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The ligand dipyrido[3,2-

 

a

 

:2

 

′

 

,3

 

′

 

-

 

c

 

]phenazine (dppz) and its deuterated analogues, 

 

d

 

4

 

-dppz, 

 

d

 

6

 

-dppz, 

 

d

 

10

 

-dppz, and
[ReCl(CO)

 

3

 

] complexes with these ligands have been synthesized.  Using DFT calculations it is possible to calculate a
geometry of the ligand such that it matches the crystallographic data for a variety of dppz complexes.  B3LYP/6-31G(d)
frequency calculations correspond closely to the experimental IR and Raman data.  Analysis of the calculated normal
modes of vibration reveals the presence of a number of modes that are localized to the ring sections of the dppz-frame-
work.  Modes 79, 78, 77, 50, and 49, which lie at 1602, 1586, 1576, 1071, and 1034 cm

 

−

 

1

 

, respectively, in the experimen-
tal spectra of dppz correspond to phenanthroline-based modes. Modes 68 and 67, lying at 1414 and 1402 cm

 

−

 

1

 

 in dppz
are phenazine-based vibrations.  These provide an insight into the nature of the MLCT transitions for metal complexes
with dppz.  The preferential enhancement of phenanthroline-based modes in the resonance Raman spectra of these com-
plexes strongly suggests the 

 

π

 

*

 

 accepting MO is of phenanthroline character.  DFT calculations (B3LYP/6-31G(d)) on
the radical anion reveal the elongation of bonds about the pyrimidine ring.  The frequency calculations also reveal signif-
icant changes in the vibrational spectra for dppz

 

·−

 

 from the neutral ligand. Experimental resonance Raman data for the
electrochemically reduced [ReCl(CO)

 

3

 

(dppz)]

 

−

 

 and the deuterated analogues show distinct isotope shifts that may be
correlated to results obtained from the calculations.  The characteristic bands observed in these spectra are phenanthro-
line-based.  They may be correlated with time-resolved resonance Raman spectra of Ru(

 

Ⅱ

 

) and Re(

 

Ⅰ

 

) complexes.

 

Metal complexes containing the ligand dppz, and substitut-
ed analogues thereof, have received much attention because of
the interaction of such complexes with DNA.

 

1

 

  The intercala-
tion of the dppz ligand between the base pairs of DNA results
in a dramatic enhancement of the fluorescence of Ru(

 

Ⅱ

 

) com-
plexes leading to the “molecular light switch” effect.

 

2,3

 

  The
photophysical properties of complexes containing dppz are
complicated by the presence of three close-lying excited states
of LC and MLCT origin.

 

4

 

  Dynamics studies on
[Ru(phen)

 

2

 

dppz]

 

2

 

+

 

 reveal an interplay between two MLCT
states, termed MLCT(1) and MLCT(2), in the first few pico-
seconds after excitation.

 

5

 

  The spectral properties of complexes
containing dppz are attributed, in part, to the unoccupied MOs
in the ligand.  The MOs may be based over the ABC-rings
(phen-based) or BDE-rings (phenazine-based) of the ligand
framework (Fig. 1).

 

6

 

Ultrafast time-resolved resonance Raman (TR

 

3

 

) spectrosco-
py of [Ru(bpy)

 

2

 

dppz]

 

2

 

+

 

 also reveals the presence of differing
excited states as a function of solvent.

 

7

 

  A number of detailed
TR

 

3

 

 studies have been carried out on [Ru(L)

 

2

 

dppz]

 

2

 

+

 

 (L 

 

=

 

2,2

 

′

 

-bipyridine or 1,10-phenanthroline) and although these
have provided further insight into the nature of the excited
state formed by photoexcitation the findings are somewhat am-
biguous and sometimes contradictory.

 

2,8

 

  One of the difficulties
in studying these systems is that the vibrational spectra are

very complex.  The number of vibrational degrees of freedom
is very large, 90 modes for dppz alone.  Furthermore many of
the vibrational modes for dppz overlap with those of bpy or
phen.  This further complicates attempts to interpret vibration-
al data for the ground or excited states.  It is possible to disen-
tangle some of this vibrational morass by studying complexes
in which only the dppz ligand contributes to the vibrational
spectrum.  This may be achieved in resonance Raman spec-
troscopy using [Cu(PPh

 

3

 

)

 

2

 

]

 

+

 

 or [ReCl(CO)

 

3

 

] moieties.

 

9

 

  A fur-

 

Fig. 1.   Skeletal structure of dppz with bond parameters and
ring labels.
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ther step in elucidating the vibrational spectrum of dppz is to
use computational methods to model the ligand and its spectra
(IR and Raman).  Studying the deuterated analogues of dppz
can also aid in spectral interpretation.  Such analyses have
been successfully applied to other smaller polypyridyl
ligands.

 

10

 

  We have attempted to model the dppz ligand using
ab initio computational methods and compare the results of
these calculations with spectra of dppz and its deuterated ana-
logues, in order to better understand the vibrational data.  We
have also studied the radical anion of dppz through the spec-
troelectrochemistry of the Re(

 

Ⅰ

 

) complexes, [ReCl(CO)

 

3

 

(dp-
pz)].  Calculations on the radical anion provide some insight
into these spectral data. 

We restrict our analysis to the 1000–1650 cm

 

−

 

1

 

 region of
the spectrum because most of the spectroscopic data collected
on dppz and its complexes is in that region.  A further advan-
tage of this restriction is that we only consider about 20 normal
modes of vibration.

 

Experimental

 

Synthesis.    

 

Perdeuteration of aromatic species was achieved
using a variation on the method of Junk et al.

 

11

 

  The synthesis of
dppz and its isotopomers was developed from literature meth-
ods.

 

12

 

  ReCl(CO)

 

5

 

 was prepared in accordance with reported pro-
cedures.

 

13

 

  The rhenium dppz complexes were synthesised by a
similar method to that of Caspar and Meyer.

 

14

 

  Selectively deuter-
ated compounds were obtained from the Schiff base reactions of
perdeuterated and non-deuterated reactants.

 

12

 

  For perdeuterated
materials the 

 

1

 

H NMR spectra show only singlets, indicating a
high level of incorporation of D into the samples.  For selectively
deuterated samples, such as 

 

d

 

4

 

-dppz, the 

 

1

 

H NMR only show sig-
nals from the undeuterated sites, also indicating a high level of D
incorporation.

 

d

 

4

 

-1,2-Phenylenediamine.    

 

Yield: 53%.  

 

2

 

H NMR (DMSO) 

 

δ

 

6.65 (s, 2d) and 6.53 (s, 2d); MS (EI) 

 

m

 

/

 

z

 

 112 (M

 

+

 

).  Found: C,
64.31; H, 7.21; N, 24.85%.  Anal. Calcd for C

 

6

 

H

 

4

 

D

 

4

 

N

 

2

 

: C, 64.28;
H, 7.19; N, 25.00%.

 

d

 

8

 

-1,10-Phenanthroline.    

 

Yield: 77%.  

 

2

 

H NMR (CHCl

 

3

 

) 

 

δ

 

9.25 (s, 2d), 8.29 (s, 2d), 7.81 (s, 2d), and 7.68 (s, 2d); MS (EI)

 

m

 

/

 

z

 

 188 (M

 

+

 

).  Found: C, 74.86; H, 4.88; N, 14.59%.  Anal. Calcd
for C

 

12

 

D

 

8

 

N

 

2

 

(H

 

2

 

O)

 

0.3

 

: C, 74.44; H, 4.48; N, 14.47%.

 

dppz.    

 

Yield: 27%.  

 

1

 

H NMR (CDCl

 

3

 

) 

 

δ

 

 9.69 (d, 2H, 

 

J

 

 

 

=

 

 9
Hz), 9.29 (d, 2H, 

 

J

 

 

 

=

 

 3 Hz), 8.39 (dd, 2H, 

 

J

 

1

 

 

 

=

 

 6 Hz, 

 

J

 

2

 

 

 

=

 

 3 Hz),
7.95 (dd, 2H, 

 

J

 

1

 

 

 

=

 

 6 Hz, 

 

J

 

2

 

 

 

=

 

 3 Hz), and 7.82 (dd, 2H, 

 

J

 

1

 

 

 

=

 

 9 Hz,

 

J

 

2

 

 

 

=

 

 3 Hz).

 

d

 

4

 

-dppz.    

 

Yield: 77%.  

 

1

 

H NMR (CDCl

 

3

 

) 

 

δ

 

 9.68 (d, 2H, 

 

J

 

 

 

=

 

 6
Hz), 9.29 (d, 2H, 

 

J

 

 

 

=

 

 6 Hz), and 7.82 (dd, 2H, 

 

J

 

1

 

 

 

=

 

 6 Hz, J2 = 3
Hz); 2H NMR (CHCl3) δ 8.41 (s, 2d) and 7.98 (s, 2d).

d6-dppz.    Yield: 86%.  1H NMR (CDCl3) δ 8.38 (dd, 2H, J1 =
9 Hz, J2 = 3 Hz), and 7.94 (dd, 2H, J1 = 6 Hz, J2 = 3 Hz); 2H
NMR (CHCl3) δ 9.71(s, 2d), 9.31 (s, 2d) and 7.85 (s, 2d).

d10-dppz.    Yield: 75%.  2H NMR (CHCl3) δ 9.72 (s, 2d), 9.34
(s, 2d), 8.33 (s, 2d), 8.00 (s, 2d), and 7.88 (s, 2d).

[Re(Ⅰ)Cl(CO)3 (dppz)].    Yield: 79%.  1H NMR (CDCl3) δ
9.88 (d, 2H, J = 9 Hz), 9.48 (d, 2H, J = 6 Hz), 8.47 (dd, 2H, J1 =
6 Hz, J2 = 3 Hz), 8.08 (dd, 2H, J1 = 6 Hz, J2 = 3 Hz), and 8.04
(dd, 2H, J1 = 9 Hz, J2 = 6 Hz); MS (ES) m/z 594 (M–Cl +
CH3CN).  Found: C, 42.21; H, 1.74; N, 9.20%.  Anal. Calcd for
C21H10ClN4O3Re(CH2Cl2)0.25: C, 41.89; H, 1.84; N, 9.31%.

[Re(Ⅰ)Cl(CO)3(d4-dppz)].    Yield: 65%.  1H NMR (CDCl3) δ

9.88 (d, 2H, J = 9 Hz), 9.48 (d, 2H, J = 6 Hz), and 8.04 (dd, 2H,
J1 = 9 Hz, J2 = 6 Hz); 2H NMR (CHCl3) δ 8.52 (s,2d) and 8.13
(s,2d); MS (ES) m/z 598 (M–Cl + CH3CN).  Found: C, 40.76; H,
1.51; N, 8.72%.  Anal. Calcd for C21H6D4ClN4O3Re(CH2Cl2)0.50:
C, 40.70; H, 1.75; N, 8.83%.

[Re(Ⅰ)Cl(CO)3(d6-dppz)].    Yield: 57%.  1H NMR (CDCl3) δ
8.47 (dd, 2H, J1 = 6 Hz, J2 = 3 Hz) and 8.08 (dd, 2H, J1 = 6 Hz,
J2 = 3 Hz); 2H NMR (CHCl3) δ 9.93 (s,2d), 9.51 (s,2d), and 8.08
(s,2d); MS (ES) m/z 600 (M–Cl + CH3CN).  Found: C, 42.43; H,
1.68; N, 9.32%.  Anal. Calcd for C21H4D6ClN4O3Re: C, 42.47; H,
1.70; N, 9.44%.

[Re(Ⅰ)Cl(CO)3(d10-dppz)].    Yield: 61%.  2H NMR (CHCl3) δ
9.94 (s,2d), 9.52 (s,2d), 8.52 (s,2d), and 8.10 (s,4d); MS (ES) m/z
604 (M–Cl + CH3CN).  Found: C, 42.88; H, 1.82; N, 9.51%.
Anal. Calcd for C21D10ClN4O3Re: C, 42.18; H, 1.69; N, 9.37%.

Spectral Measurements.    1H and 2H NMR spectra were re-
corded on a Varian UNITYInova-300 2 Channel FT 300 MHz  or a
Varian UNITYInova-500 2 Channel FT 500 MHz spectrometer.  The
chemical shift values reported were calibrated with residual sol-
vent signals.  Mass spectrometry measurements were obtained
from either a MS80RFA for (EI) or a Micromass LCT instrument
for electrospray (ES) measurements.

FTIR spectra were collected using a Perkin Elmer Spectrum
BX FT-IR system on sample solutions (CDCl3) contained in a
transmission cell (0.5 mm pathlength) with CaF2 windows.  FT-
Raman spectra were collected on powder samples using a system
previously described.15  Resonance Raman spectra, generated with
continuous wave excitation, were obtained using an air-cooled ar-
gon ion laser (Melles-Griot Omnichrome 543-MAP).  Plasma
emission lines were removed from the exciting beam using band-
pass filters or a wavelength specific holographic laser bandpass fil-
ter (Kaiser Optical Systems Inc.).  Typically the laser output was
adjusted to give 25 mW at the sample.  The incident beam and the
collection lens were arranged in a 135o back-scattering geometry
to reduce Raman intensity reduction by self-absorption.16  An ap-
erture-matched lens was used to focus scattered light through a
narrow band line-rejection (notch) filter (Kaiser Optical Systems)
and a quartz wedge (Spex) and onto the entrance slit of a spec-
trograph (Spex 750M).  The collected light was dispersed in the
horizontal plane by a 1800 grooves/mm holographic diffraction
grating and detected by a liquid nitrogen cooled 1152-EUV CCD
controlled by a ST-130 controller and CSMA 2.3b(v.2) software
(Princeton Instruments).  Spectra were analysed using GRAMS
5.0 (Galactic Industries).  The cell used for Raman spectroelectro-
chemistry was an OTTLE cell of our own design.17

Computational Methods.    The vibrational frequencies and
their IR and Raman intensities were calculated using DFT calcula-
tions (B3LYP functional, 6-31G(d)  basis set).  These were imple-
mented with the Gaussian 9818 and 9419 program packages.  The
visualization of the MOs and vibrational modes was provided by
the Molden package.20

Results and Discussion

The dppz ligands are generally only partially soluble in
most solvents (ca 30 mmol L−1 in CHCl3).  They are emissive
under laser radiation in the visible and Raman spectra can only
be obtained with NIR excitation.

Neutral Ligand: Spectra and Calculations.    In describ-
ing the structural characteristics of the dppz ligand we have
adopted a labelling system.  This is shown in Fig. 1.

The calculated structural parameters for dppz are presented
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in Table 1 along with the observed parameters for a number of
single crystal structures of the ligand bound to metals.  The
calculated structure for dppz (B3LYP/6-31G(d)) shows the C–
C bonds of ring A to be about 1.40 Å, the C–N linkages are
shorter at 1.33 Å.  The B-ring has longer C–C bonds.  Ring D
has the shortest bonds at r10 and r11, 1.33 Å and the only other
notable feature is that r14 is short, 1.30 Å.  These data compare
favorably with a number of crystal structures for dppz and sub-
stituted analogues.  For the structure of  [Ru(bpy)2(dmDP-
PZ)]2+, where dmDPPZ is 4,7-dimethyl-dppz21 the general
pattern of bond lengths is well reproduced including the short-
er r14 relative to r15 and r13.  The main differences between the
calculated structure and that observed in the crystal structure
lie in the ABC ring systems.  These rings are involved in the
chelation to the metal.  The bond angles are also in good agree-
ment with the calculated structure varying +/− 2 degrees.
Careful analysis of the dmDPPZ crystal structure reveals that it
is quite distorted by the presence of the [Ru(bpy)2]2+ moiety.
For the structure of [PtCl2(dppz)]22 those bonds close to the

chelating Pt center do not show good correspondence with the
calculated structure of dppz.  However for r8 to r15 the relative
bond lengths are well predicted by calculation.

The optimized structure was used in the calculations of the
vibrational frequencies.  Importantly, the frequency calcula-
tions show no imaginary frequencies, consistent with a mini-
mum energy geometry.

The calculated and observed frequencies and IR and Raman
intensities for dppz and its deuterated analogues, in the 1000 to
1700 cm−1 region, are presented in Table 2.  The Raman inten-
sities are calculated from the Raman activity for 1064 nm exci-
tation.23  The spectra are shown in Figs. 2 and 3.  The frequen-
cies were scaled by 0.96 following the findings of Radom et
al.24

In such a large molecule the normal modes are complex, in-
volving the motion of many atoms in the structure.  In order to
better analyze this we calculated the percentage potential ener-
gy distributions (%PED) for the observed vibrational modes.25

The mode distributions are parameterized in terms of bending

Table 1.   Bond Lengths and Angles Calculated Using Ab Initio Methods and from Selected Crystal Structures

dppz
1d) 2e)

dppz·−

Bond 
parametersa)

HFb) HF B3LYP B3LYP
3-21Gc) 6-31G(d) 6-31G(d) 6-31G(d)

r1 1.393 1.398 1.406 1.423 1.377 1.413
r2 1.373 1.37 1.383 1.347 1.387 1.38
r3 1.390 1.395 1.404 1.389 1.380 1.41
r4 1.320 1.307 1.327 1.347 1.338 1.324
r5 1.332 1.330 1.347 1.328 1.361 1.354
r6 1.392 1.395 1.415 1.441 1.371 1.428
r7 1.471 1.481 1.476 1.473 1.431 1.457
r8 1.458 1.467 1.462 1.441 1.462 1.452
r9 1.423 1.432 1.439 1.46 1.408 1.421
r10 1.306 1.299 1.327 1.311 1.315 1.353
r11 1.352 1.342 1.353 1.323 1.370 1.367
r12 1.403 1.407 1.435 1.435 1.429 1.441
r13 1.415 1.421 1.421 1.426 1.430 1.412
r14 1.354 1.356 1.375 1.345 1.365 1.393
r15 1.422 1.423 1.422 1.439 1.399 1.403
φ1 119.3 119 119.1 119.2 120.2 119.7
φ2 118.3 118 118.2 123.2 119.0 118.3
φ3 122.6 123.7 124.0 121.8 122.4 123.9
φ4 119.8 118.8 118.2 116.7 118.1 118.4
φ5 118.6 118.1 122.3 123.4 122.8 122.4
φ6 118.6 118.1 118.2 118.7 117.4 117.4
φ7 119.8 119.9 119.8 118 120.1 118.8
φ8 120.8 120.7 120.7 119.7 118.9 122.1
φ9 119.4 119.4 119.6 120.6 120.4 119.1
φ10 120.5 121.1 124.5 120.2 122.3 122.4
φ11 119.7 118.3 117.7 118.8 117.3 116
φ12 119.8 120.6 120.9 121.4 121.6 121.5
φ13 119.6 119.5 119.3 117.5 118.7 118.7
φ14 119.7 119.9 120.0 120.3 120.8 121.3
φ15 120.6 120.7 120.7 120.9 119.4 120

a) Bond lengths (r)/Å, bond angles (φ)/degrees.  Labels are given in Fig. 1.
b) Ab initio method used.
c) Basis set used in calculation of geometry.
d) Ligand crystal structure from Ref. 21.
e) Ligand crystal structure from Ref. 22.
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Table 2.   Calculated and Experimental Wavenumbers and Intensities for dppz and its Isotopomers

νa) dppz d4-dppz d6-dppz d10-dppz
�/cm−1 (IR, R Int)b) �/cm−1 (IR, R Int) �/cm−1 (IR, R Int) �/cm−1 (IR, R Int)

Calcd Expt Calcd Expt Calcd Expt Calcd Expt %PEDc)

80 b2
1624 
(3, 0)

1591 
(6, 0)

1624 
(4, 1)

1593 
(3, 0)

EH (20), DEC(75)

79 b2
1603 
(18, 3)

1602 
(16,25)

1605 
(21, 2)

1601 
(18,14)

1581 
(59, 3)

1601 
(53,3)

1580 
(36, 2)

1580 
(6,18)

AH(20), AC(75)

78 a1
1593 
(41, 27)

1586 
(15,39)

1593 
(51, 25)

1587 
(24,52)

1569 
(50, 48)

1576 
(21,49)

1568 
(51, 42)

1569 
(39,64)

AH(20), AC(75)

77 b2
1571 
(13, 5)

1576 
(18,12)

1569 
(11, 6)

1571 
(20,20)

1556 
(18, 14)

1554 
(81,19)

1554 
(7, 13)

AH (20), AC(60), DEC(10)

76 a1
1568 
(13, 4)

1562 
(13, 4)

1557 
(80, 3)

1545 
(21, 2)

1546 
(59,18)

AH(10), EH(10), AC(30), DEC(50)

75 a1
1542 
(0, 4)

1528 
(1, 4)

1532 
(4,20)

1523 
(1, 7)

1512 
(0, 5)

1516 
(0,24)

AH(15), EH(15), AC(35), DEC(35)

74 b2
1540 
(7, 10)

1534 
(3,17)

1539 
(8, 10)

153 
(64, 12)

1528 
(26,30)

1532 
(36, 10)

1532 
(21,26)

AC(10), DEC(75)

73 a1
1489 
(72, 0)

1489 
(100,4)

1470 
(97, 11)

1476 
(100,15)

1481 
(67, 2)

1478 
(100,5)

1443 
(100, 8)

1445 
(100,20)

AH(10), EH(35), AC(15), DEC(40)

72 b2
1485 
(7, 1)

1474 
(3, 2)

1475 
(2, 2)

1439 
(1, 2)

AH(20), EH(15), AC(20), DEC(25)

71 a1
1464 
(14, 23)

1464 
(10,24)

1438 
(36, 7)

1438 
(62,12)

1431 
(89, 49)

1438 
(54,29)

1414 
(1, 37)

AH(25), EH(10), AC(40), DEC(15)

70 b2
1463 
(3, 0)

1439 
(43, 0)

1403 
(0, 1)

1393 
(1, 0)

AH(30), EH(15), AC(35), DEC(15)

69 a1
1419 
(19, 4)

1431 
(5,20)

1403 
(0, 6)

1416 
(12,40)

1368 
(23, 62)

1384 
(18,10)

1366 
(24, 36)

1380 
(18,22)

AH(45) AC(30), DEC(15)

68 b2
1414 
(79, 2)

1414 
(42,13)

1397 
(75, 3)

1396 
(52,0)

1350 
(15, 0)

1315 
(42, 1)

1314 
(33,13)

AH(50), EH(10), AC(30), DEC(10)

67 a1
1390 
(0, 100)

1402 
(5,100)

1389 
(0, 100)

1393 
(0,100)

1386 
(2, 100)

1400 
(5,100)

1385 
(1, 100)

1402 
(3,100)

AC(15), DEC(75)

66 a1
1345 
(100, 5)

1358 
(55,4)

1343 
(100, 9)

1355 
(65,10)

1341 
(49, 3)

1345 
(77,7)

1299 
(20, 5)

1284 
(29,21)

AH(10), EH(5), AC(5), DEC(75)

65 a1
1339 
(0, 6)

1210 
(1, 0)

1298 
(71, 6)

1295 
(76,3)

1254 
(4, 4)

AH(15), EH(15), AC(15), DEC(40)

64 b2
1336 
(18, 2)

1338 
(27,8)

1300 
(7, 6)

1301 
(36, 8)

1294 
(0, 8)

1280 
(0,20)

AH(10), EH(40), AC(15), DEC(20)

63 a1
1330 
(17, 24)

1321 
(2,29)

1330 
(29, 20)

1327 
(8,29)

1255 
(8, 4)

1264 
(14,3)

1265 
(86, 1)

1264 
(81,14)

AH(15), AC(70), DEC(10)

62 b2
1297 
(3, 4)

1255 
(3, 0)

1284 
(41, 2)

1244 
(5, 0)

AH(40), AC(45)

61 b2
1294 
(6, 1)

1293 
(9, 0)

1241 
(0, 2)

1241 
(14,0)

1211 
(24, 5)

1215 
(43,17)

AH(15), AC(55), DEC (10)

60 a1
1265 
(1, 3)

1252 
(11, 3)

1182 
(12, 15)

1196 
(3, 1)

AH(10), AC(70), DEC(10)

59 a1
1248 
(4, 1)

1283 
(22, 0)

1277 
(19,4)

1234 
(56, 1)

1219 
(41,4)

1180 
(5, 11)

1185 
(25,25)

AH (10), EH(15), AC(10), 
DEC(65)

58 b2
1231 
(2, 1)

1230 
(10,3)

1216 
(0, 4)

1214 
(4,18)

1196 
(35, 4)

1196 
(28,8)

1025 
(2, 1)

EH(50), AC(10), DEC(40)

57 b2
1213 
(0, 5)

1078 
(5, 0)

1125 
(7, 1)

1016 
(1, 2)

AH(20), EH(10), AC(35), DEC(20)

56 a1
1179 
(6, 5)

1176 
(4, 5)

1004 
(0, 8)

1029 
(43, 13)

1033 
(72,26)

AH(40), EH(10), AC(45)

55 a1
1146 
(1, 0)

1105 
(10, 1)

1143 
(17, 1)

1136 
(28,3)

AH(10), EH(65), DEC(20)

54 b2
1127 
(14, 1)

1136 
(17,4)

1119 
(21, 1)

1127 
(25,6)

AH(10), EH(50), DEC(35)

53 b2
1116 
(9, 0)

1123 
(14,3)

AH(55), AC(35)

52 a1
1103 
(14, 2)

1106 
(15,3)

1032 
(100, 11)

1036 
(97,16)

AH(30), AC(50), DEC(20)

51 b2
1076 
(4, 0)

1027 
(3, 1)

1017 
(3, 3)

AH(30), AC(65)

50 a1
1066 
(36, 1)

1071 
(44,3)

1065 
(31, 0)

1072 
(36,4)

AH(30), AC(40), DEC(20)

49 a1
1027 
(26, 10)

1034 
(34,16)

1025 
(25, 12)

1025 
(34,35)

AC(65), DEC(20)

a) Mode number and symmetry.  b) Relative intensities for bands, normalized such that the most intense band in the reported spectral region is 100.
c) Potential energy distribution of normal mode of vibration, see text for details.
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and stretching motions of CH at the A and B rings (AH), CH at
the E ring (EH), CC at the AB rings (AC), and CC at the DE
rings (DEC).  In the region discussed there are no contributions
from out-of-plane modes.  Furthermore, in the 1000 to 1700
cm−1 region, deuteration results in significant mixing of modes
such that the %PEDs differ significantly from one isotopomer
to another.  It is possible to compare the normal modes of the
differing isotopomers quantitatively using available pro-
grams.26  Such an analysis provides a method of tracking nor-
mal modes as they shift and alter their %PED with deuteration.

The IR spectra for dppz and its isotopomers are shown in
Fig. 2.  The spectrum of dppz shows 14 bands in the region of
interest.  These are clustered at 1000–1150, 1300–1500, and
1550–1610 cm−1.  The d4-dppz spectrum shows a very similar
pattern of bands at 1000–1150 and 1550–1610 cm−1 but a very
different pattern is evident in the 1300–1500 cm−1 region.  The
pattern of shifts for d6-dppz and d10-dppz are complex across
the entire region of interest.  Nonetheless the close correspon-
dence of the observed spectral features with the calculated fre-
quencies and intensities permits assignments of the bands in
the 1000–1700 cm−1 region.

The high frequency bands in the IR spectrum of dppz are
also observed at similar wavenumber in the d4-dppz spec-
trum.  The normal modes assigned to these bands are modes
77–79.  ν79 is localized on the ABC ring systems; it is therefore
unsurprising that d4-dppz substitution would have little effect
on the wavenumber of this band.  For d6-dppz and d10-dppz
substitution perturbation of the transition wavenumber is pre-
dicted, shifting ν79 from 1603 to 1581, for d6-dppz, and 1580
cm−1, for d10-dppz.  The experimental spectra do not show this
shift very clearly with a 1600 cm−1 band apparent in all four
isotopomer spectra.

ν78 is also 90% ABC ring in nature.  The pattern of isotope
shifts predicted is similar to that for ν79.  ν78 is predicted to
shift from 1593 cm−1 in dppz and d4-dppz to 1569 cm−1 in d6-
dppz and 1568 cm−1 in d10-dppz.  This pattern is observed in
the experimental data with the dppz and d4-dppz spectra hav-
ing bands at 1587 cm−1 which shift to 1570 cm−1 in the d6-
dppz and d10-dppz spectra.  ν77 appears at 1576 in dppz; it is
predicted at 1571 cm−1.  This mode is strongly associated with
the ABC-ring systems and does not shift from dppz to d4-dppz.
The band shifts significantly in d6-dppz to 1554 cm−1and it is
predicted at 1556 cm−1.  For d10-dppz no band is observed at

Fig. 2.   Calculated and experimental IR spectra of dppz and
its isotopomers.  Calculated spectra of: d10-dppz, trace a;
d6-dppz, trace c; d4-dppz, trace e; dppz, trace g. Experi-
mental spectra of: d10-dppz, trace b; d6-dppz, trace d; d4-
dppz, trace f; dppz, trace h.  Experimental data were mea-
sured in CHCl3.

Fig. 3.   Calculated and experimental Raman spectra of dppz
and its isotopomers.  Calculated spectra of: d10-dppz, trace
a; d6-dppz, trace c; d4-dppz, trace e; dppz, trace g. Experi-
mental spectra of: d10-dppz, trace b; d6-dppz, trace d; d4-
dppz, trace f; dppz, trace h. Experimental data were mea-
sured on powder samples.
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the predicted 1554 cm−1 but the calculation also predicts a
drop of IR intensity for this transition and the activation of ν76

to IR activity which is consistent with the IR data.
In the 1300 to 1500 cm−1 region the pattern of isotope shifts

is more complex.  ν73 is correctly predicted at 1489 cm−1 for
dppz.  The normal mode for ν73 is DE ring based. d4-dppz sub-
stitution is predicted to shift this mode to lower wavenumber
(1470 cm−1) and experimentally a band is observed at 1476
cm−1. d6-dppz substitution is predicted to have a smaller effect
shifting the band to 1481 cm−1; experimentally a band is ob-
served at 1478 cm−1. d10-dppz substitution has a large effect
shifting ν73 to 1445 cm−1, it is predicted at 1443 cm−1.

It is notable in the IR spectra of dppz and d4-dppz that in the
1300 to 1500 cm−1 region the d4-dppz spectrum has 4 strong
bands whereas that of dppz shows only three.  The band, which
appears enhanced in intensity in the d4-dppz spectrum, lies at
1438 cm−1 and is assigned as ν71.  The increased intensity is
predicted to be about 50% that of the other 1300–1500 cm−1

bands.  However the calculation also reveals that for d4-dppz
two bands, both IR allowed are present at 1439 and 1438 cm−1.
These are ν71 and ν70, respectively, and their combined IR in-
tensities result in the strong band observed at 1438 cm−1.

ν68 is predicted and experimentally observed at 1414 cm−1

for dppz.  This mode has significant A-ring character, mostly
through C–H bending.  d4-dppz substitution shifts the band to
1396 cm−1; the predicted value is 1397 cm−1.  d6-dppz substi-
tution is predicted to shift to 1350 cm−1 although no band is
observed in this region.  The calculation also predicts a drop in
IR intensity for this mode.  With d10-dppz substitution ν68 is
predicted at 1315 cm−1 and a band is observed at 1314 cm−1 in
the experimental spectrum.

ν66 is observed at 1358 cm−1 and predicted at 1345 cm−1 as
a strong IR band.  This is best described as a DE-ring mode.
Substitution at d4-dppz results in a redistribution of potential
energy to the AH section of the molecule.  However no appre-
ciable shift is predicted or observed.  For d6-dppz a band is ob-
served at 1345 cm−1 and predicted at 1341 cm−1.  For d10-dppz
also, the mode corresponding the ν66 is a mixture of a number
of modes and it is predicted to show a very significant shift
(−50 cm−1) from dppz.  The IR spectrum of d10-dppz shows a
band at 1284 cm−1 with reasonable IR intensity, as predicted.

In the lower frequency region 1000–1100 cm−1 two strong
bands are observed for dppz; these correspond to ν49 and ν50

and they are ABC-ring modes.  d4- Deuteration has little effect
on them but the spectra of d6-dppz and d10-dppz show shifts in
wavenumber.

This analysis illustrates a number of points: (1) The agree-
ment between the observed spectra and the calculations is
good.  (2) A number of the modes are localized on sections of
the dppz framework.  Indeed in the case of ν79 or ν49 the spec-
tral isotope shifts are unambiguous in pointing to ABC-ring lo-
calized modes.  (3) There are a large number of modes in this
restricted spectral region but they can be predicted through cal-
culation.

The Raman spectra of dppz and its isotopomers (Fig. 3)
were collected on powdered samples and hence no depolarisa-
tion ratios were measured.  Nevertheless the good correspon-
dence between the observed bands and the calculated data
make assignment relatively straightforward.  The Raman spec-

tra show relatively few strong bands in the 1100 to 1700 cm−1

region.  A band at ca 1400 cm−1 dominates all four spectra.
This is assigned as the ν67 mode.  It is predicted to be the stron-
gest band in this region and the mode is 75% DE ring stretch.
Much of the energy of the mode is at the D-ring.  For this rea-
son the deuteration at either A,C or E rings has little effect on
the wavenumber of the vibration or its predicted Raman inten-
sity.  Previous studies have assigned the 1407 cm−1 mode ob-
served in dppz complexes to a phenazine-based vibration.  The
calculations presented herein suggest that to be too general a
description.

In the higher wavenumber region, ν78 is observed in the
spectra.  This is an A-ring mode and shows the appropriate
shifting pattern with isotope substitution.  There is also a band
at 1321 cm−1 in dppz assigned to ν63 and predicted at 1330
cm−1.  This mode is also strongly ABC-ring in nature showing
little perturbation with d4-dppz substitution, lying at 1327
cm−1 in the IR spectrum.  There are significant shifts with d6-
dppz and d10-dppz. For d6-dppz and d10-dppz, ν63 is observed at
1264 cm−1.  It is predicted to lie at 1255 cm−1 for d6-dppz and
1265 cm−1 for d10-dppz.

A number of studies have examined the resonance Raman
spectra of complexes with dppz as a ligand.  The vibrational
analysis presented herein may provide some more insight into
these previous studies.

The resonance Raman spectrum of the tris-chelate complex
[Ru(dppz)3]2+ has been reported by McGarvey et al.27  Their
resonance excitation wavelength (457.9 nm) is coincident with
the metal-to-ligand charge-transfer transition of the complex.
The pattern of Raman band enhancements is informative as to
the forces acting on the complex in the Franck-Condon region
upon excitation.28  As the resonance Raman enhancements for
metal complexes are generally through A-term scattering only
totally symmetric modes are enhanced.29  The spectrum shows
bands, with relative intensity in parentheses, at 1600(100),
1575(60), 1495(65), 1472(80), 1448(20), 1407(25), 1359(15),
and 1311 cm−1 (35).  These correspond to modes 78, 76, 73,
71, 69, 67, 66, and 63, respectively.   Note that despite the fact
that this is a metal complex the dppz bands are not shifted
greater than 10 cm−1.  The very strong enhancement of modes
78 and 76 are indicative of an MLCT transition that places the
excited electron into an MO on the dppz that perturbs the
ABC-rings to a greater extent than D- or E-rings.  It is interest-
ing to note that the resonance Raman spectra of
[ReCl(CO)3(dppz)] show rather different intensity patterns.10

The spectrum at 457.9 nm, resonant with the MLCT transition,
shows bands, with relative intensities, at 1598(23), 1577(8),
1495(62), 1473(31), 1447(50), 1406(100), and 1357 cm−1

(87).  These correspond to modes 78, 76, 73, 71 , 69, 67, and
63, respectively.  The much greater relative intensity for the ν67

mode suggests the charge-transfer in this case is further across
the dppz structure towards the BDE-ring system.

The resonance Raman spectra of [Ru(phen)2(dppz)]2+ and
[Ru(phen)2(d6-dppz)]2+ have also been reported.27  This is in-
teresting because it is the only example of vibrational spectral
data on deuterated dppz complexes.  The spectra were mea-
sured at 363.8 nm excitation, which corresponds to a mixture
of MLCT and LC transitions.  The spectra show a band at 1407
cm−1 in [Ru(phen)2(dppz)]2+ shifted to higher wavenumber
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with deuteration.  The authors note that the 1407 cm−1 band is
proposed to be phenazine-based and thus a shift to higher fre-
quency with d6-dppz is surprising.  Our calculations and
Raman spectra show that the 1402 cm−1 is invariant with deu-
teration.  It corresponds to mode 67, which is localized at the
D-ring.  One possible reason for the observed shift in this case
is that the dppz ligand is spatially smaller in d6-dppz at its
chelating side.  Thus it can interact more closely with the Ru
centre resulting in the shift of the band.

Radical Anion: Spectra and Calculations.    The reso-
nance Raman spectra for the reduced complex [ReCl(CO)3(dp-
pz)]− and the deuterated analogues are shown in Fig. 4.  The
spectra, in the region 1200–1700 cm−1, show two patterns; for
[ReCl(CO)3(dppz)]− and [ReCl(CO)3(d4-dppz)]− there are
strong bands at approximately 1580, 1456, and 1357 cm−1, for
[ReCl(CO)3(d6-dppz)]− and [ReCl(CO)3(d10-dppz)]− bands at
approximately 1562 and 1469 cm−1 are present.   The lower
S:N ratio evident in the [ReCl(CO)3(d6-dppz)]− spectrum is a
consequence of emission from the sample.  Attempts to gener-

ate spectra of the ligand anions failed due to strong emission
backgrounds.

Previous studies on the Re(Ⅰ) complexes suggest that the re-
duction of the complex is localized on the ligand and a radical
anion is formed.9  Furthermore the electrochemical data for
such complexes suggest that the reducing electron occupies a
redox MO polarized away from the metal centre, i.e. a phena-
zine based MO.30   Hence the spectra observed in Fig. 4 are
that of the radical anion dppz·−, and its isotopomers, enhanced
through a radical anion π,π* transition.

The structure and spectra of the radical anion may be mod-
elled using ab initio calculations.  The calculated (B3LYP/6-
31G(d)) structural parameters for dppz·− are listed in Table 1.
The energy of the radical anion is ca 0.02 hartrees lower in en-
ergy than dppz.  The <s2> = 0.7501, is as expected for a radi-
cal anion species.  The calculated structural data show an elon-
gation of bonds at ring D, r10 and r11, with contraction of r9 and
r7 for dppz·− realtive to dppz.  The φ10, φ11, and φ8 angles show
significant perturbation.  Most of the structural changes are at
the D-ring and this is consistent with the population of a
phenazine-based π* MO as the redox orbital.30

The vibrational frequencies and intensities (IR and Raman)
were obtained by calculation on the optimized geometry.  Fo-
cusing on the spectral region 1250–1650 cm−1 approximately
13 modes show Raman activity.  These are listed in Table 3.
The experimental data set for the radical anion is restricted to
the resonance Raman spectra from 1250–1650 cm−1 and our
discussion is limited to that region.  Attempts to generate IR
spectra of the reduced complexes were unsuccessful due to the
low solubility of the complexes in most solvents.

The modes calculated for the radical anion do not closely
correspond with those of the neutral ligand.  They can most
usefully be grouped into phenanthroline-based and phenazine-
based modes.  The complex behavior of the normal modes is
probably a consequence of the structural changes on going
from neutral ligand to radical anion.  In particular the B-ring is
observed to contract whereas the D and E-rings expand and the
A and C rings change rather little.

The calculated dppz·− spectrum shows many more bands
than are observed in the resonance Raman spectra of
[ReCl(CO)3(dppz)]− and the intensity patterns show little cor-
relation between experimental and calculated spectra.  Howev-
er the experimental data pertains to a resonance Raman experi-
ment in which the a1 modes will be preferentially enhanced
and the intensities will not correlate with the calculation.31

This is exemplified by the resonance Raman spectrum of
[Ru(bpy)2(dppz)]2+ 2 in which the ν67 mode which is the most
intense Raman band is quite small in the resonance Raman
spectrum.  Importantly, the electronic properties of the com-
plexes are not changed by deuteration thus the general pattern
of intensity enhancements should be the same for each.  A ca-
veat to this is that if a band loses a great deal of Raman intensi-
ty upon deuteration, i.e. (δα/δq)0 is reduced, then the intensity
in the resonance Raman spectra will also fall.31

Examination of the calculated dppz·− data and the spectra
of [ReCl(CO)3(dppz)]− suggests that the band at 1580 cm−1 is
ν80.  This is further supported by the prediction of a shift in ν80

for d6-dppz·− or d10-dppz·− but no shift with d4-dppz·−.  This
pattern is observed in the spectra with the appearance of a band

Fig. 4.   Experimental resonance Raman spectra of:
[ReCl(CO)3(dppz)]− trace a;  (b) [ReCl(CO)3(d4-dppz)]−

trace b; [ReCl(CO)3(d6-dppz)]− trace c; [ReCl(CO)3(d10-
dppz)]− trace d,  in CH2Cl2 solution.  λexc = 514.5 nm.  In-
set:  UV/visible spectra of [ReCl(CO)3(dppz)] in CH2Cl2

(i), and [ReCl(CO)3(dppz)]− in CH2Cl2 (ii).



940 Bull. Chem. Soc. Jpn., 75, No. 5 (2002) Vibrational Spectra of Dipyridophenazine

[BULLETIN 2002/04/30 10:02] 01268

at approximately 1562 cm−1 for [ReCl(CO)3(d6-dppz)]− and
[ReCl(CO)3(d10-dppz)]−.  ν80 may be described as an ABC ring
mode, it corresponds to ν78 of neutral dppz and is shifted down
in frequency only slightly because the ABC-ring systems are
not greatly perturbed by reduction of the ligand to dppz·−.  The
spectrum of  [ReCl(CO)3(dppz)]− also shows a band at 1491
cm−1.  This corresponds to ν74 in the calculated data.  This
mode is almost 70% AB ring in character.  The mode is pre-
dicted to shift to lower wavenumber with deuteration, 1483
cm−1 for d4-dppz·−, 1464 cm−1 for d6-dppz·− and 1457 cm−1

for d10-dppz·−.  In the spectra a band is observed at 1477 cm−1

in [ReCl(CO)3(d4-dppz)]− and 1469 cm−1 in [ReCl(CO)3(d6-
dppz)]− and [ReCl(CO)3(d10-dppz)]−.

The band at 1456 cm−1 in the spectrum of [ReCl(CO)3(dp-
pz)]− lies close to the predicted ν72 frequency (1466 cm−1).
The ν72 mode is a delocalized vibration.  The 1456 cm−1 band

is predicted to shift to 1435, 1451, and 1411 cm−1 for d4-dp-
pz·−, d6-dppz·−, and d10-dppz·−, respectively.  The spectrum of
[ReCl(CO)3(d4-dppz)]− has a band at 1443 cm−1.  No band is
observed in this region for d6-dppz·− and in the spectrum of
d10-dppz·− the solvent band at 1423 cm−1 obscures the region.
The ν72 band of d6-dppz·− is predicted to have a lower relative
intensity than for the other deuterated analogues, furthermore
the low S:N ratio of the [ReCl(CO)3(d6-dppz)]− spectrum
makes identification of such weak modes difficult.  ν72 of dp-
pz·− corresponds to ν73 of dppz shifting down in frequency by
about 20 cm−1.

A strong band is observed at 1357 cm−1 in the spectrum of
[ReCl(CO)3(dppz)]− which we assign as ν68, a delocalised
mode (corresponding to ν67 of dppz).  This shifts to 1355 cm−1

in the spectrum of [ReCl(CO)3(d4-dppz)]−, as predicted.  Nei-
ther the [ReCl(CO)3(d6-dppz)]− or [ReCl(CO)3(d10-dppz)]−

Table 3.   Calculated and Experimental Wavenumbers and Intensities for dppz·− and its Isotopomers

νa) dppz d4-dppz d6-dppz d10-dppz
�/cm−1 (IR, R Int)b) �/cm−1 (IR, R Int) �/cm−1 (IR, R Int) �/cm−1 (IR, R Int)

Calcd Expt Calcd Expt Calcd Expt Calcd Expt %PEDc)

80 a1
1585 
(1, 19) 

1580 
(—,100)

1585 
(0, 21)

1580 
(—,100)

1562 
(8, 4)

1562 
(—,100)

1551 
(1, 25) 

1562 
(—,100)

AH (20), AC (65)

79 b2
1584 
(3, 55)

1597 
(—,30)

1583 
(2, 59)

1599 
(—, 29)

1578 
(2, 2)

1580 
(—, 40)

1557 
(1, 61)

AH(20), AC(65), DEC(10)

78 b2
1578 
(3, 0)

1558 
(15, 38)

1557 
(0, 33)

1550 
(9, 12)

EH (20), AC (10), DEC (65)

77 a1
1564 
(8, 11)

1554 
(4, 19)

1550 
(0, 21)

1544 
(4, 21)

EH(20), AC(20), DEC(55)

76 b2
1549 
(10, 46)

1538 
(0, 13)

1529 
(12, 33)

1524 
(6, 36)

AH(20), AC(75)

75 a1
1536 
(4, 18)

1514 
(7, 31)

1522 
(2, 9)

1500 
(6, 20)

AH(20), EH(20), AC(40), DEC(20)

74 a1
1490 
(0, 25)

1491 
(—,40)

1483 
(1, 11)

1477 
(—, 34)

1464 
(0, 31)

1469 
(—, 68)

1457 
(0, 10)

1469 
(—, 58)

AH(20), EH(10), AC(50), DEC(20)

73 b2
1476 
(5, 5)

1471 
(3, 5)

1459 
(1, 1)

1423 
(1, 2)

AH(35), EH(10), AC(30), DEC(20)

72 a1
1466 
(0, 41) 

1456 
(—, 53)

1435 
(2, 51)

1443 
(—, 63)

1451 
(0, 6)

1411 
(0, 61)

AH(20), EH(25), AC(15), DEC(35)

71 b2
1452 
(1, 0)

1426 
(13, 0)

1404 
(0, 0)

1379 
(1, 4)

AH(30), EH(10), AC(30), DEC(10)

70 b2
1419 
(15, 0)

 1384 
(3, 4)

1347 
(14, 6)

1323 
(3, 0)

AH(30), EH(10), AC(30), DEC(10)

69 a1
1409 
(2, 5)

1383 
(5, 13)

1370 
(1, 5)

1358 
(0, 100)

1374 
(—, 12)

AH(40), EH(10), AC(15), DEC(20)

68 a1
1365 
(1, 43) 

1357 
(—, 50)

1361 
(0, 100)

1355 
(—, 62)

1335 
(16, 100)

1329 
(0, 37)

AH(5), AC(40), DEC(40)

67 a1
1349 
(12, 26)

1346 
(4, 23)

1326 
(27, 8)

1315 
(100, 29)

AH(25), AC(45), DEC(10)

66 b2
1332 
(1, 6)

1317 
(20, 19)

1319 
(6, 7)

1315 
(28, 21)

AH(25), EH(20), AC(30), DEC(20)

65 a1
1325 
(45, 31)

1315 
(64, 12)

1295 
(100, 0)

1283 
(53, 28)

AC(10), DEC(80)

64 b2
1315 
(26, 21)

1304 
(7, 13)

1286 
(24, 16)

1260 
(17, 63)

AH(10), AC(60), DEC(30)

63 a1
1308 
(100, 68)

1307 
(100, 72)

1262 
(4, 76)

1239 
(6, 51)

AC(10), DEC(85)

62 b2
1293 
(5, 22)

1254 
(20, 72)

1263 
(3, 28)

1217 
(6, 62)

AH(25), EH(20), AC(25), DEC(20)

61 a1
1275 
(19, 100)

1251 
(6, 24)

1229 
(8, 5)

1207 
(3, 38)

EH(10), AC(10), DEC(80)

60 b2
1265 
(13, 44)

1246 
(14, 32)

1207 
(10, 28)

1199 
(3, 2)

AH(10), EH(20), AC(10), DEC(60)

a) Mode number and symmetry.
b) Relative intensities for bands, normalized such that the most intense band in the reported spectral region is 100.
c) Potential energy distribution of normal mode of vibration, see text for details.
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spectra show any features in this region.
A number of studies have attempted to use resonance

Raman spectroscopy to analyze the nature of the excited state
in complexes containing dppz as a ligand.  Turro et al.2 used a
single color pump-probe resonance Raman experiment to
probe the excited state of [Ru(phen)2(dppz)]2+ with 355 nm
excitation.  They note the clear grow in of bands at 1365 and
1453 cm−1.  These correlate very well with the 1357 and 1456
cm−1 bands observed in the spectra of [ReCl(CO)3(dppz)]−.
This suggests that the lowest excited state probed for
[Ru(phen)2(dppz)]2+ contains a dppz·− moiety and thus the ex-
cited state is MLCT in nature.  This is in agreement with a
number of studies on Ru(Ⅱ) complexes with dppz.8

The excited state spectrum of [Ru(phen)2(dppz)]2+ has also
been measured at 532, 396, and 321 nm.27  With 532 nm exci-
tation the 1458 and 1366 cm−1 bands are observed; however at
396 and 321 nm the pattern of intensities of the transient fea-
tures are altered.  Furthermore the transient resonance Raman
spectrum of [Ru(phen)2(d6-dppz)]2+ shows no feature at 1366
cm−1 but a new band at 1316 cm−1.  The calculated spectrum
of d6-dppz·− shows a band at 1335 cm−1 with a1 symmetry that
could correspond to ν68.  The correlation of transient vibration-
al spectroscopic data with dppz·− provides further evidence of
an MLCT excited state assignment.

There is significant interest in how excited state resonance
Raman spectra of dppz complexes change with incorporation
of the complexes into DNA.  These calculations are insuffi-
cient to provide a detailed interpretative model of such interac-
tions.  However they provide an excellent basis for the devel-
opment of dppz·− modelling which incorporates solvent ef-
fects and H-bonding.

Conclusions

This paper has presented the vibrational spectra of dppz and
its deuterated analogues as well as the resonance Raman spec-
tra of [ReCl(CO)3(dppz)]− and its deuterated isotopomers.  Ab
initio calculations on dppz are able to model the structure of
the ligand.  This predicted structure is similar to crystallo-
graphic data on complexes containing dppz and substituted
dppz ligands.  Furthermore frequency calculations on dppz and
its isotopomers are able to predict the observed vibrational
spectral properties.  Analyses of these data reveal that the vi-
brational spectra of dppz contains normal modes that are vibra-
tionally localized on sections of the ligand framework.  Modes
based over the phenanthroline and phenazine ring systems may
be identified.

Resonance Raman data for Ru(Ⅱ) and Re(Ⅰ) complexes indi-
cate the nature of the MLCT transition.  In the case of Ru(Ⅱ)
complexes the strong enhancements of modes that are clearly
phen-based in nature points to an acceptor MO in the MLCT
transitions which is phen-based.  This is not the case in the
Re(Ⅰ) complexes.  There the strong relative enhancement of the
phenazine-based 1406 cm−1 band suggests that the acceptor
MO has much greater phenazine character.

The structure calculated for dppz·− shows significant struc-
tural distortion at the BDE-rings.  This is consistent with the
population of an MO localized over those ring systems.  The
frequency calculations on dppz·− show phen-based and phena-
zine-based modes, although the normal modes are quite differ-

ent from the neutral molecule.  The spectral features of dppz·−

have been characterised through the resonance Raman spectra
of [ReCl(CO)3(dppz)]−.  These spectra are dominated by phen-
based modes of dppz·−.  These same modes appear in the ex-
cited state resonance Raman spectra of Ru(Ⅱ) complexes with
dppz.  This is consistent with the population of MLCT excited
states in which the acceptor MO has considerable phenazine
character.
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