Solvent-Mediated Activation/Deactivation of Photoinduced Electron-Transfer in a Molecular Dyad
Christopher B. Larsen,†§* George A. Farrow,‡ Liam D. Smith, ‡ Martin V. Appleby,‡ Dimitri Chekulaev,‡ Julia A. Weinstein,‡* and Oliver S. Wenger†*
†

Department of Chemistry, University of Basel, St. Johanns-Ring 19, Basel CH-4056, Switzerland.
Department of Chemistry, University of Sheffield, Sheffield S3 7HF, United Kingdom.
§
Current Address: Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA.
KEYWORDS: Electron-Transfer, Donor-Acceptor Systems, Time-Resolved Electronic and Vibrational Spectroscopy, Molecular Electronics, Photochemistry
‡

ABSTRACT: Herein is presented a molecular dyad comprised of a [Ru(bpy)3]2+ photosensitizer and an anthraquinone (AQ) acceptor
coupled by an ethynyl linker ([Ru(bpy)2(bpy-cc-AQ)]2+), in which activation/deactivation of photoinduced electron-transfer from the
[Ru(bpy)3]2+ photosensitizer to the AQ acceptor is achieved and characterized as a function of the dielectric constant and hydrogenbond donating ability of the solvent used. It is demonstrated that the rate of photoinduced electron-transfer can be modulated over
several orders of magnitude (105-1011 s-1) by choice of solvent. Nanosecond transient absorption spectra are dominated by MLCT
signals and exhibit identical decay kinetics to the corresponding emission signals. Ultrafast transient absorption and time-resolved
infrared spectroscopies provide direct evidence for the formation of the charge-separated (CS) state and rapid (on the order of a few
picoseconds) establishment of an excited-state pseudo-equilibrium.

INTRODUCTION
Stimulus-mediated activation/deactivation of photoinduced
electron-transfer (PET) is of significant interest with respect to
molecular switches and molecular logic operations.1-6 To date,
much research in this area has focused on two key approaches:
(1) modulation of electronic coupling between a donor and acceptor through photoisomerization of a photochromic bridge;711
(2) modulation of driving force for electron-transfer (ET)
through binding of chemical stimuli to a redox-active unit.1-4, 6,
12-14
The latter approach has also proved useful for molecular
sensing, whereby photoluminescence quenching via intramolecular ET is modulated through changes in driving force for
ET upon analyte binding.13-18
Whilst systems employing the aforementioned stimuli are now
well-developed, the use of solvent as a stimulus to modulate ET
rates and thereby activate/deactivate PET seems less explored.
This is somewhat surprising, given that the solvent-dependence
of ET kinetics is well-established.19-20 The most well-known example of solvent-mediated activation of photoluminescence
quenching via intramolecular ET is arguably the molecular
light-switch effect of [Ru(bpy)2(dppz)]2+ (bpy = 2,2′-bipyridine,
dppz = dipyrido[3,2-a:2′,3′-c]phenazine), wherein the complex
exhibits 3MLCT luminescence in aprotic solvent or in the presence of DNA, which is quenched in protic solvent (Figure 1,
left).21 The underlying mechanism for the phenomenon is dependent on the dual nature of the dppz ligand, wherein the phenazine-like and bipyridine-like sections possess localized acceptor orbitals;22 competition between entropic and energetic factors which favor a [Ru(bpy)3]2+-localized photoluminescent
3
MLCT state or a non-emissive charge-separated (CS) state
(wherein the excited electron is localized on the phenazine-sec-

tion of the dppz ligand), respectively, is influenced by both solvent dielectric and hydrogen-bonding.23-24 Importantly, there is
no state inversion: the CS state is lower in energy in all solvents.

Figure 1. Left: Solvent-mediated activation of PET in the ‘molecular light-switch’, [Ru(bpy)2(dppz)]2+.23-24 Right: Solvent-mediated
activation of PET in [Ru(bpy)2(bpy-cc-AQ)]2+ investigated here.

Previous work from our group on [Ru(bpy)3]2+-photosensitizerAQ acceptor dyads bridged with weakly coupling p-xylene and
p-dimethoxybenzene linkers demonstrated that ET can be deactivated in dichloromethane (CH2Cl2) and activated in acetonitrile (MeCN), reducing the lifetime of the luminescent excited
state of the [Ru(bpy)3]2+-core by up to one order of magnitude.25
This effect primarily arises from the close match of the AQ reduction potential with the 3MLCT excited-state oxidation potential of [Ru(bpy)3]2+, which, combined with the solvent-dependence of the latter, allows for tuning of the driving force of
ET from endergonic to exergonic. We hypothesized that replacement of the weakly coupling p-xylene and p-dimethoxybenzene linkers with a strongly coupling ethynyl linker could
result in significantly enhanced solvent-mediated activation/deactivation of ET.

Herein is presented a molecular dyad comprised of a
[Ru(bpy)3]2+ photosensitizer and an anthraquinone (AQ) acceptor coupled by an ethynyl linker ([Ru(bpy)2(bpy-cc-AQ)]2+),
whereby quenching of 3MLCT photoluminescence via intramolecular ET is modulated as a function of solvent dielectric constant and hydrogen-bonding over several orders of magnitude.
This behavior has been characterized using a combination of
steady-state electronic absorption and emission spectroscopies,
electrochemical and spectroelectrochemical analyses, nanosecond transient absorption and emission spectroscopies, time-correlated single photon counting measurements, femtosecond
transient absorption spectroscopy in the UV-Vis-NIR spectral
regions and femtosecond time-resolved infrared spectroscopy.26
EXPERIMENTAL
General experimental, synthesis and characterization data, and
instrument details are presented in the supporting information
(Pages S2-S10).
RESULTS AND DISCUSSION
Synthesis and Characterization
The bpy-cc-AQ ligand was prepared in one step from 2-bromo9,10-anthraquinone and 4-ethynyl-2,2′-bipyridine through a Sonogashira-Hagihara palladium-catalyzed cross-coupling in
76% yield. The ligand was then complexed using the precursor
[RuCl2(bpy)2], to afford [Ru(bpy)2(bpy-cc-AQ)](PF6)2 in 89%
yield. A portion of [Ru(bpy)2(bpy-cc-AQ)](PF6)2 was further
eluted through an Amberlite® IRA-400 chloride ion-exchange
column to afford [Ru(bpy)2(bpy-cc-AQ)]Cl2 in quantitative
yield. Characterization data is presented in the SI (pages S6S10).
Electrochemistry
Two key design concepts of [Ru(bpy)2(bpy-cc-AQ)]2+ are the
matching of the E1/2(AQ0/•-) and E1/2(RuIII/*RuII) potentials, and
the pronounced solvent-dependence of E1/2(AQ0/•-). Cyclic voltammograms of [Ru(bpy)2(bpy-cc-AQ)](PF6)2 recorded in a
range of solvents with varying dielectric constants are presented
in Figure 2a, with isolated oxidation and reduction processes
presented in Figures S11-S12. In all solvents, one reversible reduction process assigned to AQ0/•- and one oxidation process
assigned to the RuIII/II couple can be observed. Scanning to more
negative potentials yields a set of convoluted quasi-reversible
reduction processes at potentials expected for AQ •-/2- and the
three bpy0/•- processes.27 The only solvent in which these less
important processes could be clearly distinguished was N,N-dimethylformamide (DMF, Figure S13).

In Figure 2b, two clear trends with increasing solvent dielectric
constant (ε) can be observed: an anodic shift of E1/2(AQ/AQ•-)
and a cathodic shift of E1/2([Ru(bpy)3]3+/[Ru(bpy)3]2+). Both
trends are linear with respect to ε, yielding a linear dependence
of ΔE1/2 on ε (Table S1). ΔE1/2 is commonly used to estimate the
energy of a CS state,25, 27-30 but assumes no electronic interaction
between the separated charges; in [Ru(bpy)2(bpy-cc-AQ)]2+, the
ethynyl linker imbues strong electronic coupling, likely resulting in overestimation of the CS state energy.31-32 However,
trends in ΔE1/2 act as a useful proxy for trends in the CS state
energy, also in the case of [Ru(bpy)2(bpy-cc-AQ)]2+.
Driving force parameters for oxidative quenching of the
3
MLCT state via ET (ΔGET) and charge-recombination (ΔGCR)
estimated from the electrochemical data using the Weller equation (Eq. 1) are presented in Table 1.33
𝛥𝐺𝐸𝑇 = 𝑒 ∙ (𝐸 0 𝑅𝑢𝐼𝐼𝐼/𝐼𝐼 − 𝐸 0𝐴𝑄0/− ) − 𝐸00 − 4𝜋∙𝜀
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In Eq. 1a, e is the elementary charge (1.602 × 10-19 C), E00 the
[Ru(bpy)3]2+-like 3MLCT energy, estimated from the emission
spectrum of [Ru(bpy)2(bpy-cc-AQ)](PF6)2 in a frozen 2-methyltetrahydrofuran glass at 1.97 eV (vide infra), ε0 the vacuum permittivity (8.854 × 10-12 F m-1), ε the solvent dielectric constant,
and rDA the donor-acceptor distance, defined herein as the distance between the Ru core and the central point of the AQ acceptor (12.8 Å from energy-minimized molecular mechanics
model). ΔGET is estimated to be positive in all solvents, ranging
from 0.15 eV in CH2Cl2 to 0.06 eV in MeCN. Whilst the Weller
equation includes a solvent electrostatic work term, it was developed for bimolecular systems and therefore does not account
for electronic interaction between close intramolecular charges.
These values are therefore likely to be overestimated, and the
actual driving forces for ET may be negative in the solvents
with higher dielectric constants. The linear trend in ΔGET with
respect to ε therefore seems more important. The semi-classical
Marcus-Hush model for ET states (Eq. 2):34
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Table 1. Summary of dielectric constants and PET parameters derived from cyclic voltammetry.
Solvent

ε35

ΔGETa / eV

ΔGCRb / eV

Dichloromethane

9.08

0.15

-2.12

1,2-Dichloroethane

10.4

0.16

-2.13

Butyronitrile

20.7

0.09

-2.06

Acetone

21.0

0.07

-2.04

Acetonitrile

36.6

0.06

aDriving force for

forward ET to the AQ acceptor.
for charge-recombination.

Figure 2. Left: Cyclic voltammograms of [Ru(bpy)2(bpy-ccAQ)](PF6)2 recorded as 1 mM solution in CH2Cl2 (purple), 1,2-dichloroethane (light blue), butyronitrile (dark blue), acetone (light
green), MeCN (dark green) and DMF (black) with 0.1 M
[Bu4N]PF6 electrolyte at scan-rate of 200 mV s-1. Typical currents
were of the order of 10-40 A. Right: Trends in E1/2(AQ/AQ•-)
(blue) and E1/2(RuIII/RuII) (red) as a function of solvent dielectric
constant.

(1a)

-2.03
bDriving force

In Eq. 2, kET is the ET rate constant, λ the reorganization energy,
kB the Boltzmann constant, HDA the electronic coupling between
donor and acceptor, and ΔGET the reaction free energy for ET.
The implication herein is that, given the linear increase in ΔGET
with ε and exponential dependence of kET on ΔGET, an exponential dependence of kET with respect to ε is to be expected.
Optical Spectroscopy
The electronic absorption and emission spectra of
[Ru(bpy)2(bpy-cc-AQ)](PF6)2 in CH2Cl2 are presented in Figure

3. The absorption spectrum exhibits key features at 288 (ε =
82.6 × 103 M-1 cm-1) and 470 nm (19.4 × 103 M-1 cm-1). The
former feature, assigned to bpy-based π,π* transitions, is identical to that of [Ru(bpy)3]2+, but exhibits an additional low energy shoulder most likely associated with AQ-based π,π* transitions. The 470-nm feature, assigned to MLCT transitions,
bears almost identical band structure to that of [Ru(bpy)3]2+, but
exhibiting a bathochromic shift relative to that of [Ru(bpy)3]2+
(453 nm in MeCN)36 due to the extended conjugation associated
with the ethynyl linker. The electronic absorption spectrum of
[Ru(bpy)2(bpy-cc-AQ)](PF6)2 is reasonably insensitive to solvent, exhibiting only subtle differences (Figure S14).

Figure 3. Electronic absorption (blue) and emission (red, λ ex = 475
nm) spectra of [Ru(bpy)2(bpy-cc-AQ)](PF6)2 recorded as a 20 μM
solution in CH2Cl2. Inset: Decay of the emission signal (λex = 532
nm, detection at 635 nm).

Upon selective photoexcitation into the MLCT absorption manifold with wavelengths longer than 400 nm, 3MLCT photoluminescence with emission maxima ranging from 642-664 nm can
be observed (
Table 2). As with λabs, λem exhibits a bathochromic shift with
respect to that of [Ru(bpy)3]2+ (618 nm in MeCN). Full-width

half-maxima (FWHM) values range from 2380-2970 cm-1
(ΔFWHM = 590 cm-1), with Stokes shifts (ṽst) ranging from
5700-6260 cm-1 (Δṽst = 560 cm-1), consistent with that observed
for [Ru(bpy)3]2+,37 indicating that the nature of the photoluminescence is indeed [Ru(bpy)3]2+-like 3MLCT. The energy of the
3
MLCT state, estimated from the emission spectrum of
[Ru(bpy)2(bpy-cc-AQ)](PF6)2 in a frozen 2-methyltetrahydrofuran glass at 77K (Figure S15), is decreased from 2.12 eV for
[Ru(bpy)3]2+ to 1.97 eV.
A positive consequence of the extended ligand conjugation is a
significantly enhanced photoluminescence quantum yield (ϕ)
and increased photoluminescence lifetime (τ) in low polarity
solvents compared to [Ru(bpy)3]2+. This phenomenon was also
observed for an analogous dyad incorporating a dimethoxybenzene linker,25 and Castellano and coworkers have also reported
similar behavior in [Cu(phen)2]+ complexes (phen = 1,10-phenanthroline) upon extension of the ligand -conjugation.38
Given the consistent nature of the emissive state across the investigated solvent range, the influence of solvent dielectric on
photoluminescence quantum yields (ϕ) and lifetimes (τ) is of
particular interest. For [Ru(bpy)3]2+, both radiative and non-radiative rate constants are essentially solvent-independent,37 resulting in only a relatively minor increase in ϕ and τ with the
increase in solvent polarity. For [Ru(bpy)2(bpy-cc-AQ)](PF6)2,
a much more dramatic effect is observed. In aprotic solvents,
both ϕ and τ decrease by three orders of magnitude with solvent
polarity increasing from CH2Cl2 to MeCN. kr remains relatively
constant (3.5-8.9 × 104 s-1;
Table 2) – consistent with the behavior of [Ru(bpy)3]2+; instead,
the drastic change in ϕ and τ is a consequence of the change in
Σknr with solvent dielectric constant (ε), which exhibits an exponential dependence on ε (Figure S18). As Σknr represents the
sum of all non-radiative decay processes from the emissive
3
MLCT state (Eq. 3), which includes non-radiative decay to the
ground-state (knr(MLCT)) and ET to the AQ acceptor (kET), the
large deviation from the behavior of [Ru(bpy)3]2+ can be assigned to solvent-mediated activation of ET.

Table 2. Summary of spectroscopic and kinetic properties for [Ru(bpy)2(bpy-cc-AQ)]2+.
Solvent

ε

λabs /
nm

λem /
nm

FWHM /
cm-1

ṽst / cm-1

ϕ

τ / ns

kobs /
106 s-1 e

kr /
104 s-1 f

Σknr /
106 s-1 g

Dichloromethanea

9.08

469

647

2410

5870

0.226

3350

0.30

6.8

0.23

1,2-Dichloroethanea

10.4

470

642

2380

5700

0.235

3660

0.27

6.4

0.21

Butyronitrilea

20.7

470

664

2490

6260

0.016

330

5.0

3.5

5.0

Acetonea

21.0

469

664

2480

6220

0.007

200

3.0

4.9

3.0

Acetonitrilea

36.6

470

662

2570

6170

0.0006

6.7

149

8.9

149

2-Propanolb

18.3

466

648

2460

6030

-c

513

2.0

-

-

6030

-c

8.1

120

-

-

6050

c

0.58

1700

-

-

-c

<
0.10d

>10000

-

-

Ethanolb

24.6
b

Methanol
Waterb
a

32.6
78.5

466
466
472

648
649
648

2720
2970
2890

5750

-

Recorded using PF6 salt. b Recorded using Cl salt. c Not determined due to values in water and methanol lying below detection limit.
Could not be deconvoluted from the instrument response. e kobs = 1/τ. f kr = ϕ/τ. g Σknr = kobs – kr.

d

This behavior is mimicked by kobs (= τ-1), which closely models
Σknr due to the large difference between kr and Σknr.
∑ 𝑘𝑛𝑟 = 𝑘𝑛𝑟(𝑀𝐿𝐶𝑇) + 𝑘𝐸𝑇
(3)

600 nm qualitatively resembles AQ•- (Figure S21) and could indicate that the MLCT excited state is significantly delocalized
onto the AQ acceptor (i.e. has some AQ•- character).

In protic solvents, kobs also changes exponentially with ε, but is
much more strongly dependent on ε than in aprotic solvents
(Figure 4, left). kobs exhibits an apparently exponential dependence on both the solvent Gutmann Acceptor Number (AN) and
the Reichardt Parameter (ETN) in protic solvents (Figure 4,
right), known measures for solvent Lewis acidity which proxy
hydrogen-bond donor strength in the presence of a Lewis base
such as AQ or AQ•-.39-43
Figure 5. (Left) Transient absorption spectrum (not emission-corrected) of [Ru(bpy)2(bpy-cc-AQ)](PF6)2 recorded in CH2Cl2 at 293
K immediately following excitation with 532 nm, ca. 10 ns laser
pulses, time-integrated over an interval of 200 ns. Arrows denote
the positions for which kinetic traces are presented. (Right) Normalized GSB recovery, ESA decay and emission decay traces corresponding to the arrows in the transient absorption spectrum (left).

Figure 4. (Left) Dependence of kobs on solvent dielectric constant.
(Right) Dependence of kobs on solvent Gutmann acceptor number
and Reichardt parameter.40, 42-43 Error bars are smaller than the data
points. Trends are indicative only.

There is no obvious correlation between these hydrogen-bond
donor strength proxies and the kinetic behavior in aprotic solvents (Figure S19), indicating that solvent dielectric constant is
the more important parameter in aprotic solvents whereas hydrogen-bond donor strength is the more influential parameter in
protic solvents. Whilst such a trend is not entirely unexpected,44
it highlights hydrogen-bonding as a secondary tool for solventmediated activation of ET, which affects the rates of ET significantly greater than ε in aprotic solvents.
Nanosecond Transient Absorption Spectroscopy
To further understand the solvent-dependent interplay between
the 3MLCT and CS states, transient absorption (TA) spectroscopy was performed. It was originally hypothesized that different solvents would elicit very different behavior in TA spectra:
in less polar solvents the TA spectra were expected to exhibit
features associated with the 3MLCT state, with lifetimes matching those obtained from the decay of the emission signal; in
more polar and hydrogen-bonding solvents, it was expected that
TA spectra would predominantly exhibit features associated
with the CS state, and with lifetimes different to those observed
for the emissive MLCT state.
In CH2Cl2, upon excitation at 532 nm with 10 ns laser pulses, a
TA spectrum exhibiting a ground-state bleach (GSB) coinciding with the MLCT absorption feature at 470 nm, and excitedstate absorption (ESA) features at 367, 590 and 780 nm was
obtained (Figure 5). The recovery of the GSB and the decay of
the ESA are monoexponential, with time constants matching
that of the emission lifetime. These results are strongly indicative of the same (3MLCT) excited state being detected in both
emission and TA experiments. Differences between this spectrum and that of [Ru(bpy)3]2+, notably those at wavelengths >
500 nm, are therefore likely due to the extended conjugation
imbued by the ethynyl linker. The central ESA feature around

ns-TA spectra recorded in all solvents exhibit monoexponential
kinetics matching those of the corresponding emission decays
(Figures S22-S25). This was also observed for the analogous
dyads reported by Hankache and Wenger,25 as well as in an unrelated system reported by Hammarström,45 which attributed
the phenomenon to charge-recombination from the CS state
(kCR) being significantly greater than the rate of charge-separation such that CS state does not accumulate sufficiently to be
observed under the experimental conditions. Ultrafast spectroscopic measurements (vide infra) imply a pseudo-equilibrium
in which the majority of the excited-state population resides in
the MLCT state. Assuming positive driving force for electrontransfer, as implied by electrochemical studies (vide supra), this
could provide a viable alternative explanation for the observed
behavior. Emission-corrected TA spectra exhibit a subtle solvent-dependence of the central ESA around 600 nm (Figure 6,
orange and red spectra), which may be a consequence of solvent-dependent changes in such a pseudo-equilibrium. Variable
temperature studies undertaken to explore this possibility
yielded complicated, inconclusive results (Page S18-S19) and
may be subject to future kinetic modelling studies.

Figure 6. Emission-corrected transient absorption spectra of
[Ru(bpy)2(bpy-cc-AQ)](PF6)2 recorded in CH2Cl2 (purple), 1,2dichloroethane (blue), 2-propanol (green), butyronitrile (orange) and acetone (red) at 293 K immediately following excitation with 532 nm, ca. 10 ns laser pulses, time-integrated over an
interval of 200 ns, normalized to the GSB at 470 nm.

Ultrafast Transient Absorption Spectroscopy
Ultrafast TA spectroscopy in both the UV-Vis (370 – 750 nm)
and near-infrared (NIR, 950 – 1200 nm) spectral regions was
further employed to gain deeper understanding of the excitedstate dynamics at early timescales (Figure 7). CH2Cl2 and
MeCN were chosen as the solvents for these measurements as
they represent the two behavioral extremes within the range of
aprotic solvents. The detailed analysis of the data by global fitting is presented in the SI (Figures S26-S32).
Upon 400 nm excitation with ~80 fs laser pulse in both solvents,
the ground state bleach (GSB) centered at 475 nm associated
with the MLCT transition, and the excited state absorption
(ESA) features associated with the 3MLCT evolve within a few
picoseconds, consistent with the behavior of the “core” moiety,
[Ru(bpy)3]2+. Analysis of the kinetics of bleach and transient
features, in both solvents, reveal fast dynamics occurring on the
picosecond timescale (~11 to 23 ps in CH2Cl2, ~5 to 66 ps in
MeCN). For both solvents, these early time dynamics result in
a recovery of the bleach at ~475 nm, decay of the transient at
~370 nm and growth of the transient ~640 nm.
These spectral / dynamic changes could be a result of vibrational relaxation and/or structural reorganization within the
complex, as excess energy (originating from 400 nm excitation
being at least 1 eV higher in energy than the lowest, <600 nm,
excited state) is redistributed. In CH2Cl2, the final state observed is “infinitely” long-lived, without any decay being observed on the 8-ns timescale of the experiment. In MeCN, the
final state decays with a lifetime of ~4.9 ± 1.1 ns. In both cases,
the long-lived features closely resemble those obtained from the

nanosecond TA spectroscopy. Furthermore, the ~4.9 ns lifetime
is consistent with the 3.8 ns lifetime obtained from time-correlated single photon counting (TCSPC) measurements. Global
fitting analysis of the excited state dynamics of
[Ru(bpy)2(bpy-cc-AQ)](PF6)2 in CH2Cl2 identified three components with lifetimes of 1.25 ps, 22.8 ps and 2.8 μs. The 1.25
ps component is consistent with the formation of the 3MLCT
state, supported by the observation of characteristic MLCT features in its evolution-associated difference spectrum (EAS; Figure S26). The 22.8 ps component exhibits identical features to
the 1.25 ps component in both its EAS and decay-associated
difference spectra (DAS), and is therefore likely associated with
vibrational cooling within the 3MLCT state. The DAS spectral
features of the long-lived component (2.8 μs = “infinity”)
closely resemble the emission-corrected nanosecond TA spectra (Figure 6).
Global fit analysis of [Ru(bpy)2(bpy-cc-AQ)](PF6)2 in MeCN
also identified three components, with the lifetimes of 5 ps, 66
ps and 5.1 ± 1.2 ns (an average of 4.7, 4.2, and 6.3 ns obtained
for 3 different spectral regions; we note that the timescale of the
TA experiment is 8 ns and hence the error in determining the ns
lifetime is relatively large) (Figure 7d,f). The spectral shape of
the nanosecond components (DAS spectra, Figure S26) appear
identical to those obtained by the nanosecond TA in the same
solvent. The value of 5.1 ns lifetime is consistent within the experimental uncertainty with the 3.8 ns lifetime obtained from
the emission lifetime (TCSPC) measurements.

Figure 7. Transient absorption spectra of [Ru(bpy)2(bpy-cc-AQ)](PF6)2, in CH2Cl2 and MeCN, in both visible ((a) CH2Cl2, (d) MeCN) and
NIR ((b) CH2Cl2, (e) MeCN) spectral regions, at specified delay times following excitation at 400 nm with laser pulses of ca. 80 fs duration.
Kinetic traces of integrated bands across both spectral regions ((c) CH2Cl2, (f) MeCN). The kinetic parameters obtained are as follows. In
CH2Cl2 (panel c): 350 – 390 nm range (■); 23 ± 15 ps growth, decay 236 ± 145 ps and a constant; 420-490 nm (●), decay 11 ± 3 ps and a
constant; 550 – 675 nm (▲), 23 ± 4 ps growth, and a constant; 930 – 1100 nm (▼) 20 ± 9 ps growth, and a constant. In MeCN (panel f):
350 – 390 nm range (■); 66 ± 19 ps growth, 4.7 ± 0.20 ns decay; 420-490 nm (●), 9 ± 2 ps growth, 4.3 ± 0.14 ns decay; 550 – 675 nm (▲),
5 ± 3 ps growth, 4.2 ± 0.20 ns decay; 975 – 1150 nm (▼) 66 ± 28 ps growth, 6.3 ± 1.9 ns decay.

Importantly, there are spectral differences of the longest-lived
species in MeCN and CH2Cl2 that may be attributed to an excited-state pseudo-equilibrium. The free AQ radical anion is
typically characterized by an intense absorption at ca. 530 nm.46
However, the electronic absorption spectrum of
[Ru(bpy)2(bpy-cc-AQ)](PF6)2 electrochemically reduced at the
first reduction potential of -0.9 V vs SCE (Figure S21) has this
absorption feature broadened and shifted to ca. 600 nm – likely
a consequence of extended delocalization of the radical anion
across the ligand imbued by the ethynyl linker. Subtracting the
CH2Cl2 DAS spectrum from that in MeCN identifies an additional band at 620 nm that may be attributed to AQ •- (Figure
S27), with the small spectral shift a consequence of the different
oxidation state of Ru in the spectroelectrochemical and transient
absorption measurements (RuII and RuIII, respectively). The
lower intensity of this feature with respect to the MLCT absorption features is likely due to the pseudo-equilibrium position favoring population of the MLCT state.
Time-Resolved Infrared Spectroscopy
The presence of distinct infrared absorption bands on the AQ
acceptor and the -CC-linker was explored to further evaluate
excited-state equilibration between the MLCT and CS states,
using ultrafast time-resolved infrared (TRIR) spectroscopy in
the range from 1100-2300 cm-1 (Figure 8 and S34). Studies
were undertaken in CH2Cl2 and deuterated MeCN (d3-MeCN)
to allow access to a larger spectral window.
In the range from 1250-2300 cm-1, FTIR spectra of
[Ru(bpy)2(bpy-cc-AQ)]2+ display bands at 2115 (very weak,
ν(C≡C)), 1679 (ν (C=O) of AQ), and multiple bands characteristic of a coordinated bpy-ligand, at 1274, 1296, 1317, 1326,
1337, 1420, 1439, 1447, 1466, 1595, 1604 and 1611 cm-1.47-49
Upon excitation with 400 nm, ca. 40 fs laser pulses, bleaching
of the ground state absorption bands are observed, with instant
formation of multiple transient IR-absorption bands, all of
which appear shifted to lower energies in comparison to the
ground state spectra, and occur at 1254, 1286, 1312, 1334,
1367, 1420, 1462, 1490, 1530, 1550, 1572 and 1655 cm-1. In
both solvents, the 1679 cm-1 AQ C=O mode shifts to lower energy (1650-1655 cm-1) in the excited state, consistent with an
increase of electron density on the bpy-cc-AQ ligand as a whole
upon formation of an MLCT excited state. Global analysis of
the data results in two components with the lifetimes of 12 ps
and a constant in CH2Cl2, and 8 ps and a constant in d3-MeCN.
The data were analyzed from 300 fs to 4 ns pump-probe delay.
In both solvents, most of the transient features observed are
characteristic of a coordinated bipyridine radical-anion,49-50
whilst a bleach at 1678-1682 cm-1 and a transient at 1655 cm-1
correspond to AQ-localised vibrations. Transient formation of
an additional weak band at 1390 cm-1 (visible in the blue spectrum in Figure 8b, acetonitrile), which is not detected in CH2Cl2
(Figure 8a, blue spectrum), was also observed. This vibration is
characteristic of AQ•-,51 thus indicating that there is significant
charge-separation character in the excited state in MeCN compared to CH2Cl2.46
One may anticipate that in this case the C≡C stretching vibration would show different spectral signatures in the two different solvents. In both solvents a very weak, broad transient band
covering the range of 2000 – 2200 cm-1 is observed. The low
oscillator strength of the ν(C≡C) is typical for an organic moiety
(Figure S33). The broadness of the band is likely due to the delocalized nature of the MLCT excited state.52 Global fit analysis
reveals two kinetic components in the high-frequency region in

both solvents, with characteristic lifetimes matching those obtained in the low-frequency region of the TRIR spectrum,
namely, 13 (± 3) ps in CH2Cl2 and 7 ((± 2) ps in MeCN, typical
of vibrational cooling, along with a long component. In acetonitrile, a clear bleach and a transient corresponding to ν(C≡C) superimposed on the broad signal are observed, at 2119 cm-1 and
2114 cm-1, perhaps indicating a more significant participation
of the ethynyl linker on the initial charge/energy redistribution.

Figure 8. TRIR data obtained in (a) CH2Cl2 and (b) d3-MeCN, following excitation with 400 nm, ca. 40 fs laser pulses. Normalized
DAS spectra are shown, which correspond to the decay time constants as stated. ‘Constant’ represents the lifetime longer than the
timescale of the experiment, 8 ns.

Overall, the TRIR data directly indicate the presence of an excited state with AQ-localized electron density in d3-MeCN,
which is not observed in CH2Cl2. The timescale of the decay of
this signal is consistent with pseudo-equilibrium between the
states being established on the timescale of a few-picoseconds.
CONCLUSIONS
We have reported a molecular dyad, [Ru(bpy)2(bpy-cc-AQ)]2+,
that exhibits solvent-mediated activation/deactivation of PET as
a function of both solvent dielectric and hydrogen-bond donor
ability, whereby quenching of 3MLCT photoluminescence via
intramolecular ET is modulated by several orders of magnitude.

ns-TA spectra are dominated by MLCT signals and exhibit monoexponential decays with the same lifetimes as the corresponding emission decays in all investigated solvents, whilst ultrafast TA and TRIR spectroscopies provide direct evidence for
rapid (on the order of a few picoseconds) pseudo-equilibration
between the MLCT and CS states in high polarity solvents, not
observed in low polarity solvents.
Within the context of developing viable molecular switches and
logic devices, activation/deactivation of ET as a function of solvent is a useful but underexplored proxy to mimic the effects of
an external field (such as in a field-effect transistor). Our results
demonstrate the high sensitivity of a well-designed molecular
system to solvent and inform design principles in the further
development of solvent (or external field)-mediated molecular
switches.
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A molecular dyad comprising a [Ru(bpy)3]2+ photosensitizer and an anthraquinone acceptor exhibits bright 3MLCT photoluminescence in low polarity solvents, which is quenched by intramolecular electron-transfer in high dielectric and hydrogenbonding solvents. The rate of electron-transfer can be tuned over several orders of magnitude by choice of solvent.

