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MOLECULAR CHARACTERIZATION OF NICKEL AND VANADIUM NON-
PORPHYRIN COMPOUNDS FOUND IN HEAVY CRUDE PETROLEUMS
AND BITUMENS

Richard H. Fiah’ John G. Reynolds and Emalio J. Gallegos,
Lawrence Berkeley Laboratory, Chevron Research Company,
University of California, Richmond, California 94802

Berkeley, California 94720

Pyridine/water extracts of selected crude petroleums were separated by
polarity on a high performance liquid chromatography (HPLC) octadecyl-
silane column (ODS) into three fractions; low, moderate, and high polar.
The moderate and low polar {ractions were examined by electron impact
mass spectroscopy {EIMS) to elucidate structural and behavioral charac-
teristics of vanadyl petroporphyrin and metallo-nonporphyrin com-
pounds. The EIMS results indicated vanadyl petroporphyrins in Cerro
Negro and Wilmington moderate polar fractions and possibly in the
Wilmington low polar fraction. These EIMS results showed the presence
of petroporphyrins in the above-mentioned f{ractions, but no discrete
information about the metallo-nonporphyrins.

A highly polar nickel fraction from a Wilmington crude petroleum
pyridine/water extract, separated on the ODS column, was further
purified on a cyano normal phase column. This fraction had a nickel con-
centration of approximately 15,000 wppm, and was examined by EIMS
mass spectroscopy. The spectral results indicated several homologous
series structures possible for the binding sites of nickel. Further examina-
tion of the same fraction by positive ion fast atom bombardment (FAB+)
mass spectroscopy, using a metal ion exchange technique, showed a sub-
stantially simplified spectrum and indicated the possibility of the nickel
binding sites being small molecular weight naphthenic (carboxylic) acid
salts.

Gilsonite, a bitumen, was analyzed by reversed-phase HPLC with
graphite furnace atomic absorption (RP-HPLC-GFAA) element specific
detection, which indicated that the nickel is predominantly bound as
metallopetroporphyrin, while a small portion eluted as a highly polar
metallo-nonporphyrin fraction.

These results are important in the identification of nonporphyrin
metal-containing compounds in heavy crude petroleums and residua and
could be beneficial for future petroleum exploration as metallo-
biomarkers.

We have extensively examined various crude petroleums and separated fractions to deter-
mine the characteristics of the metal-containing compounds, particularly the metallo-
nonporphyrins. Recently, we reported the molecular weights (M) of the vanadium and
nickel compounds found in selected heavy crude petroleums -- Boscan, Cerro Negro,
Wilmington, and Prudhoe Bay -- and their extracts (1,2) by size exclusion chromatogra-
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phy in conjunction with graphite furnace atomic absorption selective metal detection
(SEC-HPLC-GFAA). The metals distribution was found to be unique for each petroleum,
while the histogrammic metals profiles may have utility for fingerprinting the heavy crude
petroleums. In the case of vanadium, the majority of the metal-containing compounds
falls into the 2,000 to 9,000 dalton MW range, while 3 to 7% was found in the MW range
> 9,000 daltons. The low MW range was calibrated by vanadyl and nickel model com-
pounds, with 23 to 30% having a MV range of <400 daltons. Although these molecular
weights may be exaggerated in the high MW range (3,4), we feel this low MW range result
provides strong evidence for the metallo-nonporphyrin coordination sphere.

Pyridine/water extractions have been applied to the same heavy crude petroleums for
further identification of these metal-containing molecules (2). The extraction procedure
removes metal-containing compounds from all molecular weight ranges, placing the com-
pounds in the size range of vanadyl and nickel model compounds. As well, 40 to 80% of
the vanadium comes from the MW range >2,000 daltons. The extract consists predom-
inantly of very small MW compounds with an average MW of approximately 350 daltons.
By comparison with nickel and vanadyl model compounds of similar MW, we also feel this
further substantiates metalio-nonporphyrin coordination spheres.

These pyridine/water extracts were separated by RP-HPLC into three [ractions based
on polarity, and the fractions were monitored by element specific detection (GFAA) and
UV-vis spectroscopy (2). Most of the nickel-containing compounds eluted in the most
polar fractions. Comparison with model compound retention times indicated these com-
pounds are nonporphyrin bound. Most of the vanadium-containing compounds were
found in the moderate polar fractions. Rapid scan (RS) UV-vis data showed a prominent
Soret band in this fraction for Boscan and Cerro Negro indicating at least some of the
vanadium is bound as petroporphyrin. This was not the case for Wilmington and
Prudhoe Bay moderate polar -fractions where the RS-UV-vis exhibited little or no Soret.
At this time, we have no adequate model compounds that co-elute in this fraction. The
least polar fraction also contained vanadium (up to 30% of total in crude). Model com-
pound retention times showed the model porphyrins eluted in this fraction, but the
absence of a prominent Soret in this fraction for most of the crudes suggests nonporphy-
rins.

The moderate and low polar RP-HIPLC fractions from Boscan, Cerro Negro, Wilm-
ington, and Prudhoe Bay crude petroleums, were examined by electron paramagnetic reso-
nance (EPR) spectroscopy to further elucidate the structure of the average coordination
sphere around the vanadium-containing molecules (5). Several nonporphyrin coordination
spheres for the vanadyl ion were observed: 1) Boscan moderate polar and Prudhoe Bay
moderate and low polar fractions exhibited N,S, coordination. 2) Cerro Negro and
Wilmington moderate polar fractions showed S, coordination. 3) Boscan low polar frac-
tion showed N, coordination. 4) Cerro Negro had distinctively different parameters show-
ing a NOS, coordination.

We have also examined the RP-HPLC fractions by EIMS to further identify the
metallo-nonporphyrin components. Unfortunately, the EIMS spectral studies only
revealed the presence of metallopetroporphyrins in certain fractions. The metallo-
nonporphyrins remained undifferentiated in the organic matrix.

We have attempted to elucidate the structure of nickel-containing molecules in the
high polar RP-HPLC fractions by using C-18 ODS reversed-phase and cyano normal phase
chromatography techniques to purify the pyridine/water extract of Wilmington crude
petroleum. We have examined the resulting purified fractions with EIMS, FAB+, and
metal replacement FAB4 mass spectroscopies. We have also attempted to verify the
existence of these highly polar nickel components in other carbonaceous materials. For
example, we examined Gilsonite by RP-HPLC-GFAA and found this highly polar nickel
complexes may also be present in this petroleum precursor.



Results and Discussion

Spectral Analyses of the Moderate and Low Polar RP-HPLC Fractions. In efforts to iden-
tify the elusive nonporphyrin metal-containing species, the moderate and low polar frac-
tions, obtained by the RP-HPLC separation of the pyridine/water extracts of Boscan,
Cerro Negro, Prudhoe Bay and Wilmington crude petroleums, were examined by EPR,
EIMS, and RS-UV-vis spectroscopies. The EPR techniques employed utilize vanadyl
square pyramidal model compounds to elucidate the average first coordination sphere of
the vanadium-containing compounds in the sample studied (6-10). The EPR (5) and RS-
UV-vis (1,2) results have been reported elsewhere.

The EIMS of the RP-HPLC fractions, in general, identified the existence of vanadyl
petroporphyrins when present. Figure 1 shows the EIMS for Cerro Negro moderate polar
fraction for m/z of 200 to 800. Although some individual peaks stand out, the vanadyl
etio homologous series is evident from m/z of 473 to 557. The vanadyl deoxophyl-
loerythroetio (DPEP) homologous series, although less prominent, is evident from m/z of
499 to 575.

The same spectral characteristics were observed in the Wilmington moderate polar
fraction indicating vanadyl petroporphyrins. RS-UV-vis examination of these moderate
polar fractions also indicated the presence of vanadyl petroporphyrins by the appearance
of the distinctive 408 nm Soret band (1, 2).

The vanadyl porphyrin model compounds elute in the low polar fraction. We do not
have model compounds with a Soret at 408 nm which co-elute in the moderate polar frac-
tion. These could represent metallopetroporphyrins with a carboxylic acid functionality,
(11,12) dimers of petroporphyrins (18,14), or petroporphyrins of much higher molecular
weight (15).

These EIMS results do not necessarily conflict with the EPR data for these fractions
which showed NyS, average first coordination sphere around the vanadyl ion (5). The
EPR techniques are average parameter techniques and would not necessarily be able to

resolve a minor percentage of the N, coordination sphere. The EIMS method also only.

detects the petroporphyrins, but does not quantitate them.

The EIMS spectrum of Prudhoe Bay low polar fraction, Figure 2, shows no metallo-
petroporphyrin homologous series. This spectrum is very typical of those fractions which
contained no discernible petroporphyrins. As can be seen by Figure 2, any individual
homologous series are overwhelmed by the organic matrix. The same spectral characteris-
tics were observed for Boscan and Cerro Negro low polar fractions indicating very low lev-
els or no petroporphyrins. This is corroborated by only a weak 408 nm Soret found by
RS-UV-vis.

The EPR of these fractions indicated N, coordination for the Boscan and Prudhoe
Bay low polar fractions and NOS, coordination for the Cerro Negro low polar fraction.
The N, nonporphyrin coordination sphere has been seen before in the EPR studies and
suggests a variety of nonporphyrin ligand structures (5,16,17).

Purification of the Highly Polar Nickel Compounds Found in Wilmington Heavy Crude
Petroleum. RP-HPLC-GFAA examination of the pyridine/water extracts of several heavy
crude petroleums indicated the majority of the nickel-containing compounds eluted in the
high polar fraction. The lack of EIMS spectral identification of these fractions suggested
the need for further purification.

Wilmington crude petroleum was extracted with pyridine/water and the extract was
separated on the ODS column into a highly polar fraction (methanol eluted) and a less
polar fraction (methylene chloride eluted). The highly polar fraction was re-
chromatographed on the ODS column, and was found to increase its nickel concentration
from 8000 to 11000 wppm. Table I shows the concentrations of these fractions.

Further purification was performed on 2 cyano column using a methylene chloride to
methanol solvent gradient. The use of bonded phase HPLC separations, either reversed-
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phase or cyano columns, offer several unique advantages over the more conventional silica
columns (18). Because polar solvents can be used, bonded packings are capable of
separating highly polar metal-containing complexes. These highly polar complexes would
be irreversibly bonded to silica, because silica packings rapidly degrade in polar solvents.
Reversed-phase packings allow for partition separations where the more polar components
elute first. Cyano columns can be operated in normal or reversed-phase modes providing
increased flexibility over silica columns.

Table I: Nickel Concentrations of
Preparatively Collected Fractions from the
Wilmington Petroleum Extract

oDS 1 oDS I1? Cyano Peak I°
Ni, (ppm) 8,040 11,000 14,250
Wt. of Collected fraction, 1mg) 60 25.2 4.0

Nickel Complexes, (wt %) 4.1 5.7 74

iConcentrations Determined Using Aqua Regia Conditions and Standards Plots
“Rechromatography of ODS I Using ODS Column

Rechromatography of ODS II Using Cyano Column

Assumed Molecular Weight of Complexes 300 - Daltons

Figure 3 shows the elution profile for this separation with the eflluent monitored for
both UV-vis wavelength of 254 nm, and GFAA wavelength of 232 nm. Organic impurities
eluted quickly at approximately 3 minutes. Two fractions of nickel complexes eluted; the
first in the 50% methylene chloride solvent mixture. This corresponded to several sharp
maxima in the UV-vis monitor. A second fraction eluted shortly after the solvent system
was changed to 100% methanol. This fraction corresponded to a broader maximum in the
UV-vis monitor. These nickel compounds are more polar than the nickel nonporphyrin
model complexes which eluted at approximately 10 percent methanol. In contrast, nickel
(IT) chloride eluted at approximately 28 minutes, which is substantially longer than the
second nickel fraction in Figure 3 and precludes the possibility of inorganic nickel.

Table I shows the further concentration of the nickel fraction by chromatography on
a cyano column and this corresponds to 7.4 wt % nickel complex in the sample (assuming
an average molecular weight of 300 daltons based on model compound elution times from
SEC-HPLC-GFAA studies).

Mass Spectral Analyses of the Cyano Column Separated Nickel Fraction. In order to inter-
pret the mass spectral results of the fraction derived from the cyano column separation,
we examined in detail, the mass spectral (19) behavior of several nickel and vanadium
model compounds by EIMS, FAB, field ionization and field desorption (FI/FD}, and chem-
ical ionization (CI) in positive or negative ionization modes.

Figure 4 shows nickel (II) bis(diethyldithiocarbamate), nickel (II) tetramethyl-
dibenzotetraaza-[14]-annulene (TADA), and nickel (II) bis(dipivaloylmethane) (DPM) by
EIMS. All three parent ions are observable at m/z 354, 400, and 424 respectively. Even
though the parent ion is the dominant ion, for the dithiocarbamate complex, the spectrum
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is complicated by substantial fragmentation. This extensive [ragmentation is not evident
for the other model compounds, but the Ni(DPM), spectrum shows a fragment ion to be
the dominant peak. While these spectra give identifiable patterns, they do not exhibit any
systematic behavior. Interpretation of unknown species can be substantially complicated
by the lack of systematic behavior, and we do not necessarily expect to identify the
metallo-nonporphyrin compounds by this method.

Thin layer and RP-HPLC chromatography indicated that nickel carboxylate model
compounds have a very similar polarity behavior, when compared to these concentrated
nickel fractions. Because this is the case, nickel carboxylates were selected as model com-
pounds. Carboxylic acids are appropriate choices because they have been detected and
characterized in carbonaceous materials and can constitute up to 3 wt % of the crude
petroleum (20).

We also examined nickel acetate, nickel bis(2-ethylhexanoate), and a naphthenic acid
extract from crude petroleum in which the nickel was synthetically placed. Figure 5
shows the EIMS of the nickel naphthenates. Clearly, the parent ion homologous series is
evident in the spectrum. The naphthenates show even mass molecular ions extending
from about m/z 426 to 582. Note, though, the intensity of the molecular ions is substan-
tially less than that of the major [ragments. The presence of impurities would easily
overwhelm the parent ions, causing substantial interpretation problem in mixtures.

The cyano column purified nickel fractions of the Wilmington crude petroleum
extract were combined and examined by EIMS and compared to the spectra of the nickel
model compounds. The spectrum of the purified nickel fraction is shown in Figure 6.
Unfortunately, as expected from the complicated spectrum of the nickel naphthenates, no
clearly defined metallo-nonporphyrin species are identifiable. Several homologous series
are discernible, but their association with nicke! is tenuous.

The cyano column purified nickel fraction was also examined by EIMS for metallo-
petroporphyrins at m/z values where porphyrins should be detected (not shown). At the
concentration of nickel in this sample, the petroporphyrins would be overwhelmingly evi-
dent; however, no porphyrins were detected. Thus, it is evident that these compounds are
not metallopetroporphyrins.

Positive Ion Fast Atom Bombardment (FAB+) Mass Spectroscopic Analyses of the Cyano
Column HPLC Fractions. FAB+ is a particularly efficient method for examining polar
components in hydrocarbon mixtures. The technique allows the observation of the polar
portion of a sample without the complication of the neutral organic components (these are
not observed by the FAB+ technique), and greatly simplifies analyses of the spectra. In
addition, only certain ionic species are observable, i.e., vanadium and nickel complexes do
not show ligand-metal ions, while calcium, magnesium, silver, and iron do show these
ions. In addition, only certain metal complexes are also seen, e.g., porphyrins and acetyla-
cetonates are not necessarily observed, while carboxylic acid complexes are observed.

Several carboxylic acid model compounds were examined by FAB+. Nickel (II)
bis(2-ethylhexanoate) was examined using triethanolamine (TEA) as the hydrogen source.
Although some fragments of the acid are apparent in the spectrum (not shown), the
parent ions necessary for identification of the model compound are not present in high
enough concentration to be evident. Fragments of Ni + TEA are also evident. In the
FAB+ spectrum, the metal ion fragments from the complex are detected, but the ligands
are not apparent. Figure 7 shows the FAB+ spectrum of nickel naphthenates and TEA,
which also gave reasonable EIMS spectra (Figure 5). The metal-ligand parent ions are not
obvious; however, Ni + TEA ions are evident. Although the technique is not viable for
ligand identification, it may have utility for metal ion identification.

Recent developments (21) have shown, using calcium compounds with a FAB+ ion
source, well resolved spectra of naphthenic (carboxylic) acids. This technique exchanges
the metal ion of the complex with calcium and gives a calcium naphthenate ion spectrum.
Figure 8 shows the FAB+ spectrum of the nickel naphthenate mixture with TEA and
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calcium acetate. Several homologous series of carboxylic acids + Ca + TEA are apparent
in the spectrum. (FAB- shows the naphthenic acid series with a maximum at m/z of 251.)
These match identically to FAB+ spectra of calcium naphthenates synthetically prepared
from the same naphthenic acid source. The FAB+ results of several carboxylic acid model
compounds of different metals also responded similarly with calcium compounds and TEA.
The results of these experiments and the development of the technique will be published
elsewhere (21).

The cyano column purified nickel [raction from the Wilmington crude petroleum
extract was examined by the FAB+ metal exchange technique. The FAB+ spectrum of
the fraction with just TEA shows no apparent parent ions, just the Ni(TEA), ion. This
feature was also common to model compound spectra. Figure 9 shows the corresponding
FAB+ spectrum with Ca and TEA. Apparently, there are several homologous series of
nickel compounds that are thought to be carboxylic acids complexes. In addition, detailed
examination of the spectrum further shows that carboxylic acids are possible binding sites
for the nickel, when compared to the EIMS spectrum of the same material (Figure 6).

Reactions I through 8 are presumed to take place as the calcium and TEA doped
with the nickel fraction is bombarded with krypton neutral atoms in the fast atom bom-
bardment process. These reactions explain most of the ions observed in the metal atom
exchange technique. The mechanism of this exchange has not been elucidated, but the
nickel appears to be removed, and the calcium complex is formed with only one carboxylic
acid ligand. The other coordination site on the calcium is taken with a TEA fragment
(this adds m/z of 189 to the free acid parent fragment).

(RCO,),Ni + TEA + Ca* — [Rco,ca'rm}* W
- [RcogcaqTEAQ]* (2)
- [(NiTEA)g]"’ (3)
m/z 411

~ [(caTEAN}" (4)
m/z 375

- [Ni'rEAQ]"’ (5)
m/z 355

- [CaTEAz]"' (6)
m/z 337

- [NiTEA]+ (7)
m/z 206

- [carm}* (8)
m/z 188



The acid molecular weight can be ascertained from the EIMS of the sample. In the
EIMS, the intensity of the metal-containing molecular ion is about 1/200 of the frag-
ments. As a result, when comparing the FAB+ spectrum to the EINMS spectrum of the
same material, one must look for the acid anion in the EIMS spectrum, not the nickel
complex.

In Figure 9, three homologous series are clearly indicated with the possibility of
several more. The corresponding carboxylic acid fragment, as observed in the EIMS spec-
trum (Figure 6) of the sample, are indicated in parentheses above the corresponding
metal-ligand peak. The homologous series in the FAB+ spectrum starting at m/z 422
could correspond to the EIMS series starting at m/z 233. This series is apparent in the
EIMS figure on the lower right side of the massive peak ( m/z 373 and 359). This could be
attributed to four ring saturated naphthenic acids. Likewise, the homologous series start-
ing at m/z 410 in the FAB+ spectrum possibly correlates with three ring saturated
naphthenic acids, and the series starting at m/z 440 corresponds to two ring saturated
naphthenic acids.

The two most intense peaks in Figure 9 correspond to the C20 four ring saturated
acid at m/z 506 and the C15 four ring saturated acid at m/z 436 and can be related by an
isoprene unit (C5). This suggests the two, three, four, and five ring components are due to
bicyclic sesquiterpanoic, tricyclic diterpanoic, and four and five ring triterpanoic (steranoic
and hopanoic) acids. Figure 10 shows generalized structures of these acid ligands. Model
compound data, by the metal replacement technique, also indicates replacement reactions
as shown in reaction 2. This reaction adds another 187 mass units to the molecule.
Although, peaks corresponding to the homologous series formed by reaction 2 can be
located in the FAB+ spectrum (not shown), the noise inhibits any clear identification of
these species.

RP-HPLC-GFAA Studies on Gilsonile. Gilsonite, a bitumen (Eocene, Unita Basin, Utah),
has a high concentration of nickel (100 wppm), but a low concentration of vanadium. We
chose Gilsonite as another possible source of the highly polar nickel compounds, because it
already had been examined for petroporphyrins (22). In addition, Gilsonite is associated
with the Green River Formation and has petroporphyrins which should have experienced
mild thermal alterations. Thus, we wanted to ascertain whether the presumed nickel car-
boxylates in Wilmington crude petroleum were present in Gilsonite.

Gilsonite was dissolved in THF and separated on the C-18 ODS column and the
eflluent monitored by GFAA. Figure 11 shows the nickel RP-HPLC-GFAA profile of the
column effluent, which was also monitored at 320 and 408 nm. Three different component
classes containing nickel were separated: compounds eluting at 1) the solvent front, 2) 24
minutes (80% THF), and 3) 36 minutes (100% THF). The most polar nickel components
eluted at the solvent front, but are in minor amounts compared to other bands. The mid-
dle fraction eluted at the same time as nickel etioporphyrin. The 408 nm response also
indicates that at least some of these compounds are porphyrins. We did not have stan-
dards which elute at the same time as the third fraction (36 min). The prominent Soret
indicates these are petroporphyrin components. Unfortunately, we have not been able to
obtain the needed concentrations of this highly polar nickel compound fraction to verify
the metal-containing components by FAB+ as nickel carboxylates. However, we speculate
that these are small amounts of nickel carboxylates in Gilsonite, which are potential con-
duits for nickelation of porphyrin ligands during fossilization.

Conclusion

We have separated pyridine/water extracts of selected crude petroleums by reversed-phase
chromatography, and examined the vanadium-containing compounds in the moderate and
low polar fractions by mass spectroscopy. The EIMS results indicated vanadyl petropor-
phyrins in Cerro Negro and Wilmington moderate polar fraction and possibly in the



Wilmington low polar fraction. The EIMS results provided no additional information on
the metallo-nonporphyrins.

By further purification of the highly polar fraction from the ODS separation of the
Wilmington crude petroleum extract, we have seen evidence of bonding for at least one
type of nickel-containing nonporphyrin compound. EIMS and FAB+ with metal exchange
indicates this nickel is bound as carboxylates (naphthenates).

We are continuing our molecular characterization studies in order to further deter-
mine the highly polar nickel compounds as carboxylic salts and as well in our attempts to
identify the vanadyl nonporphyrin compounds found in heavy crude petroleums and their
precursors.

Ezperimental

The reversed-phase separations were performed by methods and on equipment described
previously (1,2). EIMS were obtained on equipment described previously (28). The vana-
dyl etio and DPEP petroporphyrins were observed, when present, around m/z of 500. In
addition, a plethora of peaks is also evident. This overwhelming continuum was charac-
teristic of all fractions studied, and prevented us from using EIMS for any metal charac-
terization other than vanadium petroporphyrin detection in the RP-HPLC fractions.

The separation procedures for the nickel carboxylate fraction isolated from Wilming-
ton crude petroleum utilized both reversed-phase (ODS) and cyano normal phase HPLC
techniques and details will be published elsewhere (2§). The FAB+ mass spectral methods
will also be discussed elsewhere (21). Model compounds for the studies were either pur-
chased from Alfa Chemical Company, or synthesized by literature methods. The Gilsonite
sample was separated by RP-HPLC-GFAA techniques and details will be reported else-
where (24).
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Figure Captions

Electron Impact Mass Spectrum for Cerro Negro Moderate Polar Frac-
tion. '

Electron Impact Mass Spectrum for Prudhoe Bay Low Polar Fraction.

HPLC-GFAA Profile for the Nickel Complexes from the Cyano Column
Separation of the High Polar Reversed-Phase Fraction of Wilmington
Crude Petroleum Extract.

Electron Impact Mass Spectra of Selected Nickel Model Compounds.
Electron Impact Mass Spectrum of Synthesized Nickel Naphthenates.

Electron Impact Mass Spectrum of the Cyano HPLC Column Purified
Nickel Fraction from Wilmington Crude Petroleum Extract.

Positive Ion Fast Atom Bombardment Spectrum of Synthesized Nickel
Naphthenates.

Positive Ion Fast Atom Bombardment Spectrum of Synthesized Nickel
Naphthenates with TEA and Calcium Acetate.

Positive Ion Fast Atom Bombardment Spectrum of Cyano HPLC
Column Purified Nickel Fraction from Wilmington Crude Petroleum
Extract with TEA and Calcium Acetate.

Possible Carboxylic Acid Ligands for Nickel Complexes in the Cyano
HPLC Column Purified Nickel Fraction from Wilmington Crude
Petroleum.

RP-HPLC-GFAA Nickel Profile for a Gilsonite Sample Dissolved in
THF. .
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