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light scattering illustrated by studies on
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For a comprehensive description of the steric structure of macromolecules, which includes molecular shape
as well as coil density and flexibility, a novel analytical technique for aqueous systems is introduced. The
reliability of the method is illustrated by investigations on narrowly distributed pullulan standards in the
molar mass range from 10° to 10° gmol™'. Hydrodynamic information (D, Rp) was yielded by flow field—
flow fractionation, while simultaneous scattering experiments delivered the corresponding ‘static’ dimension
R and molar mass M. The observed asymmetry-factor was Rg/Rp = 1.7. With increasing molar mass the
mean coil density pp,; decreased from 19.1 to 2.6 mgml~" and the calculated persistence lengths /p increased,
ranging from 1.4 to 3.1 nm. The results were found to be in good agreement with literature data and confirm
the analytical potential of the applied technique. © 1997 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Properties of polymer solutions, such as viscosity,
elasticity and the ability to exhibit mesophases, are
mainly dominated by the conformation and dimension
of the macromolecules' . The underlying steric struc-
ture may significantly change for a given polymer with
variations in solvent composition, temperature, con-
centration or chain length®™®. For a more detailed
understanding of molecular interactions, as well as for
many technical applications, a knowledge of the actual
molecular shape is of great importance. Regular and
simple geometrical shapes with well-defined boundary
surfaces are formed by just a few macromolecules, e.g.
latex particles. In contrast, most dissolved macromol-
ecules have to be described in terms of an asymmetrical,
expanded and inhomogeneous coil” !

Considering the complex nature of polymer confor-
mations the root mean square radius Rg, which is
obtained by static scattering experiments, serves as a
practical overall parameter for coil dimensions,
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for a chain with N segments and a distance r;; between

segments 7 and j. The effective hydrodynamic radius of a

macromolecule Ry represents another useful quantity for
polymer dimensions. Depending on the method by which

*To whom correspondence should be addressed

Ry is obtained, one distinguishes between the Stokes-
radius Rp (from diffusion measurements) and the
Einstein-radius R, (from viscosimetry).
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Because of their different definitions Rg and Ry
normally do not coincide: larger chain dimensions are
more strongly weighted by R while Ry is dominated by
shorter interchain distances. Consequently, depending
on which radius is used for calculation, significant
deviations are observed for the volume occupied by
the polymer (V ~ R®) and thus for the overlap concen-
tration ¢**141°

An inherent characteristic of the scalar quantities Rg
and Ry is the fact that they each give just a mean one-
dimensional and time-averaged impression of the true
anisotropic extension of a fluctuating polymer chain.
Thus, it has been recognized that macromolecules cannot
be described properly by just one of these radii'®.
Conversely, a combination of both quantities enables a
detailed insight into the molecular architecture. For this
purpose_the shape-factor or asymmetry-factor p is
defined'™'®. Values of p vary from 0.778 for ideal,
homogeneous spheres up to >2 for extended coils and
prolate ellipsoids (Figure I).

_Rg

P= R (3)
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Figure 1 Dependence of the asymmetry-factor p (= Rg/Ry) on the
ratio of the semiaxes a/b. Calculations were carried out according to
the formulae given in Table |

For ellipsoids the ratio of the main semiaxes can be
calculated directly from p (Table 7). A major requirement
for the correct determination of p is in the equality of the
experimental conditions (solvent, temperature, concen-
tration, primary treatment such as heating or filtration,
shear stress, etc.) when determining Rs and Ry. In
particular, attention has to be paid to the polydispersity
of the sample'*®. For a polydisperse polymer distinct
analytical techniques yield different moments of the
corresponding radius distribution. Erroneous interpreta-
tions will result, e.g., from a comparison of a z-average
Rg with an n-average Ry.

In this study a novel analytical technique®' ~** will be
introduced for the characterization of polymer dimen-
sions in aqueous media. Independent of the sample’s
polydispersity Rg and Ry of corresponding mono-
disperse fractions will be obtained within a single
measurement. There are no restrictions to sample
composition or molecular shape. The experimental
setup employed consists of a flow field-flow fractionator
(F*), the outlet of which is coupled on-line to a multi-
angle laser light scattering (MALLS) photometer and
differential refractometer (DRI). The principles of F*/
MALLS/DRI measurements and data evaluation are
demonstrated on the biopolymer pullulan®. This extra-
cellular polysaccharide, which is produced by the fungus
Aureobasidium pullulans, is composed exclusively of
linearly linked «o-p-glucose residues. Because of its
good solubility in water pullulan is often used as a
calibration standard for liquid chromatography. In this
study a set of three pullulan standards were examined by
F*/MALLS/DRI to obtain molar masses, root mean
square radii and diffusion coefficients. From these
primary quantities root mean square end-to-end dis-
tances, hydrodynamic radii and overlap concentrations
were calculated, along with asymmetry-factors and the
corresponding ellipsoidal dimensions. In addition,
consideration is given to whether the observed scattering

Table 1 Root mean square radii Rg and hydrodynamic radii Ry for simple geometrical shapes

functions may be taken into account for description of
the macromolecular shape. Beside the conformational
characterization, the flexibility of the polymer chain is
also estimated in terms of the persistence length. In order
to estimate the reliability and analytical potential of the
applied technique, experimental data are compared with
known values from literature.

EXPERIMENTAL

Figure 2 shows a scheme of the experimental setup.
The F4/MALLS/DRI apparatus used consists of a
diffusion-driven separation unit and a tandem detection
unit. In flow field-flow fractionation (F*) separation is
achieved by means of two flowstreams passing through a
flat channel perpendicular to each other. The cross flow,
V., forces all particles within the channel towards the
accumulation wall and gives rise to a concentration
profile characteristic for each species. The smaller the
diffusion coefficient, D, of the species, the closer their
mean distance, x, from the accumulation wall. The
second flow, the channel flow, V., exhibits a parabolic
velocity profile which amplifies the small differences in x
to larger distances z along the channel axis (see Figure 2).
Concentration gradient and velocity gradient act
together and give rise to separation according to different
diffusion coefficients. For well-retained species a good
approximation of D may be directly calculated from the
retention time !y, the channel height w, and the applied
flow rates:

, .
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A more comprehensive description of the separation
mechanism in F* is beyond the scope of this basic
approach and is given in detail elsewhere®>~?’. The
FFfractionator employed was a model F-1000 from
Fractionation Inc. with nominal channel dimensions as
follows: 254 ym high, 28.5cm long and 2.5 cm wide. The
accumulation wall was covered with a YM-10 membrane
of regenerated cellulose. Sample loops from 25 to 100 ul
were applied. Channel flow, V., was provided by a
constaMetric 3200 HPLC-pump from LDC Analytical
(Rivera Beach, USA) with a constant flow-rate of
0.54mlmin~!. The circulating cross-flow, V., was
supplied by a double piston pump RC 10 from Reichelt
Chemietechnik with flow rates from 0.33 to 2mlmin~"'.
Flow rates were determined gravimetrically. Carrier
solution was purified on-line by filtration (0.2 yum) and
degassed by a degasser, model A1010 from Knauer.
Each volume fraction eluted from the F*-channel
passes through a flow cell, where the scattered light from
an incident laser beam is detected simultaneously at 15
fixed angles (from 21.5° to 148.4°). A DAWN F light
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Figure 2 Schematic view of the experimental setup consisting of flow field-flow fractlonauon (FY), multi-angle laser light scattering (MALLS) and
differential refractive index detection (DRI). The separation process within the F*-channel is shown in detail

scattering photometer from Wyatt Technology Corp.
with a linear polarized He-Ne laser (A = 633 nm) and a
K5 cell was used for measurements. Data were received
and analysed by ASTRA 2.11, a software package
supplied with the photometer.

If ideal separation conditions are assumed, the
polydispersity within the examined volume fractions
may be neglected; otherwise weight-average molar masses
M, and z-average radii R, are obtained for each volume
fraction. Light scattering data were evaluated by a first-
order extrapolation to zero scattering angle according to
ZIMM as represented by the following equation,

Ke 1 1
—+24 5
R19 P19 (]Mw+ et ) ( )

where R, is the reduced scattering intensity at the angle
and Py denotes the scattering function, from which R, is
calculated®®. 4, denotes the second virial coefficient of
the respective polymer—solvent system. The optical
contrast factor s considers the specific refractive index
increment (dn/dc), the solvent refractive index ny, and
the vacuum wavelength of the incident light X,.

4.2 2
k=2, (d—”) (6)
NA/\O de
for each volume fraction the actual polymer concentra-
tion ¢ was determined by means of a differential
refractometer, model RI SE-51 from Showa Denko.
The refractometer signal intensity 7 is directly propor-

tional to ¢ and (drn/dc). The computed concentration is
therefore inversely proportional to the specific refractive

index increment.
dm\ !
o I — 7
¢ o ( dc) (7)

According to equations (6) and (7) it should be noted
that the product, K and ¢, in equation (5) is just linearly
related to (dn/dc), resulting in reduced influence of

erroneous (dn/dc) values compared with concentration
determination, e.g. by u.v.-detection”. Because of the
dilution associated with separation, polymer concentra-
tions are normally very low within the scattering volume
(<107° gml™'). Therefore, the second term of the sum in
equation (5) may be neglected for small values of A4,,
without any significant effects on the results (see below).

Narrowly distributed (M,,/M, < 1.1) pullulan stan-
dards with nominal molecular weights 2 x 10 gmol™!
(P200), 4 x 10°gmol™! (P400) and 1.6 x 10° gmol™
(P1600) were received from Polymer Standards Service
(Mainz, Germany) Deionized and distilled water with
0.1 mol 1! sodium nitrate and 0.02% (w/w) sodium azide
(purchased from Merck) was used as solvent as well as a
carrier solution. Stock solutions were prepared without
mechanical or thermal agitation and shown to be stable
over a period of several months. Concentrauons of the
injected solutions ranged from 1 to 5Smgml~" Calcu—
lations were carr1ed out with (dn/ dc) =0.147 ml g 'and
Ay = 2.5 x 107" ml x mol g~ (ref. 30).

RESULTS AND DISCUSSION

For a given sample the elution profile in F* depends on
the applied cross flow. In the case of sample P400 for
example, it was found that optimum flow rates are in the
range from about 0.5 to 0.7 mlmin™"', as demonstrated
in Figure 3. At lower flow rates separation power is
sacrificed unnecessarily and rather narrow peaks are
obtained, while at higher flow rates detectability
decreases due to increasing dilution. As shown by
equation (4), retention time of a species is inversely
proportional to its diffusion coefficient. At fixed flow
rates, retention time significantly increases with increas-
ing molar mass (D o< M ~°™'), accompanied by a growth
in band width and a fall in concentration. Thus, in
the following investigation of P200, P400 and P1600
cross-flow rates of 0.83, 0.67 and 0.50 ml min_l, respec-
tively, were applied. It must be emphasized that the
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Figure 3. Elution profiles of sample P400 obtained at different cross
flow rates (from 0.33 to 0.83ml ' min~"). The region of the “void
volume’ V} is also inserted

Table 2 Results from F* measurements. Diffusion coefficients D and
radii Ry have been calculated for peak maxima at retention time ty.
Accuracy is +5%

V. (ml min~") tr (9) D (cmz s7h Rp (nm)
P200 0.83 589 2.73% 1077 8.2
P400 0.67 844 1.52x 1077 14.6
P1600 0.50 1411 0.68 x 1077 32,6

calculated results are independent of the cross flow. The
elution volumes of the respective peak maxima were
corrected by the so-called ‘void volume’ V), which represents
the first possible elution of any particles, and converted
to a time scale by the applied channel flow. Diffusion
coeflicients D are simply related to Stokes-radii Rp,

kT
b= 6D

with solvent viscosity n and thermal energy kg7". Rp is
a measure of the hydrodynamic interaction or friction
between polymer and solvent, and therefore it is possible
to correlate Rp via the friction coefficient f with the
‘effective surface area” A4 of the molecule®’.

kgT X /A
R ——=f=6 — 9
D X D f ) 4 9)

It should be noted that the Stokes-radius, Rp, estimated
by diffusion measurements is not necessarily identical
with the above mentioned Einstein-radius, R, a hydro-
dynamic radius determined by viscosimetry. R, is related
to the product of molar mass M and Staudinger-index,
[n], divided by the Avogadro number, Ny:

(8)

3/ 3M[n]

R, =|—F+
" IOTFNA

(10)

The hydrodynamic properties calculated for P200, P400

and P1600 in the peak maxima are summarized in
Table 2. Table 3 shows the corresponding data from the
light scattering measurements. Molar masses and root
mean square radii calculated at the peak maxima; mean
values over the whole peak area are also specified. It can
be seen, as mentioned above, that due to the very low
concentrations the second virial coefficient exerts no
significant influence on the results. Likewise the indi-
cated uncertainty of the calculated molar masses and
radii can be attributed to the very low concentrations.
The uncertainty diminishes with increasing coil dimen-
sions, thus scattering intensity. Worthy of particular note
is a significant deviation between nominal and measured
molar mass for sample P1600. This feature is attended by
a distinct ‘loss’ of sample during separation, this means
that about 30% of the injected material does not elute
until the cross flow is switched off. A possible explana-
tion for this phenomenon is given below in connection
with the calculated overlap concentration.

In contrast to the effective hydrodynamic radii R and
R,,, which are complex and poorly understood quantities,
not least owing to the deformation of segment distribu-
tion during molecular motion'®*, the ‘static’ radius Rg
may serve as an expressive description of a polymer coil.
By replacing the intersegment distance r;; in equation (1)
by the segment’s distance from the coil’s centre of gravity
rp. a clear approach to coil dimensions is possible.
Applying the model of a Gaussian-like segment distribu-
tion, it can be shown that 91.7% of all segments are
found within a distance Rg from the centre of gravity
while the remaining segments are up to 2.25 times as far
apart. (The index G in Rg comes from reference to the
centre of gravity®>. The frequently used term ‘radius of
gyration’ for denoting Rg 1s in a strict sense correct only
for two-dimensional objects with the axis of rotation
perpendicular to the plane located in their centre of
gravity.) Depending on the particle’s shape and density
RG is directly related to its mass, M. For homogeneous
spheres M increases with the cube of R, in the case of
linear, undisturbed chains M 1is proportional to the
square of Rg, and for thin rods there is a linear
relationship between M and Rg. Thus, the exponent v
of an Rg—M relationship is a direct measure of the
polymer conformation. Apart from the shape of a
molecule its density also contributes to v: for flexible
polymer coils a value of v = 0.5 describes the non-
draining limit, while the free-draining limit is theo-
retically given by v = 0.66. Similar relationships, but
with the exponent having a negative sign, exist for
the dependence of the diffusion coefficient on molar
mass. The following are some of the relationships that
have already been published for pullulan in water:

Rg =191 x 10°2M%% and D=176x 10 * pr—0%
(according to ref. 30), and

Table3 Results from MALLS measurements. Molar masses M and radii Rg have been calculated for the volume fractions corresponding to the peak
maxima (see Table 2) and also over the whole peak area. Two different virial coefficients have been applied for the purpose of comparison. The errors

indicated can be attributed to low scattering intensities owing to very low concentrations, particularly for P200

Ay =25% 10 mimol g™

A> = Omlmol g™

Mo, (gmol b -

My (gmol ) Rg: (nm) M, (gmol ) R (nm) MM, Re;pea (nm)
P200 (1.7+£03)10° 155+ 12.8 (1.7+0.3)10° 155+ 12.8 1.02 (1.740.2)10° 15.3 +10.1
P400 (3.5+0.3)10° 234466 (3.5+0.3)10° 234+ 6.6 1.02 (3.740.2) 10° 237455
P1600 9.0+ 0.9)10° 56.1 +5.4 (9.0 £0.9) 10° 56.0 £ 5.4 1.05 (9.7 +0.6) 10° 34.6 =49
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Figure 4 Double logarithmic plot with the values obtained for M, Rg
(squares) and D (triangles) for P200, P400 and P1600. The llnear

—M and D—-M relatlonshlps determined by Douglas and Freed®!
(dotted line) and Kato er al® (solid line) are also shown

Rg=147x1072M*® and D=1.07x107*M 05
(according to ref. 34).

Values for v of 0.56 and 0.58 indicate a partially
expanded conformation of the dissolved pullulan. As
shown in Figure 4 the values of M, D and Rg obtained in
this study are in good agreement with these relationships
(no average-index is used because the values refer to
monodisperse volume fractions at peak maxima).

For linear chains the root mean square end-to-end
distance r,, may be calculated from R and e:

_ ,.2\05 2 5 1 2 03
roo = (1) = (6RG( 1+ g x et gxe (11)

The expansion coefficient (e = 2v — 1) considers the
excluded volume for a disturbed coil. For an undisturbed
coil e would approach zero. The mean square end-to-end
distance 2. of a flexible, undisturbed polymer chain is
directly proportional to its persistence length /p.

r2

x (12)

p=r—7=>—
P 2% DP % Iyon

DP = M /My denotes the degree of polymerization
and /ly,, is the length of a monomer unit, with the
contour length of the chain [, = DP x lyon. The
persistence length, /p, is a widely used measure for
the stiffness of the polymer backbone and indicates the
distance along the chain over which the orientation of
any segment persists. It can be seen from equation (12)
that for undisturbed chains, where r2, & M (v=0.5), b
is a constant for each polymer type. Table 4 shows the
values obtained for root mean square end-to-end
distance, contour length and persistence length of the
pullulans investigated. For calculation of /p, the coil
expansion indicated by v =2 0.57 respective € = 0.14 was
neglected and an undisturbed conformation was
assumed. /o, = 0.479nm was taken as the effective
length of the glycopyranose repeat unit (My,, =

o

P,

22
9 Rg
Figure 5 Calculated reciprocal scattering functions for solid spheres,

ideal coils and rigid rods. Calculations were based on particles with
Rg = 100nm with # = 1.33 and Ay = 633nm

162 gmol™")!?. Hence the persistence lengths calculated,
ranging from 1.4 to 3.1 nm, correspond to one or two
maltotriose units, wh1ch agrees reasonably well with
recently reported data®®. The assumption of undisturbed
dimensions is contrasted by an observed increase of /p
with M, which indicates v # 0.5. The high flexibility of
the polymer backbone is shown by large values of
lcont/lP > L

Additional information about the flexibility and shape
of the polymer chain may be obtained from the scattering
function P4. Regardless of molecular shape, P; yields
root mean square radii by extrapolation of its slope to
small scattering vectors ¢. For large values of ¢ times Rg,
the scattering function P, exhibits a significant depen-
dence on molecular shape (Figure 5) and polydispersity
of the sample. Working with F*/MALLS/DRI enables
monodispersity to be assumed for each volume fraction
under investigation. Thus, only molecular shape and
flexibility should influence the curvature of Py for large ¢
times Rg products. Unfortunately, the samples investi-
gated are too small for a clear statement on the molecular
architecture. In Figure 6 the measured scattering func-
tion for P1600 at the peak maximum is contrasted with
theoretically predicted scattering functions of expanded
coils/semiflexible rods with different ratios /., /fp. The
detector signals are somewhat noisy owing to the weak
scattering intensity, which results from the very low
concentration. A reasonable comparison of experimental
with theoretical scattering functions would require larger
partlcle dimensions Rg and scattering vectors g (at least
q RG > 4; compare Figure 5). The respective scattering
functions shown in Fzgure 6 were estimated by means of
the following equation®.

po=e S SR emo} 0y

n=0

with w = ¢*RE (x + 3F(x) — 3)~"
and F(x) = 2x*(e™ — 1 4+ x)

and x denotes the ratio /., //p and ¢ is defined as
g = 4n/Asin(9/2).
In the case of simple geometrical shapes with a defined

Table 4 Chain dimensions calculated from light scattering data at peak maxima assuming undisturbed conformation (e = 0)

. bp lcont (nm) T (1’1]’1’1) [P (nm) lcont//P
P200 1060 £+ 120 510 + 60 37.5£245 1.4+0.7 370 £ 120
P400 2280 £+ 120 1090 £ 60 58.1 £13.5 1.6+0.3 700 £ 110
P1600 5980 + 360 2890 + 170 133.7+12.0 3102 920 £ 60
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Figure 6 Measured reciprocal scattering function of P1600 at peak
maxima (squares) compared with theoretical scattering functions of

expanded coils/semiflexible rods with /., //p ranging from 2 to 1000.
The first, second and last squares were not included in calculations

boundary surface and homogeneous mass distribution
the radii R and Ry (here is Rp = R,)) may be calculated
from the external particle dimensions (Table 1). It can be
seen that the ratio Rg/Ry (that is the asymmetry
factor p) increases with decreasing density (solid
sphere—hollow sphere) and with increasing asymmetry
(sphere—ellipsoid; Figure 1). For an undisturbed coil with
a spherical, but inhomogeneous conformation theoreti-
cal values of p have been calculated as Rg;/Rp = 1.28
and Rg /R, = 1. 37'% and are predicted to decrease with
increasing polydlsper81 7y . Other published p-values
range from 0.9 to 1. 9!7 , depending on the theoretical
model applied or the expenmental conditions chosen.
For pullulan in water values of 1.4-1.7 have been
found®***. In this study we observed p-values of 1.62 to
1.86, which can be correlated with the effective shape of a
prolate ellipsoid with the major semiaxis ¢ being as much
as 19-32 times large than the minor semiaxes b (Table 5).
The specified quantities of ¢ and b merely demonstrate
the ellipsoidal shape in qualitative molecular dimensions.
They should not be taken literally, because unfortunately
the same problem that occurs with the exponent v applies
to the dimensionless parameter p, i.e. the particular
contributions of density and asymmetry cannot be
separated from each other. For a closer approach to
the real molecular architecture the density within the
polymer coils has to be taken into account.

Within an ideal polymer coil the segment density
reaches a maximum at the centre of gravity and decreases
continuously with increasing distance. The mean density,
Ppol. given by the ratio of coil mass to coil volume,
decreases with increasing molar mass:

Mip,| M/NA M M
= = X = X
PPl = e 4/37RL RS MY

=MV (14)

Table 5 Shape and density parameters calculated from combined F* and MALLS results

Shape
R/ Rp a/b a (nm)
P200 1.86 £ 1.26 31.8 35.1
P400 1.62 +0.40 18.6 52.1
P1600 1.67 +£0.18 20.7 122.1

The ‘static’ radius Rg In the above equation may
be substituted by the hydrodynamic radius Rp or

(Actually equation (8) results from equation (14)
by applymg the Einstein relationship pp; = 2.5/[n]>*°.)
It has to be pointed out that the apparent densny
obtained by calculations, such as shown by equation
(14), will be larger than the true value since Ry <
Rg < Ripye, With Ry being the maximum distance of a
segment from the centre of gravity (R, = 2.25 x Rg,
see above). In a first approximation, neglecting long-
range interactions and the non-cubic shape of macro-
molecules, the mean density ppy, is about equal to the
critical overlap concentration ¢*, at which isolated coils
begin to touch each other. There are different
approaches describing c*, but in any case it has to be
borne in mind that expenmental results®'*!* and also
theoretical considerations* indicate intermolecular
interactions even below such values of ¢*. As can be
seen from the data in Table 5, the mean segment density
within the pullulan coils, and thus the corresponding
overlap concentration, decreases significantly with
increasing molar mass. In the case of P1600, pp,
amounts to just a few mgml ™' Accordmg to the primary
concentration of about 1 mgml™!, the overlap concen-
tration ¢* may have been exceeded w1th1n the F*-channel
during measurements. As a consequence, large polymer
coils may become entangled with each other and
are retained inside the F*-channel due to the a 3pplled
field of force until the cross flow is switched off*. This
would explain the ‘loss’ of sample as well as the low
molar mass compared to the distributor’s declaration
(see above).

CONCLUSIONS

The novel analytical method F*/MALLS/DRI has been
shown to be applicable to the conformational character-
ization of pullulan dissolved in aqueous media. The
results obtained in this study confirm that the linear
polysaccharide dissolved in water behaves like a highly
flexible polymer in a good solvent. Calculated values of
D, Rp, Rg, {p, c* for the corresponding M are in good
agreement with literature data. Thus, a new method is
available for the steric characterization of even small
polymers, where the scattering function contains no
information about molecular shape and flexibility. The
experimental setup ensures that the corresponding
hydrodynamic and ‘static’ quantities are obtained from
the same monodisperse volume fraction, independently
of sample composition. Furthermore, it has been shown
that owing to the low polymer concentration employed
the second virial coefficient 4, has neglectable influence
on the light-scattering results. An unusual elution
behaviour observed for the high molar mass sample
P1600 has been explained in terms of cross-flow induced
entanglements. A programmed cross flow, which

ppor (mgml ™)
b (nm) Applying Rp - Applying Rg
1.1 123.6 19.1
2.8 46.7 10.9

5.9 11.1 2.6
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decreases continuously during the measurement, would
possibly avoid such ‘overloading’ effects. This phenom-
enon will be subjected to further investigation in our
laboratory.
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