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Photochromic cis-1,2-dithienylethene (DTE) compounds are the most suitable to the application in
reversible molecular memories and switches, but imbalance in the quantum yields for the chromic
interconversion limits the full potentials. We have demonstrated and investigated photoelectrocatalytic
cycloreversion of DTE compounds. A series of cyclometalated Ir(i) complexes served as photoredox
catalysts to achieve one order of magnitude enhancement in the cycloreversion quantum yields. The
mechanism, involving photoinduced oxidation of DTE, electrocatalytic ring opening and reductive
termination, has been thoroughly investigated. Nanosecond transient spectroscopic techniques were
employed to directly monitor bidirectional electron transfer between DTE and the photoredox catalyst. It
was found that the oxidative photoinduced electron transfer was diffusion-controlled and located in the
Marcus-normal region, whereas the competing back electron transfer occurred in the Marcus-inverted
region. This novel discovery establishes that synthetic control over back electron transfer, rather than
photoinduced electron transfer, can improve the performance of the photoelectrocatalysis. Combined
studies, including the kinetic investigations with the use of variable-temperature stopped-flow UV-vis
absorption spectroscopy and quantum chemical calculations based on time-dependent density
functional theory, further enabled identification of the radical intermediate that underwent thermal,
electrocatalytic cycloreversion. Finally, analyses based on the Marcus theory of electron transfer
suggested regeneration of the excited-state catalyst in the termination step to initiate dark-state
electrocatalytic cycloreversion. The results obtained in this work established novel principles to
maximizing quantum yields for photoinduced cycloreversion of DTEs. It is envisioned that our findings
will provide novel guidance to the future application of the truly reversible photochromism to a broad
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Introduction

“Department of Bioinspired Science, Ewha Womans University, Daehyun-dong,

Seodaemun-gu, Seoul 120-750, Korea. E-mail: wwnam@ewha.ac.kr (W. N.) cis-1,2-Dithienylethene (DTE) compounds display a reversible
*Department of Advanced Materials Engineering for Information and Electronics, — chromic interconversion between an open form (DTEo) and a
Kyung Hee University, Seocheon-dong, Yongin, Gyeonggi-do 446-701, Korea. E-mail:  ]ogsed form (DTEC) under alternating photoirradiation (Scheme
dds2@khu.ac.kr (Y. Y. . . .

odds2@khu.ac.kr (Y. Y.) 1a)."* The photochromism of DTEs is superior to other molec-

‘Department of Material and Life Science, Graduate School of Engineering, Osaka 1 hotoch . . " h bistabili full
University, ALCA, Japan Science and Technology Agency (JST), Suita, Osaka 565- ular photochromism in many aspects, such as bistability, fu

0871, Japan. E-mail: fukuzumi@chem.eng.osaka-w.ac,jp (S. F.) reversibility, ultrafast conversion rates and extreme fatigue
+ Electronic supplementary information (ESI) available: Experimental details; —resistance.®* Photochromic DTE compounds have thus been
Fig. S1-S27, voltammograms and UV-vis absorption spectra of the Ir(m) considered as the ideal candidate for widespread applications,

1 i . . . .
complexes and  the DTE compounds, "H NMR spectra showing raneing from molecular switches to memories.*” The photonic
photoelectrocatalytic cycloreversion of PhADTEc by IrOMe, plots of PeCQY¢_, ¢ at o .

X . ) application, however, has frequently been hampered by low
various concentrations of IrOMe, plots of PeCQYc_.o vs. the inverse of the K R i .
phosphorescence lifetimes of the Ir(m) complexes, photoluminescence decay efficiencies of cy! cloreversion to DTEo. The quantum M ields for
traces and the determination of the rate constants for PeT, laser flash ~photochromic cycloreversion (PCQYC_,O) are typically smaller
photolysis results and the determination of the rate constants for BeT, plots of than the quantum yields for cyclization (PCQYOHC) by factors of
PeCQYc -0 vs. the driving force for BeT, plots of log kger vs. —AGger for PhDTE, 1072 to 10~ Y. To improve PCQYc_ o, synthetic controls,
MDTE, CDTE d ADTE iable-t t t d-fl UV-vis ab ti . . o e . .

’ an » variable-temperature stoppec-tow IVIS 13 Sorp ﬁn including variations in the substituents of the DTE framework,®
spectra, delayed photoluminescence of Irfppy, and copies of the "H, °C and ~F . K
NMR spectra of ADTE and its precursors; Table S1, listing the rate constants for have eXtenswely been explored. The studies have shown that the
PeT. See DOL: 10.1039/c35¢52900b quantum yields are susceptible to subtle changes in the
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Scheme 1 Cycloreversion of DTE compounds: (a) photochromic cycloreversion, (b) electrocatalytic cycloreversion and (c) photo-

electrocatalytic cycloreversion.

electronic structure of DTEs.?® Alternative strategies to

improving the cycloreversion quantum yield involve utilization
of the electronic states with low barriers for chromic inter-
conversion. PCQY¢_, o values as high as 0.5 were achieved by
multi-photon excitation*' and triplet sensitization.** These
demonstrations promise the potential for fully reversible
photochromism. Nevertheless, the use of sophisticated
instruments and the photophysical conditions for multi-
photon processes and triplet-triplet energy transfer remain
significant drawbacks.

Many photochromic DTEs undergo cycloreversion upon
oxidation, as observed by us** and the research groups of
Akita,**** Branda,***° Feringa,*"** Irie,* Kawai,**** and Laun-
nay.***” While the oxidative cycloreversion is still the subject of
intense research interests, it provides a unique basis to improve
cycloreversion quantum yields because the electrochromism is
nearly barrierless and electrocatalytic.*® In particular, the elec-
trocatalytic cycloreversion can produce considerably high net
current efficiencies due to the highly exergonic radical propa-
gation, as recently proved by the Kawai group (Scheme 1b).** By
taking advantage of electrochromism, we previously devised the
photoelectrocatalysis strategy and achieved improved cyclo-
reversion quantum yields.* The photoinduced cycloreversion
was initiated by one-electron oxidation of DTEc by a photoredox
catalyst. The combination of photoredox catalysis and a radical
chain reaction between DTEc and DTEo provided improved
photon economy (Scheme 1c). In addition, this strategy
uniquely retained the full merits of photochromism and elec-
trochromism because the ‘photon-mode’
comprising the photoelectrocatalytic cycloreversion and the
photochromic cyclization was fully reversible, as demonstrated
by high fatigue resistance upon repeated chromic cycles.

This initial success provided a motivation for investigations
into molecular factors affecting the quantum yield for

interconversion
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photoelectrocatalytic cycloreversion (PeCQY¢_ o). Elucidation
and control of the factors would ultimately enable highly effi-
cient, reversible molecular photochromism, which would be
valuable to a broad range of chromic applications. Moreover,
the study would be of great significance, as the mechanism
involving photo-generated radical intermediates has strong
resemblance to many photoredox catalytic reactions.**> It
should be noted that the mechanistic details about the photo-
electrocatalytic chromism has not been investigated to date. To
this end, we designed mechanistic studies on the photo-
electrocatalysis systems employing cyclometalated Ir(ur)
complexes as visible light-driven photoredox catalysts (see
Table 1). The heteroleptic constructs of the complexes with the
systemically controlled ligand structures provided a unique
opportunity to correlate the molecular parameters and
PeCQY¢-, 0. Five DTE compounds with varying extents of elec-
tron densities were employed (see Table 2). PeCQY(-_, o values
for 35 combinations of the photoredox catalysts and DTE
compounds were determined by ferrioxalate actinometry. We
directly monitored the oxidative photoinduced electron transfer
and the reductive back electron transfer by employing time-
resolved spectroscopy techniques. Cycloreversion of the radical
intermediates was observed by variable-temperature stopped-
flow UV-vis absorption spectroscopy. Finally, the termination
step to produce DTEo was analyzed on the basis of the Marcus
theory of electron transfer.

Results and discussion
Quantum yields for photoelectrocatalytic cycloreversion

Chemical structures along with the photophysical and the elec-
trochemical data for the cyclometalated Ir(m) complexes
([Ir"™(CAN),phen]PFs: CAN = cyclometalating ligand, phen =
1,10-phenanthroline) and DTE compounds are shown in Tables 1

This journal is © The Royal Society of Chemistry 2014
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Table 1 Photophysical and electrochemical data for the photoredox catalysts®
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X N | | | | | |
X X X @ X X X
Irdfppy IrdCF3 Irfppy Irpbt Irppy Irbtp IrOMe

Aabs(MLCTY’nm  AE(eV  Eyp(Ii"™™)? (vs. SCE)/V  Ereq® (V5. SCE)/V  End (vs. SCE)V ¥/us  PLQY" k'/10*s™ k,//10° s™*

Irdfppy 410 2.82 1.56 —-1.30 1.52 1.79 0.12 6.7 4.9
IrdCF3 410 2.72 1.70 —-1.27 1.45 6.25 0.21 3.4 1.3
Irfppy 410 2.70 1.42 —1.34 1.36 1.35 0.17 13 6.1
Irpbt 420 2.58 1.39 —-1.31 1.27 4.07 0.14 3.4 2.1
Irppy 410 2.55 1.19 —-1.37 1.18 1.26 0.09 7.1 7.1
Irbtp 420 2.44 1.06 —-1.28 1.16 2.15 0.10 4.7 4.2
IrOMe 420 2.39 0.94 —1.38 1.01 0.0637 0.0021 3.3 157

“ Some data were taken from ref. 54. > MLCT absorption bands; 10 uM in acetonitrile solutions, 298 K. ¢ Triplet state energy determined at the
intersection between the UV-vis absorption and the phosphorescence spectra. ¢ Ground-state oxidation and ¢ ground-state reduction potentials
determined by cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Conditions: scan rate = 100 and 0.4 mV s~ for CV and DPV,
respectively; 1.0 mM Ir complex in an Ar-saturated acetonitrile containing 0.10 M Bu,NPFs supporting electrolyte; a Pt wire counter-
electrode and a Pt microdisc working electrode; Ag/AgNO; couple as the pseudo-reference electrode. See ESI, Fig. S1 for the voltammograms.
/ Excited-state reduction potential: Ereq = Frea + AEr. € Phosphorescence lifetimes observed at l.m = 518 nm (Irdfppy), 481 nm (IrdCF3),
545 nm (Irfppy), 525 nm (Irpbt), 582 nm (Irppy), 600 nm (Irbtp) and 659 nm (IrOMe). " Photoluminescence quantum yields. ’ Radiative rate
constant: k, = PLQY/z.” Nonradiative rate constant: k,, = (1 — PLQY)/z.

and 2, respectively. The compounds were prepared according to
the synthetic protocols which we reported previously.**** ADTE
was newly added to our DTE series, and fully characterized by
standard spectroscopic identification techniques (see ESIf). The
closed form of DTE compounds featured distinct visible
absorption bands at 591 nm (PDTEc, ¢ = 9940 M cm™ '), 586
nm (PhDTEc, ¢ = 12500 M~ ' ¢cm ), 593 nm (MDTEc, ¢ =
20100 M~ ' em™ ), 599 nm (CDTEc, ¢ = 21 400 M ' cm ™ ') and

634 nm (ADTEc, ¢ = 16 700 M~ ' cm™"). The DTEc compounds
underwent photochromic cycloreversion upon photoirradiation
at A > 500 nm (300 W), with PCQY_, c values ranging from 0.013
to 0.016 (Table 2). These values were one order of magnitude
smaller than PCQYq_.¢ (0.16-0.46; Table 2), demonstrating the
low efficiencies for the photochromic cycloreversion.
Photoelectrocatalytic cycloreversion was performed for Ar-
saturated CH3;CN solutions containing 1.0 mM Ir(ur) complex

Table 2 Photophysical and electrochemical data for the DTE compounds?

FOF
F F o
F F _ / / /

PDTE PhDTE MDTE CDTE ADTE

Japs/nm (e/10° M~ em™?) Eo (vs. SCE)/V Conversion yields? (%) PCQY* (%)

DTEo DTEc DTEo DTEc Closing Opening Closing Opening
PDTE 302 (27.6) 591 (9.94), 379 (6.43), 272 (18.9) 2.707 1.00 89 Quant® 39 1.6
PhDTE 286 (29.4) 586 (12.5), 381 (8.21), 309 (21.5) 1.54 0.90 87 Quant® 46 1.5
MDTE 297 (43.5) 593 (20.1), 346 (27.8), 265 (12.9) 1.24 0.72 94 Quant® 37 1.5
CDTE 308 (37.2) 599 (21.4), 379 (24.9), 319 (16.9) 1.15 0.69 91 Quant® 36 1.4
ADTE 332 (33.6) 634 (16.7), 414 (14.5), 323 (13.8) 0.63" 0.27" 61 83 16 1.3

“ Some data were taken from ref. 33. * 10 uM DTE in acetonitrile, 298 K. ¢ Oxidation potential determined by cyclic voltammetry. Conditions: scan
rate = 100 mV s~ *; 1.0 mM in an Ar-saturated acetonitrile containing 0.10 M Bu,NPF, supporting electrolyte; Pt wire counter and Pt microdisc
working electrodes; Ag/AgNO; couple for the pseudo-reference electrode. ¢ Determined by 'H NMR spectroscopy (2.0 mM in CD;CN): closing
condition, 3 h photoirradiation under 2 = 254 nm (4 W); opening condition, 1 h photoirradiation at 2 > 500 nm (300 W). ¢ Photochromic
quantum yields determined by employing PhDTE as a standard. f calculated by Eox = Erea + AEgg, Where E.eq and AE, are the peak reduction
potential and the optical bandgap energy, respectively. & Quantitative. ” Confirmed by differential pulse voltammetry (ESI, Fig. S2).
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and 1.0 mM DTEc at 298 K (beam-pass length = 1 mm). As
shown in Fig. 1a, 420 nm photoirradiation of an acetonitrile
solution of IrOMe and PhDTEc led to bleaching at the 586 nm
absorption, indicating cycloreversion of PhDTEc. The reaction
proceeded to completion without any byproduct formation, as
proved by "H NMR. To confirm that the cycloreversion was due
to photoexcitation of IrOMe, the PeCQY¢_.o/PCQY¢-o (ie€.,
QYc_ o(with catalyst)/QY¢_ o(without catalyst)) ratios were
recorded with varying the photoirradiation wavelength over the
range of 380-450 nm. As shown in Fig. 2, the PeCQY¢_ o/
PCQY(-_, o ratio exhibited the peak value around 420 nm, where
the singlet metal-to-ligand charge-transfer ("MLCT) transition
band of IrOMe was observed.** Quantum chemical calculations
by the time-dependent density functional theory (uB3LYP/
LANL2DZ: 6-31+G(d,p)) predicted 30% of the MLCT character of
IrOMe. It was noted that the "MLCT absorption bands of all
Ir(m) complexes exhibited negligible overlap with the absorp-
tion spectra of DTEc and DTEo (ESI, Fig. S3 and S4f). Thus,
any crosstalk between the photoelectrocatalytic cycloreversion
(A ~ 420 nm) and the photochromic cyclization (A = 254 nm)
can be ignored. As expected, the cycloreversion proceeded in a
catalytic manner because full conversion of PhDTEc by 0.10
equiv. IrOMe was achieved ("H NMR spectroscopy; 400 MHz,
CD;CN containing 0.20 mM IrOMe and 2.0 mM PhDTEc; see
ESI, Fig. S51), and the PeCQY¢_.o value increased sharply in
proportion with the IrOMe concentration (ESI, Fig. S61).
Having demonstrated the photoelectrocatalytic cyclo-
reversion, we determined PeCQY._, o values for 35 combina-
tions of five DTEc compounds and seven Ir(m) complexes
(1.0 mM DTEc and 0.20 mM Ir(m) complex in Ar-saturated
CH;CN) by using standard ferrioxalate actinometry (6.0 mM
K;[Fe(C,0,4)3]).>* Photoirradiation wavelengths were selected at

. . (b) 1.4 v ; ; .
— PhDTEo
—— PhDTEC | l
p—Tte V[

£(10°M'em™)
Absorbance at 586 nm
o
[}
| |
| ]

02t "y
n

2000 4000 6000 8000
Time (s)

0 h e L 0.0
300 400 500 600 700 800 0
Wavelength (nm)

Fig. 1 Photoelectrocatalytic cycloreversion of 1.0 mM PhDTEc by
photoirradiation of 1.0 mM IrOMe (Ar-saturated CHzCN; A = 420 nm
(6.7 x 1071 Einstein s™%). (a) UV-vis absorption spectra: red line,
PhDTECc; grey lines, PhnDTEc + IrOMe during the photoirradiation; blue
line, PhDTEo; dotted black line, rOMe. (b) Decrease in the absorbance
at 586 nm during the course of photoelectrocatalytic cycloreversion.
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Fig. 2 Plots of PeCQYc_ o/PCQYc_ o ratios for cycloreversion of
PhDTEc as a function of the photoirradiation wavelength (380-450
nm; blue squares): red line, UV-vis absorption spectrum of 1.0 mM
PhDTEc; black line, UV-vis absorption spectrum of 1.0 mM IrOMe;
dotted green line, simulated absorption spectrum of IrOMe (TD-DFT;
UB3LYP/LANL2DZ:6-31+G(d.p)). Inset figures are molecular orbital
isosurfaces that contribute to the *MLCT transition (423 nm, percent
MLCT character = 30%).

the "MLCT transition bands of the Ir(m) complexes: Irdfppy, 410
nm (8.3 x 107" Einstein s™'); IrdCF3, 410 nm (8.3 x 10~ *°
Einstein s~ '); Irfppy, 410 nm (8.3 x 10 ' Einstein s~ '); Irpbt,
420 nm (6.7 x 10~ '° Einstein s ); Irppy, 410 nm (8.3 x 10~ *°
Einstein s '); Irbtp, 420 nm (6.7 x 10 "° Einstein s~ '); IrOMe,
420 nm (6.7 x 10~ '° Einstein s ). The PeCQY(_. o, values are
summarized in Table 3, which shows one order of magnitude
enhancement in the quantum yields over normal photochro-
mism (i.e., with no catalyst).

Two trends are observed in Table 3; PeCQY(_. o increased as
the ground-state reduction potential of the Ir(m) complexes
decreased (rows in Table 3) and the oxidation potentials of
DTEc compounds increased (columns in Table 3). These
observations suggested that back electron transfer as well as
forward electron transfer between DTEc and the Ir(m) complex
was critically involved in the photoelectrocatalytic cyclo-
reversion. On the contrary, the phosphorescence lifetimes of the
Ir(m) complexes had a weak correlation with the PeCQY¢—.o
values (ESI, Fig. S7t), which refuted the common prediction
that a long-lifetime photoredox catalyst would be more effi-
cient.>*>® These findings obviously present the need to clarify
molecular factors affecting the photoelectrocatalytic processes.
Scheme 2 summarizes the proposed mechanism for photo-
electrocatalytic cycloreversion which comprises three key steps
of (1) generation of the radical cation of DTEc (DTEc'"), (2)
cycloreversion of DTEc'" to the radical cation of DTEo (DTEo""),
and (3) reductive termination to DTEo with the generation of
the ground state or the excited state of the catalyst.

Generation of the radical intermediate

Photon absorption by the 'MLCT transition of the Ir(m)

complex, [Ir"™(CAN),phen]’, promotes the electronic

This journal is © The Royal Society of Chemistry 2014
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Table 3 Quantum yields for the photoelectrocatalytic cycloreversion (PeCQYc_, os) of DTEc compounds (%)?

IrdCF3 Irbtp Irdfppy Irpbt Irfppy Irppy IrOMe

(-1.27 VP (-1.28 V9 (-1.30 V9 (-1.31 V9 (-1.34 V9 (-1.37 V9 (-1.38 V9 No catalyst
PDTEc (1.00 V°) 26 28 34 36 35 37 38 1.6
PhDTEc (0.90 V) 10 15 18 18 18 20 21 1.5
MDTEc (0.72 V°) 6.0 8.0 11 11 14 16 17 1.4
CDTEc (0.69 V°) 13 16 17 17 19 23 22 1.4
ADTEc (0.27 VC) 4.0 9.0 10 10 12 12 19 1.2

% Determined by standard ferrioxalate actinometry (6.0 mM Ks[Fe(C,0,)3], QY = 1.1 at 410 and 420 nm). Conditions: 0.20 mM photoredox catalyst
and 1.0 mM DTEc in deaerated CH;CN. Photoirradiation wavelength: IrdCF3 410 nm (8.3 x 10~ '° Einstein s '); Irbtp, 420 nm (6.7 x 10 '° Einstein

Irdfppy 410 nm (8.3 x 10~ '° Einstein s~ '); Irpbt, 420 nm (6.7 x 10"

(83><10

SCE, V). ¢ One-electron oxidation potential of DTEc (vs. SCE, V).

transition from the d-orbital of the Ir(m) core to the m*-orbital
of the ligand (ie, '[Ir'Y(CAN)(CAN) phen]*" or
"1Ir™V(CAN),phen’~]*"). Subsequent intersystem crossing affords
the triplet MLCT (*MLCT) transition state (i.e., *[Ir'Y(CAN)(CAN)
““phen]*" or °[Ir"V(CAN),phen’ ]*") at rates faster than
100 fs,*** which is responsible for the oxidation of DTEc. The
one-electron reduction potentials (E..q) of the triplet species
of the Ir complexes are 1.01-1.52 V (vs. SCE, Table 1), being
more positive than the E. values of the DTEc compounds
(0.27-1.00 V vs. SCE, Table 2). Thus exergonic photoinduced
electron transfer (PeT) from DTEc to the photoredox catalyst
with positive driving force (—AGper = e[Eox(DTEC) — Epeq(Ir)] =
0.01-1.25 eV) is anticipated within an encounter complex
(Scheme 3).6*¢°

Einstein s~ '); IrOMe, 420 nm (6.7 x 10~ '° Einstein s~ *); no catalyst, 410 nm (8.3 x 10~

° Einstein s ); Irfppy, 410 nm (8.3 x 10’10 Einstein s~ '); Irppy, 410 nm
° Einstein s ). ? E,q of the Ir(m) complex (vs.

Strong phosphorescence emission (PLQY = 1-21%) of the
Ir(m) complexes allowed the determination of the rate constants
for PeT (kper) by measuring the decrease in the phosphores-
cence lifetimes (1, Aex = 377 nm). Fig. 3a displays the phos-
phorescence decay profiles (A, = 525 nm) of 100 pM Irpbt in
Ar-saturated CH,;CN solutions containing various concentra-
tions (0-40 pM) of PhDTEc. The t value was as long as 4.07 us in
the absence of PhDTEc, decreasing in proportion with the
PhDTEc concentration. The decrease in t was attributed to
occurrence of PeT that competed with the radiative decay. A
linear fit for the electron transfer rate, 1/t — 1/7, (r and 7, are
phosphorescence lifetimes in the presence and the absence of
PhDTECc), vs. the PhDTEc concentration afforded the bimolec-
ular electron transfer rate constant to be 4.58 x 10° M~ ' s™*

+ * 4
N
(\N N hv (MLCT) S
c I = vy N~
"~,,, - N - lrlv
/Ir"I\N phosphorescence o c” I\N =
¢ | L N = photoinduced
I\/N electron-poor electron EF
electron-rich DTE BYE ) transfer F. F
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F F (\| » / \
T N= Ar Ar
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Scheme 2 Proposed mechanism for the photoelectrocatalytic cycloreversion of DTEc compounds by Ir(i) complexes as the photoredox

catalysts.
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Fig. 3 Determination of the rate constant for photoinduced electron
transfer (kpet) from PhDTEC to Irpbt. (a) Phosphorescence decay traces
of 100 uM Irpbt in Ar-saturated CH3CN solutions containing 0-40 uM
PhDTEc after 377 nm nanosecond pulsed photoexcitation (Aops = 525
nm). (b) Plot of the electron transfer rate as a function of the PhDTEc
concentration. The electron transfer rate was calculated by the rela-
tionship, electron transfer rate = 1/t — 1/7g, where t and g are the
phosphorescence lifetimes of Irpbt in the presence and the absence of
PhDTEc, respectively. The slope corresponds to kpet. See ESI, Fig. S8
and S97 for plots of other combinations of the DTEc compounds and Ir
complexes.

(Fig. 3b). The kper values for other combinations of Ir(m)
complexes and DTEc compounds were also determined, and fell
within the range of 10° to 10"° M ' s™* (ESI, Table S1¢). The kper
values approached to the diffusion rate constant (kgi) in
CH;CN at 298 K, 1.93 x 10" M~ s7*, which was calculated by
the Stokes-Einstein-Smoluchowski equation, kqifr = (8ksNAT)/
(3m), where kg, N5, T and 7 are the Boltzmann constant, the

1468 | Chem. Sci,, 2014, 5, 1463-1474

Avogadro's number, the absolute temperature and viscosity of
the solvent, respectively. As shown in Fig. 4, plots of kper vs.
—AGper for PDTEc features a typical Rehm-Weller behavior,*
being consistent with our previous observation of PeT in a series
of phosphorescent zinc sensors, where the di(2-picolyl)Jamino
group served as a one-electron donor.**** The kper values
adhered well to the theoretical curve obtained from the classical
Marcus theory for adiabatic outer-sphere electron transfer, after
taking the diffusion process into account (eqn (1); also see
Scheme 3).5%%%

kanke  KanZ exp| — (AGrr +2)*/ 42k T)|
kedr + ke g e+ Z exp[ — (AGper + /\)2/(41kBT)}
(1)

In eqn (1), Z and A are the collisional frequency taken as 1.0 x
10" M~' 57! and the reorganization energy for the one-elec-
tron oxidation of DTEc, respectively.®® The kper values of
PDTEc overlap with the kinks of the theoretical curves of eqn
(1) having A values between 0.60 and 0.90 eV, because the A
value increases with increasing —AGper accompanied by an
increase in the distance between electron donor and acceptor
molecules, where the electron transfer occurs, according to

eqn (2).
(11 1y
A= 4mtey \2rp + 2ra  d op & [2)

kPeT =

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Plots of log kpet VS. —AGpet (empty symbols) and log kget Vvs.
—AGgt (filled symbols) for photoelectrocatalytic cycloreversion of
PDTEc by the Ir complexes at 298 K. Dotted and solid curves are the
theoretical plots of eqn (1) at kg = 1.93 x 101° M~ts7L,

In eqn (2), A is the solvent reorganization energy, Ae is the
amount of transferred charge (Ae = e), ¢ is the dielectric
constant in a vacuum, r, and rp, are the van der Waals radii of
electron donor and acceptor molecules, d is the contact
distance, &, is the optical dielectric constant, and & is the
dielectric constant of the solvent, respectively. Such an increase
in the A values with increasing —AGp.r has previously been
reported for PeT from the triplet excited state of cofacial
porphyrin dimers to a series of electron acceptors.”’

The Marcus-normal behavior (i.e., —AGper < 1) suggests one
viable strategy to improving PeT efficiencies although the effect
may be marginal; faster PeT could be obtainable by increasing
Epeq of the Ir(m) complex. This strategy requires synthetic
modifications to increasing AEr and E,.q, which can be
accomplished by using high-field ligands, such as N-heterocy-
clic carbene ligands, having electron-withdrawing substituents.

The one-electron reduced species of the Ir(u) complex (i.e.,
[Ir'"(CAN),phen’ "] in Scheme 3) can promptly return its extra
electron to vicinal DTEc"" in the geminate radical ion pair due to
the strong reduction power of E.q < —1.27 V (vs. SCE). Indeed,
the driving force for this back electron transfer (—AGger = €
[Erea(Ir) — Eox(DTEc)]) was as large as 1.54-2.38 eV. Since this
back electron transfer (BeT) served as an energy-wasting path,
investigations into the effects of BeT would be very important.
We thus determined the rate constant for back electron transfer
(kper) by laser flash photolysis. Fig. 5a displays the transient
absorption spectra of 500 uM PDTEc in an Ar-saturated CH3;CN
solution containing 100 uM Irpbt recorded at various delay
times after nanosecond pulsed photoexcitation (A, = 426 nm).
The absorption spectra exhibited a NIR absorption band at 810
nm. The 810 nm band was assigned due to PDTEc"" because the
spectral signature coincided with the absorption spectrum for
PDTEc"" (electrochemically generated at 10 °C using Cu(ClO,),
as an one-electron oxidant) obtained by stopped-flow UV-vis-
NIR measurements and the simulated electronic absorption

This journal is © The Royal Society of Chemistry 2014
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spectrum for PDTEc’" (uB3LYP/6-311+G(d,p):C-PCM solvation
model parameterized for acetonitrile) (Fig. 5¢). The weak tran-
sient absorption precluded further spectral resolution, but all
the DTEc compounds exhibited the characteristic NIR absorp-
tion behaviors. NIR absorption bands corresponding to DTEc™"
have also been observed by us®** and the Kawai group.** Tran-
sient absorption due to the radical anion of phen ligand
(phen’ ") at 350 and 550 nm that have been identified for Cu(i)
complexes of phen was not detected,*®*® presumably due to the
strong electronic coupling with the Ir core. The decay of the
absorption band at 810 nm can be ascribed to BeT from the one-
electron reduced species of the Ir(m) complex to PDTEc""
because the subsequent cycloreversion of PDTEc"* to PDTE0"" is
much slower than BeT (vide infra). The kger value for the
PDTEc "/Irpbt pair was thus obtained from the second-order
linear fit of the temporal changes of ¢/absorbance values at 810
nm to be 2.6 + 0.5 x 10° M * s™*, where ¢ for PDTEc"" was
calculated from the stopped-flow UV-vis-NIR spectrum (Fig. 5¢).
Similarly, the kper value of 7.3 = 0.2 x 10° M~" s~* for the
ADTEc "/Irpbt pair was determined by measuring the NIR
transient absorption band of ADTEc™" at 1000 nm (Fig. 5d-f).
Table 4 lists the kg.r values for 35 combinations of the Ir(m)
complexes and DTEc compounds. Inspection of Tables 3 and 4
reveals that PeCQY¢_. o increases when kg.r decreases, which
suggests the critical role of BeT.

As shown in Fig. 4, a strong negative dependence between
kger and —AGger Was observed. Our system presents a rare
example featuring the Marcus-normal PeT and the Marcus-
inverted BeT.*>*7* The occurrence of BeT in the Marcus-inver-
ted region may explain the larger PeCQY_. o values for higher
exothermicities of BeT (ESI, Fig. S151),°>7>* because the life-
time of DTEc'" becomes longer for cycloreversion. The Marcus-
inverted BeT provides an important design criterion that E,.q of
the photoredox catalyst should be as negative as possible. In
addition, the stronger dependence of kger to the driving force
compared to the case of kp.r suggests that control of E,.q rather
than E;.q would be crucial to achieving high quantum yields.
The plots of log kger vs. —AGger were well-fitted to the Marcus
theory of adiabatic outer-sphere electron transfer (eqn (1)). The
best fits were obtained at A values of 1.59 eV (PDTEc), 1.57 eV
(PhDTEc), 1.43 eV (MDTEc), 1.39 eV (CDTEc) and 1.07 eV
(ADTEc) (Fig. 4 and ESI, S167). Apparently, DTEc having the
electron-withdrawing moieties are found to have larger 4, which
may result from the larger structural change associated with the
electron transfer, leading to greater propensity for cyclo-
reversion of DTEc"" to DTEo"". However, such a change in the 1
value for the forward electron transfer is masked by the diffu-
sion-limited rate (Fig. 4).

Ring-opening reaction of the radical intermediate

To decouple the ring-opening process with PeT and BeT, DTEc""
was generated by the electron transfer oxidation of DTEc with
Cu(ClO,), used as an one-electron oxidant,*® and the ring-
opening process was monitored by single-mixing stopped-flow
UV-vis absorption changes of DTEc'" recorded at 100 ms
intervals (CH;CN, 10 °C). The NIR absorption at A > 700 nm for
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Fig. 5 Laser flash photolysis to determine the rate constants for back electron transfer (Ar-saturated CHzCN, 426 nm nanosecond photoex-
citation). Top panels, 500 uM PDTEc and 100 uM Irpbt: (a) transient absorption spectra, (b) plot of ¢/absorbance at the 810 nm band vs. time, and
(c) stopped-flow UV-vis-NIR absorption spectra (10 °C) of 50 uM PDTEc (black) and electrochemically generated PDTEc'* (red; 50 uM PDTEc + 4
equiv. of Cu(ClO4),) and TD-DFT-calculated UV-vis-NIR electronic absorption spectra for PDTEc™ (blue). Lower panels, 500 uM ADTEc and 100
uM Irpbt: (d) transient absorption spectra, (e) plot of ¢/absorbance at the 1000 nm band vs. time, and (f) stopped-flow UV-vis-NIR absorption
spectra (10 °C) of 10 uM ADTEc (black) and electrochemically generated ADTEcC™* (red; 10 uM ADTEc + 4 equiv. of Cu(ClO4),) and TD-DFT-
calculated UV-vis-NIR electronic absorption spectra for ADTEC'™ (blue). For other combinations of DTEc compounds and Ir(i1) complexes, see

ESI, Fig. S10-S14.F

PhDTEc'" appeared promptly after the addition of 4 equiv.
Cu(ClO,), to 50 uM PhDTEc, which accompanied the disap-
pearance of the PADTEc absorption band at 586 nm (Fig. 6). The
NIR absorption band of PhDTEc"" decayed at a rate of 0.17 s/,
the value being comparable to our previous results.*
Absorption around 540 nm presumably due to PhDTEo"* was
detected, but the significant overlap with the PhDTEc absorp-
tion did not permit clear resolution. Thus, the unimolecular
rate constant (k,) for PADTEc"" — PhDTEo™" was determined
from the PhDTEc'™ decay rate to be 0.17 s~ *. This k, value is
much smaller than kper and kgt by factors of 10° to 107 at 1.0

Table 4 Back electron-transfer rate constants (kget, 10° M™! s7%) for
complexes?

mM concentration of PhDTE, implying that cycloreversion of
PhDTEc'" is the rate-determining step in the overall photo-
electrocatalytic cycloreversion reaction. The k, values for other
DTEc compounds were determined similarly at 10 °C (ESI,
Fig. $17-S21%): PDTE, 0.061 s~ *; MDTE, 0.35 s '; CDTE, 2.2 s~ %;
ADTE, 5.7 s~ . To obtain the thermodynamic information about
the cycloreversion of DTEc"", k, values were also measured at
—10 and 0 °C (ESI, Fig. S17-S217). Eyring plots of log [(h/kg)(ko/
T)] vs. 1/T follow straight lines with activation enthalpy (AH")
values of 0.74 eV (PDTEc), 0.61 eV (PhDTEc), 0.42 eV (MDTEc),
0.36 eV (CDTEc) and 0.34 eV (ADTEc) (Fig. 7). The smallest AH*

the photoelectrocatalytic cycloreversion of DTEc compounds by Ir

IrdCF3 Irbtp Irdfppy Irpbt Irfppy Irppy IrOMe 2 1ev
PDTE 5.5+ 0.2 4.5+ 0.3 3.7+£0.2 2.6 £ 0.5 1.5+ 0.1 1.1 + 0.1 0.88 + 0.5 1.59 £ 0.06
PhDTE 8.0 £ 0.3 6.0 £ 0.2 52 £ 1.2 4.5 + 0.6 2.9 £0.7 2.7 £0.7 n.d. 1.57 £ 0.03
MDTE 12 £ 0.2 5.5+ 0.2 6.2 1.0 41+0.5 5.9 £ 0.6 2.2 +0.7 2.17 £ 0.2 1.43 £ 0.05
CDTE 9.4+ 0.2 6.3 +1.0 5.5£0.3 4.5+ 1.0 2.8+ 0.2 2.2+ 0.6 n.d. 1.39 4 0.03
ADTE 9.4 £ 0.3 9.1 £0.2 8.5£0.3 7.3 +£0.2 4.6 =+ 0.04 3.6 = 0.06 3.2+0.2 1.07 £ 0.01

“ Determined by nanosecond laser flash photolysis. ? Reorganization energy. © Not determined.
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Fig. 6 Determination of the rate constant for the ring-opening
reaction (k,) of PhDTEc™*: (a) stopped flow UV-vis absorption spectra
(single mixing) of 50 pM PhDTEc after mixing with 4 equiv. Cu(ClO4), at
10 °C (CH3CN) and (b) decay traces of the 781 nm absorption band of
PhDTEC™*.

value was obtained for ADTEc, and the value increased in
proportion with the electron deficiency. This trend is obviously
opposite to the results in the PeCQY¢_ o ordering (Table 3).
This discrepancy may be explained by the mechanism con-
cerning the termination steps (vide infra).

Radical propagation and termination

Scheme 4 summarizes possible paths for the reduction of
DTEo"" to DTEo; DTEo"" is neutralized by accepting one elec-
tron from DTEc or the one-electron reduced species of the Ir
complex, [I'"™(CAN),phen’~]. The former and the latter reduc-
tive electron transfer pathways correspond to radical propaga-
tion and termination steps, respectively. The propagation step
by electron transfer from DTEc to DTEo"" is moderately exer-
gonic judging from the driving force for propagation (—AGp,
—AG,, = €[E(DTEc) — E(DTE0)]) of 0.34 eV (ADTE), 0.46 eV
(CDTE), 0.52 eV (MDTE), 0.64 eV (PhDTE) and 1.70 eV (PDTE). In
such a case, the electron transfer process for the radical

log((/k,) x (K, 1 T))

0.0035 0.0036 0.0037 0.0038
1T (K"

Fig. 7 Plots of log [(h/kg)(ko/T)] vs. 1/T for cycloreversion of DTEc™*.
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propagation may occur in the Marcus-normal region, where the
propagation rate becomes faster with more electron-with-
drawing substituents to reach the diffusion-limited value. The
driving force for the termination step (—AG;, —AG; = €[Eyeq(Ir) —
E,«(DTEo)]) was determined to be 1.80-4.08 eV (Tables 1 and 2),
being highly exergonic. The very large —AG;, values suggest that
termination would likely be located in the Marcus-inverted
region particularly for PDTE. In the case of PDTE, BeT from the
reduced Ir complex to PDTEo"" may generate the excited state of
the Ir complex rather than the ground state because —AG, (3.97-
4.08 eV) is significantly larger than the triplet excited-state
energies of the Ir(m) complexes (AEy, 2.39-2.82 eV). Actually,
very weak delayed phosphorescence emission of Irfppy was
detected for Ar-saturated CH;CN solutions containing 100 uM
Irfppy and 100 pM PDTEc ca. 10 s after the 410 nm photo-
irradiation (ESI, Fig. S2271), supporting the hypothesis that the
triplet excited state of the photoredox catalyst was regenerated.
In such a case, the BeT process becomes not the termination
step, as the recycled excited species of the photoredox catalyst
can start the initiation step of electron transfer from PDTEc
again, leading to significant elongation of the chain length. On
the contrary, such a regeneration process is prohibited for ADTE
(ESIL, Fig. S227), because the —AG; values (1.90-2.01 eV) are
smaller than the AEy values (2.39-2.82 eV) of the photoredox
catalysts. This may be the reason why the PDTE afforded higher
PeCQY¢ -, values than ADTE despite the slower ring-opening
rate (k,) of the radical intermediate. These considerations
establish an important condition that —AG, should be larger
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than the triplet state energy (AEy) of the photoredox catalyst in
order to achieve a larger PeCQY(_, o value. This corresponds to
a criterion, E(DTEo0) > E:ed(lr) because E,.q + AEr equals Erq. It
can thus be concluded that BeT involved both in the generation
of DTEc™" and in the termination to DTEo play critical roles in
the overall performance of the photoelectrocatalytic cyclo-
reversion. Collectively, the larger PeCQY¢_.o by IrOMe can be
ascribed to the high E..q and the small AE; values, because
these conditions effectively suppress BeT in the initiation step
and facilitate regeneration of the excited species of IrOMe.
Considering that the initiation by PeT is allowed only when
Ereq(Ir) > Eo(DTEC), we can further conclude that the optimal
condition for the photoelectrocatalytic action is E.(DTEc) <
Eped(It) < Eo(DTEo). This implies that DTE compounds
featuring the largest difference in the oxidation potentials of the
open form and the closed form are favorable for the photo-
electrocatalytic cycloreversion. As shown in Table 2, PDTE has
the greatest value of the electrochemical window of E,,(DTEo) —
E.«(DTEc). Thus, it is anticipated that PDTE would retain the
largest quantum yields at any choice of Ir(ur) complexes, which is
in excellent agreement with our experimental results (Table 3).

Conclusions

We successfully demonstrated the highly efficient photo-
electrocatalytic  cycloreversion of photochromic DTE
compounds. A series of cyclometalated Ir(m) complexes served
as photoredox catalysts to trigger electrocatalytic cycloreversion
of DTEc. Quantum yields for the photoelectrocatalytic cyclo-
reversion were determined by ferrioxalate actinometry, and one
order of magnitude enhancement relative to the controls (i.e.,
without the photoredox catalyst) was achieved. We systemically
analyzed the reaction steps in the photoelectrocatalytic cyclo-
reversion, which consisted of photoinduced generation of the
radical cation intermediate, cycloreversion of the intermediate
by radical propagation, and reductive termination. We directly
monitored photoinduced electron transfer and back electron
transfer in the DTEc and Ir complex pairs by employing nano-
second transient photoluminescence and absorption spectro-
scopic techniques. The results established that the efficiency for
the generation of the radical cation intermediate of DTEc
(DTEc'") depended on the rate of back electron transfer occur-
ring in the Marcus-inverted regime. It was also found that the
overall quantum yields were governed not only by the efficiency
for the generation of DTEc'" (initiation step) but also by the
radical chain length for the conversion of DTEc'" to DTEo""
(propagation step), which increased in proportion with the
electron deficiency of the DTE backbone as well as by the ability
of the photoredox catalyst to restart the initiation step. Taken
together, these findings provide useful guidance to further
improving cycloreversion quantum yields: (1) the ground-state
reduction potential of the photoredox catalyst should be as
negative as possible to suppress BeT; (2) the excited-state
reduction potential of the catalyst should be lower than the
oxidation potential of DTEc to facilitate PeT, but the driving
force for PeT has a marginal influence; (3) the oxidation
potential of DTEc should be as positive as possible to suppress
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BeT; (4) the excited-sate reduction potential of the Ir complex
should be smaller than the oxidation potential of DTEo to
regenerate the excited species of the Ir catalyst. These condi-
tions can be satisfied by the use of Ir(ur) complexes having
electron-rich cyclometalating ligands and high-field ancillary
ligands, or by the use of positively charged DTEc, such as those
containing pyridinium rings. We believe that our conclusions
will provide valuable insight into the future development of
high efficiency molecular photochromism.
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