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absent because they should be able to form with equal
probability. Therefore, the FT-IR studies seem to show
that the CAN/CHD copolymerization results mainly in
1,4-linkages in the cyclohexene unit irrespective of the
initiator or temperature of polymerization.

An extensive nuclear magnetic resonance study involving
1Y, 2D 'H COSY, 3C NMR, DEPT, and CSCM allowed
a complete structural assignment and indicated that the
methine protons are allyllic to the double bond in the
cyclohexene unit. This is consistent with the copolymer
containing essentially 1,4-linkage in the cylcohexene unit,
though the absolute exclusion of 1,2-linkages is not pos-
sible. The peaks for the various types of carbons in the
CAN/CHD copolymer were assigned with use of the
DEPT spectrum of the above copolymer.
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The Structure of Poly(D-(-)-8-hydroxybutyrate). A Refinement
Based on the Rietveld Method
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ABSTRACT: The crystal structure of optically active microbial poly(p-(-)-8-hydroxybutyrate) has been refined
with the Rietveld whole-fitting method applied to powder X-ray diffraction data. This natually occurring
polymer gives rise to a very crystalline phase and therefore to very detailed and resolved powder profiles.
Reliability of the refinement is discussed in relation to results obtained from previous studies on oriented-fiber
diffraction patterns. The conclusion is that well-detailed powder profile data are highly discriminatory toward
structural models not very dissimilar from each other. This result is considered an encouraging step toward
a more general assessment of the accuracy of structural parameters obtained from best fitting of powder X-ray

diffraction profiles.

Introduction

The structure of crystalline polymers can be determined
or refined through best-fitting of X-ray powder diffraction
profiles.’? This technique, known as the Rietveld whole-
fitting method,? is the only accessible X-ray diffraction

approach when, for some reason, it is impossibie to obtain
oriented samples.

Some recent successful structure determinations,
adopting this method,'? raised the problem of what con-
fidence should be attributed to the structural models one

0024-9297/88,/2221-0967$01.50/0 © 1988 American Chemical Society



968 Brickner et al.

P l
| f
. il

|

! 11T
‘ |

J' T

\J | R

I |

| v
/ “\r‘l ,N/\ A (

_ PR, Ul ¥ LJU \L/‘W’ \u\/\«/\,\/\,\

T T T T T T
10 20 30 40 50 28(°)

Figure 1. Powder X-ray diffraction profile of PHB.

can obtain, in particular when compared to the much more
common determinations based on X-ray diffraction from
oriented samples. An answer to this question cannot be
straightforward since two contradictory features are to be
taken into account and properly compared: (i) the mon-
odimensional distribution of diffracted intensities with the
consequently enhanced overlapping problems and (ii) the
rigorously quantitative measurement of diffraction profiles
followed by a comparison procedure where arbitrary as-
sumptions are really kept to a minimum.

As a contribution to a more concrete feeling on these
issues we decided to study a polymer whose crystal
structure has been already extensively investigated through
X-ray diffraction from oriented fibers. A particularly fa-
vorable example, from this point of view, is represented
by poly(8-hydroxybutyrate) (hereafter referred to as PHB).

This optically active thermoplastic aliphatic polyester
is produced and accumulated as a source of energy and
carbon by a number of microorganisms.! Many years after
the first physicochemical studies,” PHB is again attracting
attention® because of its commercial interest. Furthermore,
it has been shown that its natural production is more a rule
than an exception in the microbial world and that other
stereoregular polyesters with longer aliphatic side chains
are also synthetized.

Among the many nonpathogenic microorganisms accu-
mulating PHB, Rhizobium was chosen” as source because
of its agricultural importance and for the extensive
knowledge of its biochemistry, physiology, and ecology.
The production, extraction and characterization proce-
dures are described in the Experimental Section. What
we want to stress here is the outstanding stereoregularity
and crystallinity of this polymer giving rise to X-ray
powder diffraction spectra very well detailed up to high
26 values (see Figure 1).

To our knowledge two structural studies were carried
out on PHB, both of them based on X-ray diffraction data
from oriented fibers. One is due to Cornibert and Mar-
chessault® (hereafter referred to as model I) and the other
to Tadokoro and co-workers® (model IT). It is worthwhile
pointing out that these two studies were carried out fol-
lowing different criteria. Model II is the result of a
least-squares procedure that optimizes the agreement
between observed and calculated intensities by adjusting
all internal coordinates of the chain, while model I was
obtained, together with other possible conformers, by a
preliminary conformational analysis. Agreement with
diffracted intensities for model I was optimized by allowing
only rigid-body refinement; it assumes therefore the
meaning of a figure of merit to discriminate, among many
conformers, the most likely to be present in the crystalline
state. The two procedures provide results grossly in
agreement with respect to the conformation of the chain
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Table I
Experimental Conditions of Profile Recording

Siemens D-500 goniometer equipped
with step-scan attachment,
proportional counter, and Soller
slits, controlled with a
Hewlett-Packard computer

radiatn (power) Cu Ka, Ni-filtered (40 kV, 30 mA)

divergence aperture, deg 0.3

receiving aperture, deg  0.05

step width, deg 0.05 (26)

count time, s per step 40

26 range, deg 10-60

instrument

in the crystal but differing significantly on a more detailed
scale. For example, the ester bond is assumed rigorously
trans in model I, while model II allows for a deviation of
5° from planarity. Such differences represent, in our
opinion, an additional reason of interest in performing a
new structural study based on a different approach.

Experimental Section

Polymer Production and Extraction. PHB was produced
from Rhizobium leguminosarum. Cultural medium: Fiton
(Becton, Dickinson BBL) 2.0 g/L, glucose 10.0 g/L, K,HPO, 0.5
g/L, MgS80, 0.2 g/L, autolyzed yeast 1.0 g/L, pH 7.2. Growth
was made in a 750-mL Erlenmeyer flask with 100 mL of medium
at 25 °C on a rotatory shaker at 100 rpm. PHB content was
determined with the gas chromatographic method described by
Braunegg et al.)® The yield in PHB, after 4 days, was 2.8 g/L
with a biomass (dry weight) of 5.9 g/L.

For the extraction of PHB the culture broth was centrifuged
at 1000 rpm for 10 min (at 25 °C). Cell pellet was washed and
suspended in distilled water and collected by centrifugation. Cells
were suspended in acetone, which was removed by filtration, and
the solid was then desiccated. The dried powder was suspended
in chloroform (2 wt/vol % solution) at 30 °C, and water was added
to extract hydrophilic material. After mild centrifugating, cell
debris is packed at the interface and PHB remains in the organic
phase. The polymer was precipitated with 2X volumes of cold
acetone and washed with diethyl ether and water.

Polymer Characterization. Chemical Analysis. The
chemical identity of the polyester extracted from Rhizobium
leguminosarum was determined by 'H NMR spectra of 1 wt %
solutions of PHB in CDCl;. Spectra were recorded at 60 MHz
on a Varian EM360 NMR spectrometer (TMS internal standard).
All data were in agreement with literature.t®

Viscometry. The average molecular weight of the sample was
determined from viscosity measurements by using the Mark-
Houwink relation!! [5] = 1.18 X 107 M%™, obtaining M, = 1.6
X 10%. Intrinsic viscosity was evaluated on chloroform solutions
with a Schott-Gerate AVS/G equipment with an Ubbelhode
viscosimeter (i.d. = 0.46 mm), immersed in a thermostatic bath
at 30 °C.

Thermal Analysis. Differential scanning calorimetric (DSC)
measurements were done on a Dupont DSC-9900 calorimeter on
samples of about 10 mg in a temperature range of 50-200 °C with
a scan rate of 10 °C/min. Thermogravimetric (TG) measurements
were performed on a Mettler Thermal Analyzer TA-2000 C, using
Al, O, as reference with a scan rate of 10 °C/min.

X-ray Diffraction. PHB, 150 mg, was used to fill the sample
holder of a D-500 Siemens goniometer equipped with an Anton
Paar temperature controller. Annealing was directly carried out
in situ by raising the temperature of the sample holder to 170
°C for 15 min under vacuum conditions (=0.001 mmHg). After
spontaneous cooling (=30 min) to room temperature a quantitative
recording of the powder X-ray diffraction profile started under
conditions described in Table L.

Structural Analysis

In order to identify the conditions for optimal annealing
and processing, the thermal behavior of PHB was exam-
ined. On the sample used for X-ray diffraction (M, = 1.6
X 10%) thermogravimetric results show remarkable stability
up to 200 °C (see Figure 2). Thermograms of the dried
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Figure 2. Plot of the thermogravimetric analysis carried out,
under air flow (50 mL min™), as a function of time (curve a). The
heating program is represented by curve b.
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Figure 3. DSC plot of PHB heated and annealed as described
in the text.
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raw polymer show a broad melting peak at scan rate 10
°C/min,” with a Ty, of 181 °C and AH; = 93.0 J/g. After
the sample is annealed at 170 °C for 15 min, the heat of
fusion increases to 112.J/g (T, = 186 °C) (Figure 3).

Evaluation of the mass fraction of crystallinity from
literature heat of fusion values!? of PHB (146 J/g) affords
a crystallinity fraction of 0.77. These results were deemed
satisfactory and the sample for X-ray diffraction analysis
was annealed accordingly.

The program used throughout our analysis was written
by Immirzi'® and modified by one of the authors in order
to allow for the insertion of constraints among the gen-
eralized coordinates in the form of Lagrange multipliers.}¢
Cell dimensions and space group (orthorhombic P2,2,2,)
were taken from published data, and only in the final
optimization cycles were cell dimensions refined, only very
modest changes resulting.

Models I and II were tested against the observed profile
by performing a best-fitting refinement of all the following
nonstructural parameters expected to have an influence
on experimental data: (i) the background contribution
(expressed in the form of a segmented line where the in-
tensities at the selected nodes are adjustable quantities);
(ii) the peak half-height widths and the 26 dependence
(quantities related to crystallites average dimensions and
to lattice disorder or strains); (iii) the effect of uniaxial
preferred orientation of crystallites that may be induced
by manipulations of the sample as well as by surface effects
that may occur during melting and subsequent annealing;
(iv) an overall scale factor between calculated and observed
data; and (v) a zero-correction to the experimental 26-scale.
Peak profiles were always calculated analytically in the
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Figure 4. Comparison involving the experimental profile of PHB
(curve a), the calculated profile for model I (curve ¢), and the
calculated profile for model II (curve b).

Table I1
Refined Cell Constants and Final Fractional Coordinates
(%104 of Model 111

x y z
0O(1) 2899 177 4016
0(2) -801 1078 =717
C(1) 4455 717 2513
C(2) 3032 1422 959
C@3) 1286 791 -387
C4) 5902 1428 4032

% An isotropic thermal factor B = 2.0 A% was assigned to each
atom. a =573 (1) A; b =13.14 (1) A; ¢ = 5.93 (1) A; space group
P2:2,2,.

form of Cauchy functions!® and Ka;~Ka, splitting was
taken into account.

Results of this test are reported in Figure 4, where curve
a shows the experimental profile while curves b and ¢
represent the best-fitting results for models II and I, re-
spectively. The overall disagreement factors for the two
models, in terms of R = Y |I, - I}/ 31, (where I, = I,
= Lyaexg), are 0.341 and 0.200 for models I and II, respec-
tively. In the last refinement cycles the weight attributed
to the two peaks at low 26 values (13.5° and 16.4°) was
reduced to 0.lw. The intensity of the latter peaks is
substantially reproduced by both models, but owing to the
low absorption of the material, they are affected by ap-
preciable aberrations that produce a marked dissimmetry'6
so that an accurate fitting of the whole peak shape is
difficult.

This preliminary test on models I and IT was followed
by a refinement procedure extended to structural param-
eters too. Model II was first chosen as the starting point
and after few cycles of preliminary rigid-body adjustments
the chain flexibility was increased by allowing all four
torsion angles to vary. One bond length and two valence
angles involving atoms that belong to adjacent cells were
constrained, so that boundary conditions were fulfilled
throughout the best-fitting procedure. Valence angles were
also refined in the final stage while hydrogen atoms were
located at calculated positions. In this case too, a reduced
weight (0.1w) was attributed to the two peaks at low 26.
The resulting refined model (model III) showed an overall
disagreement factor R of 0.149 and its uniqueness was
confirmed by performing a second refinement procedure
that started from model I and led to a structure virtually
undistinguishable from model III. In Table II we report
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Table III
Valence and Torsion Angles of Model III¢

Valence Angles, Deg
109.5 (10) C(2)-C(3)-0(1y 113.8 (10)
106.0 (12) C(2)-C(3)-0(2) 122.5 (13)
106.0 (12) O(1)-C(3)-0(2) 123.7 (12)
109.5 (10) C(1)-O(1)-C(3) 113.0 (11)

Torsion Angles, Deg
C)Y-0(1)-C(1)-C(2) 149 (2) C(1)-C(2)-C(3)-0(1Y -35(2)
0(1)-C(1)-C(2)-C(38) -59 (2) C(2)-C(3)-0(1)-C(1y -173 (2)

4 For the numbering scheme of atoms see Figure 5.

O()-C(1)-C(2)
0(1)-C(1)-C(4)
C(2)-C(1)-C(4)
C(1)-C(2)-CB)

Table IV
Refined Nonstructural Parameters

-0.108 (4)
G = 0.056 (9); indices [001]

zero correction (26), deg
preferred orientatn®

profile function param?®

U 0
1% 0
w 0.375 (5)
m 1

26, deg intensity® 26, deg intensity®
10 0.310 (6) 26 0.330 (6)
12 0.200 (5) 36 0.410 (5)
15 0.210 (5) 42 0.515 (5)
18 0.295 (6) 52 0.460 (4)
22 0.200 (4) 60 0.370 (4)

4 Preferred orientation factor PO = exp(-Ga,?), «; is the angle
between the scattering vector of the kth reflection and the scat-
tering vector of a fixed (preferred) reflection. ?Peak shapes are
calculated analytically through a Pearson VII function f(z) = (C/
Hk) [1 + 4(21/"' - 1)22]_’" withz = (20, - 20k)/Hk, Hk2 = Utan2 0k +
Vtan 6, + W; m = 1 determines a peak profile following a Cauchy
distribution. ©Intensities (k counts) of the points on the segment-
ed line.

om-0C 145
C-02) 1.54
C(H-C4) 154
C2)-C(3) 152
C3-0(2) 1.27
C3-0) 140

CRo2 o

i
e
)

o (04!

Figure 5. View of the polymer chain (model I1I) orthogonal to
the chain axis. We also show the atom numbering scheme and
the bond lengths (not refined).

the final fractional coordinates of model III, in Table III
valence angles and torsion angles are listed, and in Table
1V the refined nonstructural parameters are summarized.
In Figure 5 we show a perspective view of the chain with
the atom numbering scheme and bond lengths (not re-
fined). A comparison between the observed (curve a) and
calculated (curve b) profiles is shown in Figure 6 together
with the background line (dashed line) and the difference
profile (curve ¢). The calculated base line allows an
evaluation of the crystallinity fraction of about 84 %, not
much higher than the 77% estimated from DSC mea-
surements.!?

Isotropic thermal parameters B = 2.0 A2 were adopted
for nonhydrogen atoms throughout our calculations. This
is an abnormally low value if compared with the 4-7 A2
usually adopted in this kind of structures analyzed at room
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260)
Figure 6. Comparison between the experimental profile of PHB
(curve a) and the calculated profile for model III. Also reported

are the calculated base line (dashed line) and the difference profile
(curve ¢).
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temperature. Lowering thermal factors seems, however,
to be a systematic tendency connected with the present
approach; in fact we already adopted abnormally low
thermal parameters in previous structures solved or refined
from powder X-.ray diffraction data.!?!” The scarce
physical meaning of such low thermal factors suggests that
they are adopted as a mathematical device in order to
account for some effect of different nature, probably an
absorption effect.

Discussion

Before discussing details of the structure analysis we
want to point out that access to available models®® has
greatly simplified our work, but this is not a mandatory
condition for the present approach to be applied. In fact
in previous works'*!7 cell parameters and space group were
determined without “a priori” information through a trial
and error procedure while packing and conformational
energy calculations were very helpful in defining the
starting point for the refinement procedure.

Figure 4 shows how discriminatory a detailed powder
profile can be. Model I, only weakly related to experi-
mental data, and model II, obtained through an optimi-
zation based on diffracted intensities, show markedly
different agreements with the observed profile. We recall
here the disagreement factors R of 0.34 and 0.20 for model
I and II, respectively. The most striking discrepancies are
detected on curve c; in particular the observed peak at 26
= 20.2° (0 2 1) is practically ignored by model I, the peak
at 26 = 30.9° (0 1 2) is highly overestimated, and the peak
at 26 = 44.1° (1 4 2; 0 6 1) is calculated as rather weak in
comparison with a rather strong observed intensity.

Curve b shows a substantial agreement with the ob-
served profile on the whole 28 range, even if some local
discrepancies appear more severe than those allowable for
a refined structure; in particular the calculated peak at 26
= 44.1° is still sensibly weaker than the observed one. In
Figure 6 it may be seen that model III provides for a
significant improvement through modest changes of the
molecular geometry.

The comparison of model II and III is of particular
interest, in our opinion, since they both result from a
best-fitting procedure performed on experimental data and
involving adjustments of internal coordinates. When the
results obtained from the structure factors calculation of
model IIT are compared with the set of observed data
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Figure 7. Four main-chain torsion angles of PHB for models
I, I, and III summarized and compared.

reported in ref 9, a disagreement factor of 0.22 is obtained.
Our refined model shows thus a worse agreement than
model II (disagreement factor 0.15) when experimental
data of ref 9 are taken into account. At this point an
important remark is in order. In model III a length of 1.54
A is assumed for the C-CH; bond while in model II the
same bond is 1.62 A long. The only reason for adopting,
in that approach, a bond length of such low physical sig-
nificance is that this was probably the only way to increase
significantly agreement with observed data. We do not
believe that the worsening from 0.15 to 0.22 above dis-
cussed for model III can be totally ascribed to this bond
length, but this feature undoubtedly determines a sensible
departure from those observed data. For what concerns
more specifically the structural features of PHB, our study
strongly supports the conclusion, already present in model
I1, that the ester bond deviates significantly from planarity
(torsion angle = -173°). An even stronger deviation from
planarity is required to interpret lanthanide-induced
chemical shifts in chloroform solutions.®® Figure 7 reports
a comparison among the main-chain torsion angles in the
three models of PHB. Since models IT and III are the best
results obtainable from the two experimental data sets, we
must conclude that their geometrical differences (see
Figure 7) are a direct consequence of different evaluations
of diffracted intensities; they represent therefore the order
of magnitude of the real uncertainty affecting main-chain
torsions in this polymer. Some of these differences are
larger than the computed esd’s, thus indicating the pres-
ence of systematic errors in the evaluation of experimental
data and in the models adopted for their interpretation.
For what concerns the Rietveld method applied to polymer
structures, an important source of uncertainty is surely
represented by the contribution from noncrystalline phases
to powder diffraction profiles, and further difficulties may
arise from the preferred orientation of crystallites. This
problem is usually dealt with by assuming a uniaxial dis-
tribution of orientations arouné a given direction, but the
real situation could present a more complicated texturing,
with a sensible contribution to systematic errors in the
treatment of diffracted intensities.

Traditional methods for evaluating integrated intensities
in X-ray diffraction patterns from oriented samples involve
also some uncertainty. The measurement of local intensity,
its correction through proper spot-shape factors, and the
background estimate are subject to errors due to the ap-
proximations involved. The resulting uncertainties are well
testified by simply comparing observed data reported in
ref 8 with those reported in ref 9. A disagreement factor
can be computed through a one-by-one comparison of the
square roots of observed intensities obtaining a dis-
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agreement factor of =10% on equatorial peaks and of
~20% on layer peaks. Such discrepancies are really hardly
detectable among powder diagrams unless marked tex-
turing is present.

The recent introduction of two-dimensional scanning
microdensitometers has indeed made it feasible to utilize
far more of the information contained in the pattern di-
rectly, thus reducing the need for approximations and
subjective decisions.!® This is achieved, however, at the
cost of heavy computational procedures handling a high
number of data points (on the order of 108).

The comparisons carried out in this work are useful, in
our opinion, because they point out that a well-detailed
powder profile can be highly discriminatory toward
structural models that show only modest conformational
differences; this means that geometrical parameters re-
sulting from a Rietveld analysis carried out on such ex-
perimental data are well defined within rather narrow
limits. In fact the improvement of the disagreement factor
for model III (R = 0.149) with respect to model I (R = 0.34)
and model II (R = 0.20) occurs, as already stated, as a
consequence of rather modest changes of torsion angles.
If we consider that, for some torsion angles, model III is,
roughly speaking, inbetween models I and II, we get an
idea of the steepness of the minimum with respect to
torsion angle changes. Moreover, an indication that this
minimum is unique comes from having obtained the same
refined structure starting from different models.

We acknowledge that any generalization should be
carefully inferred; nevertheless we consider this conclusion
as an encouraging indication of the substantial reliablity
of structural results obtained through an approach that
involves both ease of data collection and substantial sim-
plicity of their elaboration.
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ABSTRACT: Steady-state and time-dependent fluorescence studies have been carried out on A~B-A block
copolymers in which A = methacrylic acid and B = 9-vinylphenanthrene. The length of the B block greatly
modifies the fluorescence properties of the polymer, especially in poorer solvents. In particular energy trapping
at a weakly bound excimer site increases along the solvent sequence DMF, DMF /methanol, methanol. For
a given solvent the energy trapping increases in the order of the degree of polymerization of the vinyl-
phenanthrene sequence. A simple coil simulation lattice model with excitation random walk was studied in
order to understand the experimental results on a molecular level. While the model is crude, it implies that
the time-dependent fluorescence is most dependent on density of traps and the excitation transfer time and

weakly dependent on the number of intracoil contacts.

Introduction

The study of photophysical processes of polymers with
pendent aromatic chromophores has been quite active in
recent years. In general these are complex systems with
a wide range of local conformations of neighboring groups,
energy trapping via excimer formation, and down-chain
energy transfer. In the present paper we report the results
of detailed fluorescence studies of methacrylic acid (MA)
(A)-9-vinylphenanthrene (VPh) (B) A-B-A block co-
polymers (1) which have been studied previously by
Morishima et al.! Our objective is to elucidate the rela-
tionship between the nature of a solvent and the extent
of energy trapping and energy transfer within the phen-
anthrene blocks. In particular we attempt to ascertain if
cross-chain energy migration occurs in this system by
comparing our photophysical studies with a simple lattice
model of the polymer chain. We carry out this comparison
by using a “fractal” expression for the fluorescence decay
function

I(t) = exp(-at?/? + bt — t /75) 1)

in which d is the so-called “spectral” dimension and 7 is
the unperturbed lifetime of the chromophore. This ex-
pression is based on a random walk to traps distributed
on a lattice.? The spectral dimension may vary between
1 (ideal 1-D) and 2 (ideal 3-D). For the case of a phen-
anthrene block of ca. 43 units we find d to vary from 1.08
to 1.4 as the solvent is changed from DMF (good solvent
for the phenanthrene) to methanol (poor solvent for the
phenanthrene). This variation is consistent with the idea
that the phenanthrene block undergoes a transition from
a random coil to a compact coil of higher effective di-
mensionality (e.g. significant numbers of non-nearest-
neighbor phenanthrene contacts).

Although monomeric phenanthrene does not form ex-
cimers in concentrated solution, phenanthrene groups
tethered together on short chains® or pendent to polymer

Table I
Degree of Polymerization of Block Copolymer

sample DPy4~DPypp—-DPua
B-VPh-43 77-43-77
B-VPh-16 53-16-53
B-VPh-7 23-7-23
R-VPh-21°

?Random copolymer of VPh and MA (Ph content 21 mol %).

chains* have been reported to exhibit an excimer-like
fluorescence which is less red-shifted relative to that of the
monomer than for many other “classical” aromatic excim-
ers (e.g. naphthalene, pyrene). We find the same type of
fluorescence feature in the present experiments, the in-
tensity of which is solvent-dependent. We assign this
solvent dependence to the density of excimer forming sites
(efs). It is these sites that we believe act as traps for the
mobile monomeric excitation. Thus the solvent quality
is thought to modify the effective dimensionality of energy
migration and the density of the efs. It is not possible at
present to deconvolute uniquely these two effects. One
complication is that the efficiency of populating the ex-
cimer as measured by steady-state spectroscopy is higher
than measured by the monomer lifetime shortening. This
situation is normally referred to as “static quenching”,
which means simply that there exists a sensitization pro-
cess that is faster than can be measured in the fluorescence
decay.

Experimental Section

(a) Materials. MA-VPh-MA block copolymers and a VPh-
MA random copolymer were prepared by Y. Morishima et al. at
Department of Macromolecular Science, Osaka University, Osaka,
Japan.! Table I lists the block and random copolymer samples
used in the present study.

N,N-Dimethylformamide (DMF) was purified by fractional
distillation. Methanol (Fisher Scientific Certified A.C.S. Spec-
tranalyzed) was used as received. All solutions used for
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