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Nanosecond step-scan Fourier transform infrared spectroscopy
permits the observation of triplet intraligand (3IL) character in the
excited states of [Ru(bpy)a(PNI-phen)]?* and [Ru(PNI-phen)s]?*
where PNI is 4-piperidinyl-1,8-naphthalimide. After pulsed 355-
nm laser excitation, the two ground-state imide C=0 bands in
each compound are bleached and two substantially lower energy
vibrations are produced; the lower energy feature appears as two
distinct bands split by an overlapping transient bleach. Model
studies confirm that the time-resolved vibrational data are consistent
with photoinduced sensitization of the 3IL excited state. Density
functional theory calculations also support these assignments
because localization of triplet electron density on the PNI moiety
is expected to lead to red-shifted C=0 vibrations of magnitude
similar to those measured experimentally. The current results
illustrate that triplet electron density can be directly tracked by
time-resolved infrared measurements in metal—organic chro-
mophores and that frequency shifts comparable to those observed
in charge-transfer systems can be realized.

Time-resolved infrared (TRIR) spectroscopy continues to
emerge as a powerful tool for interrogating and following
the structural evolution of excited state$.This technique
is particularly powerful when applied to photoinduced

charge-transfer systems where electron density changes
following light absorption are tracked either directly or
indirectly by frequency shifts of IR chromophores strategi-
cally placed in structures of interest. In metal-to-ligand
charge-transfer (MLCT) molecules, TRIR spectroscopy has
proven quite successful in diagnosing the nature of the lowest
excited states in various®dnetal complexe$.® In Ru'
systems, charge-transfer assignments are readily accessible,
whereas triplet intraligancfIl) excited states have yet to

be identified using TRIR methods. This limitation stems from
the fact that most Rumolecules possessiritl. character

lack appropriate IR-absorbing functionalities. In 2001, we
performed a detailed photophysical study orf Rompounds
bearing naphthalimide chromophordsand2).® Lumines-
cence and transient absorption methods revealed an excited
state composed predominately 8t (4-piperidinyl-1,8-
naphthalimide, PNI) character thermally equilibrated with
the emissivéMLCT manifold. This equilibrated excited state

is easily accessed using any excitation wavelength between
355 and 550 nrf.

As each PNI subunit bears two strongly absorbirgGC
functionalities, we anticipated that the production of the
excited state could be readily observed in nanosecond step-
scan Fourier transform infrared (FT-IR) experiments. This
is indeed the case, and comparison to an appropriate model
system 8, ANI) strongly suggests that triplet electron density
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frequency shifts comparable to those observed in charge-
transfer imide-containing systems are realiz&dypporting

the notion that TRIR methods can be successfully applied
toward detectinglL excited states.

Compounds1—3 (Figure 1) are available from our
previous study, and TRIR experiments using 355-nm
excitation at 1 mJ/pulse (Spectra Physics GCR Nd:YAG
laser) were performed using instrumentation based on a
Bruker IFS-55 FT-IR spectrometer with 8-chresolution'®
All TRIR experiments were performed on compounds in

(9) Tyson, D. S.; Luman, C. R.; Zhou, X.; Castellano, Fliarg. Chem.
2001, 40, 4063-4071.
(10) Fedorov, A. V.; Danilov, E. O.; Merzlikine, A. G.; Rodgers, M. A.
J.; Neckers, D. CJ. Phys. Chem. 2003 107, 3208-3214.
10.1021/ic0518374 CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/14/2006



/| PNI
= SN ,\
N~
X \R\/
U\
N PNI
L
|
1

|
N
/N/l
s AN
o
N

Figure 1. Structures of compoundk—-3. The counterions in each Ru
complex are P§.
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Figure 2. (A) TRIR difference spectrum d3 taken 1us after a 355-nm
pulse. (B) FT-IR spectrum @ in CHCls.

argon-deaerated CHgising two Cakwindows configured
as a flow cell (10 mL/min). Additional experimental details
are available as Supporting Information.

Prior to discussing the FT-IR and TRIR spectra of thé Ru
complexes 1 and?2), it is useful to first discuss the relevant
spectra of model chromophoB We know from previous
studies that the singlet excited state of ANI dominates its
photophysics{ = 8.5 ns;® = 0.91)}! so any long-delay-
time photophysical processes result from triplet-state forma-
tion.®*? Figure 2 presents the ground- and excited-state
difference spectra obtained in the mid-IR faérThere are
three strong IR bands observed between 1550 and 1725 cm
in the ground-state spectrum, Figure 2B. The two bands
centered at 1657 and 1705 chare assigned as imide=<D
vibrations. The other band positioned at 1585 &nis
complex but originates predominately from imide naphtha-
lene ring vibrations. Density functional theory (DFT) cal-
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Table 1. C=O Vibration Frequencies Observed 8ty TRIR before
(GS) and after (TR) 355-nm Excitatidn

experiment  GS, crt TRorTS, cnt A, cmt
TRIR 1705 1636 69
165® 1570, 1598 59, 87
1583
DFT® 1713 1645 68
1682 (1595, 1590, 1585, 1582) (87, 92, 97, 100)
1565 1508 60

a2The DFT line collects the frequencies calculated for the ground (GS)
and excited triplet state (TS) & The difference between TR and GS or
TS and GS is denoted adv.?B3LYP 6-31G(d), scaled by 0.96.
¢ Symmetrical G=O stretching vibrations! Antisymmetrical G=O stretch-
ing vibrations.€ C—H aromatic vibrationsf Four modes of &0 stretching
vibrations weakly coupled with aromatic-H vibrations (see the Supporting
Information for details).

The TRIR spectrum o8 at a 1us delay time contains a
combination of bleached ground-state vibrations along with
positive OD transients associated with the ANI triplet state.
The two G=0 bands at 1657 and 1705 chare bleached,
and three red-shifted transient absorptions are produced
(1570, 1598, and 1636 cr). These experimental observa-
tions reveal a reduction of the force constant (and bond order)
in the C=0 substituents in the excited state, consistent with
triplet-state production i. The carbonyl vibration associated
with the 1705-cm?! ground-state band shifts to 1636 thm
(Av = 69 cmY). However, the fate of the 1657-cband
is not as straightforward because the associated transient
should emerge somewhere in the vicinity of the two low-
energy bands observed experimentally. Concomitantly, the
1585-cn1t ground-state bleach appears as a dip between the
excited-state transients. Therefore, we believe the 1570- and
1596-cm! excited-state bands are simply a singie@band
split into two parts by ground-state bleaching of the 1585-
cm™! naphthalene ring mode. This assignment renders the
transient corresponding to the 1657-¢nC=0 vibration
somewhere in the vicinity between 1570 and 1598 m
yielding a red shift between 59 and 87 chnlargely in
agreement with that observed for the higher energyQC
band. DFT calculations predict well the red shift of=0O
vibrations in the triplet excited state 8fcompared to its
ground state (Table 1). The transient associated with the
1585-cnt! mode is likely masked by solvent absorptions
because we do not observe any transients below 1556.cm
We note that DFT calculations predict the triplet-state
vibration corresponding to the 1585-chmode as centered
near 1505 cmt, outside of our experimental window.

culations performed on this model chromophore substantiate Figure 3 presents the ground- and excited-state difference

the assignmentS. Table 1 lists the FT-IR and TRIR

spectra obtained in the mid-IR fdr. Because the corre-

experimental values as well as their assignments togethersponding ground- and excited-state difference spectrh of

with pertinent frequencies calculated by DFT for the ground
state and the lowest triplet state &f
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and 2 are identical within experimental error (see the
Supporting Information), the following discussion applies to
both RU chromophores. Just as was observed in madel
there are three strong IR bands observed between 1550 and
1725 cmt in the ground-state spectrum @&f Figure 3B.
Accordingly, all three bands correspond to the same features
as those seen ir8, although there are minor energy
differences within our experimental uncertainty. The TRIR
spectrum ofl contains the same combination of bleached
ground-state vibrations along with transients attributed to the
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.20+ Table 2. C=O0 Vibration Frequencies Observed fbr3 in the Ground
F1s]A IA State (GS) and Transients Observed after (TR) 355-nm Excitation
§ 10 compound GS, cmt TR, cnrt Av, cmt
< 5_-. /\/ . \ 1 1705 1643 62
01 INGNNA~N \ I N 1668 1567, 1597 71,101
5 2 1705 1645 60
10] \VARYV/ 1668 1568, 1600 68, 100
L 3 1705 1636 69
c0lB 1657 1570, 1596 61, 87
/\ aThe difference between TR and GS is denotedAas® Two bands
a result from a single peak that is split by a ground-state bleach. The true
40 It f ingl k that i lit b d bleach. Th
CE, 1 / \ \ peak of the vibration lies between these energies.
20 I\ 7\
VAY o 7
ol \«/\w/ L_“ complexes bearing PNI subunits. Our data show that the two
— . C=0 vibrations are substantially red-shifted following laser

1400 1450 1500 1550 1600 1650 1700 1750 1800

Wavenumber, e excitation, a direct consequence of sensitizing the PNI-
Figure 3. (A) TRIR difference spectrum of taken Lus after a 355-nm  localized tn_plet e>_<C|ted state. The time-resolved FT-IR step-
pulse. (B) FT-IR spectrum of in CHCls. scan experiment is essentially a supra-nanosecond technique

mandating the use of compounds with long-lived excited
states. We believe that the current study illustrates that this
method can be extended to inorganic molecules with low-
lying 3IL states bearing appropriate IR-absorbing chromo-
phores. The current results also demonstrate that triplet-state
. ) €electron density can be directly tracked by TRIR in these
manner as that described above ®rThe higher energy chromophores and that frequency red shifts comparable to

carbonyl is red-shifted in the excited state to 1643°€m y,,s0 ghserved in charge-transfer imide-bearing sygtems
The appearance of two lower energy excited-state bandsc‘,:m be realized

results from a single €0 vibration being cut into two

portions by the ground-state bleaching of the 1585%m Acknowledgment. This work was supported by the NSF
band. Therefore, the true peak of the lower energy excited- (CAREER Award CHE-0134782 to F.N.C.) and the AFOSR
state carbonyl vibration can be found between 1567 and 1597(Grant FA9550-05-1-0276 to F.N.C.). D.E.P. was a McMas-
cm. The limit imposed by the solvent window prevents ter Fellow in the PCS program at BGSU. TRIR measure-
observation of the transient associated with the 1585'cm ments were performed in the Ohio Laboratory for Kinetic
ground-state vibration. The pertinent ground- and excited- Spectrometry at BGSU.

state CG=O frequencies measured for compourids3 in

addition to their respective differences are collected in Table ~Supporting Information Available: Experimental details, DFT

PNI-localized triplet state, just as was observed in model
chromophore3. Specifically, two G=O bands at 1668 and
1705 cm! are bleached, and three red-shifted transient
absorptions are produced (1567, 1597, and 1643 cihe
difference spectrum can be interpreted in precisely the sam

2 calculations, and additional spectra (PDF). This material is available
In summary, we have applied nanosecond step-scan I:-I-_free of charge via the Internet at http://pubs.acs.org.
IR measurements to deteétL excited states in RU IC0518374
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