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. a

Correlation of Electronic' Charge Transfer Transitions and
Electrochemical Potentials. The Bipyrazine(Tetracarbonyl)-

Molybdenum(0) System in Various Solvents

By Elaine S.Dodsworth and A.B.P.Lever?*

Dept. of Chemistry, York University, Downsview(Toronto), Ontario,

Canada, M3J 1?3. -

Abstract

\j§Using a free energy diagram, a relationship is drawn between
an optical charge transfer energy and the electrochemical
potentials of the donor and acceptor orbitals concerned. The
charge transfer spectroscopy and electrochemical potentials of
the title complex were studied in various solvents., A linear
correlation, with negative slope, was obse;ved between the
difference in oxidation and reduction potentials.and an MLCT
transition. Using some additional solvent data, a number of

useful parameters were derived in a fashion which would not be

possible through consideration of either technique alo?:X\

An electronic charge transfer transition involves excitation’fron
a donor orbital in the ground state of a molecule, to an acccptof
orbital in a Pranck~Condon (non-equilibrium) excited staté of the
molecule. In this paper we refer specifically to an MLCT
. transition, from an orbital, *n' mainly on the metal, ¢to an
orbital, Yy, o primarily on the ligand. However the treatment 1is

quite general.

An electrochemical study may, in appropriate cases, define the

redox potentials of orbitals related to those above. Thus we Ray
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observe the oxidation potential of #u in the ground state of the
complex ML ., and the reduction potential for adding an electron to
*L to form the ground state of the reduced species HLn'.

Previous authors {1-5]) have demonstrated qualitative
relationships between optical charge .transfer energies and
electrochemical potentials but now we seek a more quantitative
understanding in which quantities not derivable from either
electronic spectroscopy or‘eleetrochenistry alone, can be obtained
by a combined analysis.,

In view of the solvation contributions to the parameters

obtained with each technique, a combined analysis is best

.approached within the framework of the collection and comparison

of data in a range of solvents. The analysis which follows is
based upon theories developed by Born (6], Onsager [7]), Kirkwood
(8), Lippert [9], Marcus [10] and Meyer {11},

Use of a free energy cycle (Fig.1) permits one to relate the
various thermodynamic quantities (as defined in the 1legend to
Fig.1), measurable in the two experimental regimes. Thus the

following equalities may be written:-

Eop ™ 8Bg * X3 *X%

(1)

AE, = Azg + A(sol)

(2)

AB9 = nPAE(redox) + a5, + Q

= (nPAB'(redox) + x) + 484G, + Q (see text below)

(3)
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and hence:-

3op = [xi + nPAE(redox) + AN, + Q) + x, + Alsol)

(4)

where x, + M sol) is the total éhange in ‘'solvation free energy as
earlier defined in [10b] eqn.(13), and (9] eqn.B2a, and Xi and'x°
are the inner sphere (vibrational) and outer-sphere (solvent, but
also vibrational imn nature) coantributions to the tcoiganisation
energy of the transition, :esbectively. Note that as a
consequence of the Pranck-Condon natﬁre of the excited state, the

transition energy E,  is a free energy in that the entropies of

P
the ground and non-equilibrated excited state are the same [10b}].

sq;ation (4), in which the square bracketed function is
solvent independent for a given -oloculo; provides the important
correlation between the two techniqncs.

The complex Mo(CO),bpz (bps = bipyt@:?nc) {12) displays a
strong band, inter alia.mattributgd-go d(no(o))-—et.(bps) MLCT,

wvhose energy , 8°p.

varies from about ‘16,000 to 20,000 cm~'
depending upon the solvent on;ironnont and shifting to higher
energy with increasing solvent polartgy. (Table 1) (cf the
solvatochromisme of the bipyridine analoq'(lsl). Blectrochemical
data for a range of solvents are also chov; in Table 1.

The reduction potential for the olocérochonically reyersible
uo(co)‘bps/uo(co)‘bp:' couple involves adgition of an electron to
v (* bpz) forming the radical bpz™ bound to Mo(0). rhi..conplo
shifts to more positive potentialg with 1n9roa-1ng polarity of the

solvent, as the ground state radical anion becomes more solvent
]

AR S A N N L oosoor o o
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stabilised,

Oxidation occurs at the Mo(0) d manifold but is
electrochemically irreversible, due to a following chemical
reaction (BCi mechanism) [(15,16]). However the slow step of the
following reaction appears to be Mo-CO bond breaking which is
solvent independent. Thus the true thermodynamic potential will
be more posiﬁive than recorded in Table 1 by a solvent independent
quantity, say x mV (probably 100 ¢ x < 300). Thus AR(redox) in (4)
is replaéed by AE*'( redox) + x, where ABR'( redox) is the
experimental difference between the oxidation and reduction
potentials.,

A plot of Bop against AE'(redox) is linear with negative slope

Y, (correlation coefficient 0,98):~

E,p = -1.044E'(redox) + 33,950 (in en~1)

(s)

This is an unexpected result appearing to contradict intuition in
that as the potential difference Bctwpcn donor and acceptor

orbital decreases, the optical transition energy increases. Such

an inverse correlation has not been previously reported. An

understanding of this phenomenon dcveloﬁ: from further analysis

below.

The expression (6) [8] allows one to ipproxi-ato the solvation

free energy of a species as a power series:-

2n+1 ;
4G, = o.snfo((nﬂ)Qn/b B+1)1(1-p ) /((ne1)D, + n)]

: (6)

where terms higher than n = 1 are ignored and the reader is
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referred to the earlier literature [6-11] for detailed discussion
of the conditions under which this expression is useful, Dy is the
static dielectric constant of the solvent, b is the radius of the
solute, Q = zzez, and Q, = 32, where 3 is the dipole moment of
the solutc species. The term in n = 0 disappears for uncharged
species, The difference in solvation free energies of the

uncharged and thermally equilibrated ground and excited states,

M sol), may be written using (6) as:-

Msol) = MG (e) -a6,09) = ((B,2 - P 2)/B3)1(1-Dg) /(2D 41)])

(7)

Following earlier authors (8-111, the Franck-Condon
destabilisation of the excited state, due to solvent interactions,

may be written:~

-
%o = ((¥g = Ug)2/b3)1(1-D ) /(2D #1) = (1-D,)/(2D,41)]

(8)

where in (7,8) the ground and excited state dipole moments are

appropriately discriminated, and D, ;1: the optical dielectric

P
constant of the solvent (square of the refractive index). The
total solvent dependence excluding nog-polar contributions (very
small ([10b]), (eqn.(4)) is By = A(s0l) + X,; summing (7) and

(8) yields (9) (after evaluating the vector products) ([9,11]):~

8Bp = ((ug? + ug? - 24u50080)/b3) ((1-D,,) /(2D +1)]
+ 2ug(uqco88 =ug)/b3)[(1-Dg) /(2D +1)]

(9)

The angle & 4is that between the ground and excited itate
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dipoles. The ground state dipole moment lies along the C2 axis
with the negative end pointing towards the CO groups.

BEquation (4) can now be recast in the general form:-

E .Xi'.'AB

op + t(t-oop)/(zo°p+1) + £°(1-Dg ) /(2D +1)

9
(10)

where £ and £' group the factors shown in eqn.(9).

In a forthcoming paper (15] we develop this analysis with 23
solvents., Here we shall restrict ourselves to considering six
solvents of low polarity and low dielectric constant which might
be expected to obey the dielectric continuun model. The optical

data thereof (Table 1) obey (10) well according to (in emn~1);-

Eqp = 9500((1=D  )/(2D,

op +1)) - 7600((1'03)/(2Ds+1)) + 16,800

P
(11)

with a correlation coefficient of 0,988 and a standard deviation
of 65 (the lower set of six solve?ts shown in Table 1 were used),
and where the constant term, 16,800 em™! is associated with
Xy + Axg. However the data yield a family of solutions which do
not differ greatly in their correlation coefficients or standard
deviationg. Indeed the solution f = 0, f"- =-7110, and % + Ang -
15,110 cm~! is not unreasonable (correiation coefficient 0,97,
standard deviation 169)., This lattor: solution is, however,
inconsistent with the expressions in (S)ﬂ The solution in (11) is
statistically the best, but doqc not diftor .ignificanily from

many other solutions in which £ lies between zero and 9500 em~1,

However f°' is generally found in the range =(7000 - 7700) en~' and

the constant ranges from about 1%,000 - 17,000 cn~', At this stage
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;ﬁ of study we note that the approach seems justified but that higher

quality and more extensive data are necessary.

‘Ei The negative value for £f' requires, considering equations
ii (8-11), that, in this system, the = dipole moment changes
o direction by 180° in the excited ' state relative to the ground
RE

%ﬁ state [2,15). This provides an understanding of the Franck-Condon
% destabilisation of the exéited state by polar solvents, and hence

TS e

A

of the negative correlation shown in (5).

For the purpose of indicatinq how these data may be utilised,

»¥

ol ow e
i B |

we choose a median value of the constant of 16,000 cm".

;: Note that in the gas phase, AAGs = 0, therefore
;& .xi + nFAE'(redox) + x' + é-- 16,000 cm™!, Further, use of eqn.(S)
%ﬁ provides the value for nFAE'(redox) in the gas phase by insertion
)

” of Bop = 16,000 em™?t, Knowing AE'(redox) allows derivation of
;?5 Xy + x + Q= ~1260 cm~'., This then leads to the evaluation of
gé 840G, (eqn.3). Use of eqn(4) leads to evaluation of A(sol) + y,.
; These data are also collected in Tablg 1.

;’5‘ The sum (Xi + X) is necessarily positive but Q, using an
?ﬁ appropriate free energy cycle, is estimated to be near -0,.5vV [15],
{ . The 'gas phase' optical energy is clqse to that observed in
;? pentane, as might be anticipated, Th; procedure provides an
§§ interesting set of parameters whose fvalues seems eminently
;f reasonable, Further development on this énd related systems shoulad
%i provide the impetus to 1link the ltudy! of electrochemistry and
?t optical spectroscopy and to seek evaluation of other wuseful

parameters, such as the self-exchange energy, which may be

derivable from a free energy cycle involving Q. The merits and
[}

boundary conditions inherent in thi- analysis will be discussed in
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¥
BA
29
Cu more detail in a future publication [15]., We also currently seek
emission data which should further define some of the parameters
4
Q\ derived,
w
by
N Acknowledgments: The authors are indebted to the Natural Sciences
mT
§; and Engineering Research Council (Ottawa) and the Office of Naval
X Research (Washington) for financial support. We also gratefully
» acknowledge useful discussions with Profs. T.J.Meyer and
‘.&.
%, I.M.Walker.
)
,
v
~h‘ {t. P.C.Ford, De F,P,Rudd, R,Gaunder and H.Taube, J.Am.Chem.Soc.,
Xl 90(1968)1187,
)
b 2. J.C.Curtis, B.P.Sullivan and T.J.Meyer, Inorg.Chenm.,
. 22(1983)224.
A
%ﬁ 3. A.B.P.Lever, "Inorganic Electronic Spectroscopy®, Elsevier
py
h: Scientific Publ.Co., Amsterdam, 2nd Edition, 1984,
hé 4. A.B,P.Lever, S.Licoccia, P.C.Minor, B.S.Ramaswanmy and
k.
:‘! s.RoPiCken" JoA..ChQ..SOCQ' ’03('98’)68000
i
}} 5. S.Goswanmi, R.Mukherjee and A.Chakravorty, Inorg.Chenm,,
“ 22(1983)2825.
? 6. M.Born, Z.Phys., 1(1920)45.
g.J '
3? 7. L.Onsager, J.Amn.Chen.Soc,, 58(1936)1496.
Y 8. J.G.Kirkwood, J.Chem.Phys.,, 2(1934)351.
3 9. B.Lipp‘rt, z.xl.kttocne-o' 61(1957)962.
18] ~
ii 10. a) R.A.Marcus, J.Chem.Phys., 39(1963)1734, b) 43(1965)1261,
, 1. EB.M.Xober, B.P.Sullivan  and T.J.Meyer, Inorg.Chen.,
23(1984)2098, \
12. R.J.Crutchl.y and A.B.P.Lever, 'Inorg:.ChOI., 21(1981)2276.

IR TR T AR R R A A WO PR s,



;-'.‘:{ e

1/10/84 : CPL

13. H.Saito, Je«Fujita and K.Saito, Bull.Chem.Soc.Jpn.,

41(1968)863.

14. R.R.Gagne, C.A.Koval and G.C.Lisensky, Inorg.Chem.,

19(1980)2854,
15. E.S.Dodsworth and A.B.P.Lever, to be submitted.

16. D.Miholova?', L.Pospisil, and A.A.Vlcek, Proc.XX11i1

Internat.Conf.Coord.Chem., Boulder, CO, USA 1984, and private

communication,




1/10/84 10

Table 1

Electrochemical and Spectroscopic pata®

E(Mo(I)/ E(bpz)/ AE'(redox) E + AN
Solvent Mo(0))P bpz™~) P 4(so0l) *
eV ev ev cm”? cm™? cm™1 cm™!

DMF  0.26 -1.42 1.68 (13,550) 19,650 3650 3710
PC 0.32 -1.41 1.73 (14,000) 19,550 3550 3260
MeCN 0.28 -1.45 1,73 (14,000) 19,450 3450 3260
PY 0.26 -1.52 1.78 (14,350) 18,900 2900 2910
THF  0.30 -1.52  1.82 (14,700) 18,650 2650 2560
DCE  0.34 =1.53  1.87 (15,100) 18,150 2150 2160
DCM 1.90% (15,350) 17,990 1990 1910
Et,0 1.93% (15,530) 17,790 1790 1730
CHC1, 1.98% (15,950) 17,360 1360 1310
TCM 2.07€ (16,670) 16,610 610 590
Pent 2.09¢ (16,870) 16,400 400 390
‘Gas' 2.14¢ (17,260) 16,000 (] 0

a) All electrochemical potentials referenced against ferrocene as
internal referrant (Fc'/Fc is at 0.16 eV vs. sce) [14]. Potentials
were recorded on Pt electrodes using cyclic voltammetry at scan rates
of 100, 50 and 20 mV/s. Confirmatory data .were obtained using
differential pulse polarography., Data are averages of several
experiments, b) The oxidation process is electrochemically
irreversible. zp-np /2 is comparable to that of the ferrocene couple
under the same conditions. Value .quoted is 1/2(BP + 89/2).
1

c) Calculated from eqn.(5) in text, NB Anq Xy ;- 16000 om™ ', Xy + x

+Q=-1260 ',

AR I S IR L
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DMF = dimethylformamide; PC = propylene carbonate; PY = pyridine; THF
= tetrahydrofuran; DCE = 1,2-dichloroethane; DCM = dichloromethane;
TCM = tetrachloromethane; Pent = pentane, ‘Gas' 1is extrapolation

using eqn.(11).
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-AG = nFAE(redox)

- 20m) 200) 1005 J—

Fig.1l Free energy diagram relating spectroscopic and electrochemical quantities.

(ML) is the neutral species, and (ML*), (HL+) and (ML™) are the equilib:}uted excited,
mono-positive and mono-negative species respectively. Similarly AGS, AGs*, AG'+ and
AGs- are the solvation free energies for these fespective species being defined as the
reversible work to transfer these solutes from the gas phase to a solvent. AE(redox) is

defined as the oxidation potential minus the reduction potential of the neutral species.

N
AE‘ is the gas phase excitation emergy to the equilibratedexcited state. AE8 is the i
[} .
solvent phase excitation energy to the equilibrated excited state. The quantity Q is the;
resonance energy involved in transferring an electron from (ML-)8 to k“L+)8 yielding

* ' + - : *
(HL)g + (ML )‘. Note that in the text AAG’ - ZA'Gs - AGs - AGs and A(sol) = AG’ - 8¢
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