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The relationship between structure and electrochemical
property of cyanoimino derivatives of squaric acid

Z.-M. XUE†‡* and C.-H. CHEN†

†Department of Materials Science and Engineering, University of Science and Technology of China, Hefei, Anhui 230026, P.R. China
‡Department of Chemistry, Anhui University, Hefei, Anhui 230039, P.R. China

(Received December 2005; in final form March 2006)

Theoretical studies on anions of 1,2-dihydroxycyclobuten-3,4-dione (squaric acid, H2SQ) and the whole series of cyanoimino
derivatives in gas-phase and in acetonitrile (AN) solution are carried out using density functional theory (DFT) and SCRF-
DFT method at B3LYP theory level for the first time. Natural bond orbital (NBO) analyses indicate that p-electron
delocalization in the series is quite strong. The GIAO-DFT results for all dianions suggest that the corresponding B3LYP/
6-31 þ G(d,p) geometries can be deemed reasonably good representations of the geometries of the relatively free dianions in
solution. Based on the most stable conformations, linear correlations are observed between the oxidation potential measured
by cyclic voltammetry and the highest occupied molecular orbital (HOMO) energy as well as ionization potential (Ip), which
support experimental results that systematic substitution of the oxygen atoms in the C4O22

4 structure with NCN groups causes
a shift of both the oxidation potentials E0

1 and E0
2 towards more positive values. The correlations are also observed between

experimental Ksem and Gibbs free energy calculated in AN solution.

Keywords: Cyanoimino derivatives; Squaric acid; Gibbs free energy; Density functional theory

1. Introduction

1,2-Dihydroxycyclobuten-3,4-dione (squaric acid, H2SQ, 1)

and the whole series of dicyanomethylene derivatives have

been synthesized [1] and studied experimentally in some

detail because they could accomplish, in principle, many

of the requirements which are recognized to favor the

display of unusual, at least for organic materials, electric,

magnetic and optical properties in the solid state [2–8].

Compared with them, the whole series of cyanoimino

derivatives (Scheme 1) have also been synthesized but not

studied experimentally in as detail as the formers [9].

Since comprehensive investigation of the physicochemical

properties is an essential step for the evaluation of the

potential utility of these compounds, the results of a

detailed electrochemical study have been reported on the

whole series of cyanoimino derivatives of 1,2-dihydroxy-

cyclobuten-3,4-dione [10].

Because the structure of anions (or radicals) plays an

important role in determining to ionic conductivity,

electrochemical windows [11–13], a thorough compu-

tational investigation on the electronic structures, energies

and orbitals of the anions would be desirable to better our

understanding their properties at a quantum chemistry

level.

In this study, the density functional theory (DFT) B3LYP

method [14,15] is chosen because it accounts better for electron

correlation energies and greatly reduces the calculation

expenses with rather reliable description of both geometries

and energy of targeted molecules. We will address the

following issues regarding the dianions: (a) the conformational

characteristics of the anions; and (b) the relationship between

anion structures and electrochemical properties [16].

2. Calculation method

The local minima of the di-, mono-anions and neutral

products have been fully optimized by analytic gradient

techniques. The method used is the DFT with Becke’s three

parameters (B3) exchange functional along with the Lee–

Yang–Parr (LYP) non-local correlation functional (B3LYP).

All of them are treated with DFT method at 6-31 þ G(d,p)

level for full geometry optimization. Natural population

analysis (NPA) and natural bond orbital (NBO) [17] analysis

are performed at the same level using NBO program to
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obtain quantitative analysis of electronic structures. For the

solvent calculations, the SCRF-PCM is used.

Single-point energy calculations at higher level basis set

(B3LYP/6-31þþG(3df,3pd)//B3LYP/6-31 þ G(d,p)) are

also performed to obtain more accurate energies. The HF

method at the same level computation is performed for

comparing with DFT at some cases. All of the HF, DFT,

SCRF-PCM and NBO calculations are performed using

the Gaussian 03 program package [18].

3. Results and discussion

3.1 Geometries

First, we shall present and discuss the results obtained for

the “model” system di-, mono-anions and neutral product

of 4. The other four systems studied here will be discussed

with reference to this system.

The optimized geometries of 4, 4a, 4b (equation (1)) in

gas-phase are given in table 1 and figure 1. All the three

geometries belong to Cs[X(C7N6O)] point group and each

of them has a planar structure to allow the whole anion or

neutral product to attain an energy minimum.

1:2; 3 2 CICB22

4

O
E0

1

1:2; 3 2 CICB12

4a

þ e

1:2; 3 2 CICB12

4a
O
E0

2

1:2; 3 2 CICB0

4b

þ e

ð1Þ

In the dianion 4, the distances (C1–C4), r(C3–C4) are

1.482 and 1.491 Å, respectively and may be considered

equal (Wiberg bond index 1.03 and 1.04, respectively).

r(C1–C2) and r(C2–C3) are shooter (1.454, 1.456 Å,

Wiberg bond index 1.14), indicating a residual double

bond character.

Among the three structures of group 4 (4, 4a and 4b),

with the lost of one or two electrons compared with 4, the

r(C1–C2), r(C2–C3), r(C3–C4), r(C1–C4) and r(N5–C11)

become longer and longer, but the r(C4–O7), r(C1–N5)

and r(C11–N12) become shorter and shorter. These

indicate that p-electron delocalization is weaker and

weaker. Structures lacking of resultant negative charge,

which is mainly located on the nitrogen atoms adjacent to

the ring, have longer N–CN distances but shorter NCN–C

(ring) bonds attributable to the greater electron affinity of

the cyanoimino group compared to the rest of the

molecular unit [19] (see section B).

Compared with group 4 (4, 4a and 4b), the corresponding

r in each of the other four groups (1,2,3,5geometries belong

to D4h, Cs, C2v, C4h, respectively), has the same changes

tendency (table 2). Compared the dianions among the five

groups, with the number of NCN increase, r(C1–N5) and

r(C4–O7) become shorter remarkably, but the bonds r(N5–

C11) and r(C11–N12) change a little. The four bond distances

of ring also averagely become shorter especially. In the

dianions, r(C1–N5) is longer than r(N5–C11). These suggest

that with the number of NCN increase, p-electron

Scheme 1. The dianion structures of squaric acid and its cyanoimino
derivatives.

Table 1. Optimized geometries of the anions of group 4 *†.

1,2,3-CICB 1,2,3-CICB12 1,2,3-CICB22

r (C1–C2) 1.492 1.468 1.454
r (C2–C3) 1.492 1.468 1.456
r (C3–C4) 1.543 1.512 1.491
r (C1–C4) 1.530 1.503 1.482
r (C4–O7) 1.197 1.216 1.235
r (C1–N5) 1.279 1.301 1.324
r (N5–C11) 1.332 1.326 1.315
r (C11– N12) 1.171 1.174 1.182
a (C2–C1–N5) 138.6 139.0 139.5
a (C2–C1–C4) 90.5 90.4 90.6
a (C1–C4–C3) 88.0 88.2 88.4
a (C1–C4–O7) 136.6 136.2 135.9
a (C1–N5–C11) 122.7 123.2 125.6
a (N5–C11–N12) 172.3 171.0 169.8
d (N5–C1–C4–O7) 0.0 0.0 0.0
d (C1–C2–C3–C4) 0.0 0.0 0.0
d (C2–C1–N5–C11) 0.0 0.0 0.0
d (C1–N5–C11–N12) 180.0 180.0 180.0

* Bond lengths in Å, bond angles and dihedral angles in degrees.
† Optimized with the DFT method at B3LYP/6-31 þ G(d,p) level in gas-phase. Figure 1. Optimized geometry of 1,2,3-CICB dianion.
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delocalization becomes stronger in the dianions from the

atoms outside of the rings into those of the rings.

Compared the results of Na2(1,2,3,4-CICB) (table 2),

calculated at the same level as dianion 5, with those of 5,

the r(C11–N12) in 5 is longer than that in Na2(1,2,3,4-

CICB), but the r(C5–N11) is shorter than that in

Na2(1,2,3,4-CICB), indicating that in 5, without Naþ,

the single or double bond character becomes unclear,

suggesting that p-electron delocalization is quite strong in

the dianion. It can also be seen in table 2 that the

calculated bond lengths, angels and dihedral angels of

Na2(1,2,3,4-CICB) are very close to the corresponding

experimental ones [9], suggesting that the DTF calcu-

lations are suitable for systems under investigation.

3.2 Charges

Natural charge populations (NPA) of group 4 (4, 4a and 4b)

are listed in table 3 to analyze the distribution of electronic

charge in the anions and neutral product. The most striking

feature observed is that SC positive charge of the rings has

nearly no change with the increase of the number of

electron (1.109, 0.982 and 0.910 for 4b, 4a, 4,

respectively). But SNCN negative charge has greater

change (20.230, 20.486 and 20.751e for 4b, 4a and 4,

respectively). This suggests that resultant negative charge

is mainly located on the atoms adjacent to the ring

attributable to the greater electron affinity of the

cyanoimino group compared to the rest of the unit.

According to NPA,SCSQ ring charge of 4a is contributed by

a and b electron equally, but SNCN negative charge is

contributed mainly by a electron, namely unpaired

electron. The conclusions of this comparison agree with

those drawn from ESR measurement [20].

Compared other four groups (1, 2, 3 and 5) with group

4, they all have the resemble distribution trend of

electronic charge in each group according to NPA.

Comparing the derivatives holding the same net charge in

different group, it is found that with the increase of

number of NCN, the SCSQ ring negative charge increases

and SNCN negative charge decreases at the same time

(table 4), which indicate a rather spread out character for

the p electrons. The symmetric 1,2,3,4-CICB22 dianion

holds the largest spread among all the dianions.

3.3 NMR

The NMR shifts of these optimized geometries (SQ22,

1-CICB22, 1,2-CICB22, 1,2,3-CICB22 and 1,2,3,4-

CICB22) are calculated at the GIAO-B3LYP/

6-311þþG(3df,3pd) level. Theoretical 13C chemical

shifts at the GIAO-RB3LYP/6-311þþG(3df,3pd)//

RB3LYP/6-31 þ G(d,p) level listed in table 5 have been

referenced to TMS d (13C) ¼ 177.9 2 s (13C).

For the B3LYP/6-31 þ G(d,p) geometries of SQ22,

1-CICB22, 1,2-CICB22 and 1,2,3-CICB22 (figure 1) and

Table 2. Optimized geometries of dianions (1, 2, 3, 4, 5) *†.

1 2 3 4
5

Calc. Calc. Na2(1,2,3,4-CICB) X-ray [9] Na2(1,2,3,4-CICB)

r (C1–C2) 1.489 1.469 1.437 1.454 1.462 1.454 1.447
r (C2–C3) 1.489 1.505 1.483 1.456 1.462 1.454 1.447
r (C3–C4) 1.489 1.502 1.514 1.491 1.462 1.459 1.452
r (C1–C4) 1.489 1.462 1.483 1.482 1.462 1.459 1.452
r (C4–O7) 1.263 1.253 1.239 1.235
r (C1–N5) 1.347 1.337 1.324 1.318 1.318 1.310
r (N5–C11) 1.305 1.310 1.315 1.318 1.337 1.323
r (C11– N12) 1.190 1.186 1.182 1.180 1.172 1.152

* Bond lengths in Å, bond angles and dihedral angles in degrees.
† Optimized with the DFT method at B3LYP/6-31 þ G(d,p) level in gas-phase.

Table 3. NPA atomic charges of the anions of group 4*.

1,2,3-CICB (4b)
1,2,3-CICB12 (4a)

1,2,3-CICB22 (4)
a b

C1 0.205 0.182 0.094 0.088 0.166
C2 0.217 0.183 0.093 0.090 0.175
C3 0.188 0.161 0.083 0.078 0.149
C4 0.499 0.456 0.224 0.232 0.420
SCSQ ring 1.109 0.982 0.494 0.488 0.910
O7 20.410 20.525 20.333 20.192 20.648
N5 20.375 20.498 20.348 20.150 20.626
C11 0.400 0.421 0.239 0.182 0.444
N12 20.255 20.409 20.269 20.140 20.569
SNCN 20.23 20.486 20.378 20.108 20.751

* Calculated with the DFT method at B3LYP/6-31G(d,p) level in gas-phase.
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1,2,3,4-CICB22, the fit between the calculated and

experimental [11] 13C chemical shifts turn out to be

consistently good. It is worth noting that the 13C chemical

shifts, in particular their large separation, are also

reproduced quite well. Considering the fact that the

calculation work is carried out on an unsolvated species

and the experimentally obtained data are gathered from

solution spectra, the obtained correspondence is excellent.

Therefore, the GIAO-DFT results for all molecules

suggest that the corresponding B3LYP/6-31 þ G(d,p)

geometries can be deemed reasonably good represen-

tations of the geometries of relatively free dianions in

solution.

3.4 Oxidation potential

As reported in the literature [10], the dianions SQ22 and

n-CICB22 (nsub ¼ 1, 2, 3, 4) can be oxidized reversibly in

two consecutive steps to the corresponding radical

monoanions and neutral forms (equation (1)). From the

electrochemical data reported in table 6, it is evident that

systematic substitution of the oxygen atoms in the C4O22
4

structure with NCN groups causes a shift of both the

oxidation potentials E0
1 and E0

2 towards more positive

values, indicating that a consistent delocalization of the

negative charge is exerted by these substituents. Electro-

chemical reactions can be achieved by a direct electron

transfer at a certain potential. If electrons are transferred

from the HOMO of a compound, a correlation is expected

between the EHOMO and the oxidation potential EoxðE
0 ¼

ðEa
p þ Ec

pÞ=2Þ; because, the negatives of the orbital

energies in the ground state are equal to the ionization

potentials (Ip) according to Koopman’s theorem. Kita et al.

[21] correlated the limiting Eox of five lithium

tetraarylborates in 1,3-dioxolane/1,2-dimethoxyethane

mixed solvents with their respective HOMO energies

calculated using a semi-empirical molecular orbital

method (MNDO). Barthel et al. [22] also proved this

linear relationship using MNDO and AM1 for

BðO2RÞ22 ðR ¼ C6H4; C6H3F; C6H4; C10H6Þ
22. We corre-

late the limiting Eox(E 0) of the 10 anions in five groups in

dry, oxygen free acetonitrile (AN) with their respective

HOMO energies calculated using HF and the Ip calculated

using DFT molecular orbital methods.

3.4.1 Ab initio molecular orbital calculation. The

limiting Eox of the 10 anions in dry, oxygen free AN have

been determined with the cyclic voltammograms (CV) of

anions in the following two group order:1 , 2 , 3 , 4 , 5,

1a , 2a , 3a , 4a , 5a (table 6). To examine this result,

these HOMO energies are calculated usingab initiomolecular

orbital theory. The structures are optimized by HF/

6-31 þ G(d,p) and the energy calculations are further

performed by HF/6-31þþG(3df,3pd). The results are given

in table 6 and figure 2, which shows a relatively good linear

relationship between the HOMO energies and the limiting

Table 4. NPA atomic charges of the anions of group 1, 2, 3, 4, 5*.

C (neutral)
B (monoanion)

A (dianion)
a b

1 SCSQ ring 1.588 1.288 0.588 0.7 1.072
2 SCSQ ring 1.423 1.193 0.558 0.635 1.044

SNCN 20.214 20.534 20.447 20.087 20.889
3 SCSQ ring 1.262 1.092 0.528 0.564 0.986

SNCN 20.227 20.514 20.42 20.094 20.827
4 SCSQ ring 1.109 0.982 0.494 0.488 0.911

SNCN 20.23 20.486 20.378 20.108 20.751
5 SCSQ ring 0.956 0.864 0.452 0.412 0.824

SNCN 20.240 20.466 20.364 20.102 20.706

* Calculated with the DFT method at B3LYP/6-31G(d,p) level in gas-phase.

Table 5. Experimental and calculated GIAO–RB3LYP/6-311þþG(3df,3pd)//RB3LYP/6-31 þ G(d,p) 13C-NMR chemical shifts for 1, 2, 3, 4, 5.

C–O3 C–O4 C–N1 C–N2 C–N3 C–N3 0

SQ22 Calc. 200.6
Exp.[9] 204.2

1-CICB22 Calc. 202.9 201.3 196.0 127.5
Exp.[9] 201.0 196.5 192.0 123.9

1,2-CICB22 Calc. 197.7 188.4 125.3
Exp.[9] 193.7 185.3 123.1

1,2,3-CICB22 Calc. 186.7 186.0 177.5 120.7 121.2
Exp.[9] 181.9 183.7 173.8 119.0 119.8

1,2,3,4-CICB22 Calc. 178.9 119.3
Exp.9 173.2 117.5
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oxidation potentials. The regression results are:

E1
ox ¼ 352:01775 2 3:12413*EHOMO ðR ¼ 20:99934Þ

ðin gas-phase for 1; 2; 3; 4; 5Þ

E2
ox ¼ 21305:34268 2 4:5937*EHOMO ðR ¼ 20:99964Þ

ðin gas-phase for 1a; 2a; 3a; 4a; 5aÞ:

3.4.2 DFT calculations. To further examine this exper-

imental result, the Ip are calculated by DFT. This method

usually gives higher accuracy in energy calculations,

where the relative accuracies of various different model

chemistries were considered by their performances on the

G2 molecule sets [23]. The structural optimizations of the

anions are carried out by B3LYP/6-31 þ G(d,p) followed

by the energy calculations on higher basis sets [24], 6-

31þþG(3df,3pd). Because Koopman’s theorem is not

valid in the DFT scheme, the adiabatic Ip is calculated

from the energy difference DE between the total energy of

the anion Eanion and that of the radical Eradical or radical

Eradical and neutral Eneutral generated by one-electron

oxidation, as shown in equation (1). Zero-point energies

(ZPE) are also calculated by frequency analysis using only

B3LYP/6-31 þ G(d,p). The ionization potentials are

calculated from the following equation:

Ip ¼ DE2 DZPE

The results are summarized in table 6 and figure 3. The Ip
obtained by DFT methods are as a whole lower than those

predicted from Koopman’s theorem by ab initio MO

methods. This is because Koopman’s theorem neglects

electron relaxation and electron correlation, which is

important for the current systems containing anions.

Figure 3 shows good correlation in two group between

Ip and Eox, completely confirming the experimental

results: 1 , 2 , 3 , 4 , 5, 1a , 2a , 3a , 4a , 5a.

Figure 2. Relation between Eox and EHOMO of anions at HF/
6-31þþG(3df,3pd) level.
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The regression results are:

E3
ox ¼ 482:78946 þ 3:26599*Ip ðR ¼ 20:99984Þ

ðin gas-phase for 1; 2; 3; 4; 5Þ

E4
ox ¼ 21542:83071 þ 6:11312*Ip ðR ¼ 0:99993Þ

ðin gas-phase for 1a; 2a; 3a; 4a; 5aÞ:

3.5 Formation constant of the semiquinone form
(monoanion)

As reported in the literature, the dianions could be oxidized

reversibly in two consecutive steps to the corresponding

radical anions and neutral forms, equation (1). The

experimental formation constants of the semiquinone

(monoanion) form KSEM were reported [10] (table 7).

KSEM is defined by the fraction, [SEM]2[RED]21[OX]21

viz. [monoanion]2[dianion]21[natural]21.

The calculated changes in the values of thermochemical

functions DG 0 (298 K) and Ksem for chemical reaction

(equation (2)) in gas-phase are reported in table 7.

n-CDCB22 þ n-CDCB0 ! 2n-CDCB12 ð2Þ

These results are some distinct from the experimental

findings. The linear relationship between calculated and

experimental Ksem is relatively bad (figure 4). However, it

should be said here that the experimental Ksem of the

monoanions were measured in an AN solution of the

anions and neutral products and so these distortions might

be the result of interparticle interactions that occur in

solution. In order to understand the effect of the

interactions on the Ksem of the monoanions, we perform

a SCRF (PCM) B3LYP/6-31þþG(3df,3pd)//B3LYP/

6-31 þ G(d,p) study, as described before, using the anions

and neutral products as solutes and AN as solvent. The

results are reported in table 7. These results are excellent

in agreement with the experimental findings. The linear

relationship between calculated and experimental Ksem is

relatively good (figure 4).
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Figure 3. Relation between Eox and Ip of anions at DFT B3LYP/
6-31þþG(3df,3pd) level.
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The regression result is:

logKðcalc:Þ
sem ¼ 228:04075 þ 3:45421*logKðexp:Þ

sem

ðR ¼ 0:99904; S:D: ¼ 0:11103Þ

These results suggest that the particles (anions and

neutral products) should interact with solvents in solution

and strongly suggest that in order to reproduce the

experimental Ksem of the oxocarbons in solution, we must

at least take into account the effect of the solvent.

4. Conclusion

We have presented a DFT study of the structures of

anions of 1,2-dihydroxycyclo-buten-3,4-dione (squaric

acid, H2SQ) and the whole series of cyanoimino

derivatives in gas-phase and in AN solution. Energetic

calculations suggest that the most stable geometries of 1,

2, 3, 4, 5 are belonging to D4h, Cs, C2v, Cs and D2d,

respectively. NBO analyses indicate that with the number

of NCN increase, p-electron delocalization become

stronger in the dianion from the atoms outside of the

ring into those of the ring. The GIAO-DFT results for all

dianions suggest that the corresponding B3LYP/

6-31 þ G(d,p) geometries can be deemed reasonably

good representations of the geometries of relatively

free dianions in solution. The excellent correlations are

also observed between experimental electrochemical

stability Eox and EHOMO, or Ip, Ksem and Gibbs free

energies calculated in AN solution.
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