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where

Ty, =~— (i (@0)[67%){2p5* Bo* Tr(g,*) — 4piy Bo Tr(g,- A) M,
+Tr(APUU+ 1)+ MP)},

Ty, = (Jo(@0)/30A*){6us™ Bo® Tr (g,%) + 125 Bo Tr (g, A M,
+ Te (AU + 1) — M)},

1Ty, =3[T,, 17" — (J(0)/128*) Tr (AU + 1) — M}?),
_;_

T, =3{T1, 7" + (J2(0)/604) {81 B> Tr (g,%) + 165 Bo Tr (g A M,
+Tr (A2 GII + 1) + 5MP)},

ey = —(Ky(@o)/ 21 (o) [T, ],
S = —(Kx(00)/2J2(wo)) [T}, ]

Here J(w) and K;(w), j = 1, 2, are real and imaginary spectral densities. The derivation
of relaxation formulas is given in the Appendix.

'Experimentally, we can determine the frequency of resonance
= w, + w [43]

and the relaxation times 7, and T, for all |[AMg| =1, AM, = 0 transitions. Assuming
that S = 1, we obtain 3(2/ + 1) experimental data points. From these, we can determine
the invariants of the matrices in the spin Hamiltonian if the reorientational relaxation
mechanism is predominant and the J;(w) and K;(w) functions are known. It is a con-
venient assumption (/7) to make the reduced correlation function g;(r) = exp[—|t|/7;],
where 7; is the correlation time. Then

Ji(w) = 1;/(1 + w? sz),

Kiw)=—-120/(l + v*1?). [44]

Assuming the Debye theory is valid, we may have for the correlation time (18)
1 =8na’n[j(j+ VKT, j=1,2,..., [45]

where 7 is the viscosity, a the effective radius of the molecule, 7' the absolute temperature,
and k the Boltzmann constant. At low temperature, when viscosity and correlation
time are high, relaxation from random modulation of anisotropic effects is strong, i.e.,
the other relaxation mechanisms can be neglected. The resonance frequency and the
relaxation times are expressed in terms of the invariants:

Tr(g.), Tr(AJ);
Tr(g?), Tr(g-A),  Tr(AJ2); [46]
Tr (gtz)» Tr (g, A), Tr (sz);

i.e., we have to determine eight or three parameters depending on whether we do or do
not observe hyperfine structure. In case of hyperfine structure, the number of available
experimental data is 3(2/ + 1)n, where # is the number of applied frequencies (wave-
bands), where the resonance is'detected by sweeping with the static magnetic field.
Consequently, one waveband is required when 7 > 1 and two wavebands are necessary
if /=1 to determine the eight parameters in Eq. [46]. In the absence of hyperfine
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structure it is sufficient to carry out the measurements at one waveband as the necessary
three experimental data are available. Consequently it is enough to measure the
resonarnce frequency and relaxation times only in liquid to decide whether the g and A
matrices are asymmetric or not. By this we can avoid the difficulty arising from solvent
effects, which can modify the magnetic parameters. On the other hand, when the
solvent effects can be neglected the ambiguities found in the solid phase can be resolved.
There are two kinds of ambiguities: the sign ambiguity in the case of rhombic (or
higher) symmetry, and the question of matrix asymmetry if the symmetry is low. Since
in the case of rhombic symmetry g-g = g?, the three principal values of the g? matrix
(g:%.8,%8.°) can be determined and, consequently, the relation g, = (g + g, + £,),
where g, is taken from the liquid phase, can be used to decide the unknown signs. If the
sign of g, g, g, s determined by using circularly polarized radiation, all sign ambiguities
can be resolved. The same holds true for the signs of the principal values of matrix A.
In case of low symmetry the g2, g,%, g,> principal values of the g-g tensor cannot be
related to the g, value measured in liquid; i.e., there is no sign combination in the

relation
(18« + &y £ &)/3 = go. [47]

for which the equality holds. Consequently, from the deviation of Eq. [47] we can
conclude that, if the solvent effects are negligible, the matrix g is asymmetric but, on
the other hand, we cannot say anything definite about the relative sign of g,, g, g,.
Similar conclusions can be drawn about the matrix A (7).

From the relaxation measurements, however, we can determine the six additional
invariants (see Eq. [42]). Completing these data with 2 line-position data (g, and A,)
from the liquid phase and 12 data from the single-crystal measurements (g, and A)),
we have 20 experimental data for 18 independent parameters. Since g and A matrices
are given by relations g = R,-g,and A = R, - A,, the Euler matrices R, and R, are to be
calculated from the invariants obtained from liquid-phase measurements. The following
six independent relations can be given:

Tr (gs Rg) =Tr (gc) = Zo»
Tr(A;-Ry) =Tr(A) = A,,
Tr(g: Ry-8 Ry =Tr (g2 + 8> + &),
Tr(As- Ry A Ry =Tr(AZ+ A2+ AB2),
Tr(gs' Rg'As' RA) = Tr(gc'Ac + gv'Av + gt'At);
Tr(Re 8- A Ra) =Tr(geAc — g, A, + 80 A).

[48]

Since the number of experimental data exceeds the number of independent parameters
by 2, it may be possible to decide whether the solvent effects influence the magnetic
parameters. The two relationships between above invariants and those obtained from
single-crystal measurements are ‘

Tr(g?) =Tr(g” — g2+ g2),

Tr(A2) = Tr(AZ — A2 + A2). [49]

For spectra with no hyperfine structure, the number of experimental data is 9, as is that
of the independent parameters for the g matrix. Since there is one relation between the
invariants in Eq. [49], we need one more datum to determine all the elements of the g
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matrix. This difficulty can be overcome by investigating the spectrum at a temperature
interval where higher-order relaxation effects play an important role. Since we assume
isotropic random rotations, there should appear only rotational invariant quantities in
the relaxation expression. If we complete the equation of motion for the density matrix
by the third- and fourth-order terms (see the Appendix), we obtain the ensemble average
of terms in which three and four random Hamiltonians, respectively, are multiplied.

Using the decomposition of matrices g and A in Eq. [33], where the terms transform
under different irreducible representations of the rotational group, we can construct
the rotational invariant products by the usual rules of addition of angular momenta (9).
The third-order invariants are

Tr(g,* g0, Det(g,) = —3Tr(g.). [50]
The fourth-order invariants are
Tr (gvz) Tr (gv2)7

Tr(g.”) Tr(g?),

Tr(g*) Tr (g,

Tr(g*) =4Tr(g)Tr(g.),

Tr(g.* 8,

Tr(g*) = 3Tr(g2) Tr(g).
Since the second-, third-, and fourth-order contributions are proportional to By2, By®,
and By*, respectively, itis possible to separate experimentally the different contributions,
by applying different wavebands. While the two third-order contributions in Eq. [50]
are independent of the second-order invariants, only Tr(g,?-g,%) gives independent

information among the fourth-order invariants in [51].
From the characteristic equation of the g, tensor,

X — 3Tr (gtz)x — Det(g,) =0, [52]

[51]

we can determine the three principal values. Moreover, the vector derived from the
antisymmetric g, can be determined from the additional three invariants. Its length is
given by Tr(g,?), its position in the principal axis system of g, by Tr(g,*-g,) and
Tr(g,?-g.2). lts sense, on the other hand, is unknown, since only the even powers of g,
give nonzero invariants.

Let us compare the information obtained by measuring the properties of either a
static molecule or a tumbling, rigid molecule. In both cases six independent parameters
can be measured for an asymmetric matrix in the spin Hamiltonian, while the number
of unknown parameters is 3. It means that the available information is not necessarily
reduced for a tumbling molecule; only its nature is modified. An analogy can be drawn
between the ambiguity problem of the spin Hamiltonian and the uncertainty principle
of quantum mechanics: The angle and the angular momenta of a system cannot be
measured simultaneously with infinite precision. For a static molecule we can determine
the six elements of the symmetrized matrix in the polar decomposition, but we cannot
separate the contributions from the scalar, vectorial, and tensorial components. In
other words, while the orientation of principal axes can be measured, the decomposition
into the j=0, 1, and 2 terms cannot be carried out. For a tumbling molecule this de-
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composition can be completed; i.e., jis a good quantum number, but the orientation of
the principal axes remains unknown.

The ambiguity found in the two different physical phases can be resolved if the line-
position data from single-crystal spectra can be combined with the data obtained from
the liquid phase. This combination can, however, be carried out only with some care
owing-to the solvent effects. If Eq. [49] is obeyed, the solvent effects do not modify
significantly the elements of the g matrix. Otherwise, the deviation from equality can
be used to estimate the error in the orientation of principal axes of g, tensor.

We might avoid this difficulty with solvent effects by extremely fast spinning of the
single crystal. Then the diagonal elements of matrices might be directly measured. As
the necessary spinning rate would be as high as 108 sec™, this experiment cannot be
carried out at present. On the other hand, in liquid crystal the experimental conditions
can be fulfilled : partial orientation in one direction, and fast rotational tumbling around
it can take place.

An additional method of investigating the asymmetry of matrices in the spin
Hamiltonian was suggested by Ham (8). Then the modification of terms in the spin
Hamiltonian by an oscillating electric field can be used to detect the asymmetry of the
original matrices. This kind of measurement can be carried out if the term (0U/o¢) U™t
in the Schrédinger equation is large enough to be detected.

APPENDIX

To describe the dynamic property of the spin system with many degrees of freedom
we use the density matrix formalism (/7).
The equation of motion of the density matrix o is

i(do/dt) = [H o + (1), 0], [Al]

where the perturbing Hamiltonian 5#,(¢) is a stationary random operator and the
square brackets denote anticommutators: [4, B] = AB-BA. In the interaction represen-
tation with ’

o* =exp (i yt/h) oexp(—isHyt/h),

HK(E) = exp (i o 1]) #4(1) exp (—i o 1), [A2]
Equation [Al] becomes
ii(da*[dt) = [ (1), 0%]. [A3]

Integrating by successive approximation up to the fourth order and taking an ensemble
average on both sides of Eq. [A3], we obtain

t
(do*[dt) = —ib [ *(t), 0¥(0)] — A~? fdt[yfl*(t), [ *(t — 1),0%(0)]]

0

t—t

+ i3 [dr av' [ %), [ 5@ — 1), [ (¢t —t—1"),*(0)]]]

0 0o

[A4]

t t—1 t—t—1’
—4 ’ ”
+ A fdt Of dt f dt

) 0

X [A50), [, — 0, [# (=1 =), [ — 7 — ' = 1"), a*(O)]]]]-
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Here the bar above the symbols denotes the ensemble average. We restrict ourselves to
the case where ¢ > 7;, when the correlation between the random operator 5 ,*(¢t) and

the random function ¢*(0) can be neglected. Since .#,*(¢) A *(t — 1) is small when
t > 7;, and similarly, the other products in Eq. [A4] are small, when " and " are longer
than 1, the correlation between ¢*(0) and the previous products-can also be neglected.
It is, thus, permissible to average over ¢*(0) and the other factors independently and
extend the upper limit in the integrals of Eq. [A4] to infinity. We assume that 2 ,(t) =0,
for all average matrix elements; therefore, the first-order term in Eq. [A4] vanishes.

The order of magnitude of the relaxation time can be estimated from the second-order
term in Eq. [A4]:

1T = (1T), = ™2 *(t)* 7,
while the third- and fourth-order terms can be approximated as
(YT)s = (x,/T)"*(YT)  and  (T)y =~ (ty/T) (1T).
It can be seen that the iteration procedure results in convergent series if 7; < T.

There is another approach: replacement ofg"_‘(—O—) in the integrals by ¢*(7). The order
of magnitude in the modification caused by this replacement is (z;/T)(1/T), i.e., about
the same as the fourth-order term in the iteration. It means that in the frame of the
above approximation, the derivation of third-order terms is correct, while the determin-
ation of fourth-order terms needs more rigorous treatment (19).

Neglecting the fourth-order term, replacing ¢*(1) by o*(¢) — 0, as a consequence of

the more rigorous quantum mechanical formulation (/7) and omitting the bar above
o*(t), which will henceforth stand for the average density matrix, we obtain

[ee]

172 [ de 0, D, — 0, (0%(0) = a0)]]

0

do*
dt
[A5]

+ i [ de [ @ T 50, 6= 0, 67— 7 = 7, (0%() = oo,

where o, is the equilibrium density operator. Then the equation of motion for operator
Sy is

LS e [ T — 0, D270, S IH(0) — 00)} — i [ e [ de
dt p o 0 [A6]

x Tr{[*(t — =), [#*(t — 0, [#*(), S]] (67(2) — 00)},

where the S, spin operators are Sy, S,, and S_if g =+1, 0, —1, and the trace runs over
the electron and nuclear spin states.

We investigate the spin system, where the unperturbed Hamiltonian consists of the
time-independent part of the electronic Zeeman and nuclear hyperfine interaction:

Ho= g Bogo S, + Ao S, 1, [AT]

where g, = Tr(g)/3, Ao =Tr(A)/3 and z is the direction of the static field B,. As the
high-field approximation is used the nonsecular contribution A(Si/x+ S,/,) is
neglected. The radiofrequency field polarized perpendicularly into the B scalar magnetic
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field induces transitions between the | Mg, M) states of the spin system with the selection
rules [AM| =1 and AM; = 0, if the resonance condition

Wg = a)s + j‘/[i (Ui [AS]

holds, where w, is the frequency of rf field, ws = ug By go/h, and wy = Ao/fi. We assume
well-resolved hyperfine structure; therefore, the electron spin polarization is different
from its equilibrial value only when the coupled nuclear spin is in a particular M, state:

{My'|o — ool My") = 5M,'M,5MI”M,<M1IO' — g M. [A9]

The perturbing #,(¢t) Hamiltonian consists of the vectorial and tensorial parts of
electronic Zeeman and nuclear hyperfine interaction:

H(t)=SG, b—S-A,-1+S-G,-b+S-A1, [A10]

where G, = 113 By g,, G, = g Bog,, b = B/B,, and A, = —A,, owing to the transposition
rule of antisymmetric matrices. We rewrite J#,(¢) in a more condensed form:

H(t) = ﬁ S-(Z* + Z¥) -k, [Al1]

k:_
where
Zkv = C';v 51.:0 - Av [k:

ZK = G50+ AL, (k=1,0,and—1). [A12]

Here I,,1_,and I, denote I, + il,, I, — il,, and I, respectively, while the vector k stands
for L(x + iy), 3(x — iy), and z, when k=1, —1 and O, respectively, where x, y, and z
are orthogonal unit vectors perpendicular and parallel to the external magnetic ficld.
By introducing the spherical expansion of 2 ,(¢), we have

CHO=3 5 S (CEAD V), [A13]

where the definitions of £ ;2 and ¥, are given in Table 1. The sign convention of these
quantities,

Fo @ = (1) F_;™0 and Vil = =DV, [A14]

TABLE 1

THE DEFINITION OF THE F;;%(I) AND V};%(S) OPERATORS IN THE
SPHERICAL EXPANSION OF THE TIME-DEPENDENT HAMILTONIAN 227 (1)

#:0=3 5 3 COEADVLES)

Fil® = ZoN, Fu £ = TV 2)(Z,M +iZ,)

F*=3Z.",  Fo*'=F(/V6)Z.* +iZ,})
Fa®2 = (12V6)(Zu' — Z,,*t + 2iZ,,})

Vi® = (([2)(Sik-—S_ky),  Vit'=(/V2(Ss ko — S:k )

Vi =28,k ~ ¥(Si ko + S_ky),  Viet'=TF(V6/2)(Ss ko + S.k+)
Vie*?=(V6/2) Sy k+
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The second-order contributions are

J
wa(11) = =289 (g, g, b1, a4 1)+ M)
_ Jo(wo) 2
wy(22) =" (651 + 126, My + b3(TI(T + 1) — M),
J,(0
wa(1l) = pos (1) = T et 4 1) - b1,
(0) [A35]
wy(22) = 1w, (22) + 86? [85, + 166, M, + by(3I(I + 1) + 5M )],
K (wo)
Soo(11) =— =22 w (11),
( ) 2.]1(0)0) 1( )
_ Ky(o)
sw(2) =5 o w,(22),
where
a, =Tr(G?), a, =Tr(G,-A), a;=Tr(A2), A36
bi=Tr(G?, b,=Tr(G-A), bs=Tr(Ad). [A3¢]
The third-order contributions are
J (o) K.
wi(112) = L“";)Sﬁjﬂ (5¢, — 3¢5 — 8¢ M)+ 1) — M,2),
wi(211) = w,(112),
27, (wo) K
wy(121) = -‘i(‘—’l%ﬁg(i") [2¢, + 2¢;, My — dcy M, + 2¢5 M2
+ I+ 1) = TM2) — ¢ My(3I(I + 1) — 5M2)], [A37]
27,(we) K.
wy(222) = —2(—“1)—‘(’)157;@—“) [6d, + 18d, M; + ds(TI(I + 1) + 11 M2)

+ d4Ml(7I(l+ 1) - MIZ + 5)],
-1 1 0 0 -1 1
W2(112)=W2[ 1 1 2]+W’2|:1 1 2]7

—1 1 0] J5(0)K(wo) .
wz[ L1 2]:%3- [—4c, —de, M4 8¢y My — co(3IUL+ 1) — LIM2)

+des(IT+ 1) — 2M2) + cs M(TIUL + 1) — 11 M2 + 3)]

and

0 -1 1] _ J4(0) Ky(wo)

Y211 1 21T T 1208

w,(211) = wy(112),
JI(O) K:(wo)

6043
J2(0) K5 (o)

2107
+dy My(SI(T+ 1) — 1TM2 + (15/4)],

[3C5 - 5C4 + 806M1)(1(1+ 1) - M[Z) + %Cé M[],

wo(121) = [(Bes — Scq + 8eg M)UI(T+ 1) — M%) — 3c6 MY,

wy(222) = [—12d, — 36d, M + dy(5I(I + 1) — 41 M?)
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b _ Jz(wo) 0 _l 1 Jl((l)o) _] l 0
ow(l12) =275 Wz[l 1 2] TRyl 11 2
J1(0)J5(0
DO (o, 4 co i+ 1)~ M),
; Sw(211) = daw(112),
J(o J1(0)J,(0 ,
: 0(121) = 2220y 121) ~ L (s ca MYIL+ 1) = M2) = dea M),
1 0.
Sw(222) = Z((‘Z)‘;)) w,(222) — {3%—29 [16d, + 48dy M, — 3d,(3I(I1+ 1) — 19M?)
—dy My(OI(I + 1) — 25M > + 3)],
where

¢, =Tr(G,2-G), c,=Tr(G,2-A), 3 =3Tr (G, G -A, + G- G,-A,),
Cp = %Tr (Gv Av'Ax + Gv. At 'Av)s Cs = TI'(G, : sz)a Ce = Tr (sz' At)7 [A38]
d, =Tr(G/), d,=Tr(G2-A), dy=Tr(GA2), o =Tr (Ad).

In [A37] the indices in the square brackets are

[kl ks k;,]
JiJ2J3
The relaxation terms w,(22) and w,(22) in [A35] agree with the formulas of relaxation

times 7,7! and 7,7! derived by Kivelson (5) as well as by Freed and Fraenkel (20) in
‘the limiting case of weak exchange.
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DETERMINATION OF ASYMMETRIC g AND A MATRICES IN THE SPIN HAMILTONIAN

A.Rockenbauer and P.Simon
Central Research Institute for Chemistry of the Hungarian Academy of Sciences H-1525 Budapest

Abstract. The ambiguity problem of the spin Hamiltonian is discussed., It is found that re-
- laxation measurements can be used to detect the asymmetry of g and A matrices. The

combination of relaxation and line-position measurements are adequate for the com-
plete determination of g and A matrices if I>1.

l.Introdwtion. The spin Hamiltonian, introduced by Abragam and Pryce (1951), has become a
powerful tool in the concise description of paramagnetic resonance data. In this formalism
“the different magnetic interactions are generally written in tensorial form, In case of low
symmetry, however, non-tensorial terms may appear, i.e. the magnetic interactions should be
given by real asymmetric matrices (Kneubithl, 1963; Abragam and Bleaney, 1970). It is common
practice to overlook this distinction between matrices and tensors in the spin Hamiltonian
formalism, since from the single crystal measurements there is no possibility to decide
whether the g and A matrices are asymmetric or not, if only the Zeeman and hyperfine inter-
actions are present. Belford and Pilbrow (1973) pointed out that the liquid phase measure-
ments may give supplementary informations to the solid state data. They found that the iso-
tropic hyperfine constant, measured in liquid phase, and the anisotropic hyperfine parameters
together may permit to determine the asymmetry of A matrix in case of monoclinic symmetry. In
this paper we investigate the ambiguity problem of the spin Hamiltonian when no symmetry re-
striction is assumed, Then the number of independent parameters exceeds the numher of expe-
rimental data obtained by combining line-position data in the single crystal and liguid

phase spectra. For this reason we studied the effect of asymmetry on the relaxation parame-

ters to find a correlation between data available from line-position and relaxation measure-—
ments.

2, Discussion. We consider systems that can be described by the spin Hamiltonian

Q= §-E-E + I._ﬁ.g v
where the Bohr magneton and Planck’s constant are taken as unity and E is the constant mafr—
netic- field. The actual form of matrices g and A depend on the choise of ‘the molecular frame

and the spinor representation for the S electron and I nuclear spins, If the eigenvalue equa-—
tion of a non-moving system is

(5.g.8+ T.a8) ¥y = By
in the standard spinor representation, then in an arbitrary representation it takes the form
= =1 = =1 -1

(USSUS .g.B + u Tug ._A_.USSTUS JUuy = EUY ,
where Ug and Ur are 25+1 and 2I+l dimensional unitary matrices, resp., and U = US()IJ.
Since S and I are vector operators, the unitary transformations Ug and UI can be represented
by the Euler transformations R; and Rp:

=-1 _ = C R

USSUS = S._Iil and UIIUI = 1.32 .

Then we obtain

(5.R;.8.8 + T.R,.AR'S) ¢ = EY
where §* = U{, i.e. the matrices g and A are converted into R;.g and EZ.A.BIl, wuile the
energy remains invariant. This fact can be exploited for the simultaneous symmerization of

g and A matrices. Excluding the accidental singularity of g and A matrices, we can define
the real orthosonal transformations

b

R =R =t (E0)Y%g? ana Ry =Rp=xRr (R)Y2a7
where the sign is taken identical with the sign of Det(g) and Det(A). Since Rg and Rp rep-
resent a proper transformation of the three dimensional Euclidean space, it is always pos-
sible to find their homomorphic image in the corresponding group of unitary matrices. Ap-
plying these unitary transformations, we obtain the symmetrized Bg and A_ matrices:

g = +@EgM? ama A =4 R (K. E Yol
On the other hand there is no unitary matrix homomorphic with the inversion, i.,e. the sign
of Det(g) and Det(4) is invariant under the transformation in the spinor field. This fact
is in accordance with the result of Bleaney (1960), who found that the sign of Det(g) and
Det(A) can be measured by using a circularly polarised magnetic field., Consequently, frum
the single crystal measurements only the symmetric gg and A matrices can be obtained,
Eﬁle for the unambiguous determination of asymmetric g and A matrices we have to obtain
.hegg and BA Euler matrices, too, in the relations

A
tetlm investigate now the system in motion, Then the spin Hamiltonian can be transformed
ato a laboratory frame, where g’(t) = R(t).g.R(t)-! and A'(t) = R(t).A.R(t)-1 are time-

=R =R - ~ 1/2 ~ -1
E=Reg, and A=RA, where Ryo= o R(AA)TRLATT
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dependent and R (t) represents the transformations from tue molecular frame into the labora-

tory frame. The dynamic property of the system in motion can be given by the Schriddinger e-
quation:

idy/at) = (B .ge().BY + T' A7 (1) .87y
Since the symmetrizing transformations R, and R, arec constructed from matrices g ' (t) and

A? (t), the R, and Ry as well as their homomorphic image U and U; become tlmn-dependent Ap-
plyxng the tlme—dependent U(t) and introducing y'= U(t)¢ the Schrddinger equation is:

1(ay/at) = (§7.g2(2).B" +« T.a2 (8).8% - 1((®) /au)u(e)™ 0 .

Here the new term (aU(t)/at)U(t)—l preserves the asymmetric property of matrices g'(t) and
A’ (t) and, therefore, the asymmeétry can be detected if the frequency of molecular reorienta-
tion is comparable with, or larger than that of the anisotropic magnetic terms. Generally,
the latter condition is fulfilled in liquids. Investigate now the paramagnetic phenomenon in
liquid and assume isotropic random rotation. For convenience we decompose g and A into com-
ponents transforming under rotation as constant, vector and tensor:

g = Ec + §y +.§t and A= ﬁc + Av + At .
Here g, and A, are con§tant! gy and ﬁvvantisymmetric and gy and A, traceless symmetric matri-
ces., hen the spin Hamiltonian splits into three terms:

Q=8+ bl(t) + bz(t), where ©_ =g S.B + AS3.T
is the time-independent main Hamiltonian and
g, = Tr(g.) /3, A= Tr(A)/3;

N (t) = S.g B + I.A .S and  92,(t) = S.g,B + I.4,.5
are time-dependent perturbations.

The frequency of the allowed transitions is wo(MI) = g,B _+ A1, where the hyperfine term is
assumed to be small compared with the Zeeman term, B = {E [and M; the eigenvalue of I,. Ve
derived the relaxation formulas by the usual calculation technlque (Abragam, 1961)

/= {BE(-sTr(gv)+ 3Tr(_g;t))+ B (10Tr( g .A )+ 6Tr(g,.A) + MI(—STI( A2 S+ 3T At))} i (w))/30,

moreover

2
1/T, = 1/2T «+ {E2Tr(g;) * 2BH Tr(g . A) + MiTr(_gi)}j(o)/ls,
where the j(O)and j(w ) reduced spectral densities are taken equal for all the pertinent
interactions. For systems I 221, it is possible to determine the six relaxation parameters
ai’Bi' ﬁ (i=1,2), where l/Ti =a, + BiMI + YiMl and therefore we can determine six invariunt
ities: 2 2
quantltleé Tr(gi)’ Tr(ﬁv), TQ-Evﬂév); Trcgt), Tr(At>, Tr(ﬁt.ﬁt).
Consequently the measurement of the relaxation times permits to determine three 'invariants
characteristic of the asymmetry of g and A matrices. On the other hand, when we are to de-
termine the complete g and A matrices we can use twelve data from the single crystal meas-
urements (g and As matrlces), six invariants from the relaxation measurements and two line-
position data (go and A,) from the liquid phase spectra. The g and A matrices are given by

the relation g = gg.R, g and A = Ag.R,). The transformations Rg and Ry can be calculated from
the following six 1ndependent relations:

Tr(gc) = Tr(gs._g), Tr(A ) = Tr(A Ry)
2

TR(ES * gyt Ep) = T(EeBgefieeBg)r  TR(AD + AL+ ALy = Tr(ALRA R, ),

Tr(geeh, + Bpeh, + Byehy) = Tr(Bg-BpeAg.Ry)y  TR(E A - BB+ BpeAy = Tr{R g Al.5y).
We have 20 experimental data and 18 independent parameters.There exist, however, two rela-
tions among the two invariants that can be obtained from the single crystal spectra and the
eight invariants from the liquid phase spectra, namely

2 2 2 2 2 2 2
Ir(gg )= Tr(g, - B, + &) and Tr(_@i) = Tr(A; - A, + Ar).
For spectra with no hyperfine structure only eight independent relations are available for
the g matrix, therefore, the unambiguous determination of g is not possible by the above
method. In principle, we can determine the complete g matrix by an extremely fast spinning

of a single crystal about different axes, In this case the diagonal components of g matrix
can be measured directly.
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Anomalous temperature effects of fthe ESR spectra were found in
copver doped zinc(II)-bis-(nistidine) vnowders. In the L-nistidine

complex, reversible transitions between solid-like =and ligquid-like

spectra were observed at 8°¢c by increasing, and at 0°¢ by decreasing
temperature. In the mixed L-nistidine-D-nistidine complex, the marnetic
narameters of solid-like svpectra change strongly around -20°C. The
anomalies were explained by Jann-Teller erfect stabilized square

nlznar geometry around the doning copper centers in the lattice of

Zzinc complex with tétranedral seometry. The pnase transitions can be
induced by rearrangements of the water molecules coordinated fo thne
copper atoms into tneir regulsr positions in the zinc lattice. This
wolecular displacement can facilitate eitner uniaxial rotation or

torsional oscillation of the nistidine molecules in the respective

lattices.
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THTRODUCTION

“he Electron Spin Resonance (ESR) spectroscopy can offer
detailed information about lizand coordination of varamagnetic
ions if the masznetic interactions between paramagnetic centers are
weak with respect to Zeeman and nyperfine terms. Tnis condition
can be achieved by various dilution techniques, eitner waen the
paramagnetic‘substance i1s digssolved in solvents (frozen solution
technique), or a diamagnetic nost lattice is doved with paramagnet-—
ic ions (doped crystal technique). Hecently we investignted several
copper(II)-amino acid complexes and compared their Z3R spectra
ovserved in frozen water solution and in doped powder of the

- . - 1. . , :
espective zinc(II) complexes . Typically tne spectra and magnetic -

o]
ct

arameters were found closely identical in the two medis, though
the symmetry of magnetic interactions was oc:asionally lower in
doved crystal than in frozen solutionz. The spnectral parameters
determined for doped crystals were only slightly affected oy
temperature in the interval from -196°C to +100°C. Tne bis complexes
of L-nistidine and mixed complexes of L- and D-nistidines, however,
represented a s3triking exception: not only the svectra of frozen
solution and doved wnowder differed strongly, but.larse variation

of spectral parameters and abrupt cnhanges of spectral feaftures

were observed in the doped powder of zinc(II) complexes. In this
paper we give an account of these anomalous swnectroscaopic pro-

perties and offer an explanation in terms of Jann-Teller effect

induced phase transitions.
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EXPERIMENTAL

The spectra were recorded by a JEOL-type JES-FE-3X spectrometer
working in X band with 100 kc/s modulation frequency. The tempera-—
ture’ﬁas controlled ‘by a precision of one degree. The spectra were
simulated by an EMU-11 type (KFKI, Hungary) minicomputer. The pow-
der pattern were calculated by assuming Zeeman, copper and nit-
rogen hyperfine couplings of axial symmetry. First derivative
Lorentzian liﬁe shapes were applied and the line width was different
for the hyperfine lines of copper splitting.

Materials: Cooper(II) doped bis—(L-nistidinato)zinc(II) dinydrate
(Cu/Zn(L—His)2.2 HZO)’ copper{II)-doped L-nhistidinato-D-nistidinato
zinc(II) pentanydrate (Cu/Zn(DL—His)2.5 HZO), bis-(L-nhistidinato)

copper{II) dinydrate (Cu(L—His)2.2 HZO) ond D-nistidinato—D—

nistidinato diaquocopper(II) tetranydrate (Cu(DL—His)2.6 HZO)
complexes were prepared.In the case of doping, mole fraction of
1:100 was used in the mixture of basic copper(II) and zinc(II)

carbonate., In 2 mmol/dm3

water solution of the respective nistidine
compound, 1 mmol/de carbonate complex was dissolved at 100°c.
Neutral pH adjusted by nydrochloric acid was applied. The precipit-
atum was washed by wather and acetone and dried on air. The data

of chemical analysis and the thermogravimetric results were in

good agreement with the expected structures. The amino acid

contamination was estimated lower than 5 % in all cases.

All reagents were of analytical grade made by REANAL, Hungary.

Al
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SPECTRA

The ESR spectra of copper doped Zn(L—His)qu H,0 powder
recorded above 8°C is surprisingly similar to the spectrum
of copper complex taken in liquid water solution at the same
temperature, only’tne position of hyperfine lines is shifted.
down by ca. 10 mT (See Fig.1). Below 0°C tne doped powder spectra
show characteristic axial pattern of rigid media and the spectral
parameters are typical for square planar copper(II) complexes
(Fig.Z.). The same type of spectra with somewhat different
magnetic parameters (See in Table 1) can be recorded in frozen
water solution at low temperature.

Between 8°C and 0°C thermal hysteresis can be observed:
in this temperature intervel, solution-like spectra were recorded
if the sample had been kept previously at nigher temperature
(e.g. in room temperature), and solid—like’spectra if the sample
nad been previously immersed into liquid nitrogen. Neither the
sdlid—like, nor the liguid-like spectra changed for nours if £ne
temperature was in this interval. Above g8°c only liquid-like,
below 0°C only solid-like spectra were observed irrespectively of
the thermal history of samples.

Wnile in frozen water solution, Cu(L-His)2 and Cu(DL—His)2
gave nearly identical spectra, in the doped Zn(II) complexes
marked differences can be observed. For the mixed Cu(DL—His)2
complex no liquid-like spectra were found in the doped crystals
at -higher temperature, but the widtnh and position of hyperfine
lines in the axial powder pattern exnibited strong variation
around -20°C (See Fig.3). The spectroscopic parameters, g, and

Ay, vary fast in this temperaturé range, too (Fig.4).
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Tne ESR spectra of non-diluted copper(II) bis-nistidine
complexes consist of a structureless singlet, neither the width,
nor tne position of line is altered by the change of temperature
(Table 1). For the sake of comparison the spectra of mono-nistidine
compléxes were also recorded in frozen solution and in doved pow-

der of the respective zinc(II) compounds, but none of tne above
ey & , -

mentioned anomalies were found.

RESULTS and DISCUSSION

According to available X-ray diffraction studiesB—6, the
structure of copper(II) and zinc{II) bis-nistidine complexes is
non—-isomorphous, though the mode of chelation of nhistidine mole-
cules is the same for all cases: the metal ion is chelated by
two histidine molecules, each in bidentate fasnion througn H (amino)
and N {(imidazole) atoms. Relative vositions of pest planes of
the histidine molecules are, however, different in the copper and
zinc complexes. Tne nitrogen atoms form a square planar arrangement
around the copper ion, and a distorted tetrahedron around the zinc
ion. The position of water molecules is also different in the
copper 24 zinc lattice. Two water molecules bind to the copper -
atom, in axial position with respect to the square plane, while
in the zinc compiexes, the water molecules take part in a taree-
—-dimensional network of hydrogen bonding and two carbonyl oxygens
are relatively close to the central atom. In the lack of
Cu(L—His)2.2 HZO single crystal, spectral and potentiometric
evidences lead to the conclusion6 that the chelating mode and

geometry of L-histidine bis-complexes and D-histidine-L-histidine
.mixed complexes are the same. This assumption is supported by our
obgervation that the ESR spectra of non-diluted copper cdmplexes

are nearly identical.
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Tne nistidine coordination seems to be different in solution
and in crystalline pnase according %o ESR7’8, circutar dicnroismg’io
and paramagnetic relaxation (FT—NMR)11 evidences: then there is
an equilibrium mixture of structures containing tnree and four
nitrogen atoms coordinated to copper(II) in tne equatorial plane.
These differences can explain the deviation of ESR spectra taken
in frogen solution and doped powder, but, we think, the anomalous
spectral changes in the zinc(II) nost lattice are related to some
local distortions around the doping copper cen’=2rs. The following
distortions can e expected:

i) Tne planes of chelating histidine molecules, which are
perpendicular in the zinc lattice, can rotate into a parallel
position in the coordination sphere of copper atoms. This deform-
ation can be a consequence of the Jann-Teller effect, since the

9

ground state of 3d” configuration in a tetranedral crystal field
would h:ve a threefold degeneracy and this degeneracy is comp-—
letely i.i.fted by tne square planar geomeiry.

ii) The water molecules, whicn are not bond to the zinc atoms,

but take part in the three-dimensional network of hydrogen bonding,
can occupy the apical positions of elongated octahedron around

tne doping copper centers. Sucn displacement of water molecules
can be promoted by thermal motions of water molecules in the zinc
complex lattices.

In the framework of the above model the low temperature spectra
of copper doped Zn(II)(L—His)2.2 H,0 can be explained by local
static distortion of coordination around the copper centers, which
yields to an elongated octanedral structure with two water molecules

in tne apical positions. By increasing the temperature above the

point of phase transition, a rearrangement of water molecules can
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take place from the position close to the copper atom to the
rezular position in tne taree-dimensional network of nydrogen bonds.
The displacement of water molecules can facilitate internal motion
of the histidine molecules chelating witn tne copper atons.
Liquia—like spectra can be obtained if the histidine molecules

are rotating freely around an axis vointing to the bisector of
H-Cu-H angle. Denoting by y this axis, tne x and z components of

the g and A tensors are averaged out by fast rotation:

9

1:1/2<€K+g>’ (1)

z

Il

A 1/2(A_ + A_), _ (2)
1 pid z
while the y component of tensors remains constant:

_ and A2 = Ay. (3)

Tne spectral features of 2 system containing paramagnetic
molecules that rotate around one zxis should be ftransitional
between the spectra of liquid and solid phase. If for the rigid
molecules, we have an axial symmetry with gngy and szAy, then
the uniaxial rotation will produce a pseudo-axial symmetry, where

34 and A1 can be considered as the perpendicular, znd g, and A2

n

as a parallel component of fensors, respectively. In th

4]

liquid

ohase, the isotropic rotational tumbling completely averages the

tensorial components:
8o = 1/3(gx v g, gz) (4)
Ay = 1/3(a, + Ay + 4A) . (5)

We attempted to simulate the ligquid-like spectrum by both
models, but good fit - particularly for the fourth line of high
'intensity — could be achieved only by the assumption of uniaxial
rotation of molecules. The best parameters for simulations are

given in Table 1. The Table also includes tne Eys 8 g, and

y-’
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A, A

be

¥ A values obtaihed from the simulation of solid-like
spectra. The fairly good agreement of g1s 89> A1 and AZ values
calculated from Egs.(1-3) with the best fitting parameters for
the ligquid-like spectrum supports the validity of our model.

The pnenomenon of thermal nysteresis can also be rationalised
in terms of the above model. Owing to the rotation of nistidine
molecules, the rearrangement of water molecules from the hydroge
bonding network to the copper coordinated position takes place
at a lower temperature, which is required for the displacement of
water from the rigid coordination sphere of copper atoms.

L)

In the copper doped Zn(II) (DL—His).6H20 samples, the fast
out continuous change of spectral parameters around -20°C can
also ©te related to the rearrangement of water molecules, in this
case, nowéver, the variations can be explained by hindered rotation
of tne histidine molecules, presumably, torsional oscillations
around the coplanar pdsition take place. Due to these oscillations
above the phase transition point, thne parallel components of g
and A tensors will be shifted from the value of g, and AZ measured
below the phase transition temperature towards thne g4 and A1
values corresponding to the free uniaxial rotation. As it can be
seen from Figure 4, the values of g, and A, remain larger than

84 and A1 even at hign temperature, wnich shows the nindered

character of molecular rotation.

COINCLUSTIONS

The anomalous temperature variation of ESR spectra in the
copper doped zinc(II) bis-nistidine crystals is explained by the
Jahn-Teller effect, which can stabilize square planar geometry
around copper atom in a nost lattice, where the coordination
around the zinc atom is tetranedral. The water molecules are
agsumed to bond directly to the copper doping centers at low

temperature, but at elevated temperature they can be displaced
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in the crystal lzattice into a position, which corresnonds to theilr
regular arrangement in the host lattice. The displacement of water
molecules can reduce the hindrance of internal rotation of histidine
molecules chelating with the doping copper ions. In the Zn(II)-bpis-
—(L—nistidine) lattice free uniaxial rotation, in the mixed DL-
-nistidine complex torsional oscillations of the histidine molecules
is supposed to take place above the temperature of phase transitions.

The nysteresis of phase transition is rationalised by the effect

It

of rotating histidine molecules, which can obstruct water molecules

i

]

1 the occupation of apical positions around the copper atoms.
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Table 1 . )
lagnetic parameters of Cu(II)-bis-(L-nistidine) complexes

dilution temperature g-factors hyperfine constants remarkX
(in °c) (in mT)

no 14 g™ 2.119

no -125 g,= 2.120

zinc complex -4 gxrg‘:2.070, gZ=2.278 szAy=2.59 .AZ:13.921
zinc complex 12 g1=2.162, g2=2,078 A1=7.O, A2:1.O b
water 12 g,~ 2.122 Ao=°°8 c
water -125 gX=gy=2.057, gz=2.238 AK= y=2.4, Az=17.4 a

-~
" Computer simulations were carried out by assuming four eqgivalent
nitrogen nf couplings

a/ ay, =1.30T, a; =0.8uT; o/ 2,=1.05 mT; ¢/ a.=1.2 nT;
N i N 0 IN] IR
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Captions for figures

Figure 1: ESR spectra of Cu(II) (L—His)z; a:in water solution
at 12 9C; b: in Zn(II) (L—His)Z.ZHZO lattice at 12 °C, tne marker

lines of Mn2t

in MgO can also be seen; c: computer simulation
with parameters given in Table 1
Figure 2: ESR spectra of Cu(II) (L-His),; a: in frozen water

solution at —125 °C; b: in 2Zn(II) (L-His),.2H,0 lattice at -4 °a

2
after cooling down from room temverature; c: the s=2me as b, but
after warming up from liquid nitrosen temperature

Figure 3: Tne ESR spectra of copper(II) doped Zn(II) (DL—His)2,6H20;
a: at -14 9C, b: at -20 °C, c¢: at —-24 °C

Figure 4: Temperature dependence of magnetic parameters A, and gy

for copper(II) doped Zn{II) (DL—His).6H20
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Electron Paramagnetic Resonance Investigation of Orientation
Produced by Mechanical Processing in the Fillers of Polymer

Composites

Antal Rockenbauer,* Laszlo Jokay, Béla Pukanszky, and Ferenc Tudos

Central Research Institute for Chemistry, Hungarian Academy of Sciences,
H-1525 Budapest, Hungary. Received June 18, 1984

ABSTRACT: Electron paramagnetic resonance spectroscopy has been applied in order to study the orientation
effects of mechanical deformation of the calcium carbonate fillers of polymer composites. The anisotropic
signals of Mn?* ions substituting Ca?* ions and electron defect centers in calcium carbonate served as spin
probes in these studies. The morphology of the calcium carbonate crystallites was found to play a dominant
role in the effectivity of ordering. Because of the mechanical deformations, the ¢ crystallographic axis of calcite
is preferentially perpendicular to the plane of compression molding and the direction of stretching in a variety
of polymer composites of low-density polyethylene, polypropylene, impact-resistant polystyrene, and plasticized

poly(vinyl chloride) containing different additives.

Introduction
The electron paramagnetic resonance (EPR) method has

been recently applied to the study of the orientation in the,

amorphous regions of polymers.!® In this work para-
magnetic molecules were introduced into the amorphous
region of elongated polymer films and the order parameter
of the partially oriented molecules was derived from the
angular dependence of the EPR spectra.

We have also developed an EPR method in order to
investigate the mechanically produced orientation of the
fillers in polyethylene composites.* In this case the Mn?*
impurity centers and the trapped electrons in the filler
served as natural “spin probes”. The advantage of our
method is that beside the experimental simplicity (no ir-
radiation and sophisticated chemical treatment is required
for introducing the probing additives and the samples can
be investigated at room temperature) the investigated
orientation effects characterize directly the interactions
between the crystallites of the filler and the polymer chain,

which plays a dominant role in the modifications of me-
chanic properties of the polymer composites.

In this paper the orientational properties of some in-
dustrial fillers (Durcal 2 and Millicarb; milled CaCO;)®
were studied and methods are developed for the complex
characterization of the orientation produced by the com-
pression molding and stretching of different polymer
composites. The degree of orientation is compared for
polyethylene (PE), polypropylene (PP), polystyrene (PS),
and plasticized poly(vinyl chloride) (PVC) composites.
The effect of an elastomer (EPDM) is also studied. .

Experimental Section

Polymer Composites. The following compounds were used:
PE, 80 wt % low-density polyethylene (Typolen: FA 2210, TVK,
Hungary) and 20 wt % filler (Durcal 2, milled CaCOj3 with average
particle diameter 3 pm, produced by Omya); PP/1, 80 wt %

' polypropylene (ethylene—propylene copolymer with an ethylene

content less than 5%, TVK, Hungary; Typolen K 501) and 20
wt % filler (Durcal 2); PP/2, 70 wt % polypropylene (K 501),

0024-9297/85/2218-0918301.50/0 © 1985 American Chemical Society
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Figure 1. Electron-microscopic picture of Dural 2 powder.
Magnification: 6000 times.

Figure 2. Electron-microscopic picture of Millicarb powder.
Magnification: 6000 times.

20 wt % Durcal 2, and 10 wt % elastomer (Buna AP 447, Hiils,
FRG); PP/3, 75 wt % polypropylene (K 501), 15 wt % Millicarb
(milled CaCO; with average particle diameter 3 pm, Omya), and
10 wt % elastomer (Vestapren 2047, Hils, FRG); PVC, 60 wt %
suspension poly(vinyl chloride) (Ongrovil S 5167, BVK, Hungary),
20 wt % filler (Durcal 2), and 20 wt % plasticizer (Eviplast 80:
diisooctyl phthalate, EVM, Hungary); PS, 80 wt % impact-re-
sistant polystyrene (Krasten 336, Czechoslovakia) and 20 wt %
Durcal 2.

The above composites also contain stabilizers, required for the
processing. The morphology of Durcal 2 and Millicarb is shown
on Figures 1 and 2. The electron-microscopic pictures are made
by Jeol type JSM-35 scanning equipment with an amplification
of 6000.

Orientation in Fillers of Polymer Composites 919

z

X

stretching

Figure 3. Orientation of the x, y, and z axes with respect to the
stretched polymer plate.

Methods. The ingredients of the composites were mixed in
a Rheomix 600 mixing chamber of a Haake Rheocord EU 10V
plastograph at 50 min™ speed for 10 min. The mixing temperature
was 140 °C for the PE, 170 °C for the PS, and 185 °C for the PVC
and PP composites. The blends were compression molded to 1
mm thick plates with 25-MPa pressure for 1 min. The temper-
ature of the compression molding was 140 °C for PE, 170 °C for
PVC, and 190 °C for PS and PP. From the plates tensile spec-
imens were cut and stretched at 100 mm/min deformation rate.
Rectangular plates were cut from the compressed and stretched
samples. The plates were stacked and mounted on a goniometer,
in which the rotation axis was perpendicular to the direction of
magnetic field. The plates were mounted at three different
positions: for experiment A, the rotation axis was parallel to the
stretching direction (axis x); for experiment B, the rotation axis
was perpendicular to the stretching direction and parallel to the
plane of compression (axis y); for experiment C, the rotation axis
was parallel to the normal of the plate (axis z). The orientation
of the x, y, and z axes fixed to the compressed and stretched plate
is shown in Figure 3. The EPR spectra were recorded by a Jeol
type JES-FE-3X spectrometer in X band with 100-kHz field
modulation at room temperature.

EPR Spectra of Fillers. The EPR spectra of both fillers
(Durcal 2 and Millicarb) reveal the presence of some transition-
metal impurities and defect centers. A characteristic anisotropic
signal of Fe®* can be seen at g = 4.3 and the nearly equidistant
six-line pattern of Mn?* ions at g = 2.00 can also be recognized.
The defect centers yield a complex pattern in the region g =
2.00-2.01. In order to study the orientation of crystallites in the
composites any of the paramagnetic centers can be applied as a
spin probe if the respective signal reveals substantial anisotropy.
The major requirement is that the signal bands, corresponding
to the principal directions, should be well separated. Then the
amplitude of the respective signal feature is proportional to the
number of molecules (or crystallites) in which the respective
principal direction (e.g., magnetic symmetry axis) is aligned with
the magnetic field. Such resolved bands can be recognized both
in the spectrum of Mn?* ion and in the defect centers.

On the basis of magnetic parameters obtained from the spectra
of Durcal 2 and Millicarb the Mn?* centers can be assigned to
Mn?* ions substituting the Ca®* ions in the calcite crystal lattice.
The single-crystal studies of calcite® reveal an axial magnetic
symmetry with a very small g and hyperfine anisotropy; thus, the
spectral anisotropy of a randomly or partially ordered powder
of calcite crystallites can be well described by the D axial zero-field
parameter.” At this approximation the resonance field of the six
major allowed transitions (AMg =1/, to !/, and AM; = 0) can
be written as

Hy(9) = Hy - AM; — (A2/2H)(I(I + 1) - M) —
2(D2/Hy)[(1 - AM;/H,) sin* 9 — 2(1 — 9AM;/H,) sin? 28] (1)

where 9 is the angle between the magnetic field and the ¢ crys-
tallographic axis of calcite, Hy = hv/gB8 = 333 mT in our exper-
iments, and I = %/, for the *Mn nucleus. The A hyperfine and
D zero-field parameters are expressed in magnetic field units: A
=94 mT and D = 8.0 mT.

The angular dependence of the six M; = %/4, 3/, ..., =5/
transitions is described by the last term in eq 1. The resonance
can be detected at the smallest'field if 9 = 90° (perpendicular
band) and at the largest field if & = 45° (nonprincipal band), while
the ¥ = 0° parallel band can be detected at intermediate position.
It can also be seen from eq 1 that the separation of zero-field bands
depends on the value of M. for negative M/, i.e., for the hyperfine
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Figure 4. Fourth hyperfine line of Mn?* in the compression-

molded PE composite: the magnetic field is perpendicular (top)
and parallel (bottom) to the plane of compression.

lines observed in the high-field part of the spectrum, the per-
pendicular, parallel, and nonprincipal bands are better separated
than in the low-field part of the spectrum. For the purpose of
orientation measurements we selected the fourth (M; = -1/,)
hyperfine line, where the central band (i.e., the parallel band) is
not too small and separated by 0.4 mT from the perpendicular
and 0.8 mT from the nonprincipal band, respectively (Figure 4).

It is interesting to note that also the Mn?* ions in calcite were
applied by Blanchard and Chasteen® when they studied the or-
dering in the prismatic region of a seashell. In their case, however,
where the degree of ordering was large the angular dependence
manifested itself through the variation of line positions. In our
case—similarly to the oriented amorphous polymers studied by
Schuch'? as well as Shimada and Williams®—the low degree of
orientation results in variation of the amplitudes of spectral bands,
only.

Both the Durcal 2 and Millicarb possess a complex spectrum
of defect centers. As the orientation dependence of these lines
is studied only for the Durcal 2, we omit here the analysis of the
lines that can be detected only in Millicarb. In the spectra of
Durcal 2 four lines can be seen at g; = 2.0053, g, = 2.0034, g5 =
2.0021, and g4 = 2.0002, respectively (Figure 5). The line width
is rather narrow (ca. 0.02 mT) and no hyperfine splitting can be
seen. As a probe signal we selected the lines with g, = 2.0034 and
g3 = 2.0021, where the former has the characteristic shape of a
perpendicular band and the latter has that of a parallel band if
the powder pattern is determined by an axially symmetric g tensor.
These bands show angular dependence analogous to the per-
pendicular and parallel features of the Mn?* centers: the line
amplitude at g, has a maximum and a minimum at the same
orientation as the perpendicular feature of Mn?*. The same holds
for the line at g3 and the parallel feature of the Mn?* spectrum.
This observation suggests that the symmetry axis of the defect
center yielding the lines at g, and g; aligns also with the ¢ crys-
tallographic axis of calcite.

Though the origin of defect centers in Durcal 2 is probably
connected with the presence of impurities, we can tentatively
assign them to the irradiation-produced defect centers in calcite
single crystals of low impurity level. The spectra observed in
calcite crystals®!! were assigned to different molecular ions as
COy, COy7, and CO4*, but among them only CO, is stable at room
temperature. As concerning the position of bands, however, only
the g values of CO4> (g, = 2.0031 and g; = 2.0013) are in close
agreement with g, and g3; therefore, we assume that the center
under study in Durcal 2 is a CO4%" molecular ion stabilized by
some impurities (e.g., Fe®*). For this radical the symmetry axis
was found to be normal to the plane of COj, i.e., parallel to the
¢ crystallographic axis.!® It is in accordance'with our finding that
the parallel and perpendicular bands of the Mn?* ions and the
defect centers manifest analogous angular variation.
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Figure 5. Signal of defect centers in the compression-molded
PE composite: the magnetic field is perpendicular (top) and
parallel (bottom) to the plane of compression.

Results and Discussion

As has been pointed out in the previous analysis, the
amplitudes of the perpendicular and parallel features of
Mn?* ions and defect centers are measures of the number
of crystallites in which the c axis, i.e., the magnetic sym-
metry axis, is perpendicular or parallel to the magnetic
field. In all of the investigated polymer composites con-
taining Durcal 2 these spectral features show similar an-
gular dependence for the Mn and the defect signal. In the
compression-molding experiments if the magnetic field is
aligned normal to the plane of compression the amplitude
of the parallel band has a maximum and that of the per-
pendicular band a minimum. On the other hand, when
the field is oriented parallel with the plane, the perpen-
dicular band has a maximum and the parallel band a
minimum amplitude. In the stretching experiment, if the
field is kept normal to the plane of compression in the
course of sample rotation (experiment C), the parallel band
has a maximum when the field is perpendicular to the
stretching direction (i.e., H is aligned with the axis y) and
a minimum when it is parallel with the stretching (i.e., H
is aligned with the axis x). The perpendicular band
presents an opposite angular dependence. Consequently
the crystallites of Durcal 2 are oriented by the mechanical
deformations in such a way that the ¢ axis of the crys-
tallites always tends to be perpendicular to the direction
of deformation (i.e., the plane of compression and the
direction of stretching, respectively). )

If the polymer composite contains Millicarb as a filler,
a much weaker orientation due to the compression molding
and stretching can be observed. The trends, however, show
similar angular dependence for the parallel and perpen-
dicular features of the Mn?*. The smaller degree of ori-
entation of Millicarb crystallites can be related to the
morphology of the fillers. In Figures 1 and 2 the electron
microscopic picture of Durcal 2 powder shows some plane
portions on the surface of crystallites, while the Millicarb
crystallites are more amorphous morphologically.

Some conclusions can also be drawn about the orienta-
tion of the magnetic symmetry axis ¢ with respect to the
planes of the crystallites. If the filler is oriented by the
polymer under stress, these planes should be aligned with



- 143 -

Macromolecules, Vol. 18, No. 5, 1985

Orientation iﬁ Fillers of Polymer Composites 921

Table [ Table IT
r, Values for Mn?* Centers in CaCO; r, Values for the Defect Centers in CaCO,
degree of axis of degree of axis of
stretching, % rotation T, ry r, stretching, % rotation Ty Ty r,
PP/1 PP/1
0 xy 0725  0.725 0 xy 0.855  0.855  2.87
23 2 0.420  0.719 23 z 0619  1.01
92 z 0.179  1.025 92 z 0.306  1.58
155 z 0.185  1.124 155 z 0.353  1.70
187 z 0.205  0.943 187 z 0.389  1.58 3.86
187 x 1.014  2.87 187 x 1.62 3.51
187 y " 0.250 2.81 187 y 0.344
PP/2 PP/2 .
0 xy 0.722  0.722 0 xy 0.943 0943  3.28
21 z 0.461  0.752 21 z 0.685  1.045
58 z 0.362  0.813 58 z 0578  1.24
98 z 0.356  0.870 98 z 0.649  1.29
138 z 0.234  0.847 138 z 0.379 150
183 z 0.235  1.044 183 z 0.382  1.88
2924 2 0.240  1.00 224 z 0.323  1.62
224 x 1.01 2.56 224 x 1.82 4.95
224 y 0.238 2.59 224 y 0.333 451
PP/3 PE
200 y 0.521 0.962 0 xy 0.641 0641 451
PE 18 x 0.625  3.60
0 xy 0562 0562  4.24 ig Y 8:253 0714 3.29
18 x 0.481  2.89 123 y <0.25 4.93
18 y 0.552 281 123 z <0.25 1.01
18 z 0.565  0.578 205 y <025 455
123 z 0.118  0.926 205 > <0.95 152
205 y 0.115 3.91 278 y <0.25 4.65
205 z 0.108  1.235 278 > <0.25 1.42
278 y 0.087 3.91 336 x 117 5.32
278 z 0.084  1.114 336 y <0.95 538
336 x 1.018  3.94 336 z <0.25 1.43 )
336 y 0.083 3.94
336 z 0.093  1.07 PVC
0 xy 0.571 0571 595
PVC
0 xy 0481 0481  5.02 g x 0.238 0.709 g'gg
47 x 0.613 571 Y ‘ .
47 z 0.254  0.613
47 y 0.268 5.75
47 z 0.281  0.532 PS
S 0 xy 0917 0917 260
0 xy 0671 0671 215

the direction of deformation; i.e., the normal of planes
should be perpendicular to the direction of deformation.
As we have found above, the c¢ axis of crystallites is pref-
erentially perpendicular to the direction of deformation;
therefore, the ¢ axis either is parallel with the normal of
the characteristic plane of crystallites or at least should
form a small angle with it. The smaller is the angle, the
larger is the degree of orientation that can be obtained in
the EPR experiments. .

In order to compare the degree of ordering in different
polymer composites the variations in amplitude of the
perpendicular and parallel features should be measured
when the orientation of the sample is changed with respect
to the direction of magnetic field. A source of error in
direct amplitude measurements is the sensitivity variation
of the spectrometer during the sample rotation, which is
caused by the displacement of the sample in the microwave
cavity. This error can be reduced by averaging for different
sample positions with identical angle between the direction
of magnetic field and deformation. This method was ap-
plied in our previous work.* In this paper I;/I ;, that is,
the amplitude ratio of the parallel and perpendicular
features, is investigated, which is independent of the
sensitivity of the spectrometer. This ratio can directly
characterize the degree of ordering if it is compared with
(I;/1.), measured from the spectra of unoriented samples

(Durcal 2 powder). We obtained (I;/I,), = 0.200 and
0.0667 for the signal of Mn?" and defect centers, respec-
tively. The degree of ordering can be given by the pa-
rameters

re = /I e/ U4/ D (2)

where the k = x, y, z index refers to the direction of the
magnetic field in the frame fixed to the sample plate (see
Figure 3). If r, is larger than 1, the number of crystallites
in which the ¢ axis is parallel with the field is enhanced
compared to the sample of randomly oriented crystallites.
If r,, is smaller than 1, the orientation distribution is re-
versed.

The values of r, for different orientations of the com-
posites are summarized in Tables I and II for the Mn2*
ions and for the defect centers. Analogous conclusions can
be drawn from the two tables. The values of r,, r,, and
r, are affected differently by the processings, namely

r,.<1 r,>1 (3)

i.e,, both the compression and the stretching reduce r, and
increase r,; on the other hand, r, <1 if the sample is only
compression molded, but when the film is stretched, too,
the value of r, is increased and can exceed 1; i.e., the
compression dyecreases and the stretching increases r.,.
These observations suggest that the ¢ magnetic symmetry
axis is preferentially perpendicular to the xy plane of the
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Figure 6. Ratio r,/r, for the Mn?* centers vs. the degree of

stretching in polymer composites: (0) PE, (X) PP/1, (O) PP/2,
(a) PVC.
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Figuare 7. Ratio r,/r, for the defect centers vs. the degree of
stretching in polymer composites: (X) PP/1, (O) PP/2, (a) PVC.

compression and the x direction of the stretching. Pre-
viously we have arrived at the same conclusions when we
analyzed the angular dependence of the characteristic
features of spectra.
An inverse correlation is expected between the values
r, and r,: the relative number of crystallites, where the
magnetic symmetry axis is parallel with the field, is
measured by r, if the field is normal and by r, if the field
is parallel with the plane of compression molding. The
data of Tables I and II are in conformity with this ex-
pectation, but for a few entries the large r, value is not
accompanied by small r; value. It indicates the complex
nature of orientation mechanism. By means of EPR
spectroscopy the orientation distribution of magnetic
symmetry axis is measured with respect to the direction
of mechanical processing, but the mechanical processing
can produce orientation indirectly by ordering some
morphological feature of the crystallites. It means the
parameters r, and r, depend on two convoluted distribu-
tions: (i) the orientation distribution of some morpho-
logical feature with respect to the direction of mechanical
" processing and (ii) the orientation distribution of magnetic
axis with respect to the above morphological feature. -
The degree of ordering can also be characterized by the
ratios r,, r,, and r;; e.g., the ratior, /r, depends only on the
orientation produced by the stretching and is independent
of the orientation due to the compression molding. That
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Figure 8. Ratior,/r, for Mn®" centers vs. the degree of stretching
in polymer composifes: (0) PE, (X) PP/1, (0) PP/2, (a) PVC,
(+) PS.
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Figure 9. Ratio r,/r, for defect centers vs. the degree of stretching

in polgmer composites: (O) PE, (X) PP/1, (0) PP/2, (a) PVC,
(+) PS.

parameter can be obtained via a sample rotation around
the z axis, i.e., when the field is set on the plane of com-
pression. On the other hand, the ratio r,/r, that can be
obtained via a sample rotation around the x direction of
stretching being perpendicular to the field characterizes
the ordering in the plane of the compression molding.
Figures 6 and 7 show the ratio r,/r, calculated frora the
spectra of the Mn?* ions and the defect centers, respec-
tively, as a function of the stretching degree. In the com-
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posite of low-density polyethylene a large and steadily
increasing degree of orientation is produced when the
degree of stretching is increased. A smaller but still in-
creasing degree of orientation can be observed in the
plasticized PVC and elastomer-modified PP. In the com-
posite of PP without elastomer the elongation was not
uniform; thus, the degree or ordering cannot be given as
a function of the stretching degree.

The r,/r, parameters for the Mn?* jon and for the defect
centers are plotted against the stretching degree in Figures
8and 9. If the samples are compression molded without
stretching, the degree of orientation varies in the order of
PVC > PE > PP = PS. It can be seen—most clearly for
the PE composites—that the orientation due to com-
pression molding is partially deteriorated by the subse-
quent stretching, and a new type of orientation is built up
perpendicular to the stretching direction, which yields to
the increase of r,/r,.

By a few randomly selected examples we have demon-
strated that EPR spectroscopy is a useful technique for
studying the orientation of fillers for a wide variety of
composites. The ordering of polymer composites in the
course of mechanical deformations is, however, a rather
complex process. It depends on the morphology of the
filler and the polymer, the structure of the polymer chain,
the temperature and other conditions of the processing and
the presence of different additives such as elastomers,
plasticizers, etc. Only a systematic study of these factors
can elucidate the mechanism of ordering, which can make
a valuable contribution to our understanding of the role

923

which the different additives play in the mechanical
properties of polymer composites.
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DUCED BY MECHANICAL PROCESSING IN THE FILLERS OF POLYMER COMPOSITES
II: COMPUTER ANALYSIS OF ORIENTED SPECTRA
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Abstract .

Electron paramagnetic resonance spectroscopy has been applied in
order to study the orientation effects of mechanical deformation
on the calcium carbonate fillers of polymer composites. The ani-
sotropic signals of Mn(II) ions substituting Ca(II) ions and elec-
tron defect centers in calcium carbonate served as spin probes.
The spectra of the electron defect centers and those of the Mn(II)
centers have been interpreted by axially symmetric g, hyperfine
and zero-field tensors. In latter case third order perturbation
terms of the zero-field and hyperfine interactions have also been
considered. The order parameter characterising the orientation
distribution of crystallites was calculated by a computer program
simulating the spectrum of differently oriented samples.

For both centers the axial direction of magnetic interactions was
found to be parallel to the ¢ crystallographic axis of calcite and
preferentially perpendicular to the plane of compression molding
and the direction of stretching in a variety of polymer composites:
low density polyethylene (PE), polypropylene (PP), impact resis-
tant polystyrene (PS), and plasticized polyvinylchloride (PVC)
containing different additives. The extent of orientation varies -
in the order of PVC, PE, PP and PS and is strongly dependent on
the morphology of the crystallites.

1. Introduction

The mechanical processing of polymers results in more or less ori-
entation of the polymer chain. The different spectroscopic methods
suitable for studying orientational effects /1-4/ (polarized ab-
sorption and IR spectroscopy, electron paramagnetic spectroscopy)
cannot offer direct information about the intact polymer chain.
For this reason, the orientation can be studied either by the mo-
dification of polymer chain (e.g. free radical centers formed by
means of irradiation), or by introducing é@st molecules into the
polymer, which can be oriented by the macromolecular chain. In
composites containing fillers, the crystallites of filler can also
be oriented by mechanical processing. If the shape of filler par-
ticles is strongly anisometric, that is the aspect factor, which
characterises the ratio of maximum and minimum diameter of par-

ticles, i1s larger than 20, substantial ordering can be observed /5/.
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This ordering can modify significantly the mechanical properties,
which gives industrial importance to this phenomenon. The ordering
of anisometric filler was studied mainly via its effect on visco-
sity and also by electron microscopy. In our previous paper /6/,
we pointed out that finely milled calcite powder applied as filler
can also be oriented by mechanical processing, even though the as-
pect factor should be réther small in this case. The ordering was

observed through the orientation dependence of EPR spectra of

electron defect centers and Mn(II) ions, which are present in the
calcite crystals. The spectra of these centers are characteristic
to magnetic interactions of axial symmetry: well resolved parallel
and perpendicular bands could be distinguished. In this paper, the
degree of ordering was given by the amplitudo ratio of characteris-
tic bands. The aim of present paper is to make our earlier results
more quantitative by application of computer simulation technique.
A method is to be developed for determining the order parameter
characteristic to the orientation of filler in case of compression

molding and stretching of the composites.

2. ExXperimental

The EPR spectra were recorded by a Jeol type JES-FE-3X spectrometer
in X band with 100-kHz field modulation.

The investigated polymer composites were the following: 80 wt %
low-density polyethylene and 20 wt % filler (PE); 70 wt % polypro-
pylene, 20 wt % filler and 10 wt % elastomer (PP); 60 wt % suspen-
sion poly(vinylchloride), 20 wt% filler and 20 wt % plasticizer
(PVC); 80 wt % impact-resistant polystyrene and 20 wt % filler (PS).
The filler was milled CaCO3 powder, Durcal 2 or Millicarb. All oth-
er experimental details are given in our previous paper /6/. The
computer program was written for.a KFKI (Hungary) produced minicom-
puter EMU 11, which is compatible with PDP 11 and the computer was

interfaced with a DT 1711 (Data Translater) AD-DA converter unit.

3. EPR spectra of partially oriented systems

Several computer programs have been developed independently by dif-
ferent authors in order_to study orientation effects in EPR spectra.
Konstantinov /7/ and Shimada /2/ investigated spectra that can be
given by an axial and rhombic g tensor, respectively; Ohno /3/
dealt with the spectra of Cu(II) and VO(IV) centers, where axially
symmetric g and hyperfinebtensors were assumed. Dantas /8/ studied

line shape variations of the incommensurate transitions. In all
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cases uni-axial orientation was assumed, except Shimada /2/, who

considered the effect of bi-axial orientation, too.

The simulation program, we are going to discuss in this paper,
works under the same principles applied by Shimada /2/ and Ohno
/3/. The major difference is that we should take into account the
zero-field interaction for describing the spectra of Mn(II) ions.
The spin Hamiltonian of axial symmetry consists of the following
terms:
H=g"BHzSz'Fg_LB(HXSx'*H

YSY) +A"SZIZ-+AL(SXIX-+Sny) +

+DISZ-ds(s+ 1, ‘ (1)

where Hx’ Hy and HZ are the components of magnetic field, g, and

g, as well as A, and A_L denote the principal values of g and hyper-
fine tensors, respectively, and D is the axial zero-field parameter.
In the case of defect centers, only the Zeeman term should be con-

sidered. Then the resonance field Hr can be given as

Hr(%) = hv/g (%) B, (2)
where
g(v) = (gfcosze + gisin26)1/2 , (3)

Here 9% denotes the angle between the outer magnetic field and the
symmetry axis of magnetic interactions. For Mn(II) ions isotropic
g and hyperfine tensors can be assumed. For the allowed MS==1/2 to

MS==—1/2 and AMI==O transitions, the resonance field is /9/:

CH_(9) = H-AM_ - (A2/2H0) [I(I+1) —M% +8DM_(2 -BSinz%)/HO]

(4)
- (D2/H0) [ (1 -AMI/HO) sin4% -2(1 - 9AMI/HO)sin22 91,

where perturbations up to third order are carried out. Here HO =
hv/gB, I =5/2 and S=5/2 for Mn(II) ions. The parameters A and D

-are expressed in magnetic field units.

The EPR spectra of partially oriented systems can be calculated by
applying the Pz(%) orientational distribution function, which gives
the number of particles where the magnetic symmetry axis (denoted
by z") forms & angle with the z direction of magnetic field. Let
us assume Pz,(s') uni-axial cylindrical distribution around the

z' direction (axis of director), and denote with 3' and & _ the

G
angle of director with respect to the magnetic symmetry axis and
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the‘magnetic field, respectively. Then PZ(Q) can be expressed as:
2m ‘
1
9) = = ' 5
P (0) = 5= | B, (s (0)) 0y (5)
0

The relation between the above angles is the following:

9' () = cos_T(coswvsin%O»sins + cosy,°CcosH ). ‘ (6)

0
In the case of bi-axial orientation an additional integration can
. be carried out with the product of two distribution functions /2/.
This procedure is not discussed here, since the effect of two kinds
of orientation can be investigated separately, if the samples are

properly mounted /6/.

The two types of mechanical processing applied, namely, compression
molding and stretching, yield orientation distribution of opposite
sense. Compression molding can align e.g. flake-like particles in -
the plane of compression, i.e., when the normal of flakes and the
compression plane tends to be parallel. On the other hand, stret-
ching will align the normal of flakes perpendicular to the stret-
ching direction. Consequently, Pz‘(%') has its maximum at ' = 0°
and 9' = 1/2 in the case of compression molding and stretching,
respectively. For rode-like particles, opposite orientation is ex-
pected. The actual distribution function, however, can be rather
complex, because it depends not only on the geometrical distribu-
tion of filler particles, but also on the relativ orientation of
the magnetic symmetry-axis with respect to the dominant morpho-
logical feature of particles. This latter orientation should have
its own distribution if the milled calcite contains particles of
rather amorphic shape. Even though, as a first approximation, we

assume a simple exponential distribution function as:
o= 2 o :
PZ.(% ) = exp(assin” %'}, (7)

where the a parameter can be either negative or. positive. For
positive a parameter, the preferential alignment is at 8! = /2,
while for negative a parameter at 9% = 0. In other words, the

order parameter of distribution,

£ = <3cos’or - 1>/2, (8)

is positive i1f a is negative, and negative if a is positive.
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The shape of EPR signal can be obtained by integration over the
angle 9:

T
S(H) = J{ PZ(%)G(Hr(e) - H,AH)sin $d%., (9)
T 0

where the small angular dependence of transition probability is
neglected, and the G line shape function is the first derivative

of a Lorentzian or Gaussian function and AH is the line width pa-
rameter.

When the spectra of defect centers were simulated by the above pro-
cedure, good fitting was achieved; but for the Mn(II) hyperfine

lines, the agreement was poor. If the line width parameter was ad-
justed for the perpendicular band, the parallel band did not appear

at all. This discrepancy is a consequence of the angular depend-

0b5mT

Fig. 1: The fourth Mn(II) hyperfine line of the EPR spectrum of
Durcal 2 filler. Full line: experimental, dotted line: calculated
with parameters: g=2, A=9.40 mT, D=8.0 mT, AD=0.8 mT and

AH0==O.O4 mT.
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ence of line width, which reflects tﬁe distribution of D zero-field
parameter from centers to centers in the filler /10/. We take into
account this effect by the method of moments. As it can be seen
from Eq. (4), the resonance field is a quadratic function of the

D zero-field parameter:

2
= + D”. 0
H_ ‘ Hy + H1D H, (10)
If a Gaussian distribution is assumed for the D parameter, the

second moment of H_ can be given as:

—— 202 2 w2 2
(Hr—Hr)z = AD“[H] +H5 (4D +3AD%) ] (11)
where

2 — 2

AD = (D"D) .

Thén the angular dependent line width can be given as

- 2
AH2 = AHg + (Hr—Hr) ' (12)

where AHO stands for the intrinsic line width.

0o’

Tig. 2: The fourth Mn(II) hyperfine line of compression molded PVC

composite. Left: $;=0, richt: o, =m/2; f,, =0.025, full lines: ex-

perimental, dotted lines: calculated; parameters: see Fig.1.
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Fig. 1. shows the experimental and simulated curves of the fourth
Mn(II) hyperfine line. It can be seen that the line position and
the line shape of different bands (perpendicular, parallel and 45°
bands in order) are well reconstructed, only at the wings can be
éeen a slight deviation, which is, presumably, a consequence of

non-Gaussian character of the distribution of zero-field parameter.

The effect of partial orientation is demonstrated in Fig.2. The
amplitude of the parallel band is reduced when the field was

aligned in the plane of compression.

Iﬁ order to reinterprete our data obtained from the ratios of the
parallel and perpendicular bands /6/, a series of simulations was
carried out as a function of order parameter. The amplitude ratio
of characteristic bands in the simulated spectra are shown in Fig.

for the cases, when the director of orientation is parallel and

perpendicular to the magnetic field, respectively.

0.6

0.4

0.2

Fig. 3: The amplitude ratio of parallel and perpendicular bands of
the fourth Mn(II) hyperfine line as a function of order parameter,
full line: %O==O; staggered line: 90 = /2

4. Results and discussion

In the case of uni-axial orientation, i.e., when the composite
blends were processed by compression molding, the order parameter
fCM was determined from the spectra taken with macnetic field in
the plane and normal to the plane of compression. The stretching

of compression molded blends resulted in bi-axial orientation.
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Then the spectra were taken at three orthogonal magnetic field di-
rections, and the relative amplitudes of characteristic bands were
analysed with the help of computer simulations. The order parame-
ters for compression molding (fCM) and stretching (fStr) were de-
termined separately for the blends elongated by different extent.
The data for different PE, PP, PVC and PS composites are shown in
Fig.4. All data refer to burcal 2 filler and the analysis of the
fourth Mn(II) hyperfine line. The signal of defect centers is also
analysed, which yields to analogous, but less accurate results,

than the investigation of Mn(II) lines.

The most characteristic feature of the ordering experiments is that
the order parameter of compression molding is always positive,
while that of the stretching is negative. In the electron micro-
scopic picture, some planes can be seen on the surface of filler
particles /6/, therefore, we can assume the particles are oriented
like flakes and not as rods. It means the compression tends to -
orient the flakes in its plane, while the stretching preferentially
orient the flakes into a position parallel with the director. In
other words, the normal of flakes is parallel with the director in
the case of compression, while it is perpendicular in the case of
stretching. In our experiments, naturally, not the ordering of any
morphological feature was determined, but the orientational dis-
tribution of the magnetic symmetry axis. As this order parameter
was positive and negative for compression molding and stretching,
respectively, we can conclude that the magnetic symmetry axis is
parallel, or, at least, forms a small angle with the normal of the
plane of particles. The single crystal studies of calcite demon-
strated /11-15/ that the magnetic symmetry axis is parallel with
the ¢ crystallographic axis both for the defect centers and for the
Mn(II) impurity centers. Consequently, the c crystallographic axis
of calcite crystallites 1s oriented preferentially normal to the

plane of compression and perpendicular to the direction of stret-
ching.

From the variation of fCM and fStr versus the degree of elongation,
similar conclusions can be drawn as we arrived at previously, when
the amplitude ratio of characteristic bands was analysed. The com-
pression molding can build up orientation of the fillers in dif-

ferent polymer composites in the order of PVC, PE, PP and PS. Owing
to the stretching, a new orientation appears in its direction, but
simultaneously the orientation of compression is slightly dete-

riorated. In the case of Millicarb filler, one PP composite was
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Fig. 4: The order parameters for compression molding (£

cy! and
stretching (fstr) as a function of relative elongation of composite
blends, A: PVC, O: PE, X: PP and o: PS

investigated. The order parameter was found 0.045 in this case,
which is significantly smaller than the order parameter obtained
in composites containing Durcal 2. The lesser ability of orienta-

tion of Millicarb filler can be explained by its more amorphic
morphology.
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Summary

Kinetic Electron Spin Resonance spectroscopy has been applied in
order to follow variation of peroxy radical concentration in the
cumene—anthraquinone system in the presence of oxygen and during
UV irradiation. Periodic variation of concentration was observed ,
which can be caused either by hydrodynamic convections, or by dif-
fusion controlled photochemical oscillations. For the latter case
a model was suggested, in which the anthraquinone regeneration
controlled by the local oxygen concentration can serve as a feed-
back mechanism, and the oscillations can be maintained by con-
centration gradients between the irradiated andwdark zones and .
by the different diffusional rates of oxygen and anthraquinone.

Introduction

Recently a few papers appeared that accounted for periodic or
aperiodic instabilities in the light emission or absorption of one
of the components in various photochemical systems[1-71. It was
originally claimed that the osciliating behaviour is a consequence
of comBined effects of the diffusion and photochemical processes.
Though photochemical oscillations can exist in principle, as it was
pointed out by Nitzan and Ross[8], most recent investigations cla-
rified the actual reasons of reported oscillations: they were cre-
ated by time-dependent hydrodynamic convections caused either by

gas evolution|7] or temperature gradients in the sample[9,1Q]a
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In other words, none of the reported systems can be considered
as a realisation of true»ﬁnotocnemiéal oscillator. Conmon
feature of the previous experiments was that both the stimula-
tion of processes and the detection of variations were carried
‘out by optical means. Since free radical reactions always take
place in photochemical systems, the Electron Spin Resonance
/ESR/ spectroscopy being a sensitive tool for detecting free
radicals seems to be a promising method in the study of kinetic
instabilities in photochemical systems. The ESR technique was

also found useful in studying oscillations of Mn2+

ion con-
centration in the classical Belousov-Znabotinskii reactions.

In this paper we report on our kinetic ESR investigations
of peroxy radical concentration in tne cumene-—anthraquinone
system in the presence of oxygen and in the course of UV ir-
radiation. This work has led us to the discovery of periodic-
ally cnanging radical concentration. We raise the question
whether a photochemical oscillation can occur in this case
and offer a qualitative scheme, as a working hypothesis, in

order to explain tne observed periodicity in the kinetics.

Experimental Section

The UV irradiation was carried out by a high pressure mercury
lamp in situ of the cavity of ESR spectrometer /JEOL-JES-FE-3X/
working in X band with 100 kHz field modulation. The temperature
wae varied in the range of —7000 to —8500, Portions of cumene
solvent containing 10—2 - 10“3 M anthraquinone were inserted in
quartz sample tubes of’5 mm inner diameter upto the heignt of 4 cm.

(Fig.1) Botn air-saturated solvents of g§.10"4 M1 dissolved oxygen
concentration and solvents with reduced oxygen content /ca. 10—5M/
were investigated. Closed sample tubes were used to minimize

external oxygen uptake in the cource of irradiation. The irradi-
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ation reached the sample tubes within a zone of 5-25 mm. At tne
330 nm absorptioﬁ band of antnraquinongjzg wnere the cumene
has no absorption, the depth of light penetration 1s no more
tgan a few tenth of mm at the applied concentration range, that
is an irradiated and a dark zone should be distinguisned, where
fne volume of irradiated zone is much smaller.
Results

In the photochemical system under study, two types of ESR
signal can be detected at low temperature. One of the signals
was observed only at low oxygen concentration and decayed within
a few minutes at -80°C during irradiation. On the basis of
g value /2.0037/ and the hyperfine pattern of four equivalent
protons /ag=0.3 nT/ this signal can be assigned to the QH® semi-
anthraquinone radicaijBJ QH® can be formed by hydrogen abstrac-—
tion from cumene /RH/ by the triplet state anthraquinone /QT/TJ/Jrj

through reactions:

—
w0
Q
=

Q o+ hy —= Q¥ =, Q /1/

and o v
Q + RH —_ QH* + R° . /2/

The alkyl radicals formed in reaction /2/ cannot be detected
under the applied experimental conditions due to their fast
termination processes:

2 R° o products /3/

Interestingly, in triisopropylbenzene at —5000, where the very
nign viscosity effectively blocks translational diffusion, wnile
the rotational diffusion is still fast, the signal of tertiary
alkyl radicals can be detected at g=2.0027 with hyperfine coupl-
ings of aey™ 1.632 mT and a3H=O.5 mT.

If oxygen is also présent, a singlet signal appears at

g=2,015 during UV irradiation in the cumene—-anthraquinone system.
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This signal can be assigned %o ROé peroxy radical;jSJformed by
the oxidation of alkyl radicals:
R® + 0, —= RO, . /4/

The peroxy radicals at —7500 proved to be persistent enough
for studying the kinetics of its formation and decay. In this
kinetic ESR experiments, the magnetic field was fixed at a Valuéﬁ6g
where the g=2.015 signal has a maximum and the amplitude was
measured during UV irradiation.

F:&% 7 — The observed kinetics of peroxy radical formation and decay

Fﬂﬂg.g . depend critically on the flux of irradiation changed by the slit
of irradiation window and the relative concentration of anthra-
quinone and oxygen. In case of nhigh anthraguinone concentration ,
the fast build up is followed by a fast decay without oscillation
/See Fig. 2/. There is a shoulder on the decay region, which |
is probably not caused by the concentration variation of peroxy
radicals, but the line narrowing effect of smaller oxygen con-
centration. Namely, at higher oxygen concentration the peroxy
signal is somewhat broader, which yields to a smaller amplitudé°
This effect can be partially compensated by using a modulation
amplitude higher than the line width. In the course of irradia-
tion, the observed decay rate of peroxy concentration was found
to increase with the increase of anthraquinone concentrétion and
witn the decrease of temperature. Consequently, the decay of
peroxy concentration is caused by tnhe depletion of oxygen in the
irradiated zone, which cannot be balanced by the diffusion from
the dark zone. If the irradiation is switched off until the
diffusion regenerates the oxygen concentration /See Fig. 2/,
a signal overshoot can be seen when irradiation is resumed. There
is a remarkable difference in the diffusion rate of oxygen and
anthraquinone, however. It cin be visually seen, that discolora-—
tion caused by the photo-product of antnraquinongjzé is limited

to the area where the incident lignht reached the solvent.
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In the experiments, where the anthraquinone concentration
is smaller or the slit of irradiation window is thinner, the-
build-up period of peroxy radicals is followed by a slow decay
modulated witn equidistant oscillations /See Figure 3 /. Then
oxXygen regeneration by diffusion from tne dark zone into the
irradiated one can maintain a concentration, where the oxidation
rate of alkyl radicals in reaction /4/ is fast with respect to
the termination processes of reaction /3/. In this case the
slow signal decay can be caused eitner by the consumption of the
overall amount of oxygen in the sample or by the local deple-

tion of antnraguinone in the irradiated zone.

Discussion

In tne light of previous works, wnich gave ample evidence
that all reported oscillational phenomena in the pnotochemical
systems are related to nydrodynamic Convectioné7’9’102 great
care should be taken before any system is claimed to be a true
pnotochemical oscillator. It was pointed out by previous
autnorg1—jjtnat the periodicity is poorly reproducible and
quite often aperiodic variatiéns in the emitted light intensity
can be observed. The phenomena were also found highly sensitive
to the stirring of the sample. In our experiments we obtained
quite good reproducibility, though the amplitude of oscillation
was different from éxperiments to experiment, the periodicity
and the regularity of oscillation profile was stable. Also by
hitting or turning away the sample tube we did not observe
break down of oscillations. We studied the oscillatory behaviour
in a rather narrow temperature range /between -75°C and -85°C/
since tne life time of the peroxy radical was long enough only
at low temperature§16g The time of periodicity varied between
40 and 60 s, and was found to decrease slightly with increasing

temperature and with reduction of the illuminated area. The
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above mentioned characteristics seem to indicate a non-convec-—
tional origin of oscillation in the anthraquinone-cumene system.
Tne role of convection, however, cannot be excluded with
certainty in our experiments, since in the neat isolated Dewar
vessel of temperature control unit the incident light may cause
a slight loéal warming up and the special geometry of sample
tube and high solvent viscosity at low temperature might stabil-
ize the convectional oscillations.
In the following we outline a qualitative model in order to

show tnat, at least in principle, the photochemical processes
and the diffusion due to concentration gradients within the
sample can yield to oscillatory variation of peroxy concentration.
Any mechanistic scheme describing oscillation should include a -
feedback mecnaﬁism. In our system this can be the anthraquinone
regeneration in the presence of oxygen:

T o+ 0, — Q + HO, /5/
The regeneration is complete if the oxygen concentration is
largéj4q If the oxygen concentration is less than a critical
value, the concurrent reactions:

2 QH* ——— Q + QH2 /6/

and
QH* + RH — R* + QH, /1/

can prevent the complete anthraquinone regeneration, since the
reaction of QHZ dihydroxy anthracene is also controlled by the
oxygen concentration:

H, + 0, —> Qi + HO, . /8/

The different life-times aad diffusion rates of radicals R°,
ROé, HOé and QH® are the source of concentration gradients
between the irradiated and dark zones. In the experiments,
wnere tne rate of oxygen consumption and diffusion is compar-

able, the fast reactions /4/ and /5/ consuming oxygen take mainly

place in the irradiated region of solvent and thus no alkyl and
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semiquinone radicals can diffuse out of tne irradiated zone.

On the other hand, the self-termination processes of peroxy
L16,17,18]

radical are rather slow:
2 RO; —_—— 0, + products /9/
and 2 HOé —_— O2 + HZOZ . /10/

which means a great portion of peroxy radicals can diffuse
into the dérk region of much larger volume and regenerate the
oxygen there.

Since reactions /9/ and /10/ can restore only half of the
oxygen consumed by reactions /4/ and /5/, the irradiation will
continuously decrease the overall amount of oxygen in the
sample, but the oxygen consumption is limited to tne irradiated
zone, In FPigure 4 the local concentration of oxygen and anthra-
gquinone is shown in the irradiated zone. Point A snows the time
wnen the oxygen concentration decreases below the critical
value in tne irradiated zone. The concomitant conversion of
anthraquinone into QH, by reactions /4/, /5/ and /6/ will impair
tne efficiency of alkyl radical generation by reactions /1/ and
/2/, and thus the rate of peroxy radical generation will also
be reduced. While the anthraquinone concentration is decreasing
in the irradiated zone, it is regenerated in the dark region,
wnere QH, can diffuse to and can produce Q by reaction /8/,
since the oxygen concentration is large there. Due to the slow
diffusion of anthraguinone, however, this process can only
sligntly contribute to the concentration gradient between the
irradiated and dark zones. This stage of process, AB and A’B’

in Figure 4, can be characterized as a period of increasing

4 ”

Fq(%,Q concentration gradients.

This stage will be ended due to tne following reasons:
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i/ increasing concentration gradients accelerate diffusion,

ii/ decreasing antnraquinone concentration in the irradiated
zone reduces gradually the rate of oxjgen consumption there and
the rate of oxygen regeneration in tne dark region. In a smaller
extent, the same holds for the concentration variation of
anthraguinone.

The reason, why this stage does not end in a stationary
state, is that the balance between opposite diffusional processes
is achieved sooner for the oxygen, than for the anthraquinone,
nence their rate of diffusion is markedly different. It means
wnen the oxygen concentration reaches 1its minimunm /point B/,
the anthraquinone concentration is decreasing furtner /B°C?
interval/. This will result in a slower oxygen consumption in
the irradiated zone than the diffusional transport due to the
concentration gradient, i.e., the local oxygen concentration
will temporarily increase /BC/. Wnen the increasing oxygen
concentration reaches the critical value /point ¢/, the antahra-
quinone regeneration by reaction /5/ becomes fast again and the
second stage of oscillation, where the peroxy radical con-
centration is increasing, will be started /point C?/. This is
the stage of oscillation, wnere the concentration gradients
are decreasing. As the increase of anthraquinone concentration
enhances the oxygen consumption its increase is stopped at the
time D. The increase of anthraquinone concentration and oxygen
consumption, however, still goes on, which yield to the decrease
of oxygen concentration until it reaches the critical value
again in point E. Tnen the first stage of oscillation, where
tne peroxy concentration is decreasing, is started again.

Tn tne above model an irradiated and a dark zone was
distinguished but their borderline is not fixed, since the trans-
parency of solvents is affected by the change of anthraquinone

concentration. Thnis effect snould also be considered in a more
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quantitative approach.

Conclusions

In this paper we demonstrated tne oscillation of peroxy
radical concentration in the antnraquinone-cumene system in the
presence of oxygeﬁ, where the alkyl radicals have been generated
photochemically. As far as we know, it is the first case when
periodic variation of peroxy radical concentration was detected
experimentally and also the first example of a photochemical
system, where oscillation was discovered by ESR spectroscopy.
The origin of the reported oscillation, however, is not yet
clarified with certainty: it can either be a consequence of
nydrodynamic conveciion or it can be a phnotochemically driven
oscillation combined with diffusion which is controlled by
concentration gradient varying periodically. As a working hypo-
thesis a qualitative photochemical model was suggested, which
can account for the observed oscillatory behaviour. Additional
work is necessary in order to prove whether the oscillations
we discovered can be considered as an example of true photo-
chemical oscillator.
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Figure 1. The geometry of experimental apparatus a:irradiation

slit, b: ESR cavity, c: Dewar, d: sample tube

Figure 2. Kinetic ESR spectra of the g=2.015 peroxy free radical
signal in air saturated cumene containing 8,X1O—3 M anthragquinone
recorded at -83°C. The arrows indicate the time of switch on and
switch off of irradiation.

Figurez . Kinetic ESR spectra of the g=2.015 peroxy free radical
signal in cumene containing ca. 10—5 M dissolved oxygen and
4.}(:10-'3 M anthraquinone recorded at —7SOC° The arrow indicates
the time when the irradiation was started.

FPigure4 . Schematic representation of oscillating oxygen (full
line) and anthraquinone (staggered line) concentration as a

function of time in the irradiated zone of sample
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