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Introduction

The photophysics, photochemistry, and photoredox chemistry
of an enormous number of diimine complexes witl§ 4dd 5¢&
metal ions have been investigated’he attraction of the
metal(d)/diimine(z*) combination stems from the possibility,
in a best case scenario, of simultaneously achieving (a)
significant visible-region light absorption, (b) long excited-state
lifetimes, (c) detectable visible-region luminescence, and (d)
excellent photochemical stability. The available evidence indi-
cates that the desired scenario can fairly reliably be achieved
via strongly allowed singlet metal-to-ligand (diimine) charge
transfer (MLCT) excitation, followed by intersystem crossing
to a nominally triplet MLCT state, or states, provided that no
further conversion to labile and/or rapidly deactivating excited
states (e.g., ligand field states) can be avoided. Much of the
interest in these compounds derives from potential applications
in energy conversion (light-to-electricity or light-to-fuél),
luminescence-based chemical sensifilight-initiated chemical
catalysis’ or even light-initiated information storagé.

One of the first systems found that satisfied the series o
photophysical requirements delineated above was-
Re(COXCl(bpy) (bpy= 2,2-bipyridine)8 Notably, this success

f
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state Ramaf? and transient infrared spectroscopy studfes;
time-resolved luminescence and variable-temperature lumines-
cence studie& low-temperature emission/Franekondon fit-

ting studies’ solvatochromic emission studié&?18 various
emission-based micro-environmental stud&¥,etc.). Never-
theless, we reasoned that additional photophysical studies,
focusing specifically on theharge-transfercharacteristics of

the emissive excited state faic-Re(CO}Cl(bpy) (1) could prove
informative. We report here on a study bivia transient DC
photocurrent (TDCP).

TDCP is a technique developed by Braun and Smirnov to
evaluate the change in the dipole moment of a neutral chro-
mophore in solution upon photoexcited-state formatfoio
the extent that a ground-state dipole momeugt, exists, the
chromophore will be partially oriented by an externally applied,
DC electric field. Upon the formation of a photoexcited state,
u typically changes, and the chromophoric molecule becomes
either more strongly (increase gj or less strongly (decrease
of u) oriented in the field. The change inand the resulting
reorientation cause a transient flow of charge at the electrodes.
The flow, which can be monitored as a photovoltage, persists
until the rotational reorientation is finished, and then it reverses
when the chromophore returns to the ground state. Thus, the
TDCP measurement provides information about the sign and
magnitude of ground-state/excited-state dipole-moment changes
(Au(ex — gr)). As noted below, this information, in turn, can
be used to estimate one-electron transfer distances (internal
charge distances) in a fashion that is highly complementary to
alternative techniques such as electronic Stark-effect spectros-

copy.
Experimental Section

fac-Re(CO}Cl(bpy) was synthesized via a method previously
described in the literaturé The TDCP setup is similar to one described
by Smirnov and Brauf? In a typical experiment, 1000 V was applied
across the chromophore solution-filled gap of 0.5 mm separating the
stainless steel electrodes comprising two of the four walls of the TDCP

has inspired a very large number of extensions, variations, andce||. Solutions oft in chloroform/toluene (1:1) were filtered through a

amplifications of the chemistr§;12 as well as several sophis-
ticated fundamental studies (e.g., resonance Radfhexgited-
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0.22um Teflon filter prior to use. The solution was excited with a 355
nm pulse of a Quantel YG-270 Nd:YAG laser. The pulse widt@&5
ns.

ZINDO-1 calculations were performed ¢ec-Mn(CO)Cl(bpy) using
the software package HyperChé#iThe atomic coordinates fdac-
Mn(CO)Cl(bpy) were taken from the crystal structure determination
by Horn et aP*
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Figure 1. TDCP response from a chloroform/toluene solution of
Re(CO)Cl(bpy) solution. A least-squares fit (dots) give®0 £ 5 D?
for e — g
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Figure 2. Charge distribution in the ground state for Mn(GO{bpy).

Results and Discussion

Figure 1 shows, as a solid line, the TDCP responsk &br
an excited state that is long-lived in comparison to the width of
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Figure 3. Ground-state and excited-state dipole moment for Mn-
(COXCl(bpy) as calculated by a ZINDO-1 calculation.

the metat-bipyridine plane. Extending the analysis Ipand
using the charge distributions in Figure 2 for the Mn(l) complex
as a reference point, the much greater propensity of Re(l) to
engage int back bonding would almost certainly lead to a shift
of electron density from the metal center to the atoms comprising
the carbonyl ligands. If the effect were not fully offset by a
transfer of additional electron density from the chloride ligand
to the metal center (a distinct possibility, given the slightly
higher electronegativity for rhenium in comparison to manga-
nese), the ground-state dipole moment focould be even
greater than the 10.5 D value that was calculated for the
manganese complex.

Additional calculations (again using ZINDO-1) were carried
out for various excited states dac-Mn(CO)Cl(bpy). The
calculations indicate, in contrast to the experimental results for
1, that the lowest excited state is not a charge-transfer $tate.
Nevertheless, calculations for the first upper state that does
exhibit predominantly MLCT character suggests: (a) a dipole
moment fte) slightly smaller thamg and (b) a net dipole vector
directed roughly midway between the metaby plane and the
metal-chloride axis (see Figure 3). The first finding, that the
molecular dipole moment decreases upiih.CT excited-state

the laser pulse (the case here), the signal is expected to evolvgormation, is qualitatively consistent with the experimental

as approximately the first derivative of the integral of the pélse.
As illustrated by the dotted line in Figure 1, the experiment

observation for the corresponding rhenium compound;he
second finding implies that metabpy charge transfer and

does agree reasonably well with the simulated signal shape,metal-chloride charge differences, roughly equally contribute
based on the independently characterized laser-pulse intensitytg the excited-state dipole moment, at least in the manganese
versus time profile and the excited-state decay time. Notably, model compound.

the S|gn of the TDCP Slgnal at short and intermediate times is The observation that the excited-state d|p0|e moment.for
negative, indicating that the absolute value of the excited-statejs smaller than the ground-state dipole moment provides a
dipole moment,uex, is less thanjug|. A more quantitative  reasonable explanation for the negative solvatochromism often
analysis is possible, based on a least-squares fit of the amplitudesncountered for MLCT absorption by Re(GO)diimine)

of the TDCP signal (Figure 1). The ampllt.ude depends on the complexed:17:18The negative solvatochromism has previously
number of photons absorbed, the magnitude of the externalpeen attributed to an unusual strong influence of solvent polarity

electric field, and the magnitude of the difference quantity?
— ug?. For 1, the analysis gives-90 £ 5 D? for ue? — ug?

The observation of a decreasei®y upon3MLCT excited-
state formation, was initially puzzling: The decrease implies a
corresponding decrease of charge separation withatespite
the conversion of the Répy° fragment (ground state) into a
formally R€'-bpy~ fragment (“charge-separated” excited state).
The observation further implies the existence of a very
substantial ground-state dipole moment, that ig,d value of
at least (90+ 5 D)2 or 9.5 D.

Some insight is provided by semiempirical electronic structure
calculations (ZINDO-1) orfac-Mn(CO)Cl(bpy). The manga-
nese compound was substituted fobecause of the unavail-
ability of semiempirical parameters for rhenium. As shown in
Figure 2, calculations for the ground electronic state place

significant negative charge on the three oxygen atoms, the
manganese atom, and especially the chlorine atom. They place

positive charge on the carbon atoms within the CO ligands.

Combining the atomic charges, we obtain a ground-state dipole

moment of 10.5 D, with the moment approximately aligned with
the Mn—ClI bond (26 deviation), that is, largely orthogonal to

upon the internal structure, in particular, Re bond lengths,

of 1 and related compoundg Sullivan, however, has pointed
out that for related compounds, a large ground-state dipole
moment and noncollinearity fary anduex can yield negative
solvatochromism as weif.

Finally, because the TDCP technique has only rarely been
applied to inorganic chromophorés,it may be useful to
compare the technique with related, but perhaps more familiar,
electronic Stark-effect spectroscopy meth&tSBriefly, TDCP
can provide information about the sign of the change in dipole
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moment accompanying excited-state formation and chargedistance only whepe, andug are collinear. Fourth, Stark-effect
redistribution but not of the magnitude of the change (unless spectroscopy, but not TDCP, can provide information about the
ugris known independently). For example, the value-&0 + degree of alignment of the change-in-dipole-moment vector
5 D?, for the difference quantityse® — ug?, would correspond (Au(ex—gr)) with the transition dipole moment vector (es-
to a Au (excited— ground) of—9.5 D, if ug is 9.5 D, but it sentially, the “light absorption” vector). Often, the two are
would be only—4.4 D if the correct value fonrg is +12.5 D. collinear. The discussion surrounding the TDCP responde of
Stark spectroscopy, on the other hand, yields no sign information however, suggests that here, the two vectors likely deviate
for isotropic samples, but it does provide accurate absolute substantially from collinearity.

values for Au(ex—gr) without the need to establishy Derivatives ofl that display better resolved MLCT absorption
independently. Second, Stark absorption spectroscopy provideshband$3would be interesting targets for combined TDCP and
|Au| data for the particular transition being excited. TDCP, on Stark-effect studies. The combined studies would take advantage
the other hand, generally reports on the lowest accessible excitedf the complementary nature of the dipole-change information
state, even if that state is silent in the absorption spectrum. Third, provided by the two techniques. We hope to report on the
TDCP comparegey andug? without regard to dipole orienta-  outcome of such studies soéh.

tions. Stark-effect spectroscopy, on the other hand, reports on
the net difference betwean, andug as vector quantities. If

uex and ug are oriented identically, the distinction is not
meaningful. If, instead, the dipoles have differing orientations

(as implied, for example, by Figure 3), only the Stark experiment ) L . .
will account for vector cancellations or partial cancellations. Office of Research, Division of Chemical Sciences (Grant No.

The distinction is particularly significant if one is seeking to DE-FG02-87ER13808) is gratefully acknowledged.

derive effective one-electron transfer distances from measure-|c991285N
ments of dipole-moment changes; the adiabatic transfer distance
can be directly equated under all conditions wikh(Stark)é (31) MLCT andlz—x* transitions in1 overlap significantly, suggesting
(e is the unit electronic chargé).The quantityAu(TDCP)fk, g;?écﬁtl gg?;ﬂ&gﬂ‘l’g'géﬂz?fgﬁni”tefpfetati0” of absorption-based Stark-
however, can be directly equated with the one-electron tranSfer(SZ) Initial TDCP measurements on derivativeslo$uggest that adding

electron withdrawing substituents to the bpy ligand differentially
(30) Cave, R. J.; Newton, M. BDChem. Phys. Lettl996 249, 15-19. increasegtey, thereby makingAu and the TDCP signal smaller.
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