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Ground- and excited-state resonance Raman and infrared spectra (354.7 nm excitation, in acetonitrile at 298
K) have been measured for [(4{&).bpy)(CO}Re(4,4-bpy)Re(COX(4,4-(X)bpy)P (bpy is 2,2-bipyridine;

4,4-bpy is 4,4-bipyridine; X = H, CHs). The lowest lying excited states in these molecules are metal-to-
ligand charge transfer (MLCT) in character. The spectra provide answers to two questions: Is the acceptor
ligand for the excited electron 4;8py or 4,4-(X).bpy? Are there localized (Re-R€) or delocalized (Ré—

Ré€") sites in the mixed-valence excited states formed by MLCT excitation? Application of time-resolved
resonance Raman (PRspectroscopy demonstrates that' gy is the acceptor in the lowest lying MLCT
excited state(s) of [(dmb)(CeRe(4,4-bpy)Re(CO)(dmb)F** (dmb = 4,4-(CHs).bpy) and that there is an
equilibrium between 4,4bpy and bpy as acceptor in [(bpy)(CBE(4,4-bpy)Re(CO)(bpy)*"*. For both
complexes, the appearance of two sets of overlapp{@P) bands in the excited state by time-resolved
infrared (TRIR) measurements is consistent with the localized descriptidn; iR&

Introduction [(4,4-(X) bpy)(CO)RE! (4,4-bpy ")RE(CO)(4,4-(X) py)f* *
Ligand-bridged, polypyridyl complexes of R®4', and R 1la(localizeg
have proven useful in the study of photoinduced electron and : 5. . 15 ) 2ty
energy transfet. The electronic structures of these complexes [(4,4-(X)bpy)(CO}RE *(4,4-bpy )_Ré (COR(4.4-(X)bpy)]
are often complicated by low overall molecular symmetries, a 1b (delocalize
high degree of spinorbit coupling at the metal, and the
existence of multipler* acceptor levels on the polypyridyl
ligands? The energies of the lowest lying excited states are
affected by the substituents on the polypyridyl ligands and the

other ligands in the coordination sphéreOften, states are [(4,4-(X) ,bpy ") (CORRE' (4,4-bpy)R&(CON(4,4-(X) bpy) P *
sufficiently close in energy that more than one contributes to — z | ' z

With terminal bpy excitation, there is an additional ambiguity
with regard to mixed-valence character at bpy, as illustrated in

]

. . 2a(localized
excited-state properties.
In the ligand-bridged Recomplexes, [(4,4(X)zbpy)- [(4,4-(X) ,bpy"*")(CO),RE*(4,4-bpy)RES(CO)(4,4-(X) bpy"> )2
(CO)XRE(4,4-bpy)Re(CO)(4,4-(X)bpy)?" (bpy is 2,2-bi- 2b (delocalized
pyridine; 4,4-bpy is 4,4-bipyridine; X = H, CHs, NH,, CO,Et),
there are low-lyingz* acceptor levels on both 2;bpy and the Isomers with spatial separation of the excited electiuole pair,

4,4-bpy bridge* The relative energies of metal-to-ligand €.9.2c, are at higher enerdy,

charge-transfer (MLCT) excited states and the associated

excited-state electronic distributions are determined by tHe 2,2 [(4,4-(X),bpy)(COXRE" (4,4-bpy)RE(CO),(4,4-(X) bpy )]**
bpy substituents,—X. Earlier results based on transient 2c (localized

absorption measurements suggested that wheéis electron-

withdrawing —COEt, the lowest MLCT state is localized on We report here application of excited-state vibrational
4,4-(COEt)bpy. With —X electron-donating—CHs, the spectroscopy to both issues based on time-resolved resonance

excited state is on the bridge. With=XH, the acceptor abilities ~ a@man (TR) and infrared (TRIR)’measureTJrents on [(4X4)>-
of 2,2-bpy and 4,4bpy are comparable and an equilibrium bpy)(CO);Re(4,4—bpy')Re(CO§(4,4-(X)szy)] *(X =H,ChHy)
exists between bridge-based and terminal MLCT excited states. @nd the models [(4:4X)2bpy)(COxRe(4-Etpy)[* (X = H,
Although reasonable, these conclusions were drawn from broad,CHs; 4-Etpy is 4-ethylpyridine). The structures of the ligands
featureless transient absorption difference spectra and are nof"® illustrated below.
without equivocation.

It was not possible in earlier studies to address a second issue  x X
relating to electronic structure, mixed-valence character across
the ligand bridge. MLCT excitation to either the bridge or 7 NN NC\>—</:/\\N ~ |
terminal bpy ligands creates a mixed-valency, and the resulting =N N= = = N
excited states could be localized or delocalized, as illustrated
for the bridge-based excited state in examhle 4,4'-(X),bpy 4,4'-bpy 4-Etpy

® Abstract published irAdvance ACS Abstractdyovember 1, 1997. (X=H, CH,)
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Experimental Section

Materials. Acetonitrile was obtained from Burdick and
Jackson and used without further purification. The salts [(dmb)-
(COX%RéE(4,4-bpy)Re(CO)(dmb)](PR)2 (dmb= 4,4-(CHz),-
bpy), [(bpy)(CO)RE(4,4-bpy)Re(COX(bpy)](PF)2, [(dmb)-
Re(CO)(4-Etpy)](PFs), and [(bpy)RECO)(4-Etpy)](PFs) were
prepared according to literature procedut®s.

Infrared Measurements. Infrared measurements utilized a
BioRad FTS 60A/896 step-scan interferometer as previously
described. Data acquisition was gated between the laser pulse
and 400 ns for TRIR spectra. Ground-state spectra are ang
average of 64 scans, and excited-state spectra an average of 3@
scans.

Samples for TRIR Studies. All time-resolved infrared
(TRIR) spectra were measured in acetonitrile. Sample concen-
trations were adjusted to give an IR absorbance of approximately
1.0 for the CO bands. The sample cell and sample solutions
were deoxygenated by sparging with argon for 15 min; solutions
were transferred to the cell under an inert atmosphere. Spectra
were acquired in blocks of 16 scans to ensure sample integrity. 1000 1200 1400 1600
No sample decomposition was observed during the acquisition
periods.

Raman Measurements. Resonance Raman (RR) spectra Figure 1. TR® spectra of [(dmb)(CQRe(4,4-bpy)Re(CO)(dmb)]-
were acquired by using continuous wave excitation at 406.7 (PFel2 (4) and [(bpy)(COJRe(4,4-bpy)Re(COXbpY)I(PF)2 (B) (354.7
nm from a Coherent Innova 90 Krlaser. The scattered nm excitation and scattering; dmb 4,4-(CHs).bpy) in acetonitrile at

L . . 298 K). Excited-state bands are labeled with *.
radiation was collected in a 13backscattering geometry and
passed into a Jobin Yvon U1000 double monochromator with TABLE 1: Ground- and Excited-State Raman Band
an 1800 g/mm ruled grating. The signal was detected with an Egefg)l?cséf)m;)(gzdbm)s'[\gn(rg%nkt?dfo[))]2+ bet 1000 and
_ i 7 m 3Re(4,4-bpy)Re m etween an
RCA 31034-C PMT and collected by using tht_e Enhanced Pr_lsm 1700 ot at 298 K in CHsCN (dmb = 4,4-(CHz)sbpy)
software package from Instruments, S.A., Jobin Yvon. The final

ve Intensity

wavenumber (crm!)

spectra were the average of 25 scans. ground state excited state
Time-resolved resonance Raman I §pectra were measured energy (cm?) assignment energy (cf) assignment

by using the third harmonic (354.7 nm) of a Quanta-Ray DCR- 1029 4,4bpy 1024 4,8bpy*
2A pulsed Nd:YAG laser both to create the excited state and 1034 dmb
as a source for the Raman scattering. The scattered radiation 1070 4,4-bpy 1214 dmb
was collected in a 135backscattering geometry into a SPEX 1233 4,4-bpy 1242 4,4bpy*
1877 Triplemate spectrometer equipped with an 1800 grooves/ 1301 4.4bpy 1282 dmb

i . . 1358 4,4-bpy*
mm grating. The Raman signal was detected by a Princeton 1495 dmb 1495 dmb
Instruments IRY-700G optical multichannel analyzer operating 1508 4,4-bpy*
in the gated mode with a ST-110 OSMA detector-controller. 1555 dmb 1556 dmb
Timing was controlled by a Princeton Instruments FG-100 pulse 1605 dmb
generator. The final spectra were the result of 9 min of total 1621 4.4bpy 1625 4,4bpy*

integration time. Laser power was between 3 and 5 mJ/pulse. 2406.7 nm excitation. Solvent bands appear at 1376 and 1445 cm
Data collection and storage were controlled by an IBM AT with in both ground- and excited-state spectr@54.7 nm excitation and
Princeton Instruments SMA software. scattering. * denotes an excited-state band.

Samples for Raman Studies. Al Raman spectra were
acquired at-4 mM in acetonitrile. Samples for time-resolved N the RR spectrum of [(bpy)(CGRe(4,4-bpy)Re(CO}-
resonance Raman measurements were degassed by sparging witRPY)**, bands from both 2;2opy? and 4,4-bpy’ appear (Table

argon. 2). Inthe TR spectrum, bands from 4;8py*,” bpy, and bpy®
appear (Table 2). The TRspectrum between 1000 and 1700
Results cm~1is shown in Figure 1B.
Raman. In the resonance Raman (RR) spectrum of [(dmb)-  Infrared Measurements. IR and TRIR spectra in the

(COXRe(4,4-bpy)Re(COYdmb)P* (406.7 nm excitation, in carbonyl region (18062200 cnt?) for [(dmb)(CO}Re(4,4-
acetonitrile at 298 K; dmb= 4,4-(CHs),bpy) 4,4-bpy bands ~ PPY)Re(CO)dmb)F* and the model [(dmb)Re(Cei-Etpy)]”
appear at 1029, 1070, 1233, 1301, and 1621 'cmLow- (in acetonitrile at 298 K) are shown in Figure 2. For both
intensity dmb bands are also observed at 1495 and 1555%&m complexes, bands appear in the ground-state spectrum origi-
In the TR spectrum (354.7 nm excitation and scattering, in Nating from A and E modes in pseu@a; symmetry (2035 and
acetonitrile at 298 K), bands for 4:8py* (* denotes excited 1921 cnt! for the dimer and 2034 and 1927 cinfor the
stateJ appear at 1024, 1242, 1358, 1508, and 1625%cm monomer). Inthe excited-state spectrum of the monomer, bands
(Analogous bands are observed in the RR spectrum of the 4,4 appear at 2067, 2008, and 1964 ¢yrshifted to higher energy
bpy radical anio® Ground-state dmb bands are also observed relative to the ground-state bands. In the excited-state spectrum
at 1034, 1214, 1282, 1495, 1556, and 1605 &f The TR of the dimer, four bands appear, three shifted to higher energy,
spectrum between 1000 and 1700¢rs shown in Figure 1A, 2074, 2023, and 1981 crh and one to lower energy, 1910
and band energies and assignments for both spectra are listedm™2. Ground- and excited-state band energies are listed in
in Table 1. Table 3.
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TABLE 2: Ground- and Excited-State Raman Band TABLE 3: Ground- and Excited-State v(CO) Infrared Band
Energies (cnm!) and Assignments for Energies in cn? for [(4,4'-(X)bpy)(CO)sRe(4,4-bpy)Re-
[(bpy)(CO)sRe(4,4-bpy)Re(CO)(bpy)]?" between 1000 and (CO)3(4,4-(X)bpy)]?" and [(4,4-(X)bpy)Re(COx(4-Etpy)]
1700 cnr! at 298 K in CH3CN at 298 K in Acetonitrile (dmb = 4,4-(CHsz).bpy).2 Solid

Arrows Indicate Shifts to Higher Energy; Dashed Arrows

ground staté excited state Indicate Shifts to Lower Energy

energy (cm?) assignment energy (cr) assignmeiit

Complex” Ground State Excited State
k
1029 44bpy 1183?2 ;LAE%* [(dmb)(CO),Re(4,4'-bpy)Re(CO),(dmb)]” 2035 -—> 2074
1072 4,4bpy 1214 vy, bpy* s
1231 4,4-bpy 1240 4,4bpy*
1276 10, bpy 1921 41981
1290 V10, bpy 1283 V10, bpy* Tl “a
1358 4,4-bpy* 1910
1428 ve, bpy* [(dmb)Re(CO),(4-Etpy)]' 2034 ————— 2067
1444 vg, bpy 1454 vg, bpy
1479 v7, bpy 2008
1490 vz, bpy 1495 vz, bpy* _—
1507 4,4-bpy* 1927 1964
1546 vs, bpy* ((bpy)(CO),Re(4,4-bpy)Re(CO),(bpy)” 2037 —=—> 2070
1603 vs, bpy B
1620 4,4-bpy 1624 4,4bpy* :7‘2025
2406.7 nm excitation. Solvent appears at 1376%im both ground- 1933 =<__ 1977
and excited-state spect8354.7 nm excitation and scattering. * denotes BN
an excited-state banéiThe bpy* assignments are from ref 9a. 1913
s o ((bpy)Re(CO),(4-Etpy)]’ 2035 ———» 2074
2T TC
1.0+ 0.8 2010
gz 06+ 1927 41971
< . <
0.44 Oﬂ 20—400 ns after laser flash excitation at 354.7 nr1,00 mJ/pulse.
02+ . 02 bAs PR~ salts.
00— 0.04—
1B s|D nm which tails into the visible. It originates from overlapping
0- . Reé — dmb, Ré— 4,4-bpy MLCT adsorptions, with the latter
2 5] Z oL -~ dominating absorptivity at lower enerdy.
< 3 5] The TR spectrum of [(dmb)(CQRe(4,4-bpy)Re(CO}-
4 (dmb)P+* was acquired with 354.7 nm excitation and scattering.
2000 2000 1900 A This wavelength is on the high-energy sidenof> 7* (dmb*
wavenumber (cm”) wavenumber (cm™) or 4,4-bpy*) absorptions of the MLCT excited stat®s.
Figure 2. IR (A, C) and TRIR (B, D) spectra of [(dmb)(C&Re(4- Resonance enhancement is dominated by excited-statepy,4

Etpy)l(PFs) (A, B) and [(dmb)(COjRe(4,4-bpy)Re(CO)(dmb)](PFs)2 bands, labeled as 4;8py* in Table 17 Ground-state dmb
(C, D) (TRIR spectra 8400 ns after laser flash excitation at 354.7 bands at 1495 and 1555 cfnalso appedrbecause the 354.7
nm, ~100 uJ/pulse; dmb= 4,4-(CHs)2bpy) in acetonitrile at 298 K. nm excitation line is in near-resonance with a dmb— 7*

band at 318 nm and a Re dmb band at 340 ni#f. There is

IR and TRIR spectra for [(bpy)(CGRe(4,4-bpy)Re(CO}- no significant enhancement of excited-state dmb bands. These

(bpy)l** and [(bpy)Re(CQOJ4-Etpy)]* (in acetonitrile, at 298 data are consistent with a lowest lying'R&4-bpy)-based
K) are shown in Figure 3. Both exhibit two ground-staf€0) MLCT excited state with no appreciable population of
bands, at 2037 and 1933 ctrfor the dimer and at 2035 and  Ré!(dmb-).

1927 cnt? for the monomer. In the excitgd-state spectrum of |nthe RR spectrum of [(bpy)(CGRE (4,4-bpy)Re(CO)s-
the monomer, threg(CO) bands appear shifted to higher energy (bpy)* (406.7 nm excitation) both 2;Dpy and 4,4bpy bands
relative to the ground state, at 2074, 2010, and 1971'cin are enhance®? In the TR spectrum (354.7 nm excitation and
the excited-state spectrum of the dimer, three bands appear a&cattering), bands for 4:bpy*, bpy*? and bpy all appear, the
higher energy, at 2070, 2025, and.1977‘én.and one atlower |atter by — 2+ (bpy) and MLCT (bpy) enhancement as for
energy, at 1913 cmt. Band energies are listed in Table 3. the dmb dimer. The enhancementhuith 4,4-bpy* and 2,2-
bpy* bands is consistent with the earlier suggestion that there
is an equilibrium between 44bpy- and 2,2bpy-based MLCT
The excited-state Raman and infrared spectra of [(dmb)- excited state$ Scheme 1. In earlier studié,transient
(COXRe(4,4-bpy)Re(CO)(dmb)E+* and [(bpy)(CO¥Re(4,4- absorption measurements revealed that interconversion between
bpy)Re(CO}(bpy)]2** provide answers to the two questions isomers occurs on the5 ns time scale, witlke, k-2 > ki, ks
posed in the Introduction: What is the acceptor ligand? What in Scheme 1. The oxidation state distribution in Scheme 1 is
is the mixed-valence electronic distribution in the excited state? based on the TRIR results described in the next section.
Raman. In the RR spectrum of [(dmb)(CGR€ (4,4-bpy)- Infrared. Two »(CO) bands appear in the ground-state IR
Re(CO)(dmb)F" (406.7 nm excitation), a number of 4dpy spectra of [(dmb)(CQRé€(4,4-bpy)Ré(CO)(dmb)Ft and
bands are strongly resonantly enhantadhile less strongly [(dmb)Re(CO)(4-Etpy)]*, consistent with pseud@s, sym-
enhanced dmb bands appear at 1495 and 1555.&nThis metry in both complexes. The fact that local pse@ip-
pattern of enhancements is consistent with the absorptionsymmetry is maintained in the ligand-bridged complex is
spectrum of the complex. In the low-energy region of this consistent with a small degree of 'Ré€R€ electronic coupling
spectrum there is a broad, structured absorption centered at 34@nd minor electronic perturbation across the'-fgy bridge.

Discussion
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SCHEME 1
[(bpyXCO);Rell(4,4'-bpy--)Rel(CO)3(bpy)|2+* === —‘ [(bpy--)(CO)3Rell(4,4-bpy)Rel(CO)3(bpy)]2+*
[(bpy)(CO)3Rel(4,4'-bpy)Rel(CO);3(bpy)] 2+

In the excited-state IR spectrum of [(dmb)Re(G@) ;; A 104 C
Etpy)]™, three »(CO) bands appear shifted to higher energy 1.0 084
relative to the ground state. The shifts to higher energy are 031 ‘\ 0.64
consistent with partial oxidation at the metal and formation of = 33} < 0.4
the Ré/(dmbr~) MLCT excited state. The appearance of three 02 024
bands rather than two is due to partial reduction at dmb, which 0‘2” 004
lowers the effective local electronic symmetryGg?™n.6.10The 1B D

AAX10
AAx10

E »(CO) mode in the ground state is split intd(80) and N 2
A"(CO), which are well-separated and clearly resolvable inthe 5 _ | €
excited state. \ ]

The pattern of three CO bands shifted to higher energy also ;|
appears in the excited-state spectrum of [(dmb)@Rej4,4- Al . .
bpy)Re(COYdmb)E* (Figure 2), but an additional band is also 200 2000 1900 200 2000 1900
present shifted to lower energy. The intensity of the band at wavenumber em) wavenumber (cm’)

2023 cntlis noticeably enhanced compared to the other three. Figure 3. IR (A, C) and TRIR (B, D) spectra of [(bpy)(C&Re(4-

A straightforward interpretation of the spectrum is that it consists Etpy)](PFﬁ) (A, B) and [(bpy)(CO}Re(4,4-bpy)Re(CO)(bpy)](PFs).

of two sets of overlapping bands. There is one set of three D) (TRIR spectra 8400 ns after laser flash excitation at 354.7
. . . ~100uJd/pulse) in acetonitrile at 298 K.

bands, shifted to higher energy relative to the ground state,

which appear at 2074, 2023, and 1981 ¢émA second set of

two bands appears shifted to lower energy at 2023 and 1910 8 A
cm~L. The three bands at higher energy are analogous to those 6
observed in the excited-state spectrum of [(dmb)RegCO)
Etpy)I**, consistent with a REpolypyridyl'—) MLCT excited 4
state. Based on the PRpectrum, the acceptor ligand is 4,4 )
bpy.
The appearance of two sets of bands indicates that the Py 0
symmetry across the 4:6py bridge is lowered in the excited PR
state and that there are two distinct Re sites. This is consistent &
with the excited-state electronic distributionlia. Table 3 lists 6| B
the energies of the ground- and excited-state bands and indicates
the directions of the excited-state shifts. The A(CO) band at 4
2035 cntlin the ground state shifts to 2074 chin the MLCT
excited state. The overlapping E(CO) bands at 1921 split and 27
shift to A'(CO) at 1981 and A(CO) at 2023 cmt, as indicated
by the solid arrows in Table 3. These bands arise from the CO 01
ligands at R& in [(dmb)(CO}R€'(4,4-bpy)*. They are , : : :
analogous to those observed in the MLCT excited-state spectrum 1900 1950 2000 2050 2100 2150
of [(dmb)Re(CO)(4-Etpy)["™*. At the unexcited Re —(4,4- wavenumber (cm'!)

bpy“)Re'(CO)g(dm_b)I_*, E(CO) shifts 11 cm* to Iower_energy, Figure 4. (A) Spectrum of —(4,4-bpy)RE(COx(dmb)]" in the
to 1910 cm?, as indicated by the dashed arrow in Table 3. excited state of [(dmb)(C@RE'(4,4-bpy)Re(COX(dmb)E* (dmb
A(CO) appears to shift-12 cnt?! to lower energy, where it = 4,4-(CHs).bpy) calculated by subtracting 1:6(spectrum B in Figure
overlaps with the A(CO) 2023 cmi! band of Ré&(4,4-bpy). 2) from spectrum D in Figure 2. (B) Spectrum ef(4,4-bpy)-

The accidental overlap explains the unusually high intensity of R€(CO)(bpy)]" in the excited state of [(bpy)(CERe'(4,4-bpy)-
this band. Re(CO)(bpy)P* calculated by subtracting 2.% (spectrum B in

) L Figure 3) from spectrum D in Figure 3.
The shifts to lower energy are due to localization of the

excited electron on the 4;4py bridge. The partly reduced The magnitudes of the(CO) shifts at R& in the excited
ligand donates electron density to'ReThis increases Re state of [(dmb)(CQRe(4,4-bpy)Re(COYdmb)f+* (439, +102,

CO backbonding, decreases the CO bond order, and decrease$60 cnt?) are greater than those in the monomer, [(dmb)Re-
the energy of(CO). A related effect has been observed in the (COXx(4-Etpy)[™ (433, +81, +37 cnt?l). This is consistent
TRIR spectrum of [(bpyRu'ABRe(COXCI?* (AB = 2,2: with a greater degree of charge transfer td-bgy compared
3'2":6",2""-quaterpyridine) in which the lowest MLCT excited to dmb as the acceptor ligand. This is a natural consequence
state is on the bridge, [(bpBU" (AB*")RE(CO)CI|2* 106,11 of the single Re-N bond to 4,4-bpy compared to the two Re\

As shown in Figure 4A, it is possible to construct the portion bonds to a bidentate bpy or dmb acceptor. —Rlemixing is

of the »(CO) spectrum assigned te(4,4-bpy~)Re(CO)- dominated by d(Re)-p(N) overlap. There are two overlaps
(dmb)Jt by subtracting 1.6< (monomer TRIR spectrum) from  for the bidentate ligands and a single overlap for-thgy. A

the TRIR spectrum of the dimer, both shown in Figure 2. similar effect has been observed by Turner, George, and co-
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workers in [Re(4,4bpy)(CO)CI]*, where the excited electron
is on a single 4,4bpy ligand and the excited statéCO) shifts
are+38, +56, and+66 cnt1.12

Data for [(bpy)(CORe(4,4-bpy)Re(CO)(bpy)F* and [(bpy)-
Re(COX}(4-Etpy)[™ are also consistent with an MLCT excited
state2mn6.10 |n the excited-state spectrum of [(bpy)(GRE-
(4,4-bpy)Re(CO)(bpy)¢t, four »(CO) bands appear with the Acknowledgment. This work was performed in part at Los
same overall pattern as the dmb dimer with only slight shifts in Alamos National Laboratory under the auspices of the U.S.
band energies between them. As for the dmb dimer, this Department of Energy and was supported by Laboratory
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2.3 x (monomer TRIR spectrum) from the dimer TRIR
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