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A [(bpy)Re(CO}L]" complex (bpy= 2,2-bipyridine) in which L contains a phenyl-azacrown ether that is
attached to Re via an amidopyridyl linking group has been studied by steady state and nanosecond time-
resolved resonance Raman spectroscopy. Vibrational band assignments have been aided by studies of model
complexes in which a similar electron-donating dimethylamino group replaces the azacrown or in which an
electron-donor group is absent, and by density functional theory calculations. The ground state resonance
Raman spectra show(bpy) andv(CO) bands of the (bpy)Re(COYyroup when excitation is exclusively in
resonance with the Re- bpy metal-to-ligand charge-transfer (MLCT) transition, whereas L ligand bands are
dominant when it is in resonance with the strong intra-ligand charge-transfer (ILCT) transition present for L
ligands with electron-donor groups. Transient resonance Raman (RR) spectra obtained on single color (385
nm) pulsed excitation of the complexes in which an electron-donor group is absent shrovbapgs of the

MLCT excited state, whereas those of the complexes with electron-donor groups show bothasuls and

a down-shiftedv(CO) band that together are characteristic of an L-to-bpy ligand-to-ligand charge-transfer
(LLCT) excited state. Samples in which a metal cationf(INa*, Ca", Ba") is bound to the azacrown in

the ground state show bands from both excited states, consistent with a mechanism in which the LLCT state
forms after metal cation release from the MLCT state. Nanosecond time-resolved RR spectra from two-color
(355 nm pump, 500 nm probe) experiments on the electron-donor systems show L-ligand bands characteristic
of the LLCT state; the same bands are observed from samples in which a metal cation is bound to the azacrown
in the ground state, and their time dependence is consistent with the proposed mechanism in which the rate
constant for ion release in the MLCT state depends on the identity of the metal cation.

Introduction within supramolecular devicéd!4 The [(bpy)Re(COL]™
complex1 (shown below), which includes an amidopyridyl L
ligand that terminates in an azacrown ether that can bind a metal
cation (M) to form 1-M"*, was originally reported in 1991

by MacQueen and Schan¥eThey reported nanosecond time-
resolved emission measurements and proposed a novel mech-

There has been significant interest in synthesizing and
studying systems that can act as molecular switcimetuding
light-controlled ion switches in which photoexcitation results
in the release of a bound metal cation into solufiol.“Single

232;} ?;stggs ;(r)(; ﬂv]veellllggé_\?(glgggl(ljedt;gg:ﬁ; gfc:tri]; Zta\l/igat;%ns anism in which ion release occurs in the excited state Mf'",

; ; ’ limiting its effectiveness as a metal cation sensor. Their studies

irreversible change, such as covalent bond cleavage, and the¥1ave romoted us to explore the potential bis a light-

have enabled the effects to be studied in vivo with precise spatial promptec: P P 9
controlled ion switch, and our recent picosecond and nanosecond

and temporal specificity.* We have been studying light- . e . .
controlled ion switches that operate by different mechanisms time-resolved Uv-visible abso_rptlon (TRVIS) studies h_ave_
enabled us to observe the excited states and the reversible ion

and in which the metal cation release is reversidRecently, ! i~
y Lelease-and-recapture cyclesle! "t directly,”16 substantiating

we have been studying Re-coordinated azacrown ether system . . . .
that can produce light-induced pulses of LNa", C&*, or Ba&" and extending the photochemical mechanisms that were orig-
g inally proposed?

in solution due to rapid ion release in the excited state followe
by slower thermal rebinding after relaxation to the ground  For 1 without a metal cation bound (Scheme 1), excitation
state®”’ to the dr(Re) — x*(bpy) metal-to-ligand charge-transfer
Among the many types of organic and organometallic (MLCT) state is followed by intramolecular electron transfer
molecular switches that have been reported, [(bpy)Refd®) from the azacrown nitrogen donor to the'Reenter to create a
and related complexes have attracted interest because of theiligand-to-ligand charge-transfer (LLCT) state in 0.5 k£ ™),
excited state electron and energy transfer reacfibiand they ~ and back electron transfer from bpyto azacrown’ then

are increasingly being incorporated as chromophoric subunitsegenerates the ground state in 19 kg« *).1>1¢ For 1-M™
where M = Li*, Na*, Ca&*, or B&" (Scheme 2), excitation

t The University of York. to the MLCT(on) state (i.e., with the metal cation bound) results
# CCLRC Rutherford Appleton Laboratory. in ion release to form the MLCT(off) state on a time scale of
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SCHEME 1: Photochemical Mechanism for 1 and 2
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and similar lifetimes were implicated in the ion-release mech-
anism.

Hence, we report ground- and excited state RR spectta of
1-M™ and three model complexes (shown abov&)in which
the azacrown is replaced by a similar electron-donor dimethyl-
amino group3, in which the L ligand does not have a terminal
electron-donor group; ard] in which the L ligand is replaced

intramolecular electron transfer to form the LLCT state, back by a chloride ion. A combination of single-color transient
electron transfer to regenerate the ground state with the metalresonance Raman (FRand two-color time-resolved resonance

cation out of the azacrown, and finally by metal cation rebinding
from bulk solution on a time scale of ca. Ouls — 1 ms
(dependent on the identity of M and other sample conditions)
to re-establish the starting thermal equilibriGas.

Our time-resolved UVvisible absorption studies provided
clear kinetic information on the MLCT and LLCT excited states
of 1, and the distinct lifetimes enabled their TRVIS spectra to
be observed distinctly despite their broad, overlapping featfires.
However, the situation was more complicatedfdv™" because
the TRVIS spectra at ca. #50 ns were observed to depend
on the identity of the metal catiohthe Li* and Na samples

Raman (TR) techniques has been used to record spectra that
characterize the excited states, provide information on their
structure and bonding, and enable light-controlled ion switching

to be observed. In addition to providing further details on the

photochemistry of this particular system, the study also illustrates
more generally how the selectivity of RR spectroscopy may be
used advantageously to study light-controlled ion-switching

mechanisms.

Experimental Section
Complexedl, 3, and4 were prepared according to literature

gave characteristic LLCT state spectra that we attributed to fastmethodas1%and characterized usirftgl NMR and electrospray

ion releasek* .+ 1 = 8 and 6 ns, respectively) followed by fast
forward electron transfer, whereas the?Cand B&" samples

ionization mass spectrometry, as reported previoGs¥\Com-
plex 2 was prepared similarly but using dimethylaminobenzoic

gave characteristic MLCT state spectra that we attributed t0 a¢id as a starting material, and characterization details are given

slower ion releasek{ o1 = 90 and 40 ns, respectively) being

as Supporting Information. Samples were prepared in spectro-

the slowest process and hence the rate-determining step in thecopic or HPLC grade acetonitrile (Aldrich) except foM"™,
excited state decay mechanism. In the absence of distinct TRV'SWhere anhydrous acetontirile (A|dr|ch) was used as received
marker bands for the three excited states, we obtained theseynd handled under nitrogen. LiCJ@nd NaClQ (Aldrich) were
rate constants for ion release by fitting the transient absorption ysed as received; Ca(CJ@and Ba(CIQ), (Aldrich) were dried
kinetics at 500 nm, where all three excited states contribute, to ynder vacuum at 23 and stored under nitrogen. The rhenium

a kinetic model based on Schemé Qur studies showed that
the rate constants for tj Na*, C&*, and B&" release in the

complexes were used typically at ca. (820) x 10~2 mol
dm=3. The 1-M"* samples were prepared at'fM ~ 0.1-0.8

excited state give the same variation with metal cation as thosemg| dn13, typically at ca. 50-fold in excess of the concentration

for ion release in the ground state, although they are higher in given by the appropriaté 2 value (whereK is the equilibrium
value, and that the rate constants for ion release in the groundconstant for M* binding to the azacrowA)o ensure that the

state are important in controlling the ground state binding
constantd. The general variation of ground state binding

samples contained 2% of 1 without a metal cation bound to
the azacrown. Binding was confirmed by recording -t\isible

constants of azacrown systems with metal cation has beengbsorption spectra2’

rationalized through a combination of several effééts.

Steady state Raman spectra were recorded at *arking a

In the present study, we have used resonance Raman (RRxontinuous-wave (CW) krypton ion laser (Coherent Innova 90)

spectroscopy to study the excited stated @ind 1-M"*. Our

to provide 350.6 or 406.7 nm excitation with a power of ca. 30

aim was to exploit the well-established advantages of vibrational mW impinging on a sample held in a capped spinning cell.
spectroscopy to provide marker bands that characterize differentScattered light was collected at 9@ the incident beam,
species more distinctly than electronic bands along with giving dispersed by a double monochromator (Spex 1403), and detected

detailed information on their structure and bondl&dlime-
resolved RR spectroscopy, in particular, is well-suited for

with a liquid-nitrogen cooled charge-coupled device (CCD)
detector controlled by AT1 software (Wright Instruments).

studying samples containing several species because higiSpectra were recorded with a resolution of ca. 20 {rwith

sensitivity and good selectivity can be obtained by tuning the an accuracy of cat5 cnrt (+1 pixel) and with integration
probe laser into resonance with the TRVIS bands of the different times in the range of 66900 s. U\+-visible absorption spectra
species present at various times after excitation. This approachwere recorded using a Hitachi U-3000 spectrophotometer.

appeared to be particularly appropriate for studying samples of

TR? and TR spectra were recorded at the Central Laser

1-M"" because several states with overlapping absorption bandsFacility of the Rutherford Appleton Laborato§y.For single-
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SCHEME 2: General Photochemical Mechanism for 1-M*
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intense bands at ca. 340 nm that are assigned to an intra-ligand
charge-transfer (ILCT) transition localized at the L ligand, and
bands at<300 nm that are assigned to— x* intra-ligand

mJ energy; ca. 10 ns pulsewidth; 10 Hz repetition rate). For transitions localized at the L and bpy ligand48 Similar z —

two-color TR experiments, the third harmonic of a Nd:YAG

7* bands at<300 nm also are present in the spectré8aind

laser (Continuum Powerlite 8000) provided a pump beam at 4 but the intense ILCT band is absent due to the absence of an

355 nm (ca. £5 mJ energy; ca. 7 ns; 10 Hz), the dye laser
(LC 5000 dye) provided a probe beam at 500 nm (ea3 2nJ

L ligand with a terminal electron-donor group, revealing a
moderately intense band at ca. 350 and 370 nm, respectively,

energy), and signal-delay generators (Stanford Research Systemthat is assigned to the Re bpy MLCT transition'>16 A similar
DG535) provided independent timing control between the two MLCT band at ca. 350 nm is expected fband2, underlying
pulses. The samples were prepared at a concentration givingthe more intense ILCT band.

an absorbance of ca. In(ia 2 mmpath length cell) at the

Steady State RR SpectraGround state RR spectra obtained

excitation wavelength and were circulated, under continuous on 350.6 nm CW excitation af—4 in acetonitrile are shown

nitrogen purging, through a closed flow systemhaét 2 mm

in Figure 2 along with a spectrum @fobtained on 406.7 nm

path length silica capillary cell that was mounted perpendicular CW excitation.

to the entrance slit of a triple spectrometer (Spex Triplemate

For 1 and 2, 350.6 nm excitation is strongly in resonance

1877). The samples were excited from below, and the scatteredwith the ILCT transition (Figure 1) and the similar RR bands

light was collected at 90and detected by a liquid-nitrogen
cooled CCD detector (Princeton Instruments Inc. LN/CCD-
1024). Spectra were recorded with a resolution of ca. 16'¢m
an accuracy of cak2 cn ! (& pixel), and integration times in
the range of 206600 s.

observed from these complexes (Figure 2 top) are assigned to
vibrations centered on the L ligand. To obtain specific assign-
ments, a Raman spectrum of the L ligand 2f(L2) was
calculated using DFT with the B3LYP functional and 6-31G(d)
basis set, which has been reported to give accurate vibrational

The Raman spectra were calibrated using solvent spectrafrequencies for small doneracceptor 1,4-disubstituted phenyl

(acetonitrile, dioxang;>-cyclohexane, toluene), recorded under

systems of similar structure to2l2> The absence of the

identical conditions to those of the samples, and processed usingbpy)Re(COj group and the use of a dimethylamino group
Grams 386 software (Galactic Industries Corp.). Where neces-rather than an azacrown within L simplifies the calculatféns

sary, a sloping baseline correction was made to correct spectra

for the effect of sample emission.
Density functional theory (DFT) calculations were performed
with the Gaussian 98 packa&deusing the B3LYP functional

and the 6-31G(d) basis set. The calculated vibrational frequen-
cies were scaled by the recommended factor of 0.9613, and

calculated spectra were created by apmlym 5 cnt?! full

bandwidth Lorentzian function scaled to the relevant intensity

of each calculated vibrational wavenumBer.

Results and Discussion

UV —Visible Spectra. The UV—visible absorption spectra
of 1—4 are shown in Figure 1. The spectra bfand 2 give

-1
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3

€/10* dm® mol
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Figure 1. UV—visible absorption spectra df~4 in acetonitrile.
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i T T T T T and a Wilson 8b vibration of the pyridyl ring (Figure 3) may
contribute at ca. 1576 cm.3! The 8a vibration involves
stretching along the axis of the substituents, and it commonly
gives an intense band in the Raman spectra of compounds
containing donoracceptor 1,4-disbustituted ringsOur cal-
culations on 2 indicate that the 8a vibration is strongly mixed
with the Wilson 9a in-plane €H bending vibration, as reported
for related compound&:25There is also some coupling between
the 8a/9a vibrations within the phenyl and pyridyl rings, but
these modes are calculated to be more localized on a specific
f f f f f f ring for L2 than for the alkenyl and alkynyl analogu&sas
discussed above. The moderately intense bantl afid 2 at
1278 cnlis assigned to an amide Ill mode, which commonly
gives a strong Raman band in this region and involves\C
stretching and N-H bending?®2° In the case of B, it is
calculated to occur at 1279 crhand to be coupled strongly to
a pyridyl ring 18a vibration and more weakly to a phenyl ring
3 vibration (Figure 3). The strong band bfand?2 at ca. 1206
cmtis broad, and two modes may contribute to it. A strong
contribution is assigned to a 9a vibration of the pyridyl ring
L " L . . " calculated at 1204 cnt (Figure 3), and a weaker contribution
1000 1200 1400 1600 1800 2000 is assigned to a similar 9a vibration of the phenyl ring calculated
Wavenumber / cm’”’ at 1184 cm! (Figure 3); these two bands are observed as two
Figure 2. Top: steady state RR spectra bfand 2 in acetonitrile peaks in the RR spectrum 2fobtained on 406.7 nm eXC_'tat'O”'
recorded with 350.6 nm CW excitation, along with the DFT calculated The moderately strong band band2 at 1030 cm* is assigned
Raman spectrum of2. Bottom: steady state RR spectra2afecorded to coupled 18a and 19a vibrations within the pyridyl ring
with 406.7 nm CW excitation, and &and4 recorded with 350.6 nm calculated at 1051 cm. In summary, the RR bands dfand2
CW excitation, all in acetonitrile. * indicates solvent band. are assigned to L-ligand modes that, apart from the amide |
mode, generally involve ring vibrations that are symmetric along
while giving results that our detailed studies have shown to the axis of the substituents; the stronger bands arise from modes

model the IR and Raman spectra from related azacrown and"voIVing a significant contribution from the pyridyl ring.
Re-coordinated systems wédl. For 3 and 4, 350.6 nm excitation is in resonance with the

The calculated Raman spectrum d (Figure 2, top) gives MLCT transition (Figure 1), and the similar RR bands observed

a reasonably good agreement with the experimental RR spectrd™™ these complexes (Figure 2, bottom) are assigned principally

of complexed. and2. The calculated band positions for selected t© Vibrations centered on the Re(GM®py) group. Fod, which
modes of 2 are listed in Table 1, along with descriptions that has & chloride ion instead of an L ligand, the RR bands1at00

indicate the major contributions derived from the calculated cm™* have been assigned to bpy mod&and the band at 2024
displacement vectors shown in Figure 3. Many of the calculated €M * t0 the totally symmetric A1) »(CO)re mode?*the other
modes of 2 involve significant motion of atoms throughout W0 *(COkemodes usually give strong IR bands but vanishingly
the molecule, indicating that there is coupling between the Weak RR bands in Re(Celppy) complexes? and they are not
different parts of the ligand, and in-plane bending of the amide OPserved in the RR spectra reported here. Table 1 lists the
NH group contributes to several of the calculated modes. A OPserved ground state RR bands3cénd 4, along with their
number of the calculated modes of the amido ligariare aSS|gnmer.1ts: 'Fhe bpy modgs are aSS|gned in gccordance with a
comparable to those we have reported for the alkenyl and "eported vibrational analysis of the bpy ligand in Ru(kpy.f*
alkynyl analogued? but the coupling between vibrations within ~ @nd two bands observed froBbut not4 are assigned to L
the phenyl and pyridyl rings is generally weaker &, land it Ilgqnd modes discussed above with their observation being
may result from incomplete conjugation resulting in a calculated attributable to preresonance enhancement fromsthe 7z*
twist between the rings (Figure 4) that contrasts the fully transition at shorter wavelength (Figure 1).
conjugated and essentially planar structures calculated for the The RR spectrum o2 obtained on excitation at 406.7 nm,
alkene and alkyne systerfs. to the red of the intense ILCT band and within the tail of the
Table 1 lists the observed ground state RR bandisarfd2 MLCT absorption band (Figure 1), gives a band pattern that
along with their assignments based on the calculated ground-aPproaches that &obtained on excitation at 350.6 nm (Figure
state modes of 2. The strong band df and2 at ca. 1680 crm' 2, bottom). Accordingly, the bands in this spectrum2oére
can be assigned unambiguously to an amide | mode, whichassigned to bpy modes and th§1 »(CO)ze mode, as well as
commonly gives a strong Raman band in this region and 0 some of the L-centered modes discussed above (Table 1).
involves CO stretching and NH in-plane bending®2° as Single-Color TR? Spectra. Single-color TR spectra were
calculated here for 2 at 1695 cm? (Figure 3)3° The strong recorded on pulsed excitation at 385 nm with each laser pulse
RR band ofl and 2 at ca. 1604 cm! is broad, and three  providing both pumping and probing photons. Excited state
calculated modes may contribute to it: a shoulder at ca. 1620 bands were identified by an increase in their intensity relative
cmtis assigned to a band arising from a Wilson 8a vibration to ground state bands as the laser pulse energy was increased,
of the phenyl ring calculated at 1607 cin(Figure 3); the and they are seen most readily as positive bands in difference
dominant peak at ca. 1604 ctnis assigned to a band arising  spectra obtained by the scaled subtraction of a RR spectrum at
from a similar 8a vibration of the pyridyl ring calculated at 1588 low pulse energy from one at high pulse energy, as shown in
cm (Figure 3); and a weaker band arising fromrN bending Figure 5 and Figure 6 (left).

Intensity

2 406.7 nm

Intensity
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TABLE 1: Observed RR Band Positions (cnt?) for Ground and Excited States of 1-4 in Acetonitrile, 29 Calculated Positions
for Ground State L2, and Assignments

1 1-mn+ 2 3 4 L2 assignment

CWe TR? TR® TR? Cwa Cwp TR? TR® CwWe? TR? CWe TR? DFT
ground LLCT LLCT MLCT' ground ground LLCT LLCT ground MLCT ground MLCT ground L-centered Re-centered

2012 2080 2035 2012 2035 2024 v(CO)re
1683 1679 1679 1692 1695v(CO) +
NH bend
(amide I)
1620 sh 1514 1514 1620 sh 1615sh 1519 1514 1607 8a/9a (ph)
1604 1608 1588 8a/9a (py)
j j 1576 NH bend
=+ 8b/3 (py)
1556 1552 1602 1556 1604 1547 1601 1548 vs (bpy)
1514 1504 1514 1563 1498 1563 1499 ve (bpy)
1558 1558 1542 8b/3 (ph)
1529 1535 1519 18a/19a (ph)
+ Me
+ v(ph-N)
1486 1495 1490 1478sh 1486 1479sh v7 (bpy)
1420 1422 h 1420 h 1421 h 1421 vg (bpy)
1382 1379 1317 1314 1362 1314 1367 ve (bpy)
1278 1278 1279 NH bend
(amide 111)
+ 18a (py)
1280 1279 1277 1280 1277 1274 1277 1279 10 (bpy)
1221 1215 1221 1262 1213 1262 1216 v11 (bpy)
1206 120% 1209 1209 1204 9a (py)
k 1216 1168 k 1195 1216 1184 9a (ph)
1164 1177 1164 1173 1165 1173 1165 v12 (bpy)
1099 1099 v13 (bpy)
1060 1022 1060 1022 1075 18b (py)
+ 18a (ph)
+ NH bend
I 1019 1038 | 103¥® 1010 1031 1015 v1s (bpy)
1030 1030 1051 18a/19a (py)

2 CW 350.6 nm excitatiorPCW 406.7 nm excitatiorfTR? pulsed 385 nm excitatio§TR® pulsed 355 nm pump and 500 nm prob&ssigned
motions given in order of decreasing contribution based on calculation®2owith ph = phenyl, py= pyridyl, and numbers indicating Wilson
vibrations." bpy = bipyridyl with mode numbers in accordance with ref 34-centered and bpy-centered bands are near co-incident, and the
observed feature may include a contribution from b&@bscured by solvent band but repofeat 1450 cm? for Ru(bpy)?*. ‘Bands assigned to
MLCT(on) state ofl-C&" (see text)iThe observed Raman band at ca. 1604 tim broad and three calculated modes (as indicated) that give
observable IR bandsmay contribute (see textyThe observed Raman band at ca. 1200 ti®m broad, and two calculated modes may contribute
(see text)!Position uncertain because of overlying solvent or ground state band.

The excited state TRspectra obtained on 385 nm excitation cm™1. Excitation at this wavelength pumps both the ILCT and
of 3and4 are similar to each other (Figure 5, bottom). Excitation MLCT transitions ofl and 2, but the absence of any TRVIS
at this wavelength pumps the MLCT transition and probes in bands from the ILCT state in our picosecond and nanosecond
resonance with the MLCT state band at ca. 370 nm that hasTRVIS studies ofl have shown that this state is very short
been assigned to a transition localized on*bgy:%1°The TR lived.2® Therefore, a 10 ns pulse at 385 nm probes in resonance
spectrum of4 has been reported previously and its bands have with the ca. 370 nm TRVIS band of bpythat is present for
been assigned to modes of bp¥, as given in Table % in both MLCT and LLCT states (Scheme 1). The excited state
which we give equivalent assignments $oMost of the excited- bands in the TRspectra ofl and?2 are similar to those o8
state bands are at a lower wavenumber than their ground stateand4, and so most of the bands @700 cnt?! are assigned to
counterparts, showing downshifts of up to ca. 65 ¢that are bpy~, as given in Table 1. A significant difference is ttat
attributed to the occupation ofz orbital in the MLCT state and 4 do not give a distinct excited state band in the 2600
that weakens the bonds within the bpy rings. An exception is 2100 cnt? region, wheread and2 give a moderately strong
the band assigned tg, which involves a significant contribution  band at 2012 crit that can be assigned to theé(®) v(CO)ge
from inter-ring bond stretching and shows an upshift of ca. 50 mode of the LLCT state. The 23 cthdownshift of this band
cm ! that has been attributed to an increase in the strength offrom its ground state position is characteristic of weaker CO
this inter-ring bond in the MLCT staf¥.The close similarity ~ bonds that result from stronger back-bonding due to an increase
of the TR spectra o and4 indicates that the changes occurring in electron density at the Reenter, which is attached to a
on excitation are essentially localized on the Re(bpy)éCO) reduced bpy ligand in the LLCT state (Scheme 1). Similar

group, and that the change from a chloride iordito an L downshifts have been reported for the equivalent IR band
ligand in3 has little effect on the structure and bonding of the obtained on the electrochemical reduction 4fto form
bpy~ group in the MLCT state. [(bpy")Re(CO}CI],35 and on the photochemical formation of

The excited state TRspectra obtained on 385 nm excitation similar LLCT states of Re(CQ)systems with quite different
of 1 and 2 are similar to each other (Figure 5 top) with the diimine and L ligand$#3¢ The position of thisy(CO)se band
strong negative features in these difference spectra arising fromprovides conclusive evidence that these? BRectra probe the
the bleaching of strong ground-state bands at ca. 1680 and 1604.LCT state ofl and2, and it is consistent with the 10 ns pulse
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1576 cm’™

1279 cm’!

1075 em!
Figure 3. Selected calculated vibrational modes & L

giving preferential observation of the longer-lived LLCT state
(r = 19 ns) than the MLCT stater (= 0.5 ns)!® The close
similarity in the bpy~ bands ofl and2 in the LLCT state and
3and4in the MLCT state (Figure 5) indicates that the structure
and bonding within the reduced bpy ligand is similar in these
two states, and the small differences in some of the band
positions (Table 1) may arise from the different oxidation states
of the attached Re atom (Schemée*4y’ The TR feature ofl
and?2 at 1514 cmi! can be assigned to an L-ligand centered
band of the LLCT state, as discussed below in assigning the
two-color TR spectra, although it also may include a contribu-
tion from thevs bpy~ band.

The excited state TRspectra obtained on 385 nm excitation
of 1-Li*, -Na*, -C&" and -B&" are shown in Figure 6, along
with those ofl and3 for comparison, with the 19752125 cnt?!
regions given directly (rather than as difference spectra) to show
the excited state(CO)re bands together with the ground state
bands present at ca. 2035 chdue to residual ground state
sample. The spectra fromrM"™" in the ca. 956-1750 cnt?
region (Figure 6) are similar to those frotv (Figure 5), and
so most of the bands can be assigned tohdyp addition, the
1-M" samples give bands at 1514 and 2012 &nhat are
observed froml and 2 but not from3 and 4, and have been
assigned above to L-ligand andCO)re modes, respectively,
of the LLCT state. The observation of these two conclusive
marker bands in a single-color ¥Bxperiment indicates clearly
that the LLCT state ofl forms within ca. 10 ns on excitation

Figure 4. Calculated geometry of2.%"

1542 cm’

1051 cm’

: 1519 ¢cm!

¥

1184 ¢cm™

2z
8
3
z2
S
4
1000 1200 1400 1600 1800 2000

-1
Wavenumber / cm

Figure 5. Excited state TRspectra of (top)Ll and2 and (bottom)3
and4 in acetonitrile recorded with 385 nm pulsed excitation, shown
as difference spectra (high energy datdow energy data) obtained
from a subtraction scaled to the solvent band at 1372 ctrindicates

a small negative artifact from this subtraction.

of 1-Li*, -Na*, -Ca*, and -B&", providing further evidence
that ion release occurs on excitation because redox potentials
indicate that the electron transfer needed to form the LLCT state
is thermodynamically unfavorable while a metal cation remains
bound to the azacrowi?.
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Figure 6. Excited state TRspectra ofl-M™" in acetonitrile recorded Wavenumber / cm
with 385 nm excitation along with those @fand3. Shown at 956 Figure 7. Excited state TRspectra recorded with 355 nm pumping
1750 cmit as difference spectra (left; high energy datdow energy and 500 nm probing. Topl and2 in acetonitrile, at a delay time of

data, obtained from a subtraction scaled to the solvent band at 13728 ns. Bottom: 1-M™* in acetonitrile, at delay times of 12 ns (1) 8 ns
cm%; spectra froml-M™ smoothed) and at 1972125 cn1t as spectra (Na"), 25 ns (C&"), and 20 ns (B#). Data shown as difference spectra
recorded directly at high energy (right). obtained on subtraction of spectra obtained from the pump only
(emission background) and the probe only (solvent and very weak
ground-state bands; scaled to the solvent band at 1373;chindicates
A second and weaker excited sta{€O)ze band at ca. 2080  a negative artifact from this subtraction.

cmtis observed fromi-M"* (Figure 6), and it can be assigned
to an MLCT state. The ca. 45 crhupshift of this band from

its ground state position is characteristic of stronger CO bonds
that result from weaker back-bonding because of a decrease i
electron density at the oxidized Reenter. Similar upshifts of
ca. 40 cm! have been reported for the equivalent band from
time-resolved infrared studies of the MLCT states of other
(opy)Re(COJL complexes, including.3® The relative intensity

of the two excited state(CO)ge bands at ca. 2012 and 2080
cm~1 varies with the metal cation (Figure 6), and the observed

LLCT:MLCT band intensity ratio decreases in the order'Na with slower ion release. The relatively wealCO)ge band of

~ LT > Bat > Cat the MLCT state observed not only fromxCe&" and 1-Ba2"

We have attributed the TRVIS spectra and kinetics observed pyt also from3 and4, which form only MLCT excited states,
on 355 nm excitation of theseM"" systems to a combination  indicates that its RR scattering cross-section is significantly
of MLCT(on), MLCT(off), and LLCT states, with the relative  |ower than that of the equivalem(CO)ge band of the LLCT
contributions varying with time and depending on the rate of state ofl and?2.
ion release (Scheme 2All three excited states contain bpy Two-Color TR3 Spectra. TR3 experiments onl-4 were
which has an absorption band at 370 nm that provides resonancearried out with a pump wavelength of 355 nm and a probe
enhancement, and so the relative intensities of thé Bads wavelength of 500 nm, which was chosen to provide resonance
depend on the relative enhancement and on the integratedwith a TRVIS band that has been assigned to a transition
concentrations of these excited states during the pulse. Thecentered on the phenyl-NR group of the L ligand in the LLCT
MLCT(off) state has the fastest decay rate constant, and thestatel6.38Excited state TRbands were not observed on pumping
TRVIS analysis indicated that its concentration is low at all 3 and4, and their absence can be attributed to weak resonance
times, so any MLCT bands from-M"™" may be assigned  enhancement arising from relatively weak transient absorption
specifically to the longer-lived MLCT(on) state. Therefore, the at this probe waveleng®.By contrast,1 and 2 gave strong
observed variation in the relativCO)re band intensities with and similar TR spectra, shown in Figure 7 (top), which are
metal cation in the TRspectra indicates that the relative LLCT:  dominated by an intense band at 1514 &and can be attributed
MLCT (on) state concentration during the pulse decreases in theto resonance enhancement arising from the strong TRVIS band
order Na ~ Li™ > Ba?" > C&". This observation is consistent  of the LLCT state'®
with the TRVIS analysis, which indicated that the LLCT state  The ca. 500 nm absorption band of phenyl-dialkylamino
is the dominant contributor withirc10 ns in the case of fast  radical cations has been assigned to an electronic transition that
cation release (Ui, Na'), whereas the MLCT(on) state is changes the bonding within the phenyl group and distorts the
dominant in the case of slower release {GaB&"),” and it ring along the axis of the 1,4-substituents, giving strong
provides further support for the mechanism in Schem@>s2. resonance enhancement to Raman bands arising from modes

Overall, the TR spectra froml-Li ™ and -Na resemble that
from 1, as characterized particularly by théCO)re band and
"he 1514 cm? band assigned to the L ligand, and they may be
assigned to the LLCT state formed after fast ion release. Outside
the v(CO)ge region, the TR spectrum froml-Ca&* resembles
that from 3, as characterized particularly by the broad feature
at ca. 1500 cm! assigned ta’g andv7 bands of bpy, and so
the bands at1700 cntt may be attributed predominantly to
the MLCT(on) state ofl-C&", as given in Table 1, consistent
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that involve motion along this ax®.The intense 1514 cm

TR® band ofl and2in the LLCT state can be assigned to such
a mode involving the Wilson 8a and 9a vibrations of the phenyl
ring, downshifted from the equivalent ground state band at ca.
1620 cnr?, because of its very strong enhancement in resonance 1
with the electronic transition centered on the phenybNR
group. An alternative assignment of this band to a mode
involving 8a/9a vibrations within the pyridyl ring, which gives

o TR’ 1514 cm™ band
— TRVIS data / analysis

Intensity / AAbsorbance

the stronger ground state RR band at 1604%Gseems unlikely .0 1.00 2(.)0 (.) 1(.)0 2[,)0
because it would not be expected to experience such a

dominating enhancement in resonance with a phenyl-localized 1-Na" 1-Ba™*

transition. The large downshift in the phenyl 8a/9a band position

is characteristic of an increase in the quinoidal character and a I

decrease in the-bonding character of the ring, resulting from 0 100 200 0 100 200

oxidation of the donor nitrogen atom and consistent with the

. . Delay time / ns
canonical structures shown bel8®A downshift of ca. 40 cm?!

Figure 8. Normalized intensity of the TR1514 cn1 band from1
and1-M"* versus delay time along with LLCT state kinetics shown as
TRVIS data at 500 nm foll, and LLCT components obtained from
analysis of TRVIS data at 500 nm according to Scheme 24f"*.”

in the 8a band has been reported on oxidation to form the radical
due to the electron-withdrawing effect of the para-substituted
Re-amidopyridyl group giving a larger decrease in the electron  The TR experiment also enabled the time dependence of
1-Ba2* as a function of delay tim&, overlaid with the LLCT
/ _/ / state kinetics obtained from the TRVIS analysBoth the rise
R No+ == ¥ Mo = (o)
\ \ \
metal cation, increasing in the order Na Li™ < Ba?*. This
The other TR bands observed from the LLCT stateloénd trend matches that obtained from the TRVIS analysis of
modes. It is likely that these bands arise from vibrations =7~ "=~
involving the phenyl ring because of resonance enhancement,ter's'[IC V|brat|ong| marker bapds of the LLCT state to be
observed selectively without interference from those of the
_di i i i 39
other phenyl-dialkylamino radical catiof% .alt.hough the the mechanism in Scheme’ 2.
forms of the modes may also have changed significantly. Hence,
Conclusions
from a downshift of the ground state mode involving 18b pyridyl We have reported the ground- and excited state Raman spectra
and 18a phenyl vibrations at 1030 ch{Table 1). Other bands  of a [(bpy)Re(CO)L]* complex in which L contains an
and 19a phenyl modé8,are not strongly Raman active, and resonance enhancement has enabled the vibrations of the L
they are not observed in the ground- or excited state Ramanligand and Re(CQJbpy) chromophores and the MLCT and
(bottom), are essentially identical to those obtained fioamd ize the excited state structure and bonding in the (bpy)Re{CO)
2. They are dominated by the same intense band at 1514,cm group. Model complexes without an electron-donor group
provides further evidence in support of ion release on excitation, donor group showed both bpy bands and a downshifted
as noted in discussing the ¥Rpectra above. The signal-to- v(CO)reband indicative of a LLCT state. The presence of these
> Ba¢t > Ca&* with the bands froni-C&" being very weak. Two-color TR measurements have been used to characterize
This observation indicates that the relative contribution of the the excited state structure and bonding at the L ligand. The
analysis? the latter indicated that the LLCT state dominates at this LLCT state marker band frol#M"" systems has provided
>10 ns for Li" and N&, that there are comparable contributions further evidence of ion release, along with an independent

cation of dimethylaminobenze#'® and the larger downshift
of ca. 100 cm? on forming the LLCT state of and2 may be
density within the phenyl ring on oxidation, although the shift the spectra to be monitored, and Figure 8 shows the intensity
may also arise, in part, from a change in the form of the mode. of the dominant 1514 cn# band from1, 1-Li*, 1-Na*, and
times and the fall times of the 1514 cMTR2 band are longer
for 1-M"* than for 1, and they depend on the identity of the
2 are relatively weak, occurring at ca. 1370, 1280, 1216, 1165, ; X
1 : i overlapping absorption featurébut the clear advantage of the
and 1022 cm', and they may be assigned to other L-ligand present TR experiments is that they have enabled the charac-
and that they have undergone shifts from their ground state :
counterparts that are similar to those reported on formation of 9F°“F‘d state or the other ex_cned MLCT states. He_nce, the TR
kinetics provide strong and independent evidence in support of
the band at 1216 cnt may arise from an upshift of the ground-
state 9a phenyl vibration at 1184 ctnand that at 1022 cmi
that can be used as diagnostic markers for a change to a moreazacrown ether group, along with those of model complexes,
quinoidal structure, such as those arising frefphenyl-NR) using both steady state and time-resolved techniques. Selective
spectra ofl or 2. LLCT excited states to be studied selectively.

The TR spectra obtained from-M"", shown in Figure 7 Single-color TR measurements have been used to character-
and so they are assigned similarly to the LLCT staté;@igain, ~ showed bpy bands indicative of a MLCT excited state,
the observation of LLCT state bands frolaM™* samples whereas complexes containing an azacrown or dimethylamino
noise ratios of the LLCT state bands, from3$pectra obtained ~ LLCT state marker bands froni-M"™" systems provided
under comparable conditions, decreased in the orderd Na* evidence that ion release occurs on excitation.

LLCT state decreases in this order, and it is consistent with downshift of a phenyl 8a/9a band in the LLCT state is indicative
both the TR data discussed above and with the TRVIS of a change to a more quinoidal structure, and the presence of
from LLCT and MLCT(on) states at 30 ns for B&", and that

the LLCT state is always a minor component forChecause

measure of the LLCT state kinetics.
Together, these Raman studies have provided further evidence

the MLCT(on) state dominates at all times because of its slow to support the photochemical mechanisms given in Schemes 1

rate of ion release.

and 2, along with more detailed information on structure and
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bonding than that available previously from YVisible
spectroscopy.
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