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SUMMARY.The interaction of Hg with humic acids was studied in the pmol to nmol range by
measuring the nuclear quadrupole interaction of 199mHg via time differential perturbed angular
correlation of gamma-rays. Up to five different coordination geometries were observed. Tentative
assignments are based on results on model compounds including Hg-derivatives of small blue
copper proteins. Two-fold linear and distorted three-fold planar geometries are predominant
with sulphur and nitrogen in the first coordination sphere.

1. Introduction
Humic substances play an important role
in life- and geosciences because of their
ubiquitous occurrence. They derive from
dead organic matter and are described as
weakly associated macromolecular units or
colloids with a molecular weight of 100 -
100.000 Dalton [1]. Because of their poly-
functional properties they can act as carriers
of inorganic and organic toxic substances.
Of particular interest is the interaction of
heavy metals like mercury and cadmium
with humic substances. Of primary in-
terest is the speciation of the mercury in
humic substances in a wide range of Hg-
concentrations from 10~10 M to 10~8 M or
higher. Conventional techniques like gel fil-
tration, pH-gradient adsorption chromatog-
raphy [2], UV/VIS-adsorption and fluores-
cence spectroscopy [3], or nuclear magnetic
resonance [4] are only applicable in a metal
concentration range exceeding the natural
level by 2-3 orders of magnitude. Even mod-
ern laser spectroscopic techniques like laser
induced photo acoustic spectroscopy [5] and
time-resolved laser fluorescence spectroscopy
[6] are only applicable at metal concentra-
tions exceeding 10~7 M. On the contrary,
time differential perturbed angular correla-
tion of 7-rays (TDPAC) utilizing radioac-
tive nuclear probes is extremely sensitive
and proved already very useful in the case of
199mjjg p-j Here, the nuclear quadrupole in-
teraction (NQI) allows to identify the metal
coordination geometries. In this paper we
describe an extension of such investigations

towards the pmol range using the on-line iso-
tope separator ISOLDE at CERN, Geneva.

2. Experimental
2.1. TDPAC
The short-lived isomeric state of 199mHg
(71/2 = 42.6 min, / = 5/2+) decays to the
groundstate via the successive emission of
two 7-rays with energies of 375 keV (71) and
158 keV (72). For randomly oriented nuclear
spins - as it is the case in the present studies -
each 7-ray is emitted isotropically. However,
the coincidence countrate is anisotropic, i.e.
it depends on the angle between both emit-
ted 7-rays. The reason for this anisotropy is
the conservation of angular momentum for
each of the decay processes. The intermedi-
ate level (/ = 5/2+) of the 7-7-cascade has
a half-life of T^J2 = 2.45(5) ns and a nuclear
quadrupole moment of Q = 0,67(8) barn
[8]. If the nucleus interacts via its quadru-
pole moment with the electric field gradient
the angular correlation between both 7-rays
is periodically perturbed due to the nuclear
spin precession. Hence, the time resolved
coincidence countrate can be written as [9]:
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P2 (cos 9) + . . . ) ,
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Here, the vectors k\ and k2 are the emis-
sion directions of 71 and 72 with 9 denoting
the angle between them, r/v is the nuclear
lifetime (rjv = Ti/2/ln2), A22 denotes the
anisotropy (A22 = 18.4(6) % [10]), G22(t) is
the perturbation function and P2 is a Legen-
dre polynomial. The perturbation function



for pure NQI and / = 5/2 can be written as
[11]:
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Here, fi(rj) are intensities which depend on
the asymmetry parameter TJ of the electric
field gradient tensor (EFG) and which have
well-defined values for a given r). The asym-
metry parameter is defined as:

(3)\vxx\ < \vyy\ < \vz

where Va denote the EFG-tensor compo-
nents in the principal coordinate system.
The frequencies w,(r/) are related to the en-
ergy splittings between the sublevels with
m = ±5/2, ±3/2, ±1/2. The connection
to VQ — eQVzz/h, the nuclear quadrupole
coupling constant, is given as follows [11]:

with a = yJf and /? = 52il^!i

(4)
Note, thatw3 = wi-j-^2 by definition. Hence,
there are two parameters {u>\,rj) to be ex-
tracted for a unique probe geometry. In
the case of a superposition of several probe
geometries each site is characterized by its
pair of (u>x, rj). In addition, the site popula-
tions are treated as adjustable parameters.
In practice, solid angle correction factors
reduce A22 (also treated as a free para-
meter). Furthermore, the finite time res-
olution of the spectrometer - we used the
6-detector TDPAC-camera [12] - of about
700 ps FWHM has to be taken into account.
It reduces the intensity of high-frequency
components (> 2 . . .3 Grad/s).

2.1. Isotope preparation
At the on-line isotope separator ISOLDE at
CERN, Geneva, an isotopically pure beam of
199mHg is produced with the only significant
contamination being 199gHg. We implanted
« 1010 atoms of 199mHg in ice at ~ 100 K.
This activity was used either without addi-
tion or with addition of inactive carrier in
the form of a Hg2+/5% HNO3 standard so-
lution.
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2.3. Humic Acid Preparation
The starting material was water from the
"Kleiner Kranichsee", a moor in the upper
Westerzgebirge at the border between Ger-
many and the Czech Republic. This site was
chosen because it provides refractory humic
substances with a low load of heavy metals
and other organic substances. In particular,
it is low in Fe-content which is important
for the present purpose. The characteris-
tic geochemical parameters of this area are
pH= 3.2...3.5, redox potential ~ 200 mV,
conductivity 100 — 150 /iS/cm. In this area
the content of humic substances is 20 times
higher than normal. For the isolation and
purification of humic acids we followed the
procedure of the International Humic Sub-
stance Society (IHSS)[14j. We obtained
about 2 mg humic acid per litre of water.

2.4. TDPAC Sample Preparation
We dissolved about 50 mg of lyophilized hu-
mic acid in 10 ml of 1 M NaOH and adjusted
the pH to 4 by addition of 1 M HNO3. In
some cases we added 5 ml 0.1 M KC1 in or-
der to adjust the ionic strength. We then
added "type I" ultrapure water (A.S.T.M.)1

up to 100 ml volume. The mother liquid
was stored in ice and protected from light.
We subsequently added carrier-free 199mHg
(about 370 kBq) to 50 /il mother solution.
In this way, a stoichiometry of about 107 :1
for humic acids : metal was obtained. All
stoichiometries are related to the total acid-
ity of humic acids of 5 mmol/g, as obtained
by pH-titration after Ba(OH)2 exchange ac-
cording to Stevensen [15]. Incubation times
were between 10 to 20 minutes. In order to
avoid molecular tumbling motions or inter-
molecular reorientational motions, the sam-
ples were frozen to temperatures between
-60 °C and -30 °C.
Seven different experiments - denoted Hgl
. . . Hg7 - were performed, the first three
under identical conditions with the sample
age being the only difference. We then com-
pared the results for no carrier added and
carrier added incubations. Since the addi-
tion of KC1 could have led to the formation
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of HgCl2 or related species, we refrained
from adding KC1 in the later experiments
(Hg4 - Hg7). Table 1 summarizes the prepa-
ration conditions.

3. Results
Figure 1 shows the observed time spectra
(left) and their Cosine transforms (right) for
all seven samples. There is a prominent peak
at about 1.5 Grad/s in all spectra. Differ-
ences are visible in the range from 2.0 Grad/s
to 4.0 Grad/s where the first harmonic u>2
or the sum frequency u>3 is expected. In ad-
dition, there are occasionally shoulders on
the low and high frequency side of the main
peak.

Keeping in mind that the line intensities are
not adjustable parameters, it is possible to
extract hyperfine parameters u> and r\ for up
to three different Hg2+-sites per spectrum.
A least squares fitting analysis yielded the
NQI parameters listed in table 2.

We found it useful to introduce the follow-
ing five categories for the observed Hg-sites,
listed in table 3:

Figure 2 shows the relative populations of
the sites denoted A-E for all seven experi-
ments.

It is clear that site A is observed only in those
cases where no carrier was added. This site
becomes dominant with age (Hgl-3), Hg3
being recorded 10 hours after Hgl. It is also
evident that site B is observed only when
KC1 was added. Site E seems to appear only
when carrier is added, with Hg7 being excep-
tional. It is rather surprising and elucidating
to plot all observed hyperfine parameters to-
gether with a selection of model compounds
in a so-called Czjzek diagram [16]. This is
essentially a linear plot of one EFG-Tensor
component (Vxx) versus a linear combina-
tion of Vzz and Vxx.
Figure 3 shows the resulting plot. There are
clearly clusters for each type of sites which
are encircled with a larger scatter for the
type E site (not encircled). In fact, those
clusters were the motivation for the intro-

duction of the categories A-E.
- Figure 3 -

4. Discussion
The close agreement of site A NQI-
parameters with those observed in Hg-
derivatives of the small blue copper protein
plastocyanin (wild type) [17] or the type 1
Cu-site in ascorbate oxidase [18] strongly
suggests that we are dealing with a rather
similar coordination geometry, i.e. essen-
tially a three-fold, nearly planar coordi-
nation with one sulphur and two nitrogen
atoms. This is a rather surprising result
because it is believed that no model com-
pounds for the type 1 copper site in blue
copper proteins exist thus far. On the other
hand, there are functional groups in humic
acids of the mercapto- and amino-type. In
fact, the sulphur content of our own humic
acid from the "Kleiner Kranichsee" was de-
termined to be 0.33 %, more than enough to
form a "type-1-coordination" with Hg, espe-
cially in cases where no carrier was added.
The type D site is rather similar to the type
A site. Nevertheless, the NQI-parameters
agree better with those of a Hg-derivative
of mutants of the small blue Cu-protein
azurin [18], in particular with azurin mu-
tants M121D and M121L [17]. A character-
istic difference between these sites and the
plastocyanin (wt) site is the lack of the dis-
tant axial ligand methionine with a concomi-
tant distortion of the three-fold-coordination
and the metal moving out of plane. Possibly,
glycine on the other side of the S-N-N-plane
at a rather large distance also plays a role.
Therefore, we tentatively assign the type D
site as distorted trigonal with S and two N in
the first coordination sphere plus additional
axial (but distant) ligands. These could
derive from carboxyl or hydroxyl groups.
The type B signal exhibits axial symme-
try and therefore is most likely attributed
to a two-fold linear coordination geometry.
It is much lower in frequency than typical
S-Hg-S signals [19] or N-Hg-N signals (cf.
D-penicillamine, see below). Since it is ob-
served only when KC1 was added and since
it is in the vicinity of the signal of crys-
talline HgCl2 we tentatively assign this site



to HgCb or related species. We do not con-
sider it to be related to a specific binding
site in humic acids.
On the contrary, the type C signal is ob-
served in all samples but Hg6. It certainly
belongs to an almost (or exactly) linear two-
fold-coordinated Hg. The most likely Uganda
are two S atoms (cf. Hg(cysteine)2 [19]), two
N atoms (cf. type 2 site in ascorbate oxidase
[18]), or are one S and one N atom (cf. D-
penicillamine [20]).
The type E signal is more difficult to assign
due to the lack of model compound data.
One example, i.e. tert-buthyl-mercaptide,
is shown in fig. 3. Here, Hg is four-fold co-
ordinated by S in a distorted tetrahedral
geometry. We do not expect this to occur in
humic substances, too. However, the rather
low EFG at the type E site strongly sug-
gests a four-fold-coordination in a distorted
tetrahedral geometry, possibly with N and
O as atoms in the first coordination sphere.
There is some indication of an ageing effect
(compare Hg4 and Hg7, the only relevant
difference being the age of Hg7 which was
70 hours).
Our observations are in qualitative agree-
ment with our previous data using much
higher Hg-loads [7]. Higher coordinations
are found at higher Hg-loads whereas three-
and two-fold coordinations are preferred at
lower loads. A similar observation was re-
ported for the interaction of Hg with the
oligopeptide AACAA [21].
Summing up, we presented strong evi-
dence for two-, three- and four-fold-Hg-
coordination geometries with the most im-
portant ligands being S, N, and 0. The so-
called type 1 Cu-geometry observed in blue
copper proteins seems to play an essential
role in mercury binding to humic acids, too.
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Table 1: Preparation of 199mHg-humic acids.

sample

Hgl
Hg2
Hg3
Hg4
Hg5
Hg6
Hg7

volume

200
200
200
200
100
100
100

KC1

yes
yes
yes
no
no
no
no

Hg carrier

no
no
no
no

5 • 10~u mol
5 • 10~9 mol

no

measuring
temperature [°C]

-50
-60
-60
-50
-30
-60
-55

Table 2: Fitted NQI parameters of 199mHg-humic acids.

sample

Hgl

Hg2

Hg3

Hg4

Hg5

Hg6

Hg7

u>i [Grad/s]

1.48(3)
1.00(1)
1.34(1)
1.42(2)
1.00(1)
1.39(1)
1.49(2)
0.99(2)
1.33(3)
1.58(1)
1.33(2)
1.23(3)
1.38(3)
0.64(4)
1.26(1)
0.36(2)
1.54(3)
1.39(2)
0.33(3)

V

0.88(3)
0
0

0.78(2)
0
0

0.85(2)
0
0
1
0

0.73(4)
0.26(4)
0.4(1)
0.83(1)
0.51(7)
0.84(2)

0
1

Pop. [%]

33
34
33
40
25
35
63
19
18
60
40
38
39
22
63
37
48
38
14

type

A
B
C
A
B
C
A
B
C
A
C
D
C
E
D
E
A
C
E



Table 3: Different coordinations of Hg2+ in humic acids.

type

A
B
C
D
E

w [Grad/s]

1.44-1.58
0.999-1.01
1.33-1.39
1.2-1.26

0.39-0.64

V
0.79-1

0
0...0.26

0.73... 0.83
0.4... 1

proposed coordination

distorted trigonal planar
Hg-chlorine species
two-fold linear
distorted trigonal
four-fold
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Figure 1: TDPAC time spectra and their Cosine transforms of 199mHg humic acids.
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Figure 2: Site populations in 199mHg-humic acids.
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Figure 3: Czjzek diagram of 199mHg-humic acids and model compounds (abscissa: x = 2|2V^ -f-
Vxx\/y/3, ordinate y = -2VXX} units: 1021 Vm~2).


