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Abstract

Reactions of the 16-electron ruthenium complex (8ape)Cl][PFs] with metal-free and
zinc ethynylphenyltrifluorenylporphyrink and2 respectively, gave the new dy&a®iand

4 with ethynylruthenium group as a potential electonor and the porphyrin as a
potential electron acceptor. The redox propertfeth® porphyrinsl-4 were investigated
by cyclic voltammetry and UV spectroelectrochemist6EC), which reveal that the
monocation and monoanion of metal-free porphyriare stable under these conditions
whereas the formation of the corresponding radiaéibn or anion of the zinc porphyrin
2 was accompanied by partial decomplexation of the ion. Oxidations of the dyads
and4 gave stable radical cations as probed using IR &id UV SEC methods.These
cations show similar NIR and IR bands to those nepofor the known 17-electron
[Ru(dppe)}(C=CPh)CI[ radical cation. Remarkably, the dy&dhas four stable redox
states +2/+1/0/-1 where the second oxidation arsdl feduction processes take place at
the porphyrin unit. Simulated absorption spectrd-@nat optimised geometries obtained
by TD-DFT computations with the CAM-B3LYP functidnare shown to be in very
good agreement with the observed UV absorptiontspet1-4. The spectra of-4 and
their oxidised and reduced species were interpreféd the aid of the TD-DFT data.
Fluorescence measurements reveal that the d§aaisd 4 are only weakly emitting
compared tdl and2, indicative of quenching of the porphyrinic singéxcited state by
the ruthenium centre.

Electronic Supporting InformatiodNMR spectra fod-4, Emission spectra f& and4 at
77 K, Additional CV plots foi3, Additional SEC spectra fdr-4, Molecular orbital data
and Cartesian coordinates for optimised geometfiés4'.



Introduction

The combination of electron-rich group 8 metal ctexfes) around a porphyrin core
within the same molecular assembly can lead to ay@nometallic chromophores with
remarkable optical propertié$.Furthermore, when the peripheral metallic fragmene
redox-active, the redox-activity of these assershiieght be exploited for switching their
linear optical (LO) and nonlinear optical (NLO) pesties by means of electron-
transfer’* For instance, we showed that tetra(ruthenium-aeethynylphenyl)zinc(ll)
porphyrin ZnTRUEP) presents particular cubic NLO properties whiceésult from the
association of the porphyrinic and Ru-based fragm@®hart 1¥:° Akita and co-workers
recently demonstrated that the fluorescence ofrphgoin linked to a CpM(P”P) unit via
an acetylide, such a& and B, could be redox-switchetlThe neutral derivatives are
essentially non-fluorescent due to an intramolecw@ox quenching of the porphyrin
excited singlet state by the organometallic sulbstit, while oxidation of the metal-
alkynyl unit partially restores the red fluorescercharacteristic of the Zn(Il) porphyrin
core. So far, only a handful of such organometattimjugates have been repoftéd
despite their potential for use in molecular-baskedtronics or photonics.
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Chart 1: Previously reported porphyrimslevant to the current study.



While redox control of LO and NLO properties at thmolecular level has ample
precedence in the literature, and is well mastevéi metal acetylide derivativés;
redox-control of the fluorescence is much more rarecomparisort However, no
fluorescence yields were quoted for the fluores¢tont”) states in these examples apart
from the dyadsA andB where low quantum vyields ef 1.5 % were measurédilthough
these examples clearly establish the proof of la®f fluorescence redox-switching for
acetylide derivatives, more intense fluorescendden“on” state is certainly desirable for
any practical use compared to other systems dezelsp far-?

The low fluorescence vyield reported in the case\bfor B* (“on” states) is not so
surprising, given that the fluorescence of the ZRTBre is intrinsically quite weak. In this
respect, we reported the synthesis of zinc porpeypossessing several fluorenyl arms
(e.g.ZnTFP) and showed that the fluorescence of these derégatvas more intense than
the corresponding phenyl (as opposed to fluoremyiplogues (e.gZnTPP)341°
eventually allowing their use as luminophores in EDis> In particular, a high
fluorescence quantum vyield @ = 24%) was evidenced for the metal-free
tetrafluorenylporphyrin macrocycleH¢TFP), demonstrating the good capacity of the
fluorenyl units to enhance quantum yields by insiegthe radiative deactivation process.
Identifying newmesetetraarylporphyrin conjugates resembliigTRUEP, A or B — but
featuring fluorenyl groups instead of phenyl onastte porphyrin core — may thus be an
attractive approach to isolate new redox-switchatajugates that would have more
desirable fluorescence properties in the “on” (ead) state.

This work describes a first contribution towardstliim using the well-establisHéd
Ru(dppe)Cl metal-acetylide fragment as electrophore for oredontrolling the
fluorescence of porphyrins with pendant fluorenyms. Thus, the syntheses and
characterisation of the new dyadd® and 4 from the recently synthesiséd®
ethynylphenyltrifluorenylporphyrins1 and 2 respectively (Scheme 1) and the
luminescence properties of these compounds areiledcThe spectral properties of the
four porphyrinsl-4 and their various oxidised and reduced speciegslatceexamined in
detail by UV spectroelectrochemistry (SEC) and, ®rand 4, by IR and NIR
spectroelectrochemistry. These experimental studies complemented by DFT
computations to understand the nature of the obdeabsorption bands. The use of the
new acetylide complexeésand4 for redox-switching of their optical propertieshigefly
discussed.

Results and Discussion
Syntheses and characterisation

The new dyad 3 was formed from the reaction of the
ethynylphenyltrifluorenylporphyrinl with the 16-electron five-coordinate ruthenium
complex [RuCl(dppe)[PF¢ (Scheme 1}° The latter was used in excess to avoid an
inseparable mixture of the starting matefiand the desired produ8t The reaction was
considered complete when the singlet peak of theital alkyne at 3.3 ppm disappeared
on monitoring the mixture byH NMR spectroscopy prior to work-up, which gave a
greenish-brown solid identified & Dyad4 was made fron2 using a similar procedure.
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The dyads3 and 4 were characterised by multinuclear NMR spectrogcapass
spectrometry and elemental analys&B. NMR spectra fo and 4 showed singlets at
49.7 and 50.0 ppm respectively, corresponding tw &guivalent phosphorus atoms in
the dppe ligands coordinated to the ruthenium grdte peaks in thtH NMR spectrum

of 4 can be identified by direct comparison with fireNMR spectra o2 and a model
compound® RuCI(C=CPh)(dppe) (Figure 1). The spectrum of contains a broad
multiplet at 2.8 ppm corresponding to the eight@Hdpe protons. Two peaks, a singlet at
4.20 ppm (2H), and another at 4.22 ppm (4H), charse the CHhl protons of the
fluorenyl units. The peaks between 7.0 and 7.4 ppththe overlapped peak at 7.8 ppm
are from the phenyl groups of the dppe ligandswBeh 7.4 and 8.5 ppm, the seven
peaks that correspond to the fluorene groups ametifted along with two doublets at
7.04 and 7.98 ppm corresponding to the phenyleiteatithe porphyrin (Figure S1). In
addition, theB pyrrolic protons are identified by the peaks atad 9 ppm. ThéH NMR
spectrum of3 differs from that of4, with a singlet at —2.6 ppm characterizing the
porphyrin NH protons. Thé®C NMR spectra forl-4 also show the expected peaks
although many are overlapped — there are 43 urdgt®ons inl and2 and 52 i3 and4
(Figure S2).
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Figure : 'H-NMR spectra (400 MHz, in CDg@l of zinc porphyrin 2,
Ru(dppe)(C=CPh)Cland the new dyad.

Absorption and Emission Spectroscopy

The UV-visible absorption spectra were recordeam temperature fat-4 (Figure
2 and Table 1). In all cases, the spectra exhibintense Soret band with a maximum
absorption around 425 nm and several lower-energhaii@gls. Four characteristic Q-
bands are observed for the free-base porphyriasd3 (two of them overlapped i8),
while only two bands are observed for the Zn(l)npbexes2 and 4, as is usual in
metalloporphyrins. A characteristic blue shift ibserved for all these bands upon
metallation with zinc. In addition, a broad banahtced around 275 nm is seen b,
which corresponds to the absorption of the threeréinyl arms of the porphyrin.
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Absorption spectra (in CiTl,) of the new dyads and4 (10° M) at room
temperature. The corresponding precurdaaed? are included for comparison.

Table 1. Photophysical data for porphyriris4 and related compounds in gEl, at

298 K.

Amax. | Amax! NM® Apax/ NM Aem/nm  &©  Ref.

nm® Soret band Q bands %

UV band
1 275 425 518, 555, 594, 64857, 700 21 This work
2 273 426 554, 595 607,655 7 This work
3 263 423 520, 568, 590, 65859, 718 1.54 This work
4 264 425 557, 602 606, 651 0.02 This work
H.TPP - 417 513, 548, 589, 64&®50, 714 12 21
H.TFP 272 426 519, 557, 593, 64861, 725 24 21
ZnTFP 264 428 555, 601 608, 657 8.5 22
ZnTEP 302 424 552, 594 - - 6
ZnTPP - 421 556, 603 603,650 3.3 This work
ZNnTRUEP 327 418 452, 563, 615 601, 652 0.02 This work

(a) Wavelengths of the absorption maxima in the rgggion (200-400 nm range). (Bjavelengths of the
absorption maxima in the Soret or B band regior0D{450 nm range). (clrluorescence quantum vyields
usingH,TPP in toluene as standar@¥ = 0.12¥° following excitation into the Soret bands.

The emission spectra of these compounds were regargon excitation of the Soret
band. Depending on their nature (free base or tattdl porphyrin) they consist of
several sub-bands assigned to a vibronic progmedsion the Q-state: fo8, the band
near 720 nm assigned as Q(2,0) is very weak anebappften as an extended tail on the
Q(1,0) band. The main fluorescence bands are Wiified upon metallation. Fd3, the
strongest emission band Q(0,0) is typically aro®@ nm and the second pealk.
Q(1,0), appears dil 650 nm. As expected, the compouridand 2 without any Ru
acetylide substituents have more intense fluoregcansolution thal and4. Porphyrin

1 has a luminescence quantum vyield of 21% which gbidm than that of the reference
H,TPP (12%) and comparable to that BETFP (24%). The Zn(ll) porphyrir2 has a



guantum yield of 7%, again higher than that of TP analogu&nTPP (3.3%) After
substitution ofl with the Ru complex to generate the dyadhe fluorescence quantum
yield drops to 1.5 %, comparable to the values ntegofor A* andB*. Dyad4 with the
Zn(ll) porphyrin is much more weakly emissive@ € 0.02%), similar to that determined
for ZnTRUEP, A andB. It seems that the complexation of the porphygand by Zn(ll)
facilitates the non-radiative deactivation processehe quenching of the porphyrin
emission by the ruthenium unit is apparently Idésient for the free base porphyrins
than for the the zinc porphyrins. The emission sBpeaf 3 and4 at 77 K are shown in
Figure S3.
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Figure 3: Emission spectra (in GlBl,) of the new dyad8 (10° M) and4 (10° M)
at room temperature and comparison with emissibisand?2.

Electrochemistry

Cyclic voltammetry (CV) data of tetraarylporphyrigenerally show two oxidation and
two reduction waves corresponding to oxidation aaduction at the porphyrin unit.
These waves are present in the CV measuremenisccaut here fod and2 where the
first oxidation and reduction waves are revers{pig. 4 and Table 2). Table 2 also lists
reported CV values for related porphyrins (Chartvhere zinc porphyrins are easier to
oxidise by ~0.1 V and more difficult to reduce b§.2-V compared to the metal-free
porphyrin analogues. The compouridand2 at 2.18 V and 2.26 V respectively have the
smallest oxidation-reduction potential differenadsthe porphyrins listed in Table 2.
Irreversible oxidation waves at even more posijpeentials are also found in the
porphyrins listed, which correspond to oxidatiohtha fluorenyl groups id and?2.
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Figure 4: Cyclic voltammograms fot-4 in CH,Cl, in the presence of 0.1 M [BN]PF]
as the supporting electrolyte. The current is statebuA between each tick mark.

Table 2.Electrochemical data for porphyritist and related compounds.

Elox Ezox(a] Esox(a} Elrec Ezre c(b) Elox' Elrec Ref.

1 0.53 0.82 1.43 -1.65 -1.98 2.8 This work
2 0.39 066 1.35 -1.87 -2.27 226 This work
3 -0.029 0.48 0.81,0.94 -1.70 -2.15 1.68 This work
4 0.01 0.32 0.50,0.63 -1.80 -2.19 1.81 This work
H,TPP 053 0.87 1.95 -1.78 212 231 24
ZnTPP 046 072 - -1.90 -2.28 2.36 24
H,TFP 0.58 0.90 1.50 -1.78 212 2.36 25
ZnTEP 041 071 1.40 - 25
Ru(dppe)(C=CPh) 0.0 0.89 - 26
H,TEP 058 0.90 1.051.36 -1.62 -1.95 2.20 27
ZnTEP 046 072 - -1.90 -2.32 2.36 27
ZNTRUEP 0.03% 041 0.70 - 6

(a) Values in italics are anodic potentials ofvesible waves (b) Values in italics are cathoditeptials
of irreversible waves (c) Oxidation at the rutheniunit.

The CV data for the ruthenium-porphyrin complex@and4, reveal reversible oxidation
waves at -0.02 and 0.01 V respectively due to diada at the ruthenium ethynyl units at
similar potentials to the ferrocenium/ferrocene med®?° For comparison, Ru(dppe)
(C=CPh)CI has an oxidation potential of 0.0f°Wvhich shows that the porphyrin
moieties have very small effects on the potentiatsesponding to the ruthenium ethynyl
moieties, as found fanTRUEP.’ The presence of the ruthenium redox centres eesult
the oxidation waves associated with the porphynitsubeing shifted to more positive
potentials by ~0.06 V i8 and4. This trend follows for the reduction wave potahtf 4
but does not follow foB where its reduction wave potential is more negaliy 0.05 V.



Unlike their porphyrin precursork and2, the second oxidation and reduction waves at
the porphyrin units ir8 and4 are irreversible. There is an irreversible oxiolatvave at
0.89 V*° for Ru(dppe)C=CPh)Cl which suggests that such irreversible waaes
expected in3 and4 in the same potential range as the second oxidataves at the
porphyrin units. The observed two irreversible atidn waves foB8 and4 (Table 2 and
Figure S4) support this.

Spectroelectrochemistry

Spectroelectrochemistry (SEC) measurements weredayut on the four porphyrirs

4, to obtain the absorption spectra and establighstabilities of their oxidised and

reduced species. Absorption measurements of thdisexi and reduced species for all
porphyrins are listed in Table 3. Apart from oublished study, there is only one study

on the parent porphyrins using a thin-layer SEQ aetl two spectroscopic studies on
porphyrin radical anions generated electrochenyicalhe reported data from these
studies are shown in Table 3 for comparison.

UV-Visible spectroelectrochemistry

The first oxidation and first reduction processassif were shown to be reversible in the
SEC cell (Figure 5 and Table 3). The absorptiorcspm corresponding to the cation of
1 showed a significant change from the neutral gsewaihere the original Soret band at
424 nm is replaced by strong bands at 464 and &®80Tihe spectrum of the cation is
similar to that reported for the cation ld6TPP by SEC. The spectrum of the anion by
reduction ofl has the Soret band diminished in intensity andQHeands still evident
with addition of more, weak, low-energy bands betwd50 and 950 nm. Such weak,
broad low-energy bands are also observed for tloemafH,TPP by bulk electrolysis.

A second SEC experiment was carried outlan order to obtain the spectrum of the
dication by two-electron oxidation. The two intemsenocation bands at 464 and 690 nm
were changed to two bands with smaller intenséte$40 and 485 nm and a broad, more
intense band at 670 nm (Figure S5). However, ork baduction the monocation
spectrum was subtly different, displaying band46it and 680 nm. This suggests that the
dication is not stable under these thin-layer SEC @onditions and the spectral data
listed in Table 2 are thus labelled “2+”. Given ttevious similarities between the initial
neutral species and the neutral species on baalctied, it is assumed here that the
spectrum of pure dication would resemble “2+".
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Figure 5: UV-visible absorption spectra farand its oxidised and reduced species in 0.1
M TBAPFs/DCM using a thin-layer spectroelectrochemistry C3Eell.

SEC studies o@ were less satisfactory. A spectrum of an oxidisgeecies was obtained
but on back-reduction the spectrum of neu®ralas not fully restored. There were weak
bands present at 520 and 650 nm on back reductiochwmply that the Zn ion was
replaced by protons during the process. A similgecsum was found from back-
oxidation on a second experiment investigating#dueiction process & The loss of the
Zn ion in both processes suggests that zinc pommhywith fluorenyl groups are
susceptible to metal loss on oxidation and redacpoocesses. The spectra for the
oxidised and reduced species “+1” and “-12ddre listed in Table 3 and shown in Figure
S6. While they are not robust species, some banolsaply are from the expected
monocation and monoanion &f The similarity of the “+1” bands to the reportéata of
the monocation species Bh TPP supports this assumption.

Spectra were recorded for two oxidation speciesanelduction species &f (Figure 6
and Table 3). The original spectrum for the neugadcies of3 was recovered after
recording these oxidised and reduced species. if$teokidation process showed little
changes to the Soret and Q bands suggesting ghabtphyrin unit is not involved in the
oxidation proces5.The second oxidation process showed the same ticanm@anges
involving the Soret and Q bands as found for the Bxidation ofl (Table 3 and Figure
S7). The spectrum on reduction ®has the Soret band intensity diminished and many
weak bands between 450 and 850 nm. This resemidespectrum for the reduced
species ofl and indicates that the porphyrin unit is reduced.
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Table 3: Absorption data fol, 2, 3 and4 and their oxidised and reduced species obtainespbgtroelectrochemistry (SEC) in 0.1
M TBAPF¢/DCM at 298 K.

Porphyrin  n Amax/ NM Amax/ NM Amax/ NM Amax/ NM
UV band “Soret bands” “Q bands” NIR band
[1" 0 262(65), 304(39) 424(527) 519(27), 556(20K(8Y, 649(9)
+1 261(58), 322(36) 464(341) 632(sh,15), 690(76)
“+2" 384(70) 440(sh,106), 485(126) 670(158)
-1 257(59), 305(45) 425(238), 457(sh,43) 519(28Y,(16), 601(12), 656(13), 704(5)  791(5), 878(@R(@h,4)
2" 0 427(479) 554(22), 614(14)
“+1” 425(140), 460(94) 689(22) 874(12)
“1"  318(70) 437(224) 570(40), 614(46),722(8) 8B\
[3" 0 261(133) 423(478)
+1 262(117) 424(404) 520(20), 559(18), 594(9),(8%0 840(4), 1234(3)
+2 460(195) 705(57)
-1 260(153) 411(94), 466(sh,40) 517(sh,20), 561.@8&6(17), 657(9), 722(8) 839(sh,3)
[4]" 0 424(480) 553(27), 597(15)
+1 426(435) 553(26), 593(13) 817(5), 1302(2)
“+27 425(238), 454(75) 551(20), 693(19) 880(7)
“1"  261(153), 312(77) 437(473) 572(32), 616(34) 93({7)
[HTPP]" O 418(466) 513(18), 548(8), 590(5), 647(4)
+1° 417(sh,245), 436(368) 660(49)
-12 405(85), 430(sh,80), 448(89%25(9), 683(13), 705(sh,12) 765(9), 873(9)
-2 415(sh,61), 438(82) 548(20), 595(23)
[ZnTPP]" O 419(560) 545(21), 585(3)
+1°  365(35) 409(190), 460(33) 515(10), 560(10), 61p(12 770(10), 840(3)

aBulk electrolysis, [EfN][CIO.], DMF, Ref. 30°Ref. 31.°Bulk electrolysis, [PiN][CIO.], THF, Ref. 32.

11
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Figure 6: UV-visible absorption spectra f@rand its oxidised and reduced species in 0.1
M TBAPFs/DCM using a SEC cell.

As in 3, the first oxidation process df showed little change to the Soret and Q-bands
(Table 3 and Figure S8). On further oxidation, ¢hare notable changes to the Q bands
with new, weak, low-energy bands at 693 and 880Hawever, back-reduction did not
revert to the original spectrum corresponding s minor peaks at 520 and 650 nm were
present. In fact, the back-reduction spectrum agpesa mixture of neutr&land4. The
loss of the zinc(ll) metal presumably takes placerd) the second oxidation process.
Reduction of4 also resulted in some loss of the zinc on backlaion. It is a very
important detrimental process and one which needsetovercome if fatigue-resistant
redox-switchable systems are to be developed with snolecules. The spectra recorded
for “+2” and “-1” are assumed to represent the 8jpeaf the dication and monoanion of
4. There are obvious similarities between thesetspend the “+1” and “-1” spectra of
the zinc precursoR. More importantly, these spectra are differentfrthose of the
corresponding species bfand3.

NIR and IR spectroelectrochemistry

Both near-IR (NIR) spectra for the first oxidisqukesies of the ruthenium complex@s,
and4, contain two weak bands at around 12000 and 860b(Eigure 7 and Table 4).
These bands are characteristic of the arylethyth@nium moiety on oxidation. For
example, the spectrum of the monocation of Ru(d@ePh)Cl shows two weak NIR
bands at around 12000 and 9000"cfRigure S9Y2 Unlike the precursor and2 which
contain very weak €C bands, the arylethynylruthenium complex@snd 4 contain
strong G=C bands at 2068 cfand so IR spectroelectrochemistry experiments aks@
carried out on these ruthenium complexes. On oxidathe G=C bands corresponding to
the neutral species disappeared ar@ ®ands at 1910 chappeared along with the tails
of the NIR bands (Figures S10 and S11). The endiffgrences of 158 cthfor these
C=C bands on oxidation are typical of arylethynylertum complexes, with 165 ¢m
having been reported for Ru(dpg€@=CPh)C1.?***These NIR and IR data for the cations
of 3 and4 indicate that the porphyrin units have little ughce on the spectral properties
associated with the Ru units and may be considesespectators.

12
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Figure 7: Near-IR (NIR) absorption spectra f®(top) and4 (bottom) and their cations
in 0.1 M TBAPR/DCM using a SEC cell.

Table 4: NIR and IR absorption data f8r 4, Ru(dppe)C=CPh)CIl,ZnTRUEP
and their monocations obtained by spectroelectraddtey (SEC) in 0.1 M
[BusN][PFg]/DCM at 298 K.

Compound n A NIR bandem™ v(C=C) cm™* Reference
3" 0 2068

+1  11880(4), 8100(3) 1910 This work
[4]" 0 2068

+1  12210(5), 7680(2) 1910 This work
[Ru(dppe)(C=CPh)C 0 2075

+1  12040(10), 9080(1) 1910 33
[ZNTRUEP]" “44" 12200, 8350 7
Computations

Geometry optimisations ohr4 were carried out with the hybrid-DFT functional thned
(B3LYP) in order to aid interpretation of their @pged spectroscopic data, wit4’
denoted for DFT-optimised geometries to distinguisbm the physical geometries.
Metal-free porphyrins are difficult to model cortigcfor comparison between observed
and calculated spectroscopic data as the two hgdsogt the nitrogens of the porphyrin
unit are fluctional in solution. The most stablenfmmer 1’ involves the two hydrogens
at opposite nitrogen atoms in the porphyrin cenfiteee conformers of, where two
hydrogens are at adjacent nitrogens, were alsongad and are 7.0, 7.1 and 7.2 kcal
mol™” less stable in energy thah The predicted electronic structures and speatpisc
data from these three conformers are somewhat asind that ofl’ so only the
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geometries ofl’ and, by implication3’ with hydrogens at opposite nitrogens are looked
at in detail here.

Electronic structure calculations reveal the exgeéctrontier orbitals (HOMO and
LUMO) located at the porphyrin units fat and2’ (Figure 10). Inl’, the LUMO+1 and
HOMO-1 orbitals are also at the porphyrin unit (@wman four-electron four-orbital
model). While the LUMO and LUMO+1 orbitals are degeate, the HOMO-1 is 0.4 eV
lower in energy compared to HOMO (Table S1). Thieitat make-up in2’ is different
due to an occupied orbital involving zinc so tfaur orbitalg in 1’ become five in2’
(Table S2). This would explain the different Q-bacHaracteristics in observed
absorption spectra for metal-free and zinc porptsyriComparison of the HOMO and
LUMO energies forl’ and2’ with the first oxidation reduction half-wave potiafs in
Table 1 shows the logical trends in the LUMO eresgaind the HOMO-LUMO energy
differences. However the higher predicted HOMO gyén 1’ by 0.1 eV compared &
does not support the fact thais easier to oxidise by 0.14 V comparedlicCalculated
HOMO energies for metal-free porphyrins have besorted to be higher than for zinc
porphyrind* and it is assumed here that the zinc contributiorthe stability of the
HOMO energies is over-estimated in the computations

LUMO

-217 eV

HOMO HOMO

497 eV -5.07 eV

Figure 8: Frontier molecular orbitals fa’ and2’ plotted with a contour value af.04
(e/bohf)*2.

For the ruthenium dya®, the HOMO, HOMO-1 and HOMO-2 with similar energ@s
4.61, -4.81 and -4.91 eV are mainly at the ethyriggnium unit whereas the degenerate
LUMO and LUMO+1 are on the porphyrin unit (Figurea@d Table S3). While the
LUMO is essentially located on the porphyrin onlhe porphyrin contributes
significantly (29%) to the HOMO which is quite suging when the porphyrin group has
little influence on the observed oxidation potentia3 (-0.02 V) compared to 0.01 V for
Ru(dppe)(C=CPh)CI.
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LUMO

-212eV

100:0

HOMO

-4.61eV

29:71

Figure 9: Frontier molecular orbitals fo8'. The ratios listed correspond to % orbital
contributions on the porphyrin and H€C=C)Ru(dppe)Cl] fragments.

A similar orbital make up t8' is found for4’ (Figure 10 and Table S4) with one notable
difference: the orbital with ruthenium characterQMO-2) in 3’ is not present in the
occupied orbitals of similar energies #f, presumably due to the contributions of the
zinc atom to the orbitals id’. The HOMO in4’ has considerably less porphyrin
contribution (14%) than the HOMO & (29%) yet their energies are very similar at -
4.63 and -4.61 eV respectively. The trend of theM@energies is in good agreement
with the observed oxidation potentials (Table 2).

LUMO
-2.02eV

100:0

HOMO
-4.63 eV

14:86

Figure 10: Frontier molecular orbitals fe¥.
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TD-DFT computations were carried out on all geomastt’-4’ to simulate the absorption
spectra and to aid assignments of the bands iroliserved spectra df-4 and, by
inference, assign the bands of the oxidised andcestl species. The CAM-B3LYP
functional is used here instead of B3LYP as it éeassary to correctly model charge
transfer over long distancedor dyads like3 and4. One disadvantage with the predicted
TD-DFT data is that the vibronic couplings typigalbbserved in the Q-bands for
porphyrins are not taken into account. While opleelsoptimisations of these oxidised
and reduced species can be carried out here, medapen-shell TD-DFT data on
porphyrin geometries are generally unreliable asvehelsewheré®

500 4 \ 800
400 4

300+

20
200+ i 3004 ’
NN
o 200 500 600 760 800

1004 SO 700 800 ]
j 1004
0 T T T 7 ! 0 T —

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 11: TD-DFT absorption spectra far-4’. The bands were simulated using a half-
height width of 0.8 eV and the extinction coeffiti® ) were obtained by a multiple
value of 240000 on the calculated oscillator sttiend).

Intensity (ke)
Intensity (ke)
N
o
o

Simulated absorption spectra @h4’ from TD-DFT data are shown in Figure 11. The
observed strong Soret and the relatively weakeraqdb are reproduced well
computationally inl’ and 2’ assuming that the computed Q-bands would be bplit
vibronic couplings. The predicted Soret bands &431 nm are in good agreement with
the observed maxima of 423-428 nm (Table 5). Thepeded lowest energy Q-bands are
also in accord with observed lowest energy Q-basishown in Table 5. Computed
extinction coefficients for these bands also repoedsimilar values to those observed.

Table 5. Comparison of computed and observed Bsédaret bands) and lowest energy
Q-bands forl’-4’. Computed extinction coefficients) (were obtained by a multiple value
of 240000 on the calculated oscillator strengfhs (

B bandsAmax/ nm B bandsAmax/ nm  Q bandsAmax/ N Q bandsAmax/ nm

Calculated Observed Calculated Observed
1" 421(488) 425(624) 684(6) 649(5)
2! 410(724) 428(316) 607(6) 596(3)
3’ 431(484) 423(511) 685(9) 657(11)
4" 420(555) 425(524) 609(12) 602(20)

The Soret or B-bands arise from allowed HOMO-1 LUMO/LUMO+1 transitions
where ther and=n* orbitals largely overlap in the porphyrin unitihand?2’ (Figure 14).
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The weaker Q-bands it result from two HOMO- LUMO/LUMO+1 transitions where
the HOMO has significant N p-orbital character. Weaker Q-bands i’ are from the
four HOMO/HOMO-2 -» LUMO/LUMO+1 transitions where the HOMO and HOMO-2
have substantial zinc characters (Figure 14).

‘degenerate’
orbitals

‘degenerate’ K
{7}—7 b B

orbitals 4

=0.005

=== { o — = &S
,, 3 LUMO  { ¥ Umoe
tumo LUMO+1 217ev ! Y oi5ev
-2.17 eV -2.15eV
607 nm
607 nm | 0.016 f;301 gong -
Soret band transitions 411 nm 409 nm =0.017 =0. Q band transitions
f=2.228 =2.093 533 nm

==h-s

95—

HOMO-2
-5.28 eV

HOMO

HOMO-1 505eV

-5.27 eV

Figure 12: Orbitals involved in the B-(Soret) and Q-bandsZdyased on TD-DFT data
with computed wavelength and oscillator strengtigted for each transition.

In the case of the complex8sand4’, the simulated Soret and Q-bands are in agreement
with observed absorption spectra Band4. As the Q-bands fo8’ resemblel’ and 4’

with 2', the orbital contributions from the arylethynylmahium to these bands are very
small (Figure 11). Any bands resulting from traiesis involving the ruthenium moiety
and the porphyrin have low oscillator strengthfiese are charge-transfers — relative to
the local porphyrin-porphyrin transitions and thiigve little impact on the overall
spectral patterns f@& and4'.

Oxidation of1 to [1]* would involve removal of an electron from the HOM®Grming a
singly occupied molecular orbital SOMO, and thusufein significant changes in the
energies of both HOMO (which would then become &sggloccupied single orbitad;
HOSO, and lowest unoccupied single orbifaLUSO, in open-shell computation data)
and HOMO-1 ¢-HOSO-1 and3-HOSO). Since the transitions corresponding to Sore
bands and Q-bands involve HOMO and HOMO-1, dran@tanges in these bands are
expected in the absorption spectra on oxidatioh tf [1]*. These changes are observed
experimentally, with the bands at 464 and 690 nmeigaed to m(porphyrin) -
n*(porphyrin) andr(porphyrin) — n*(N-character porphyrin) transitions, similar teo#e
responsible for the Soret and Q-band4.dfhe 690 nm band lacks the vibronic couplings
typically found in neutral porphyrins due to losk avbital symmetries in the orbital
make-up of the radical catiof]f.

Reduction ofl to [1]” adds an electron to the LUMO but this picturedmplicated with

the LUMO and LUMO+1 being degeneratelinWhen an electron is added, the LUMO
becomes a SOMQu{HOSO and3-LUSO). The observed spectrum @fretains several
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bands observed ihwhich are the transitions involving the largelychanged degenerate
molecular orbital LUMO+1 i.e. responsible for ther& and Q-bands. There are several
unique bands in1]~ which arise from transitions involving the SOMOdaall would
involve porphyrin orbitals.

Similar band assignments would apply to the spexftthe oxidised and reduced species
of 2. The Q-bands i2 are quite different to those indue to the zinc contribution but the
overall spectral changes on oxidation and reduaifdhfollow those ofl.

The first oxidations o8 and4 to [3]" and B]" take place at the ethynylruthenium units
where the HOMOs are located. As mentioned eartle, charge transfer transitions
involving the HOMO and HOMO-1 — which are esselidvo ethynylruthenium de
orbitals orthogonal to each oth&t’ — give bands too weak to be observed above the
strong Soret and the relatively weaker Q-bands frlmoal porphyrin-porphyrin
transitions in the absorption spectra3aind4.

Removal of an electron from the HOMO 3would lead to a SOMOufHOSO andB-
LUSO) on the ethynylruthenium moiety and thus a-Evergy transition from an
ethynylruthenium orbital (HOMO-1 i8; 0-HOSO-1 and3-HOSO in B]") into another
ethynylruthenium orbital (SOMOg-HOSO andp-LUSO) is expected. The weak NIR
band of 8100 crh observed for 3]* is assigned to this formall§-HOSO- B-LUSO
transition. A second weak NIR band of 118807cim also the result of a transition
involving the ethynylruthenium SOMO since similalR\transitions are found in related
ethynylruthenium cations (Table 4). No obvious demare found for the Soret and Q-
bands on oxidation of3] to [3]" which show that the transitions from the porphyrin
molecular orbitals are not affected by the oxidaftieduction of the ethynylruthenium
redox centre. The same conclusions applytfand f]".

On second oxidations, bothand4 give absorption spectra like thoselodnd?2 on first
oxidations, respectively, whil@ and4 on first reductions give similar spectra to thoe
1 and?2 on first reductions. The spectra from the firsidations on the dyad3 and4
resemble overlap of the neutral porphyrinrk and 2 respectively with a
[Ru(dppe)}(C=CPh)CI monocation. The spectroelectrochemical and cortipnt
results here thus show that the porphyrin and gthythhenium units in3 and4 can be
viewed as largely independent redox centres.

Conclusions

In summary, two donor-acceptor dyadsand4) featuring the redox-active and
electron-rich Ru(dppef! group as the donor site and a trifluorenylphgmytphyrin as
the acceptor site have been synthesised and chiasadt The absorption and emission
properties of these new compounds show that, whédeprecursord and2 are brighter
fluorophores tharH,TPP, both 3 and 4 are much poorer fluorophores thZnTPP.
Nevertheless3 has a higher fluorescence quantum vyield tEaTRUEP and other
related chromophores containing Ru(ll) and Fe(@Btglide complexes at their periphery
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such asA or B (Chart 1), reflecting the desired effect of th8udrenyl groups appended
to the porphyrin ring on the fluorescence. Furth@en compounds featuring free bases
are much better luminophores than compounds madén(f)-complexed porphyrins
(1) > @x(2) and @x(3) > @x(4)).

Electrochemical (CV) and spectroelectrochemicalissionl-4 show at least two
kinetically stable redox states present. Compouraisd3 featuring free base porphyrins
have much better redox stabilities than compouRdsnd 4 with Zn(ll)-complexed
porphyrins. The nature of the first excited stabésthese derivatives in their mono-
oxidised, di-oxidised and mono-reduced states raeggreted on the basis of computed
electronic structures on optimised geometried-df For 3, there is the possibility for
achieving a strong modulation of the cubic (andnegeadratic) NLO properties at
carefully selected wavelengths by reduction. Intiast, a much poorer modulation of the
NLO properties is expected upon oxidation fdrand 4 based on these studies.
Controlling the luminescence of these derivativesparticular for compound$ and3
where three and four stable redox states respéctive accessible, by redox-switching
appears promising. Current work on this aspechdeovay.
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Experimental Section

General procedures

All reaction mixtures were performed under argord amere magnetically stirred.
Solvents were distilled from appropriate drying ratgerior to use, DCM from CaHand
THF from sodium/benzophenone. Other solvents useste wof HPLC grade.
Commercially available reagents were used withatthér purification unless otherwise
stated.

'H NMR and™*C NMR in CDCkwere recorded using Bruker 200 DPX, 300 DPX
and 500 DPX spectrometers. The chemical shifts wefierenced to 7.26 ppm foH,
77.2 ppm for®C and external BP0, at 0.0 ppm for’'P. Peak assignments were
performed by 2INMR experiments where possible: COSY (Correlatipecroscopy),
HMBC (Heteronuclear Multiple Bond Correlation) ardMQC (Heteronuclear Multiple
Quantum Coherence). UV spectra were recorded oNIKQN XL spectrometer from
Biotek instruments. PL emission spectra were rembrdn a Photon Technology
International (PTI) apparatus coupled on an 814d#holtiplier Detection System, Lamp
Power Supply 220B and MD-5020.

Steady-state fluorescence measurements were pedaitnroom temperature on
dilute solutions (ca. 16 M) using an Edinburgh Instruments (FLS 920) specéter
working in photon-counting mode, equipped with dibcated quantum counter for
excitation correction. The dichloromethane soludionsed were 10 times more
concentrated for the zinc complek (~10° M) than for the free bas8 (~10° M).
Fluorescence quantum yields were measured usingath methodsH,TPP in DCM
(&) = 0.12 atkex = 417 nm) was used as a reference. The estimaisgttainty on the
reported fluorescence quantum yields is £ 10%.

Additional characterisation dath;FT-IR (KBr disc, crit): 3306 (w, NH stretch),
3272 (w, GC-H stretch), 3037 (s, aromatic CH stretch), 29204dliphatic CH stretch),
2104 (w, GC stretch)*C{*H} NMR (400 MHz, CDC}, 5 in ppm): 143.9, 141.9, 141.7,
141.4, 140.8, 134.7, 133.7, 131.6 (CH igHg), 131.5, 130.8, 130.7 (CH ingB,), 127.3,
125.5, 121.8, 121.0, 120.9, 120.5, 119.1, 118.2% {8=CH), 37.3 (fluorenyl CH). 2
FT-IR (KBr disc, cnt): 3294 (w, G:C-H stretch), 3053 (s, aromatic CH stretch), 2920
(w, aliphatic CH stretch), 2108 (w=C stretch) *C{*H} NMR (400 MHz, CDC}, 5 in
ppm): 150.7, 150.6, 150.0, 143.9, 143.7, 141.8,4,4141.2, 137.6, 134.5, 133.6, 132.4,
132.3, 131.8 (CH in §4), 131.5, 130.6 (CH in gE,), 127.2, 125.4, 122.0, 121.8, 121.5,
120.4,120.12, 118.0, 78.3%CH), 37.3 (fluorenyl Ch).

Synthesis of 5,10,15-(trifluorenyl)-20-(4-ethynythrenium-phenyl)porphyrin 3 A
solution of1 (0.045 g, 0.050 mmol) and [Ru(dpp€)[PFs] (0.06 g, 0.055 mmol), in
distilled dichloromethane (18 mL) was stirred irsehlenk tube at ambient temperature
under argon. The reaction mixture was monitored'Byand'H NMR spectroscopy and
was judged to be completed in 72 hours. The reactixture was concentrated under
reduced pressure and adding ether to the mixtwe @@recipitate containing the desired
vinylidene. The solid was filtered, dissolved in I0L of dichloromethane and
triethylamine was added dropwise (0.25 mL). The worgreen solution was
concentrated, filtered through a short basic alanwolumn using dichloromethane and
2% triethylamine as eluent. The solution was cotre¢éed and addition of ether to the
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solution gave a greenish-brown sclid20 mg, 22% yield)*H NMR (400 MHz, CDC},

3 in ppm): 9.01 (d, 2H3Jn = 4.8 HZ, Hpyroic), 8.97 (d, 2H2Juw = 4.8 Hz, Hpyrroic),
8.93 (s, 4H, Wpyroic), 8.41 (M, 3H, Hloreny, H1), 8.28 (M, 3H, Hloreny, Hy), 8.17 (m, 3H,
Hiworenyl, Ha), 8.06 (d, 3H,%3n = 7.2 Hz, Huoreny, Hs), 7.97 (d, 2H,°Jy = 8.0 Hz,
Hphenylend, 7.71 (M, 11H, kloreny, Hs @andortho Hepy), 7.53 (M, 3H, Kiorenyi, He), 7.44 (M,
3H, Hivorenyi, H7), 7.33 (M, 8Hprtho Hepy), 7.27 (t, 4H334n = 7.2 Hz,para Hppr), 7.22 (t,
4H, 334y = 7.2 Hz,para Hppr), 7.11 (t, 8H23u ~ 7.6 HzmetaHppr), 7.03 (M, 10H33

~ 7.6 Hz,metaHppnand Hyenyiend, 4.22 (S, 4H, 2Chioreny), 4.21 (S, 2H, 1CHhuoreny),
2.79 (m, 8H, Chigppd, -2.57 (s, 2H, NH)°C{*H} NMR: 144.0, 141.9, 141.8, 141.4,
141.1, 136.5 (mipso PPh), 135.8 (mipso PPh), 134.6qrtho PPh), 133.7, 131.6, 131.1,
129.2 para PPh), 129.0para PPh), 128.8 (CH in l4), 128.4 (CH in @GH,), 127.5
(metaPPh), 127.3, 127.2meta PPh), 125.5, 122.4, 120.5, 37.4 (fluorenyl A;H81.0
(dppe CH). *P NMR (81 MHz, CDGJ, & in ppm) : 50.0 (s). MS (ESI in
CH,Cl/CH:CN): calcd for GigHgoCINsPsRu: 1835.4 [MH], found 1835.5 [MH];
1800.0 [M-CI+H[, found 1799.5 [M-Cl+H]. MALDI-TOF MS: calcd for
C110HgoCIN4PsRU: 1835.4 [MH], found 1835.5 [MH]. Elemental Analysis: calcd for
C11HsdCIN4PsRuU: C, 77.87, H, 4.89, N, 3.05, found : C, 77.314t98, N, 2.96. UV-vis
(» max, ¢ 10° M™*.cm?), CH,Cl,, nm): 263 (105), 423 (511), 520 (21), 568 (18)) 59
(15), 657 (11). FT-IR (KBr disc, c®: 3310 (w, NH stretch), 3050 (s, aromatic CH
stretch), 2915 (w, aliphatic CH stretch), 20583s(C stretch).

Synthesis of Zn(ll)-5,10,15-(trifluorenyl)-20-(4xghyl-ruthenium-phenyl) porphyrinato
4 - In a Schlenk tube, a solution &f(0.040 g, 0.041 mmol) and [Ru(dpp@)|[PFs]
(0.050 g, 0.046 mmol), in distilled dichloromethafi®CM, 20 mL) was stirred under
argon. The mixture was monitored BY and'H NMR spectroscopy, and the reaction
was complete in 72 hours. The solution was conatedrunder reduced pressure and
adding ether gave the desired vinylidene as theiptated solid. The unreacted
ruthenium salt remained in ether. The precipitases wiltered, dissolved in 10 mL of
DCM and triethylamine (0.25 mL) was added dropwiséhe solution. The brown green
solution was then concentrated and passed throwgtord basic alumina column using
DCM and 2% triethylamine as eluent. The solutiorswancentrated and addition of
ether gave a greenish brown precipitate which wasdd and identified ag. (19 mg,
25% yield)."H NMR (400 MHz, CDC}, 5 in ppm): 9.12 (d, 2H3n = 4.8 Hz, B pyrroiic),
9.08 (d, 2H13\]HH = 4.8 Hz, I'[prrrolic)a 9.03 (S, 4H, IBlpyrrolic)a 8.41 (m, 3H, lﬂljorenyl, Hl),
8.28 (M, 3H, Hhoreny, Ha), 8.16 (M, 3H, Hloreny, Ha), 8.06 (d, 3H,°Ju = 7.2 Hz,
HﬂuorenyL H5), 7.98 (d, 2H,3JHH = 8.0 Hz, hghenylenéy 7.72 (m, 11H, 'ﬂ'ljorenyl, Hg andortho
Hpeen, 7.53 (M, 3H, Kloreny, He), 7.44 (M, 3H, Koreny, H7), 7.33 (m, 8H,0rtho Hepy),
7.27 (t, 4H33un = 7.2 Hz,para Hepr), 7.22 (t, 4H234y = 7.2 Hz,para Hepr), 7.12 (t, 8H,
3341 ~ 7.6 HzmetaHppr), 7.04 (M, 10H>J4 ~ 7.6 Hz,metaHppnand Hpenylend, 4.22 (S,
4H, 2ChHfuoreny), 4.21 (S, 2H, 1Chhuoreny), 2.80 (M, 8H, Chiappd. ~C{*H} NMR:
150.7, 150.5, 150.4, 143.9, 143.7, 141.8, 141.1,24137.0 (mjpso PPh), 135.8 (m,
ipso PPh), 134.6dqrtho PPh), 134.3, 133.6, 132.4, 132.1, 132.0, 131.5,7129H in
CsH4), 129.2 paraPPh), 129.0ara PPh), 128.3 (CH in §,4), 127.5 (netaPPh), 127.2
(metaPPh), 125.5, 121.5, 120.4, 118.0, 37.3 (fluorediy}), 30.9 (dppe Ch). **P NMR
(81 MHz, CDC§, & in ppm): 49.7 (s).MS (ESI in CHCI,/CH3CN): calcd for
C11Hg7CIN4PsZNnRu: 1898.3923 [M] found: 1898.3932 [M] Elemental analysis: calcd
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for C11Hs7CIN4P,ZNnRU0.5CHCE : C, 73.29, H, 4.50, N, 2.86, found: C, 73.884th4,

N, 2.92. UV-vis £ max, € 10° Mtcm?), CH,Cl,, nm): 264 (107), 425 (524), 557
(26.6), 602 (20.4). FT-IR (KBr disc, ¢ht 3050 (s, aromatic CH stretch), 2914 (w,
aliphatic CH stretch), 2058 (s=C stretch).

Electrochemistry

Cyclic voltammograms were recorded with an Autd®® STAT 30 potentiostat at 2C
from solutions of ca. IH M analyte in dry dichloromethane containing 0.1 M
[BusN][PFg] at scan rate = 100 mV.§ under a dry nitrogen atmosphere. The single-
compartment three-electrode cell was equipped platinum wire counter and reference
electrodes and a glassy carbon working electrotlaedox potentials are reported with
the decamethylferrocene/decamethylferrocenium {E§7Cp*,Fe) redox couple used as
an internal reference system at -0.53°Ws the usual ferrocene/ferrocenium
(Cp:Fe'/Cp:Fe) redox couple at 0.0 V in DCM.

Spectroelectrochemistry

Spectroelectrochemical (SEC) experiments were pegd at room temperature in an
airtight optically transparent thin-layer electredfical (OTTLE) ceft® equipped with Pt
minigrid working and counter electrodes (32 wires™y; Ag wire pseudo-reference
electrode and CaFwindows for a 200um path-length solvent compartment. DCM
solutions containing 0.1 M [BN][PF¢] electrolyte were used in the cell for SEC
experiments. The cell was fitted into the samplengartment of a Cary UV-Vis-IR
spectrophotometer or a Nicolet Avatar 6700 FT-IRcsppmeter. Bulk electrolysis was
carried out using an Autolab PG-STAT 30 potentibsta

Computations

All computations were carried out with the Gaussi@npackagé® The four model &
geometriesl’-4’ with no symmetry constraints were fully optimisedth the B3LYP
functionaf® using the 3-21G* basis 4&for all atoms. Frequency calculations on these
geometries revealed no imaginary frequencies. Ctedpabsorption data were obtained
from TD-DFT* calculations on §geometries using the CAM-B3LYP functiofidlAs

the CAM-B3LYP functional generally overestimates thansition energies, compared to
that of experimental and B3LYP data, a scalingdiacf 0.85 was applietf. The MO
diagrams were generated with the Gabedit paéRagel the %MO contributions were
obtained using the GaussSum softw4re.
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