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Ultraviolet absorption spectra were measured with aqueous solutions of maleic acid (H,M) at various pH

values and in concentrated sulfuric acid solutions.

With the aid of the theoretical calculations of electronic struc-

tures by the modified CNDO-CI method, relatively strong bands observed at 193.5 nm for H,M, at 210.0 nm
for the hydrogen maleate anion (HM~), and at 202.8 and ~230 nm for the dinegative ion (M?2-) are assigned to

the n—z* transition bands.

strong intramolecular hydrogen bond) in the excited states of HM~.

Special attention was paid to the charge-transfer (CT) character (pertinent to the

Configuration analysis of the wave functions

revealed us that the first z—n* band of HM~ covered by the much stronger 210 nm band is rich in the CT

character pertinent to the hydrogen bond.

In some hydrogen-bonded systems (X-H---Y), the
charge-transfer (CT) force between a proton donor
(X-H) and a proton acceptor (Y) has been recognized
to be important as well as the electrostatic and exchange
repulsion forces.!=% On the basis of the CT mechanism,
the CT band characteristic of hydrogen bond is expected
to appear in the ultraviolet (UV) or vacuum ultraviolet
(VUV) region, and observation of the band is a direct
proof of the CT mechanism of hydrogen bond.

The hydrogen maleate anion (HM-) has a sym-
metrical intramolecular hydrogen bond ((O-H-O)-) as
revealed from the X-ray diffraction analysis?) and from
the studies by infrared spectroscopy.8=19 One of the
present authors observed an electronic absorption band
of HM - in aqueous solution at =210 nm and determined
the direction of the transition moment (being parallel
to the O-H-O bond) of the band.'? From a theoretical
calculation based on the z:-electron approximation, the
210 nm band was suggested to be the CT band charac-
teristic of the intramolecular hydrogen bond ((O-H-
O)-) of HM~. Further theoretical studies have been
carried out with the ground and excited states of HM~—
by the non-empirical'® and semi-empirical'® methods.
The potential energy curve of hydrogen bond calculated
by the modified CNDO method!® for HM- agreed
with the experimentally expected one.8-10

In the present study, in order to extend the previous
works and to elucidate the electronic structures of the
excited states of the hydrogen maleate anion, the
absorption spectra of the maleic acid cation (HgM*),
maleic acid (H,M), HM-, and maleate dinegative ion
(M?-) have been measured and their electronic
structures have been calculated and analysed by the
modified CNDO-CI method'¥ combined with the

configuration analysis method.'® From the comparison
between the theoretical and experimental results, the
CT character (pertinent to the hydrogen bond) in some
lower excited states of HM~ has been discussed in detail.

Experimental

Maleic acid (Wako G. R. grade) was purified by repeated
recrystallizations from water. HM~ was prepared'® by treat-
ing aqueous solution of maleic acid with potassium hydrogen
carbonate (KHCO;), and recrystallized three times from
water. Methanol and acetonitrile (Wako spectrograde) were
used as solvents without further purification. A buffer solution
with pH=4.4 was prepared from aqueous solutions of acetic
acid and sodium acetate.l®)

UV absorption spectra were measured with a Cary record-
ing spectrophotometer model 14, a cell of 0.933 mm light path
length being used. VUV absorption spectra were measured
with a spectrophotometer constructed in our laboratory!?.

Theoretical

The electronic structures of H,M+, H,M, HM-, and
M2- were calculated by the modified CNDO-CI
method presented in a previous paper.!¥ The method
has the characteristics that the semi-empirical electron
repulsion, core resonance, and core potential integrals
are separately evaluated for the 6- and m-orbitals. As
in the case of formic and acrylic acids reported,'¥) the
one-center Coulomb repulsion integrals, ’s and bonding
parameters, 8%s were commonly used for all the 2s and
2p atomic orbitals (AO) of the two oxygen atoms in the
carboxyl group. Furthermore, in order to consider the
effect of excess formal charge of the ions, the £° and y
values and the effective nuclear charge (Z) of the basis

TaBLE 1. EFFECTIVE NUCLEAR CHARGE (Z), ONE-CENTER COULOMB REPULSION INTEGRAL
(744(eV)), AND BONDING PARAMETER (f,°(eV)) For H, C, anD O aToms
C o»
H -
6-AO n-AO H,M+ H,M HM- Mz~

V4 1.2(1.0)» 3.25 3.25 4.64 4.55 4.46 4.38
Paa 12.85 13.22 10.60 18.23 17.89 17.55 17.20
B —12.0(—9.0)» —17.9 —12.9 —-31.8 —27.0 -—23.0 —17.9

a) Value being employed for both the ¢- and 7-AQO’s.

b) Employed only for HM-.
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AO’s of oxygen and the hydrogen-bonded hydrogen
atoms were modified from those of the neutral HM
molecule. The parameters finally used are tabulated
in Table 1. In the configuration interaction (CI)
calculation, 24 singly excited #—n* and 6-¢* configura-
tions and 25 singly excited #—6* and ¢—n* configura-
tions were taken into account.

Geometrical structures were taken for H,M and
HM- from the X-ray crystal analysis data?!%) and
assumed for H;M+ and M2~ to be the same as those of
H,M and HM-, respectively, except for the fact that
the additional proton was attached or removed.

The configuration analysis!® was applied to the
ground and two excited (B; symmetry) states of HM.
The molecular orbitals (MO) of M2~ and Is orbital
of the hydrogen-bonded hydrogen atom were adopted
as the reference MO’s. The ground state of HM~ was
analysed by the ground and 92 singly excited #—n* and
o-c* reference configurations (with A; symmetry) and
by all the doubly excited reference configurations derived
from the above configurations, and the excited states
of HM~ were analysed by 93 singly excited #z—xz* and
ag-c* reference configurations (with B, symmetry) and
93 %92 doubly excited reference configurations.

Results and Discussion

Figure 1 shows the absorption spectra of HM~- in
aqueous buffer solution with pH=4.4 and of M2?- in
aqueous KOH solution with pH=11.0, the spectrum
of M2~ being tentatively resolved into two components.
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Fig. 1. Near and vacuum UV absorption spectra of

(a) HM~ in aqueous buffer solution with pH=4.4,
(b) M?*~ in aqueous KOH solution with pH=11.0,
and (c) HM~ crystalline powder. The composite band
of M2~ is tentatively resolved by dotted lines.

This figure also shows the VUV spectrum observed with
HM- crystalline powder. Table 2 shows the transition
energies, oscillator strengths, and directions of transition
moments calculated by the modified CNDO-CI method,
together with the observed values. Within the molecular
(x-y) plane, the x-axis is parallel to the O-H-O hydro-
gen bond. From the comparison between the observed
and calculated results, the 210.0 nm (5.90 eV) band of
HM- in aqueous solution and ~220 nm band of HM-
crystalline powder can safely be assigned to the second

TaBLE 2. TRANSITION ENERGIES (1AE (€V)), OSCILLATOR STRENGTHS (f), AND DIRECTIONS OF
TRANSITION MOMENTS OBSERVED AND CALCULATED FOR HM- anD M2~

HM- Mz-
As- Obsd Calcd As: Obsd Caled
sign- —_— sign- —_— —_——
ment IAE f IAE f Main config.» ment IAE S IAE f
nn* 3.36  0.002(z)» 2223 g 3.00  0.001(z)"
— 3.98 0 1923 n-n* 3.51  0.000(z)
n-m* 4.17  0.000(z)  21—23 n-g* 3.57 0
n-y* 5.77 0 (%é:gg‘ n-g* 3.73 0
n-m* 5.31 0.021(x)
-z 6.05  0.002(z) (fg:gi nn*  ~5.4 ~0.06 5.38  0.101(y)
17—23 -z 5.73  0.009(z)
et ]
n-n 6.32  0.063(x) (22_26 . Cee o
. 22—24 o-m* 6.79 0
n-m 6.71 0 T m* 6.11 0.18 6.83  0.543(x)
n-m* 5.90 0.42 6.73  0.626(x)  20—23 — 6.91  0.000(z)
- 6.81 0.058(y) 1823 o 7.00  0.000(z)
22—25 n—c* 7.09 0
n-n* 7.82 0.001(z) (532 .. o
17—23 - 7.40  0.439(x)
¥k
- 8.13  0.729(x) (22_26 . 755 0.166(y)
o-n* 8.29 0 (}g:gg

a) Main electron configurations of the respective excited states are shown.

b) The direction of the transition

moment is shown in the parentheses, the x-axis being taken to be parallel to the O-H-O bond within the

molecular (x-y) plane.
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Fig. 2. UV absorption spectra of maleic acid in (a)
1.789%, (dotted line), (b) 8.64%, (c) 24.3% (broken
line), (d) 42.5%, (e) 62.5%, (f) 78.2%, and (g) 90.9%,
sulfuric acid.

7m-z* transition (calculated at 6.73 eV), whereas the
~230 nm (~5.4 eV) and 202.8 nm (6.11 eV) bands of
M?2-, to the second and third z—x* transitions (calculated
at 5.38 and 6.83 ¢V), respectively. The theoretical
results indicate that the first z—n* band is covered by
the stronger second (and third) z—z* band(s) for both
HM- and M2,

Figure 2 shows the UV absorption spectra measured
with the sulfuric acid (H,SO,) solutions of maleic acid.
From the dependency of the spectrum on the sulfuric
acid concentration, spectrum b in 8.69%, H,SO, solution
can be ascribed to the spectrum of H,M. The theoretical
result in Table 3 shows that the 193.5 nm (6.41 eV)
band of H,M is assigned to the first z—n* transition
(calculated at 5.87 €V). In more concentrated sulfuric
acid, the spectrum shifts to longer wavelengths, showing
a strong band at 220.5 nm (5.62 eV) (curve g in Fig. 2).
The spectra of the concentrated sulfuric acid solutions
e, f, and g show practically no change even after 15

TaBLE 3. 'TRANSITION ENERGIES (!AE(eV)) AND
OSCILLATOR STRENGTHS (f) OBSERVED AND
CALCULATED FOR H,M anp H;M+

H,M H,M*
———t——

As- Obsd Calcd As- Calced
sign- ——— —_—— sign- —_——
ment !AE f IAE f ment 'AE  f
n-z* 3.28 0.003 n—x* 3.90 0.003
n-z* 3.92 0.000; n-m* 6.20 0.335
n-z* 5.84 0.000, n-7* 6.44 0.001
n-n* 6.41 0.35 5.87 0.489 o-rn* 6.84 0.000,
o-n* 6.66 0.000, o—n* 7.55 0.000,
n-m* 6.96 0.013 gz-m* 8.02 0.293
n—z* 7.01 0.000, n-zn* 8.40 0.000
o-n* 7.60 0.003 o-n* 8.57 0.000,
n-n* 8.40 0.415 m-mn* 9.09 0.084
n-n* 8.84 0.123 7—* 9.25 0.004
n—c* 8.85 0.002 =m-=n* 9.36 0.576
n-* 8.90 0.000, o—n* 9.99 0.0004
n—o* 9.25 0.028 n-o* 10.24 0.040
n-n* 9.30 0.169
n—-c* 9.48 0.069
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Fig. 3. Energy levels calculated with and without CI
treatment for some lower n-n* and o—c* excited states
of (A) HM~ and (B) H,M.

without CI without CI

days. Moreover, dilution of the 90.99, H,SO, solution
of maleic acid (solution g) with water gives a spectrum
similar to that of the sulfuric acid solution of the corre-
sponding acidity. These facts indicate that the species
having the absorption band at 220.5 nm in concentrated
sulfuric acid solution is not a reaction product but a
cation in equilibrium with sulfuric acid; HM* or the
acylium ion as observed with the concentrated H,SO,
solution of mesitoic acid.1®

Let us investigate the electronic structure of HM~ in
more detail. Figure 3 shows the energy levels calculated
for some lower n—%* and c-6* excited states of HM~
compared with those of H,M. In the figure, a singly
excited configuration i—j represents one electron excita-
tion from the i-th occupied MO to the j-th vacant MO.
The shapes of MO’s of HM ™ are schematically shown in
Fig. 4. The CT character pertinent to the intramolecular

16 (o)

17(m)

(P

O+D

18(n)

Fig. 4. Schematic shapes of some occupied and vacant
MO'’s of HM~. The 22th MO is the highest occupied
one.
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TaBLE 4. RESULTS OF THE CONFIGURATION ANALYSIS (WEIGHTS) FOR THE GROUND AND
THE FIRST AND SECOND m—7* EXCITED STATES oOF HM -

Ref . State
Structure eler et}cea b /
configuration®® Ground 1st n—m* 2 nd 7—n*
(OH-O")—+ (O*H-0)—® i,j-35, 35 0.1095 — —
(OH-O+)-— (O*H-0)- i, j-35, 35 — 0.1058(0.1617)®  0.0058(0.0067)®
(O-H...0)~+ (0...H-0) - i-35 0.4093 — —
i-354 7-1*® 0.0272  0.2577(0.1672)  0.4045(0.3981)
i-351 5—g*® 0.0154  0.0124(0.0227)  0.0057(0.0108)
gf;f‘;nft";’tiﬁ‘c‘;m) (0.4519)  (0.2701(0.1899))  (0.4102 (0.4089))
(O-H...0)-— (O...H-0)- i-35 — 0.1978(0.3023)  0.0109(0.0125)
i-35 %) — 0.0131(0.0200)  0.0007 (0.0008)
i-354 5-g*®) — 0.0079(0.0122)  0.0004(0.0004)
Total for antisym.
(Total for ant i (0.2188(0.3345))  (0.0120(0.0137))
O-H*O- GO 0.3825 — —
) 0.025¢  0.2408(0.1562)  0.3780(0.3721)
R 0.0172  0.0154(0.0274)  0.0058(0.0107)
ey 0.0024  0.0237(0.0173)  0.0341(0.0341)
g};fl‘;{lf‘g OH'O"  (9.4975) (0.2799(0.2009)) (0.4179(0.4169))
Total 0.9889  0.8746(0.8870)  0.8459(0.8462)

a) 7 and j denote the 22 occupied MO’s of M2-, and & and [, the 12 vacant MO’s of M?-,
hydrogen-bonded hydrogen is numbered as the 35th vacant orbital.

The 1s orbital of
b) i-k and i,j-k,! denote the singly and

doubly excited reference configurations, respectively. c) The ionic structure, [(O*H~O)~+ (OH~O*)] is also
[} 1 ] 1

involved. d) The result for the case where the excitation energies of all the CT and 6-6* configurations

are lowered by 1.0 eV in the CI treatment is listed in the column (with parentheses).

e) Doubly excited

configurations, 7,j-k, 35. f) The ground reference configuration coincides with the ground state of M?-

g) Singly excited configurations, i-£.

hydrogen bond corresponds to the transition from the
nonbonding orbital to the antibonding orbital in the
hydrogen bond. The 21—26 and 22—26 configurations
are easily seen to have the CT character pertinent to
the hydrogen bond. The energy levels of the CT
configurations calculated for HM- are ~3 eV lower
than those for the corresponding CT configurations of
H,M. As is illustrated in Fig. 3, the CT configuration
22—26 of HM- interacts strongly with the 17—23
n-n* configuration. Consequently, the first and fourth
m-t* excited states of HM~ turn out to be considerably
rich in the CT character pertinent to the hydrogen
bond.

The conclusion was further clarified by the configura-
tion analysis for the first z—n* excited state of HM-;
the result is tabulated in Table 4, together with the
results for the ground and the second m-7* excited
(assigned to the 210.0 nm band) states. Because of the
symmetrical hydrogen bond in HM~-, the CT structure
corresponds to the antisymmetric covalent structure,
[(O-H:-:O)~ —(0O---H-O)-] and the antisymmetric
ionic structure, [(OH-Ot+)~—(O*H-O)-]. As is shown
in Table 4, the antisymmetric covalent and ionic
structures contribute considerably (=329%,) to the first
n-n* excited state, revealing that the first 7—n* excited
state is rich in the CT character in the hydrogen bond.
Table 4 shows also the result for the case where the
excitation energies of all the CT and 6—¢* configurations
are lowered by 1.0 €V in the CI treatment. The result
shows that the quantitative CT character is sensitive to

(a)

OSGOH H0975

6.330 (o a 1) C ogo) 6 221
(1.334) \
3.537 ¢

O\C 3609 ‘\
(0.808) (0. 732)

6.301 & - 0 6350 oazg
o—H 1,467
08N o 11.467)
(b)
H H 1.013
\ 4 093

\86)
00— 3.613 C/GLSQ

4
\ (0.7 9)/ (1.485)

.......... 6.475
0 0294 (1.780)
(c)
H\ /H 1.07M
4.095
C==C(0.901)
o /N0
C 3.664 c/6.6|9
\ (0.744)/ 11.634)
6.551
Y 0 (1632

Fig. 5. Total and n-(in parentheses) electron densities
calculated for the ground states of (a) H,M, (b) HM-,
and (c) M?-,
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the relative position of the m-n* (17—23) and CT
(22—26) configurations; the CT character of the first
m-n* excited state increases to =~509%, by the energy
lowering of the CT configuration.

The electron densities for the ground states of H,M,
HM-, and M2~ are shown in Fig. 5. The excess formal
charge in HM~- and M2~ is mainly distributed on the
oxygen atoms.
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