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The g-tensor components and isotropic hyperfine constants of solvent-affected radical anion from 3,4-
dihydroxybenzoic acid were computed at UBP86/EPR-II level and correlated with the molecular and elec-
tronic structures. The role of solvent was considered in two ways: by using a conductor-like screening
model (COSMO) and by adding water molecules, hydrogen bonded to the radical. To reach the best effi-
ciency of the calculations, the theoretical EPR parameters were compared with experimental derived
from high-field (406.4 GHz) and X-band spectra. Inclusion of water molecules in the first hydration
sphere of the radical appears to be mandatory for correct prediction of its properties.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Humic substances arise from degradation of organic matter and
are the most whispered abundant organic constituents of natural
soils, coals, peats and well water [1,2]. Humic acids (HAs), being
a major components of humic substances, play a significant role
in chemical properties of soils and are important for many biolog-
ical or biochemical processes [1–3].

The electron paramagnetic resonance (EPR) spectroscopy re-
vealed the presence of free radicals in HAs macromolecules [4,5].
Nowadays two types of the radicals are recognized: stable (native)
and short-lived (transient) [2,6]. The EPR studies showed a character-
istic difference in the giso values corresponding to these two types of
the radicals. Increasing pH from weak acidic to alkaline [2,6–9] or
treating the solid humic acid by gaseous ammonia [10,11] cause
the transformation of the native radicals into the transient, accom-
panied by a 400–1000 ppm giso shift, and generation of the additional
transient radicals. Recently, HF EPR studies exposed a distinct reso-
lution of perpendicular and parallel components of the g-tensor for
both types of the radicals [9]. Our DFT calculations for the model of
HAs (3,4-dihydroxybenzoic acid, 34dhb), which were verified by a
good agreement between experimental and calculated g parameter
values, allowed us to assign the protonated semiquinone forms to
the stable radicals, probably trapped in the macromolecule matrix
of HAs, and the deprotonated forms to the short-lived radicals
[12]. Moreover, it appeared that the biggest component of the g-ten-
sor of semiquinone radical species of dihydroxybenzoic acids is
ll rights reserved.

).
strongly dependent on the chemical environment, similarly to that
observed for p-semiquinones [13–18]. Our previous DFT computa-
tions reproduced this effect only qualitatively for low-molecular
models of HAs semiquinones derived from 34dhb [12]. Therefore
the aim of the present Letter is a more accurate theoretical approach
to the effect of surroundings on g-tensor components and proton
hyperfine interaction constants for the radical anion from 34dhb.

The transient radicals, being the subject of this Letter, partici-
pate in many chemical and biological processes concerning humic
acids and investigation of their properties and behavior under the
environmental factors is important for better understanding the
role of HAs in natural systems.

We focused our investigations on radical–solvent interaction,
because the transient radicals seem to be located outside the hu-
mic acid macromolecular matrix and can easily be affected by sol-
vent molecules.
2. Experimental and computational details

3,4-Dihydroxybenzoic acid was purchased from Aldrich. The
radical species was obtained by ambient oxygen oxidation in alka-
line methanol solution. EPR X-band spectrum was recorded at
room temperature on a Bruker ESP300E spectrometer equipped
with Bruker NMR gaussmeter ER 035M and Hewlett–Packard
microwave frequency counter HP 5350B. The high-field EPR spec-
trum was recorded at the NHMFL high-magnetic field facility
[19] at 406.4 GHz frequency at 5 K.

All computations were preformed in Wroclaw Centre for Net-
working and Supercomputing with ORCA [20] suits of programs. All
geometries were optimized at DFT level using gradient-corrected
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Becke’s exchange [21] and Perdew’s correlation [22] functionals
(UBP86) employing TZVP basis developed by Ahlrichs and co-work-
ers [23] and Dunning’s diffuse functions from his aug-cc-pVDZ [24]
basis set. Because Split-RI-J approximation [25] was used for the
geometry optimizations, thus an appropriate auxiliary TZV basis
set [26,27] was also employed. Each of stationary points was fully
characterized as a true minimum by vibrational analysis.

For g-tensor and hyperfine isotropic constants predictions the
BP86 functional was consistently used together with Barone’s
EPR-II [28] basis set and without RI approximation. Theoretical
background for g-tensor [29,30] and A-tensor [30] calculations is
described elsewhere, however for one-component calculation Dg-
matrix (in ppm) can be broken down into three components:

Dgrs ¼ DgRMCdrs þ DgDC
rs þ DgOZ=SOC

rs

where DgRMC
rs is the relativistic mass correction to kinetic energy, drs

is the Kronecker’s delta function ensuring DgRMC
rs contribute only to

diagonal components of the g-tensor (r = s), DgDC
rs is the diamagnetic

correction and DgOZ=SOC
rs is the orbital-Zeeman-spin–orbit term.

To investigate the effects of the solvent the conductor-like
screening model (COSMO) [31,32] was used. COSMO is a continuum
solvation model, introduced by Klamt and Schüürmann [31], assum-
ing that the continuum is a perfect conductor screening the charge
density of the solute. Furthermore, to take into consideration a
strong interactions between the radical and solvent molecules
(hydrogen bonds), not incorporated in the COSMO formalism, the
more elaborate computations including water molecules in the first
hydration sphere around the radical were preformed.

To include Van der Waals (VDW) corrections at the DFT level a
semi-empirical method proposed by Grimme was applied [33,34].

3. Results and discussion

Optimized structures of the studied systems are shown in Fig. 1
together with atoms numbering. The notation used in present
work for the structures is explained in the caption of Table 1.
Fig. 1. Optimized structures, atom numbering, g-tensor axes orien
3.1. Molecular and electronic structure

To estimate the change in g-parameters of the transient radicals
under the influence of solvents we performed a comparative anal-
ysis of the molecular and electronic structure for model compound
derived from 34dhb. It should be noticed here, that solvent sur-
roundings can influence the properties of the molecule in two
ways: indirectly, by modifying the structure and directly, by polar-
izing the electron density at given geometry structure.

It is known that solvation of a molecule induces its polarization
and this effect is illustrated in present work by the values of calcu-
lated Mulliken charges (Table 1). Thus the increasing polarization
should lead to the localization of more negative charge on the oxy-
gen atoms. In the gas phase the delocalization of the negative
charge onto the aromatic ring is essential. However, an increase
of solvent polarity in COSMO method formalism results in stabil-
ization of the negative charge on oxygen atoms, carboxyl (O8 and
O9) and carbonyl (O10 and O11) as well. A significant change is ob-
served when comparing the charges for Agas with those for Ahexane

and for ACCl4 with those for ATHF,, whereas the change of the charges
for structures A optimized in different polar solvent (acetone,
methanol, DMSO, water) are minor, but still meaningful.

It needs to be mentioned that the charges localized on O8 and
O9 as well as O10 and O11 are not exactly equivalent.

The calculations in COSMO formalism using gas optimized
structures, including only the direct interaction, provide less nega-
tive charges on oxygen atoms, so relaxation (optimization) of the
geometry in solvent leads to further polarization of the radical
(more negative charges on oxygen atoms).

The comparison of the results of applying the COSMO formalism
for a simple molecule (Awater) with those for cluster models (Cwater

and Dwater) shows that gradual inserting the water molecules into
the hydration sphere leads to less negative charges on all oxygen
atoms. Hence, this effect is mainly caused by delocalization of
the negative charge onto the water molecules and it cannot be con-
sidered as the radical polarization decrease (for Dgas a total Mulliken
tation and frontier orbitals of the system under investigation.



Table 1
C� � �O distances (r) in Å, Mulliken spin populations (d), Mulliken charges (q) and dielectric constants (e). Solvent name in the superscript indicates that COSMO formalism was
applied in the calculation, VDW label as subscript informs that Van der Waals correction was used. The data in parentheses were obtained from single-point calculations in
COSMO formalism at gas phase optimized structure so they reflect only direct solvent effect (see text for details). All computed at UBP86/EPR-II level for geometries optimized at
UBP86/aug-TZVP level.

r(C3� � �O10) r(C4� � �O11) d(C3) d(C4) d(O8) d(O9) d(O10) d(O11) q(O8) q(O9) q(O10) q(O11)

Agas, e = 1 1.275 1.274 0.097 0.101 0.024 �0.001 0.237 0.214 �0.457 �0.446 �0.451 �0.456
Ahexane, e = 1.9 1.276 1.274 0.100 0.103 0.024 0.000 0.237 0.213 �0.469 �0.461 �0.462 �0.464

(0.102) (0.103) (0.023) (0.000) (0.236) (0.212) (�0.466) (�0.457) (�0.460) (�0.462)
ACCl4 , e = 2.2 1.276 1.274 0.101 0.103 0.023 0.000 0.237 0.213 �0.471 �0.464 �0.465 �0.466

(0.103) (0.104) (0.023) (0.000) (0.236) (0.211) (�0.468) (�0.459) (�0.462) (�0.463)
ATHF, e = 7.3 1.277 1.274 0.107 0.104 0.023 0.002 0.236 0.211 �0.482 �0.479 �0.479 �0.474

(0.110) (0.106) (0.022) (0.001) (0.234) (0.209)) (�0.475) (�0.470) (�0.474) (�0.470)
Aacetone, e = 20.7 1.278 1.275 0.110 0.105 0.024 0.002 0.236 0.210 �0.486 �0.486 �0.485 �0.478

(0.113) (0.107) (0.022) (0.002) (0.233) (0.208) (�0.478) (�0.474) (�0.479) (�0.472)
Amethanol, e = 32.6 1.278 1.275 0.110 0.105 0.023 0.002 0.235 0.211 �0.486 �0.487 �0.486 �0.478

(0.113) (0.107) (0.022) (0.002) (0.233) (0.208) (�0.478) (�0.475) (�0.480) (�0.473)
ADMSO, e = 47.2 1.278 1.275 0.111 0.105 0.023 0.002 0.235 0.210 �0.487 �0.488 �0.487 �0.479

(0.114) (0.107) (0.022) (0.002) (0.233) (0.208) (�0.475) (�0.475) (�0.480) (�0.473)
Awater, e = 80.4 1.278 1.275 0.111 0.105 0.024 0.002 0.235 0.210 �0.487 �0.489 �0.488 �0.479

(0.114) (0.107) (0.022) (0.002) (0.233) (0.208) (�0.479) (�0.475) (�0.481) (�0.473)
B.1gas, e = 1 1.273 1.271 0.091 0.092 0.022 0.001 0.243 0.210 �0.463 �0.453 �0.436 �0.441

B.1water, e = 80.4 1.277 1.274 0.108 0.101 0.023 0.004 0.239 0.207 �0.475 �0.476 �0.482 �0.474

B:1gas
VDW , e = 1 1.272 1.271 0.091 0.092 0.022 0.001 0.243 0.209 �0.464 �0.453 �0.435 �0.440

B:1water
VDW , e = 80.4 1.277 1.273 0.109 0.101 0.023 0.004 0.238 0.206 �0.475 �0.476 �0.481 �0.473

B.2gas, e = 1 1.282 1.281 0.114 0.120 0.025 �0.002 0.235 0.217 �0.447 �0.436 �0.446 �0.454

B.2water, e = 80.4 1.284 1.281 0.127 0.118 0.024 0.002 0.234 0.214 �0.482 �0.483 �0.469 �0.460
B:2gas

VDW , e = 1 1.281 1.281 0.115 0.121 0.026 �0.002 0.234 0.216 �0.448 �0.435 �0.444 �0.453

B:2water
VDW , e = 80.4 1.284 1.281 0.128 0.121 0.023 0.002 0.233 0.213 �0.482 �0.483 �0.467 �0.495

Cgas, e = 1 1.279 1.278 0.109 0.111 0.023 0.001 0.242 0.214 �0.455 �0.444 �0.434 �0.441
Cwater, e = 80.4 1.283 1.280 0.123 0.115 0.023 0.004 0.238 0.211 �0.472 �0.471 �0.463 �0.456

Cgas
VDW , e = 1 1.279 1.279 0.110 0.112 0.023 0.001 0.241 0.214 �0.455 �0.443 �0.431 �0.440

Cwater
VDW , e = 80.4 1.283 1.280 0.125 0.116 0.023 0.003 0.237 0.211 �0.471 �0.471 �0.462 �0.455

Dgas, e = 1 1.279 1.283 0.101 0.118 0.020 0.002 0.259 0.204 �0.403 �0.397 �0.382 �0.406
Dwater, e = 80.4 1.289 1.278 0.137 0.107 0.021 0.006 0.234 0.214 �0.403 �0.426 �0.415 �0.435
Dgas

VDW , e = 1 1.278 1.282 0.101 0.118 0.020 0.002 0.256 0.204 �0.409 �0.395 �0.376 �0.399

Dwater
VDW , e = 80.4 1.286 1.282 0.131 0.117 0.020 0.006 0.242 0.208 �0.428 �0.415 �0.414 �0.418
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charge on radical molecule is �1.659 while for Agas it is �2.0).
Nevertheless, the negative charge delocalization from the aromatic
ring onto all oxygen atoms becomes more advanced going from
Cgas to Cwater and from Dgas to Dwater, thus the cluster models are still
well polarized in terms of COSMO formalism.

Inclusion of VDW correction into DFT calculations exerts only
small influence on the charges located on oxygen atoms.

The data calculated in gas phase for the structures including one
water molecule located next to carboxyl (B.1) or hydroxyl groups
(B.2) show that this simple cluster models lead to an overestima-
tion of negative charges on carboxyl oxygens for B.1gas and on hy-
droxyl oxygens for B.2gas in comparison to those for Cgas and Dgas.
This tendency is not improved by employing COSMO method
and/or empirical VDW correction, as is seen by the differences in
Mulliken charges between these for B.1water and Cwater or Dwater,
and between these for B.2water and Cwater or Dwater (Table 1).

For all the A structures optimized in different solvents in the
COSMO formalism a C3–O10 distance is larger than C4–O11. With
the solvent dielectric constant increase the C3–O10 and C4–O11
distances become longer (see Table 1). They reach the maximal va-
lue for acetone and there is practically no improvement caused by
the further solvent polarity increase (methanol, DMSO, water). The
data show that the charge delocalization onto the oxygens and the
C–O distance increase is related to the solvent polarity. Neverthe-
less, the changes in C3–O10 distances are more significant than
those in C4–O11.

The distances between hydroxyl oxygens and carbons in ipso
positions become far larger for the cluster model that includes
two water molecules (in Table 1 see values obtained for Agas and
Cgas). Adding four more water molecules into the hydration sphere
(Dgas) causes only further C4–O11 distance increase as compared to
Cgas. Optimization with use of the COSMO method leads to the
lengthening of both distances for a cluster with two water mole-
cules (Cwater), although when six water molecules are included,
the distance C3–O10 becomes larger than C4–O11 (see values for
Dgas and Dwater).

Comparison of the distances between hydroxyl oxygens and
ipso carbons shows that inclusion of Van der Waals correction does
not cause very significant changes for cluster including two water
molecules (see data for Cgas and Cgas

VDW or for Cwater and Cwater
VDW ). Only

very small changes are also found for structures Dgas and Dgas
VDW . It

needs to be noticed that the C4–O11 separation is longer than
C3–O10 for Dgas and Dgas

VDW , however geometry optimization in COS-
MO formalism results in reverse relation, as was already men-
tioned (see data for Dgas

VDW and Dwater
VDW ).

The calculations for the radical in the gas phase with only one
water molecule located next to carboxyl group lead to underesti-
mated C3–O10 and C4–O11 distances, even in comparison with
the radical containing no water molecules, see data for B.1gas and
Agas or for B.1water and Awater. In case of structures B.2gas and B.2water

these distances are overestimated as compared to these for Cgas and
Cwater. The inclusion of the VDW correction does not change this
tendency.

It was shown for p-semiquinones that solvent inclusion results
in spin population smaller on oxygen atoms and grater on carbon
atoms in ipso positions and leads to the reduction of the biggest
g-tensor component [13–15], as the spin–orbit coupling is smaller
for carbon atom. The calculated Mulliken spin populations are col-
lected in Table 1 to help in estimation of this effect for the radical
studied here. The use of COSMO formalism for all structures A leads



Fig. 3. High-field EPR spectrum (406 GHz) of semiquinone radical anion derived
from 3,4-dihydroxybenzoic acid and simulated spectrum.
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to a significant shifts in spin population. When the solvent dielec-
tric constant increases, the spin population on hydroxyl oxygen
atoms (O10,O11) is reduced, in contrast to that on C3 and C4
atoms. In the gas phase (Agas) higher spin population are localized
on C4 atom, however the changes on C3 are more distinct, and
starting from THF the spin population is grater on this atom. It is
connected with more significant changes of C3–O10 distance upon
the solvent polarity increase in comparison with C4–O11. Correla-
tion of C3–O10 distance and spin population on C3 shows a linear
dependence (R2 = 0.99). Similarly, a linear dependence (R2 = 0.94)
exists between spin population on C4 and C4–O10 distance
(Fig. 2). The data illustrate that radical polarization enhancement
is accompanied by the decreasing spin population on O10 and
O11 atoms and increasing populations on carbons in ipso positions.

The Mulliken spin populations on C3 and C4 distinctly grow for
cluster model (Cgas) as compared to Agas; furthermore when going
from Cgas to Dgas this tendency is similar for C4 and opposite for
C3. The employing of the COSMO formalism for cluster with two
water molecules (Cwater) leads to further spin population increase
on both C3 and C4 but more efficiently on C3. The COSMO calcula-
tion for the cluster with six water molecules (Dwater) results in
smaller population on C4 and greater on C3 (in comparison to Dgas),
which is associated with expanding of C3–O10 and reducing of C4–
O11 distances.

The spin population on O10 exhibits increasing tendency from
Agas to Dgas; the population on O11 is the same for Agas and Cgas

but decreases for Dgas. The application of COSMO leads to decreas-
ing of spin population on O10 and increasing on O11 from Awater to
Dwater structures.

Inclusion of VDW correction results in apparent differences be-
tween spin populations on O10 and O11 for a cluster with six
water molecules. For Dgas

VDW the spin population on O10 is smaller
and on O11 similar as compared to those for Dgas, while for Dwater

VDW

the spin population is smaller on O11 and larger on O10 than those
for Dwater.

It needs to be mentioned that Mulliken spin populations local-
ized on O8 and O9, on O10 and O11 as well as on C3 and C4 ap-
peared to be not exactly equivalent, as was reported by us
previously [12]. For cluster models the spin populations on O10
and O11 atoms become even less equivalent what is especially
important for appropriate prediction of EPR parameters being
apparently dependent on the values of spin population.
Fig. 2. Predicted C� � �O distances (in Å) vs. Mulliken spin populations on carbon atoms in
(see Table 1).
The calculations using gas optimized structures, including only
direct interaction, result in underestimated spin densities on O10
and O11 and overestimated on C3 and C4 atoms as compared with
the densities obtained for the structures optimized in COSMO
formalism.

3.2. Theoretical and experimental g-tensor

In present work the following notation is used for the g-tensor
components: gx is oriented almost along C3–O10 bond, gy is per-
pendicular to gx but still in the benzene ring plane, and gz is per-
pendicular to this plane (see Fig. 1). High-field EPR spectrum
(Fig. 3) revealed three components of the g-tensor. Two compo-
nents are very close to each other (gx = 2.00620 and gy = 2.00570)
and the third one (gz = 2.00257) is close to the free electron g-value
(ge = 2.002319. . .). The calculated and experimental values of the g-
tensor components are shown in Table 2.

The Dgy and Dgz components predicted for gas optimized struc-
ture (Agas) are quite close to the experimental values, nevertheless
Dgx is apparently overestimated as was reported by us before [12].
The Dgx and Dgy are characterized by large excited states contribu-
tions (DgOZ/SOC term dominates over the DgRMC and DgDC). The Dgz

is the smallest component of the Dg-tensor due to a very low
ipso positions in different solvents for the radical structures between Agas and Awater



Table 2
Theoretical and experimental Dg-tensor values (in ppm) and dielectric constants (e).
The notation for structures is explained in the Table 1 caption. Data in parentheses
were obtained from a single-point calculation in the COSMO formalism for gas phase
optimized structure, thus they reflect only the direct solvent effect.

Dgz Dgy Dgx

Agas, e = 1 DgRMC �221 �221 �221
DgDC 155 190 155
DgOZ/SOC �42 3720 5077
Dgtotal �107 3690 5011

Ahexane, e = 1.9 Dgtotal �109 3654 5019
(�109) (3648) (4885)

ACCl4 , e = 2.2 Dgtotal �109 3642 5021
(�110) (3636) (4856)

ATHF, e = 7.3 Dgtotal �111 3557 5008
(�112) (3575) (4724)

Aacetone, e = 20.7 DgRMC �221 �221 �221
DgDC 154 193 152
DgOZ/SOC �45 3547 5087
Dgtotal �111 3519 5018

(�113) (3549) (4675)
Amethanol, e = 32.6 Dgtotal �111 3517 5005

(�113) (3543) (4665)
ADMSO, e = 47.2 Dgtotal �111 3513 5005

(�113) (3540) (4659)
Awater, e = 80.4 DgRMC �221 �221 �221

DgDC 154 193 152
DgOZ/SOC �45 3530 5085
Dgtotal �111 3502 5016

(�113) (3537) (4654)
B.1gas, e = 1 Dgtotal �93 3776 4971
B.1water, e = 80.4 Dgtotal �98 3554 5009
B:1gas

VDW ; e ¼ 1 Dgtotal �94 3758 4928
B:1water

VDW , e = 80.4 Dgtotal �98 3546 4966
B.2gas, e = 1 Dgtotal �124 3443 4813
B.2water, e = 80.4 Dgtotal �128 3462 4569
B:2gas

VDW ; e ¼ 1 Dgtotal �125 3439 4741
B:2water

VDW , e = 80.4 Dgtotal �128 3447 4497
Cgas, e = 1 DgRMC �224 �224 �224

DgDC 146 179 161
DgOZ/SOC �39 3576 4714
Dgtotal �116 3532 4652

Cwater, e = 80.4 DgRMC �224 �224 �224
DgDC 144 179 160
DgOZ/SOC �42 3561 4620
Dgtotal �121 3517 4556

Cgas
VDW ; e ¼ 1 Dgtotal �117 3528 4580

Cwater
VDW , e = 80.4 Dgtotal �121 3512 4475

Dgas, e = 1 DgRMC �224 �224 �224
DgDC 144 179 163
DgOZ/SOC �1 3548 4462
Dgtotal �80 3504 4402

Dwater, e = 80.4 DgRMC �223 �223 �223
DgDC 141 188 152
DgOZ/SOC �23 3537 4178
Dgtotal �104 3503 4107

Dgas
VDW ; e ¼ 1 Dgtotal �53 3487 4370

Dwater
VDW , e = 80.4 Dgtotal �88 3524 3996

Experimental 34dhba 248 3377 3877
Transient radical in HAsb �0 �3180 �3180

a This work.
b [9].

Fig. 4. SOMO–HOMO energy differences (in eV) vs. DgOZ/SOC contributed to gy (in
ppm) for all A structures optimized in different solvents in COSMO formalism.
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contribution of excited states and it is almost entirely determined
by first order terms: DgRMC and DgDC (see Table 2).

For all structures A optimized in different solvents in COSMO
formalism only one perpendicular component, Dgy, decreases on
the rise in the solvent dielectric constant and becomes closer to
the experimentally observed value. The changes in Dgx cannot be
yet discussed meaningfully as they do not show a clear tendency.
No changes are observed in Dgz. A plot of SOMO(b)–HOMO(b) en-
ergy differences versus DgOZ/SOC contribution to Dgy shows a linear
relationship (R2 = 0.96, see Fig. 4.). It suggests that HOMO(b)?SO-
MO(b) excitation is responsible for the changes in Dgy component
of the Dg-tensor of the investigated radical in terms of solvent
polarity. Together with the solvent dielectric constant the
SOMO–HOMO energy gap increases and HOMO(b)?SOMO(b) exci-
tation becomes less significant, while in case of p-semiquinones,
without strong hydrophilic substituents, this excitation contrib-
utes mainly to the largest (Dgx) component [13]. Frontier orbitals
are shown in Fig. 1 and were discussed previously [12].

The predicted Dgx component remains significantly overesti-
mated in spite of COSMO formalism inclusion, therefore a stronger
solvent–radical interactions, like hydrogen bonds, needs to be ta-
ken into consideration to calculate Dgx exactly.

The Dg-tensor components obtained for B.1gas structure do not
change much as compared to these for Agas. The COSMO solvation
model and VDW correction also do not provide any progress. For
B.2 cluster models an improvement in Dgx is fundamental. These
two facts suggest that interaction of water molecules with carboxyl
group is irrelevant for appropriate Dgx prediction, however the re-
sults for cluster model including one water molecule next to car-
boxyl and one next to hydroxyl groups (Cgas) are far more
accurate, than those for B.2. As it was showed in part 3.1 of present
work the B.1 and B.2 structures do not reproduce molecular and
electronic structure properly. For B.1 the spin density on O10 and
O11 oxygen atoms is overestimated and C–O distances underesti-
mated, so the changes in computed Dg-tensor caused by inclusion
of water molecule are neutralized. On the other hand, the changes
in the Dg-tensor for B.2 seem to be also significantly overestimated
(spin density on O10 and O11 oxygen atoms is underestimated and
C–O distances overestimated).

The results obtained for cluster model Cgas are improved com-
pared to Agas; both perpendicular Dg-tensor components are closer
to the experimental values. Inclusion of VDW correction, as well as
calculation in the COSMO formalism, brings about further decrease
in Dgx and Dgy. The values theoretically predicted for Cwater

VDW show
that combination of COSMO and VDW correction leads to better
agreement with experiment than if they are used separately.

Computations for cluster model including six water molecules
results in further improvement of the Dg-tensor values. It is note-
worthy that the COSMO-induced effect is practically negligible for
Dgy, while it still matters for Dgx (see Dgas and Dwater). The best
correspondence between experimental and theoretically obtained
g-tensor components is observed for Dwater

VDW , as could have been
anticipated taking into account the results of calculation for the
clusters with two water molecules.
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The relationship between particular components of the Dg-ten-
sor for model radical and for transient radical are identical, never-
theless the values experimentally obtained for humic acids are
below the values observed for model radical. However, a large
macromolecule like HAs is expected to experience far more ad-
vanced delocalization of the spin density onto carbon atoms via
conjugation and hyperconjugation that should result in decreasing
of perpendicular components.

Predictions of the Dg-tensor in COSMO formalism for the gas
phase optimized structures show that the solvent polarity increase
leads to the distinct decrease in Dgx, as reported previously [12].
However, the Mulliken spin populations obtained by such calcula-
tion are apparently overestimated for C3 and C4 and underesti-
mated for O10 and O11 as compared to the values obtained for
structures optimized in COSMO formalism, so the decrease of Dgx

should be considered as overestimated, as carbon atom is charac-
terized by small magnitude of the spin–orbit coupling constant.

3.3. Theoretical and experimental isotropic hyperfine constants

The X-band EPR spectrum of radical species of 3,4-dihydroxy-
benzoic acid in methanol is split due to hyperfine interaction of un-
paired electron with three nonequivalent protons of the benzoic
ring. All theoretically and experimentally obtained values of isotro-
pic hyperfine constants a(1H) are shown in Table 3.

For the gas optimized structure Agas, the a(1H) values calculated
for all three protons are considerably overestimated. The COSMO
formalism brings about different results for every constant. In
the case of a(1H12), a systematic improvement of theoretical value
Table 3
Experimental and calculated hyperfine interaction constants (in Gs). The notation for
structures is explained in the Table 1 caption. The data in parentheses were obtained
from single-point calculation in COSMO formalism for a gas phase optimized
structure, thus they reflect only the direct solvent effect.

a(1H12) a(1H13) a(1H14)

Agas, e = 1 �2.27 �1.35 �3.75
Ahexane, e = 1.9 �2.23 �1.36 �3.59

(�2.26) (�1.34) (�3.62)
ACCl4 , e = 2.2 �2.22 �1.36 �3.55

(�2.25) (�1.34) (�3.58)
ATHF, e = 7.3 �2.15 �1.38 �3.33

(�2.19) (�1.34) (�3.39)
Aacetone, e = 20.7 �2.11 �1.39 �3.22

(�2.16) (�1.34) (�3.30)
Amethanol, e = 32.6 �2.10 �1.39 �3.20

(�2.15) (�1.34) (�3.29)
ADMSO, e = 47.2 �2.09 �1.39 �3.19

(�2.15) (�1.34) (�3.27)
Awater, e = 80.4 �2.09 �1.40 �3.18

(�2.14) (�1.34) (�3.26)
B.1gas, e = 1 �2.65 �1.44 �3.47

B.1water, e = 80.4 �2.29 �1.41 �3.05

B:1gas
VDW , e = 1 �2.66 �1.46 �3.48

B:1water
VDW , e = 80.4 �2.30 �1.42 �3.05

B.2gas, e = 1 �1.77 �1.04 �3.79

B.2water, e = 80.4 �1.67 �1.16 �3.17
B:2gas

VDW , e = 1 �1.75 �1.04 �3.79

B:2water
VDW , e = 80.4 �1.66 �1.14 �3.19

Cgas, e = 1 �2.11 �1.14 �3.54

Cwater, e = 80.4 �1.87 �1.16 �3.08

Cgas
VDW , e = 1 �2.09 �1.14 �3.54

Cwater
VDW , e = 80.4 �1.84 �1.16 �3.07

Dgas, e = 1 �2.42 �0.86 �3.58

Dwater, e = 80.4 �1.73 �1.20 �2.84
Dgas

VDW , e = 1 �2.42 �0.91 �3.56

Dwater
VDW , e = 80.4 �1.86 �0.99 �3.02

Experimental 1.38 0.76 3.3
is observed, while for a(1H13) the difference between theoretical
and experimental value becomes greater on including the solvent
dielectric constant. The calculated a(1H14) magnitude is close to
that determined from the EPR spectrum for the ATHF structure, nev-
ertheless a further solvent dielectric constant increase results in
a(1H14) decreasing below the experimental value.

Inclusion of water molecules in DFT calculation seems to be
essential for proper prediction of the isotropic proton hyperfine
constants. For the resulting Dwater

VDW structure, which gives the best
values of the Dg-tensor components, a great improvement in the
calculated values of proton hyperfine constants is achieved. How-
ever a(1H12) and a(1H13) are still overestimated while a(1H14) is
underestimated.

Although the calculations for the clusters with one water mole-
cule gave the particular hyperfine constants properly shifted to-
wards the experimental values, inclusion of the water molecules
next to carboxyl and hydroxyl oxygen atoms appears to be manda-
tory for appropriate prediction of all hyperfine constants.

4. Conclusions

The g-tensor components and isotropic hyperfine constants of
the radical anion of 3,4-dihydroxybenzoic acid, mimicking the
transient radicals present in HAs, were computed and discussed
in terms of radical–solvent interaction. It was shown that in the
COSMO formalism the significant delocalization of the negative
charge onto the carboxyl and hydroxyl oxygens, in addition to an
increase of corresponding C–O distances are apparently associated
with the solvent polarity. Furthermore, the use of COSMO formal-
ism for all structures A leads to significant decrease in the spin
population on hydroxyl oxygen atoms (O10,O11), in contrast to
carbon atoms in ipso positions (C3,C4). A linear dependence be-
tween the spin population on C3 and C4 atoms and corresponding
C–O distance were found.

Moreover, the studies revealed that including two and six
hydrogen bonded water molecules in the optimization of the rad-
ical geometry is mandatory for appropriate prediction of C–O dis-
tances and spin populations, as is proved by better prediction of
EPR properties. To obtain the best agreement between experimen-
tal and calculated g-tensor components, the inclusion of six water
molecules into hydration sphere requires also employing the COS-
MO formalism and VDW correction. Such method of calculation
gives the Dwater

VDW structure with gx, gy and gz components within
119, 147 and 336 ppm of the corresponding experimental values,
while for Agas resulting from basic calculation in the gas phase they
are within 1134, 313 and 355 ppm. Subsequently, the spin popula-
tions and C–O distances for Dwater

VDW appear to be more accurate as
well.
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