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We present a study of the electronic, photophysical, and picosecond excited-state relaxation characteristics of
a class of derivatives comprised of multiple bipyridylboronium acceptors covalently linked to a ferrocene
donor. These compounds exhibit a broad visible absorption band, which we attribute to a metal-to-ligand
charge transfer transition between the donor and the acceptor. A comparison of optical absorption,
spectroelectrochemical, and theoretical results confirms the assignment of the band and provides information
on the degree of electron delocalization between the donor and the acceptor. Picosecond transient absorption
measurements reveal that the back-electron transfer relaxation is critically dependent on the structural flexibility
of the bridging bonds between the donor and the acceptor. In the case where the acceptor substituents are
free to rotate about the bridging bonds between the boron and the cyclopentadienyl rings of the ferrocene, a
significant portion of the excited state decays directly back to the ground state on a time scdlg p§,

whereas in the case where an additicaradabridge that connects acceptor substituents enforces a more rigid
conformation, the ground-state recovery proceeds only er880-ps time scale. This demonstrates the
importance of conformational degrees of freedom for the internal conversion and back-electron transfer in
these systems.

Introduction despite the fact that many interesting excited-state phenomena
Optically induced charge transfer (CT) has a central role in have been observed in other organometallic CT compotings.

many fundamental processes, such as those in biological " this paper, we present a study of novel organometallic CT
systems: 3 as well as being a functional mechanism in various OMPounds that are composed of a Fc donor and multiple
areas of optoelectronics, such as solar ééljshotoconductofs’ organic (bipyridylboronium, B-bipy) acceptors, connected by
and nonlinear optical devic&Of particular interest are materials ~ 2r1dging bonds between C atoms on the cyclopentadienyl (Cp)

that contain organometallic moieties, e.g., ferrocene (Fc), which [iNgs and the 4-coordinated B atom (see structdre§ 2-X,
possess desirable qualities because of their ability to exist in @1d3—7 in Figure 1), which have previously been characterized

different stable oxidation and spin stafemd the ability to tune Y NMR, electrochemical, and crystal structure analgsi2
their properties by a suitable choice of substituéniéSeveral ~ The spontaneous formation oFl bonds allows one to achieve

detailed studies exist on Fc-donor organic-acceptor metal-to- SOPhisticated target structures less readily accessible using
ligand charge transfer (MLCT) compounds in the context of conventional organic methodologlgs. This approach has been
nonlinear materials, where the donor and the acceptor areSuccessfully applied in the synthesisasfsametallocene®2’
connected via conjugated brid§é313 and both the highest and oligometallic complexe®;?® which are related to the
occupied molecular orbital (HOMO) and the lowest unoccupied Prototype monomers presented here. Because these compounds
molecular orbital (LUMO) are delocalized over the entire Can undergo reversible oxidation and multiple reduction steps,
structure. Although these studies have covered a large numbethey potentially allow electronic switching of their (nonlinear)

of various organic acceptors, as well as the use of other bridging®Ptical properties. We are interested in electronic interaction
units (e.g.,—~C=N—1419, there is still much scope for the and optlcal excitation across the-Bl bonds, especially in terms
development of new materials. Moreover, only very few studies ©f their use as versatile linkers between electron donors and
exist on the excited-state photophysics and relaxation of the POlymers that exhibit strong electronic and magnetic correlation

MLCT states in Fc-donor organic-acceptor compowids, ~ Phenomend The properties of BN bonds when incorporated
into molecular assemblies still are not fully understood, although

* Author to whom correspondence should be addressed. E-mail ad- the basic properties of BN bonds have attracted several recent
dress: roskos@physik.uni-frankfurt.de. theoretical studiedt—35
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&Fj /o /0 (solid) andX = PFs~ (dashed).
EC= =>4 . .
@B\\N | ®L\NQ compounds allows us to isolate the effect of structural rigidity
NQ jj Q of the bridging bonds between the donor and acceptor groups.
Q <<= From the picosecond transient absorption measurements of
6 the back-electron transfer (bET) dynamics for the derivatives
5 2-PFg, 5, and 6, we find that the structural flexibility of the
2(PFg) bridging bonds between the donor and the acceptor strongly
CoH1g ® /M: affects the rate and mechanism for the bET. Specifically, in the
Cois_ (Q [=>—B case of compoun@-PFs, a significant fraction £45%) of the
QN |Fe L NQ excited ensemble relaxes directly back to the ground state with
N\n\s@ Q) CeH1g a time constant of 18 ps, whereas for compo&nthe ground-
ud @ state recovery occurs only on a much slower time scale
; CHo (~800 ps).

Figure 1. Ferrocene-donor bipyridylboronium-acceptor and control
compounds under study here. (For compouddX and 2-X the
counteranion is X = PR, or Br. Note that, unless otherwise
specified, R= CHjs in the text.)

UV —Vis Absorption Spectra

Figure 2a shows the UWVis absorption spectra df-Br and
of ferrocene, 2,2bipyridine, and compound (all in CH3CN),
for comparison. Fot-Br, two dominant absorption bands can

_Here, we combine UVVis, spectroelectrochemical, and g resolved: one is centered at 310 nm, and a broad visible
picosecond transient absorption measurements with theoreticahysorption band with a peak near 500 nm is observed.

calculations, which confirm that the observed visible optical Comparison with the spectra of 2ipyridine and3 shows
transition corresponds to a through-bond MLCT transition tnat this UV band at 310 nm corresponds to a modified*
between the Fc and B-bipy units. Comparison of the derivatives ransition between states localized on the B-bipy substituent,
2-PFs, 5, and6 allows us to determine how the MLCT transition  \ith the absorption peak df-Br and 3 red-shifted some 35
and excited-state evolution are affected by certain structural andnm (2900 cmy), relative to 2,2bipyridine, because of the
electronic factors. For the compounti®Fs and2-PFs, NMR modification of thexr andz* energy levels resulting from the
measuremer#3indicate that the uncoupled acceptor groups are increased electronegativity of the boron-coordinated N atoms.
free to rotate about the-BC(Cp) bridging bonds. In the case  The origin of the broad visible band is attributed to an
of compounds and6, the CH; groups at the B-sites have been  jntramolecular MLCT transition from orbitals concentrated on
replaced by an O atom that forms a bridge between the B atomsthe Fc donor into those of the B-bipy acceptor, based on the
of each B-bipy acceptor group, such that the electronic environ- following observations. As shown in Figure 2b, the character
ment is relatively similar between the two compounds, as of the visible band is almost independent of the counteranion,
evidenced by cyclovoltammetry measureméhtsiowever, and the absorption strength increases in proportion with the
NMR measurement$? reveal that the rotational freedom of  number of acceptor substituents (also confirmed for the case of
the B—C(Cp) bonds in thansaform (5) is suppressed, whereas four acceptor substituent$max = 540 NM,emax = 1700 ML

for the diferrocene compoun@)( this degree of freedomis still  c¢cm™%; see ref 23). Although this would be consistent with a
retained. Electrochemical measurements for both derivaSives transition localized on isolated B-bipy chromophores, this is
and6?425suggest a moderate amount of electronic communica- ruled out by the absence of any absorptive feature in the Vis
tion between the B-bipy groups across this bridge, so that theseregion in the spectra of compour@ Moreover, previous
compounds allow the study of the effect of electronic coupling synthetic studie have shown that the visible transition is absent
between acceptors on the CT states. A comparison of the twoin compound, where the C-C bond between the two pyridine
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onstrating negative solvatochromism and decreasing absorption strength

with solvent polarizability.

rings has been removed (which has the effect of strongly
degrading the electron-accepting quality of the substituent
without posing any significant changes in the structural or

electronic environment seen by electronic states localized on

the Fc unit). This rules out the possibility that the transition
only involves orbitals that are localized on the Fc unit.
Figure 3 shows the effect of solvent interaction on the
absorption spectra fat-Br, which shows a marked negative
solvatochromism in going from GJ&N to H,O (Av = 780 cn1?!
for 1-Br andAv = 710 cni* for 2-Br). This behavior has been
observed for CT transitions in similar cationic spedés,
contrary to the typical positive solvatochromism of CT transi-

tions in neutral species, and is to be expected, based on the
fact that the ground state in these cationic species is actually

more polar (and, hence, more strongly stabilized by polar
solvents) than the CT excited state. Moreover, the strength of

the transition decreases as the solvent polarizability increases,
which suggests that the solvent interaction causes a Stokes shift
between the ground state and the excited state, which affects

the Franck-Condon factor for the transition. Given these
observations, we also attribute the small red-shift of the
absorption band of compour#X, relative to compound-X

(Av = =349 cm! for X = PFg™), in Figure 2 to a reduced
stabilization of the ground state in compou2«X, because of
the reduction in polarity, which results from the symmetric
positions of the two acceptor groups.

To better resolve the MLCT band from the absorptive
shoulder on the blue side, we fit the low-energy portion of the
band with a single Gaussian functiarfy),3® which, as shown
in Figure 4, reproduces the resolvable portion of the band
exceptionally well, yielding a full width (at half-maximum) of
Aviynm = 6330 cnT?, and an estimate for the oscillator strength
of f ~ 0.014%7 Subtracting this fitted Gaussian from the total
absorption spectrum vyields a physically acceptable residual
absorption profile (see Figure 4), which shows evidence for
another absorption band with an absorption maximum near 380
nm that is partially resolvable from the onset of the 310-nm
B-bipy UV absorption band. The fact that the low-energy portion
of the MLCT band fits very closely to a single Gaussian function
suggests that only a single electronic transition is involved,
although the question arises as to the origin of the strong line
broadening (see below).

Figure 5 displays the absorption spectra for compo2rBs,

5, and6 (in CHzCN), which all exhibit a similar MLCT band.
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Figure 5. MLCT absorption spectra (solid lines) of (a)PFs, and the
B—0O—B bridged-acceptor compounds ®pand (c)6 (all in CHs;CN)
relevant to the electrochemistry and transient absorption measurements.
Also shown are the single Gaussian curves fitted to (- - -) the low-
energy side of the absorption band and-(—) the residual absorption.

compound5 (Amax = 532 nm) and compounf (Amax = 554
nm) are red-shifted, relative to compoudéPF; (Av = —785
cmtandAv = —990 cnt?, respectively), which is indicative
of an increasing stabilization of the acceptor LUMO in these
compounds, because of the aforementioned electronic com-
munication between acceptors across-t@@— bridge. We note
that the absorption band of a derivativelePFs with R = —OH
is significantly less red-shiftedlfax = 523 nm), which rules
out the possibility that the effect is purely due to the electron-
withdrawing effects of the O atom. For compourti®Fs and
6, the lower-energy side of the MLCT band is still very closely
Gaussian, with fitted fwhm widths very similar to that bBr
(Aviwnm = 6260 and 6240 crt for compound<2-PF; and 6,
respectively), whereas for the case of compo&Gnthe fwhm
is reduced by~10%—15% (Avsnm = 5500 cntl) and slight
deviations from a Gaussian form are evident.

Three main mechanisms could be responsible for the broad,

featureless MLCT band, which we discuss, in turn, in the
following.

(1) Given the significant rearrangement of the electronic

As can be seen, the visible absorption band peaks of bothcharge distribution upon excitation, a strong interaction between
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. ) L Returning to Figure 5, we also note that, for compou2ii§
Figure 6. MLCT absorption band and Gaussian fits for compo@nd

in a drop-cast polystyrene film{10 zm thick) at (a) 298 K and (b) 20 5, and®6, the relative orientation (or distribution thereof) and,_
K (note that the modulation of the curves is due to multiple pass hence, through-space separation of the acceptor groups, relative

interference). (c) Corresponding absorption for the compdHis to the Fe core, vary significantly, whereas the through-bond
crystal sample. distances are relatively const&ft2®> The absorption character

and strength are comparable for these compounds, which leads
us to conclude that the MLCT is due to through-bond coupling
between the donor and acceptor orbitals across the (RN
network, as opposed to through-space.

In terms of the relaxation of the MLCT excited states, we
note that no measurable luminescence in the range of-500
900 nm (i.e., a quantum efficiency &f0.05%) or photochem-

the solute and the distribution of local polar solvent molecules
can lead to considerable line width broadening. To remove the
role of polar solvation on the MLCT transition, we have also
performed measurements on thin polystyrene films that have
been doped with compounti(a close derivative of compound
2-PFs, only with additional nonyl chains attached to the pyridine
rings for improved solubility), which were drop-cast from a o
tetrahydrofuran (THF) solution. The measured MLCT absorption ISTY was observed upon excitation of the MLCT band for all
spectra are shown in Figure 6, both at room temperature (Seethe derivatives t.esFed, which suggests that the relax_atlon occurs
Figure 6a) and at 20 K (see Figure 6b). The MLCT absorption trough nonradiative photophysical pathways, which are ad-
band at 298 K is similar to that in solution, although somewhat dressed in the section that presents the picosecond transient
blue-shifted £max = 486 nm) and additionally broadened 2aPsorption results.
(Aviwnm = 7920 cn1?). Considering such modest changes upon
switching to the relatively nonpolar polymer environment, one
can rule out solvation as the key source of broadening. We also
note that cooling the film to 20 K leads to only very small Gas-phase calculations were performed on the monocation
changes in the absorption spectrum (with the width of the (with R = H), to substantiate and better understand the origin
spectrum actually increasing4%) and does not reveal any of the MLCT transition between the donor and the acceptor.
resolvable structure. This suggests that the width of the spectrumGeometry optimizations were performed at the hybrid density
is not associated with a thermal distribution of ground-state functional level of theory, using Becke’'s three-parameter
vibrational levels (at least for vibrational quartdl4 cnt?). functional with the nonlocal correlation provided by the Perdew-
(2) In analogy tantermolecularCT between separate donor 86 equation (B3P86) in connection with the 6-31G(d) basis set
and acceptor molecules, a distribution of relative distances and/for carbon, boron, nitrogen, and hydrog8ror iron, the SDD
or orientations between the donor and the acceptor can resultpseudopotential was used, in combination with a DZP valence
in appreciable broadening in the transition eneéfgy This could basis set?~44 This model has provided theoretical structures
be applicable for compounds$-X, 2-X, and 6, where the for ferrocene that are very close to those experimentally
unhindered rotation about the-B(Cp) bonds yields such a  determined from gas-phase measurem&énihe UV—Vis
conformational distribution. However, this degree of freedom transition energies were calculated with the time-dependent (TD)
is strongly hindered for compourtgland, hence, is unlikely to  method!6 using a 6-3%G(d) basis set.
account for the majority of broadening observed. To examine These density functional calculations predict a theoretical
this further, we have also performed absorption measurementsstructure (see Figure 7) that is very close to the experimentally
on a thin crystalline sample &-PFs (Figure 6¢), where all determined crystal structure for compouhdPFs.23 Even very
molecules share the same fixed conformation. As can be seenweak modes (for example, the conformation of theRBbond,
the MLCT band is even further blue-shifted and broadened relative to the plane of thesEls ring of the ferrocenyl group)
(Amax = 480 nm,Avsynm = 8800 cntd), ruling out the role of are reproduced by our computational model (i@(HBC!C?)
a conformational distribution. Hence, we attribute the majority = 35° (theory), compared t®(MeBC'C?) = 39.7 (experi-
of the line width to the final mechanism. ment}3). This correspondence implies that certain distortions
(3) A large displacement in the equilibria of certain modes of the structure ofL-PFs reported in ref 23 result because of
between the ground and excited states results in a broad manifoldnternal molecular forces, as opposed to crystal packing forces.

Quantum Chemistry Calculations and Electronic
Structure
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-5+ spatial overlap between the donor and acceptor orbitals. The
most intense absorption, according to the calculations, results
from excitations from the HOMOG{}2], predominantly of Fe(g)

bipyridine character, into the LUMOIQ]. This transition has a predicted
oscillator strength of = 0.0084 (which is of the same order of
magnitude as the estimate of 0.014 that is extracted from the

7] —— LUMO[0] bipyridine experimental absorption spectra). Moreover, the fact that the

transition energy predicted from the gas-phase calculation

(Amax = 618 nm) is lower than the measured value in solution

is consistent with the negative solvatochromism reported in the

—  LUMO[+2]
61— Lumor+1]

§ last section.
___  Homo In addition to the model calculations for the monocatibn

o HOMOL-1] | Feldxy. dyz) (R = H) discussed here, we also performed the corresponding
ground-state calculation for the dication (i.e., the same single-
—— HOMO[-2] Fe(d,y) acceptor compound with one electron removed), to gain a better
— HOMO[-3] ) understandir_]g of the e_:lectronic changes to be expected upon

10 HOMO[4] | cp electrochemical oxidation of an electron from the Fc-centered

—— HOMO[-5] | ColFe(dye dye) HOMO (discussed in the following segtions). These resglts

HOMO[-6] o confirm that electron removal strongly increases the binding

-11- energy of all molecular orbitals, with the frontier (Fc-centered)

Figure 8. Calculated energy diagram for the frontier orbitals of occupied molecular orbitals being more strongly stabilized than
compoundl (R = H). the B-Bipy-centered unoccupied MOs. This leads to an increase

in the energy between the HOM©R] and LUMOI[0] from 2.6

eV for the monocation to 4.9 eV for the dication. Assuming
that the error due to approximating the optical transition energies
by HOMO/LUMO energy spacings is the same for the two redox
states, this increase in energy suggests that the MLCT band
would be blue-shifted some 2.3 eV, which corresponds to a peak
wavelength 0f<300 nm (based on the experimental peak value
for 1-Br in solution of ~500 nm).

HOMO[-2] LUMOI0] Electrochemistry

Figure 9. Qualitative molecular orbital diagram for selected frontier

orbitals consistent with MLCT transitions. Electrochemical measurements allow one to extract useful

correlations between the oxidized-donor and reduced-acceptor
TABLE 1: Low-Energy Optical Transitions for 1 (R =H) species (DA and DA") and those of a weakly coupled CT
and Corresponding Dominant Molecular Orbitals Predicted excited state, which can often be well-represented as an excited
by the Time-Dependent Density Functional Theory redox pair, (D/A)*.47.48 By examining trends in the redox

TD—DFT) Calculations . o
( ) potentials versus the energy of the CT transitions for a set of

oscillator strength,  re|ated compounds, one can estimate the degree of interaction
HOMO[m] LUMO[N] Emax(€V) Amax (nm) f between the relevant donor and acceptor molecular orbitals and
0 0 117 1058 0.0006 reorganization energy upon CGYwhereas UV-Vis spectro-
:; 8 %gi 1gfg 8-88;2 electrochemistry data can provide details on the effect of CT
0 +1 208 598 0.0004 on the frontier orbitals and suggest expected spectroscopic
-1 1 211 589 0.0030 properties of the excited MLCT state for comparison, e.g., with
0 +2 2.26 548 0.0013 transient excited-state absorption measurent@@snerally, the
-1 +2 2.28 544 0.0004 range of compounds under study here readily undergo reversible
—3/-4 0 2.49 499 0.0013 oxidation and reduction steps, allowing a relatively straightfor-
—3/-4 0 2.52 492 0.0003

ward interpretation of the redox measurements. From these
An energy diagram of the calculated frontier orbitals (cal- measurements, one can also gain insight into how the linear
culated at the B3P86/6-31G(d) level) are shown in Figure 8,  and nonlinear optical properties of the system (governed by the
with selected orbitals being shown in Figure 9. The frontier MLCT) may be reversibly switched by external electronic
orbitals can be divided into three groups: (i) relatively low- means$?:51
lying molecular orbitals with main contributions from the Figure 10a and b present typical cyclovoltammetry traces of
cyclopentadienyl substituent (HOMO8] and HOMOF-4)); (i) compound-PFs and5, respectively (reported previoush?*
metal-centered orbitals, essentially of nonbonding character, but reprinted here for comparison). In both compounds, a single

which are the highest occupied orbitals (HOM]—HO- one-electron (1-¢) oxidation peak is present, &, = +0.43
MOI0]); and (iii) vacant orbitals of low energy (LUMO[6] V (2-PF) and+0.57 V (6) (denoted by “ox” in both graphs),
LUMOJ[+2]) that are centered on the bipyridine unit. which is derived from the removal of an electron centered on

Transition energies and oscillator strengths from the TD the Fc unit (note thakg, = +0.49 V for ferrocene under the
calculation are presented in Table 1. These results providesame conditions), and testifies that the presence of the acceptor
evidence that the lowest-energy optical transitions result from groups attached to the Cp rings leads to only a small perturbation
excitations from Fc-based occupied orbitals into unoccupied of the donor orbitals relevant to oxidation. At a negative cell
orbitals located on the bipyridine unit. The predicted oscillator potential, compound2-PFs exhibits two reduction waves
strengths are relatively small, most probably because of a small(denoted “red,1” and “red,2”), each of which has been shown
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to involve the addition of two electrons (one electron per
acceptor unitf3 In comparison with the cyclovoltammetry trace
of compound 1-PF; (which features two 1-e reduction

waves)?® both reduction peaks are only slightly shifted and
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Figure 12. Time-series differential absorption spectra of compound

2-PFs (DMF) upon (a) 1-e oxidation and (b) first 2-e reduction

(experimental conditions and static redox potentidls,,(Vied as

indicated in Figure 10). UV (left) and Vis (right) data are normalized

to the initial absorption band peaks as indicated. (Note that all qualitative

features were also reproduced in the corresponding measurements on

1-PFs.)

energy decreases, which is consistent with the hypothesis that
both the first reduction and the MLCT transition involve
LUMOIO0]. In contrast, the oxidation potential (Figure 11b)
shows only a weak correspondence with the MLCT transition
energy. One possible explanation for this phenomenon refers
to the predictions of the orbital calculations of the previous
section, where the results suggest that the observed MLCT band
results not from the HOMOI[O] located on the ferrocene, but
rather between the HOMG2] and the LUMOI0] on the
acceptor. Assuming that the observed oxidation (reduction)
processes involve the removal (addition) of an electron from
(into) the primary frontier orbitals (HOMO[0] and LUMOI0]),
one should only expect a direct correlation of the CT transition
energy with the observed reduction potentials.

Figure 12 shows the change in B\Wis absorption spectra
for compound2-PF; during exhaustive oxidation (Figure 12a)
and 2-e reduction (Figure 12b) (at the static potentials indicated
in Figure 10). In Figure 12a (oxidation), the increase in
absorption in the region of 36850 nm (labeled band “A”)
corresponds to an increase in the strength and reshaping of the
modifiedz—s* transition, which is associated with the B-bipy
unit (see Figure 2), because of the increased electronegativity

broadened, because of the presence of the second acceptor ung the oxidized Fc unit. The broad feature in the range 0f370

(i.e., B, = —1.02 V for 1-PFs and Ef,y, = —0.98 V for
2-PFg), which implies only a weak interaction between the
acceptor groups in compourtdPFs. In contrast, it is evident
in Figure 10b that, for compoun8, the degeneracy between

900 nm that exhibits a negative differential absorption is due
to the suppression of the MLCT band, which reflects the strong
energetic changes between the associated molecular orbitals
upon oxidation, as mentioned at the end of the theoretical results

the two electrons in each reduction step is lifted (e.g., for the section. However, several new absorptive features are manifested

first 2-e reduction,Ef .= —0.80 V, Epy 1, = —0.93 V),

in this range (which is evident from the oscillatory structure in

which indicates significant interaction between the acceptor the region labeled “B”), including a band which results in a net

units. As mentioned previously, this interaction is most likely
due to a degree of through-bond communication across @e

absorption increase, which is observed from the small positive
region of the curveAmax= 637 nm, labeled “C”). This spectral

bridge, and the additional shift to less-negative potentials is feature is in almost quantitative agreement with previous reports
consistent with the red-shift seen in the UV absorption band of the absorption changes upon oxidation of ferrocene to form

for this compound.

the ferrocenium catioP? We assign this band to a transition

To test the correspondence between the energy levels of thefrom some low-energy Fc-centered occupied molecular orbital
redox pairs and the observed CT bands, we plot the relevantinto the HOMO[O] orbital, which can accommodate one electron

redox potential data against the corresponding-Wé absorp-

tion maxima of the MLCT bands in Figure 11 for compounds
1-PFs, 2-PFs, 5, and 6. Figure 1la shows that the reduction
potential fits a linear trend fairly well (as shown); in this figure,

after oxidation.

The corresponding absorption changes upon reduction of
compound-PFs (Figure 12b) are markedly larger in magnitude.
In the UV range, one observes an almost-complete depletion

the potential progresses to less-negative values (and, hence, thef the original B-bipy absorption band (labeled “D”). Two new

LUMO is increasingly stabilized) as the MLCT band transition

bands (labeled “E” and “F”), in the range of 32600 nm,
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appear: band E exhibits one clear maximum at 374 nm, whereas
band F possesses a resolvable vibrational structure, with the
first two lowest-energy peaks at 470 and 500 miw & 1260
cm™1). These absorption bands have been repaifedreduced
[bipy-BR;]™ compounds (with aromatic or alicyclic substituents
attached to the 4-coordinated B atom); e.g., for comp@:RdFs,

the corresponding peak positions drgx = 378 nm (band E)
and 463/494 nm (band F). However, ref 53 reported that, in
the case where electron-attracting O or F ligands are attached
to the B atom, band F is significantly blue-shiftdigh{x = 422/

460 nm), whereas band E is relatively unaffected by the nature
of the ligands. We will return briefly to this point in the
following section when interpreting the excited-state transient
spectra. In the case of CT excitation (as opposed to sole
reduction of the acceptor), one would expect the Fc to become
more electron-withdrawing and, hence, produce such a blue-
shift of band F. The last feature is a broad VISIR absorption
band (band “G”). This absorption band is unlikely to result from
CT transitions from Fc onto the acceptor, which should generally
be blue-shifted upon reduction of the acceptor. Hence, we
attribute this new band to a transition localized on the reduced

B-bipy units. 0.0 —45 i R

. = AF g i - T
Several key results emerge from the electrochemistry data = INEI. (d) 2-PF, | et
presented here. The linear relationship between the peak @ ol _.___Jtroeezmecemzmn=00 ]
absorption energies and reduction potentials supports a MLCT ‘é — Oxidation

transition between the weakly coupled donor and acceptor,

--- Reduction

whereas the poor correlation with the oxidation potentials is 450 500 5&0 | 660 650 700 750
consistent with the theoretical prediction that the CT transition Wavelength (nm)
originates from lower-lying occupied molecular orbitals. More-

. . . Figure 13. Picosecond transient absorption spectra of (a) compound
over, as will be shown in the next section, the YVis 2-PFs and (b) compoun® (Apum = 500 nm,~3.5 mM in CHCN in

absorption Changes upon oxidation/reduct_ior_\ are i_n qualitatiye both cases) at selected puagrobe delays. (c) Ground-state absorption
agreement with the transient spectra and aid in the interpretationand excitation spectra. (d) Differential spectra of compo2sii upon
of the excited-state dynamics. electrochemical oxidation and reduction.

ahead of the sample to downsample the pump and probe pulse
trains to 333 and 500 Hz, respectively, which allows the
To understand the nonradiative relaxation dynamics of the differential transient absorption signal to be detected by a lock-
MLCT state, we performed transient absorption measurements,in amplifier at the 166-Hz difference frequency (which also
using the femtosecond (fs) pumprobe technique. For the rejected any uncontrolled stray pump light). Care was taken to
excitation (pump) pulses, we used 30-fs pulses that were tunedensure that the shape of the measured signals was not dependent
to a center wavelength of 500 nm from a commercially obtained on the pump and probe fluences, and that the white-light probe
noncollinear OPA (NOPAY? which is pumped by a 1-kHz Ti: ~ was focused more tightly in the sample than the pump beam,
sapphire amplifier laser that produces 150-fs pulses with a centerto avoid measurement errors that are due to the radial spatial
wavelength of 775 nm (Clark-MXR CPA-2001). For the chirp of the white light.
broadband probe source, we used white-light continuum Figure 13 shows the transient absorption spectra for com-
pulse85-57 that were generated by focusing a small fraction of pounds2-PF;s (Figure 13a) an& (Figure 13b) (both in CECN),
the 775-nm light into a 3-mm-thick sapphire disk, producing a following excitation at 500 nm, for a set of selected delays in
usable white-light spectrum from 450 nm to 770 nm. To the range of 1000 ps over the wavelength range of 450
minimize temporal dispersion, an off-axis paraboloidal mirror 770 nm, along with the relevant ground-state absorption and
with an effective focal length of = 50 mm was used to  pump—pulse spectra in Figure 13c and the differential spectra
collimate the white-light probe beam. A second paraboloid that results from electrochemical oxidation and reduction (Figure
(f = 100 mm) was used to focus the noncollinear pump and 13d). Evident for both compounds is a negative-differential
probe beams into the sample (a static 1-mm-thick cuvette, absorption band that extends fror#60 nm to 600 nm, where
~3.5 mM in CHCN). This yielded an instrument response of the saturation (bleach) of the MLCT absorption band dominates,
~100 fs (as determined from control measurements with a whereas at wavelengths above a quasi-isosbestic point near 600
rhodamine 6G sample, which was also used for determinationnm, a region of dominant excited-state absorption (ESA) is
of the zero-delay position versus probe wavelength). In all the present, which extends at least to the red edge of the measure-
kinetic data presented, the temporal region about a zero delay,ment window at 770 nm. Comparison with Figure 13c indicates
which exhibits a relatively strong coherent artifact (due to that, although the bleach band is no longer dominant at
nonlinear refraction that occurs in the cuvette and soffgnt  wavelengths of>600 nm, the strength of the ground-state
has been removed. The pumpulse energy used in these absorption band at this wavelength is st#b0% of that of the
experiments was-70 nJ. After the sample, the white-light probe absorption maximum. Moreover, although the regions of bleach
was dispersed by a computer-controlled monochromator with and ESA signals decay at clearly different rates for compound
a bandpass~5 nm wide and was detected by a silicon 2-PFs(discussed further below), the position of the zero-crossing
photodetector. A custom-built mechanical chopper was used of the transient spectra does not red-shift significantly with time.

Transient Absorption Measurements



3288 J. Phys. Chem. A, Vol. 108, No. 16, 2004 Thomson et al.

N (a) 2-PF, (b) 5

o ()a=470nmirg () A=470nmy°
s 0] : 2 5~
= 0-5_ r 1 =

05¢ 1 NT,-—.- .._ i ; IR I 1‘ : d W SRS

0.5 —— BRRL Ty L I R A — 05

i (ii) A = 540 nm (i) » =540 nm

0.0 ——mm= =400
— | " Hit A O
"3-0.5_ - - - + bbbt _ - ;.--0.5:{
5 -1.0 L N bl 10 <

o  Gipr=660nm] Lt L (i)a=660nm],
D i i 5
o 05 ...... } _ . £ U S _ 05 :
2 el _ T S

(I) é 10 1(I)0 ‘ 1000(IJ é 10 ”1(I)O 1000

Delay (ps) Delay (ps)

Figure 14. Experimental pumpprobe kinetics (points) and multiexponential fits (solid line) for (a) compa2+itFs and (b) compound upon
500-nm excitation at selected probe wavelengths: (i) 470 nm, (ii) 540 nm, and (iii) 660 nm.

One possible explanation is that the excitation at 500 nm does not change shape over the excited-state lifetime implies
affects only a spectroscopically distinct portion of the ground- that the ESA-I band decays with the same kinetics as the
state molecules; i.e., hole burning of the ground-state absorptionrecovery of the ground state. This is consistent with the assertion
because of an inhomogeneous broadening of the enséfnble. that the transition is between electrons localized on the Fc unit.
However, given that no red-shifting of the bleach band is  Moreover, for the origin of the ESA-II band, we note that,
observed over the full delay range, this would imply a upon reduction of the B-Bipy acceptors, a new absorption band
characteristic time scale for the broadening mechanisorof appears in the VisNIR region. Hence, we assign the presence
1 ns. Although one could consider this for the case of compound of the ESA-II band to the occupation of an initial excited state
2-PFs, where rotation about the-BC bonds between the donor  of similar electronic character to that of the reduced species,
and the acceptor might occur on such a time scale, this is which is consistent with the assertion that the orbitals occupied

unlikely to be the case for compouBgdwhere the-O— bridge by the excited electron are mostly localized on the B-bipy unit,
should enforce a much more rapid fluctuation in the relative as suggested by the calculated molecular orbitals. In reference
conformation of donor and acceptor. to the comment near the end of the last section, the absence of

Thus, to explain the reduced width of the bleach band, we the absorptive feature in the range ®450-500 nm that is
are led to conclude that there are actually two distinct ESA bands observed upon reduction (band F in Figure 12b) is not surprising,
in the transient spectra of Figure 13: one band (ESA-I) that is given that, in the excited state, the Fc unit is formally oxidized
dominant in the wavelength range ef550-650 nm and and, hence, becomes more electron-withdrawing, such that this
suppresses the bleach band in this region, and a second bantiand would be blue-shifted to the short-wavelength edge of the
(ESA-1I) that dominates the signal in the wavelength range of measurement window. Interestingly, one observes some evi-
>650 nm. dence for the onset of another ESA band at this edge in the
Concerning the origin of these ESA bands, it is interesting transient spectra.
to consider certain features of the differential absorption spectra To better quantify the relaxation dynamics, in Figure 14, we
of compound-PFs upon oxidation and reduction (Figure 13d; present the transient absorption kinetics for compouh&s
refer to Figure 12 for the full spectral range). We note that, (Figure 14a) and (Figure 14b) at three characteristic probe
upon electrochemical oxidation of compoudPFs, one also wavelengths: (iMprobe = 470 nm (at the high-energy tail of
does not observe a negative differential absorption of the samethe bleach band), (ii}prone= 540 nm (on the low-energy side
shape as the ground-state absorption, mostly due to the fact thaof the bleach band), and (iijprobe = 660 nm (ESA-II band).
a new absorptive feature (labeled band C in Figure 12a) appearsfFor both compounds, the kinetics exhibit three distinct time
which has a differential peak at 637 nm. Thus, we propose thatscales €1 ps,~5—20 ps, and~800 ps), although the relative
the same transition is present in the transient spectra of Figureweights of these components are dependent on the probe
13, which we identify as the ESA-I band. Based on the wavelength. We fit the positive delay data using a multiexpo-
assumption that a predominantly HOME]] orbital is involved nential fitting function,
in the CT transition, this implies that one electron in the higher 3
HOMOIO0] orbital relaxes rapidly into the HOMG{2] vacancy, AA() = A ex;{— 1)
allowing the transition that corresponds to band C (which ; T
corresponds to a vacancy in the HOMOIO0] orbital) to be active. ! !
The fact that the combined signal of the bleach and ESA-I band with global values for the two longer time constamsandrs,
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TABLE 2: Parameters from the Multiexponential Fits of the
Transient Absorption Kinetics of Compounds 2-Pk and 5
(Shown in Figure 14) and Compound 6 (Shown in Figure
15y

compound 7 (ps) AP (ps) A w(ps) As

Aprobe= 470 nm ol — - T
2-PFs  0.80(0.03) +4.4 17.8(1.3) —0.46 810 (33) —0.54 . el

1000

100

5 0.46 (0.02) +5.1 4.6 (1.3) —0.31 774(19) —0.69
Aprobe= 540 nm Delay (ps)
2-PFs 17.8 (1.3) —0.45 810 (33) —0.55 Figure 15. Transient absorption kinetics fdr= 660 nm (ESA) for
5 1.13(0.25) —0.47 774 (19) -1 compound6, with multiexponential fit (solid line).
Aprobe= 660 M
2-PFs  0.56 (0.07) +2.5 17.8(1.3) +1 A
5 0.41(0.06) +2.9 4.6 (1.3) +0.45 774 (19) +0.55 ESA | 2
6 0.61(0.04) +3.3 31.2(2.4) +1 MLCT

a Standard errors given in parentheses. Subscripts denote the time
scale in increasing order. Missing values indicate that the additional
component did not assist significantly in the fitting of the datall Pump

amplitudes are normalized Bp,| + |Ag|. 55%S 774 ps

the results of which are listed in Table 2. To assess the relative GS
weight of each signal component, the amplitudes in Table 2 (a) 2-PF, (b) 5
are normalized by the combined amplitude of the two slower Figure 16. Simplified Jablonksi diagrams for the relaxation of the
components, i.e A — A/(|Azl + |Asl). MLCT states for (a) compoun@-PF; and (b) compound.

The kinetics forlyone = 540 nm represent the ground-state
recovery of the excited ensemble, which, in both compounds, To understand the factors leading to these differences, we
is essentially complete after 1 ns. For compo@nFs, the fit also measured the kinetics for compoudidor Aprone = 660
required an almost 1:1 (0.45:0.55) combination of both a nm, which is displayed in Figure 15 (with the multiexponential
relatively fast picosecond component and a nanosecond com+it data included in Table 2). As is evident, the decay of the
ponent ¢, = 17.8 ps,r3 = 810 ps), whereas for compou ESA-II signal for compound6 is very similar to that of
the ground-state recovery is essentially monoexponenta ( compound-PFs (and not5), in that after an initial femtosecond
774 ps), with the inclusion of a small additional femtosecond relaxation, the ESA-II signal decays completely with a time
decay componentr{ = 1.3 ps). constant ofr, = 31.2 ps, albeit some 10 ps slower than that

In contrast to the 540-nm data, this femtosecond componentobserved for compound-PFs. As mentioned previously, the
is present as a relatively larger and positive absorption signalinclusion of compounds in the comparison allows one to
for both compounds and bof;ope= 470 Nm andpropbe = 660 distinguish characteristic effects that result from-tH@— bridge
nm, with time constants in the range of 84.1 ps. From control at boron from the structural rigidity of the compounds. Given
measurements of pure solvents, it is unlikely that these femto- that the initial excited state is vacated on the same time scale
second transients occur because of pure solvent artifacts,in compound2-PFs and®6, this leads us to conclude that this
especially given the fact that they are of almost-negligible relaxation mechanism relies more on the structural flexibility
amplitude specifically in the region of the bleach band of the bridging bonds between the donor and the acceptor, which
(Aprobe = 540 nm). Instead, we attribute these transients to permits the excited state to reach a conformation where either
ultrafast intramolecular rearrangement and solvation of the initial an internal conversion is allowed (possibly involving a through-
excited state, which are typically observed on this time s€&fe.  space bET) or where the Frane€ondon factor for the ESA-

For Aprobe = 470 nm, after the initial femtosecond-induced Il transition becomes negligible. The fact that there is a
absorption, the kinetics for compouePF;s are similar to that significant component (0.45) in the ground-state recovery for
of the 540-nm curve, with very similar relative weights for the compound2-PFs on the same 17.8-ps time scale as the decay
7 and t3 components (0.46:0.54) as for the 540-nm kinetics. of the ESA-II signal implies that this portion of the excited
The data for compoun8 at 470 nm are also similar to those molecules decays directly back to the ground state. The
obtained at 540 nm, except that an additional picosecond remaining fraction of the ensemble branches into an intermediate
transient {; = 4.6 ps) is present, which indicates the onset of state with the far-slower (810-ps) ground-state recovery, pre-
other spectral features at the blue edge of the bleach band. Mossumably because of the involvement of additional active modes.
striking of all is the comparison of the ESA-II signalskne= These conclusions are summarized in the simplified energy
660 nm) between the two compounds. In the case of compounddiagram in Figure 16a.
2-PFs, no signal component on the 810-ps ground-state recovery For the case of compourf) the appreciable component of
time scale is observed, and the signal decays completely withdecay in the 470-nm and 660-nm kinetics at 4.6 ps, which is
the 17.8-ps time constant. In contrast, a majority (0.55) of the absent in the 540-nm data (which has a monoexponential decay
ESA-II signal for compound persists on the longer 774-ps  of 774 ps), implies that the ground-state recovery of compound
time scale. These differences in the decay of the ESA-II signal 5 from the initial excited and intermediate states proceeds via
and the ground-state recovery for both compounds implies the a similar pathway. However, if this 4.6-ps relaxation mechanism
involvement of at least one intermediate electronic state in the was available to the entire excited ensemble, one would observe
relaxation pathway of both compounds (which is essentially a complete decay of the ESA-II signal on the same time scale.
“dark” in the probe wavelength range used here), or at least a We rationalize this by proposing that this fast relaxation pathway
shift of the reaction coordinates of the excited state away from is only energetically available to a fraction of the compounds
the Franck-Condon region, where the ESA-Il transition is that have sufficient net excess energy to overcome a barrier
allowed. between the initial excited and intermediate state (Figure 16b),
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