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Ground- and excited-state infrared spectra are reported for a [(H@JReL] ™ complex (bpy= 2,2-bipyridine)

in which L contains an azacrown ether that is linked to Re via an amidopyridyl group. Ground-state band
assignments are made with the aid of spectra from model complexes in which a similar electron-donating
dimethylamino group replaces the azacrown, in which an electron-donor group is absent, and from the L
ligands, in conjunction with DFT calculations. Picosecond time-resolved IR (TRIR) spectra ir{CGla®

region show bands characteristic of a metal-to-ligand charge-transfer (MLCT) excited state)RBI{ZO)L] *,

from the complex in which an electron-donor group is absent, whereas those from the azacrown complex
show bands of an MLCT state evolving into those characteristic of a ligand-to-ligand charge-transfer (LLCT)
excited state, [(bpy)Re(CO)(L*")]™, formed upon intramolecular electron transfer. Picosecond TRIR spectra
of the azacrown complex in the fingerprint region show strong L ligand bands that indicate that significant
charge redistribution occurs within this ligand in the MLCT state and that decay as the LLCT state forms.
Picosecond TRIR spectra obtained wheid'Baas complexed to the azacrown show bands of only an MLCT
state at all times up to 2 ns, consistent with the presencefiBhaibiting electron transfer from the azacrown

N atom to form the LLCT state, and the positions of the bands in the fingerprint region provide direct evidence
for the proposal that charge redistribution within the L ligand induces Balease from the azacrown in the
MLCT state.

Introduction | 7+
We have been studying [(bpy)Re(GD)" complexes in (NlO Q Q

which L contains a terrzingl Ea(lzggowg et]r)ler Iinkgd to Re via OC—,F!{éE/N/ \ NwR N )i R

an amide, alkene, or alkyne group and that can act as metal oc’| = =

cation sensors and light-controlled ion switche§The amide 8 ~ ~

complex 1 was first reported in 1991 by MacQueen and (O o ° 5

Schanzé, along with model complex in which L does not 1R= "N oj L1R= N o]

have a terminal electron-donor group, and their emission studies &o\) o_J

showed that the metal-to-ligand charge-transfer (MLCT) state 2R = NV L2 R 2 NM

lifetime of 1 is <1 ns, whereas that & is ca. 150 ns. They N T

proposed that the MLCT state df is quenched rapidly by

intramolecular electron transfer from the azacrown nitrogen to T

Re to generate a ligand-to-ligand charge-transfer (LLCT) state, @\O 0

and we have reported pico- and nanosecond time-resolved UV 0c— et C_Nﬁ_@""‘"ez

visible absorption (TRVIS) studies that show that forward oc’| = H

electron transfer to form the LLCT state occurs in ca. 500 ps g 4

(keeT 1) and that back electron transfer to return to the ground

. 21 . 1
state occurs in ca. 19 nbgkr™), as shown in Scheme-. illustrated in Scheme 2 fol-Ba2™. We also showed that

MacQueen and Schanze showed that binding a metal cation
to the azacrown ether to foriaM™* lengthens the MLCT-state
lifetime, and they proposed that the bound cation inhibits the
electron-transfer proceSsthe MLCT lifetime of 1-M"" was
found to be shorter than that 8fand to depend on the identity
of the bound cation, leading to the proposal that a bound cation
is released in the MLCT excited state for some metals. We
recently investigated this mechanism using nanosecond TRVIS
spectroscopy,showing conclusively that release occurs in ca.
5-100 ns for Li*, Na*, C&", and B&", with the rate constant
(k*off) decreasing in the order Na= Lit > Ba&?"™ > C&", as

T The University of York.
* CCLRC Rutherford Appleton Laboratory.

subsequent cation rebinding to the ground state restores the
starting thermal equilibrium in ca. Ous to 1 ms, with the rate
constants and detailed mechanism depending on the identity of
the cation.

TRVIS measurements provide good kinetic information, and
they have enabled the excited states of these systems to be
identified and the photophysical and ion-switching mechanisms
to be established, but the broad TRVIS bands do not provide
detailed information on the changes in structure, bonding, and
charge distribution that drive metal cation release upon excita-
tion. Time-resolved vibrational spectroscopy can generally
provide such informatiof; 1! and the excited states of several
(bpy)Re(COjL and related complexes have been studied
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successfully with time-resolved infrared (TRIR) spectroscopy
by monitoring shifts in the strongCO) bands upon excitatich 2

We have shown that ground-state IR and resonance Raman (RR

spectra report effectively on changes within the L ligand on
metal cation binding to the azacrown of [(bpy)Re(GQY
complexes with alkene and alkyne linkérsiggesting that time-

resolved vibrational spectroscopy may be used to study the
changes that drive the ion-release mechanisms in the excite

states of such systems.

We recently reported a steady-state and nanosecond transie

resonance Raman study of the amide-linked sysfenits
azacrown-bound form&-Li*, -Na", -Ba&", and -C&", and its
models?® The ground-state RR spectra generally provided a ric
set of bands from both the (bpy)Re(G@Joup and the L ligand,

whereas the excited-state RR spectra generally provided severaA

bpy bands and a singlg(CO) band from the (bpy)Re(C®)

group, with few bands from the L ligand. The resonance effect
enabled spectra from the MLCT and LLCT states to be observed
selectively, and the data provided strong support for the
proposed ion-switching mechanism as well as information on

structure and bonding in these excited states.

Here, we report steady-state infrared spectra lpfits
azacrown-bound form-Ba2*, the model complexe3—4, and
the L ligands L1 and L2. We assign the ground-state IR bands

of 1 by comparison to those of the model complexes and ligands

and with the aid of DFT calculations on2L We then report
picosecond TRIR spectra df 3, and 1-Ba*", which we find
generally provide a full set of two or threCO) bands from
the (bpy)Re(CQ) group and a rich set of fingerprint-region
bands from the L ligand that provide valuable information on

the changes that occur within this ligand upon excitation. This

TRIR work extends our time-resolved vibrational studies of this
system into the picosecond regime, where the MELETLCT

conversion occurs (Scheme 1), and it complements our earlier
Raman work because it provides information on changes within
the L ligand, from bands that were not accessible in those
studies. More generally, this study provides a novel example

of the application of TRIR spectroscopy to a light-controlled
ion-release system, demonstrating how IR bands in b(@i®)

aat
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and fingerprint regions can be used report on the charge
redistribution that occurs upon excitation and how it is modified
when a metal cation is bound to the azacrown.

Experimental Procedures

The ligands and complexes were synthesized according
to reported method$23® and characterized usintH NMR
and electrospray ionization mass spectrometry, as reported
previously!—2 Barium perchlorate (Aldrich) was dried overnight
under a vacuum at 23T, and a large excess was added to a
solution of 1 under nitrogen to preparé-Ba?"; UV—vis
absorption spectra were recorded to verify full complexation
to the azacrowr Steady-state and time-resolved IR spectra were
recorded using acetonitrile solvent (Aldrich) because it dissolves
both the complexes and the barium perchlorate used to generate
1-Ba®"; CH3;CN was used for studies in th¢CO) region (ca.
1800-2100 cnTl), whereas CBCN was used for studies in
the fingerprint region (ca. 1061800 cn1?) because of its much
weaker bands. Steady-state IR spectra were also recorded using
dichloromethane solvent (Aldrich) because it dissolves all of
the ligands and complexes (includind. land L2, which are
only sparingly soluble in acetonitrile), it gives good-quality
spectra upon addition of HCI (unlike acetonitrile), and it enables
both regions to be studied readily with one solvent because there
are only two strong solvent bands (at ca. 1260 and 1425)m
however, the metal perchlorates are not soluble in dichlo-
romethane, precluding studies of théV"* complexes that are
he main target of our work. Where direct comparisons were

ossible, the steady-state IR spectra from acetonitrile and

dichloromethane samples were found to be similar to each other.

Steady-state IR spectra were recorded using a Nicolet Impact
410 FTIR spectrometer, with samples of ligands and complexes
ca. 102to 1073 mol dm 3 held in a 10Qum path length cell
with calcium fluoride windows. The spectra of samples contain-

nipg barium perchlorate are presented after the scaled subtraction

of spectra from barium perchlorate solutions at comparable
concentrations, and the spectrum from a sample in acidified

h dichloromethane is presented after the scaled subtraction of a

spectrum from the acidified solvent.

Picosecond TRIR spectra were recorded at the Rutherford
ppleton Laboratory, and the instrumentation has been described
in detaill® Samples at ca. 041.0 x 10°2 mol dnT3 were
contained in a 10um path length cell mounted on aa-y
translation stage. They were pumped at 400 nm (¢d. dnergy;

ca. 200 fs pulse width; 1 kHz repetition rate; and ca. 360
beam diameter), and each experiment involved recording a series
of overlapping IR probe windows (ca. 150 chwidth), with

the pump and probe polarizations set at the magic angle®(54.7
The TRIR spectra presented here were obtained by joining
adjacent windows, where possible at an appropriate wavenumber
where the transient absorption was near the baseline.

DFT calculations were performed with the Gaussian 98
packagé’* using the B3LYP functional and the 6-31G(d) basis
set, and output files were parsed and analyzed using the
MOLEKEL?> and MOLDEN® packages. The calculated vibra-
tional frequencies were scaled by the recommended factor of
0.9613%” and a calculated spectrum was created by applying a
5 cnt (fwhm) Lorentzian function scaled to the calculated
intensity of each band.

Results and Discussion

Ground-State IR Spectra of 1-4. Steady-state IR spectra
in the fingerprint region are shown in Figure 1 fhr2, L1, and
L2, along with the DFT calculated IR spectrum a?,land in
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Figure 1. Fingerprint-region IR spectra df 2, L1, and L2 in CH.Cl;
(regions of strong solvent absorption omitted, and spectra offset for
clarity), along with the calculated IR spectrum c2.L
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Figure 2. Fingerprint-region IR spectra of, 1-H", 3, and 4 in
CHCI; (regions of strong solvent absorption omitted, and spectra offset
for clarity).
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Figure 2 forl, 1-H*, 3, and4. Ground-state IR band positions
are given in Table 1, including those from théCO) region
(spectra ofl and3 in this region are included within Figures 6
and 7).

(bpy)Re(COj Group Bands ofl—4. The ground-state IR
spectra ofl—4 give bands at ca. 2035 and 1930 cnthat are
assigned to(CO)re modes (Table 138 the observation of two
rather than three bands is attributable to pseGgosymmetry
at the Re center, arising from coordination of the L ligand via
a pyridyl group’172°The close similarity in the pair af( CO)re
bands from1-3 indicates that the variation between the
respective azacrown, -NMeand -H substituents at the terminus
of the L ligand has a negligible effect on the Re center in the
ground state. A set of three relatively narrow and moderately

Lewis et al.

intense IR bands at ca. 1472, 1447, and 1317 cfrom
complexesl—4 but not from ligands IL and L2 (Figures 1 and

2) occurs also for (bpy)Re(Cgll and other [(bpy)Re(CQl)] *
systemg,and they can be assigned readily to modes of the bpy
ligand (Table 1§%31

L Ligand Bands ofl and 2. A comparison of the spectra of
1 and2 with those of L1 and L2, respectively (Figure 1), shows
clearly that the remaining bands in the fingerprint region can
be assigned to modes of the respective L ligand; these bands
dominate the IR spectra in this region. The similarities between
these spectra indicate that the band assignments can be based
on the relatively simple 2 ligand, and so its IR spectrum was
calculated using DFT with the B3LYP functional and the 6-31G-
(d) basis set, consistent with our earlier calculation of its Raman
spectrum using this methddlhis approach has been shown to
provide good results for similar doneacceptor organic com-
pounds?? the use of a dimethylamino rather than an azacrown
substituent, and the absence of the (bpy)RegC@pup,
simplifies the calculation$.The calculated IR spectrum of2L
is shown in Figure 1, and calculated displacement vectors for
selected modes that give IR-active bands are shown in Figure
3. The calculations indicate that there is coupling between the
various groups within the L ligand because many modes involve
the motion of atoms throughout the molecule; some involve
vibrations within both phenyl and pyridyl rings, and many
involve vibrations of the amide group. However, the calculated
coupling between the two rings is generally weaker for this
amide ligand than that we reported for the alkene and alkyne
analogued,and its relative weakness can be attributed to a small
twist between the rings in the amide group, which is not fully
planar® Generally, the calculations orflindicate that the same
modes give strong bands in both IR and Rafrspectra. Table
1 lists assignments that we discuss in detail next; they are based
on the calculated IR- and Raman-active modes Bf &n a
consistent approach to the IR assignments made here and the
Raman assignments we made eadiand on the IR and Raman
assignments we have discussed in detail for the alkene and
alkyne analogueSFour strong IR bands of the amide ligands
and complexes that were not observed for the alkene and alkyne
analoguescan be assigned to modes involving the amide group.

The moderately strong and relatively broad IR band at ca.
1683 cnt! from 1, 2, L1, and L2 is very strong in their RR
spectréd and it is assigned unambiguously to an amide |
mode33-35which involves amide CO stretching and NH bending
and which is calculated at 1695 cinfor L2 (Figure 3). Three
IR bands at ca. 1600 crh from both ligands and complexes,
are readily assigned from the calculated IR spectrum 2f L
the strong band at ca. 1618 cinobserved distinctly for the
free ligands and as a shoulder for the complexes, is assigned to
a phenyl-centered mode involving Wilson 8a and 9a vibrations
calculated at 1607 cmi; the strong band at ca. 1604 cthn
which becomes very strong on attachment to the Re group and
which was also observed to be very strong in the RR spéctra,
is assigned to a pyridyl-centered mode involving Wilson 8a and
9a vibrations calculated at 1588 cipand the strong band at
ca. 1583 cm! is assigned to a mode involving NH bending
coupled to pyridyl ring Wilson 8b and 3 vibrations calculated
at 1576 cm* (Figure 3). A weak IR band at 1558 crhand a
weak IR shoulder at ca. 1526 ciwere observed as moderately
strong bands in the RR spectrum b# and they are assigned
to phenyl modes involving coupled Wilson 8b and 3 and Wilson
18a and 19a vibrations calculated at 1542 and 1519'cm
respectively.

Several weak IR bands are calculated at ca. 34500 cn?,
including alkyl vibrations, and several may contribute to the
broad feature observed at ca. 148®%20 cnt!. An amide I
vibration, involving NH bending and CN stretching, typically
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TABLE 1: Observed IR Band Positions (cnt?) for Ground and Excited States of 1-4, L1, and L2;2P Calculated Positions for
Ground-state L2; and Assignments

1 1-Ba?+ 1-H* 2 3 4 L1 L2 assignment
IR TRIR TRIR IR TRIR IR IR IR TRIR IR IR IR DFT
ground MLCT LLCT ground® MLCT ground ground ground MLCT ground ground ground ground L-centered Re-centeretl
2035 2069 2010 2035 2073 2035 2035 2035 2073 2036 1(CO)ge
1930 2010 1901 1930 2020 1932 1931 1931 2014 1932 (CO)gre
1973 1975 1973 1(CO)gre
1683 1694 1685 1683 1696 1682 1696 1654 1676 1677 16&(5:(0) -BN:—)I bend
amide
1618 sh 1616 1616 sh 1617 1617 sh 1615 1621 1605 1606 1607 8a/9a (ph)
1604 1599 1605 1593 1604 1605 1603 1609 1596 1596 1588 8a/9a (py)
1583 1579 1593 1560 1593 1583 1586 1605sh 1586 1586 1576 NHib8h(B (py)
1558 1558 1555 1558 1557 1542 8b/3 (ph)
1526 sh 1514 sh 1534 1521 1534 1529 1533 1519 (lﬁall)gal—(phé +
v(ph—N
1512 1497 1507 1492 1514 1512 1512 1505 1504 1504 1490 NH-bet@—N)
(amide Il)+ 18a/19a (py)
1501 sh 1505 1502sh 1502
1487 1461 1492 1506 1489 1487 1500 1490 1490 1480 NH ber(©—N)
(amide Il)+ 18a/19a (py)
1472 1473 1472 1472 1472 1472 v,7 (bpy)
1447 1447 1447 1447 1447 1447 v1g (bpy)
1428 1406 1430 1399 18b/14 (py)
1395 1383 1290 1299 1374 1369 1394 1372 1351 18a/19at(ph)
v(ph—N) + Me
1363 1358 1363 azacrown
1355 1358 1353 1355 azacrown
1347 1348 azacrown
1332 1338 1335 1342 1335 1332 1333 1328 1328 1328 1316 3 (py)
1317 1318 1317 1317 1318 29 (bpy)
130 1308 1299 1303 1300 1298 1294 1305 3 (ph)
1273 1275 1279 NH bend (amide I+
18a (py)+ 3 (ph)
1248 1246 1247 18a (py)+ 18a (ph)+
v(py—am)+ v(ph—am)
1236 Me rock
1237 1225 NH bendt 9a (py)+ 9a (ph)
1213 1213 1213 1213 1214 1205 1212 1212 1204 9a(py)
1198 1207 1197 1198 1197 1196 1184 9a(ph)
1188 sh 1172 1173 1171 1163 Mel8a/l (ph)
1125 1129 1125 azacrowrfC—0O—C)
1090 1104 1089 1094 1090 1090 1088 18b (pyNH bend+ 18a (ph)

a Positions from ground states in dichloromethane, except where indicated, and from excited states in aceton@iNeo{@HD:;CN, as indicated
in the text).P Positions in acetonitrilee Assigned motions given in order of decreasing contribution, generally based on calculatioRsaithlph
= phenyl, py= pyridyl, and numbers indicating Wilson vibratiorfsbpy = Bipyridyl, with numbers indicating modes according to ref 38mall
uncertainty in positions and intensities due to a strong overlying solvent band for HCI-acidified dichloromethane.

gives a band at ca. 1531550 cnt! that is strong in the IR Hence, we assign a moderately strong and broad IR band
and weak or absent in the Raman spect®m® The calcula- observed at ca. 1374 cthfrom the -NMe systems2 and L2
tions here indicate that the amide Il vibration o2 kouples to this mode, comparable to the assignment of a strong IR band
strongly to the pyridyl 18a vibration to give two modes at 1490 at 1372 cm! to this mode in DMABN3? We assign the
and 1480 cm! arising from in-phase and out-of-phase combi- equivalent mode from the azacrown systeinand L1 to a
nations (Figure 3), with the higher wavenumber band calculated moderately strong and broad IR band at ca. 1395 cm
to be the stronger of the two (ca. 6:1) and the strongest band incomparable to the assignment of similar IR bands at ca. 1395
the IR spectrum (by ca.>?). We assign two strong IR bands at cm™! from the alkene and alkyne azacrown analogtf§sA
ca. 1512 and 1487 cm, which were not observed in the RR  band assigned to a mode involvingN stretching has been
spectra to these modes; they are of comparable strength to observed at ca. 13501400 cnt! in several related doner
each other and to the other strong bands in the IR spectra. acceptor 1,4-disubstituted dialkylaminophenyl systéh{g,40

A moderately strong IR band df at 1428 cm? (obscured and it has been propos&dhat its relatively high wavenumber
by a solvent band in C¥Ll, but seen in CBCN; see Figure 4) is indicative of ph-N double-bond character arising from
is assigned to a mode involving pyridyl 18b and 14 vibrations significant charge transfer in the ground state. The canonical
calculated at 1399 cm. The assignment of the other IR bands form of L1 and L2 labeled A in Scheme 3 illustrates this
in this region, at ca. 13401400 cnt?, is not straightforward, proposal, and it may contribute significantly due to the presence
but it is aided not only by the calculation on2lbut by of both an azacrown or dialkylamino electron donor and an
similarities with the IR spectra and calculations for the alkene amido—pyridyl electron acceptor; the calculated structure ®f L
and alkyne systemsas well as those from detailed studies is close to planar at the dimethylamino N atom, consistent with
reported for para-dimethylaminobenzonitrile (DMABN) and its  this effect341
isotopomers2 A mode involving pk-N stretching is calculated A moderately strong three-peaked IR band at ca. 1355'cm
to be strongly mixed with phenyl 18a and 19a and alkyl is seen from the azacrown systethand L1 but not from the
vibrations for the amide, alkene, and alkyne models, and it is dimethylamino systen®and L2, and it is assigned to azacrown
calculated to give a strong IR band at 1351 and 1353'dior modes because it was also observed from pheagdcrown
the phenyl-NMe; systems 2 and DMABN 32 respectively. itself.” A mode arising from a phenyl 3 vibration calculated at
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Figure 3. Displacement vectors for selected calculated vibrational modeg.of L

SCHEME 3: Canonical Forms of Ligands L1 and L2 a pyridyl 3 vibration, and a weaker band framat ca. 1301
ot) (\ o cm~1 (obscured by a solvent band in @El, but seen in
o — v CDsCN; see Figure 4) is assigned to a calculated mode at 1305
>—< >—NR - > =NR
N//\;\>—NH 4 S 2 NQNH : cmt involving an equivalent phenyl 3 vibration.
A An amide Il vibration, involving NH bending and CN

stretching, typically gives a band at ca. 125800 cnt? in
o) 0 secondary amides that is moderately strong in the IR and strong
QC@N,%_@’NRZ - C>:N'%_©7NR2 in the Raman spectrufi-3° Our calculations indicate that the
—/f =/ + amide Il vibration of L2 couples to pyridyl 18a and phenyl 3
B vibrations to give a mode at 1279 c#and we assign a strong
0‘7 o IR band from1 at ca. 1273 cm! (obscured by a solvent band
3 <:> in CH,Cl, but seen in CBCN; see Figure 4) that is also strong
N//\:\>7.I\£H\) NRe - NC\>*N/|2_©7NR2 in the RR spectrufto this mode. Two other weak IR bands
= = c seen froml in CDsCN at 1245 and 1237 cm are assigned to
delocalized modes calculated at 1247 and 1225cior L2,
the latter being another mode in this region that involves an
1328 cn? for L2 also may contribute to this feature, but no NH bending vibration.
such bands were observed from the dimethylamino models Two IR bands at ca. 1213 and 1198 ¢hfrom 1, 2, L1, and
studied here, in contrast to the IR bands at ca. 1350'cm L2 are assigned to modes involving 9a vibrations centered on
observed from the alkene and alkyne diethylamino models thatthe pyridyl and phenyl rings, respectively, calculated at 1204
resulted in some bands in this region being assigned to L ligandand 1184 cm? for L2, and for which matching bands were
bands for the respective azacrown systémsstrong IR band observed in the RR spectra; the phenyl 9a mode typically gives

at ca. 1332 cmt! from 1 and2, and at ca. 1328 cm from L1 anintense band at 1160200 cntlin similar compoundg?37-40.42
and L2, is assigned to a calculated mode at 1316timvolving An IR band observed as a shoulder at ca. 1188cfor the
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attributed to the presence of additional bands arising directly
from the CH group, to weaker bands arising from smaller dipole
1 changes during vibrations along the long axis of the L ligand

-1

E because of weaker interactions between the phenyl and pyridyl
=, rings in4,** or to band shifts arising from changes in bonding
E or the forms of the modes. The most notable change is that the
£ amide | band of2 shifts down by 28 cm! to occur at 1654
K cm! for 4, indicating a decrease in CO bond strength that can
3 1-Ba*" be rationalized by charge transfer from the Nigoup being

more localized on the amide group because it is transmitted
less effectively through to the pyridyl ring (Scheme 3; form B
0 contributes less). The relatively large downshift of this band
1100 1200 1300 1400 1300 1600 1700 on introducing an insulator GHgroup indicates that the
_ _ _  Wavenumber / cm L electronic communication between the phenyl and the pyridyl
Figure 4. Fingerprint-region IR spectra df and1-B&" in CD:CN rings of the L ligand is quite strong when it is absent, despite
(reglon_s of strong perchlorate absorption omitted, and spectra offsetthe small twist at the amide link. which is consistent with the
for clarity).>* ! (R Y h
other evidence from electronic and vibrational spectroscopy and
also from the excited-state electron-transfer kineticd aihd
azacrown systems and as a distinct band at ca. 1172 fan 4.1 There are relatively small shifts in many of the other bands
the dimethylamino systems is assigned to a mode involving an gof the L ligand, as may be expected, and several are slightly
at 1163 cm? for L2; its position is similar to that reported for along the donoracceptor axes of the phenyl and pyridyl groups.
other dimethylaminophenyl compoun#si”~#%42 The broad |t is also notable that the band at 1374 ¢nfrom 2, assigned
band at ca. 1125 cm that occurs for the azacrown compounds g 3 mode involving a strong contribution from-pN stretching,
1 and L1 is assigned to/(C—O—C) modes of the azacrown s present as a moderately strong band at 1369'cim 4,
ring.** A moderately strong IR band at ca. 1090 crfrom 1, consistent with this assignment and with weaker charge transfer
2, L1, and L2 s assigned to a calculated mode at 1088°€m  from the NMe group due to weaker electron demand from the
in which the pyridyl 18b vibration is coupled to NH bending  j,sylated Re-pyridyl group.
and phenyl 18a vibrations; a Raman band at 1060'cwas Ground-State IR Spectrum of 1-H. The addition of HCI

?ﬁ:lgzﬁjetigucsggl?/%ﬁ?a?(?:se gf: 013:?)Stmwv;{czlctueess;rri‘s;l%8b to 1in dichloromethane protonates the azacrown nitrqgen atom
displacements having the opposite phase to g(e_nerateL-H+, as determined by a strong blye-shlft of the
L Ligand Bands of3. There are signi%icant differences intraligand charge-transfer (ILCT) UWis absorption bané?®
' the electron-donor character of the azacrown is removed as the

between the .IR spectra of the electron-donor systierade . nitrogen atom protonates to become fully pyramidal an¥l sp
and that of3, in which a terminal electron-donor substituent is i X . i )
hybridized. The changes in the IR fingerprint region on

absent, as shown by the spectralofnd 3 given together in : . 4 L 2
Figure 2. The differences may be attributed to the absence Ofprotona'uon ofl to give 1-H™ are significant, as shown in Figure
’ 2, and they are similar in nature but generally larger in

bands arising directly from thg absent substltuents, to We.akermagnitude than those observed between the spectrdnaind
bands arising from smaller dipole changes during vibrations . . e
the spectrum 08; they may be attributed, similarly, to weaker

along the long axis of the L ligand &** or to band shifts - . :
arising from changes in bonding or the forms of mixed modes. b?”.ds arising from S"?a”er dipole chanﬁesr_ to band shifts
arising from changes in structure and bonding.

The most notable absence in the spectrun3 & the band at . . .
1395 cnr from 1 (and at 1374 cmt from 2), consistent with The 1395 cm* IR band of1, assigned to a mode involving

its assignment to a mode involving a strong contribution from Ph—N stretching, is lost upon protonation, but a new band can-
a ph—N stretching vibration that cannot occur3nThe bands not be seen clearly, possibly being obscured by solvent or other
at ca. 1618, 1604, 1512, 1487, and 1198 &are much weaker ~ Sample bands. This band is well-established to be diagnostic of
from 3 than from1 and2, consistent with their assignment to  €lectronic structure in dialkylamino systerffs} 39404548
modes involving 8a, 9a, 18a, and 19a vibrations that occur alongfor example, a band of dimethylaniline at 1348 Tmis

the donoracceptor axes of the phenyl and pyridyl groups and feported to shift down to 1245 cth upon protonatiori

that may be expected to give smaller dipole changes due to theSonsistent with the change to a N single bond and an
absence of the phenyl electron-donor substitueBt fhe amide ~ SP-hybridized nitrogen atom. The observation here is con-
| band of1 and 2 shifts up by ca. 13 cri to occur at 1696 sistent with the changes we have reported for thg alkene and
cmL for 3, and this shift can be rationalized by an increase in alkyne analogues, where a band at ca. 1395'¢cassigned to

CO bond strength due to a decreased contribution from the this mode, was strongly downshifted upon cation binding to
charge-transfer canonical form A in Scheme 3. There are alsothe azacrowr.

small upshifts of 3 and 1 cm in bands assigned to modes The bands ofl at 1618, 1604, 1512, 1487, and 1198 ¢ém
involving pyridyl 8b/3 and 3 vibrations that occur at 1586 and assigned to modes involving 8a, 9a, 18a, and 19a vibrations

1333 cntl, respectively, ir3. lose intensity upon protonation, consistent with the loss of
L Ligand Bands of4. There are significant differences charge-transfer character. The amide | band shifts up by
between the IR spectra df and 2 and that of4, in which a 13 cn! to 1696 cm! for 1-H™, as also observed on going

phenyl electron-donor substituent is present but in which the from 1to 3, and this can be rationalized similarly by an increase
CH, spacer may be expected to increase the nonplanarity atin the amide CO bond strength due to a decreased contribution
the amide link and thereby decrease the electronic and vibra-from the charge-transfer canonical form A in Scheme 3. The
tional coupling between the pyridyl ring and the other groups coupled amide Il and pyridyl 18a/19a bandldhifts up slightly
within the L ligand. The differences in the spectra may be by 2 cnt!to 1514 cn! for 1-H™, consistent with its position



3858 J. Phys. Chem. A, Vol. 112, No. 17, 2008 Lewis et al.

at higher wavenumbers for amides that are not attached to an 4
electron donof®0this mode has substantiglC—N) character,
and its shift may be rationalized by an increase in the amide
C—N bond strength due to an increased contribution from
canonical form C in Scheme 3. There are also upshifts of 10
and 3 cm! in the bands assigned to modes involving pyridyl
8b/3 vibrations, which gave smaller shifts on going fr@rto
3 and which occur at 1593 and 1335 chrespectively, ifl-H.
Ground-State IR Spectrum of 1-B&". The addition of
barium perchlorate td in acetonitrile results in metal cation
complexation to the azacrown to generki®a2", as determined
by a moderately strong blue-shift of the ILCT UWis 0
absorption band that is approximately half that observed upon 1100 1200 1300 1400 1500 1600 1700
protonationt28 the electron-donor character of the azacrown Wavenumber / cm
is lowered by B&" complexation. The IR spectrum &fBa?+ Figure 5. Fingerprint-region IR spectra @fin CDsCN, in the absence
in acetonitrile shows(CO)geand bpy bands that are essentially and presence of barium perchlorate at 0.19, 0.46, and 0.73 mdl dm
identical to those ol (Figure 4 and Table Bt indicating that (reg_lon of strong perchlorate absorption omitted, and spectra offset for
Ba?* complexation does not affect the Re center significantly ©21Y)-

in the ground state, whereas the L ligand bandsl ahow amide | band is consistent with the absence of an azacrown
significant changes upon Bacomplexation (Figure 4) thatare  ithin 2, and the growth of a downshifted amide | band at 1657
$|m|lar to those observed upon protonation (Figure 2) but smaller -1 may be attributed to B binding to the amide carbonyl

in magnitude. group at [B&"] = 0.4 mol dnT3, with an estimated very low

_ The 1397 cm* band of1 in CDCN, assigned to a mode  hjinging constant of ca. 2 dhmol~~. The only other significant
involving ph—N stretching, loses all intensity, and the equivalent change in the IR spectrum &fat high B&" concentrations is

mode in1-B&" is tentatively assigned to be a contributor to . :
: a ca. 7 cmt upshift of the band at 1276 to 1283 ciwhich
the broad feature that includes peaks at 1299 and 1275,cm is consistent with its assignment to an amide Il mode involving

consistent with our assignment of IR bands at 1250 cin . : .
this mode for the B&-complexed alkene and alkyne analogUes. CN s}retphmg (F|gure.5 and Table 1) and tq an increased
The bands of. in CD;CN at 1618, 1604, 1493, 1273, and 1200 contribution from Cfm(_)nlc_al form C (Scheme 3) giving a stronger
cmL assigned to modes involving 8a, 9a, 18a, 19a,1dpt— C—l_\l_ bond on BS} bln(_jl_ng to the amide carbonyl. Both the
N) vibrations become weaker, the amide | band shows a positions and_the intensities of the other IR. bands.are remarkaply
moderate upshift of 4 cnd to 1685 cm? in 1-Ba2*, and the unaffected, with the only other changes being a slight brqadenlng
bands assigned to modes involving pyridyl 8b/3 and 3 vibrations Of the ca. 1605 and 1332 cthbands to lower and higher
show small upshifts of 5 and 3 crhto occur at 1593 and 1335  wavenumbers, respectively. The absence of other changes
cmL, respectively, inl-Ba?" (all in relation to their positions indicates that the effect of Ba—carbonyl binding is essentially
for 1 in CDsCN). All of these effects are rationalized in the localized at the amide group, and thus, it appears to be similar
same way as those observed upon protonation, and the generallyo a carbonyl solvation effect. This limited effect of Baon
smaller magnitudes of the changes are attributed to an interactiorthe IR bands of contrasts its much more substantial effect on
with the azacrown N atom that is weaker for28ahan for H". the IR band positions and intensitieslpffor which the changes
Ba2" Binding to the Amide Carbonyl Groupn additional are therefore attributable predominantly to?Bainding to the
IR band at 1662 cmt was observed from-Ba&?" at the high azacrown inducing changes throughout the L ligand, as dis-
barium perchlorate concentration required to ensure that thecussed previously.
proportion of 1 without B&" bound to the azacrown was The IR and TRIR studies of-Ba?" we report here were
minimal. This additional band can be attributed to a downshifted carried out on Samp|es in which the presencm without B&*
amide | mode arising from Ba binding not only to the  poynd to the azacrown was minimized 2% to ensure that
azacrown but also to the amide carbonyl grouplplis we  the TRIR bands could be attributed unambiguously to excitation
discuss in detail next. S _ of 1-Ba2t, with Ba2* bound to the azacrown, and not to the
In general, an amide | band shifts significantly with solvent exgitation of 1. This strategy dictated the use of high ionic
or other intermolecular interactions at the carbonyl group, and strengths and very high Baconcentrations*0.5 mol dnr3),

a downshift is indicative of a weaker amide=O bond. \ hich were typically at50-fold in excess of the already high
Chalcone-substituted ferrocenes in acetonitrile have been Showrboncentrations of (<102 mol dnm3) that were needed due to

to give a downshifted/(CO) IR band due to C4 interacting a combination of low sample IR absorption coefficients and a

with a carbonyl group at very high €aconcentration (ca. 0.1 short path length (10@m) required because of strong solvent

mol dnm3); and, in the case of a chalcone substituent with both i o
azacrown and carbonyl groups, the addition of>Cavas absE)lrptlon. F+rom thg binding constants of ca. .126 and 2 dm
reported first to give an upshifted band due to binding to the Mol * for Ba" attaching to the azacrowand amide carbony!

azacrown and then to give a downshifted band due to binding 9rOUPS, respectively, these conditions gave samples comprising
also to the carbonyl group at very highCaoncentrationg? ~ almost entirelyl-Ba?*, with Ba®" bound to the azacrown, but
Our observations indicate that a comparable situation occursWith the azacrown-and-amide-bound form also present (typically
for 1, for which the 1685 cm! band is attributable to an  ca. 35:65f* Earlier TRVIS and emissiohstudies that estab-
upshifted amide | mode due to Babinding only to the lished the general photochemical mechanism&-M"* were
azacrown, as discussed for protonation at the azacrown, andcarried out on samples withat much lower concentrations of
the 1662 cm! band is attributable to a downshifted amide | ca. 104to 107> mol dn1 3, due to the higher sensitivity of these
mode attributable to an additional amide=O---Ba%" interaction techniques, and generally at lower ionic strengths arit M
at very high B&" concentration8? concentrations at which binding to the amide carbonyl would
This effect was confirmed by the addition of Bato 2 in generally not be significant. Our photochemical studies under
CDs:CN, as shown in Figure 5. The absence of an upshifted conditions where Mi* binding to the amide carbonyl dfoccurs

N

+ Ba2+

€/10° dm’® mol* cm™
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Figure 6. »(CO)-region IR spectrum o8 along with TRIR spectra  Figure 7. #(CO)-region IR spectrum of along with TRIR spectra

recorded upon 400 nm excitation, all in gEN.

to some extent, both here and in our earlier Raman Wbikye

not shown any effects that we can attribute to it having a strong
influence on the overall photochemistry, with the only clear
effect that we have observed being on the excited-state amide
I IR band position. Hence, our observations suggest that an
amide-bound metal cation may act principally as a spectator in
the photochemistry of-M"*; however, they indicate that the
effect should be considered carefully in designing and studying

recorded upon 400 nm excitation, all in gEN.

2069 em’

1461 cm™

1901 cm™

1383 cm™

1599 cm™

AAbsorbance

metal cation sensors and switches containing both azacrown and
carbonyl groups, as noted also in a recent report on azacrown-
substituted chromenés.

Excited-State TRIR Spectra of 1 and 3.The Re— bpy

1579 cm™
MLCT transition in these [(bpy)Re(C@D]* complexes gives \
a broad U\~vis absorption band peaking at ca. 350 nm that is : 1290 cm™

distinct for 3 and that is responsible for the absorption tail at 0 1000 2000 0 1000 2000
>390 nm, which emerges from under the strong ILCT band of Delay Time / ps Delay Time / ps
1 that dominates at shorter wavelengti$ The TRIR spectra  Figure 8. TRIR kinetic traces recorded upon 400 nm excitatiorof
reported here were recorded upon pumping at 400 nm, which»(CO) region in CHCN, fingerprint region in CECN.
populates the Re> bpy MLCT excited states df and3.1 Table
1 gives band positions and possible assignments of the excitedMLCT excited state ofl (Table 1). In contrast to that & the
state bands that are discussed in detail next. TRIR spectrum ofl evolves at later times, with the MLCT-
v(CO) RegionThe TRIR spectrum o8 in thev(CO) region state bands decaying and new bands at lower wavenumbers than
(Figure 6) consists of bleaches of the ground-state bands at 203%he ground-state bands growing in to give peaks at 2010 and
and 1931 cm?! and three transient bands at higher wavenumbers 1901 cnt! at>1 ns. The TRIR kinetics essentially match those
that persist for>2 ns, after showing narrowing and a small that we observed by TRVIS, as illustrated in Figure 8 by the
upshift in wavenumber over the first ca. 15 ps that are consistentconcomitant decay and growth of the bands at 2069 and 1901
with vibrational relaxation in the excited stafe192256These cm1, respectively, and so the TRIR spectrum at late tinek (
transient bands at 2073, 2014, and 1973 tifTable 1) are ns) is assigned to the LLCT state b{Scheme 1}.The bands
upshifted from the ground-state positions by ca. 38, 83, and 42 at 2010 and 1901 cn support this assignment because their
cm, respectively, and they are characteristic of the MLCT downshifts of 25 and 29 cnt from the respective ground-state
excited state of a (bpy)Re(C&)complex in which oxidation positions indicate that the CO bonds are weaker, consistent with
to Ré' (Scheme 1) results in weaker backbonding to the CO stronger backbonding from a Reenter that is attached to a
ligands? 22 The observation of threg(CO)e bands from the  bpy~ ligand in the LLCT state; the return to a two-band pattern
MLCT state is attributable to a lowering of the pseuts- indicates a return to pseudty, symmetry in going from MLCT
symmetry that resulted in the observation of only tG€O)re to LLCT states. Similaw(CO) band positions and downshifts
bands in the ground state. have been reported upon electrochemical reduction of
The TRIR spectrum of at early times of ca<100 ps (Figure (bpy)Re(CO)CI to form [(bpy~)Re(CO}CI]*2 and upon pho-
7) is very similar to that o8, comprising bands at 2069, 2010, tochemical formation of similar LLCT states of Re(GO)
and 1973 cm! at 25 ps, and hence, it is readily assigned to the systems with quite different diimine and L ligan#! The




3860 J. Phys. Chem. A, Vol. 112, No. 17, 2008 Lewis et al.

4 strongly mixed in the ground state, and their forms may change
5x10 I significantly in the excited state; the ground-state spectrum gives
10 ps /\ ///\ several bands in this region that are notably sensitive to solvent,

ANV V 'VMVA" as can be seen by comparing Figures 1 and 4. The broad TRIR

Y Y feature with peaks at ca. 1406 and 1383 énncludes a

g minimum due to bleaching of the ground-state band at 1397
k= cm1, which was assigned to a mode involving¥ stretching.
2 [25ps /\ /\/\/\/\ The TRIR band at 1406 cm is tentatively assigned to a 22
< AVV’\V/\ ] VY i A Vf\ cm~! downshift of the ground-state band assigned to a pyridyl
500 ps v 1f8k;{l4 vibra(;ion an% th?jt at 1_383dcﬁtoha 14 %ml dov}\b/,;\sgift
of the ground-state band assigned to the mode involvipg—
A e N) and 18a/19a phenyl vibrations. The TRIR bands at 1338
2000 ps and 1308 cm! are assigned to ca. 6 and 7 chupshifts of the
e Vr\w/vv\.ﬁ/"\ Y ground-state bands at 1332 and 1301 §mhich were assigned
V v~\/ to pyridyl and phenyl 3 modes, respectively. Our assignment
of all these fingerprint TRIR bands to L ligand rather than bpy

modes is consistent with the reported TRIR spectra of [Ru-
(bpy)]?" and a related [Re(bpy)(C&h)] + systeni! which show

that the MLCT-state bpy bands are much weaker than the

< ground-state bpy bleaching bands, which are very weak in the
TRIR spectra observed here. By contrast, the transient resonance
Raman spectra that we have reported gave strong gands

1300 1400 1500 1600 1700 of 1 in the MLCT and LLCT state3.

-1
) ) . ) Wavenumber / om ) Although MLCT excitation is localized at the (bpy)Re(GO)
Figure 9. Fingerprint-region IR spectrum dfalong with TRIR spectra . ’ . Lo
recorded upon 400 nm excitation, all in GIN. group, the TRIR ba_nds_ln t_h_e fingerprint regl_on_lndlcate _cIearIy
that it results also in significant changes within the L ligand.
TRIR spectrum ofl in the LLCT state we report here is  The 13 cn1! upshift of the amide | band indicates that the amide
consistent with our nanosecond transient resonance RamarCO bond becomes stronger in the MLCT state, and this is
studies? where we observed one resonance-enhanced Ramarattributable to increased electron demand from thé Emter
v(CO)re band at 2012 crrtt that matches the high-wavenumber  withdrawing electron density from the amide carbonyl group,
TRIR band observed here. such that donation from the phemdzacrown is transmitted
Fingerprint RegionThe TRIR spectra of in the fingerprint more effectively through to the pyridyl group (Scheme 3; form
region (Figure 9) show bleaches of many of the ground-state B contributes more and C less). The ca. 17 and 32%cm
bands and several new excited-state bands. Following smalldownshifts of two bands assigned to amide Il modes, which
upshifts and narrowing at25 ps attributable to vibrational  involve amide G-N stretching, may be attributed to the same
relaxation, the spectra at early times200 ps) show strong  effect, with the withdrawal of electron density weakening the
and distinct excited-state peakS at ca. 1694, 1599, 1579, 1461am|de C-N bond and strengthening the i bond in the
1383, and 1338 crt that can be assigned to the MLCT state. MLCT state (Scheme 3; form B contributes more and C less);
These bands show decay kinetics on a time scale that matcheghese shifts may arise also, in part, from a change in the form
the TRIR decay kinetics of the(CO)re bands of the MLCT  of the modes, and particularly those involving the amide I
state (Figures 8 and 9), supporting this assignment. The SPectrgjipration, which gives two bands from strongly mixed modes
at early times also show weaker or less distinct features at ca.j, the ground state. The downshift of the phenyl and pyridyl
1616, 1558, 1544, 1497, 1406, and 1308 ¢tithat also may  ga/94 modes may be attributed to the pyridyl and phenyl rings
f‘”se 1;rom the MLCT state, although their decay kinetics are adopting a more quinoidal structdté®as a result of increased
ess clear. . . . charge-transfer character due to the greater electron demand by
. The TRIR band at 1694 criis aSS|_gned to the amide | ’_“Ode the Rd center in the MLCT state (Scheme 3; canonical forms
in the MLCT state (Table 1), upshifted by 13 cfnfrom its B and A, respectively, contribute more); the observation of

ground-state position at 1681 cfnn CD3CI\.|' The assignment features at lower wavenumbers than the ground-state bands at
of the other MLCT-state bands is less straightforward, but some a. 1600 cm?, along with the absence of any at higher

tentative assignments can be proposed. The TRIR peaks at 1616 L -
(weak), 1599, and 1579 crhare tentatively assigned to ca. 2, wavgnumbgrs, supports this mFerpretaﬂon regardlless of the
5, and 9 cm? downshifted counterparts of the three ground- premtse. excned-st.ate. band positions and mode a.SS|gnments.
state bands at 1618, 1604, and 1588 Emespectively (in C- This interpretation is supported by the observation that some
CN), which were assigned to modes involving phenyl 8a/9a, Of the band shifts on going from the ground state to the MLCT
pyridyl 8a/9a, and NH bend coupled to pyridyl 8b/3 vibrations State ofl are in the opposite direction to those observed on
(Table 1)%8 The sloping feature at slightly lower wavenumbers 90ing from1 to 4 in the ground state. The TRIR spectrumlof
may include peaks at ca. 1558 and 1544 &wr may arise as  Shows an upshift of the amide | band in going to the MLCT
the shoulder of broad bands giving strong peaks at ca. 1599state, attributed to excitation increasing the extent of electron
and 1579 cm!. The TRIR bands at 1497 and 1461 Tiwhich transfer to the Re center, whereas it shifts down upon going
occur at either side of a bleaching peak at ca. 14841care from 1 to 4, attributed to the Chlinsulator decreasing the extent
tentatively assigned to ca. 17 and 32 dndownshifts of the of electron transfer to the Re center. The three bands at ca. 1600
ground-state bands at 1514 and 1493 tmespectively (in C- cm~1 assigned to phenyl 8a/9a, pyridyl 8a/9a, and coupled NH
CN), that were assigned to modes involving coupled amide Il bending and 8b/3 pyridyl modes show downshifts in going to
and pyridyl 18a vibrations. These modes were calculated to bethe MLCT state ofl, attributed to increased quinoidal character
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due to increased charge-transfer character, whereas they shift T T
up upon going to4, attributed to decreased charge-transfer 2 ps /f

character.
v

Several TRIR bands in the fingerprint region show similar
decay kinetics to those recorded in th€O) region (Figures 25 ps
7-9), consistent with the decay of the MLCT state, and the
fingerprint-region spectrum of at =1 ns (Figure 9) can be
assigned similarly to the LLCT state. This TRIR spectrum shows
the same bleaching of ground-state bands observed at earlier
times, but the fingerprint-region bands of the LLCT state are
notably much weaker than those of the MLCT state, contrasting 1000
the similar strengths of the transient bands from these states in -
thev(CO) region (Figure 7). Only one new TRIR band, a weak
feature at 1290 crt (Figure 9), is observed unambiguously
from the kinetics (Figure 8) to grow in on the same time scale } t
as the formation of the LLCT state. Some small band shifts are 1-Ba®" Ground
observed on the same time scale (Figure 9): the amide | band
at 1694 cm?, the 8a/9a phenyl band at 1596 thhand the <
NH bend band at 1575 cmhall appear to shift slightly to higher
wavenumbers as the strong, overlying MLCT excited-state bands
decay; however, these bands are weak at later times, they overlap L
with strong ground-state bleaches that may distort their profiles, 1900 2000
and so these possible assignments are uncertain. Wavenumber / cm

Figure 10. »(CO)-region IR spectrum oi-Ba** along with TRIR
{ provides some stnuetral nformaton, The one new band at SPECk 1E60Ed Upon 400 T excitalon. ll CH S Dashed s
1290 cnr? that can be attributed unambiguously to the LLCT
state may tentatively be assigned to a mode involvinggh
stretching, downshifted by ca. 107 ckfrom a band at 1397
cmtin the ground state and by ca. 93 thfrom a possible 2087 el
equivalent band at 1383 crhin the MLCT state. It is reasonable
to propose that the TRIR difference spectrum will show bands
of the phenyl group, where the changes in the L ligand are most
significant between ground and LLCT states, and our tentative
assignment is based on studies reported for DMABN and its
isotopomers$24748for which the strongest (although weak) band
at 1276 cm? in the TRIR spectrum of the CT state has been
assigned to a mode involving ptN stretching, shifted down "
by 96 cnt! from a ground-state band at 1372 ¢inWe 1658 cm
observed only one strong LLCT-state band in the time-resolved
resonance Raman spectrum in this redgiowhich was a
dominant feature at 1514 crhthat we assigned to a ca. 100 0 500 1000 0 500 1000
cm downshift of the phenyl 8a/9a band from its ground-state Delay Time / ps Delay Time /ps o
position; it is not observed in the TRIR spectrum here, consistent Figure 11. TRIR kinetic traces recorded upon 400 nm excitation of
with the equivalent ground-state IR band being relatively weak. 182" ¥(CO) region in CHCN and fingerprint region in CEEN.**
The observation that the IR bands from the LLCT state are
significantly weaker than the strong bands from the ground and
MLCT states is indicative of smaller dipole changes upon .
vibration, which is consistent with the electron-donating proper- the proposal that electron transfer to form the LLCT state is
ties of the azacrown nitrogen atom being lost due to its oxidation thérmodynamically unfavorable when a metal cation is bound
in forming the LLCT state and with the electron-acceptor to the azacrowR? The persistence of the TRIR bands of the

properties of the rhenium center being lowered upon its MLCT state indicates that Baremains bound to the azacrown

reduction from R& back to Réin going from the MLCT state  for atleast ca. 1 ns after excitation, consistent with a time scale
to the LLCT state (Scheme 1). of ca. 40 ns for its release to bulk solutiok{(; Scheme 2)

Excited-State TRIR Spectra of 1-B&". »(CO) RegionThe obtained by analyzing nanosecond TRVIS datiad supported

TRIR spectrum observed in théCO) region upon excitation ~ PY time-resolved resonance Raman data.

of 1-Ba?* (Figure 10) has a similar profile to that frofnat Although the profile of the TRIR spectrum from the MLCT
early times (Figure 7) and that frohat all delay times (Figure  State ofl-Ba?* persists, all three(CO)re bands show ca.-510

6), showing a set of three excited-state bands at higher cm™* upshifts between ca. 25 ps anet4 ns (Figure 10) to
wavenumbers than the ground-state bands; it may be assignedive peaks at 2073, 2020, and 1975 ¢mat 1 ns, whereas the
similarly to an MLCT state, with peaks at ca. 2069, 2011, and v(CO)re bands of the MLCT state & do not show such shifts
1970 cnr! observed at 25 ps after upshifts and narrowing at on this time scale (Figure 6). The TRIR kinetic traces in Figure
early times. Whereas the TRIR spectrum franshows large 11 illustrate this effect further, showing minor growth and decay
band shifts to lower wavenumber over ca. 1 ns as the LLCT in the signals at 2087 and 2069 chrespectively, as the upshift
state forms (Figure 7), the spectrum frdaBa" (Figure 10) occurs. The possible origins of this effect are discussed next.
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clearly does not show such shifts, indicating that the presence
of Ba?t extends the MLCT-state lifetime df consistent with
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assigned to ca. 7 and 4 cfupshifts of the ground-state bands

5X1041 at 1335 and 1299 cm, which were assigned to pyridyl and
12 ps phenyl 3 modes, respectively, and which give a similar pattern
P, V/\/\ PTASS to the slightly stronger TRIR bands observed in this region from
V v 1. Several of the TRIR bands from the MLCT stateleBa2*
8 25ps /\/\ A (Figure 12) are Weaker_ than the equivalent TRIR bands from
£ oo A VAR, the MLCT state ofl (Figure 9): most notably the bands at
2 100 V 1593 and 1599 cnt, respectively, assigned to a pyridyl 8a/9a
< ps Thrafi ; o ; ;
a4 e AN A vibration. This observation is consistent with the occurrence of
vV smaller dipole changes upon vibration due to weaker electron
1000 ps f\ donation when B# is complexed to the azacrown, as observed
N /\./\—/\WANM and discussed for the equivalent ground-state spectra (Figure
i 4) and as indicated by several TRIR bleaching bands that are
2000 ps [\[\./\-/\ weaker forl-Ba2* (Figure 12) thanl (Figure 9).
™ V W Whereas the TRIR spectra frolaBa2+ at ca. 1206-1640
cm! are essentially unchanged between ca. 50 ps and 2 ns,
the TRIR bands assigned to amide | modes at ca. 16460
cm! show significant changes over ca-2 ns (Figure 12),
with a time dependence (Figure $3fhat appears to match that
< of the small upshifts in the (CO)ke TRIR bands discussed
previously (Figures 10 and 11). The TRIR spectrum at early
times shows a bleach of the ground-state amide | band at ca.
1662 cntl, assigned above tb with Ba&#™ bound to both the

1300 1400 1500 1600 1700 azacrown and the amide carbonyl group, and an increase in
_ _ ) Wavenumber / cm _ absorption at ca. 1685 crh which corresponds to the ground-
Figure 12. Fingerprint-region IR spectrum afBa** aloggs‘g‘”th TRIR state amide | band assignedtavith Ba?* bound only to the
spectra recorded upon 400 nm excitation, all insCH.> azacrown. These bleaching and new absorption bands decay to

. . . ' A give a TRIR spectrum at ca. 2 ns that is essentially featureless
Fingerprint Region.The fingerprint-region TRIR spectra in this region (apart from baseline drift), indicating that the

o o 9
8? Sgergﬁ? dlfggqee)é(:alfélg na%defev(grlglu Iﬁejﬁ§e§2i?g¥jP;$§Zhi2n d S551_mi_de I band position in the MLCT state present at this time is
Following small upshifts and narrowing &0 ps, the spectra similar to that of the_grc_)und state. Hence, the TRIR dqta seem
show strong and distinct excited-state peaks at ca. 1593, 1560,“.’ suggest that excitation to the_ MLCT state “.ESUItS in rapid
1522, and 1492 cnt and weak features at ca. 1342 and 1303 JisTuption of G=0-+-Ba" interactions at the amide carbonyl
cm-L, which undergo almost no change up to ca. 2 ns, as showndroup, which then recover in ca—2 ns, and that the amide |

also by the TRIR kinetics (Figure 11). These bands can be t)hand posi(’;io? itn the M'I(_hC.ZT. s:ate if’ Iitt!e cha:ngedd 'fArorg'that in d
assigned to the MLCT state 4fBa?". e ground state once this interaction is restored. As discussed,

The TRIR bands froni-Ba* in the MLCT state at 1593 € (CO)e TRIR bands show a small upshift in ca-2 ns
and 1560 cm?! are tentatively assigned to the ca. 12 and 33 tha_t |n_d|cates_a decre_ase n _elgctron density at the Re center,
cm~1 downshifted counterparts of the strong ground-state bandsWh_'Ch IS consistent with a shift in electron dens!ty toward the
of 1-Ba2* at 1605 and 1593 cmd, respectively, which were L ligand that might be caused by the restoration of &'Ba
assigned to modes involving pyridyl 8a/9a vibrations and NH INtéraction with the amide carbonyl. The absence of large
bending coupled to pyridyl 8b/3 vibrations (Table 1). This €hanges in any of the other TRIR bands in ca.2Ins also
assignment indicates that these pyridyl modes are more strongly™ay be consistent with this interpretation because the introduc-
downshifted in going from the ground to MLCT stateleBa?* tion of the C=0---Ba?" interaction results in relatively little
than they are in going from the ground to MLCT statelof changes in the other bands in the ground-state IR spectrum of

where they were tentatively assigned to respective bands at 159¢ (Figure 5). Another possibility is that the changes on this time
and 1579 cm?, downshifted by ca. 5 and 9 crhfrom the _scale may arise also from changes in the nature _of the Ba_
ground-state counterparts Inwhich overlapped strongly with ~ Interaction with the azacrown, as has been discussed in
the bleaching bands in the TRIR spectra (Figuré@he strong interpreting picosecond TRVIS data observed upon excitation
TRIR feature froml-Ba?* at ca. 1486-1530 cmr* comprises ~ Of M™"-bound organie-azacrown systenfs. > However, the

a strong broad peak at 1492 ctia bleaching peak at 1514 TRIR spectrum can be attributed to the MLCT statd-dga? ",
cmL, and a feature peaking at 1522 chihat may arise as a  regardless of the precise origin of the relatively subtle changes
shoulder of the strong band at lower wavenumber or as a distinctoVer ca. =2 ns, and it S clearly different from that of the
band; the overall pattern in this region resembles that of the MLCT state of1 when B&" is not bound to the azacrown.

strong TRIR feature frori at ca. 1446-1510 cn* (Figure 9), The similarities and differences between the fingerprint-region
although the feature is ca. 30 cirhigher forl-Ba?". The strong TRIR spectra of the MLCT states @fBa?" and1 are notable.
TRIR band from the MLCT state af-Ba?" at 1492 cm? is They show a similar set of excited-state bands and a net increase

tentatively assigned to a 15 cihdownshift of the ground-state  in absorbance from the ground state that are both attributable
band at ca. 1507 cm assigned to coupled amide Il and pyridyl to a significant charge redistribution within the L ligand whether
18a vibrations; as discussed previously, the bands in this regionor not B&" is bound to the azacrown and despite the MLCT
are sensitive to solvent fdt (Figures 1 and 5), and they are excitation nominally being localized on the (bpy)Re(€@pup.
assigned to mixed modes (Table 1) that may be expected toFrom the tentative assignments proposed here, it appears that
change significantly in the excited state. The very weak TRIR at least some of the pyridyl bands show shifts that are larger
bands at 1342 and 1303 cinfrom 1-Ba?" are tentatively upon MLCT excitation ofl-Ba?" than1, whereas at least some
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of the amide and phenyl bands show smaller shifts. These The use of time-resolved infrared spectroscopy has been
differences in the shift patterns suggest that the increasedshown to be particularly useful in this study because it has
electron demand of the Reenter in the MLCT state results in  provided vibrational information that was not available from
charge redistribution that is relatively localized at the pyridyl time-resolved UV-visible absorption or emission spectros-
ring for 1-Ba2* and more delocalized fdr, and this effect may  copyl?and L ligand bands that complement the (bpy)Re(CO)
reasonably be attributed to the electron-donor properties of thebands that were the principal features of the transient resonance
phenyl-azacrown group being lowered when2Bas bound to Raman spectraOverall, though, it is the combination of the

the azacrown. results from all four of these time-resolved techniques that has
enabled the generic light-controlled ion-switching mechanism
Conclusion to be elucidated.

. This study also illustrates a general effect in transition-metal
We have reported ground- and excited-state IR spectia of  ypatochemistry that can be deployed in designing supramo-

its model complexes, and its protonated and‘Bzomplexed  |ecyjar switches: MLCT excitation that is nominally localized
forms. These IR spectra have been shown to provide not only 3 gne ligand, which is reduced upon excitation, results in an
characteristically strong CO stretching bands from the oyigized metal center whose increased electron demand induces
(bpy)Re(CO3 group but also a rich set of bands in the gjgnificant charge redistribution that is sufficient to induce a
fingerprint region that provide useful information on structure yeaction at a relatively remote site within another attached ligand.
and bonding within the L ligand. In the example studied here, Rebpy MLCT excitation induces

The ground-state IR spectrum df is dominated in the  gjgnificant charge redistribution that results ultimately in ion
fingerprint region by bands arising principally from L ligand  release from a pyridytamido-phenyt-azacrown ligand that

pyridyl and amide vibrations, and their assignments are con-js not fully conjugated and in which the azacrown lies at
sistent with our earlier RR assignmeffsy which they provide >10 A from the Re cente®

further support. The TRIR spectra &fgive v(CO)ge marker

bands that characterize the MLCT and LLCT states conclusively, Acknowledgment. We thank L. C. Abbott, P. Matousek,
with their positions supporting the assignments made earlier by and A. W. Parker for assistance and helpful discussions and
nanosecond transient Raman spectros€omyd their time the EPSRC for financial support.
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