Gervaldo,
M.; Gust, D.; Lindsay, S. Optical Modulation of Molecular
Conductance. Nano Lett. 2011, 11, 2709−2714.
(30) Terazono, Y.; Liddell, P. A.; Garg, V.; Kodis, G.; Brune, A.;
Hambourger, M.; Moore, A. L.; Moore, T. A.; Gust, D. Artificial
Photosynthetic Antenna-Reaction Center Complexes Based on a
Hexaphenylbenzene Core. J. Porphyrins Phthalocyanines 2005, 09,
706−723.
(31) Prato, M.; Maggini, M. Fulleropyrrolidines: A Family of Full-
Fledged Fullerene Derivatives. Acc. Chem. Res. 1998, 31, 519−526.
(32) Marcus, R. A. On the Theory of Oxidation-Reduction Reactions
Involving Electron Transfer. I. J. Chem. Phys. 1956, 24, 966−978.
(33) Kuciauskas, D.; Lin, S.; Seely, G. R.; Moore, A. L.; Moore, T. A.;
Gust, D.; Drovetskaya, T.; Reed, C. A.; Boyd, P. D. W. Energy and
Photoinduced Electron Transfer in Porphyrin-Fullerene Dyads. J. Phys.
Chem. 1996, 100, 15926−15932.
(34) Imahori, H.; Hagiwara, K.; Aoki, M.; Akiyama, T.; Taniguchi, S.;
Okada, T.; Shirakawa, M.; Sakata, Y. Linkage and Solvent Dependence
of Photoinduced Electron Transfer in Zincporphyrin-C60 Dyads. J.
Am. Chem. Soc. 1996, 118, 11771−11782.
(35) Imahori, H.; El-Khouly, M. E.; Fujitsuka, M.; Ito, O.; Sakata, Y.;
Fukuzumi, S. Solvent Dependence of Charge Separation and Charge
Recombination Rates in Porphyrin-Fullerene Dyad. J. Phys. Chem. A
2001, 105, 325−332.
(36) Liddell, P. A.; Kodis, G.; Kuciauskas, D.; Andreasson, J.; Moore,
A. L.; Moore, T. A.; Gust, D. Photoinduced Electron Transfer in a
Symmetrical Diporphyrin-Fullerene Triad. Phys. Chem. Chem. Phys.
2004, 6, 5509−5515.
(37) Campidelli, S.; Vazquez, E.; Milic, D.; Prato, M.; Barbera, J.;
Guldi, D. M.; Marcaccio, M.; Paolucci, D.; Paolucci, F.; Deschenaux, R.
Liquid-Crystalline Fullerene-Ferrocene Dyads. J. Mater. Chem. 2004,
14, 1266−1272.
(38) Kovalenko, S. A.; Schanz, R.; Farztdinov, V. M.; Hennig, H.;
Ernsting, N. P. Femtosecond Relaxation of Photoexcited Para-
Nitroaniline: Solvation, Charge Transfer, Internal Conversion and
Cooling. Chem. Phys. Lett. 2000, 323, 312−322.
(39) Martin, M. M.; Plaza, P.; Meyer, Y. H. Ultrafast Intramolecular
Charge Transfer in the Merocyanine Dye DCM. Chem. Phys. 1995,
192, 367−377.
(40) Yu, H.-Z.; Baskin, S.; Zewail, A. H. Ultrafast Dynamics of
Porphyrins in the Condensed Phase: II. Zinc Tetraphenylporphyrin. J.
Phys. Chem. A 2002, 106, 9845−9854.
(41) Forster, T. Energiewanderung Und Fluoreszenz. Naturwissen-
schaften 1946, 33, 166−175.
(42) Förster, T. Zwischenmolekulare Energiewanderung Und
Fluoreszenz. Ann. Phys. 1948, 437, 55−75.
(43) Hsiao, J.-S.; Krueger, B. P.; Wagner, R. W.; Johnson, T. E.;
Delaney, J. K.; Mauzerall, D. C.; Fleming, G. R.; Lindsey, J. S.; Bocian,
D. F.; Donohoe, R. J. Soluble Synthetic Multiporphyrin Arrays. 2.
Photodynamics of Energy-Transfer Processes. J. Am. Chem. Soc. 1996,
118, 11181−11193.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b07609
J. Phys. Chem. B 2016, 120, 10553−10562

10562

http://dx.doi.org/10.1021/acs.jpcb.6b07609

