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The vibrational spectra (Raman and IR) of 1,10-phenanthroline (phen), its perdeuterated ardatdgl@- (
phenanthrolineds-phen), and the copper(l) complexes [Cu(phen)@PPhand [Cufls-phen)(PPk).]* have

been measured. These spectra may be modeled using DFT calculations (B3LYP/6-31G(d)). The calculated
structure compares favorably with crystallographic data. The time-resolved resonance Raman spectra of the
copper(l) complexes were used to provide spectral signatures of plagwl ds-phen—. Geometries and
vibrational spectra of the radical anions may be calculated in two ways: first as pheimich has been
previously shown to be #B; state. Calculations with B3LYP require the 6-31G&(d,p) basis set in order to
predict this state correctly for the radical anion, rather than the close#instate, therefore giving a reasonable
prediction of the geometry and spectra. Second, using [Cu(pl{@th),] it is possible to model the radical

anion at the B3LYP/6-31G(d) level because the metal center stabilizds girgly occupied ligand MO.

The calculated spectra of [Cu(phelPHs),] and its perdeuterated analogue compare favorably with
experimental data for the excited state of the complexes.

Introduction some differences from the ground-state spectrum. However, such
a complex has a number of active chromophores in the MLCT

phenanthroline (phen), have been studied for decades. Interes xcited state, and both phen and phefeatures were assigned. .
! . - later study used resonance Raman spectroscopy to probe alkali
in these complexes arose because of their uses in areas such as

nanotechnology,photocatalysig,and solar cell devicesThe Metal salt_s of pherT and_provided a detailed spectral survey
key excited state in the utility of metal polypyridyl complexes of the radical anion specié8.The Raman spectrum of ptten

in these areas is the metal-to-ligand charge transfer (MLCT) Pagtprovei tg be d|ff|cuI:tto_measl;l.Jl!rte; this is attgbtut(teﬁ, tm ]P‘?r:t’
excited state, in which the metal is formally oxidized and one 0 IS weak Raman scatlering ability compared to that of the

of the ligands in the complex is formally reduced to a radical well-studied radipal anion of 2;dipyridine (bpy):* Schoonover
anion? We are interested in establishing the structural changes ethal. he;\ie_stumgd thg resgnance dRaQ"larlc/l(LI?:F_I(_) spgct:ja of [Ru-
that occur in metal complexes with polypyridyl ligands upon (pheny]*™, its reduced product, and the excited state,

2+% 11 i
photoexcitation. As a starting point to this, we have investigated [RU(Phen3]*"*.%" Their data demonstrate very clearly the

the phen ligand and its radical anion using density functional difficulties g observing phen bands in a complex such as
theory (DFT) calculations to model the measured vibrational [RU(Phenj]*"and provide assignments of the phen and phen
spectra. bands present in [Ru(phefd*=.

The vibrational spectra of phen have been studied since®974. Computational modeling with a variety of basis sets has been
More recently, Thornton and Watkins studied the vibrational used to predict some of the properties of ligands and metal
spectra of phen and its perdeuterated analogg4ehen® Muniz- complexes thereof. These include geométylO types}® and
Miranda carried out normal-mode calculations on phen in order Vibrational spectra® Recent work has used DFT calculations
to interpret the surface-enhanced Raman spectrum of phento examine large polypyridyl ligands such as dipyrido[3,2-a:
adsorbed on silver sofsThis study uses DFT calculations to  2',3-C]phenazine (dppz) and also calculated the spectra of
carry out a normal coordinate analysis of phephen, and  isotopomers of this ligand to aid spectral interpretatioA
their radical anions and consider the effects of complexation number of recent studies have focused on calculating properties
on these modes. of metal polypyridyl complexes. For example, Rillema et al. in

The resonance Raman spectroscopy of [Ru(pfignand its a study of 10 ruthenium(ll) diimine complexes have shown that
MLCT excited state provided some initial findings as to the the spectroscopic and electrochemical properties may be cor-
vibrational spectra of phen and its radical arfigfhe resonance  related to the HOMGLUMO energies derived from geometry
Raman effect resulted in the scattering enhancement of the pherealculations using B3LYP/3-21G* and B3LYP/3-21G* A
modes through the MLCT transition. Using pulsed laser series of papers by Zheng et al. have shown that, using B3LYP/
excitation in a single-color pumgprobe experimerft, the LANL2DZ, it is possible to relate geometry and MO calculations
resonance Raman scattering of the excited state was measuredo the electronic properties of complexes such as [Ru(g}tén)
The observed excited-state spectrum for [Ru(ptjéhshowed and its substituted analoguEsThe first example of the use of
DFT methods to predict the vibrational spectra of the ground
* Corresponding author. E-mail: kgordon@alkali.otago.ac.nz. and excited states of a metal polypyridyl complex, [Re(£0)

Polypyridyl complexes, such as those containing 1,10-
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> Raman (TR) spectroscopy of [Cu(phen)(PRH ™ is utilized
to probe the vibrational modes that are characteristic of phen
as an MLCT excited state is formed. This strategy has a number
of advantages for the study of phenFirst, the MLCT excited
state of [Cu(phen)(PRJ]* should not be as complex as that
from a [Ru(pheny?" species in which a phenr> Ru(ll)
transition can occur. The primary scatterer, at the excitation
wavelength used, from [Cu(phen)(Pph™ should be pherr.
Second, using thels-phen complex provides an additional
method of observing and analyzing phemodes because some
of these will be selectively shifted through substitution. Finally,
it has been suggested that the chemical reduction of phen can
result in mixtures of phen and phef~, which can clearly lead
to complications in spectral interpretati&hThis problem does
not occur when using the MLCT excited state of [Cu(phen)-
(PPh);] ™. The Raman spectrum of the MLCT state is modeled
using the reduced complex [Cu(phelPHs),] and its deuter-

9 ated analogue [Cd§-phen™)(PHg);] in calculations and in
bl comparing these to the experimental data for the corresponding
PPh complexes.

Figure 1. LUMO (b; symmetry) and LUMG-1 (a; symmetry) of phen.

Experimental Section
(bpy)(4-ethylpyridine)], has been reported recentfyFew P

studies have attempted to use computational techniques to model Syntheses.Materials. All reagents were purchased com-
the structural differences attendant upon the reduction of a mercially and used without further purification, except for BPh
ligand. Castella-Ventura et al. carried out ab initio calculations which was recrystallized from ethanol before use.

on 4,4-bipyridine!® They examined the force constants, vibra-  ds-Phen was prepared by a variation of the method developed
tional frequencies, and potential energy distributions as well as py junk et af3 [Cu(PPh).]BF4, [Cu(phen)(PP$),]BF., and [Cu-

the structure of 4,4bipyridine, its radical anion, and its dihydro  (dg-phen)(PP}),]BF, were prepared by the method described
dication radical. They found that whereas the bpy derivative py McMillin et al.24

has a twisted conformation with respect to the two pyridine rings  poqeuterated 1 10-Phenantholines{@hen). Yield: 90%.

the charged species have an overall planar conformation.ziy VR (CHCls, 500 MH2): 6 9.18 (s, 2D), 8.23 (s, 2D), 7.77
Vibrational frequencies were compared to measured Raman s, 2D), 7.62 (s, 2D)3C NMR (CDCk, 300 MHz): 6 149.9
spectra, and the effect of deuteration was measured experimen(t, J = 110 Hz), 146.3 (s), 135.5 (] = 99 Hz), 128.5 (s),
tally and compared to calculated effects. Similar studies by ;56 o (t,J = 97 Hz), 122.5 (tJ = 95 Hz). MS (ES)n/z. 189

McCusker et al. on the ligand 4-arylpyridifevere related to MH™). Found: C, 71.14: H, 4.89: N, 14.24. Calcd fopDgN,*
the behavior of the Ru complexes with phenyl substituents on (H:0)g C 7115 H 4.78' N 13.8%

the 2,2-bipyridyl ligand. C o 1
This work investigates the structural changes that occur upon Ml['(;l;_(p; Zﬂ;(lp(Zb)é]%Fg \5“58'((; 255{;/0:, ? ZNMS (5;: 5) f é 320:)
the reduction of phen using DFT calculations and vibrational 7.77°(t 2H,J = 7.8 Hz), 7.34-7.29 (m, 6H), 7.187.06 (m,

spectroscopy. The electronic structure of phiehas proven 24H). 15C NMR (CDCh, 300 MHz): 0 149.7, 143.8, 138.1,

challenging to determine and was quite uncertain in nature until
: . 133.2, 132.5, 130.3, 129.9, 129.0, 127.7, 125.3. MS (B3)
20
recently?? Two types of unoccupied molecular orbitals are close 767 (M— BFy). Found: C, 67.12: H, 4.50; N, 3.61. Calcd for

in energy-the a, and b; molecular orbitals (Figure Hand . . .

either may be the singly occupied molecular orbital (SOMO) CuCigHseNoPoBFa: C, 67.41; H, 447, N, 3.28%.
in the radical species. A number of elegant studies using EPR _ [Cu(ds-phen)(PPB)2IBF 4, Yield: 37%.2H NMR (CHCls;, 500

and ENDOR have proven that pheris a2B; stat&@ and that ~ MH2): 0 8.56 (s, 4D), 8.04 (s, 2D), 7.73 (s, 2DJC NMR

the substitution of phen can lead t@A, radical anion statét (CHCIs, 500 MH2): 6 149.0, 143.2, 137.7, 133.0, 132.0, 132.3,
Attempts to model the radical anion have also proven challeng- 129-7, 128.9, 127.1, 124.7. MS (E$yz 775 (M-BF).

ing, where DFT calculations require large basis sets with the Found: C, 66.57; H, 4.34; N, 3.45. Calcd for CigR30DsN2P2-
inclusion of polarization function& There have been, to our BF# C, 66.79; H, 444, N, 3.25.

knowledge, no attempts to model the vibrational spectra of Physical MeasurementsSynthetic AnalysistH NMR and
phen ~ using ab initio calculations. The neutral species can be *C NMR spectra were recorded at 26 using either a Varian
studied using infrared (IR) and Raman spectroscagyPhen 300- or 500-MHz NMR spectrometettt NMR spectra were

is also studied to aid in spectral interpretation. A comparison recorded at 25C on a Varian 500-MHz NMR spectrometer.
of these measured spectra to vibrational spectra of phen andChemical shifts are given relative to residual solvent peaks.
dg-phen predicted by DFT calculations enables a normal Microanalyses were performed at the Campbell Microanalysis
coordinate analysis of phen to be carried out. Vibrational spectralaboratory at the University of Otago. Mass spectrometry
of [Cu(phen)(PP¥),]* are collected and compared to both the measurements were obtained from a Micromass LCT instrument
vibrational spectra of phen to empirically determine the effect for electrospray (ES) measurements.

that the metal center has on the vibrational modes and the spectra IR SpectroscopyFT-IR spectra were collected, using a
calculated for [Cu(phen)(P$] ™. The use of the PHancillary Perkin-Elmer Spectrum BX FT-IR system with Spectrum v. 2.00
ligand over PPhgreatly reduces the computational difficulty — software, of potassium bromide (KBr) disks of phégphen,

and has little effect on the structure of the complex with respect and their copper complexes. Spectra were measured using 64
to the phen section of the complex. Time-resolved resonancescans. Band positions are reproducible within2lcnr 2.
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TABLE 1: Calculated and Experimental Structural Parameters for Phen, Phen—, and Copper(l) Complexes

phen [Cu(phen)(Pk)] * [Cu(phen)(PP¥),] " phen - calcd [Cu(phen)(PHs)2]

calcd exptt B3LYP/6-31G(d) exptl B3LYP/6-31H-G(d,p) B3LYP/6-31G(d)
bond/A
N1-C2 132  1.32:0.01 1.33 1.33:0.01 1.32 1.35
N1—-C12 1.35 1.34£ 0.02 1.36 1.36:0.01 1.39 1.40
C2-C3 1.41 1.39+-0.04 1.40 1.39-0.02 1.40 1.39
C3-C4 1.38 1.35-0.03 1.38 1.3 0.02 1.41 1.41
C4—-C13 1.41 1.39: 0.02 1.41 1.44-0.01 1.39 1.39
C5—-C6 1.36 1.35-0.01 1.36 1.35-0.02 1.36 1.36
C5—-C13 1.43 1.42+0.02 1.44 1.43:0.01 1.44 1.44
C11-C12 146  1.44£0.01 1.44 1.44 0.01 1.40 1.41
C12-C13 1.42 1.440.03 1.42 1.40:0.01 1.45 1.43
N1-Cu 2.02 2.0A40.01 1.99
angle/deg
N1-C2-C3 124 123+ 3 123 123 126 124
N1-C12-Ci11 119 118:1 118 117 120 118
C2—-N1-C12 118 118+ 2 118 118 118 117
C2-C3-C4 118 118+ 2 119 120 117 119
C3—C4-C13 119 1212 119 119 120 119
C4—-C13-C12 118 1142 117 117 119 119
C5—-C13-C12 120 120t 2 119 119 119 118
C6—C5-C13 121 1243 121 121 121 122
N1—-Cu—N10 84 81 86

aReference 32° Reference 33.

Raman SpectroscopizT-Raman spectra were collected on Spectroscopic-grade solvents were used for all spectroscopic
powder samples using a Brucker IFS-55 FT-interferometer measurements.
bench equipped with an FRA/106 Raman accessory and utilizing  Spectral data was analyzed using Galactic Industries GRAMS/
OPUS (version 4.0) software. An Nd:YAG laser with 1064- 32 Al software.
nm excitation wavelength was used. An InGaAs diode (D424)  cicylations. The geometry and vibrational frequencies along
operating at room temperature was used to detect Ramanyji thejr IR and Raman intensities were calculated using DFT
photons. Spectra were measured using 16 scans at a power of5icyations (B3LYP functional) with basis sets 6-31G(d) and
100 mW and a resolution of 4 cthfor phen ands-phen and  §_3111G (d,p). These were implemented with the Gaussian
with 200 scans for the copper complexes. 98W2° and Gaussian 03%¥program packages. The visualization

A continuous-wave Innova |-302 krypton-ion laser (Coherent, of the vibrational modes was provided by the Molden package
Inc.) was used to generate resonance Raman (RR) scatteringang GaussViewW (Gaussian Inc.).

Bandpass filters removed the Kplasma emission lines from
the laser output. Typically, the laser output was adjusted to give
60 mW at the sample. The incident beam and the collection

lens were arranged in a 13backscattering geometry to reduce  Neutral Ligand: Spectra and Calculations. The calculated
Raman intensity reduction by self-absorptfrn aperture-  stryctural parameters of phen are shown in Table 1, along with
matched lens was used to focus scattered light through a narrowpe previously published X-ray crystal structures of 1,10-
band line-rejection (notch) filter (Kaiser Optical Systems) and phenanthroline monohydrat@and [Cu(phen)(PPJu] .33 The
a quartz wedge (Spex) and onto the }08-entrance slitof a  ¢ajculated structure of phen (B3LYP/81(d)) has an average
spectrograph (Acton Research SpectraPro 500i). The collectedc—c pond length of 1.41 A. The €N bonds are shorter at
light was dispersed in the horizontal plane by a 1200 grooves/ 1 32 and 1.35 A. This is in close agreement with the observed
mm ruled diffraction grating (blaze wavelength 500 nm) and stryctural data of phen (within 0.01 A). The calculated bond
detected by a liquid-nitrogen-cooled back-illuminated Spec-10: angles are also within experimental uncertainty. The geometry
100B CCD controlled by a ST-133 controller and WinSpec/32 calculated with B3LYP/6-31+G(d,p) is very similar to that
(version 2.5.8.1) software (Roper Scientific, Princeton Instru- cajculated with the 6-31G(d) basis set. The coordination of phen
ments). to the { Cu(PPh)2} ™ moiety was found to buckle the ligand
The frequency-tripled output from a Nd:YAG (Continuum  slightly. Coordinating nitrogens N1 and N10 lie below (0.145
Surelite I-10) pulsed laser {5/-ns pulse width, operating at ~ A) and above (0.057 A) the least-squares plane, respectively.
10 Hz) was used for the TRexperiments. Typically, a 355-  This did not largely perturb the bond lengths and angles of phen.
nm, 1.1-3.6-mJ pump pulse was used. The beam diameter atTo simplify the calculations on the copper complex and because
the sample was-300 um. it is the phen geometry and modes that are primarily of interest,
Wavenumber calibration was performed using Raman bands[Cu(phen)(PH)2]* was modeled instead of [Cu(phen)(RRI.
from a 1:1 v/v acetonitrile/toluene sampfe?® Peak positions  The calculation is in agreement with the observation that there
were reproducible to within-22 cnt. Spectra were obtained s little structural change to phen upon coordination to a Cu(l)
with a resolution of 5 cm. center. This is not surprising because phen is a very rigid ligand.
Freshly prepared samples were held in a spinning NMR tube. The N1—Cu bond is predicted to be shorter, at 2.02 A, than the
The concentrations used were approximately 10 mmolidm observed bond length of 2.07 A. The NCu—N10 bond angle
CH,ClI; for [Cu(phen)(PP¥,] ™ and [Cufls-phen)(PPk),] ™ and has been overestimated b¥, &t 84. However, these are not
ca. 15 mmol dm? for [Cu(PPR)4]* for RR and TR measure- large differences for metaligand bonds and anglééand the
ments. geometry of phen in the complex has been well predicted. For

Results and Discussion
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TABLE 2: Calculated and Experimental Vibrational Spectral Data of Phen, dg-Phen, and Their Copper(l) Complexes

[Cu(phen) [Cu(phen) [Cu(ds-phen)  [Cu(dg-phen)
phen (PHg)] (PPh)]* dg-phen (PHg)] (PPhy)]*
B3LYP/ B3LYP/ B3LYP/ B3LYP/
6-31G(d) exptl 6-31G(d) exptl 6-31G(d) exptl 6-31G(d) exptl
va viem™® (IR,RIntP vicm?! (IR,RInt) v/cm! (IR,RInt) wv/em? wicm?! (IR,RInt) v/ecm (IR,RInt) viem™! (IR, R Int) viem™t %PED!
30 b, 1029 (3,1) 1026  (2,0) 1024 (0,0) 1024 1003 (15,0) 1007 (4,0) 1001  (0,0) A(10), C(90)
31 a4 1034 (1,16) 1037 (8, 18) 1053 (0, 37) 1053 848 (5, 15) 859 (0,13) 866 (0,17) 872 A(10), C(70)
32 b, 1069 (7,0) 1079 (11,0) 1081 (0,0) 848 (2,0) 855 (15,0) A(20), C (60)
33 a; 1092 (26,5) 1091 (27,0) 1097  (3,8) 1098 876 (34,4) 884  (35,4) 885 (3,1) 888 A(20), C(40)
34 b, 1134 (19,1) 1137 (18,2) 1141 (4,3) 1142 837 (6,3) 844  (9,5) 849 (3,2) 858 C(20)
35 & 1140 (3,1) 1141 (19,0) 1150 (0,4) 830 (2,2) 836 (9,3) 834 (0,3) 838 A(10), B(10), C(20)
36 a 1192  (0,11) 1188 (0, 3) 1203 (0, 8) 1187 1121 (0, 17) 1119 (4,12) 1128 (0, 23) 1127 A(20), B(30), C(50)
37 ay 1202 (0,0) 1205  (2,2) 1209 (2, 6) 1212 972 (0,5) A(40), B(10)
38 b, 1219 (1,2) 1218 (15,2) 1220 (1,0) 1223 1016 (0, 1) 1026 (1,1) A(20), B(30), C(20)
39 b, 1268 (2,3) 1270 (0, 4) 1257 (0, 0) 1026 (0, 2) 1032 (11,0) 1012 (1,1) 1036 A(10), B(10), C(40)
40 & 1291 (4, 26) 1296 (4, 34) 1307 (1, 35) 1299 1259 (3,15) 1255 (0, 10) 1272 (2,9) 1261 A(30), B(10), C(40)
41 b, 1309 (1,3) 1314 (0, 3) 1322 (0, 3) 1317 1302 (3,6) 1295 (18,5) 1316  (0,1) 1309 A(50), C(50)
42 & 1349 (3,19) 1346 (23,11) 1339 (0, 27) 1342 1199 (2,9) 1208 (0, 8) 1211 (0, 6) 1215 A(20), C(40)
43 a; 1383  (0,100) 1406 (20,100) 1409 (2, 100) 1419 1321 (6, 46) 1332 (0,12) A(60), B(20), C(10)
44 b, 1414 (0, 3) 1413 (15,2) 1256 (39, 5) 1256 (44, 0) 1261 (4, 3) A(10), B(20), C(10)
45 b, 1421  (100,1) 1421 (100,16) 1422 (18,1) 1426 1338 (35,0) 1335 (71,0) 1332 (12,0) 1339 A(40), B(10), C(20)
46 a 1449  (3,13) 1448 (9, 31) 1446 (1, 47) 1450 1402 (4, 100) 1414  (10,100) 1413 (0, 100) 1423 A(20), B(10), C(30)
47 b, 1499  (15,1) 1492 (32,0) 1495 (4,1) 1495 1437  (27,0) 1428  (44,0) 1430 (7,0) 1436 A(10), B(40), C(40)
48 a 1504  (80,17) 1504 (51, 16) 1513 (10, 17) 1512 1465 (100,15) 1464 (76, 22) 1472 (7,16) 1469 A(20), B(10), C(50)
49 b, 1557  (30,7) 1562 (30, 7) 1577 (4, 28) 1574 1538 (88,5) 1543 (100, 0) 1552  (4,9) 1552 A(30), C(60)
50 a 1598  (23,10) 1588 (31,17) 1589  (2,11) 1587 1566 (44, 12) 1552 (82, 12) 1552 (10, 11) A(10), B(10), C(80)
51 b, 1611  (17,9) 1602 (0, 12) 1602 (1, 15) 1601 1586 (46,11) 1579 (7, 14) 1577 (1, 16) A(20), B(10), C(70)
52 a 1622 (19,5) 1617 (19,7) 1624 (8, 10) 1624 1592 (2,7) 1591 (8,9) 1596 (3, 6) A(20), B(60), C(20)

aMode numbers and symmetries are from the B3LYP/6-31G(d) calculation of phierand Raman intensities have been normalized such that
the strongest band in the region of interest is given an intensity of 100. Raman intensities have been calculated using an excitation wavelength of
1064 nm.c Experimental IR and Raman intensites of the Cu(l) complexes have not been reported because many of the bands have an intensity
contribution from PPh 9%PED is defined in Figure 2.

%PED from out-of-plane modes. The changes in the modes of
phen upon deuteration are tracked using available progtams.
In the region from 10081700 cnt!, B3LYP/6-31G(d)
predicts 23 vibrational modes for phen. Twenty-two of these
modes are observed in the measured IR and Raman spectra.
) ) ) The only mode not observed ig4, which is predicted by the
Figure 2. Numbering system for phen and %PEDs designated: (A)

motion of atoms 1 and £614; (B) motion of atoms 5, 6, 13, and 14 calculation to have no intensity in the IR spectrum and very
(C) motion of atoms +4, 7—10, 13, and 14. little in the Raman spectrum. Of the 22 observed modes, the

calculation predicts 17 to within 5 cthand 4 to within 6-10
the experimental data, the bond lengths and angles are the samem~1. The remaining one is 23 crh lower than the observed
(within experimental uncertainty) for complexed and uncom- frequency {a3). It is of interest how the bands shift upon

plexed phen. deuteration and whether these shifts can be accurately predicted
The optimized structures of phen and [Cu(phen})FH were by the calculation in order to test the robustness of the

used to calculate the vibrational frequencies and intensities. Thecalculation and aid in spectral interpretation. The shifts observed

calculated and measured vibrational data of plegiphen, [Cu- for each mode upon deuteration are reproduced in the calculated

(phen)(PPH),]*, and [Cufls-phen)(PPk),]* are presented in  spectra to within 13 cm¥, with half of the frequency shifts
Table 2. The calculated Raman intensities are based on arwithin 5 cm L. The relative intensities of the bands for both
excitation wavelength of 1064 nfACalculated frequencies have  phen andds-phen have also been well predicted.
been scaled by a factor of 0.9796 for phen with the 6-31G(d) The IR spectrum of phen shows 11 bands of moderate to
basis set, 0.9807 for phen with the 6-31G(d,p) basis set, and  strong intensity in the region from 108700 cntl. The
0.9695 for the copper complexes (with the 6-31G(d) basi%et). strongest band in this region is both observed at 1421lcm
The calculation produced no imaginary frequencies, which is and predicted at 1421 crh (v45). Upon deuteration, this band
consistent with an energy minimum for the geometry u8ed. shifts to 1335 cm?, predicted at 1338 cmd, and decreases
Generally, the normal modes of vibration associated with the slightly in relative intensity. This mode can be described as being
observed vibrational transitions involve the nuclei motions of mainly A in character as well as having contributions from B
many atoms in a molecule. The normal modes for phen can beand C.vz4, observed at 1137 cm and predicted at 1134 cth
described by the percentage potential energy distribution shows a large shift in frequency upon deuteration. It is observed
(%PED)?38 which has been parametrized into A, B, and C as at 844 cni! in the IR spectrum ofig-phen, predicted at 837
depicted in Figure 2. These three parameters all describe thecm™1. v34 has a 20% contribution from C only, making it a
stretching and bending of the rings and do not consider the CH predominantly CH motion, explaining the large shift upon
stretching and bending. The value assigned for A is the deuteration. Conversely, a medium-intensity band at 1562,cm
percentage contribution, to the normal mode, of the motion predicted at 1557 cr (v49), shows a modest shift to 1543 cin
(stretching and bending) of the central part of the phen ligand. upon deuteration, predicted to shift to 1538 @¢miThere is a
B is the motion of the remainder of the central ring not described significant increase in the observed and predicted intensities of
by parameter A. The final parameter C describes the motion of this mode upon deuteration. This mode is described as being
the other two rings, again excluding the central region as defined30% A and 60% C, hence having a small CH motion
by A. In the region discussed, there is no contribution to the contribution.
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The FT-Raman spectrum of phen shows six bands of medium calculation predicts shifts of-14 to +26 cnt!. Most bands
to weak intensity in the spectral range of interest. The most were increased in energy for both phen dgghen.vs; showed
intense band in this region, significantly larger than any other the largest shifts in both the phen atigphen casesincreases
band, isv43 at 1406 cm?, predicted at 1383 cm. Upon of 16 and 13 cml, respectively, calculated to increase by 19
deuteration, this mode shifts down to 1332 ¢prpredicted at and 18 cm®. A couple of bands were unaffected by coordina-
1321 cntl. Along with this moderate shift in frequency comes tion, remaining at the same wavenumber (within 2=&shifts,
a substantial decrease in the intensity of the band, which is alsowhich is within peak reproducibility) for both phen and
predicted.v43 can be described as being mainly A in character dg-phen: vssandvse. These modes were predicted to have shifts
with contributions from both B and C. The second strongest of up to 14 cntt. Many modes show very different shifts, upon

band, at approximately one-third of the intensityvaf, is v4o. coordination, from phen tdg-phen. For exampley, decreases
This band is observed at 1296 chpredicted at 1291 cmi. in energy by 4 cm! for phen (predicted to decrease by 10émn
In the FT-Raman spectrum d§-phen, this mode shifts to 1255  but increases in energy by 7 cfnfor dg-phen (predicted to
cm™1, predicted at 1259 cm. The %PED ofivy is largely due increase by 12 cm). No obvious correlation between the effect

to A and C. Another band of interest in the FT-Raman spectrum of coordination of the [Cu(l)(PR)y]™ moiety and the nature
of phen isv4g a band of medium intensity observed at 1448 of the modes can be made. This is similar to the results found
cm~1and predicted at 1449 crh Upon deuteration, there is a  during studies by Thornton et #land Campos-Vallette et &1
large increase in intensity. This mode is predicted and observedThorton et al. in a detailed study of a series of phen dad
to be the strongest band in the region. The band is now observedphen complexes with a variety of metal centers found that the
at 1414 cm?, predicted at 1402 cm. v4¢ can be described as  majority of bands shifted to higher frequency upon coordination
mainly A and C in character. but that there was no clear correlation between the effect of
Calculations on phen have also been carried out using complexation and the nature of the modes. The study of Cu(l)
B3LYP/6-311G(d,p). The earlier part of this discussion has and Cu(ll) bis-phen complexes by Campos-Vallette et al. found
demonstrated that the 6-31G(d) basis set adequately predictdhat the observed IR bands of phen generally shifted to higher
the structure and vibrational spectra of phen. The larger basisfrequencies upon coordination to the copper centers.
set makes no significant difference to the calculated vibrational Radical Anion: Spectra and Calculations.The calculated
spectra: frequencies are within 2 chnand there is little change  structural parameters of phten(UB3LYP/6-31H-G(d,p)) and
to the relative intensities. However, the 6-31G&(d,p) basis set  [Cu(phen~)(PHs);] (UB3LYP/6-31G(d)) are shown in Table
appears to be the smallest choice with the B3LYP method, 1. The changes in bond lengths upon the reduction of phen lie
which orders the molecular orbitals correctly in the radical anion. between—0.06 and 0.04 A and betweer0.03 and 0.04 A for
Because the LUMO and LUM®L1 lie at similar energies  the reduction of the Cu(l) complex. The most significant
because of configuration interaction, this may lead to either structural changes that occur upon the reduction of phen occur
being populated in the radical anion state. The HOMO, LUMO, in bonds: N+C12, C3-C4, C1+C12, and C1314 with
and LUMO+1 have symmetries dfy, b;, anday, respectively, changes of 0.030.06 A.
within the C,, point group. Calculations with B3LYP/6-31G- Using the Optimized geometry of ph‘e‘n we calculated the
(d) predict &?A; state rather than th@B; state that phen is, vibrational frequencies of phen and dg-phen—. These are
as demonstrated by EPR studt@83LYP/6-311G(d,p) cor-  shown in Table 3, along with previously reported RR bands of
rectly predicts &B; state. Although Kaim et & showed that Li+phen—.10.11
the 6-31G(d,p) basis set was su_fficient with the Hartreéeck In the 1006-1700 cnr? region of the RR spectra, 16 modes
method, B3LYP/6-31G(d,p) predlcts%az State for_ pherr. The are observed for phen.1%11 The majority of these modes are
B3LYP/6-31% G(f%'lp) calgulatlon correctly preQ|ctSZBl state, expected to have; symmetry because these are the bands that
whereas calculations with the smaller ba5|§ sets 6-31G(d), il exhibit resonance enhancemddtMost of the bands
6-31G(d,p), 6-3+G(d), and 6-311G(d,p) predict thé; state  jpsaned in the RR spectra of phed®icorrelate taa, modes,
for phen . Pr_esu_mably, the success of th_e BSLY_P/G%& as predicted by the calculation. The exceptions are the 1254-
(d,p) calculation is attributable to the basis set size used. cmt band attributed tos, the band at 1405 cm (v4s), and
The bands in the vibrational spectra of the phen dgphen the band observed at 1421 th(vs), which all haveb,
complexes are correlated to the calculated phendafghen symmetry. Calculated frequencies are on average within 16 cm
modes both empirically, by comparison to the respective of the observed frequency. These discrepancies may be partially
vibrational spectra of the uncomplexed ligand, and by using attributed to the experimental data, which appears to have an
available progranf8 to compare the calculated vibrational yncertainty of up to 16 cnt,%3 and the possibility that some of
modes. It is expected that some modes will be affected by the observed bands may be due to F;héﬁ The two Strongest
coordination to metal centers whereas others will not, dependingpands that are observed in the spectra collected by Leroi et al.
on the nature of the mode. It is also expected that the effectare at 1043 and 1449 crh (with a 406.8-nm excitation

observed with the phen modes should be replicated with the wavelength). These are predicted to be 1023 %frs;) and
dg-phen modes. This is seen for many, but not all, of the modes. 1443 cn1? (1v47), respectively.

The geometries and vibrational spectra of the copper com-  The chemical formation of phen is difficult to achievet4
plexes have been calculated using B3LYP/6-31G(d). The An alternate method of probing radical anion features is to utilize
presence of the Cu(l) center leads to a stabilization oftthe  excited-state species of complexes such as [Cu(L}gIPtor
unoccupied molecular orbital (UMO). This stabilization reduces [Re(L)(COXCI] (L = bidentate ligand) in which the excited
the configuration interaction between the close-lying UMOs. state has an MLCT formulatidh® Thus, [Cu(I1)(L* ~)(PPh),] *

As aresult of this, [Cu(phem)(PH)] is predicted to be B, or [Re(I)(L* ")(COXCI] is the excited-state species formed.
state, in agreement with experimental findings for complexes Collecting the TR spectra of [Cu(phen)(PBja]* and [Culs-
containing pherr 2122 phen)(PPE).] " allows characteristic modes due to phemnd

The complexation of phen ardd-phen with the Cu(l) center  dg-phen —, respectively, to be observed through the creation of
shifts the bands between4 and+16 cnt?! (Table 2). The an MLCT excited state. The TRspectra and the ground-state
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TABLE 3: Calculated and Experimental Vibrational
Spectral Data of Phen~ and dg-Pherr ~

phen -~ Litphen~ dg-phen—

B3LYP/6-31H-G(d,p) exptt exptd B3LYP/6-31HG(d,p)
V2 vicm™®  (IR,RIntP wv/cm™* v/iem™t vicm® (IR,R IntP
31 b, 1012 (100, 1) 999  (87,6)
32 a, 1023  (0,1) 1043 839  (0,3)
33 ay 1042  (2,1) 1066 865  (1,4)
34 b, 1051  (9,0) 831 (1,0
35 a 1130 (2, 10) 1130 1119 950 (0, 0)
36 b, 1141 (11, 3) 810  (12,2)
37 an 1144 (1,3) 1177 977 (9, 6)
38 b, 1180 (44, 0) 1007 (8,0)
39 a 1216 (0,11) 1221 1212 1103  (0,0)
40 b, 1243 (3,0) 1254 1018 (100, 14)
41 a, 1308 (10,10) 1273 1281 1169 (0, 6)
42 a; 1320 (0,1) 1340 1335 1272 (0, 1)
43 a, 1375 (1,0 1390 1326 (6,0)
44 b, 1381 (3,0 1239  (3,0)
45 b, 1390  (46,0) 1405 1280  (32,0)
46 b, 1417 (66, 0) 1421 1384  (53,0)
47 ay 1443 (1,5) 1449 1453 1374  (3,9)
48 b, 1461 (45, 0) 1390 (14, 0)
49 a; 1463 (10, 1) 1499 1515 1433  (3,1)
50 a 1546  (2,100) 1539 1543 1519  (1,100)
51 b, 1558 (53, 1) 1576 1530 (40, 1)
52 a; 1595 (0, 46) 1606 1587 1565  (1,89)

@ Mode numbers and symmetries are from the B3LYP/643%(d,p)
calculation of phen® IR and Raman intensities have been normalized
such that the strongest band in the region of interest is given an intensity
of 100. Raman intensities have been calculated using an excitation
wavelength of 1064 nnf.Reference 10¢ Reference 11.
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Figure 3. Resonance Raman spectra of complexes igGH{10 mmol
dm™3): (a) [Cu(phen)(PP]", Aexce = 356.4 nm, 60 mW; (b) [Cu-
(phen)(PPE2]t*, dexe= 354.7 nm, 2.5 mJ per pulse; (c) [@g{phen)-
(PPh)2]+, Aexe = 356.4 nm, 60 mW; (d) [Clﬂ(g-phEn)(PPE)Z]*'*, Aexc
= 354.7 nm, 2.5 mJ per pulse.
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RR spectra of these complexes are shown in Figure 3. The
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pulsed excitation, it is possible to probe short-lived excited states
(r < 6 ns) with high laser pulse powets?8

The similarity of the excitation wavelengths used for cw
(356.4 nm) and pulsed studies (354.7 nm) makes it straightfor-
ward to identify excited-state features. Evidence of an excited
state of [Cu(phen)(PRJ3]*, designated [Cu(phen)(PRH**,
in the TR spectrum comes from comparison to the ground-
state RR spectra.

The spectrum of [Cu(phen)(PRH™ with pulsed excitation
and a photon/molecule ratio of 18%shows features at 999,
1029, 1092, and 1192 cri additional features at 1453, 1511,
and 1585 cm! are also observed. The intensities of these bands
do not change with increased or reduced photon flux. This means
that a single state is being probed, not a mixture of ground and
excited states. However, the spectrum differs significantly from
the ground-state spectrum generated with 356.4-nm cw excita-
tion. [Cu(phen)(PP)),] ™ is a better scatterer than [Cu(phen)-
(PPh),]"™ by a factor of approximately 3 at this excitation
wavelengttf® The 1295-cm? band in the ground state is absent
from the spectra obtained with pulsed excitation. The spectrum
shown in Figure 3 is thus attributed to [Cu(phen)(BERH*.
The spectra obtained from [Glgphen)(PPk),]* with pulsed
excitation bear some similarities to that of [Cu(phen)®#h
generated under the same conditions. Bands are observed at
1000, 1028, 1093, 1193, and 1585 ¢inwith additional bands
being present at 1469 and 1559 ¢nirhe spectrum with pulsed
excitation is attributed to an excited-state species because the
ground-state band at 1257 cinis absent.

There are some striking similarities between the spectra of
[Cu(phen)(PP¥,] ™ and that of [Cu@is-phen)(PPk),]**. One
possible reason for this is that the vibrational signatures of
phen~ and dg-phen— are the same. This does not correlate
well with our calculations that show significant shifts between
the phen~ andds-phen ~ species (Table 3). Another possibility
is that some of the observed spectral features are due to a moiety
other than phemn (or dg-phen ™). To test this, the RR spectrum
of [Cu(PPh)4] ™ was measured using 354.7-nm pulsed excitation.
The spectrum shows a series of bands at 1001, 1029, 1098, 1190,
and 1588 cm!. These bands are observed in the RR spectra of
[Cu(phen)(PP¥,]™* and [Cu@ds-phen)(PPk),]™ and are at-
tributed to PPh The residual bands in the spectra of the Cu
complexes are then attributed to phemndds-phen ~ species.

The phen~ features evident in the [Cu(phen)(RRh*
spectrum lie at 1453 and 1511 ctnAn additional band at 1585
cm! is also assigned as a phenmode. Although it is
coincident with a PPhband, the band in the [Cu(phen)-
(PPh),] ™ spectrum is too intense to be solely caused by asPPh
vibration. This assignment is supported by the [@gtithen)-
(PPh);]™* data in whichdg-phen — modes are observed at 1469
and 1559 cm?. Significantly, the 1585-cmt PPk mode is also
evident, with a band intensity that is approximately half that of
the 702-cm?® solvent band, which is less than that in the [Cu-
(phen)(PPk),] ™ spectrum. One of the advantages of comparing
the [Cu(phen)(PRJp] ™ and [Cu[ds-phen)(PPE)2] T spectra is
that the electronic properties of the isotopomers are equivalent
and their RR spectra may be directly compared. Thus, thg PPh

spectrum of each was measured at three pulse powers tamodes in the spectrum of [Cdifphen)(PPk),]™* possess the

determine if mixtures of the ground and excited states were

same intensity pattern as those in the [Cu(phen){BPt

present. The excited-state lifetimes of these complexes arespectrum. Clearly, the much higher intensity of the 1585-tm

sufficiently long to allow an excited-state spectrum to be
collected. [Cu(phen)(PRJiBF4 in dichloromethane has an
excited-state lifetimez of 220 ns at 25°C.*> For other phen

band in [Cu(phen)(PR}] ™ cannot then be solely attributed
to the PPBmode. A similar procedure can be used to find an
additional band in the [Cdg-phen)(PPE)2]™* spectrum due to

complexes, it has been found that deuteration does not have ag-phen . In the spectrum of [Cug-phen)(PPE).]**, there is

large effect on the excited-state lifetirffeUsing nanosecond

a band at 1427 cmi that is due todg-phen —; this overlaps
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TABLE 4: Calculated Vibrational Data of [Cu(phen)(PH 3);] and Experimental Transient Resonance Raman Spectral Data of
[Cu(phen)(PPhy),]* and the Deuterated Analogues

[Cu(phen™) [Cu(phen) [Cu(ds-phen™) [Cu(ds-phen)
(PH:)2] (PPh)| ™ (PHy)] (PPh);J
B3LYP/6-31G(d) exptl B3LYP/6-31G(d) exptl
»2 vicm™?t (IR, R IntyP vicm™t vicm™t (IR, R Int) vicm™
45 b, 1001 (32, 1) 974 (35, 1)
47 a 1046 0, 0) 863 0, 1)
49 b, 1065 (15, 3) 834 (3,1)
50 a 1069 1,1)
52 b, + PHs 1102 1,1 1103 (1,0)
54 b, 1107 (39, 5) 859 (0, 0)
56 a 1137 0, 14) 826 0,9)
57 b, 1176 (57, 15) 1160 (100, 25)
58 ap 1176 0, 2) 883 0, 4)
59 b, 1187 (26, 0) 1018 (2,0)
60 ar 1224 (1, 19) 1122 ©, 4)
61 b, 1244 0, 0) 998 (0, 0)
62 a 1293 (12,7) 1174 (1, 6)
63 Y 1344 0, 13) 1293 (3,3)
64 b, 1399 (21, 1)
65 b, 1415 (4,2) 1257 (1,1)
66 a 1415 (2, 6) 1344 (5, 20)
67 b, 1453 (21, 0) 1387 (49, 4)
68 a 1454 0, 1) 1453 1426 3,3) 1427
69 b, 1471 (100, 5) 1438 (99, 2)
70 a 1524 (20, 2) 1511 1467 (27, 30) 1469
71 a 1534 (1, 100) 1514 (2, 80)
72 b, 1564 1,3) 1532 (9,5)
73 a 1602 (1, 54) 1585 1573 (1, 100) 1559

aMode numbers are from the B3LYP/6-31G(d) calculation of [Cu(ph#iHs).]. Mode symmetries are based on tBg symmetry of pherr.

Calculated modes due to RMi this region have been omitte8lIR and R

aman intensities have been normalized such that the strongest band in

the region of interest is given an intensity of 100. Raman intensities have been calculated using an excitation wavelength of 1064 nm.

with the solvent feature at 1423 ci but the increased
bandwidth and frequency shift allow for its identification.
The RR spectrum of [Os(phen)(pRIA" (py = pyridine) under
pulsed excitation was previously reported by Leroi éfdlhey
attribute two bands to phen features at 1275 and 1580 cin
The latter was seen at 1585 chin the [Cu(phen)(PPj] ™
spectrum. The 1275-cmh band was not seen in the [Cu(phen)-
(PPh);]t* spectrum; however, it may possibly be correlated
to the 1273-cm! band that was observed in the RR spectra of
Li*phen—, predicted a/4; at 1308 cml. Schoonover et al.
report the RR spectrum of [Ru(phten(phen)]?™*, and in the
region from 1106-1650 cnt?, seven bands were assigned as
being due in part or in full to phen modes. Because of the
closeness in frequency of phenand phen modes, many of

and 1585 cm?! assigned as phen bands that are not overlap-

ping with phen. These features are of modest intensity int
comparison to that of neutral phen modes enhanced through

the phen— Ru(lll) ligand-to-metal charge-transfer transititn.
The 1272- and 1585-cm bands can be attributed to the same
modes that produced the 1275- and 1580-ttmands in the
[Os(phen)(py)]2™ spectrum. The additional band at 1130Tm
is not seen in the [Os(phen)(pR}F™ or [Cu(phen)(PPk)2] ™
spectra; however, it may possibly be correlated to the 1119-
cm~! band of Li"phen ~ that they also reported.

For the spectra of [Cu(phen)(P§4™ and [Cuds-phen)-
(PPh)2]**, the three bands that we have assigned as radical

of the polypyridyl ligancf21011sg it seems reasonable to assume
that the calculation of the radical anion spectrum of phenay

aid in identifying the bands observed in the T§pectrum of
[Cu(phen)(PP$),] ™. The modes observed in the ¥Rpectrum

of [Cu(phen)(PP¥,]" may be matched to modes observed in
the RR spectra of tiphen~ and thus in turn to the calculated
phen~ modes (Table 3). However, the frequencies calculated
for phen~ and those observed in the ¥Rspectrum are
sufficiently different that the assignment of the bands is
ambiguous. This means that using ptieas a model for [Cu-
(phen)(PPE)2] ™ is not satisfactory. This may indicate a degree
of orbital mixing that makes the assumption of the transfer of
a full electron from a metal-centered to ligand-based orbital
invalid or that indicates that the copper center has a larger effect
n the position of bands than may be anticipated. To improve
the model, the [Cu(l)(Pk)2] T moiety has been incorporated into
he calculation. In the simplified description of the MLCT
excited state of [Cu(phen)(PRH™, Cu(l) is oxidized to Cu-

(1) with the reduction of phen to phen; however, we have
simply considered the reduction of [Cu(phen)(BET to
[Cu(phen™)(PPh),], which neglects the change in the oxidation
state of the Cu center. Furthermore, the calculation of
[Cu(phen~)(PHs),] appears to be less affected by the config-
uration interaction of the, andb; molecular orbitals, the SOMO
and SOMOCF1, for phen~. We note that the energy difference
between the SOMO and SOM€l is significantly larger for

anion modes are at similar frequencies to the ground-state bandéCu(Phen~)(PHs)z], where the SOMO i in character, than

(within 7 cn2). This is hardly surprising considering the rigidity
of phen. The addition of an electron is not likely to perturb the
vibrational modes greatB% The deuteration of the ligand has
proved to be an important aid in identifying radical anion modes.
Previous studies have involved the identification of MLCT

for phen —, therefore reducing the configuration interaction of
these molecular orbitals. The [Cu(phel(PHs),] calculation
better represents the experimental data and hence provides a
better model of the excited state.

The optimized structure of [Cu(phen)(PHs),] (B3LYP/6-

excited-state bands by comparison to the radical anion spectrun31G(d)) was used to calculate vibrational frequencies and these
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are compared to the PRspectra of [Cu(phen)(PBh]™* and
[Cu(ds-phen)(PPk),] ™ (Table 4 and Figure 3).

In the TR spectrum of [Cu(phen)(PBh]™*, there is a band
observed at 1453 cm. This is predicted to lie at 1454 crh
(veg). Upon deuteration, this band shifts to 1427 éppredicted
at 1426 cnl. The band observed at 1511 chtorresponds to
v70, calculated to be 1524 crh This indicates one of the

J. Phys. Chem. A, Vol. 108, No. 13, 2002543

(9) (a) Bradley, P. G.; Kress, N.; Hornberger, B. A.; Dallinger, R. F.;
Woodruff, W. H.J. Am. Chem. Sod981, 103 7441. (b) Smothers, W.
K.; Wrighton, M. S.J. Am. Chem. Sod.983 105, 1067. (c) Gordon, K.
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significant differences that this improved model produces 41, 2941.

because the closest band predicted for phestcurs at 1546
cmL. vo shifts to 1469 cm!® upon deuteration, predicted at
1467 cnt™. The band at 1585 cn is predicted at 1602 cni

(13) Zheng, K. C.; Wang, J. P.; Peng, W. L.; Shen, Y.; Yun, AnGrg.
Chim. Acta2002 328 247. Zheng, K. C.; Wang, J. P.; Shen, Y.; Peng, W.
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(v73). Upon deuteration, this is observed to decrease in frequency443:

by 26 cn1?, and the calculation predicts a decrease of 29%cm
Perhaps an even better method of modeling thé Sgectra

(14) Diaz-Acosta, |.; Baker, J.; Cordes, W.; Pulay,JPPhys. Chem. A
2001 105 238.
(15) Matthewson, B. J.; Flood, A.; Polson, M. I. J.; Armstrong, C.;

would be to do a frequency calculation on the excited state. Phillips, D. L.; Gordon, K. CBull. Chem. Soc. Jpr2002, 75, 933.

However, the frequency calculation for [Cu(phej(PHg),] is

significantly simpler than that for [Cu(phen)(B}d** 5! and
has provided a reasonable prediction of the? ERectra, both
of [Cu(phen)(PP¥,]™ and its perdeuterated analogue.

Conclusions

Density functional theory, B3LYP/6-31G(d), has been suc-

(16) Stoyanov, S. R.; Villegas, J. M.; Rillema, D.IRorg. Chem2002
41, 2941.

(17) Dattelbaum, D. M.; Omberg, K. M.; Schoonover, J. R.; Martin, R.
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cessfully utilized to carry out a normal coordinate analysis of perkin Trans. 21995 2121.

phen and its perdeuterated analogiggphen. The larger basis
set 6-31#G(d,p) offers no improvement in the prediction of

the vibrational spectra or structure but is necessary in order t0g309.

obtain phen~ as a?B; state, in agreement with experimental
findings, rather than théA, state that B3LYP/6-31G(d) predicts.

The structure calculated upon reduction shows changes of les$

(22) Ernst, S.; Vogler, C.; Klein, A.; Kaim, Wnorg. Chem 1996 35,
1295.
(23) Junk, T.; Catallo, W. J.; Elguero, Jetrahedron Lett1997 38,

(24) Rader, R. A.; McMillin, D. R.; Buckner, M. T.; Matthews, T. G.;
Casadonte, D. J.; Lengel, R. K.; Whittaker, S. B.; Darmon, L. M.; Lytle, F.
J. Am. Chem. S0d.981, 103 5906.

(25) Microanalyses were obtained using a Carlo Erba EA1108 with TCD

than 0.06 A in bond length from those of neutral phen. The getection for HO or D,O.
calculated modes have been compared to previously measured (26) Shriver, D. B.; Dunn, B. RAppl. Spectroscl974 28, 319.

RR spectra of phen and were found to be in reasonable
agreement. The TRspectra of [Cu(phen)(PRj]™ and [Cu-
(dg-phen)(PPH),]* were collected and found to have several
identical bands due to the PPligand. A consideration of the

deuterated complex is necessary to aid in spectral assignmen

The TR spectra of [Cu(phen)(PBh]™ and [Cu@ls-phen)-
(PPh),]* are not well predicted by the phren calculation

despite it being the MLCT excited state that is being probed.

However, calculations on [Cu(pher)(PHs),] and [Cu(s-
phen ~)(PHs)2] do provide a reasonable prediction.
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