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Two new complexefac-[Re(NCS)(CO)(N,N)] (N,N = 2,2-bipyridine (bpy), ditlPr-N,N-1,4-diazabutadiene
(Pr-DAB)) were synthesized and their molecular structures determined by X-ray diffractior.vigV
absorption, resonance Raman, emission, and picosecond time-resolved IR spectra were measured experimentally
and calculated with TD-DFT. A good agreement between experimental and calculated ground- and excited-
state spectra is obtained, but only if the solvent (MeCN) is included into calculations and excited state structures
are fully optimized at the TD-DFT level. The lowest excited states of the bpyRmMBAB complexes are
assigned by TD-DFT a®A' by comparison of calculated and experimental IR spectra. Excited-state lifetimes

of 23 ns and ca. 625 ps were determined for the bpy and DAB complex, respectively, in a fluid solution at
room temperature. Biexponential emission decay (1.3u8)®bserved for [Re(NCS)(Céelppy)] ina 77 K

glass indicates the presence of two unequilibrated emissive states. Low-lying electronic transitions and excited
states of both complexes have a mixed NEMN,N ligand-to-ligand and Re> N,N metal-to-ligand charge-
transfer character (LLCT/MLCT). It originates in mixing between Redd NCSr characters in high-lying
occupied MOs. Experimentally, the LLCT/MLCT mixing in the lowest excited state is manifested by shifting
the »(CO) andv(NC) IR bands to higher and lower wavenumbers, respectively, upon excitation. Resonant
enhancement of both(CO) andv(NC) Raman bands indicates that the same LLCT/MLCT character mixing
occurs in the lowest allowed electronic transition.

Introduction halides!?27:3The MLCT and LLCT characters cannot be clearly
distinguished since the occupied Re- and L-based orbitals, in
which these transitions originate, mix in the high-lying occupied
MOs. The extent of the involvement of the axial ligand L in

Rhenium(l) carbonytpolypyridine complexesac-[Re(L)-
(COX(N,N)]"" (N,N = polypyridine or a-diimine) form an
important class of photoactive compounds, which find applica- . - : -
tions ranging from probes and sendofsto photosensitizers electronic transitions, that is of the mixing between the MLCT

capable of triggering electron transfer in metalloprotéir3. and LLCT characters in low-lying excited states fac-
Their photophysical and photochemical behavior depends on[Re(L)(COR(N,N)]™", remains an open question. It has been
the nature of low-lying excited states which, in turn, can be raised for halide complexes where it is difficult to tackle
controlled by structural variations of the ligands L and N,N, or experimentally because of the lack of observables characterizing
by the mediunt2 A strong emission from long-lived excited the actual state of the halide ligand. Nevertheless, an indirect
states, inter- and intramolecular excited-state electron transfer,evidence for an admixture of an LLCT character has been
ligand isomerization, or photochemical Re bond homolysis reported. It includes resonance enhancement of a Raman band
are just a few examples of the diverse photobehavidiaof due to a Re Br stretching vibration irfac-[Re(Br)(CO}(bis-
[Re(L)(COX(N,N)]"" complexes?-36 (pTol)-N,N'-diaza-1,4-butadienef], or a pronounced depend-
The lowest allowed electronic transitions and excited states ence of photophysical properties fafc-[Re(X)(CO)(N,N)]"*
of fac-[Re(L)(COX(N,N)]"" are usually described as ReN,N andtrangMe,X)-[Ru(Me)(X)(COX(N,N)] on the halide ligand
metal-to-ligand charge transfer (MLCT), whilet N,N ligand- (X = CI, Br, 1).123840 MLCT-LLCT mixing also has
to-ligand charge-transfer excited states (LLCT or XLCT) can been suggested by DFT calculations of [Mn(Br)(@@®)N)]*142
occur in complexes where L is an electron-rich ligand, such as and by TD-DFT and/or CASSCF/CASPT2 calculations of
trang(X,X)-[Ru(X)2(CO)(N,N)] andtrangMe,X)-[Ru(Me)(X)-
* Address correspondence to these authors. E-mail: a.vicek@gmul.ac.uk; (CO)(N,N)].43-45 However, there are several problems with
zalis@jh-inst.cas.cz. . .
 Queen Mary, University of London. calculations of halide complexes of low-valent metals such as
#CCLRC Rutherford Appleton Laboratory. R€ or RU'. First, the excited-state characters strongly depend
,Academy of Sciences of the Czech Republic. _ on the computational technique used, with TD-DFT consistently
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predicting much larger LLCT admixture (that is electron density
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3 was purified by flash chromatography (Si 60, £&HyY/MeOH

L L
ocC.. ‘ ocC.. | N (95/5)). The product was dried under vacuum. Crystals for
ol e o . .
"M M structure determination were grown by a slow diffusion of
oc” ‘ \N o™ | \N diethyl ether vapors into a concentrated solution of the complex
A co in CHClo.
Figure 1. Schematic representation of MLCT (left) and LLCT (right) IR (CH:Cl) ¥necs 2100 e, vep 2027, 1918 cmt; 1H NMR
transitions infac-[Re(L)(CO}(N,N)]™* complexes. (de-acetone)d 1.48 (12H, dd,J = 6.3 Hz, DAB CH), 4.32

(2H, sept,J = 6.3 Hz, DAB CH), 9.00 (2H, s, NH); ES-MS

Moreover, transition energies calculated by TD-DFT in a iz 469.8, 467.9 [M]

vacuum are often unrealistically low and the values strongly ) !
depend on the functional usé#** Despite these difficulties, Instrumentation. X-ray data on [Re(NCS)(C@OPr-DAB)]
the rich photochemical and photophysical behaviorfaxt: were recorded at room temperature on a CAD4 diffractometer

[Re(L)(COX(N,N)]"™* and their wide applicability command the fitted with a low-temperature device, operating in th6 scan

necessity of a correct and deep understanding of their excited-{noge: Thgg strgctufres dV\éerle sotlved by sft;nd?:rzd getavy atom
state character and appropriate theoretical description. echniques,” and refinéd by least-squares Tien . Data on

Herein, we have approached the problem of MLCT-LLCT [Re(NCS)(CO3(bpy)] were gollected at 120 K with a Non.ius
mixing by employing a triatomic electron-rich ligand NCS Kappa CCD area detector diffractometer mounted at the window

instead of the customary halide. LLCT and MLCT contributions of aTrrk]]onbdemIJm r(;)tating ag_ode (50 KV, 28 M= 0'710?39
to the lowest excited state can be assessed by monitoring thé&)' e crystal-to-detector distance was mm gnah

changes of NCS and CO stretching frequencies upon excitation, 58S (2.8increments, 12 s exposure time) were carried out to
9 gireq P fill the Ewald sphere. The structure was solved by the heavy-

respectively, using picosecond time-resolved IR spectroscopy. : : .

Resonance enhancement of the corresponding Raman band&m method and ref|neo_| anisotropically (non-hydrogen atoms,
provides similar information on the lowest allowed electronic except C27) by full-matrix Ieastjsquares BA _The hy_droge_n_
transition. To this effect, we have synthesized two new atoms were calculated geometrically and refined with a riding
complexesfac—[Re(NCS)(Cb&(N N)] (N,N = bpy, didPr-N,N- model. Refinement details, as well as a full list of atomic
1,4-diazabutadiene iPr-DAB).,A dett;liled insié;ht into ,their coordina_ltes, bond I_engths, and angles are availa_lble in the
excited-state characters and dynamics was achieved by comSupporting Information. .C_:IF data has been deposited at the
bining spectroscopic and photophysical experiments with quan- CCPC' under the deposition numbers 257965 and.257966.
tum chemical calculations, which included the solvent and ~ Time-resolved IR measurements used the equipment and

optimization of the structures of low-lying triplet excited states Procedures described in detail previou#ly?>2 In short, the

on a TD-DFET level. sample solutions were excited (pumped) at 400 or 470 nm, using
frequency-doubled Ti:sapphire laser pulses or an OPA output,
Experimental Section respectively. The duration (fwhm) of the pump pulses was0

fs. TRIR spectra were probed with IR-{50 fs) pulses obtained
by difference-frequency generation. The IR probe pulses cover
a spectral range-200 cnt! wide. The sample solutions were
flowed through a 0.5 mm CaHR cell, which was rastering in
two dimensions. The spectral bands observed in TRIR spectra
were fitted by Lorentzian function to determine accurately their
center positions and shapes. All spectral and kinetic fitting
procedures were performed with Microcal Origin 7 software.
S
The spectra are shown from 2 ps onward, when the early
coherence effects have subsided.

Materials. All spectroscopic measurements we carried out
in solvents of spectroscopic quality, obtained from Aldrich. The
product purity was checked by IR spectra in tH{{€0O) region,
NMR, mass spectroscopy and thin-layer chromatography.

[Re(NCS)(COX(bpy)]. [Re(CRSO;)(COX(bpy)}* (0.35 g,
0.61 mmol) was refluxed with [BIN]NCS (0.24 g, 1.3 molar
equiv) in dry THF under inert atmosphere fdh and the com-
pletion of the reaction was controlled by IR. The solvent wa
removed by rotary evaporation after the reaction mixture was
cooled to room temperature. The yellow product was purified

by flash chromatography (Si 60, GEll,). Crystals for structure The ground-state resonance Raman spectrum of strongly
determination were grown by a slow diffusion of diethyl ether emissive [Re(NCS)(CQ(bpy)] was measured from a MeCN
vapors into a concentrated solution of the complex inClpt solution flowing through a 0.5 mm diameter open jet, using

IR (CH:Cl2) vnes 2098 e, veo 2027, 1920 cmi: 1H NMR 400 nm laser pulsesf@ 2 psduration. Raman scattering was
(de-acetone)d 7.88 (2H, t,J = 1.2 Hz), 8.42 (2H, tJ = 1.2 collected durig a 4 psinterval determined by a synchronized

Hz), 8.76 (2H, d,J = 8.2 Hz), 9.15 (2H, dJ = 5.4 Hz); ES- opening of an optical Kerr gate and it was, thereby, separated
MS mz 485.7, 484.2 [M] from the long-lived interfering emissidlf:>%5253Resonance

[Re(CFsS0s)(CO)s(Pr-DAB)]. [ReCI(CO}(Pr-DAB)* (1.2 Raman spectra of [Re(NCS)(CQPr-DAB)] were collected
g, 2.69 mmol) was reacted with Ag(50s) (0.89 g, 1.3 molar ~ from @ KNG pellet with the Jobin-Yvon XY spectrometer and
equiv) in dry THF and under argon atmosphere. The reaction Stationary Ar-ion laser excitation at 514.5, 488, or 454 nm.
mixture was heated f8 h and the completion of the reaction Room temperature time correlated single photon counting
was controlled by IR. After the solution was cooled to room (TCSPC) measurements were performed with a PicoQuant
temperature, the precipitate was filtered off and washed with Spectrometer equipped with a microchannel plate photomulti-
ether and with petroleum spirits. The solvent from the filtrate plier detector. The sample was excited at 375 nm with IBH

was removed to produce a dark red oil, [Re¢S6;)(CO)- nanoLED. Data were analyzed with IB Datastation2 software.
(Pr-DAB)]. An Edinburgh Instruments FS/FL 900 spectrometer, equipped
IR (CH.Cl) vco 2039, 1940, 1923 cri. with a microchannel plate photomultiplier detector, 405 nm
[Re(NCS)(COX(Pr-DAB)]. The oily [Re(CRSOs)(CO)s- diode laser, EJF900 software, and an Oxford Instrument cryostat
(Pr-DAB)] made in the preceding step was reacted with was employed for the low-temperature (77 K) TCSPC studies.
[BusNINCS (1.3 molar equiv) in dry THF under inert atmo- Quantum Chemical Calculations.Electronic structures of

sphere. The reaction mixture was heated 3ah followed by all systems examined were calculated by density functional
solvent removal by rotary evaporation. The dark red oil obtained theory (DFT) methods with the Gaussian®*0Znd Turbo-
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Structures were determined at 120 K and a room temperature, respectively.

5,56 i : TABLE 1: Selected Experimental and DFT/B3LYP
mole®®56 program packages. Low-lying excited states of the Calculated Bond Lengths and Angles of

closed shell complexes were calculated with time-dependent|re(NCS)(COX(bpy)] and [Re(NCS)(COX(Pr-DAB)]
DFT (TD-DFT). Calculations of vibrational frequencies were

performed at TD-DFT optimized geometries corresponding to [Re(NCS)(COXbpy)] [Re(NCS)(COXDAB)]
the functional and basis set used. Triplet excited-state structures calcd  exptl calctl  exptl
were optimized at the TD-DFT lev&@land their IR spectra bond lengths, A
modeled with use of the Turbomole program package. The Re-N1 2217 2.159 ReNl 2185 2193
conductor-like screening mod&{COSMO, Turbomole) orthe ~ Re~N3 2121 2129 ReN3 2115 2114
conductor-like polar'izable continuym mo%(C.PCM, GO03) . Eg:gig 1:822 i:gég ggig 1:322 i:gig
were used for modeling the solvent influence. Difference density n1—c1 1.345 1.373 N2C4 1.459 1.478
plots were prepared with use of the GaussView software-UV  N1-C5 1.359 1.393 N2C3 1.295 1.275
vis absorption spectra were simulated with the Gaus§Sum C5-C6 1480 1.441 C3C2 1450 1.451
software. All transitions calculated in the energy range inves- N3—Cl4 1186 1.160 N3C1 1187 1.167
tigates were included. Gaussian shapes of the absorption band 14-51 1622 1.633 CiS1 1619 1622
12-02 1.163 1.151 C1203 1.162 1.148
were assumed. The fwhm value of 0.4 eV used corresponds t0 1101 1160 1186 C1801 1157 1.139

typical experimental bandwidths of MLCT ban@<s? Band
. . bond angles, deg
areas are proportional to calculated oscillator strengths. C12-Re-N3 1745 176.8 Cl2Re-N3 177.7 177.8
For geometry optimization, either 6-31G* polarized double- C11-Re-C13 90.1 882 Cl1tRe-C10 91.7 86.6
basis sef§(G03) or the same quality SVP basis (Turbomole) C11-Re-N2 97.8 986 Cl6Re-N2 97.1 1004
for H, C, N, O, and S atoms together with quasirelativistic N1-Re-N2 741 748 NiRe-N2 739  73.6
effective core pseudopotentials and the corresponding optimized gS—Re—NZ 829 852 N3Re-N2 84.6 84.9
. . e—N3—-C14 1775 1754 ReN3—-C1l 176.5 169.6
set of basis functions for Re were used. GO3 TD-DFT N3—C14-S1  179.3 1779 N3C1-S1 1792 1766
employed cc-pvdz correlation consistent polarized valence Exerimental bond lenaths of iv-linked bond g
doubleg basis sef$ for H, C, N, O, and S. Either the hybrid ? Experimental bond lengths of symmetry-linked bonds are averaged.
Becke’s three-parameter functional with the Lee, Yang, and Parr Calculated for [Re(NCS)(CQ)Me-DAB)]
correlation functional (B3LYPf (G98/B3LYP) or the hybrid
functional using Perdew, Burke, and Ernzeffi@xchange and
correlation functional with 25% HF exchange (PBE1PBE) were
used. The geometry optimizations and calculations in solution . o o
were carried out without any symmetry restriction. The ap- th'thte;]ger':ltelr a;ee?’ﬂczal fg'rtéRzrgL)IEacggZ"rl:l)]chgfz:?éex?i’all
proximateCs symmetry is used for the description of the spectra Wi (1) ( ). e ang Ing rstically
. small. The Re-NCS moiety is bent by 510° at the N atom
and molecular orbitals. [Re(NCS)(C£¥e-DAB)] was calcu- nd the Re-N(CS) bond is sliahtly tilted toward the N.N ligand
lated as a model for the experimentally studied [Re(NCS)CO) ?Il'h eI e] t( d )to " S? gntly ? oway € ’” g’?h t.h
(‘Pr-DAB)]. It was showf? that such a model qualitatively well eer'cr?]g;\ltgle al Se':CTl;‘[gc g:r(a:ge e;S.t '2gerler?eeme reWI lar €
reproduces spectral properties; nevertheless the absolute valueg<Per values. Re(CO} unit i y regu

. < cimnp_ trigonal pyramid with~90° angles between the CO ligands.
]Ei):‘;;:;\(l)cnulated spectral parameters are influenced by this simpli The prefixfac will be omitted hereafter for brevity.

Electronic Structures. The energies and compositions of
frontier Kohn—=Sham molecular orbitals calculated by DFT for
both molecules in MeCN solutions are summarized in Tables 2

Molecular Structure. ORTEP diagrams ofac{Re(NCS)- and 3. A qualitative MO diagram and shapes of the spectro-
(COX(bpy)] andfac{Re(NCS)(CO)(Pr-DAB)] are shown in scopically relevant MOs are shown in Figure 3.

Figure 2 and the selected bond lengths and angles are sum- The two highest occupied MOs of both complexes have a
marized in Table 1, together with the calculated values. All the mixed Re/NCS character. They are essentially-RES -
structural data are collected in the Supporting Information. antibonding. The LUMO is a predominantly* antibonding
[Re(NCS)(CO)(bpy)] has two molecules in the asymmetric unit, orbital of the N,N ligand, with a small Re contribution. Both

which is shown in Figure 1 of the Supporting Information. The
X-ray structures clearly prove that the NCS ligand is coordinated
to Re by the nitrogen atom. Bond distances and angles around

Results and Discussion
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TABLE 2: DFT G03/PBE1PBE/CPCM (MeCN) Calculated

One-Electron Energies and Compositions of Selected Highest % — Re+CO 35a"
Occupied and Lowest Unoccupied Molecular Orbitals of 34a -
[Re(NCS)(COX(bpy)] in MeCN, Expressed in Terms of 4 Y
Composing Fragments T e 53’
prevailing .
MO E.eV character Re CQ CO. NCS bpy 52a 'y X
unoccupied
35d’ —0.93 Ret+ CO 28 11 40 5 21 S4 S,
34d’ —1.28 mbpy 10 5 2 0 87
534 —1.47 mbpy 4 0 1 0 95
52d —2.46 7 bpy 13 0 2 0 85
occupied 33a”
33d’ —6.18 NCS+Re 28 4 8 57 2
51d —6.23 NCS+Re 24 4 7 62 3
32d’ —7.04 Re 66 0 24 2 8 Re + NCS !
50d —7.24 Ret+NCS 36 4 8 42 9 ; ;
494 -730 RetNCS 40 5 10 37 9 49a’, 50a
31d’ —7.57 mb 3 0 0 0 %  —_— . .
py S 31a
TABLE 3: DFT GO3/PBE1PBE/CPCM (MeCN) Calculated
One-Electron Energies and Compositions of Selected Highest ) L ) )
Occupied and Lowest Unoccupied Molecular Orbitals of Figure 3. Qualitative MO diagram and shapes of the spectroscopically
[Re(NCS)(COx(Me-DAB)] in MeCN, Expressed in Terms of relevant molecular orbitals. The orbital labels correspond to those in
Composing Fragments Table 2. The vertical arrows labeled, &, and S show the principal
- excitations involved in the spectroscopically important singlet transitions
prevailing to the states ', e/A’, and éA", respectively, see Table 4.
MO E,eV character Re CQ CO.,; NCS Me-DAB
unoccupied the calculation results in unrealistically low transition energies.
444 —060 CO+Re 19 37 36 4 4 For example, TD-DFT PBE1PBE/vacuum calculates th¥ a
254’ —0.97 CO+Re 24 18 47 6 6 — b'A’ transition at 1.61 eV, that is 1.32 eV lower than in
43d —3.02 7* DAB 6 1 5 1 87 MeCN. It follows from Figure 4 that CPCM provides the best
OC‘;LAF;'FC‘ 627 NCSLRe 26 8 & 59 ) results for the polar MeCN solvent, where the calculated
424 629 NOS € 21 6 4 65 3 transition energies are only slightly underestimated. The calcula-
234’ —710 Re 67 0 29 0 3 tions exaggerate the solvatochromism effect, producing too low
414 —7.33 RetNCS 36 7 8 42 8 transition energies for low-polarity Gi&l, and toluene.
404 —7.46 RetNCS 42 7 8 36 7 The assignment of the lowest allowed transition as LLCT/
224’ —9.07 7 DAB 4 1 0 4 91

MLCT is experimentally supported by resonance Raman spectra
(rR). The spectrum of the strongly emissive [Re(NCS)(£0)
LUMO+1 and LUMO+2 are predominantlyz*(bpy) for (bpy)] (Figure 5) was measured with 400 nm laser pulse
[Re(NCS)(CO)(bpy)] and 7*(CO) for [Re(NCS)(COy(Me- excitation. It shows weak resonantly enhanced bands at 2098
DAB)]. Inclusion of the solvent into the calculation modifies and 2030 cmt. These bands are seen also in the FTIR spectrum
the MO compositions, decreasing the NCS and increasing the(Figure 7). The 2038 cri corresponds to the in-phasé(®)
Re participations in the HOMO and HOM&L. (MO composi-  1(CO) vibration, characteristic dac-Re(CO} complexes. The
tions in a vacuum are summarized in Tables 1 and 2 of the pand at 2098 crri is attributed to the/(NC) vibration of the
Supporting Information.) NCS ligand by comparison with the spectra of other transition
Electronic Transitions. Shown in Figure 4 are the experi- metal complexes with thi-coordinated NCS ligané The rR
mental and calculated UWvis spectra. The lowest absorption  spectrum shows also bands at 1561, 1490, 1312, 1180, 1022,
band is strongly solvatochromic. For bpy, its maximum shifts and 731 cm?, due to vibrations of the bpy ligand. They are
from 375 to 399 and 420 nm on changing the solvent from very similar to those observétdin the spectrum of [Re(Cl)-
MeCN to CHCI, and toluene, respectively. The lowest band (CO)(bpy)] and signify that the resonant electronic transition
of the 'Pr-DAB complex occurs in the same solvents at 428, involves charge transfer to the bpy ligand. The rR spectrum of
468, and 483 nm, respectively. TD-DFT calculations reproduce [Re(NCS)(CO)(Pr-DAB)] was measured from a KNellet,
well the experimental absorption spectra in MeCN and the trend Figure 6. Intensities of all bands, measured relative to the KNO
in solvatochromism(see Figure 4 and Tables 4 and 5). The band at 1051 cmt, increase when the excitation wavelength is
lowest absorption band of both complexes is assigned to thechanged from 514.5 to 488 and 457.9 nm toward the maximum
alA’ — b'A’ transition, which originates in an almost pure of the lowest absorption band, demonstrating the resonance
HOMO—-1— LUMO excitation. Because of a large admixture enhancement. The spectrum shows an intense band at 1566
of an NCSx orbital into HOMO-1, this transition can be  ¢m~2, which originates in a DAB/(C=N) vibration, coupled
viewed as mixed (NCS> N,N)/(Re— N,N) LLCT/MLCT. This with »(N—1Pr) 8874 and bands at 2030 and 2098 tindue to
assignment is also supported by the solvatochromism, which isA’(1) »(CO) and v(NC), respectively. (See Figure 8 for
typical for charge-transfer transitiof%38.70.71 comparison with FTIR.) Resonance enhancement of tif&) A
The best agreement with the experimental spectra wasv(CO) band, seen for both complexes, indicates a MLCT
obtained by using the PBE1PBE functional in conjunction with character of the resonant transitiGr’®> Simultaneous enhance-
the CPCM solvent model in MeCN. Other functionals such as ment of thev(NC) band shows that bonding within the NCS
B3LYP and BP86 underestimate the LLCT/MLCT transition ligand is affected as well. It follows that the electron density is
energies, shifting the allowed&’ — b!A’ transition down to removed from the whole Re(NCS)(COnoiety, in line with
2.26 eV (549 nm) and 2.03 eV (611 nm), respectively, as the proposed mixed NCS dimine LLCT/Re— diimine MLCT
calculated for N,N= bpy in MeCN. Neglecting the solvent in  character of the resonant transition.
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Figure 4. UV—vis absorption spectra of [Re(NCS)(GMpy)] (left) and [Re(NCS)(CQJPr-DAB)] (right). Experimental spectra are shown at
the bottom, simulated at the top. Spectra are shown in MeCN (black), dichloromethane (blue), and toluene (red). The simulated spectrum of the
DAB complex (top right) corresponds to [Re(NCS)(G®)e-DAB)].

TABLE 4: Energies of Low-Lying Singlet Electronic Transitions of [Re(NCS)(CO)(bpy)] with Oscillator Strength Larger than
0.001 Calculated by TD-DFT GO3/PBE1PBE/CPCM (MeCN)

transition energy, eV exptl transition, eV molar abs,
state main components, % (nm) 0SC. Str. (nm) M~tcmt
aA” 99 (334 — 524) 2.83(438) 0.003
b'A’ 99 (51a— 524d) 2.93 (424) 0.032 3.31(375) 2600
bA" 98 (324 — 524) 3.59 (342) 0.003
ClA 88 (51a— 534d); 7 (494 — 524d) 3.95(314) 0.014
A’ 79 (494— 524); 10 (514 — 534) 3.97 (313) 0.037
eA’ 48 (334 — 344d'); 31 (334 — 35d) 4.04 (307) 0.069 ~3.91 (317)
fIA’ 50 (334 — 35d'); 38 (334 — 344d") 4.11 (302) 0.029
elA” 67 (31& — 524d); 13 (334 — 544) 4.35 (286) 0.312 4.23 (293) 14340
fLA" 66 (334 — 544d); 13 (314 — 524) 4.36 (285) 0.068

TABLE 5: Energies of Low-Lying Singlet Electronic Transitions of [Re(NCS)(CO)(Me-DAB)] with Oscillator Strength Larger
than 0.001 Calculated by TD-DFT GO3/PBE1PBE/CPCM (MeCN)

transition energy, eV exptl trans., eV molar abs,
state main components, % (nm) osc. str. (nm) M~tcm™?
aA” 98 (244 — 434) 2.24 (552) 0.001
b*A’ 98 (42a— 434d) 2.47 (501) 0.041 2.90 (428) 2500
clA 98 (40a— 434d) 3.62 (342) 0.101
dA’ 81 (244 — 25d'); 9 (424 — 444d) 4.12 (301) 0.052
elA’ 70 (424 — 444d); 17 (244 — 264d’) 4.71 (263) 0.056
e A’ 57 (224 — 43d); 20 (244 — 454d) 5.32 (233) 0.146

a Experimental data are for [Re(NCS)(GORPr-DAB)].

The low-lying LLCT/MLCT transitions of [Re(NCS)(C®@) Nevertheless, its strong solvatochromic shift is reproduced
(bpy)] are succeeded at higher energy by a group of close-lying computationally. Re~ CO MLCT transitions are calculated to
strong transitions which give rise to the intense absorption in occur at still shorter wavelengths,300 nm.
the near UV spectral region, Table 4. They include LLCT/  Triplet Excited States.[Re(NCS)(CO)(bpy)] shows a weak
MLCT transitions directed to LUM®&1 and LUMO+2, a emission band at 602 nm in a fluid MeOH/EtOH (3/4) solution
predominantly MLCT transition’&’ — d'A’, and an intense,  at room temperature. Emission intensity increases on going to
predominantly (67%jrr* bpy-localized transition 88" — elA"". a 77 K glass and the band shifts to 534 nm. Such rigido-
The significant CT contributions are manifested by the solvato- chromism is characteristic of emission from a state with a
chromism, both observed and calculated for the near UV substantial CT character: MLCT and/or LLCT.7® The
absorption band (Figure 4). For [Re(NCS)(G(®r-DAB)], the emission decays with a lifetime of 28 1 ns in a MeCN solution
second allowed transition is MLCT/LLCT!A’ — c!A’, whose at room temperature. It is much longer lived in a MeOH/EtOH
energy is underestimated by TD-DFT (Figure 4, Table 5). (3/4) glass at 77 K, where a biexponential decay was observed:
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- was estimated from the decay of the transient bands and the
3 bleach recovery.

In the ground state, both complexes show a broad band at
ca. 1920 cm?, which encompasses the out-of-phaséfand
equatorial A" »(CO) vibrations, and bands at 2027 ar@100
cm~1 due to the in-phase 'Al) »(CO) andv(NC) vibrations,
respectively. The latter two bands are seen also in the rR spectra,
compare Figures 5 and 6. Empirically, we assign the excited-

Intensity

000 avenumbers oy 4 2000 state bands of [Re(NCS)(Cepy)] at 1952, 2002, and 2072
Figure 5. Resonance Raman spectrum of [Re(NCS)@®y)] in cm! to upshiftedv(CO) vibrations, as is characteristic for

MeCN measured using?2 ps, 400 nm laser pulses synchronized with MLCT excitations’>79887 The 2041 cm! band is assigned

a 4 ps optical Kerr gate that rejects the long-lived emission. The solvent to the v(NC) vibration of the NCS ligand. Its downward shift
background and residual emission that passed through the Kerr gatefrom the ground-state position demonstrates the LLCT contribu-
are subtracted. tion to the excitation, which removes electron density from a
N=C=Sx bonding orbital, weakening the=xC bond and thus
decreasing the(CO) frequency. The assignment of the 2072
cm! band as/(CO) is corroborated by the effect of changing
the solvent to less polar GBIy, in which this band occurs at
2059 cnt. Decreasing the solvent polarity diminishes the extent
of the charge transfer from the Re(GQ@jit. This is manifested
by a smaller shift of the highes{CO) band upon excitation:
+32 cntlin CH.Cl, vs +46 cnt!in MeCN.

Excited-state IR spectra were calculated in an MeCN cavity
(COSMO) with TD-DFT optimized excited structures. A very

Intensity

32

338
436
496
136
*

600 1200 " 1800 good agreement was achieved between the experimental excited-
_ Wavenumbers / cm _ state spectrum and the vibrational wavenumbers, calculated by
Figure 6. Resonance Raman spectrum of [Re(NCS)({CP)-DAB)] TD-DFT for the 3LLCT/MLCT state 3aA’, Table 7. The IR

measured in a rotating KN;peIIet using continuous laser irradiation spectrum calculated for tHaA” state does not correspond well
at 457.9 nm. Asterisks indicate peaks due to KNO . e
to the experiment. Hence, we conclude tfe’ is the lowest

. . excited state at the actual experimental conditions, although it
0, 0,
1.26-= 0.07us (38%) and 2.7% 0.10xs (62%). This behavior was calculated as the second lowest state. The calculations

suggests the presence of two ener.g.eticaIIy_cIose-I.ying en.qiss‘iveprovide a deeper insight into the characters of the vibrations.
excited states, which become equilibrated in a fluid solution at /e the ,,(CO) andw(NC) vibrations are well defined in the
room temperature. [Re(NCS)(CgDPr-DAB)] IS not emissive, ground state, they become strongly coupled in the excited state,
presumably due to a very fast nonradiative decay. Table 8. The excited-state vibrations calculated at 2010 and 2038
TD-DFT was used to optimize the geometry of low-lying cm1 belong to an/(NC) vibration coupled with A1) and A(2)
triplet excited states and to calculate their energies (Table 6) ,(CO) vibration, respectively. The lowest 1952 chvibration
and vibrational spectra (Tables 7 and 8). The lowest calculatedis assigned essentially as (&) »(CO). The highest excited-
state 8A" is composed predominantly of a HOM® LUMO state vibration at 2082 cm is »(CO), in agreement with the
LMCT/MLCT excitation, and an N,N-localizedr — x* empirical assignment. Surprisingly, the TD-DFT calculation
excitation that contributes 15% and 5% for bpy and DAB, shows that this vibration involves the equatorial CO ligands,
respectively. The second staf®\aoriginates in the HOM©-1 resembling the A »(CO) vibration of the ground state. (Note
— LUMO excitation, Table 6. It is the triplet counterpart of that the use of the symmetry labels for excited states is only
the optically populated¥\' state with the same mixed LLCT/  approximate since thes@nolecular symmetry is lost.)
MLCT character. The calculated emission energies of the two  gycited-state TRIR spectra of [Re(NCS)(G(Pr-DAB)]
lowest triplets of the bpy complex (2.05, 2.22 eV) are very close ghow similar features as discussed above for [Re(NCSKCO)
to the maximum of the emission band, 2.06 eV, as observed in (bpy)], although the shifts of the IR bands upon excitation are
MeCN. somewhat smaller and the highest vibration is manifested as a
Experimentally, the lowest triplet excited states of both ~2068 cnt! shoulder on the most intense 2053 ¢nband,
complexes were characterized with picosecond time-resolvedFigure 8 and Table 7. The solvent effect is much weaker than
IR spectroscopy, TRIR. The TRIR spectra are shown in Figures seen for bpy8 The IR spectrum calculated for théAd' state
7 and 8, together with the ground-state FTIR spectra. Experi- agrees satisfactorily with the experimental TRIR, given that the
mental ground- and excited-state IR wavenumbers are sum-calculation was performed for a model complex with a Me-
marized in Table 7, together with the values calculated for DAB ligand instead ofPr-DAB. Analysis of the calculated
MeCN solutions. TRIR spectra measured at 2 ps show threevibrations shows that the highest two bands correspond to highly
fully developed negative bands that correspond to bleachedmixed »(CO) andv(NC) vibrations, Table 8. The equatorial
ground-state absorption and four positive bands correspondingv(CO) A" vibration occurs as the second lowest band (1986
to the excited state. Excited-state bands narrow during the firstcm™2), at much lower wavenumbers than for bpy.
20 ps, slightly increase in intensity, and shift to higher = The assignment of the highest IR band of tR&’'aexcited
wavenumbers. This is a typical manifestation of vibrational state [Re(NCS)(CQjbpy)] to an equatorial Alike »(CO)
cooling /80 After the vibrational relaxation is completed, the vibration contradicts the usual assignment used for similar
TRIR spectrum of [Re(NCS)(CQ(ppy)] does not change until  complexes, such as [Re(CI)(C§),4-bpy)] and [Re(Etpy)-
the end of the time interval investigated, that is 1000 ps. For (CO)(bpy)It, respectively, where the'Avibration is supposed
[Re(NCS)(CO)(Pr-DAB)], an excited-state lifetime of 625 ps  to give rise to the lowest or second lowe$CO) IR band of a
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TABLE 6: TD-DFT Calculated (GO3/PBE1PBE/CPCM) Lowest Triplet Excitation Energies for [Re(NCS)(CO)(N,N)]
Complexes in MeCN

emission energyeV transition energy,eV
N,N state main components, % (nm) (nm)
bpy aA” 65 (334 — 524d); 19 (324 — 524); 15 (314 — 524d) 2.05 (605) 2.75 (451)
aA’ 91 (51a— 524d) 2.22 (559) 2.86 (433)
beA" 47 (314 — 524d); 36 (324 — 524d); 16 (334 — 524) 3.01 (411)
A 98 (504 — 524d) 3.53(351)
Me-DAB aA” 87 (244 — 434d); 8 (23d' — 43d); 5 (224’ — 434d) 1.83 (676)
aA 97 (424 — 434d) 1.64 (754) 1.97 (630)
beA” 67 (224 — 434d); 24 (234 — 43d); 8 (244’ — 434d) 2.58 (480)
A 93 (414— 434d) 2.72 (455)

a Calculated vertical transition at TD-DFT optimized geometry of the given triplet st&telculated vertical transition at ground-state optimized
geometry.
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: : : Figure 8. Difference TRIR spectrum of [Re(NCS)(C§Pr-DAB)]

2000 2040 2080 2120 in THF measured after 470 nny,150 fs excitation at time delays (ps)
Wavenumbers / cm™! specified in the inset. Experimental points are separatedsy/ctn .

Figure 7. Difference TRIR spectra of [Re(NCS)(C&py)] in CH.Cl, The ground-state FTIR spectrum is shown in the bottom panel.

(top) and MeCN (bottom) measured after 400 nrd,50 fs excitation

at time delays (ps) specified in the insets. Experimental points are was made possible by using the [Re(NCS)(gN)N)] com-

separated by 45 cni*. The ground-state FTIR spectrum is shown in  plexes, where the effects of electronic excitationbath the

the bottom panel. COandNCS ligands can be followed by TRIR and/or resonance

3MLCT excited state and the highest band is invariably attributed Raman.
to the A(1) »(CO).75:85-87 To resolve this discrepancy, we have The agreement of calculated electronic transition energies,
calculated(CO) wavenumbers of the lowes¥d’ excited state oscillator strengths, and excited-state IR spectra with the
of [Re(Cl)(COX(bpy)], which has a predominantly MLCT/  experimental results is much better than that reported before
LLCT character with a minorr — z*(bpy) intraligand for similar low-valent R, Re, or Mn' carbonytdiimine
admixturef282 The »(CO) vibrations are essentially pure, since complexes with electron-rich ligands, such as halfdé¥.589.%0
there are no other vibrations in the same frequency range with This was accomplished by including the solvent in the calcula-
which they could couple. The results are shown in Table 9. tions, proper choice of the functional (PBE1PBE), and optimiz-
Again, a good agreement between experimental and calculatednd the excited-state structures at the TD-DFT level, whereby
wavenumbers was obtained, although the excited-s{&©) all contributing one-electron excitations are included in the
wavenumbers are somewhat underestimated. The calculatecXcited-state description. The transition energies are not under-
normal coordinates confirm the usual order of excited-state IR estimated and the LLCT contributions exaggerated as was the
»(CO) bands: A < A'(2) < A'(1). Comparison of the results ~ case of previous DFT and TD-DFT calculations of similar
calculated for [Re(NCS)(C@(bpy)] and [Re(Cl)(COxbpy)] complexes.
indicates that the unusually high frequency of the equatorial The good agreement between experimental and TD-DFT
v(CO) A"-like vibration in the NCS complex is caused by the calculated ground- and excited-state spectra implies that TD-
strong vibrational coupling of the(NC) vibration with the two DFT also provides a good description of low-lying electronic
symmetricalv(CO) vibrations. transitions and triplet excited states. The two lowest st@&S$ a
Excited-State Character.Mixing between MLCT and LLCT and &A' were calculated so close in energy that it cannot be a
characters in low-lying electronic transitions and excited states priori decided which state is the lowest at actual experimental
has been directly demonstrated herein for the first time. This conditions. The much better correspondence with the experi-

1900 1950 2000 2050 2100
_/\ Wavenumbers / t::m"I
1920 1960
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TABLE 7: Wavenumbers (cm~1) of Ground-State and @A’ Excited-State Vibrations of [Re(NCS)(COX(N,N)] Measured and

Calculated in a MeCN Solutior?

[Re(NCS)(COYR-DAB)]?

[Re(NCS)(CO)(bpy)]

GS @A’ excited state GS A’ excited state
calcd exptl calcd exptl calcd exptl calcd exptl
1919, A(2) 1922 1956(CO) 1949 1911)R) 1918 1952 (CO) 1952
1927, A’ 1922 1994 (CO; A) 1994 1914, A 1918 2010 (NG-CO) 2002
2027, A(1) 2027 2014 (NCG-CO) 2053 2023, A1) 2026 2038 (NG-CO) 2041
2101 (NC) 2100 2036 (NECO) ~2068 2104 (NC) 2097 2082 (CO;'A 2072

aCalculation: Turbomole, PBEO, CPCM, values scaled by a factor of 0.9445 to achieve the best correspondence between calculated and experimental

values for the ground stateMeasured for R= 'Pr, calculated for R= Me. ¢ Poorly resolved shoulder.

TABLE 8: TD-DFT Calculated Compositions (in %) of aA’ Excited-State Vibrations of [Re(NCS)(CO}(N,N)] Listed in Table 7

N,N v (cm™) symmetry vibration

bpy 1952 A 1v(NC) 4+ 297(COeq') + 291(COeq) — 417(COu)
2010 A 581(NC) — 6 ¥(CQOed") — 6 ¥(CQei?) — 307(COx)
2038 A 43y(NC) + 15¥(COeq') + 15v(CQeid) — 27 v(COay
2082 A’ 431(COeq!) — 43v(CO:?) + 14 v(bpy)

Me-DAB 1956 A 28(COeq') + 28 1(COeq’) — 44v(COu)
1994 A 48v(CQxq) — 481(CO:) + 4 v(Me-DAB)
2014 A 207(NC) — 17 »(COeg") — 17 ¥(COQef’) — 45v(COuy)
2036 A 81v(NC) + 5%(COecq!) + 51(COe?) — 9 v(COsy)

TABLE 9: Wavenumbers (cm~1) of Ground-State and &A"
Excited-Statev(CO) Vibrations of [Re(CI)(CO) s(bpy)]
Measured in CH,CIl, and Calculated in a MeCN Solutiorf

" excited state
Turbomole G03
1936, A 1952, A’

ground state
G03

exptl
1899

exptl
1957

Turbomole

1904, A(2) 1899, A(2)
1920, A’ 1916, A’ 1921 1961, A2) 1988, A(2) 1987
2020, A(1) 2035, A(1) 2024 2049, A1) 2047, A(l) 2064

a Calculation: Turbomole, Gaussian 03, B3-LYP, CPCM calculated

respectively. It should be noted, however, that using the LLCT
and MLCT labels and talking about mixed LLCT/MLCT
electronic transitions and excited states is tributary to the
classical, rather localized, view of charge-transfer transitions.
In fact, Figure 9 suggests that théAa excited state can be
viewed as delocalized, the electron density being excited from
the r system of the entire Re(NCS)(COnoiety.

This description of the®' excited state accounts well for
the empirical assignment of the TRIR spectra. Electronic

values scaled by a factor of 0.963 to achieve the best correspondenceeXcitation decreases the=©O m-antibonding and KC=S

between calculated and experimental values for the ground %faiem
ref 81.

Figure 9. Change of electron density distribution upon tHé'a—
a®A’ electronic transition of [Re(NCS)(Ceibpy)]. Blue and violet

sw-bonding electron density, shifting téCO) andv(NC) bands

to higher and lower wavenumbers, respectively. TD-DFT
analysis, however, indicates that the actual situation is more
complicated, revealing that thgCO) and»(NC) vibrations
become highly coupled in the excited state. This is quite
understandable, given that they involve atoms of comparable
masses which are shifted by excitation to very similar frequen-
cies. The coupling is mediated by the electronic “hole” in the
excited state that is delocalized over the whole Re(NCS){CO)
moiety. This vibrational coupling may account for the relatively
small intensity of the 2030 and 2098 cipeaks in the
resonance Raman spectra. The CO and NC bonds are shortened
and lengthened, respectively, upon excitation. Their contribu-
tions to the total change of the respective normal coordinates
partly cancel each other. The total distortions upon excitation
are relatively small, giving rise to only weak resonance Raman

colors correspond to a decrease and increase of electron densityenhancement.

respectively. Calculated by TD-DFT GO3/PBE1PBE/CPCM for MeCN
solution.

mental IR spectrum allows us to assign the lowest statéAds a
of a LLCT/MLCT character. On an orbital level, the LLCT/
MLCT mixing can be traced to the principal depopulated orbital,
that is HOMO-1, shown in Figure 3. This orbital is delocalized

The other low-lying triplet is 8", It originates in predomi-
nantly LLCT/MLCT excitation, together with a smaller contri-
bution from a bpy-localizedr — z* excitation, see Figure 10.
The v(CO) wavenumbers were calculated at a lower wave-
number than in the ground state, in sharp contrast with the
experiment. This is probably causédy the x — z*(bpy)

over the Re atom and NCS and CO ligands, Tables 2 and 3. Itcontribution to the #\" state.

is m-antibonding with respect to the=€D and Re-N(CS) bonds
ands-bonding with respect to the#HC=S and Re-C bonds.

It is also interesting to compare [Re(NCS)(GD),N)] with
other NCS complexes. Thiocyanide is used as an ancillary ligand

However, it is more rigorous to describe electronic transitions in Ru(ll)—polypyridine sensitizers of Gtzel cells. TD-DFT
by changes of the electron density upon excitation. Figure 9 calculation8'-%1as well as TRIR spectfaindicate an involve-
clearly shows that the electron density in th#\'astate is ment of the NCS ligands in the low-lying electronic transitions
transferred from the Re atom and the NCS and CO ligands toand excited states. The twe(NC) bands of the sensitizer
the &* system of bpy. The largest depopulation occurs at Re [Ru(4,4-COOH-bpy}(NCS)] shift downward upon excitation
and NCS, accounting for the MLCT and LLCT contributions, from 2115 and 2140 cm to 2040 and 2075 cri, that is by
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the KNG; pellet. Mr. Jan Skora (J. Heyrovskynstitute) and

Dr. Martin Michl (Czech Technical University, Department of
Quantum Electronics) are thanked for their help with the TCSPC
experiments.

Supporting Information Available: A figure showing the
asymmetric unit of the crystal structure of [Re(NCS)(gO)
(bpy)], tables summarizing DFT GO3/B3LYP calculated one-
electron energies and compositions of selected highest occupied
and lowest unoccupied molecular orbitals of [Re(NCS)(£0)
(bpy)] and [Re(NCS)(CQjMe-DAB)], crystal data, bond
lengths and angles, structure refinement, atomic coordinates,
Figure 10. Change of electron density distribution upon thé'a— displacement parameters and hydrogen coordinates of
aA" electronic transition of [Re(NCS)(C&bpy)]. Blue and violet [Re(NCS)(COy(bpy)] and [Re(NCS)(CQJ'Pr-DAB)]. This
colors correspond to a decrease and increase of electron densitymaterial is available free of charge via the Internet at http:/

respectively. Calculated by TD-DFT GO3/PBE1PBE/CPCM for MeCN  puybs.acs.org.
solution.
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