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Movement of line-like samples with lengths from 5 to 50 mm
along the x-axis of the double TE,q, rectangular cavity has been
analyzed. The observed dependencies of the EPR signal intensity
versus sample position showed: (i) a sharp maximum for sample
lengths from 5 to 20 mm; (ii) a plateau, over which the EPR signal
intensity remained constant within experimental errors of 0.26-
1.07%, for lengths from 30 to 40 mm; and (iii) a “‘sloping plateau,”
which could be approximated by the linear function (correlation,
r = 0.98) for sample length 50 mm. Theoretical values of the
experimentally observed dependencies of the intensity versus sam-
ple position were calculated using the modified sine-squared func-
tion and the correlation between observed and theoretically pre-
dicted dependencies is very good. The experimental dependence
of the EPR signal intensity versus the sample length for samples
situated at the same point in the cavity was nonlinear with a
maximum for the 40-mm sample. The dependence of the EPR
signal intensity upon the movement of a large cylindrical sample
(0.d. 4 mm and length 100 mm) along the x-axis of the cavity was
similar to that found for the 50-mm sample. However, an addi-
tional oscillating signal superimposed on the sloping plateau was
observed. The presence of a large sample fixed in the complemen-
tary cavity of the double TE,,, cavity caused an additional defor-
mation of the signal intensity for a 30-mm sample which was
moving in the first cavity. The primary effect was that the plateau
was replaced by a region in which the intensity increased linearly
with sample position, r = 0.99. Each of the above phenomena may
be a source of significant errors in quantitative EPR spectroscopy.
Cylindrical samples to be compared should be of identical length
and internal diameter. Accurate and precise positioning of each
sample in the microwave cavity is essential. © 1997 Academic Press

Key Words: quantitative EPR spectroscopy; double and single
cavity; sample length.

INTRODUCTION

Difficulties encountered in quantifying EPR spectroscopic
measurements were clearly demonstrated in the results ob-
tained from international experiments carried out in 1962
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(1) and 1991-1992 (2). In principle, experimental errors
in quantitative EPR measurements for a given laboratory
and a given EPR spectrometer may be reduced in carefully
performed experiments to between 2 and 5% (3—-10). How-
ever, in practice, experimental analysis of the same sample
in different laboratories produced results which in the worst
cases were incompatible and in others had an uncertainty of
between 100 and 200% (1, 5), and others up to 500% (4).
No satisfactory explanation for this discrepancy has been
found at present.

In Parts 1 and 2 of this series (11, 12), it was shown
that the correct comparison of two samples (sample and
reference) in the TE;q, double cavity could be obtained only
if either the influence of both samples on the microwave
and modulation fields are negligibly small or both halves of
the cavity have the same microwave properties (2, 5, 13—
22). Thisis valid only under ideal experimental conditions
in which both samples have the same size, shape, and mag-
netic susceptibility and are placed at the same position within
the microwave cavity. These criteria are in practice only
fulfilled for a point-like sample (4, 5, 13-19). However,
samples used for quantitative EPR investigations are fre-
quently not point-like and in practice the sample/standard
isusually contained in a thin-walled quartz tube (3 or 4 mm
0.d.), which isfilled by the liquid, or powdered material to
produce column lengths varying from 5 to 50 mm or more.
These cylindrical samples are then positioned as near as
possibleto the center of the cavity with more or less accuracy
(2,5,17-19).

In quantitative EPR it is sometimes necessary to compare
the unknown cylindrical sample (with a variable length)
either to small (point-like) samplesor to commercially avail-
able full-length cavity standard samples (e.g., pitch in KCl
contained in a quartz tube with 0.d. about 4 mm). Significant
systematic errors may occur in such quantitative measure-
ments, and true comparison of the experimental data from
the same samples, but obtained from different EPR labora-
tories, may be very problematic (2, 5, 18, 19). This led us
to the investigation described in this paper.
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In the first part of this series (11) the construction of a
new sample setup device for precisely inserting the reference
and unknown sample into the center of the TE,. double
rectangular cavity was described. In the second part (12) a
detailed analysis of the sample- and double TE,,, cavity-
associated errors was described; and the movement of full-
length cavity line-like samples into the double TE,, cavity
was investigated. The aim of this paper is the detailed analy-
sis of the movement of line-like samples with differing col-
umn lengths and diameters into the double TE,q, cavity. The
sources of error caused by the comparison of such samples
are discussed. This involved the recording and analysis of
over 1000 spectra.

EXPERIMENTAL

The samples were prepared and measured according to
the same procedures as described in the experimental section
of the previous paper (12) of this series. A short recapitula-
tion, with specific reference to the preparation and measure-
ment of line-like samples with various lengths, is described.

Sample preparation.  Line-like samples of length L were
prepared as follows: The original tube (o0.d. = 4 mm) con-
taining the standard powdered strong pitch sample was
opened under an inert atmosphere and the material rel oaded
into thin-walled quartz EPR tubes (i.d. 1.3 mm, length 60
mm, wall thickness =~ 0.1 mm) to produce pairs of identical
(verified by weighing) line-like samples with materia
lengths from 5 to 50 mm, which were then sealed under
gentle vacuum. The basic procedure for sample filling the
sample tubes was as follows. The powdered material was
poured in the sample tube, shaken, and pressed carefully by
lightly knocking the tube on the laboratory table 10 times.
Additional material was added if necessary to give the de-
sired sample length. The experimental errors (SD in %) of
the volume weight of the powder samples with given length
prepared using this filling procedure were about 0.5% or less
(12). Pairs of the identical (again verified by weighing)
point-like sampleswere prepared by making cylindrical sam-
ples with a material column length 1.3 mm and i.d. 1.3 mm
in the manner described above. The large cylindrical sample
was realized using the commercialy available standard
‘‘strong pitch in KCI'' sample in the origina tube (o0.d. =
4 mm, L = 100 mm). In this case the sample alignment
procedure was modified as described in the first part of this
series (11).

Apparatus, instrumental parameters, and EPR signal in-
tensity expression.  Spectra were recorded using a Bruker
ER 200 D-SRC with an Aspect computer EPR spectrometer
with the original double TE,, (the first cavity is defined as
the front cavity) and single TE,q, rectangular cavity (23).
Instrumental parameters identical to those described in the
previous paper were used (12). The temperature of the EPR
laboratory was regulated at 16°C.
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In al casesthe intensity of the EPR signal was character-
ized by the peak-to-pesk height of the first-derivative EPR
signal, 1,,. For convenience of analysis, al 1,, values were
normalized to the interval (0, 1). Statistical evaluation of
the data obtained was carried out according to standard sta-
tistical procedures.

MAPPING OF THE SAMPLE MOVEMENT IN A
RECTANGULAR CAVITY

The location of the origin and axis orientation of the mi-
crowave rectangular cavity- and line-like sampl e-based coor-
dinate systems and the definition and designation of the im-
portant sample- and cavity-connected points are given in
Fig. 1 of Part 2 of thisseries (12) . Only ashort recapitulation
with particular reference to the movement of the samplesin
the rectangular cavity is given. Since the y- and z- coordi-
nates are zero in al of the cases under investigation, only
the x-coordinate of the sample- and cavity-connected points
is shown.

The center of line-like sample of length L situated in the
center of the rectangular cavity is defined as follows: S.(L/
2) = P.(0). L isthe effective length of the sample, namely,
that part of the total sample length, L, which is situated in
the active part, length a, of the microwave cavity (for the
TE cavity, a = 235 mm). If L < athen Ly = L, and if
L = athen Ly = a. L, isthe residua part of the sample
length, L, which is not situated in the active part of the
microwave cavity. If L = athen L, = 0, and if L > a then
Lp| = L — a.

Line-like Sample Position in the Cavity

Figure 1 shows the sample and cavity reference points for
the different situations which can arise from positioning line-
like samples in the rectangular cavity: Fig. 1a) —the case
of a point-like sample, a line-like sample with L — 0O; Figs.
1b (L < a), 1c (L = a), and 1d to 1f (L > a) —the cases
for line-like samples. In the limiting case (Fig. 1a), if L —
0, then S.(L/2) = $(0), which is compatible with the posi-
tion of a point-like sample, then S,(0) = P.(0). See, for
example, (5, 13, 17, 18).

The sample position (Fig. 1b) for L < a and (Fig. 1c)
for L = ais again straightforward, giving L = L and L
= a, respectively. If L = a, then §(L/2) = S.(a/2), which
is an important boundary case for a line-like sample with
central position S (L/2) = S(a/2) = P.(0).

The case L > a (line-like sample with nonzero residua
length L) israther complicated, and it is useful to introduce
two further sample reference points: (i) the situation (Fig.
1d), S(0) = P, (—a/2), in which thefirst auxiliary center
of the sample is (S¢), for which S{(Lg/2) = Si(a/2) =
P.(0) isvalid; and (ii) the situation (Fig. 1f) S (L) = P;,(a/
2), in which the second auxiliary center of the sample is
S, for which S{((L — Lg)/2) = Si{(L — a/2) = P,(0)
is valid.
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FIG. 1.

Schematic diagram of the different positions of a line-like sample of variable length, L, in the rectangular cavity: (a) Point-like sample,

L — 0. (b) Line-like sample, L < a. (c) Line-like sample, L = a. (d)—(f) Line-like sample, L > a. (For the symbol abbreviations and a more detailed

description see text.)

Central positioning of the sample, L > a, at the cavity
center is clear from the definition S.(L/2) = P,(0) (see
Fig. 1e). However, the nonzero value for L, results in a
constant |, value (the so-called plateau) in the interval of
the sample movement from the starting position S{(L/2)
= P.(0) (see Fig. 1d) to the position S{((L — Lg)/2) =
P.(0) (see Fig. 1f) in the cavity. The position S.(L/2) =
P.(0) is the central position on the plateau.

The possible contributions of the EPR signals from the
sample ends positioned at both the top, e, and the bottom,
f, sample access holes (i.e., those parts of the cavity between
the P and P;,, and P, and Pg points, respectively) to the
main EPR signal, from that part of the sample situated in
the active part of the cavity, was assumed nonzero as sug-
gested by Barklie and Sealy (17).

In order to precisely analyze the sample movement in the
rectangular cavity, further points (A—F) on the theoretically
predicted and experimentally observed |,, dependencies
were defined as given in Table 1. The second row of the
table shows the cavity points relative to the sample points
S, &, and S, during the sample movement in the cavity.
The coordinates of the cavity-based points P(*) are ex-
pressed in both the x- and the x’-axes for a point-like sample
and for the three cases of line-like samples in the following

rows while the last row shows the coordinates of the points
used for the construction of the theoretical sine-squared func-
tion with a plateau using the special * x’-, x"- and x"'-axes.
See Appendix A for further details.

The x-axis of the sample-based coordinate system was not
transformed during the sample movement a ong the common
sample—cavity x-axis; therefore, it was necessary to intro-
duce two different x-axes for the cavity-based coordinate
systems: (i) the x-axis used with the experimentally ob-
served |, value dependencies and (ii) the x’-axis used with
the theoretically predicted I, value dependencies. The linear
transformation between the two systemsisx = x" + L/2 (see
Fig. 1 and Table 1). In order to compare the experimentally
observed and the theoretically predicted 1, values the theo-
retical dependencies were transformed from the x’- to the
X-axis.

Sne-Squared Function for Line-like Sample with Variable
Length, L

The theoretically predicted variation of the I, values with
movement of a point-like sample along the x-axis of the
microwave rectangular cavity was calculated according to
the literature (13, 17) using the equation of Barklie and
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Sealy (17), viz., I, = const. sin’[w/a(x + a/2)], the so-
called sine-squared function in which a is the length of the
active part of the cavity along the sample. This basic equa-
tion was modified for line-like samples with variable length
L by increasing the active length of the cavity to (a + L)
as follows: (i) if L < a, then Ly = L and I, = const.
snqr/(a+ L)(x + (a + L)/2)]; (ii) if L = a then Ly
=aand |, = const. sin’[r/2a(x + a)]. However, if L >
a, then a plateau of width L, = L — a was expected, in
which case the theoretical functions were constructed from
“‘left and right half '’ of the sine-squared functions, which
were then connected by a plateau of constant I, values, or
by a linear function. See Appendixes A and B for further
details.

Mapping of the Sample Movement in the Cavity

Figure 2 shows how the normalized, theoretically pre-
dicted I, values varied as a function of the movement of a
point-like and line-like sampl e of length L along the common
sample—cavity x-axis of the rectangular cavity. With refer-
ence to Figs. 1 and 2, Table 1, and Appendix A, the depen-
dence of 1,, on the sample position in the rectangular cavity
can be analyzed for each of the four cases described above:

(i) A point-like sample with L — 0, Fig. 2a.

In this case the situation is relatively simple because L —
0, Lg¢ = 0, and L, = 0. The sample position in the center
of the cavity is § (0) = S(0) = $(0) = P,(0), or in the
alternative notation B = C'D’ = E (see Fig. la and Table
1). The I, values varied from zero at point A (—x’ = —a/
2),increasedtoamaximumat B= C'D’ = E(—x’ = 0),
and then decreased to zero at point F (—x’ = a/2) in good
accord with published literature data (5, 13, 17, 18). In this
case the x- and x’- axes are identical (x = x’, because L —
0) and it is clear that the x’-axis values varied from —a/2
to a/2 giving a sine-squared function width equal to ‘‘a’’.
See Appendix A.

(ii) A line-like sample with L = a, Figs. 2b and 2c.

In this case, L¢ = L and L, = O, and no plateau is
observed. The sample position in the center of the cavity is
P.(0) = S(L/2), or in the new notation the point C'D’.
The Iy, values varied from zero at point A (—x' = —(a +
L)/2), increased to point B (—x’ = —L/2), and further
increased to the maximum at C'D’ (—x’ = 0) from which
they decrease through E (— X’ = L/2)tozeroat F (—x =
(a + L)/2). In this case the x’ values varied from —(a +
L)/2 to (a + L)/2, and the sine-squared function width is
equal to (a + L). For the specia case L = a the function
width is 2a, with points B and E having values of 0.5 at
—X' = *al2, and this situation is an important boundary
case for curves without, *C = C'D’ = *D (—x’ = 0), and
with a plateau. See Appendix A.

(iii) A line-like sample with L > a, Fig. 2d.

Inthiscase Ly =aandL, =L —a(=L — Lg),anda
plateau is observed. The sample position in the center of the
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FIG. 2. Variation of the normalized theoretically predicted peak-to-

peak height of the first-derivative EPR signal, I, as a function of the
movement of a line-like sample of variable length, L, along the common
sample—cavity x-axis of the rectangular cavity. (a) Point-like sample, L —
0. (b) Line-like sample, L < a. (c) Line-like sample, L = a. (d) Line-
like sample, L > a (plateau). (e) Line-like sample, L > a (‘‘sloping
plateau’’). The maximal 1,, value was taken as unity. (For the symbol
abbreviations and more details see text.)

cavity isP.(0) = S(L/2), a point C'D’ (compare Fig. 1e
and Table 1). The I, values varied from zero at points F,
A (—x" = =(a + L)/2, respectively), through points E, B
(=x"= = L/2), withamaximumat *D, *C (—x’ = =(L
— a)/2). Because L > a, a plateau is observed from *C
through *C*D (—x’ = 0)to*D (—x' = (L — a)/2). The
x' varied from —(a + L)/2to (a + L)/2, giving a sine-
sguared function width of (a + L), including a plateau width
of (L — a). See Appendix A.

The maximal |,, value was taken as unity for all cases
(i—iii).

(iv) A line-like sasmple with L > a, Fig. 2e.

The analysis for this situation is the same as that for
the previous case. However, there are clearly differences
between the two cases, primarily in that the plateau region
is replaced by one in which I, increases linearly with posi-
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tion. As afirst approximation, alinear regression model was
used for the theoretical prediction of the I, values over this
region. A new auxiliary point B*C was constructed as the
crossing point of the linear function (intercept p and slope
q) with the left half of the theoretical sine-squared function
(see Appendixes A and B). The Iy, values varied in the
same way as in case iii, from A (—x' = —(a + L)/2) to
B*C. From this point the I, values increased linearly to the
maximum at *D (—x' = (L — a)/2). The sine-squared
function width is (a + L), including the linear region, a
‘‘doping plateau,”” equal to (L — a + e*), cf. (L — a) for
the previous case.

ANALYSIS OF VARIOUS EXPERIMENTAL SITUATIONS

The different combinations of possible experimental situa-
tions arising from insertion of the sample into the first and/
or second cavity of the double TE;, rectangular cavity were
reported in Ref. (12) . The results were found to be the same,
if the complementary cavity contained an empty sample tube
(i.d. = 1.3 mm), or was completely empty. However, it was
demonstrated that the various ways of sample reinsertion,
retuning, and remeasurement could significantly affect the
mesasured |, values (12). Consequently the possible influ-
ence of sample reinsertion, cavity retuning, and spectral re-
measurement on |,, during the experimental monitoring of
the movement of line-like samples along the common sam-
ple—cavity axis was analyzed. In each of the following cases
the sample was inserted at the starting point, the machine
was tuned, and the spectrum was recorded. The sample was
then moved, using an incremental distance of 2.5 mm, as
described.

(1-i) The sample was inserted into the center of the cav-
ity, S(L/2) = P,(0), and then moved down to the lower
boundary, S (L) = P,,, and back through the central posi-
tion to the upper boundary, $(0) = Py,. (1-ii) The reverse
of the above took place; starting from the central position,
S(L/2) = P¢(0), the sample was moved up to the top
boundary, $(0) = P;,, and back through the central position
to the lower boundary, S (L) = Poy.

(2) The sample was inserted at the top of the active part
of the cavity, $(0) = P;,, and then moved down to the
lower boundary, S (L) = Py.

(3) The sample was inserted at the bottom of the active
part of the cavity, S (L) = Py, and then moved up to the
upper boundary of the cavity, $(0) = P,.

(4) Procedures (1), (2), and (3) were repeated; how-
ever, the sample was removed/reinserted at positions S (L)
= Py, for (1-i), $(0) = P, for (1-ii), S(L/2) = P.(0)
for (2), and S(L/2) = P.(0) for (3), a which point the
cavity was retuned and the spectra were measured.

The above experiments showed that the dependence of 1,
on position was independent of the method by which it was
measured. The same trends were observed whether the sam-
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FIG. 3. Variation of the normalized experimentally observed peak-to-
peak height of the first-derivative EPR signal, 1,,, on the movement of a
point-like sample ([), and line-like samples of lengths 5 mm (@), 10 mm
(A), 20 mm (V¥), 30 mm (M), 40 mm (¢), and 50 mm (+), aong
the common sample—cavity x-axis of the first cavity of the double TE;o,
rectangular cavity, and the corresponding theoretically computed dependen-
cies (solid lines) from the theoretical sine-squared function, which was
modified for line-like samples with various lengths. The maximal 1, value
was taken as unity for all cases. (See Appendixes A and B for further
details.)

ple was in the first or the second cavity of the double TE,g,,
and in the single TE,q, cavity. No observable differences
were observed if the complementary cavity of the TEjy
contained an empty sample tube or was completely empty.
However, removal/reinsertion of the sample followed by
retuning gave rise to a discontinuity in I, because the cavity
was not identically biased, but the trends remained the same
and the effect could be corrected by a simple multiplicative
factor.

Thel,, valueswere also measured in the top sample access
hole, e (above the sample position S,(0) = P;,), and in the
lower sample access hole, f (below the sample position
S (L) = Poy); however, all 1, values were found to be zero
within the experimental error.

RESULTS AND DISCUSSION

The |, values depended strongly on the sample length,
sample shape, and sample position within the microwave
cavity (5, 11-22) and serious systematic errors may be in-
curred in quantitative EPR spectroscopy if samples with dif-
ferent lengths or internal diameters are compared. These
sources of errors can be exacerbated by incorrect positioning
of the sample in the microwave cavity. Consequently the
variation of |, values with movement of line-like samples
with lengths from 5 to 50 mm aong the common sample—
cavity x-axis of the first and/or second cavity of the double
TE,, rectangular cavity has been analyzed. The single TE,
rectangular cavity was used for the comparison.

Figure 3 shows how the normalized experimentally ob-
served peak-to-peak height of thefirst-derivative EPR signal,
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I, varied with the movement of a point-like sample (0
and line-like samples with lengths 5 mm (@), 10 mm (A),
20 mm (V¥), 30 mm (M), 40 mm (¢ ), and 50 mm (+),
along the common sample—cavity x-axis of the first cavity
of the double TE,q, rectangular cavity. The maximal I,
value, the averaged |, value over the plateau region in the
case of the 40-mm sample, was taken as unity for all samples.
The same trends of the |, dependencies were obtained for
the second cavity of the double TE,q,, and for the single
TE,q, rectangular cavity. The solid lines in Fig. 3 represent
the theoretically computed curves (see Appendixes A and
B). The agreement between theory and experiment is good
in al cases and any deviations can be attributed to the pres-
ence of the sample access holes (17, 24), the compression
field effect (5, 19), and nonuniformity of both the micro-
wave and the modulation fields (13, 17, 18) which were not
included in the theoretical function. From Fig. 3 it can be
concluded that:

(a) For samples with L < a (23.5 mm) the experimental
curves can be modeled on the sine-squared function, al-
though there appears to be a slight asymmetry in the experi-
mental results.

(b) For L > a, there is a plateau corresponding to the
movement of a constant mass of the sample through the
cavity; however, prior to the plateau there are systematic
differences between the theoretical and experimental results
which are more pronounced for the 40-mm sample than for
the 30-mm sample. Theoreticaly the plateau width should
be L — a; however, in practice the observed values were
7.5 mm (10 mm) and 17.5 mm (17.5 mm) for the 30- and
40-mm samples, respectively, where the figures in parenthe-
ses refer to the single TE,q, cavity. The standard deviations
of the averaged | ,, values over thisregion are 0.26% (0.47%)
and 1.07% (0.76%) for these two samples. The small devia-
tion of the experimental I, values prior to reaching the
plateau, near *C (—x = a/2), is probably caused by a com-
bination of effects arising from microwave and modulation
field perturbations at the top and bottom ends of the samples
and perturbations caused by the sample access holes
(17, 24).

(c) For the 50-mm sample the above plateau is replace
by a linearly increasing region (sloping plateau), of width
28.5 mm (30 mm), and the linear regression parameters are
intercept, p = 0.86 (0.83), slope, g = 0.0065 mm™* (0.0067
mm~), and correlation, r = 0.98 (0.99), in which I,, de-
pends upon the amount of sample in the inlet and outlet
access holes. The theoretically predicted width, L — a, is
26.5 mm, which givese* = 2 mm (3.5 mm), and the differ-
ence between the maximal and minimal 1,, value over this
range is 16.51% (17.81%) of the maximal |, value. Super-
imposed on this linear region is an oscillating function with
a wavelength quite close to the length of the cavity, viz.
~22.5 mm (22.3 mm), and an average amplitude of 6.11%
(6.29%) of the total signal height. Detailed examination of
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this oscillation shows that it is not a simple sine wave but
a quite complex function of x.

(d) Thesharp maximum values of |, for all sampleswith
L = a coincide with the centra sample position, S.(L/2)
= P.(0); however, the center of these samples nevertheless
must be accurately positioned at the center of the microwave
cavity to avoid substantial deviations in measured |, values.
For the 30-mm sample the center of plateau region is practi-
cally coincident with the center of the sample at the center
of the cavity and this position is recommended for the quanti-
tative EPR measurements although positioning isnot as criti-
ca in this case. For longer samples, L = 40 and 50 mm,
optimized values for |,, correspond to the sample center,
S(L/2), being shifted below the physical center of the
cavity.

Some of the above experiments were repeated using the
movement of the sample into the first cavity, in the presence
of a sample of constant length (e.g., L’ = 30 mm) fixed in
the center of the second cavity, S{(L'/2) = P¢(0). No
observable differences were found with the results reported
above. In addition the I, values of the fixed sample in the
complementary cavity remained constant within an experi-
mental error of 0.9-1.3% during sample movement in the
first cavity and no measurable differences were found when
comparing the results after interchanging the moving and
fixed samples between the first and second cavity in accor-
dance with our previous results (12).

Figure 4a shows the dependence of the experimental 1,
values as a function of the sample length, L, for the sample
positioned at important points in the rectangular cavity,
namely $(0) = Pc(0) (A), $(0) = Po(a/2) (V), S(L/
2) = P,(0) (@), and the sample position in the cavity, at
which the I ,, values were a maximum (H). All the data are
taken from Fig. 3. In al casesit is clear that the relationship
between | ,, and sample length (and hence volume and mass)
is nonlinear and for the cases studied the optimum sample
length is 40 mm. Figure 4b shows the experimentally deter-
mined position in the cavity at which I, is a maximum as
afunction of sample length (®). The theoretically predicted
dependence (A) is also shown for the ideal case in which
al maximal 1,, values are a the centra sample position,
S(L/2) = P.(0), with (=x = L/2) for al samples. For
samples with L = a the experimental and theoretical curves
are coincident; however, for L > a the position of the center
of the sample for maximum |, is moved below the center
of the cavity by 1.25, 3.75, and 13.75 mm for the 30-,
40-, and 50-mm samples, respectively.

There isan increasing deviation between the experimental
and theoretical curves as the sample length increased. For
the optimum sample length, L = 40 mm, then, with the
center of the sample at the center of the cavity, S.(L/2) =
P.(0), both ends of the sample protrude outside the active
length of the cavity by about 8 mm and, experimentally, as
the sample is moved through the cavity a plateau of width
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FIG. 4. (a) Variation of the normalized experimentally observed peak-

to-peak height of the first-derivative EPR signal, |,,, as a function of the
sample length, L, centered at important sample positions in the rectangular
cavity: S(0) = P.(0) (A), S(0) = P,(a/2) (V¥), the central sample
position, S.(L/2) = P,(0) (@), and the sample positions in the cavity, at
which the I, values were a maximum (). If a plateau appeared, then the
averaged value of |, over the plateau region was taken as a maximum. (b)
Dependence of the x-coordinate corresponding to the maximum I,,,, as a
function of the sample length, L. Experimentally observed dependence (®).
Theoretically predicted dependence, caculated as —x = L/2 (A). The
maximal |, value was taken as unity for all cases.

17.5 mm is observed. With the 50-mm sample about 13 mm
of sample is situated outside the active part of the cavity
and the above plateau is replaced by a linearly sloping re-
gion. The length of the upper and lower access holesis e =
39.5 mm and f = 46.5 mm (seein Fig. 1). The reason for
thisis unclear. Probably, the existence of the various lengths
of the sample ends in the access holes caused the additive
increasing/decreasing of the | ,, values by the different addi-
tional perturbations of both microwave and modulation fields
(17, 24).

In order to try to understand the experimentally observed
I, dependence on cavity position, the field compression ef-
fect of the various samples situated in the double TE;, rect-
angular cavity was investigated. The field compression fac-
tors were evaluated according to the literature (Ref. 5, p.
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4378; Ref. 19, Eq. [3.22]) with the sample at the central
position, S;(L/2) = P.(0), of the first cavity and the refer-
ence sample, of constant length L’ = 30 mm, at the central
position, S{(L'/2) = P{(0), of the second cavity. The
results are summarized in Table 2, which shows the experi-
mentally observed dependence of the field compression fac-
tors ( f-factors) as a function of the differences between the
sample length in the two cavities, AL = L — L'. Thereverse
situation, the fixed, constant-length sample in thefirst cavity
and variable-length sample in the second cavity, was also
measured, shown in parentheses. It isinteresting to note that:

(a) The f-factors for samples of the same length, AL =
0, were 1.01 or smaller, and field compression isthus negligi-
ble in this case.

(b) The dependence of the f-factors on AL is nonlinear;
e.g., comparing the f-factors for the two combinations with
sample lengths (i) L’ = 30 mm, L = 10 mm, and (ii) L’
= 30 mm, L = 50 mm (the same |AL]|), it is clear that
different f-factorswere found and those for the larger sample,
L = 50 mm, were larger than those for the smaller sample.

(c) For samples with L < 50 mm in 1.3-mm tubes the
f-factors were 1.07 or smaller for all samples. These are
similar to values published in the literature; e.g., Casteleijn,
and co-workers (5) obtained f-factors of 1.06 + 1.89% for
an empty EPR sample tube with i.d. = 29 mm and 1.15 =
1.74% for the same tube filled with alanine. Very similar f-
factors were obtained in the present work for the combina
tion of one EPR tube filled with the strong pitch in KCl
(0.d. = 4 mm, L = 100 mm) inserted at the central position
of the first cavity, and a second sample (i.d. = 1.3 mm, L’
= 30 mm) at the equivalent point in the second cavity, for
which the f-factor was 1.14 = 3.52 and 1.16 + 3.87% after
interchanging the samples.

Burns and co-workers (25) measured |, values of DPPH
dissolved in toluene and contained in quartz EPR tubes with
internal diameters ranging from 1 to 6 mm and tube wall
thicknesses from 0.8 to 1.2 mm, and showed that the optimal
i.d. was 4 mm for their experimental configuration. Nagy
and Platek (18) showed that the spatial dependence of I,
versus a point-like sample movement in the cavity was a
very complex function of the sample position. The results,
seeFigs. 3and 4in (18), indicate that the radial dependence
of the I,, values in the plane, which is situated at the center
of the cavity and is perpendicular to the sample movement
axis, showed circular symmetry for a sample with i.d. = 2
mm and that all volume elements, AV, of this sample within
this circle experience the same microwave field. The authors
expected an ellipsoidal dependence of the I, values versus
vertical point-like sample positions in the space of the cylin-
der with the 1-mm radius. This dependence is probably due
to strong deformation of the field near the sample access
holes (26).

Asshown in theliterature (5, 13—22), and a so the results
presented herein, the sample position in the cavity, sample
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TABLE 2
Field Compression Factor (f-Factor) as a Function of the Difference in Sample Length, AL = L — L’, between Line-like Samples
with Variable Lengths, L, Inserted at the Central Position, S.(L/2) = P.(0), of the First Cavity and the Reference Sample, L’ = 30
mm, Inserted at the Central Position, S;(L'/2) = P{(0), of the Second Cavity of the Double TE,,, Rectangular Cavity?

AL (mm)

=25 -20

-10

0 +10 +20

f-factor (a.u.) 1.07 = 1.15% 1.06 = 1.75%

1.03 = 1.15%
— (107 + 1.17%) —

1.01 = 0.69% 1.03 + 1.57%
(1.01 = 0.91%) —

1.09 = 1.69%
(111 = 1.76%)

Note. The field compression factor was evaluated according to the literature (5):

f-factor = {l,, (with sample in the second cavity)/l,,, (without sample in the second cavity)} messured in the first cavity

X {1y (without sample in the first cavity)/l,, (with sample in the first cavity)} messured in the second cavity -

#The values in parentheses are from the reverse situation, in which the samples were interchanged between the first and second cavities (averaged

values from five experiments).

size, and sample shape can introduce a significant errors in
guantitative EPR measurements. The mgjority of the above-
mentioned results were obtained using either a point-like
sample (e.g., a very small cube) or a line-like sample with
asmall internal diameter (e.g., i.d. = 1.3 mm in the present
work). However, these are frequently not the ones generally
used experimentally. One type of commercialy available
standard sample (e.g., from Varian or Bruker) is strong pitch
in KCI, contained in a thin-walled quartz tube (0.d. = 4
mm). This standard sample is usually inserted such that
the pitch extends the full length of the microwave cavity.
However, the sample under investigation usually has a dif-
ferent size and shape. Figure 5 shows how the normalized |,
values varied with the movement of such alarge cylindrica
sample (0.d. = 4 mm, L = 100 mm) along the common

1.0
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0.4 1

Ipp [ arbit. unit ]
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FIG. 5. Variation of the normalized peak-to-peak height of the first-
derivative EPR signal, I,, on the movement of a large cylindrical sample
(0.d. = 4mm, L = 100 mm) along the common sample—cavity x-axis of the
first cavity of the double TE,, rectangular cavity. Experimentally observed
dependence (@), theoretically calculated dependence (solid line) . The max-
imal 1, value was taken as unity for both cases.

sample—cavity x-axis of the first cavity of the double TE;u,
rectangular cavity (®). The complementary cavity was
empty. The same trends were obtained for the second cavity,
and for the single TE,q, cavity. The theoretically predicted
dependence (solid line) was calculated using the sine-
squared function; see Appendixes A and B. The maximal
lpp value was taken as unity for both cases. It is clear that
the trends for the experimental and theoretical dependencies
are very similar to those obtained for a 50-mm sample dis-
cussed with respect to Fig. 3 (+). Therefore only specia
features will be discussed:

(a) The width of the linear region is 82.5 mm and the
linear regression parameters are intercept, p = 0.78, slope, q
= 0.0024 mm™*, and correlation, r = 0.94. The theoretically
predicted width of a sloping plateau (L — a) is 76.5 mm,
which gives e* = 6 mm.

(b) The difference between the maximal and minimal I,
in this region is 22.97% of the maxima 1,, value, and an
average amplitude of the superimposed oscillation is 7.08%,
with a wavelength of ~22.5 mm.

Possible explanations of the Iy, oscillations on the linear
region may be speculated: (i) it could be due to sample
inhomogeneity; this can be discarded since the experiment
was repeated with three independent samples (two Varian
standards and one Bruker) and each showed a similar effect;
(i) contributions to Iy, from those parts of the sample not
directly situated in the active part of the cavity (i.e, in
the upper and lower sample access holes); and (iii) large
perturbations of both the microwave and the modulation
fields in the cavity caused by a large cylindrical sample.
This is clearly an important factor as the *‘effective cavity
length’’ and the slope of the linear region increase as the
sample length increases. Similar, but more pronounced, ef-
fects were observed when a 100-mm, 4-mm-diameter sample
was inserted in the cavity as described below.
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FIG. 6. Variation of the normalized experimentally observed peak-to-
peak height of the first-derivative EPR signal, 1,,, upon the movement of
aline-like sample (i.d. = 1.3 mm, L = 30 mm) along the common sample—
cavity x-axis of the first cavity (®), and the simultaneous EPR signal from
alarge cylindrical sample (0.d. = 4 mm, L =~ 100 mm), which was fixed
at the central position of the second cavity of the double TE, o, cavity (O).
The maximal |, value was taken as unity for both cases.

Figure 6 shows how the normalized experimentally ob-
served |y, values varied upon the movement of one of the
line-like samples (L = 30 mm, i.d. = 1.3 mm) aong the
common sample—cavity x-axis of the first cavity (®), in the
presence of a large cylindrical sample (i.d =~ 4 mm, L’ =
100 mm) which was fixed in the central position,
S:(L'/2) = P{(0), of the second cavity of the double TE;o,
rectangular cavity. The |, values of alarge cylindrical sam-
ple fixed in the second cavity were taken simultaneously
(O). The maxima 1,, value was taken as unity for both
cases, and no principa differences were found for the case
where the sampl es were interchanged between the two cavit-
ies. It is evident that:

(a) The Iy, values of a large cylindrical sample fixed in
the second cavity remained constant within an experimental
error of 2.67% as a line-like sample was moved through the
first cavity.

(b) The I, dependence of a line-like sample in the first
cavity showed very similar trends as were found previoudly,
seeFig. 3 (M), interms of the width of the plateau; however,
the presence of a large cylindrical sample fixed in the com-
plementary cavity caused the previously flat plateau to de-
velop a sloping plateau upon which was superimposed an
oscillation similar to that illustrated in Figs. 3 (+) and 5.

(c) The curve has a width of 10.5 mm over the linear
region; hence, the theoretically predicted width (L — a)
is 6.5 mm, which gives e* = 4.0 mm. Linear regression
parameters are intercept, p = 0.87, slope, g = 0.0065 mm™*,
and correlation, r = 0.99.

(d) The difference between the maximal and minimal I,
value over the sloping region is 10.17%, and the average
amplitude of the superimposed oscillation is 3.46%.

This clearly demonstrates that the presence of a large
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cylindrical sample in the complementary cavity produces:
(1) nonnegligible perturbations of the microwave and modu-
lation fields in both of the coupled cavities and (ii) signifi-
cant deformation of the I, dependence for aline-like sample
in the latter cavity of the double TE,q, rectangular cavity.
To our knowledge, the precise and systematic analysis of
the above-mentioned phenomena and the importance of
these error sources on the accuracy and reproducibility of
the quantitative EPR spectroscopy have not been discussed
in the literature and more attention to the investigation of
these, and related phenomena, will be needed in the future.

CONCLUSIONS

The experimentally observed dependencies of 1,, on the
movement of a line-like sample with length, L, from 5 to
50 mm, along the x-axis of the double TE,g, cavity, showed:
(@) asharp maximum for the samplelength L = 5, 10, 20 mm
corresponding to when the center of the sample is situated at
the center of the cavity, because the sample length was
smaller than the active cavity zone; (b) a plateau with a
region, whose width was dependent on the sample length,
over which |, remained constant within experimental errors
0.26—1.07%, for the sample lengths L = 30 and 40 mm
because the sample length was greater than the cavity active
zone; and (c) for the 50-mm sample this plateau is replaced
by a linear region, width 28.5 mm, where |, is dependent
on the position of the sample in the cavity probably caused
by combination of the high nonuniformity of both micro-
wave and modulation fields together with contributions to
I, from the inlet and outlet holes of the cavity.

Thetheoretical predictions of the experimentally observed
|, Value dependencies upon the movement of line-like sam-
ples with lengths from 5 to 50 mm aong the x-axis of the
cavity were calculated using the modified sine-squared func-
tion. The trends of the experimentally observed and the theo-
retically predicted dependencies arein very good agreement.

The experimentally observed dependencies of 1,, as a
function of the sample length are nonlinear, with the maxi-
mum I,, values obtained for the 40-mm sample, which is
greater than the active length of the microwave cavity, a =
23.5 mm. This may indicate that the existence of the sample
in the sample access holes caused the additional increasing/
decreasing of the I, values.

The field compression factors ( f-factors) were: (a) negli-
gible, 1.01 or smaller, for identica sample lengths in both
cavities; (b) of the order 1.07 or smaller, for the combina-
tions of the 30-mm sample with any of the other samples
except for the 50-mm sample, which gave f-factors of 1.09—
1.11; and (c) high, 1.14 or more, for the combination of a
line-like sample (i.d. = 1.3 mm, L’ = 30 mm) and a large
cylindrical sample (0.d. = 4 mm, L = 100 mm), which
must be taken into consideration, if these two types of the
samples are under comparison in quantitative EPR spectros-

copy.
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The experimentally observed dependence of the I, values
upon the movement of alarge cylindrical sample (o.d. = 4
mm, L =~ 100 mm) aong the x-axis of the double TE;u
cavity showed trends very similar to those found for the
line-like sample of L = 50 mm. However, the width of the
linear region was 82.5 mm (r = 0.94), and oscillation of
the I, values around the linear dependence was observed.

The experimentally observed dependence of the |, values
upon the movement of aline-like sample (i.d = 1.3 mm, L
= 30 mm) along the x-axis of the first cavity of the double
TE. cavity in the presence of a large cylindrical sample
(0o.d = 4 mm, L = 100 mm), which was fixed in the central
position of the complementary second cavity, showed that:
(a) the presence of alarge sample, fixed in the second cavity,
caused the additional deformation of the I, dependence of
a line-like sample, which was moving in the first cavity
(linearly sloping region occurred, r = 0.99); (b) the move-
ment of a line-like sample in the first cavity did not cause
any influence on the |, value dependence of thelarge sample
fixed in the second cavity. The I ,, values remained constant
within an experimental error of 2.67%.

All the above-mentioned phenomenawill give rise to seri-
ous sources of significant errors in quantitative EPR spec-
troscopy, if the samples of identical material to be compared:
(1) have different lengths or (ii) have identical lengths but
are situated at different sample positions in the cavity.

According to the results obtained it is strongly recom-
mended that the cylindrical samplesto be compared in quan-
titative EPR should have identical length and internal diame-
ter and must be precisely positioned in the microwave cavity.

Finally it should be noted that the results presented herein
were obtained on a Bruker ER 200 D-SRC EPR spectrome-
ter, with the original Bruker double TE,;q and single TE;g,
rectangular cavities. Different EPR spectrometers or cavities
could show greater or smaller differences than the results
presented herein, and the device given and the experimental
configuration used could be characterized with smaller or
larger differences.

Detailed analysis of the variation of 1,, upon movement
of the cylindrical samples with variable internal diameter
and sample length, along the x-axis of the double TE;y
cavity, will be the subject of the next paper.

APPENDIX A

Sne-Squared Function for a Line-like Sample of Variable
Length, L

The general equation for the dependence of 1, for aline-
like sample of length L along the —x” axis of the microwave
cavity is

lp(X') = Aosin®(m/(a+ Lg) (X" + (a+ L« )/2)), [Al]

where A, € (0, 1), and a = 23.5 mm for both the Bruker
single TE,q, and the double TE,y rectangular cavities.
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The general transformation between the x (sample-based)
and x' (cavity-based) coordinate systems is

x=x"+ L/2 [A2]

Modification of the General Eq. [ Al] for Five Special
Cases

(1) Point-like sample (L — 0, A, = 1). In this case Eq.
[A1] simplifies and according to the literature (13, 17) is

lp(X") = Assin®(mr/a(x’ + al2)), [A3]
where x’ € (—al2, a/2). Because L — 0, X’ = X.
(2) Line-likesample (L < a, Ay =1). Ly =L, and Eq.
[Al] applies
lp(X') = Aisin?(m/(a + L) (X' + (a + L)/2)), [A4]

wherex’ € (—(a+ L)/2,(a+ L)/2),and x = X" + L/2,
for x € (—al/2,al2 + L).

(3) Line-likesample (L = a, Ay = 1). Ly = a, and Eq.
[A1] applies

lp(X") = Assin®(mr/2a(x’ + a)), [A5]

where X’ € (—a, a), and x = x’ + a/2, for x € (—a/2,
3a/2).

(4) Line-like sample (L > a, Aj = Ay = Aj = 1), with
constant |, along the plateau. Three specia intervals are
used:

(i) If X" € (—a, 0), then x" = x’ + (L — a)/2, for
x' € (—(L+ a)/2, —(L —a)/2), ad
lp(X") = Ajsin®(m/2a(x” + a)) [AB]
(the left half of the sine-squared function).
(ii) If *x’ € (—(L — a)/2, (L — a)/2), then the
plateau region is
lop(*X") = Ao (=A5 = Ag). [A7]
(iii) If xX” € (0, a), then x” = x" — (L — a)/2, for
x" e ((L—-a)2, (L +a)/2), and
ssin?(mw/2a(x” + a))

lpp(X™) = [A8]

(the right half of the sine-squared function).

The overall |, dependence is constructed from Egs.
[A6] and [ A8] by the plateau with the constant I, values,
Eq. [A7].

(5) Line-like sample (L > a, *Ay = *Ay = A = 1),
with the different 1,,(* x") values along the plateau. To afirst
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approximation, alinear regression model, which included the
points *Ag', *Aq, and Ag, is used for the prediction of the
experimental 1,, values. The construction of the I,, depen-
dence is a very similar as in the previous case:

(i) If x" e(—a,0),x"=x"+ (L —a)/2 forx"
(—=(L + a)/2, —(L — a)/2)), the same eguation as [ A6]
is used,

lp(X") = Ajsin®(w/2a(x” + a)). [A9]

where Aj = 1.
(ii) However, if *x’ € (—(L — a)/2, (L — a)/2), a
linear region is constructed:

lp(*X") =p + g*x’. [A10]

This linear function is projected from the point Aj = 1
until it intersects with the left half of the sine-squared func-
tion, Eq. [A9], at point B*C with I, *Ag < 1.

(iii) If X" € (0, a), then X" = x’ — (L — a)/2, for
x" € ((L — a)/2, (L + a)/2), and the same equation as
[A8)] is used,

ssin?(w/2a(x” + a)),

lpp(X") = [A1]1]

where A = 1 and *A, obeys the relation *Ay < *Ay <
o = 1, for the sample positioned at the center of the cavity,
S(L/2) = P,(0).

APPENDIX B

Theoretical Prediction of the A, Parameter Values in the
Sne-Sguared Functions

There aretwo possibilitiesfor obtaining the relative values
of Aq: (i) as a first approximation, the maximum of the
theoretically predicted I, can be fitted to the maximum of
the experimentally observed 1, (24); or (ii) theoretically,
using Eq. [ 6] from Hyde's group’ s contribution (27), which
is valid for the samples with L = a situated in the center of
the X-band rectangular cavity, S.(L/2) = P.(0),

L/2

) Qo+ cos®(m(x/a)) )
(G a, L) f_le [1 + 5 - cos®(m(x/a))] "

[B1]

where (|, is aconstant given by Portis (28). The combination
of both mentioned methods was used in this paper.
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Mailer et al. (27) solved the above integral using numeri-
cal integration. We have solved Eq. [ B1] analytically (to be
published). In both cases it can be shown that the theoreti-
cally predicted A, value for the X-band Bruker cavity (23)
with a = 23.5 mm is maximal for the sample length L =
a. However, the above experimental data indicate that the
maximum |, value (corresponding A;) was obtained for L
= 40 mm, and the I, value decreased for the L = 50-mm
sample. The possible mechanisms causing these differences
are unclear.

In an effort to overcome these problems, a hew apparent
‘‘avalue’ equa to the sample length, L, for which a maxi-
mum |, was experimentally observed, is used in Eq. [B1]
for sample lengths L > a (=23.5 mm). For the above data
thisis*a = 40 mm. A possible explanation for the increase
in apparent cavity length is that the sample couplesthe active
part of the cavity to both the top, e, and the bottom, f, sample
access holes (see Fig. 1e), which then partialy contribute to
the true length of the microwave cavity. The experimentally
observed |, value, for the sample with L > a, situated in
the center of the cavity, S.(L/2) = P.(0), is subsequently
the sum of the partia |, values from those parts of the
sample situated in all three parts of the cavity, and contribu-
tions from the sample access holes to the main active part
of the cavity cannot be neglected since the differences be-
tween the experimentally observed maximal |,, values for
samplelength L = 40 mm (taken asunity) andL = a(=23.5
mm) were found to be about 23%.

Modification of the General Eq. [ B1] for Samples of
Various Length, L

(1) Line-like sample, L = a (=23.5 mm). The relative
values of the A, for line-like samples with variable length,
L, were calculated using Eq. [B1] witha = 23.5 mm (L =
1.3 mm for point-like sample).

(2) Line-like sample, a < L = *a (=40 mm). The A,
value was calculated using Eq. (B1) with a = *a (=40
mm). The identity Aj = A = A, was used in the case of
a plateau with constant |,.

(3) Line-like sample, L > *a (=40 mm). The A, value
was again calculated using Eq. [B1] with a = *a (=40
mm); however, only *A, can be predicted in this way, and
calculation of *Aj and *Ag is not possible. *Ag and *Ag
values are approximated by fitting a linear function to the
experimental 1,, values. *Ag and *Ag' are the points of inter-
section of this linear function, intercept, p, and slope, q,
with the right and left half of the sine-squared function,
respectively.

(4) Inan effort to compare the experimental and theoreti-
cally predicted I,, dependencies, the maximum A, value (for
L = 40 mm, and *a = 40 mm) was taken as unity for all
A, parameters, except for L = 50 mm. In the case of the
sloping plateau, the *Ag value was normalized, because * A,
< *Ag < 1. See previous text and Fig. 2e for more details.
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