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Molecular Recognition and Charge-transfer Complex

Formation of Electrogenerated Organic n-Dianions

Noriko OKUMURA

Abstract: Charge-transfer (CT) complex formation based on molecular recognition of organic n-dianions has been investigated
by electrochemistry and spectroelectrochemistry combined with ab initio MO calculations.  The p-quinone dianions (PQ%) form the
1:2 hydrogen-bonded complexes with MeOH at low concentrations of MeOH, and the 1:4 complexes at high concentrations. The
hydrogen bonding of PQ* with MeOH is characterized by the geometrical and spectral properties. It was demonstrated that this
situation is due to the strong n—c CT interaction in the hydrogen bonds. The results suggest that the differing functions and
properties of biological quinones are conferred by the n—o CT interaction through hydrogen bonding of the dianions with their
protein environment. On the other hand, it has been demonstrated that m—dianions of redox-active organic molecules, such as
chloranil (CL) and tetracyanoethylene (TCNE), form the n-n type CT complexes with 4nm biphenylene (BP), caused by the
favorable intermolecular HOMO-LUMO interaction. Spectroelectrochemistry evidently gave the intermolecular CT spectra in the
CL?-BP and TCNE> -BP systems. These systems involving the bistable CT complex formation, modulated by redox reactions of
CL and TCNE, are characterized by the geometrical properties and the trichromic change.

Keyphrases: organic s—dianions, charge-transfer complex, hydrogen bond, n-m interaction, cyclic voltammetry,
spectroelectrochemistry, molecular orbital calculation
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Fig. 1

Cyclic voltammograms of 5.04 x 10™* mol dm-3BQ in the absence and
the presence of MeOH in MeCN containing 0.1 mol dm~ TPAP,
recorded with a GC electrode at a scan rate of 100 mV s™. [MeOH]
(mol dm™): (1) 0.00 (18) 6.78 x 107"
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Fig. 2
Equilibria involving two-step one-electren transfer and formation of
the 1:2 and 1:4 hydrogen-bonded complexes.

M RT EZRIL, 12 BE 1:4 kEHEHEHEOER
ZEBLUTHRVEIRZT o R TH D EAE & IER
EWHERE SN, £2, IPoBET 128&oxs
DR, BRI 1:4 88K D A DA R 2 RE L 7= G EIR
MW THD., INHOHEXID. BQTIIE MeOH EEHH
T 12 8k % . B McOH IBEMHIR T 1:4 8582 K
TBHZENHSMNERR DT, Table 112185 Nz 8EE AR
EERLE, 1T 24 & MeOH &ED 12 BL U 1:4
KEMEEEERERIT, PR T =4 > T AN
HELL KEENELsN, £, 70T 2)LCLPT

0 |
3 25 2 -5 -1 05

log([MeOH]/ mol dm™)

Fig. 3
Dependence of the (AE12,1 + AE 22) values of BQ on concentrations
of MeOH with the regression curves.

Table1 Thermodynamic Data of the Hydrogen-Bonded Complexes
of PQ and Their Reduced Species with MeOH in MeCN

PQ™ Formation

Constants /

AH® [k} AS° /]

dm® mol? mol’ mol™ K!
298.0 K

BQ K 7.50 x 107! -19.9 -69.0
BQ K- 25x%10° -42° -110°
BQ* K 3.10 x 10* -76.6 -171

K5 461 x 10° 423 -90.8
NQ K 1.72 197 61.5
NQ K- 2.9 x 10° -39¢ -100*
NQ* K 3.92 x 10° 703 147

K 5.02 x 10° 362 69.9
AQ K 1.31 193 62.8
AQ K- 2.1 x 10° -37¢ -100°
AQ” KT 5.17 x 10 56.9 -101

Ky 2.78 x 107 -34.8 703
CL K 5.80 x 10™! -16.5 59.8
CLﬁ K— _b b b
CcL> K7 3.79x 10° 528 -112

Ky 1.79x 10 338 -89.7
BR K 5.80 x 107!
BR™ K- — — —
BR* K[ 3.79x 10°

K 1.79% 10

¢ Small values of AE i, and overlapping of the first and second
waves in high [MeOH] region cause somewhat low precision in
estimation of K . ? Values are not estimated by the present
method because of quite small values of AE ;).

O ZJ)WBR)TIE. BQ. 77 hF/2(NQ). 7> hFF
J (AQITHARDDNEWEAF SN, Fe. IS
FAT7 ZF > OKRFEHOEEEREROREKAFEIC L
DBESNEERL YV E—T. FuEHEatEE KL
7o
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Fig. 4
Electronic spectra of free and hydrogen-bonded BQ* and their
mixtures. Arrows show direction of the spectral changes with

increasing [MeOH]. [MeOH] (mol dm™): (1) 0, (3) 6.80 x 107, (5)
1.23.
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Fig. 5§

CNDO/S-CI SCFMO energy levels and the MO illustrations
relevant to the longest wavelength band of BQ, BQ” and the
hydrogen-bonded complex with MeOH, and BQH). The axes used

for the MO calculations are shown for Dy, symmetry.

p-F ) CEBITHEB XU O AR AHEEORE R
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Optimized geometries of BQ, BQ™, BQ® and their hydrogen-bonded complexes with MeOH calculated by the RHF/6-31+G(d,p) or

UHF/6-31+G(d,p) energy gradient method.
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Fig. 7
Atomic gross charge of BQ® and the 1:2 and 1:4 hydrogen-bonded
complexes with MeOH calculated by the RHF/6-31G(d) method.
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Spectral changes of 2.76 X 10 mol dm™ TCNE in CH;Cl, containing 0.5 mol dm™ TBAP (a) and 1.45 X 10™* mol dm”
TCNE in MeCN containing 0.1 mol dm™ TBAP (b), corresponding to the TCNE”" generation from TCNE™ with electrolysis.
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Change in nuclear repulsion (a) and electronic energies (b) of TCNE
and the reduced species upon the dihedral angle (6) of the two C(CN);
planes. The nuclear repulsion was calculated for the optimized
HF/6-31G(d) geometries of TCNE>. The electronic energies were
calculated by the HF/6-31G(d) and UHF/6-31G(d) methods. Plots of
0, O and A donate the energies for TCNE, TCNE™ and TCNE™,
respectively.
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Spectral changes of 2.76 x 10~*mol dm™ TCNE in CH.Cl, containing 0.5 mol dm™ TBAP with electrolysis, corresponding to
the TCNE”" generation from TCNE™ in the absence (a and b) and the presence of 7.50 x 10~ mol dm™ BP (c).
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Cyclic voltammograms of CL (a) and TCNE (b) in the absence
( ) and the presence (-----) of BP in the CH,Cl, containing 0.1 mol
dm™ TBAP.
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Fig. 12

Dependence of (AE,,; + AE);2) values of CL and TCNE upon the
concentrations of BP: (O) TCNE ([TBAP] = 0.5 mol dm™); (®) TCNE
([TBAP] = 0.1 mol dm™); (O) CL ((TBAP] = 0.5 mol dm™); (M) CL
({TBAP] = 0.1 mol dm™).
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Table 2 Thermodynamic Data of the n~x CT Complexes in CH,Cl,
Containing 0.5 mol dm™ TBAP.

Complex Formatlo;) cons]tants AH® /K AS®/J mol
/ dm” mol 4 "
mol K
298.0 K*

CL-BP 7.97 x 107 123x10 432x10

CL-BP 9.95 x 107
(1.08)

CL-BP 6.56 x 107 9.50 3.54x 10
(1.19)

CL*-BP 3.39x 10 316x10  7.74x 10
(2.14 x 10%)

TCNE-HMB  3.35 1.80x10  5.06 x 10
(8.79)

TCNE-AN —*

TCNE-BP 414 x 107 9.08 3.76 x 10
(7.56 x 107)

TCNE*-BP  2.03x 10 398x10  1.03 x 10
(5.82 x 10)

“ Values in parentheses are observed in CH2Cl; containing 0.1 mol dm™
TBAP. ? Values were not obtained because of formation of an inner
complex.

n-nBHS B E O & T OERER ¢ CHCL
H T CL, CL>. TCNE. TCNE*. BP 132 T Dy, {FFDE
HSFTHDIEMS, CL-BP. CL*-BP, TCNE-BP.
TCNE*-BP #{K13. D, xt#5 C, #iH.OICER G > 7t

ELTWBEEZSNS, £ZTFig 13IIRTEDIC

CL & TCNE 7% BP & G, #iHuD I SEEAIC DR Z RS
BME5eDTNE L > TEMLS, n-nlEEETTILZER
L7z, FLT. IN5Or-nll CT B ORBILHEEE
57012, £ Fig. 13 D D% 0°0 5 10°BEITEEL .
A% v 27 Bl D F RHF/6-31G(d)IE I & B s L at &
o7 ¥¥, 772U, CL. CL*. TCNE. TCNE*. BP
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Fig. 13
Dependence of the relative HF/6-31G(d) total energies of the
CL*-BP complexes (n = 0, 2) upon : (®) n =2;(0)n=0. The
definition of 6 is shown in the figures.

A@=0.020

Fig. 14

Optimized geometries of the TCNE (a), TCNE?" (b) complexes with
BP and charge migration of those, obtained by HF/6-31G(d)
calculations.
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Fig. 15
RHF/6-31G(d) MO energy levels and the MO illustrations
concerning the CT complex formation of CL with the hydrocarbons.
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RHF/6-31G(d) MO energy levels and the MO illustrations
concerning the CT complex formation of CL*” with the hydrocarbons.
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Fig. 17
Redox-mediated bistable complex formation with the geometrical
alteration and the trichromic change in the CL-BP system.
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Fig. 18

Redox-mediated bistable complex formation with the geometrical
alteration and the trichromic change in the TCNE-BP system.
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