JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Potentiometric, Electronic Structural, and Ground- and Excited-State
Optical Properties of Conjugated Bis[(Porphinato)zinc(ll)]
Compounds Featuring Proquinoidal Spacer Units
Kimihiro Susumu, Timothy V. Duncan, and Michael J. Therien

J. Am. Chem. Soc., 2005, 127 (14), 5186-5195+ DOI: 10.1021/ja040243h « Publication Date (Web): 19 March 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 6 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja040243h

A\C\S

ARTICLES

Published on Web 03/19/2005

Potentiometric, Electronic Structural, and Ground- and
Excited-State Optical Properties of Conjugated
Bis[(Porphinato)zinc(Il)] Compounds Featuring Proquinoidal
Spacer Units

Kimihiro Susumu, Timothy V. Duncan, and Michael J. Therien*

Contribution from the Department of Chemistry, Waisity of Pennsylania,
Philadelphia, Pennsylnia 19104-6323

Received October 28, 2004; E-mail: therien@sas.upenn.edu

Abstract: We report the synthesis, optical, electrochemical, electronic structural, and transient optical
properties of conjugated (porphinato)zinc(ll)-spacer-(porphinato)zinc(ll) (PZn-Sp-PZn) complexes that
possess intervening conjugated Sp structures having varying degrees of proquinoidal character. These
supermolecular PZn-Sp-PZn compounds feature Sp moieties { (4,7-diethynylbenzo[c][1,2,5]thiadiazole (E-
BTD-E), 6,13-diethynylpentacene (E-PC-E), 4,9-diethynyl-6,7-dimethyl[1,2,5]thiadiazolo[3,4-g]quinoxaline
(E-TDQ-E), and 4,8-diethynylbenzo[1,2-c:4,5-c']bis([1,2,5]thiadiazole) (E-BBTD-E)} that regulate frontier
orbital energy levels and progressively increase the extent of the quinoidal resonance contribution to the
ground and electronically excited states, augmenting the magnitude of electronic communication between
terminal (5,-10,20-di(aryl)porphinato)zinc(ll) units, relative to that evinced for a bis[(5,5',-10,20-di(aryl)-
porphinato)zinc(Il)]butadiyne benchmark (PZnE-EPZn). Electronic absorption spectra show significant red-
shifts of the respective PZn-Sp-PZn x-polarized Q state (So — S;) transition manifold maxima (240—4810
cm™Y) relative to that observed for PZnE-EPZn. Likewise, the potentiometrically determined PZn-Sp-PZn
HOMO—-LUMO gaps (E12%" — Ei27'0) display correspondingly diminished energy separations that range
from 1.88 to 1.11 eV relative to that determined for PZnE-EPZn (2.01 eV). Electronic structure calculations
provide insight into the origin of the observed PZn-Sp-PZn electronic and optical properties. Pump—probe
transient spectral data for these PZn-Sp-PZn supermolecules demonstrate that the S; — S, transition
manifolds of these species span an unusually broad spectral domain of the NIR. Notably, the absorption
maxima of these S; — S, manifolds can be tuned over a 1000—1600 nm spectral region, giving rise to
intense excited-state transitions ~4000 cm™ lower in energy than that observed for the analogous excited-
state absorption maximum of the PZnE-EPZn benchmark; these data highlight the unusually large quinoidal
resonance contribution to the low-lying electronically excited singlet states of these PZn-Sp-PZn species.
The fact that the length scales of the PZn-Sp-PZn species (~25 A) are small with respect to those of
classic conducting polymers, yet possess NIR S; — S, manifold absorptions lower in energy, underscore
the unusual electrooptic properties of these conjugated structures.

Introduction species play crucial roles in optimizing the performance of
electronic and optical devices based on active organic com-
ponent<—16

Porphyrins are tetrapyrrolic conjugated macrocyclic systems
that possess modest potentiometrically determined HGMO
LUMO gaps Ep; Ei 2" — Ey2 ™) relative to those of the
common monomeric aromatic building blocks used to construct
traditional electronic polymers. The electronic properties of

Organicz-conjugated oligomers and polymers constitute a
class of promising semiconducting materials having demon-
strated utility in device applications ranging from light-emitting
diodes!? photovoltaic cell$* field-effect transistor§f to
nonlinear opticg:® Reducing and tuning energy gaps between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of suckconjugated
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(porphinato)metal compounds can be modulated extensively by Scheme 1

variation of the macrocycle peripheral mesofesubstituents, N

as well as by selection of the central metal ion; further, a variety \ W/

of modes of porphyrinoigtporphyrinoid connectivity provides

sufficiently strong interchromophore electronic interactions to i

facilitate extensive electronic delocalizatisn#? Of these ~g?

families of multipigment ensembles that feature substantial
ground- and excited-state interchromophore electronic interac-gegree of cumulenic (quinoidal) character. Porphyrin-to-por-

tions, those that feature direct ethyne-, butadiyne-, and oligoyne-phyrin bridging motifs involving ethynes and spacers that induce
based macrocycle-to-macrocycle connectivity have evinced a quinoidal structural perturbation with appropriately positioned

wide range of particularly impressive electrooptic pro-
pertiesl’—2428-31.36.37 A5 increasing conjugation length dimin-
ishes significantly opticalEyp) and potentiometricK,) band
gaps within these families of structures, multiporphyrin com-
pounds that exploit cylindricallyr-symmetric linkers define a
point of reference from which to engineer further electronic
modulation of conjugated organic materials.

An established means to further reduce Hygand E, gaps
of m-conjugated materials involves introducing quinoid-like
character into the conjugation main-ch&iA3-14Solution-phase
spectroscopic experimeatd®2143and X-ray crystallographic
daté* obtained for bis[(5,5-10,20-di(aryl)porphinato)zinc(ll)]-

frontier orbital energy levels, should enhance ground- and
excited-stater-conjugation, and effect further reductiontig,
andEj, in the corresponding oligomeric and polymeric structures.
Polymer band-gap reduction through augmentatiam-back-
bone quinoidal character has been explored both experimen-
tally*546 and theoretically’#8 In this regard, benzo[1,24,5-
c']bis([1,2,5]thiadiazole) BBTD), exemplifies an established
conjugated unit with suitable electronic structure to induce
substantial quinoidal character in a conjugated backBdré.
BecauseBBTD features large atomic orbital coefficients at its
bridging 4- and 8-positions in both the HOMO and LUMO,
excellent interchromophore electronic delocalization would be

ethyne compounds demonstrate that the bridging ethyne pos-anticipated between [(5,-10,20-di(aryl)porphinato)zinc(il)]ethy-
sesses conventional triple bond character in the ground statejy| (PZnE) units appended at these positiGA&L43.53.5%truc-

electronic absorptio#,18.20.21g|ectroabsorptiof? and pump-
probe spectroscopic methd@d2are consistent with an excited

tural relaxation toward the stable form BBTD's two 1,2,5-
thiadiazole rings would therefore drive an increasing contribution

state electronic structure for this species that features a modespf the cumulenic resonance form to the grounds) éd low-
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lying electronically excited singlet-state ;{Svave functions
(Scheme 15°

We report the synthesis, optical, electrochemical, and ground-
and excited-state electronic structural properties of conjugated
(porphinato)zinc(ll)-spacer-(porphinato)zinc(IBZn-Sp-PZn)
complexes that feature conjugated Sp structures having varying
degrees of proquinoidal character (Figure 1). These Sp moieties
{4,7-diethynylbenzaj[1,2,5]thiadiazole E-BTD-E),55586,13-
diethynylpentaceneEPC-E),59-604,9-diethynyl-6,7-dimethyl-
[1,2,5]thiadiazolo[3,4g]quinoxaline E-TDQ-E), and 4,8-
diethynylbenzo[1,2:4,5']bis([1,2,5]thiadiazole) E-BBTD-
E)} progressively increase the extent of the cumulenic resonance
contribution to théPZn-Sp-PZn Sy- and S-state structures, and
magnify the electronic communication between the component
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Figure 1. Structures of the bis[(porphinato)zinc(ll)] derivativeEnE-EPZn, PZnE-BTD-EPZn, PZnE-PC-EPZn, PZnE-TDQ-EPZn, andPZnE-BBTD-

EPZn along with key reference compounds.

PZnE units relative to that evinced for a bis[(5;40,20-di-
(aryl)porphinato)zinc(ll)]butadiyne benchmaiR4nE-EPZn).
Electronic structural differences, as well as the relative mag-
nitudes of the opticalHyy) and potentiometricH,) band gaps

of these new conjugatd®Zn-Sp-PZn structures are rationalized
within the context of perturbation theory.

Experimental Section

Materials. Synthetic procedures and characterization data for new
compounds [4,7-bis[(10,20-bis[&-bis(3,3-dimethyl-1-butyloxy)phen-
yllporphinato)zinc(ll)-5-ylethynyl]benza][1,2,5]thiadiazole PZnE-
BTD-EPZn), 6,13-bis[(10,20-bis[26'-bis(3,3-dimethyl-1-butyloxy)-
phenyl]porphinato)zinc(ll)-5-ylethynyl]pentaceneZnE-PC-EPZn),
4,9-bis[(10,20-bis[26'-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)-
zinc(l1)-5-ylethynyl]-6,7-dimethyl[1,2,5]thiadiazolo[3,dlquinoxaline
(PZnE-TDQ-EPZn), 4,8-bis[(10,20-bis[26'-bis(3,3-dimethyl-1-butyl-
oxy)phenyl]porphinato)zinc(ll)-5-ylethynyllbenzo[1¢24,5'|[1,2,5]-
bis([1,2,5]thiadiazole) RZnE-BBTD-EPZn)] are given in the Sup-
porting Information.

Instrumentation. Electronic absorption spectra were recorded on

an OLIS UV/vis/near-IR spectrophotometry system that is based on
the optics of a Cary 14 spectrophotometer. NMR spectra were recorded

on 360 MHz DMX-360 or 300 MHz DMX-300 Biker spectrometers.
Cyclic voltammetric measurements were carried out on an EG&G
Princeton Applied Research model 273A Potentiostat/Galvanostat. The
electrochemical cell used for these experiments utilized a platinum disk
working electrode, a platinum wire counter electrode, and a saturated
calomel reference electrode (SCE). The reference electrode was
separated from the bulk solution by a junction bridge filled with the

5188 J. AM. CHEM. SOC. = VOL. 127, NO. 14, 2005

corresponding solvent/supporting electrolyte solution. The ferrocene/
ferrocenium redox couple was utilized as an internal potentiometric
standard.

Electronic Structure Calculations. All electronic structure calcula-
tions were carried out using the GAUSSIAN 98 progr&nSeometry
optimizations and semiempirical electronic structural calculations were
performed using the PM3 method. To minimize computational effort,
the solubilizing alkoxy substituents of tflRZn-Sp-PZn structures, the
PZnE trimethylsilyl group, and the methyl groups of 6,7-dimethyl-
[1,2,5]thiadiazolo[3,4-g]quinoxaline were replaced by hydrogen. Struc-
tural models forPZnE-EPZn, PC, BBTD, PZnE-PC-EPZn, and
PZnE-BBTD-EPZn were optimized withinD2, constraints, while
optimalPZnE, BTD, TDQ, PZnE-BTD-EPZn andPZnE-TDQ-EPZn
structures were computed @, symmetry. Orbital contour plots were
visualized with the gOpenMol prograff.

Ultrafast Transient Absorption Experiments. Experimental details
are provided in the Supporting Information.

Results and Discussion

Synthesis. Structures of thd?Zn-Sp-PZn supermolecules
along with related ethynylated Sp and PZn reference compounds

(61) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98Revision A.9; Gaussian,
Inc: Pittsburgh, PA, 1998.
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are shown in Figure 1. ThesBZn-Sp-PZn species were
synthesized by palladium (Pd)-mediated cross-coupling reactions PZnE-EPZn

involving appropriately substituted (porphinato)zinc(ll) (PzZn)
compounds and Sp units (see Supporting Information). The PZn-
containing structures of Figure 1 exploft@-bis(3,3-dimethyl-
1-butyloxy)phenyl groups as 10- and g@eseporphyrin sub-
stituents, which facilitate excellent solubility and straightforward
assignment offH NMR spectre!-63 4,7-Diethynylbenzaf]-
[1,2,5]thiadiazole E-BTD-E), 6,13-diethynylpentacen&{PC-

E), 4,9-diethynyl-6,7-dimethyl[1,2,5]thiadiazolo[3glguinox-
aline E-TDQ-E), and 4,8-diethynylbenzo[l1,24,5<']bis-
([1,2,5]thiadiazole) E-BBTD-E) were selected as proquinodal
Sp units.

The nature of the functionalized PZn and Sp moieties used
in the synthesis of the correspondiRgn-Sp-PZn complexes
varied with Sp electronic structure. For tH&Zn-Sp-PZn
structure featuring &-BTD-E Sp unit PZnE-BTD-EPZn,
Figure 1), the coupling reaction between (5-ethynyl-10,20-bis-
[2',6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(ll) and
4,7-dibromobenza@][1,2,5]thiadiazole gave a mixture of prod-
ucts that included not only the target molecule, but also the
butadiyne-bridged bis[(porphinato)zinc(ll)] compleRZnE-
EPZn). As these two species were difficult to separate by both
silica gel and size exclusion column chromatography under the
conditions employedPZnE-BTD-EPZn was synthesized via
a Pd-mediated coupling reaction involving (5-iodo-10,20-bis-
[2',6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(ll) and
4,7-bis(trimethylsilylethynyl)benza][1,2,5]thiadiazole in which
in situ deprotection of the trimethylsilyl (TMS) group with
K,CO; was utilized. An identical in situ deprotection strategy
was utilized in the synthesis d?ZnE-PC-EPZn, as 6,13-
diethynylpentaceneetPC-E) possesses low solubility. Respec-
tive PZn-Sp-PZn complexes utilizing thiadiazoloquinoxaline
and benzobis(thiadiazole) moieties as Sp compon&iak-
TDQ-EPZn andPZnE-BBTD-EPZn, Figure 1) were synthe-
sized successfully from (5-ethynyl-10,20-bisg-bis(3,3-
dimethyl-1-butyloxy)phenyl]porphinato)zinc(ll) and the cor-
responding dibromo proquinoid spacer derivatives, as trace
PZnE-EPZn contaminants could easily be separated from the
PZn-Sp-PZn product by silica gel column chromatography.

Steady-State Absorption Spectra.Electronic absorption
spectra for théZn-Sp-PZn complexes, along with the spectrum
for the bis[(5,5,-10,20-di(aryl)porphinato)zinc(ll)]butadiyne
(PZnE-EPZn) benchmark, are displayed in Figure 2. Analogous
electronic spectra for trimethylsilyl-protected analogues of
proquinoidal Sp reference compoun&sBTD-E, E-PC-E,
E-TDQ-E, andE-BBTD-E, as well as comprehensive tabulated
electronic absorption spectral data, are contained in the Sup-
porting Information. As expected for the mode of porphyrin-
to-porphyrin connectivity and the nature of the conjugated
components, extensive electronic interactions are manifest
between the PZn and Sp components of these structlrgs.
The electronic absorption spectrum fBZnE-EPZn (Figure
2A), as well as the linear electronic spectra of thBZa-Sp-

PZn compounds (Figure 2BE), are dominated by two absorp-
tion manifolds derived from the classic porphyrin B (Sor&) (

— ) and Q-band % — ) transitions. The gross spectral
features of these species evince the hallmarks of extemsive

1 1 1

PZnE-BTD-EPZn

PZnE-PC-EPZn

¢/10° M 'em™

PZnE-TDQ-EPZn

PZnE-BBTD-EPZn

6(I)0 8(I)0 10I00
Wavelength / nm

Figure 2. Electronic absorption spectra of: (RZnE-EPZn, (B) PZnE-
BTD-EPZn, (C) PZnE-PC-EPZn, (D) PZnE-TDQ-EPZn, and (E)PZnE-
BBTD-EPZn recorded in THF solvent.

400 1200

conjugation and exciton coupling, and have been analyzed in
detail for a wide-range of structurally related compouhdg?

The Soret band regions of theB&n-Sp-PZn compounds
show splittings characteristic of extensive excitonic interac-
tions® Note that thePZnE-BTD-EPZn, PZnE-PC-EPZn,
PZnE-TDQ-EPZn, and PZnE-BBTD-EPZn spectra (Figure
2) display a sharp B-state absorption close in energy to that of
5-ethynyl(porphinato)zinc(ll) reference compouRZAE-TMS,
Figure 1; see Supporting Information); interestingly, this high
energy component of the B-state manifold of these compounds
displays less structure than that observed inRA®E-EPZn
spectrum (Figure 2A). Congruent with the body of spectroscopic

(62) Laaksonen, LgOpenMo] Version 2.0; Espoo, Finland, 2001.
(63) Uyeda, H. T.; Zhao, Y.; Wostyn, K.; Asselberghs, I.; Clays, K.; Persoons,
A.; Therien, M. J.J. Am. Chem. So@002 124, 13806-13813.

(64) Kasha, M.; Rawls, H. R.; EI-Bayoumi, M. Rure Appl. Chem1965 11,
371-392.
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Table 1. Comparative Integrated Oscillator Strengths and Absorptive Domains of the Blue and Red Spectral Regions of Conjugated
Porphyrin Dimers Relative to the PZnE-TMS Benchmark?

oscillator FWHMe oscillator
FWHM? strength Q-band strength total
B-band region B-band region Q-band oscillator
compound [em=2, (nm)] region? [em=2, (nm)] region’ strength?
PZnE-TMS 696 (428) 1.059 756 (562) 0.062 1.121
457 (603)
PZnE-EPZn 1976 (449 3.643 1512 (566) 0.467 5.197
592 (481% 588 (628)
536 (678)
PZnE-BTD-EPZn 2323 (4269 2.108 1180 (689) 0.719 3.519
PZnE-PC-EPZn 1745 (421) 2.667 1992 (823) 0.737 5.456
1014 (493
PZnE-TDQ-EPZn 1945 (423) 3.076 2510 (839) 1.144 5.515
PZnE-BBTD-EPZn 1623 (429) 2.803 2341 (1006) 0.972 5.167
2053 (4799

aFrom electronic absorption spectra recorded in THF solVeRaken as the spectral width of the B-band region at half the height of the absorption
noted.c Taken as twice value of half the spectral width of the B-band region at half the height of the absorptiorf @eitlator strengths calculated over
the following wavelength domain®?ZnE-TMS (360~470 nm);PZnE-EPZn (360~530 nm);PZnE-BTD-EPZn (360~510 nm);PZnE-PC-EPZn (360~535
nm); PZnE-TDQ-EPZn (360~510 nm);PZnE-BBTD-EPZn (380~525 nm).® Entries correspond to the spectral breadth of the transition envelope centered
at the wavelength in parenthesé@scillator strengths calculated over the following wavelength dom&@asiE-TMS (470~650 nm);PZnE-EPZn (530~750
nm); PZnE-BTD-EPZn (510~850 nm); PZnE-PC-EPZn (535~1000 nm);PZnE-TDQ-EPZn (510~1000 nm);PZnE-BBTD-EPZn (525~1400 nm).
9 Oscillator strengths calculated over the following wavelength domaf&nE-TMS (360~650 nm); PZnE-EPZn (280~750 nm); PZnE-BTD-EPZn
(280~850 nm);PZnE-PC-EPZn (280~1000 nm);PZnE-TDQ-EPZn (280~1100 nm);PZnE-BBTD-EPZn (280~1400 nm).

Table 2. Prominent Absorption Band Wavelength, Energies, and Extinction Coefficients of Conjugated PZn-Sp-PZn Compounds Relative to
the PZnE-TMS Benchmark in THF Solvent

UV-region B-band region Q-band region
compound A(nm) v(em™) log(e) A(nm) v(em™) log(e) A(nm) v(em™) log(e)
PZnE-TMS 428 23,364 (5.53) 562 17,794 (4.17)
603 16,584 (3.92)
PZnE-EPZn 308 32468 (4.56) 423 23,640 (5.19) 566 17,668 (4.42)
449 22,272 (5.46) 628 15,924 (4.60)
481 20,790 (5.21) 678 14,749 (4.58)
PZnE-BTD-EPZn 313 31949 (4.39) 426 23,474 (5.16) 524 19,084 (4.55)
465 21,505 (4.79) 566 17,668 (4.34)
689 14,514 (4.81)
PZnE-PC-EPZn 326 30675 (5.05) 421 23,753 (5.32) 555 18,018 (4.26)
493 20,284 (4.79) 823 12,151 (4.78)
PZnE-TDQ-EPZn 305 32,787 (4.71) 423 23,641 (5.38) 531 18,832 (4.51)
839 11,919 (4.80)
PZnE-BBTD-EPZn 308 32,468 (4.56) 429 23,310 (5.39) 551 18,149 (4.33)
363 27,548 (4.65) 479 20,877 (4.84) 638 15,674 (4.16)
1006 9,940 (4.75)

data obtained foPZnE-EPZn and related ethyne- and butadiyne- driven by the proquinoidal PZn-to-PZn bridging urdf$’ This
bridged bis(PZn) compound,2228.36.656¢hijs spectral signature  augmentation of x-polarized Q-state absorption oscillator strength
reflects the diminished y-polarized B-state dipolar interaction increases concomitantly with the ability of the &d S states

(y taken orthogonal to the highly conjugated axis of the of these species to delocalize charge (Tables 1 and 2, vide
structure) that occurs with increasing PZRZn distance for  infra),}”1821and tracks with the magnitude of the §bsorption
thePZnE-BTD-EPZn, PZnE-PC-EPZn, PZnE-TDQ-EPZn, wavelength [Compound Afa{Qx band)): PZnE-EPZn (678

and PZnE-BBTD-EPZn supermolecules, consistent with ex- nm),PZnE-BTD-EPZn (689 nm),PZnE-PC-EPZn (823 nm),
pectations based on the point-dipole approximation of the PZnE-TDQ-EPZn (839 nm) andPZnE-BBTD-EPZn (1006
general exciton model originally developed by Ka&hdn nm)]. Note that the full spectral width at half-maximum (fwhm)
contrast, the low energy, x-polarized B-state transitions along of the Q-state absorption manifold follows a similar trend with
the vector defined by the ethyne moieties of th&sn-Sp- PZnE-EPZn < PZnE-BTD-EPZn < PZnE-PC-EPZn <

PZn compounds are markedly reduced in absolute intensity with PZnE-TDQ-EPZn ~ PZnE-BBTD-EPZn (Figure 2, Table 1).
respect to the Bband centered at 481 nm in tRZnE-EPZn In this regard, note that thex@nanifold spectral band shapes
spectrum, and are observed to be less significant relative to theirfor PZnE-TDQ-EPZn andPZnE-BBTD-EPZn tail extensively
respective prominent y-polarized B-state absorptions (Figure 2, at low energy, with thé®ZnE-BBTD-EPZn spectrum display-

Table 2). ing measurable oscillator strength well beyond 1200 nm (Figure
This decrease in x-polarized B-state oscillator strength
i i _ _ _ 65) Angiolillo, P. J.; Lin, V. S.-Y.; Vanderkooi, J. M.; Therien, M. J. Am.
observed in the Figure 2 spectra RZnE-BTD-EPZn, PZnE (€5) Ao Foat 1 Voo ia 1aens:
PC-EPZn, PZnE-TDQ-EPZn, andPZnE-BBTD-EPZn rela- (66) O’Keefe, G. E.; Denton, G. J.; Harvey, E. J.; Phillips, R. T.; Friend, R. H.;
tive to that manifest foPZnE-EPZn, reflects enhanced ,B Anderson, H. LJ. Chem. Phys1996 104, 805-811.

. i . ) i (67) Gouterman, M. InThe Porphyrins Dolphin, D., Ed.; Academic Press:
state intensity borrowing by the corresponding Q-state absorptions” * London, 1978; Vol. Ill, p +-165.
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Figure 3. Schematic highlighting the potentiometrically determined HOMO
and LUMO energy levels of thBZn-Sp-PZn complexes relative to those

of ethyne-functionalized PZn and proquinoidal Sp moieties. Redox potentials
shown are relative to the ferrocene/ferrocenium (FtJRedox couple,
which was used as an internal standard in these experiments.

2). Absorption wavelengths, energies, and extinction coefficients
for the prominent transitions of these compounds are tabulated
in Table 2.

Electrochemical Properties.Figure 3 highlights the poten-
tiometrically determined HOMO and LUMO energy levels of
the PZn-Sp-PZn complexes relative to those of ethyne-
functionalized PZn and proquinoidal Sp moietieZnE-EPZn,
and a related tris[(porphinato)zinc(ll)] complex, (5,15-bis-
[[(5',-10,20-bis[3,5-di(3,3-dimethyl-1-butyloxy)phenyl]porphinato)-
zinc(Il)]ethynyl]-10,20-bis[3,5-di(9-methoxy-1,4,7-trioxanonyl)-
phenyl]porphinato)zinc(ll)RZnE-PZn-EPZn).17 21 The cyclic
voltammetric data shown in this figure highlight a number of
electronic structural features of theBZn-Sp-PZn species.
PZn-Sp-PZn E1 %+ values vary modestly with Sp electronic
structure over a 0.21 eV range, with HOMO level destabilization
increasing in the ordePZnE-BTD-EPZn < PZnE-EPZn ~
PZnE-TDQ-EPZn < PZnE-BBTD-EPZn < PZnE-PC-EPZn
(Figure 3). In contrast, measur&®¥n-Sp-PZn E;, 0 values
span a 0.87 eV potentiometric domain, mirroring closely the
relative changes observed fd, © determined for their
corresponding trimethylsilyl-elaborated Sp [Sp(E-TMS}ruc-
tures, and evincing LUMO level stabilization that escalates in
the orderPZnE-EPZn < PZnE-BTD-EPZn < PZnE-PC-
EPZn < PZnE-TDQ-EPZn < PZnE-BBTD-EPZn. This
strong dependence &Zn—Sp-PZn Ey;, "0 values upon the
nature of the building block ethyne-elaborated Sp moiety plays
the predominant role in determining the magnitude of the
potentiometrically determined HOMELUMO gaps E; E1 0"

— E127/9) within this series of supermolecular bis(PZn) com-
pounds that feature proquinoidal Sp units [Compourtg): (
PZnE-EPZn (2.01 eV),PZnE-BTD-EPZn (1.88 eV),PZnE-
PC-EPZn (1.46 eV),PZnE-TDQ-EPZn (1.42 eV) and®ZnE-
BBTD-EPZn (1.11 eV); see Figure 3, Table 3]. Note that

more important determinant of the extentseiconjugation in
m-conjugated oligomers and polymers.

While the magnitudes d?ZnE-BTD-EPZn andPZnE-PC-
EPZn E, values suggest respective HOMOs and LUMOs that
feature substantial conjugative interactions between the PZn,
Sp, and ethyne units (Figure 3), the highly stabilized LUMOs
of PZnE-TDQ-EPZn and PZnE-BBTD-EPZn are unusual:
note that the?PZnE-TDQ-EPZn andPZnE-BBTD-EPZn one-
electron reduction potentials resemble those obtained respec-
tively for TDQ(E-TMS), and BBTD(E-TMS),, potentially
indicating that radical anion state electron density is largely
localized on the Sp fragments of thé2&n-Sp-PZn supermol-
ecules. While electronic structure calculations provide further
insight into this matter, it is important to note that the optical
band gapsK,p values) ofPZnE-BTD-EPZn, PZnE-PC-EPZn,
PZnE-TDQ-EPZn, andPZnE-BBTD-EPZn track closely with
their corresponding,s (Figures 2-3, Tables 2-3). These data,
coupled with the facts that: (i) the steady-state absorption
spectra indicate that the visible and NIR x-polarized excitations
feature extensive mixing of PZn- and Sp-derived electronic
states, and (ii) the magnitude of the LUMO-level stabilization
in the PZnE-BTD-EPZn, PZnE-PC-EPZn, PZnE-TDQ-
EPZn, andPZnE-BBTD-EPZn series is extensive with respect
to the corresponding HOMO-level destabilization evinced in
these structures, suggest that the quinoidal resonance contribu-
tion to the low lying singlet electronically excited states exceeds
greatly that for the ground-state, thus giving rise to the
expectation that the excited singlet wave functions of tfi&e
Sp-PZncompounds should feature unusual degrees of electronic
delocalization (vide infra).

Electronic Structure Calculations. Further insight into the
electrooptic properties of these supermolecules can be garnered
from an electronic structural analysis BEZn-Sp-PZn frontier
orbitals (FOs) as a function of the intervening proquinoidal Sp
moiety. Figures 48 display respectively the FOs &ZnE-
EPZn, PZnE-BTD-EPZn, PZnE-PC-EPZn, PZnE-TDQ-
EPZn, andPZnE-BBTD-EPZn. In these electronic structure
calculations, geometry optimizations and semiempirical elec-
tronic structural calculations were performed using the PM3
method. Models for théZn-Sp-PZn structures that featured
planar macrocycles and Sp units constrained to lie in a common
molecular plane, were utilized in the geometrical optimizations.
PZn-Sp-PZn FOs presented in Figures-8 are depicted in an
orbital correlation diagram format that shows the corresponding
FOs and energies of their respective component PZnE and Sp
building blocks. Figure 9 displays the relative calculated HOMO
and LUMO energies of all the Figures-8 model compounds.

The FOs ofPZnE-EPZn (Figure 4) resemble those computed
for meso-to-meso ethyne-bridged bis(PZBZ(0-E-PZn):
2021,36.37(j) the HOMO exhibits substantial butadiyne-&s,

despite augmented PZn-to-PZn centroid-to-centroid distances,and N-centered electron density, with theeS carbons that

the magnitudes of the potentiometrically evaluated HOMO
LUMO gaps for thesePZn-Sp-PZn structures are markedly
diminished relative to thé®ZnE-EPZn benchmark. Further,
given thatPZnE-PZn-EPZn?! can be considered a bis(PZn)
complex bridged by a 5,15-diethynyl(porphinato)zinc(ll) (P2nE
Sp moiety, the fact the, for this structure (Figure 3) exceeds
that determined foPZnE-TDQ-EPZn, PZnE-PC-EPZn, and
PZnE-BBTD-EPZn, demonstrates that proquinoidal Sp elec-
tronic structure, in contrast to Sp-aromatic size, can be the

constitute a portion of the conjugated macrocycle-to-macrocycle
bridge displaying substantial overlap with their respective
carbons; (i) the LUMO manifests similarly comprehensive
electronic delocalization, exhibiting extensive cumulenic char-
acter along the g£axis defined by the butadiyne moiety. The
evolution of FO electron density distributions in bis(porphyrin)
compounds that feature a meso-to-meso linkage topology and
a cylindricallyz-symmetric bridge, relative to classic monomeric
porphyrin building blocks, has been discussed in dé¥alote
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Table 3. Optical HOMO—LUMO Gaps (Eqps) and Potentiometrically Determined HOMO—LUMO Gaps (Eps) of the PZn-Sp-PZn Complexes
Relative to Those of Ethyne-functionalized PZn and Proquinoidal Sp Moieties

PZnE- PZnE- BTD(E- PZnE-BTD- PC(E- PZnE-PC- TDQ(E- PZnE-TDQ- BBTD(E- PZnE-BBTD-

™S EPZn TMS), EPZn TMS), EPZn TMS), EPZn T™MS), EPZn
Eop(maxy 2.06 1.83 3.25 1.80 1.94 151 2.46 1.48 2.18 1.23
Eop(edgey 2.01 1.77 2.95 1.69 1.89 1.41 2.31 131 2.01 1.05
Ey° 211 2.01 d 1.88 1.80 1.46 d 1.42 d 111

a Optical HOMO-LUMO gap determined from the lowest absorption maximum measured in TBptical HOMO-LUMO gap determined from the
absorption edge measured in THF. The absorption edge is defined as the wavelength on the red side of the lowest energy absorption band where the slope
changes abruptly:. Potentiometrically determined HOME@.UMO gap E12%" — Ei2 /%) measured in CLCl. @ Irreversible oxidation; value not determined.
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the frontier orbital set, and the magnitude of the energy
separation between these orbitals, are consistent with the
x-polarized nature of its low lying electronically excited |
statel’27 The PZnE-EPZn HOMO is 0.206 eV destabilized Figure 5. Frontier orbital correlation diagram f&ZnE, benzothiadiazole
with respect to that of theZnE benchmark, whereas its LUMO ~ (BTD), andPZnE-BTD-EPZn.

is O'O_ﬁ? e(\j( SFa,birl]iZSd reIativedti'g'i\igﬂxﬂrg-elat}oreI;tZedEmono- of PZnE, while its LUMO energy level is stabilized by 0.203
mer. This diminished compute gap forF.znt- eV with respect to this benchmark.

EPZn relative toPZnE is larger than that calculated f&@Zn- PZnE-PC-EPZn displays FO electron density distributions

_ 20,21 i i 1 1 .. . .
E-PZn, (_:ons!stent \_N'th th_e expe(_:tatlon, and extenswg similar to that noted folPZnE-BTD-EPZn, with substantial
spectroscopic evidence indicating, that interporphyryl electronic o octronic interactions evident betwed@ZnE and PC sp

interactions diminish with increasing macrocycle-macrocycle |\ iaties in both the HOMO and LUMO (Figure 6). The energy

(az)

distances. _ _ to which thePZnE-PC-EPZn HOMO is destabilized relative
An analogous computational study carried out RANE- to PZnE (0.499 eV) has increased with respect to that observed

BTD-EPZn evinces both a delocalized HOMO and LUMO  for PZnE-BTD-EPZn: likewise, thePZnE-PC-EPZn LUMO

(Figure 5), similar to that noted fa?ZnE-EPZn. The PZnE- is considerably more stabilized (0.251 eV, Figure 9) than that

BTD-EPZn HOMO illustrates antibonding interactions between computed foPZnE-BTD-EPZn. Note in this regard that both
the PZn, ethyne, and BTD units that define the highly conjugated (i) large atomic orbital coefficients at the porphyrin meso- and
axis of the supermolecule, while the LUMO features an pentacene 6,13-carbon positionsRZnE-PC-EPZn, and (ii)
extensive degree of quinoidal character, with bonding interac- excellent energy matching within tHeZnE and PC FO sets
tions between the PZrCnheso and ethyne g-carbon atoms, drive these substantial HOMO and LUMO energy level
antibonding interactions between the ethynea@id G atoms, perturbations relative to that observed for B nE-BTD-EPZn

and bonding interactions between the ethypex@ benzothia- case.

diazole 4- and 7-carbon atoms. The HOMO energy level of  The energy difference between tRZnE and Sp LUMOs
PZnE-BTD-EPZn is destabilized by 0.106 eV relative to that increases as the Sp fragment LUMO energy levels become
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Figure 6. Frontier orbital correlation diagram f&#ZnE, pentaceneRC),
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increasingly stabilized|E umo(PZNE) — ELumo(Sp) = 0.171
(PZnE/BTD), 0.356 PZnE/PC), 0.407 PZnE/TDQ), 1.232
(PZnE/BBTD) eV; Figures 4-9). Given that the extent of the
orbital interaction is inversely proportional to the energy
difference between the interacting orbitéfishis orbital energy
mismatch attenuates the extent of LUMO delocalization in these
PZn-Sp-PZn supermolecules, causing the LUMO to become
increasingly localized on the Sp unit. Thus, while contour plots
of the PZnE-BTD-EPZn, PZnE-PC-EPZn, PZnE-TDQ-
EPZn, and PZnE-BBTD-EPZn HOMOs all show global
delocalization, significant LUMO delocalization is evident only
in PZnE-BTD-EPZn andPZnE-PC-EPZn (Figures 5 and 6),
with PZnE-TDQ-EPZn and PZnE-BBTD-EPZn showing
highly Sp-localized LUMOs (Figures 7 and 8). Note that the
relative calculated HOMO and LUMO energy levels shown in
Figure 9 mirror the differences in the potentiometrically
determinedPZn-Sp-PZn HOMO and LUMO energy levels

—1.0+

2.5

Energy / eV

Figure 7. Frontier orbital correlation diagram f&®ZnE, thiadiazoloqui-
noxaline TDQ), andPZnE-TDQ-EPZn.

— E12 ®values, large Cl guarantees orbital contributions from
multiple high-lying filled and low-lying empty levels fd?Zn-
Sp-PZn electronically excited states. Such Cl ensures that the
low-lying singlet of these species will possess both global
delocalization and extensive quinoidal character (vide infra).
Transient Optical Spectra of PZn-Sp-PZn Initially Pre-
pared Electronically Excited Singlet StatesThe combination
of steady-state electronic absorption, potentiometric, and com-
putational data, coupled with the expectation that substantial
Cl drives global electronic delocalization in electronically
excitedPZn-Sp-PZn species, suggests that quinoidal resonance
contributions to $—S, states exceed that for the corresponding
ground (%) states. Pumpprobe transient absorption spectro-
scopic experiments that interrogate the S S, transition
manifolds of these supermolecules further support this view.
Figure 10 shows transient absorption spectra recorded at 300

(Figure 3). While these computational and electrochemical data fs time delay folPZnE-EPZn, PZnE-BTD-EPZn, PZnE-PC-

underscore the cardinal role tHRZnE and Sp fragment orbital
energy differences play in fixing the radical cation and anion
state energy levels in theseZn-Sp-PZn structures, it is
important to appreciate that in contrast to many simple
conjugated organic building blocks, whose low-lying excited

EPZn, PZnE-TDQ-EPZn, andPZnE-BBTD-EPZn in the NIR
spectral region.

Qualitatively, these S— S, spectra bear many features in
common with those previously delineated for mésaneso
ethyne-bridged bis[(porphinato)zinc(l)PZn-E-PZn) struc-

states are described adequately by one-electron transitionsfures?? Like PZn-E-PZn speciesPZn-Sp-PZnsupermolecules

extensive configuration interaction (Cl) is necessary to describe

display intenseNIR S; — S, transitions; these absorptions

possess integrated oscillator strengths of comparable magnitude
to their corresponding B- and Q-state manifold bleaching
transitions (data not shown). While the benchnfanE-EPZn
transient absorption spectrum (Figure 10A) bears features closely

correctly porphyrin electronically excited stafd$? While
absolute HOMO and LUMO energies largely deterniiag®*

(68) Salzner, UJ. Phys. Chem. BR002 106, 9214-9220.
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aligned with that reported fd?Zn-E-PZn chromophores (bis-
[(5,5-10,20-bis[3,5-bis(3,3-dimethyl-1-butyloxy)phenyl]porphi-
nato)zinc(ll)]ethyne and [(5,-10,20-bis[3,5-bis(3,3-dimethyl-1-
butyloxy)phenyl]porphinato)zinc(Il)]-[(5-15-ethynyl-10,20 -
bis(heptafluoropropyl)porphinato)zinc(ll)Jethyn®&), PZnE-
BTD-EPZn, PZnE-PC-EPZn, PZnE-TDQ-EPZn, andPZnE-
BBTD-EPZn manifest $— S, absorption manifolds that shift

to progressively lower energies (Figure 10B), tracking with
expectations based on the relative frontier orbital energy levels
of these supermolecules determined by potentiometric and
computational methods (vide supra).

The wavelength of the most intense transition within the NIR
absorption manifold fmax(S1 — S5)] for PZnE-BTD-EPZn,
PZnE-PC-EPZn, PZnE-TDQ-EPZn, andPZnE-BBTD-EPZn
occurs at 12074-1187, 1270, and 1610 nm, respectively, 1700
3800 cnt! red-shifted from the analogousnad(Si — Sn)
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Figure 10. Scaled magic angle transient absorption spectra recorded for:
(A) PZnE-EPZn, (B) PZnE-BTD-EPZn, (C) PZnE-PC-EPZn, (D) PZnE-
TDQ-EPZn, and (E)PZnE-BBTD-EPZn measured at a delay time of 300
fs. Experimental conditions: solvert THF; T = 25 °C; lex = 655 nm

(A), 662 nm (B), 775 nm (C), 775 nm (D), and 650 nm (E).

determined forPZnE-EPZn (~1000 nm). Note that the
corresponding fwhm values for the S S, manifolds of these
PZn—Sp-PZnspecies [Compound, (fWhmPZnE-BTD-EPZn
(~2800 cnTY), PZnE-PC-EPZn (>2500 cm'Y), PZnE-TDQ-
EPZn (=1160 cntt) andPZnE-BBTD-EPZn (=1150 cnt?)]
determined at 300 fs following optical excitation, meet or exceed
that evinced folPZnE-EPZn (1100 cnt?).

Further, the Figure 10BE spectra bear absorptive signatures
that indicate that the nature of the proquinoidal bridge plays a
pivotal role in determining the degree of excited-state conjuga-
tion and the extent to which nuclear relaxation dynaffiics
impact the early-time evolution of the excited state. As a case
in point, note that while sharp differences exist between the S
— S; absorption manifolds oPZnE-BTD-EPZn and PZnE-
PC-EPZn (Figure 2), the low energy excited states for these
species present 300 fs following optical excitation are similar,
with significant NIR-absorptive spectral breadths and substantial
S; — S, absorptive oscillator strengths at wavelengths longer
than 1300 nm. In this regard, we underscore that there are
relatively few examples of electronically excited chromophoric
singlet states that absorb strongly in the NIR; systems that
exhibit such singlet excited-state manifold absorptive properties
are largely confined to a select group of semiconducting
m-conjugated polymer&:-76

Conclusion

Conjugated (porphinato)zinc(ll)-spacer-(porphinato)zinc(ll)
(PZn-Sp-PZn) complexes that possess intervening conjugated
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Proquinoidal Bis[(Porphinato)zinc(ll)] Compounds ARTICLES

Sp structures with varying degrees of proquinoidal character nm spectral region, giving rise to intense excited-state transitions
have been synthesized by palladium-catalyzed cross coupling~4000 cnt® lower in energy than that observed for the
reactions. These supermolecul®Zn-Sp-PZn compounds analogous excited-state absorption maximum of BznE-
feature Sp moietie$(4,7-diethynylbenzaj][1,2,5]thiadiazole EPZn benchmark; these data highlight the unusually large

(E-BTD-E), 6,13-diethynylpentacen&{PC-E), 4,9-diethynyl- quinoidal resonance contribution to the low-lying electronically
6,7-dimethyl[1,2,5]thiadiazolo[3,4}quinoxaline E-TDQ-E), excited singlet states of the$&Zn-Sp-PZn species. In this
and 4,8-diethynylbenzo[1,24,5C'|bis([1,2,5]thiadiazole) E- regard, we underscore that there are relatively few examples of

BBTD-E)} that regulate frontier orbital energy levels and electronically excited chromophoric singlet states that absorb
progressively increase the extent of the quinoidal resonancestrongly in the NIR; systems that possess such singlet excited-
contribution to the ground and electronically excited states, state manifold absorptive properties are largely confined to a
augmenting the magnitude of electronic communication betweenselect group of semiconductingconjugated polymer&-76 |t
terminal (5,-10,20-di(aryl)porphinato)zinc(ll) units, relative to is important to emphasize with respect to this comparison,
that evinced for a bis[(5;510,20-di(aryl)porphinato)zinc(ll)]- however, that the classic intrachain-S S, absorption energies
butadiyne benchmarkPgZnE-EPZn). Electronic absorption  of highly conjugated phenylene- and thiophene-based polymers

spectra show significant red-shifts of the respecth&n-Sp- exceed 1 eV Aaps < 1250 nm)’®76 The length scale spanned
PZn x-polarized Q state (S— S) transition manifold maxima by the PZn-Sp-PZn structures €25 A), and the fact that the
(240-4810 cn?) relative to that observed fd?ZnE-EPZn. NIR manifold absorptions chronicled in the Figure 10 data do
Likewise, the potentiometrically determin&Zn-Sp-PZn HO- not correspond to 1— T, absorptions, or transitions related to

MO—LUMO gaps E1.%*" — E1», /9 display correspondingly  the polaron absorption bands of semiconducting polyffefs
diminished energy separations that range from 1.88 to 1.11 eV derived from charge-doping or intra- and interchain charge
relative to that determined fd?PZnE-EPZn (2.01 eV). Elec- separated states, highlight the tremendous potential of these
tronic structure calculations show that while BIEn-Sp-PZn PZn-Sp-PZn species and their higher molecular weight ana-
structures possess delocalized HOMOs, structures having beniogues as electrooptic materials.
zothiadiazole- and pentacene-based spacers exhibit delocalized
LUMOs, while analogous compounds based on thiadiazoloqui- Acknowledgment. This work was supported through the
noxaline and benzobis(thiadiazole)-derived bridging moieties National Cancer Institute (NO1-CO-29008), and the MRSEC
evince highly stabilized LUMO energy levels that feature Sp- Program of the National Science Foundation (DMR00-79909).
localized electron density. Collectively, steady-state optical,
potentiometric, and computational data point to the existence
of PZn-Sp-PZn electronically excited singlet states that display
augmented quinoidal character relative to thestate.
Pump-probe transient spectral data for théx&n-Sp-PZn
supermolecules are remarkable, and demonstrate that the S
S, transition manifolds of these species span an unusually broad
spectral domain of the NIR. Notably, the absorption maxima
of these $ — S, manifolds can be tuned over a 1600600 JA040243H
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