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Abstract: The excited-state dynamics of two conjugated bis[(porphinato)zinc(ll)] (bis[PZn]) species, bis-
[(5,5'-10,20-bis[3,5-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(ll)]ethyne (DD) and [(5,-10,20-bis-
[3,5-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(I)]-[(5',-15'-ethynyl-10',20'-bis(heptafluoropropyl)-
porphinato)zinc(ll)Jethyne (DA), were studied by pump-probe transient absorption spectroscopy and hole
burning techniques. Both of these meso-to-meso ethyne-bridged bis[PZn] compounds display intense near-
infrared (NIR) transient S;—S, absorptions and fast relaxation of their initially prepared, electronically excited
Q states. Solvational and conformational relaxation play key roles in both DD and DA ground- and excited-
state dynamics; in addition to these processes that drive spectral diffusion, electronically excited DA
manifests a 3-fold diminution of S;—Sy oscillator strength on a 2—20 ps time scale. Both DD and DA
display ground-state and time-dependent excited-state conformational heterogeneity; hole burning experi-
ments show that this conformational heterogeneity is reflected largely by the extent of porphyrin—porphyrin
conjugation, which varies as a function of the pigment—pigment dihedral angle distribution. While spectral
diffusion can be seen for both compounds, rotational dynamics driving configurational averaging (r ~ 30
ps), along with a small solvational contribution, account for essentially all of the spectral changes observed
for electronically excited DD. For DA, supplementary relaxation processes play key roles in the excited-
state dynamics. Two fast solvational components (0.27 and 1.7 ps) increase the DA excited-state dipole
moment and reduce concomitantly the corresponding S;—S, transition oscillator strength; these data show
that these effects derive from a time-dependent change of the degree of DA S;-state polarization, which
is stimulated by solvation and enhanced excited-state inner-sphere structural relaxation.

Given the established photophysics of multipigment en-
o ] ) ) ) sembles in biology, focused efforts have been made to design
_Establishing delocalized electronic states in organic and gnq synthesize covalently linked assemblies of porphyrins and
biological materials requires typically the assembly of aggregates ¢ |ateq tetrapyrrolic chromophores. While a wide range of
or oligomers that feature substantial interactions between themacrocycle-to-macrocycle linkage strategies have been imple-
respective building block chromophores. For example, strong mentedi! relatively few modes of porphyrinoigporphyrinoid
pigment-pigment coupling drives the formation of the delo-  onnectivity provide sufficiently strong interchromophore elec-
calized electronic states characteristic of the biological light tronic interactions to facilitate extensive electronic delocali-
harvesting complexes;* similarly, substantiat-orbital-medi- zation12-34 Of these families of multipigment ensembles that
ated electronic communication plays a key role in the diffuse feature substantial ground- and/or excited-state interchromophore
excited states that epitomize a wide range of electrooptic glectronic interactions, those that feature direct ethyne-, butadiyne-,
materials~1 and oligoyne-based macrocycle-to-macrocycle connectivity have
evinced a wide range of particularly impressive electrooptic
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[3,5-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(I1)]-
ethyne DD) and [(5,-10,20-bis[3,5-bis(3,3-dimethyl-1-butyloxy)-
phenyl]porphinato)zinc(Il)]-[(5-15-ethynyl-10,20-bis(hepta-
fluoropropyl)porphinato)zinc(ll)]Jethyne DA) over subpico-

state and supplemental structural relaxation processes that give
rise to a time-dependent attenuation of the emission dipole
moment.

second through nanosecond time scales. These experimentg)qoer'rnental Section
delineate a number of special spectroscopic properties of these Materials. All manipulations were carried out under nitrogen
species that include the presence of extraordinarily intense, lowprepurified by passage through an €2rubbing tower (Schweizerhall

energy excited-singlet manifold optical transitions. Interestingly,
electronic asymmetry is shown to influence significantly the

R3-11 catalyst) and a drying tower (Lia® A molecular sieves). Tetra-
hydrofuran (THF) was obtained from Fisher Scientific (HPLC grade)

nature of the observed excited-state dynamics in these com-and distilled from K/benzoylbiphenyl under nitrogen. Syntheses and

pounds, driving an unusual coupling of solvent-induced excited-
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characterization data for bis[(3;%0,20-bis[3,5-bis(3,3-dimethyl-1-
butyloxy)phenyl]porphinato)zinc(ll)]ethyn®p) and [(5,-10,20-bis[3,5-
bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(ll)]-[(B.5-ethynyl-
10,20-bis(heptafluoropropyl)porphinato)zinc(ll)JethynddA) have
been reported previousH.

The Supporting Information includes a detailed description of the
femtosecond transient absorption spectrometer and experimental condi-
tions for the transient absorption and transient anisotropy studies. These
experiments were carried out ugia 2 mmpath length Schlenk-style
optical cell that allowed for circulation of the sample under nitrogen.
Sample concentrations were adjusted to give an optical densit{) df
at the Q-state pump wavelength. All experiments were carried out at
ambient temperature (28 1 °C).

Computational Studies. The ground-state geometries DD and
DA were determined using the HartreBock semiempirical AM1
method (HyperChem Softwar&)To determine the dependence of the
relative heats of formation upon the porphytiporphyrin dihedral
angle, each angle-dependent geometry optimization was performed until
the local energy minimum was determined. To provide insight into
the dipole moment changes that accompany electronic excitation of
DD andDA, these FranckCondon states were approximated as one-
electron excitations in a restricted HF computation in which the
minimum energy ground-state structure was not reoptimized.

Results and Discussion

Steady-State Absorption and Fluorescence Spectra of the
DD and DA Bis[(porphinato)zinc(ll)] Chromophores. Dimer-
ic and multimeric porphyrin compounds that featurenase
to-mesoethyne-bridged linkage topology manifest low energy
excited states that are polarized exclusively along the long axis
of the supermolecul&:1516:36The lowest energy optical transi-
tions of these species gain in intensity and shift progressively
to the red with increasing numbers of conjugated porphyrin
units; notably these oligomeric compounds manifestS; and
S;—S transition moments that are unusually enhanced with
respect to those of their monomeric precurdérd®36 Ambient-
temperature condensed-phase structural heterogeneity in these
species derives primarily from the torsional angledistribution
between the respective macrocycle least-squares plaHes.
This conformational heterogeneity is manifest in the optical
spectra of these species, with the lowest energy component of
x-polarized Q-state absorption envelope corresponding to transi-
tions emanating from maximally conjugated structures in which
the torsional angles between the component porphyrin units are
small; higher energy components of the l6and have either a
vibronic genesis or derive from electron excitations of con-
formeric populations possessing larger torsional anjlés!é

CompoundDD is a highly soluble analogue of previously
studied examples of theneseto-meso ethyne-bridged bis-

(35) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. Am.
Chem. Soc1985 107, 3902-3909.

(36) Uyeda, H. T.; Lin, V. S.-Y.; Williams, S. A.; Troxler, T.; Therien, M. J.
Manuscript in preparation.
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Figure 1. Normalized absorption and fluorescence spectra offA)and

400

furthermore, theDA steady-state fluorescence spectrubi\ (
Jem{max)= 756 nm2° Figure 1A) is broad (fwhmx 2170 cn?)
and shows additional structure relative to B fluorescence
emission (fwhm= 810 cn1?).

The magnitude of th®D Stokes shift is consistent with the
ground- and excited-state electronic structural properties of
meseto-mesoethyne-bridged bis[PZn] compourds!®20and
previously published optical data for a related structure featuring
unelaborated 10,20-phenyl rin§s'3Because of its symmetrical
nature, the bis[PZn] specid3D does not possess a ground-
state dipole moment; theoretical and Stark spectroscopic studies
evince however that the polarizable singlet excited states of
meseto-meso ethyne-bridged bis[PZn] compounds exhibit
measurable dipolar character, with B- and Q-stsige values
determined experimentally to be on the orderdf D.16

Meseato-mesoethyne-bridgedA, however, possesses sig-
nificant ground-state electronic asymmetry. Note that Ahe
porphyrin unit of this species features macrocycle 10,20-bis-
(perfluoroalkyl) groups. Potentiometric and electronic structural
studies establish that [5,15-di(perfluoroalkyl)porphinato]zinc(ll)
species possess HOMOs and LUMOs that are uniformly lowered
in energy by~0.3 eV relative to those of correspondingese

(B) DD in THF solvent. These fluorescence spectra were obtained with an phenyl-substituted structuréd37-3° The presence of non-
excitation wavelength of 678 nm. The dashed line in part B shows the conjugating o-electron-withdrawing perfluoroalkyl groups sta-

relative fluorescence intensity @A with respect toDD under identical

excitation conditions and equivalent optical density. The maximum extinc-

tion coefficients are 317 000 (M cm) for DD in THF at 479 nm and
110 600 (M cm)? for DA in THF at 429 nm.

[(porphinato)zinc(Il)] (bis[PZn]) structural motif which featured
simple 10,20-diaryl substituents;1620While the optical spec-

troscopic features of this class of compounds have been

discussed extensively, 161920t is worth noting that the full
width at half-maximum (fwhm)DD’s Qyx absorption band is
relatively narrow (1085 crt) (Figure 1B), with a corresponding
mirror-image fluorescence spectruB¥ Aep{max)= 711 nm)
that evinces similar FranekCondon (FC) and relaxed excited
states of the molecuf8.The fwhm of theDD fluorescence band
(850 cnY) is diminished slightly with respect to that of the Q

bilizes extensively the PZn,aorbital; in contrast to theD
porphyrin fragment, which possesses apderived HOMO,

an isolatedA PZn species manifests ap&ymmetric highest-
lying filled state?%-37-3° Congruent with this electronic structural
perturbation, semiempirical calculations suggest Eatmani-
fests a ground-state dipole moment~a? D (data not shown).
Given such electronic features, relativeDD, DA is expected

to undergo augmented excited-state structural and inner-solva-
tion shell relaxation processes, consistent with the observed
magnitude of its Stokes shift.

DD and DA Ultrafast Transient Absorption Spectra.
Conventional (porphinato)zinc excited-state dynamics and spec-
troscopy evince fast ;5-S; internal conversion €1 ps)®
nanosecond fluorescence lifetimes, prominent excited-state

absorption; provided that differential solvation of the ground @Psorption bands in the 46850 nm spectral domain, and small
and excited states is not extensive, these data suggest that theratokes shifts in virtually all solvents; this latter point reflects

exists a smaller distribution of conformers in the relaXad

the minimal solvational and inner-sphere relaxation dynamics

S-excited state with respect to the ground state. In contrast, that accompany electronic excitation in these species. For the
the DA Q band is significantly broader than that manifest by ¢onjugateddD and DA compounds, inter-ring dynamics and

DD (1390 vs 1085 cmt) (Figure 1). Note also that the,®and

augmented electronic structural reorganization that lead to

in the DA spectrum extends further to the red relative to the €nhanced excited-state polarization complicate this simple

analogou®D transition, suggesting that (i) tH2A distribution
of ground-state conformers is broader thanDD, (ii) the

picture.
The fs and ps time scale transient spectra obtainedr

dependence of conformeric population upon the inter-ring and DA (Figure 2 and Supporting Information) display four
torsional coordinate in these species differs significantly, (iii) a Pronounced signatures: (i) a high oscillator strength bleach in

CT transition exists within the Q-state manifold, or (iv) thg Q
absorption oscillator strength of the most plabdr conformers,
in contrast to the case f@D, is smaller than that expressed

the Soret (§—S;) band region, (i) a transient absorption
between the Soret andpolarized Q states in the500-650
nm spectral domain, (iii) a bleach in the Q-band region that

by conformers featuring larger torsional angles between their partly overlaps with the stimulated emission signal, and (iv) an

respective PZn least-squares planes (vide infra). AsDiAe

intensenear-infrared (NIR) transientSS, (S, = a higher lying

molecule consists of electronically asymmetric porphyrin units, delocalized singlet excited state) absorptidgaf, DD(S:—Sy)

more significant outer-sphere solvent reorganization likely

accompanies relaxation of the initially prepared singlet excited (37) BiMagno, S. G.; Williams, R. A.; Therien, M. J. Org. Chem1994 59,

state with respect to the analogoD® state. Consistent with
this notion, theDA Stokes shift is large (1148 cr) relative
to that evinced in the correspondif¥D spectra (324 cm);

6943-6948.

(38) Goll, J. G.; Moore, K. T.; Ghosh, A.; Therien, M. J. Am. Chem. Soc.
1996 118 8344-8354.

(39) Moore, K. T.; Fletcher, J. T.; Therien, M.J.Am. Chem. Sod999 121,
5196-5209.
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Figure 2. Transient absorption spectra@D measured at delay times of :

400 fs and 6.3 ns. The insets show the anisotropy of NIR transient
absorptions at delay times of 400 fs and 110 ps. The excitation wavelength
was 684 nm.

~ 985 nM; Amax DA(S—S,) ~ 950 nm; see Figure 2 and
Supporting Information). While the first three transient spectral
features are common for porphyryl-containing compounds,
strong $—S, NIR absorptions are not.

A. NIR Absorption Bands. The transient optical properties
of multimeric ensembles of porphyrins and related pigments

600 700 BOO 900 1000
Wavelength / nm

500

Figure 3. DD transient absorption spectra determined at magic angle
polarization; delay times= 0.4, 12, and 130 ps: (A)ex= 673 nm and (B)

Aex= 711 nm. Normalized steady-state absorption and fluorescence spectra,
as well as that of the excitation pulse, are shown inverted and displayed
for comparative purposes. Thick arrows denote spectral changes that occur
with increasing time.

slightly to the blue of the high oscillator strengtipolarized
B-state absorptive manifold,2° S;—S, electronic excitation

have been studied extensively. Ensembles that feature relativelylikely populates either directly the,Sevel or a close-lying

weak coupling between macrocycle centers evinge-S
transitions resembling those of simple monomers; multiporphy-

singlet state that can relax to a B-state within the ultrafast time
domain.

rin aggregates, as well as cofacial porphyrin assemblies, feature B. Triplet —Triplet Transitions. The signals observed at a

transitions in the NIR, but these absorptions are~T, in
nature?®42In this regard, it is worth noting that an-SS, NIR
transition was predicted theoretically for a structurally related
meseto-mesobutadiyne-linked bis[(porphinato)zinc(ll)] com-
pound on the basis of INDO/SCI computatiddsbut the
transient optical spectroscopy of this butadiyne-bridged bis-
[(octaf3-alkylporphinato)zinc(Il)] complex evinced only aF+T,
NIR absorptior?? The intense § — S, NIR absorptions
displayed in Figures 2 and 3 define the first examples of such
excited singlet manifold transitions observed in oligomeric
conjugated macrocyclic systems and highlight a potentially
important spectroscopic hallmark of this class of strongly
coupled porphyrin arrays (vide infra).

Polarized pump-probe spectroscopy shows thaDtbeand
DA NIR transient absorption bands exhibit anisotropy values
of 0.4 (Figure 2 and Supporting Information) when optical
excitation is carried out on the red side of the respedi@e
andDA x-polarized Q-band maxima, indicating that these-S;
and S—S, transitions are mutually parallel and directed along
the highly conjugated axis defined by the ethyne moiety.
Interestingly, the absorption wavelength maxima offifizand
DA S—S, transitions PDD: ~985 nm, 1.26 eVDA: ~950
nm, 1.30 eV) indicate that the energies of the corresponding
S—S, absorptions are-3.1 eV; as this energy§400 nm) lies

(40) Siggel, U.; Bindig, U.; Endisch, C.; Komatsu, T.; Tsuchida, E.; Voigt, J.;
Fuhrhop, J.-HBer. Bunsen-Ges. Phys. Chet996 100, 2070-2075.

(41) Bilsel, O.; Rodriguez, J.; Milam, S. N.; Gorlin, P. A.; Girolami, G. S.;
Suslick, K. S.; Holten, DJ. Am. Chem. S0d.992 114, 6528-6538.

(42) Bilsel, O.; Milam, S. N.; Girolami, G. S.; Suslick, K. S.; Holten, D.
Phys. Chem1993 97, 7216-7220.
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time delay of 6.3 ns (Figure 2 and Supporting Information)
correspond to the triplet-state transient absorption spectra. In
addition to the expected spectral features in the B and Q spectral
regionst#16strong NIR T,—T, absorption bands are observed
for both the DD and DA compounds. These NIR 7T,
transient signals bear features in common with that elucidated
for a nonfluorescennheseto-mesdbutadiyne-bridged bis[(octa-
B-alkylporphinato)zinc(ll)] compleX? though the absorption in

the DD compound is both more intense and more red shifted.
Interestingly, the entire transient spectrum observed at a 6.3 ns
delay for DA (Supporting Information) exhibits significantly
diminished relative intensity with respect to that obtained for
DD, consistent with disparate excited-state dynamics in these
two meseto-mesoethyne-bridged bis(PZn) complexes (vide
infra).

The spectral changes following electronic excitation that
are associated with the Soret band region are small relative to
that observed at lower energy; note that the Soret spectral
bleaching signature evolves little with time and is consistent
with a first-order B-state electronic structural description for
these species in which excitonic interactions drive primarily the
mixing of PZn electronic statéd3.1315As the delocalized states
associated with the-polarized Q and the NIR;S*S, transitions
exhibit the most significant relaxation dynamics, we focus our
analysis on the transient signals in these low energy spectral
windows.

DD Spectral Hole Burning Experiments. A. Q-band
Dynamics.Because of ground-state conformational heterogene-
ity, a spectrally narrow Qstate excitation pulse burns a hole
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within the conformeric distribution; spectral diffusion in both increase in absorption amplitude over these same delay times
the ground and excited states thus plays a key role in the time-is observed wheex = 673 nm (Figure 3A). The direction of
dependent evolution of the transient spectrum. Optical pumping the band maximum shift over this time window also depends
on the blue side of thBD Q, manifold ex = 673 nm; Figure on the excitation wavelength: 2 nm blue and red shifts occur,
3A) excites distribution ground-state conformers that feature a respectively, for 673 and 711 nm excitations, indicating that
relatively large torsional angled) distribution between the  the NIR band has a slightly higher frequency for conformers
respective macrocycle least-squares planes. The Q-band regiomaving smaller interprophyryl torsional anglés These data
(650—-750 nm) transient bleach red shifts with increasing time; indicate that the oscillator strength of the—55, transition
these fast dynamics are finished withir100 ps. Note that the  increases with increasing PZRPZn conjugation (Figure 3A,
DD transient spectra obtained at the 130 ps delay for both  B); the spectral behavior observed for the 985 nm transient over
blue @ex = 673 nm) and redex = 711 nm) Q manifold this time domain is in complete agreement with previously
excitations are identical (Figure 3A, B). discussed expectations fog-State structural relaxation associ-

In a case where the excited-state conformeric torsional angularated with the interporphyryl angulag) distribution equilibra-
distribution is similar to that of the ground state, excitation on tOn.
the blue side of th®D Q, manifold initiates spectral diffusion C. Global Analysis. Identical characteristic relaxation times
in the ground state toward structures having larger interporphyryl of ~30 ps are obtained from global fitting of the NIR band
torsional angle®, while excited-state spectral diffusion gives transients for both excitations. All transient signals evince a
rise to a distribution of structures featuring a smaller average slowly decaying component (1.12 ns) that corresponds to the
torsional angle between the macrocycle least-squares planes. intrinsic S-excited-state lifetime. The 30 ps component is thus
Such relaxation (equilibration) processes would result in a red attributed to the conformeric interconversion time between
shift of both the ground-state bleach and stimulated emission populations of structures that differ with respect to their
signals in the fast time domain € 100 ps). Moreover, as the  interporphyryl torsional angles; the time constant for spectral
DD conformers having smaller torsional angtesould possess evolution coincides with that determined earlier from single-
larger transition moments, the bleach and stimulated emissionwavelength pump-probe transient anisotropy measurements
spectral signals would be expected to increase in amplitude.obtained for an analogouseseto-mesoethyne-bridged bis-
While the red shift of the Q-band transient spectrum is observed [P(Zn)] complex featuring unelaborated 10- and 20-phenyl rings
as expected (Figure 3A), there is a decrease of the amplitudeand is consistent with its previous assignment to interporphyryl
of the transients over the 0.4-to-100 ps time domain (opposite "ing torsional dynamic#? It is interesting that the NIR band
to the expectation), suggesting the existence of another excitedfrequency appears to be relatively insensitive to the extent of
state relaxation process. interporphyryl conjugation, as seen by the modest 2 nm shift

Excitation on the red side of tHBD Qx manifold (lex = 711 of the absorption maximum that occurs with excited-state
nm) gives rise to different early time dynamics (Figure 3B). structural eqwh_bra_mon (vide infra). Whate_ve_r additional relax-
Note that there is no energy shift of the bleach minimum at &0n process is important to the description of the Q-state
705 nm; this spectral feature only decreases in intensity anddynamics thus has apparently little impact on the time-dependent
broadens (33%) with time. As a 711 nm pulse would be Pehavior of the $=5, transition.
expected to excite distribution ground-state conformers that [N contrast to the NIR absorption band, a global fit of the
feature a smaller average interporphyryl torsional angle with time-dependent Q-band transient bleach dynamics for 711 nm
respect to 673 nm excitatidh, spectral diffusion occurs in excitation (Figure 3B) evinces four relaxation processes: 270
the ground state toward structures having smaller interpor- = 120 fs, 1.94 0.5 ps, 30+ 5 ps, and 1.12t 0.2 ns. While
phyryl torsional angles, while excited-state spectral diffusion ~ the 30 ps and 1.12 ns components correspond, respectively, to
gives rise to a distribution of structures featuring a larger average Interporphyryl torsional dynamics and the intrinsic excited-state
torsional angle ® between the macrocycle least-squares In‘etlm_e, the two uItra_lfast components are very close to the
planes. Provided gross differences do not exist between the€xperimentally established THF solvent relaxation times<(
ground- and excited-state torsional angle distributions; such 230 fs (44.7%);72 = 1.52 ps (55.3%)7average= 0.94 ps):®
equilibration processes would drive blue shifts of the ground- €ongruently, an analogous fit of the transient data obtained for
state bleach and stimulated emission transients and decrease theff’3 "M excitation (Figure 3A) gives characteristic relaxation
respective amplitudes over the time scale of these relaxationtimes of 250+ 70 fs, 1.7+ 0.5 ps, 30+ 4 ps, and 1.12- 0.2
dynamics. While there is a significant decrease of the transient"S- The decay-associated spectra (DAS) obtained for both
spectrum amplitude with time, no blue shift is observed in the €xcitation wavelengths are shown in Figure 4. For 673 nm
experiment (Figure 3B); these data point to the existence of an excitation, all three fast components cause a red shift of the

additional excited-state relaxation process which causes a redSPectrum (Figure 4A), because of their S-like spectral shape
shift of the Q-band transient spectrum and decreases its"Which displays decay on the blue side and a rise on the red
amplitude. side of the transient. For 711 nm excitation, the DAS of the

5. Dynaric Changes nthe NR Trarsient Band The N 1128 (251 comPorent oxiut, sy shapes (e 49
transient absorption baneé985 nm) also exhibits fast dynamics; ’ L - 9 o
. . - - .. spectra are negative at the bleach minimum and positive on the
in contrast however to the Q manifold transients, this transition . . . )

o . . 1 . blue and red sides of the Q-state transient, causing time-
exhibits only a minor energy shift{+20 cnt ) and amplitude dependent broadening of the transient spectrum. All three fast
changes with time. Over the 0.4-t0-130 ps time domain (Figure P 9 P '
3A, B), Wh_en_lex :_711_ nm’ nOt_e that the NIR absorption (43) Reynolds, L.; Gardecki, J. A.; Frankland, S. J. V.; Horng, M. L.; Maroncelli,
decreases in intensity with time; in contrast, a time-dependent  ~ M. J. Phys. Chem1996 100, 10337-10354.
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. . L polarization; delay times= 0.4, 2.0, 12.6, and 130 ps: (A}x = 665 nm
Figure 4. Decay associated spectra and corresponding time constants forand (B)Zex = 720 nm. Normalized steady-state absorption and excitation

DD: (A) dex =673 nm and (B)lex = 711 nm. An inverted, normalized 156 gpectra are inverted and displayed for comparative purposes. Thick

DD absorption spectrum is shown in these figures for comparison. See text 5,5 denote spectral changes that occur with increasing time. The dotted

for details. line in part A shows the spectrum recorded at the 130 ps delay normalized
to match the analogous spectrum recorded at the 400 fs delay at the Q-band

components effect a decrease in the bleach band amplitude, a&§!éach maximum (685 nm.

the amplitude of the negative part of the DAS spectrum is larger

than that of the positive (Figure 4B). These features ofibe behavior contrasts strongly the excited-state dynamics evinced
DAS are further discussed in the analysis of the analo@s for DD, where fast relaxation processes have little effect on

DAS later. the S—% transition moment and the time-dependent contribu-
DA Spectral Hole Burning Experiments. A. Q-band tion of stimulated emission to the transient spectra remains

Dynamics.Ultrafast transient spectra recorded fioeseto-meso essentially constant.

ethyne-bridged bis[PZn] complé&XA exhibit more pronounced B. Dynamic Changes in the NIR Transient Band Signifi-

time-dependent changes than were evinced in the anal@ous cant dynamics are observed in tb& NIR band (~935 nm).
spectra (Figure 5). WheDA is excited at 665 nm (Figure 5A),  In contrast to the analogou3D transient spectra, where only
the position of the Q transient bleach does not shift with small amplitude changes and minor energy shifts of theS
increasing time; in contrast, when this species is electronically transition are evident over the 6:430 ps time domain, the
excited on the red side of the absorption band (720 nm), the Q DA NIR band (Figure 5A, B) exhibits a time-dependent decrease
bleach signal shifts to the blue (Figure 5B). Similar to the in amplitude and substantial blue shift (240 Tmiex = 665
dynamics observed f@D, evolution of theDA transient spectra  nm; 150 cnt?, Aex = 720 nm) during the initial 100 ps following
is complete within~100 ps of the pump pulse. In addition to  excitation. Similar to thédD NIR transient dynamics (Figure
the spectral features evident in Figure 5 that derive from spectral3), the frequency of theDA NIR transition is larger for
diffusion, other relaxation processes clearly play a significant conformers having smaller interporphyryl torsional angles
role in theDA dynamics. [Amax (S1—Sn) = 953 NM fex = 660 NM), 945 NMAex = 720
Figure 5A @ex = 665 nm), in addition to showing that the nm)] in the initially probed electronically excited state (0.4 ps
Qu transient bleach exhibits little time-dependent spectral shift, delay). Assuming for these two excitation wavelengths that
highlights that this signal exhibits a 2-fold decrease in amplitude spectral diffusion shifts the NIR absorption maximum in
and loses intensity on the low energy side of the band over the opposite directions to the same extent (as was observ&lfpr
0.4-t0-100 ps time domain. This latter effect causes narrowing we find the magnitude of the blue shift caused by additional
of the transition and is significant, since spectral diffusion alone excited-states relaxation process 4s195 cnt!, while the
would be expected to give either (i) a slight red shift of the spectral diffusion contribution is-£45 cnt™.
band with an increase of amplitude (as was observed for 673 Similar to theDD transient spectra, tHeA Q-band spectral
nm excitation ofDD) or (ii) at least peak broadening without region exhibits more significant time-dependent spectral changes
any shift. Note also that the shape of the relaxed Q-state transientelative to the NIR transition. This may derive from the fact
signal ¢ ~ 130 ps) resembles the steady-state absorption band that excited-state relaxation reduces the coupling of ireteBe
indicating that stimulated emission is strongly suppressed at thisto the less-delocalized ground state to a greater degree than this
time delay. A similar time-dependent loss of stimulated emission relaxation decouples;Swvith the delocalized, higher lying,S
intensity is evident in the Figure 5B transient specitg & excited state.
720 nm), indicating that the;S-S, transition oscillator strength C. Global Analysis. Four exponential functions are needed
is significantly diminished at time delays 100 ps. This to globally fit the DA transient dynamical data; near identical
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201 1 : : : ; : : reorientation, this component of the DAS peaks at the stimulated
1i ‘ i | ' | ' | emission maximum of the nonrelaxed excited state, diminishing
104 the stimulated emission signal. The third DAS component

] (r3 = 22 ps) shows decay throughout the entire Q-band region,

1 displaying a maximum on the stimulated emission side of the
107 band. The second and third DAS components thus effect

a 1 emission amplitude decay rather than a spectral shift. In contrast
2 201 to the analogous DAS analysis fBiD, solvent dynamics and
— 304 i excited-state structural evolution DA induce relaxation that

t decreases they'S'S, transition moment. The DAS for excitation
o 5 at 720 nm exhibit similar trends (Figure 6B), with the fastest
; inertial component causing a blue shift of the bleach band
= - — maximum and a slight increase in the spectral width and the
E second and third spectral decay components effecting a decrease
< 51 S A of the stimulated emission signal and further contributing to

_10_' Ykl the time-dependent blue shift of the bleach band.

. 11'=272 fs The data displayed in Figures-8 evince the key roles played
151+ :2: ;-275983— by solvational dynamics and conformational equilibration in the
20 oo A T=117 237 time-dependent inhomogeneous broadening oDtbeandDA

' i Q-state bleach signals. While the subset of molecules excited

T v T v 1 v T W T v T M T v T
620 840 663Va32?en;?,? ,n7r$]° 740 760 in theseDD and DA hole burning experiments each possess
nonequilibrium interporphyryl dihedral angle distributions and
Figure 6. Decay associated spectra and corresponding time constants forunrelaxed solvation shells, fundamental differences exist be-
DA: (A) Zex = 665 nm and (B)lex = 720 nm. An inverted, normalized  tween these species regarding the nature of the dynamics
DA absorption spectrum is shown in these figures for comparison. See text . . .
for details. associated with the fast andrs spectral decay time constants.

In contrast toDD, these two decay components not only
contribute to ground- and excited-state conformational equilibra-

characteristic times were obtained from fitting the transient data tion in DA but also effect excited-state relaxation that causes a

obtained at the two excitation wavelengths (feg. = 665 nm, sharp decrease in the emission dipole moment. Given the
71 =270+ 60 fs,7, = 1.7+ 0.4 ps,73 = 20 + 6 ps, andry electronically asymmetric structure BYA, it is likely that the

= 1.17+£ 0.1 ns; fordexc = 720 nm,7; = 272+ 60 fs, 7, = observed loss of emission amplitude correlates with a time-
1.7+ 0.3 ps,13 = 22.5+ 4 ps, andry = 1.17 + 0.1 ns). dependent increase of excited-state polarization. Solvational
Analogous to the characteristic relaxation times evince®foy processes associated with the longer time scale THF solvent

the two fastest time constants correspond to established THFrelaxation ¢,) stabilize DA excited states with larger dipole
solvational dynamic$? The 22 ps time constant is comparable moments, thus decreasing the—SS, transition oscillator
in magnitude to the evaluated time constant for torsional motion strength. The third fasbA spectral decay timer§ = 22 ps),
in DD (75 ~ 30 ps). The differences in the magnitudes of these assigned to torsional dynamics about the PRZn meseto-
DD and DA 73 values I|ke|y derive from the dissimilar mesoethyne bond' also effects a diminution of the—&
hydrodynamic volumes of thé and A porphyrin meso  emission dipole strength (Figure 6A, B). The origin of this
substituents (3,5-bis(3,3-dimethyl-1-butyloxy)phenylDnvs unusual effect derives from an apparent strong coupling of
heptafluoropropyl inA).* _ ~ solvent-induced excited-state electronic relaxatio®# with
The DA Q-state bleach region DAS for 665 nm excitation sypplemental structural relaxation; these relaxation dynamics,
are shown in Figure 6A. The fastest componeriti negative  which are absent in thBD case, serve to drive formation of
on the blue side of the band and positive at the red side, driving an excited-state conformeric distribution having an increasingly
a bleach band .red Sh|ft. B.ecause the fast |nert|a! SOlVat!OnaI smaller mean interporphyry| torsional a_ng|e throughout the 0.4-
component derives primarily from solvent electronic polariza- t5-100 ps time domain. The dynamics associated withzthe
tion, these dynamics serve to preferentially stabilize the Q state,andr; time constants thus exhibit a type of positive feedback:
component £, = 1.7 ps) is associated with solvent dipole  gojvent dipolar reorientation is possible, increasing the polariza-
(44) The evaluated structural relaxation times arDD = 30 ps an;DA = tion of the .S_State E|eCtr0m.C \.Nav.e function, which I.n turn
22 ps) can be compared to that determined for a relB@dspecies, bis- makes possible augmented diminution of the PRZn torsional
[(5.5-10,20-diphenylporphinato)zinc(I)lethynBI'; for z5, DD'= 30 ps), angle and even larger excited-state electronic polarization

from single wavelength pump-probe transient anisotropy experintente . .. . .
DD’ PZn—PZn torsional dynamics were determined in 10:1 chloroform/ energetically favorable. This time-dependent increase in the

pyridine!®> While the hydrodynamic volume of th®D' 10- and 20- ; _ i~ dictribiiti
substituents is less than that expresse®Dby note that the solvent viscosity dlpO_l_aI‘ CharaCt_er of thBA S;-state electronic dls_trlbutlon opens
of 10:1 chloroform/pyridine is slightly larger than that for THF®.61 vs additional excited-state decay channels which decrease the

0.55 cP); furthermore, the hydrodynamic volume of B’ PZn units is ; . ;
augmented because of the presence of a strongly ligating pyridine Lewis oscillator _Strength of the ;5-S transition relative to that
base. While it is difficult to take into account all these factors quantitatively, observed in thdD case.

we conclude that the evaluated torsional dynamics D&, DA, and . . . .

DD’ are in agreement and consistent with the expectation that hydro-  Spectroscopic Signatures Correlated with Equilibrated
dynamic volume and solvent viscosity are primary determinants of the ; iotribiti

conformational mixing rate constant for this class of conjugated multi- DD and DA Confqrmenc Dlstrlbutlons_. The Shape of thBA
porphyrin compounds. low energyx-polarized Q-state absorption band differs from that
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moment is predicted to peak at an interporphyryl dihedral angle
close to 30; likewise, this analysis suggests that the emission
dipole strength decreases (i) substantially at smaller torsional
anglesy because of the increased charge transfer (CT) character
of the transition and (ii) slightly at larget values because of
diminished PZr-PZn electronic delocalization in they @nd

S, states. This effect likely plays a key role in determining the
shape of the low energy-polarized Q absorption band, which

is much more symmetrical iDA relative toDD (Figure 1);
note that an analogous dihedral-angle-dependentSgtransi-

tion moment analysis for thBD dimer (data not shown) shows

i:gf%_'_'\_,\\B much less variance in the extent af-85 FC overlap, consistent
] S, (FC state) with the comparatively abrupt decrease in the extinction
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é 3.5 DA coefficient with increasing wavelength observed on the red edge

g gg: of its Q transition (Figure 1B).

2 2.0] M Excitonic interactions play a prominent role in determining

& "'1'0""2'0""3'0” i 0' ”5'0"'6' '0”'7'0""8'0""9'0 the conspicuous B-band {SS;) spectral features in these
Dihedral angle (0) / degrees compoundg2131516As discussed previoush;13151%he shape

and energy of thex-polarized, sharp B-state transition is not
gigure 7. d(A) A ?Omp_afiso? ?}f ComPUte? fe'élltivg heats 0‘;] formation  sensitive to the PZAPZn torsional angle distribution about the
etermined as a function of the torsional angie etween the respectlve ~ . . . :
(porphinato)zinc(ll) least-squares planes of DB and DA compounds. mesetq mesocethyne bond. (;onsstent with this, the red shifted,
(B) Permanent dipole moments calculated @A in the ground and x-polarized B-state absorption component of Big and DA
Franck-Condon excited states as a function of the interporphyryl torsional spectra does not show significant spectral diffusion dynamics
angle. See text for computational details. (Figures 3, 5). In contrast, for the higher energy B-state

absorption envelope, which features significant contributions

of the DD dimer (Figure 1). Semiempirical calculations (AM1 ~ fromy-polarized transition&.1*1>%oth the transition moment
method) suggest that the lowest energy ground-state structure2Nd transition frequency depend intimately on the magnitude
for DA possesses a smaller interporphyryl torsional angle than Of the torsional angle between the PZn least-squares planes;
that for DD (Figure 7). If steric clashes between the porphyryl consistent with thisDD and DA manifest fast dynamics at
B hydrogens that flank theneseto-mesoethyne bridge were ~ Wavelengths<450 nm (Figures 3, 5).
absent, as in the case for analogous butadiyne-linked bis[Pzn] Solvent dynamics clearly play an important role in bbb
specied2-14 3 structure in which the interporphyryl torsional andDA spectral evolution. While it is unusual to observe such
angle 6 corresponded to Owould have the lowest energy. dynamics for a symmetric chromophore such [2B, it is
Because of increased ruffling meseperfluoroalkylporphyrin consistent with electroabsorption experiments (77 K, 2-methyl-
macrocycles relative to their simple phenyl-substituted ana- THF glass) that evince that similareseto-mescethyne-bridged
logues’™39.45 dihedral-angle-dependent steric interactions are Pis[PZn] compounds exhibit B- and Q-stat@e values on the
reduced inDA relative toDD (Figure 7A), consistent with the ~ order of~2 D'®and a variety of spectroscopic and theoretical
computation of DA minimum energy structure which possesses analyses of these species and closely related compounds that
a torsional angle 9less than itDD counterpart. These AM1 indicate that their singlet excited states possess some cumulenic
calculations predict interestingly that, &A interporphyryl charactef»1315.164650 The fast solvational dynamics observed
torsional angles less than the°2&nergetic minimum, thé for DD, coupled with the dihedral-angle-dependent-So
porphyrin macrocycle undergoes increasingly larger amplitude transition moment analysis, are also consistent with a time-
ruffling distortions; this augmented ruffling that occurs ~ dependent change of the magnitude\pf,e the analogous data
concomitantly with decreasirA interporphyryl dihedral angle ~ obtained for electronically asymmetiiA, in which theA PZn
serves to decrease the ground-state dipole momggtit this fragment frontier orbitals (FOs) lie-0.3 eV lower in energy
bis[PZn] compound by~1 D (Figure 7B). Estimation of the  relative to theiD PZn fragment FO counterpaf&3”-3indicate
dipole moment associated with the Branck-Condon (FC) that the change in dipole moment between the corresponding
state (approximated as a one-electron excitation in a restrictedconformationally equilibrate®A S, and § states is substan-
HF computation in which the minimum energy ground-state fially larger.
structure was not reoptimized) suggests thatchanges little Estimation of the DD and DA Transition Moments. The
(on the order of 1.5 D) as the interporphyryl dihedral angle ratio of the Q-state transition moment&s = MPPe.o/MPA¢ o)
decreases from 9Qo 0° (Figure 7B) As a resun, the d|p0|e for DD and DA can be estimated from the absorption and
moment Change between ground and excited FC states increasérniSSion Spectra. The Q'State transition moment ratio obtained
with diminishing values of the dihedral angle (Figure 7B). These . — . . )
calculations thus predict a dihedral-angle-dependent energetic®® oo S M. Guat s Dagadioys G- Wang, C. H Therien, M.
Sp||tt|ng of the $ and § potentia| energy surfaces and a (47) Priyadarshy, S.; Therien, M. J.; Beratan, D.JNAm. Chem. Sod.996

)

. . . 118 1504-1510.
correspondingly sensitive dependence in the FC overlap for the sg Ka?ki, L.: Vance, F. W.; Hupp, J. T.; LeCours, S. M. Therien, MJJ.

— i iti — iti Am. Chem. Sod998 120, 2606-2611.
Sr—So electronic transition. Thus, thBA S~ transition (49) LeCours, S. M.; DiMagno, S. G.; Therien, M.JJ.Am. Chem. S0d.996
118 11854-11864.
(45) Wertsching, A. K.; Koch, A. S.; DiMagno, S. G. Am. Chem. So2001, (50) LeCours, S. M.; Phillips, C. M.; dePaula, J. C.; Therien, M. Am. Chem.
123 3932-3939. Soc.1997 119 12578-12589.
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from electronic absorption spectral datg) is 1.082° The oscillator strengtix-polarized B-state absorptive manifdit,16
corresponding transition moment ratio can be calculated from S;—S, electronic excitation likely either populates directly the
the fluorescence spectrum using eg1. S, level or a close-lying singlet state that can relax to a B-state

within the ultrafast time domain. While these spectral properties

12 are unusual with respect to other types of porphyrin-based

oS FOI O

M|y = 1785. 3 1) multipigment structures, it is noteworthy that they bear features
n”f(n) f Fv)v > dv in common with a variety of light-emissive semiconducting
polymers?53-55
The ratio of transition moment; is determined by eq-24, DD andDA exhibit significant dynamics in both the Q-state

and NIR spectral domains. Transient anisotropic dynamical
studies establish that the respectipolarized Q (5—S;) and
) NIR absorptive ($—S,) transitions of these species are mutually
parallel and directed along the highly conjugated axis defined
by the ethyne moiety. The excited-state dynamics of these
3) species are determined by four characteristic times that cor-
respond to the solvent inertiat,) and dipolar {2) relaxation,
interporphyryl torsional motionzg), and the intrinsic excited-
state lifetime {4). When these species are optically pumped on
op° IT V(1 — 10 Pow) the red side of the Qtransition, theDD characteristic decay
OO Fo) . (1 10°%) (4)  times are 270+ 120 fs, 1.9+ 0.5 ps, 30+ 5 ps, and 1.12¢
"= 0.2 ns, while the analogou3A dynamics evince; = 272 +
v 60 fs,7, = 1.7+ 0.3 ps;t3 = 22.54 4 ps, andrs = 1.17+ 0.1
ns.

whereDpp andDpa are optical densities of the two samples at ) o
the excitation wavelength. THBD/DA fluorescence quantum While the subset of molecules excited in théx@ andDA

yield ratio (eq 4) is 2.94, with the corresponding ratio of hole burn|n_g experlments_ea_ch possess nonequilibrium |nter-
radiative rate constants equal to 3.1. Baevalue thus equals porphyryl dlhgdral angle d!strlbutlons and unrelaxt_ad solvatlo_n
1.7, which is 1.6 times larger tha. If there were no electronic ~ Shells, key differences exist between these species regarding
relaxations in théA S, excited state, the ratio of the absorption the nature of the dynamics associated with the fasindzs
and emission transition moment&(&q) should be unity; this spectral decay tlme.constants. Analyses of the depay associated
analysis of steady-state absorption and emission data shows thatPectra (DAS) obtained fddD andDA show that, in contrast
excited-state relaxation iDA suppresses theySS, transition 10 the DD case, these, and 73 decay components not only
moment and the consequent emission transition probability, by contribute to ground- and excited-state conformational equilibra-

factors of 1.6 and 2.6, respectively. tion in DA but also effect excited-state relaxation that causes a
sharp decrease in the emission dipole moment. Solvational
Conclusions processes associated with the longer time scale THF solvent

relaxation ¢,) stabilize DA excited states with larger dipole

Time-resolved polarized pump-probe spectroscopic studiesmoments, effecting increased excited-state polarization and a
show that the excited states ofeseto-mesoethyne-bridged  concomitant decrease in the-SS transition oscillator strength.
bis[(porphinato)zinc(Il)] compound®D and DA display a  Interporphyryl ring torsional dynamicsy = 22 ps) serve to
number of unusual spectroscopic and dynamic properties. Anaugment the extent of (porphinato)zinc¢t{porphinato)zinc(ll)
intenseNIR S$;—S, absorption defines the most remarkable (Pzn—Pzn) conjugation inDA and thereby increase the
transient spectral feature evinced by these species; such excitedmagnitude of charge resonance interactions in the electronically
state singlet manifold transitions have thus far lacked precedentasymmetric supermolecular chromophore. This strong coupling
in multiporphyrin compounds. ThBD andDA NIR transient  of solvent-induced excited-state electronic relaxatiobAnwith
absorption bands evince oscillator strengths of similar magnitude supplemental structural relaxation, which is absent inDige
to the B-state manifold bleach (Figures-2, 5); equally case, not only drives formation of an excited-state conformeric
noteworthy, the respectiverSS, absorption maxima of these  distribution having an increasingly smaller mean interporphyryl
conjugated supermolecules 1e3400 cn* (0.42 eV) to the  torsional angle over the-220 ps time domain, but the dynamics
red of their corresponding fluorescence emission bands, sug-associated with the, and 73 time constants exhibit positive
gesting thatDD and DA, as well as related structures within  feedback with respect to the time-dependent evolutioDAf
this class of conjugated chromophoric supermole€tiean be  electronic and topological structure. As the mean interporphyryl
electronically excited at energies significantly less than the dihedral angle decreases, further solvent dipolar reorientation
S—S; optical gap. Furthermore, the absorption wavelength occurs, increasing the polarization of thesgate, which in turn
maxima of theDD and DA $;—§, transitions (forDD, ~985 makes possible augmented diminution of the interporphyryl
nm, 1.26 eV; forDA, ~950 nm, 1.30 eV) indicate that the torsional angle and an even larger excited-state electronic
energies of the corresponding-SS;, absorptions are-3.1 eV; polarization energetically favorable. It is worth noting that many
as this energy~400 nm) lies slightly to the blue of the high
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chromophores are known to undergo excited structural relaxationtime domain; and (iii) whereas the time-dependent contribution
following photoexcitation that effects changes in emission of stimulated emission to the transient spectra remains essentially
transition moment direction and strengfh®® while it seems constant foiDD, excited-state relaxation DA diminishes the
likely that these systerfs5° would also exhibit a similar type  time average S-S transition oscillator strength by nearly a

of positive feedback with respect to structural and solvational factor of 3 with respect to that manifest BD.

relaxation dynamics, the combination of substantial emission  Thjs work shows that the time-dependent coupling of ground-
oscillator strength with a large polarizability DA makes such g excited-state potential energy surfaces in highly conjugated
an effect readily discernible for the first time. multichromophore systems can be modulated and provides
These fasDA dynamics indicate a substantial time-dependent ,qgitional understanding into how electronic structure modifica-
change of the magnitude ofuge and are consistent With o can be used to alter independently the properties of ground
computational studies that indicate that the-Sp transition and excited states. Such insights can potentially be exploited
moment of this species decreases S|gn|f|cant!)y when the 1 ongineer the magnitudes of the polarizabilities, hyperpolar-
|_nte_rporphyryl dihedral ang_lt_a IS reduced below®3These izabilities, as well as the singlet-excited-state and charge-transfer
findings underscore a sensitive dihedral angle dependgnce Ofcharacteristics of highly conjugated multichromophoric materi-
the Franck-Condon overlap for th®A S; and $ potential als.
energy surfaces and account for the facts that (i) the Q
absorption oscillator strengths of the most plaD&r conform-
ers, in contrast to the case fDD, are reduced with respect to
conformers featuring larger torsional angles between their
respective PZn least-squares planes; (ii) while the oscillator
strength of theDD NIR S,—S, transition increases with the
time-dependent increase in PZRZn conjugation, the corre-
spondingDA transition probability diminishes over the 20 ps
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