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The title compound crystallizes with a columnar packing of Cu(mnt),?" ions, which are unusually nonplanar. Angular-, frequency-,
and temperature-dependent EPR line widths and line positions have been studied in detail to estimate the intra- as well as the
interstack exchange interactions. The intrastack (isotropic) exchange (J) has been found to be temperature dependent, and it
increases from 600 £ 100 G at 300 K to 1050 % 100 G at 10 K. However, the interstack exchange (/' = 36 = 7 G) does not
vary with temperature. The ratio J//J = 6 X 1072 at 300 K is low enough to make the interactions one-dimensional but at the

same time sufficient enough to give rise to Lorentzian line shapes.

Introduction

The presence of columnar crystallographic packing in low-
dimensional magnetic materials results in highly anisotropic
magnetic, electrical, and optical properties. For example, exchange
coupling between electrons in a low-dimensional paramagnetic
solid is stronger along the chain when compared to that between
the chains. An important quantity in the understanding of the
spin dynamics in these quasi-1-D systems is the degree of one-
dimensionality, i.e., the ratio of the interchain to intrachain ex-
change, J’/J. EPR in systems with strong exchange, in general,
leads to an exchange-narrowed line whose shape, angular, fre-
quency, and temperature dependence, etc. yields information about
the dimensionality of the exchange-coupled network and about
the local magnetic interactions.!™ In many respects the EPR
technique is superior to other methods, such as magnetic sus-
ceptibility measurements; for example, even such small interchain
effects can be very precisely estimated. Though J’ can also be
determined from neutron scattering experiments,* the energy
resolution is generally not sufficient to measure the small dispersion
perpendicular to the chain.

Hughes et al.’ have estimated the intersite exchange coupling
J' in CuCl,y(py), (py = pyridine) using the frequency-dependent
line width of the single line arising as a result of averaging of the
two lines corresponding to the two inequivalent sites in the crystal.
Even if the chains are not inequivalent, a rough estimation of J/
can be made by studying the Fourier components of the spin
correlation functions as has been done by Huang and Soo0s.5 This
paper describes our studies on the exchange interactions (intra-
chain as well as interchain) present in the quasi-1-D weak-ex-
change system bis(tetramethylammonium) bis(maleonitriledi-
thiolato)cuprate (II), [NMe,],[Cu(mnt),].

Experimental Section

[NMe,],[Cu(mnt),] was prepared according to the reported proce-
dures.”®  Well-formed black crystals were grown from 1:1 aqueous
methanol solutions.

EPR measurements were made with a Varian E-4 spectrometer at
X-band and with a Varian E-112 spectrometer at Q-band frequencies.
DPPH was used as a g calibrant. The error in g values is £0.002. The
low-temperature measurements were done in a JEOL X-band instrument
using an Air Products liquid-helium cryostat.

The morphology of the crystal used for EPR measurements is shown
in Figure 1. Measurements were made with the magnetic field in the
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ab, be, and ac* planes. The error in the peak-to-peak line width (AB,;)
is £2 G.

Results and Discussion

Crystal Structure. [NMe,],[Cu(mnt),] belongs to the mono-
clinic crystal system with space group P2,/c. The unit cell pa-
rameters are

a=122303)A b=11518(9A ¢=16269(6)A

B = 95.07 (2)°

Of the four molecules per unit cell, two are magnetically in-
equivalent and are related by a 2-fold rotation about the b axis.
The other two are related to the first two by an inversion symmetry
and hence are magnetically equivalent to their inversion coun-
terparts. The crystal structure® consists of Cu(mnt),>~ planes
stacked in columns along the a axis of the unit cell. Along the
stack direction the copper atoms are not collinear, show slight
alternation (7.811 and 7.841 A), and follow these sequences: x,
Y% 9,51+ x,y,z; 1 + % 7, 2; and so on. The shortest
interchain (inequivalent) Cu—Cu distance is 8.288 A. The normal
to the least-squares Cu(mnt),>" plane makes an angle of 28.1°
with the stack axis.

The projections of the structure onto ab and bc planes, based
on coordinates from ref 9, are shown in Figures 2 and 3, re-
spectively. The anion in the present system has a nonplanar
geometry, which is quite unusual. The nonplanarity has been
attributed to the presence of several short contact distances be-
tween the atoms of the anion and the cations of the monoclinic
lattice. In [MB],[Cu(mnt),]:(CH,),CO (MB = methylene blue
cation) also a similar nonplanarity has been reported.!®

Electron Paramagnetic Resonance. Some preliminary EPR
work on this system has been reported by Standley and Taylor.!!
They doped Cu(mnt),?" into the nickel analogue [NMe,],[Ni-
(mnt),] for which the structure had been known!? already as
triclinic with a planar NiS, core. The reported spin Hamiltonian
parameters are

g = 2.090 £ 0.005
g, = 2017 % 0.002

Ay = £(162 £ 3) X 107 cm™
A, =+(42£2) X 10 cm™

These authors have mentioned that mixed crystals of [NMe,],-
[Cu(mnt),] diluted in [NMe,],[Ni(mnt),] grown from solutions
containing 25% by weight of copper salt were triclinic. This along
with the fact that pure copper salt is monoclinic and has a non-
planar metal chelate unit suggests that the Cu(mnt),?" ion in the
nickel lattice is planar. Further evidence for the planarity is
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Figure 2. Projection of the structure onto the ab plane.
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Figure 3. Projection of the structure onto the bc plane.

obtained from the fact that the hyperfine tensors closely resemble
those reported!? for the planar Cu(mnt),* system. Had it been
nonplanar, at least the hyperfine tensor would be significantly
different.!® Hence, it is obvious that the nonplanarity is present
only in the pure salt. This feature combined with the observation
that the stacking of the anions along the chain shows slight al-
ternation prompted us to investigate the nature of the interactions
present in this system by detailed EPR measurements. The EPR
results are presented and discussed below under separate headings.

(i) g Tensor. EPR measurements were made with the magnetic
field vector scanning the three orthogonal planes ab, bc, and ac*
at both X- and Q-band frequencies. At X-band only a single line
was observed at all orientations, indicating that the exchange
between the two magnetically inequivalent sites is stronger than
half the separation between them, i.e., J’ > (AgB8B)/2. However,
at Q-band in the ab plane two resonances could be seen, well-
resolved for most of the orientations, with maximum separation
between the two lines being 340 G when B is 40° away from the
a axis. The separation of the sites in the bc plane is even smaller
at Q-band with the result that only one line is seen at the average
of the two resonance fields. A simple diagonalization procedure

Kuppusamy and Manoharan

yielded the principal values of the averaged g tensor (X-band)
to be

g = 2.024 £ 0.002 g> = 2.034 £ 0.002
g3 = 2.076 = 0.002

These values are significantly different from the molecular g
values, which are reported to be g, = 2.023, g, = 2.026, and g,
= 2.086.12

The g, of the two chains, e.g. A and B, are equivalent except
for their different orientations. The Hamiltonian is

7{ = 7{_‘ZA +_’7{ZB t 7{:&0 + ﬂeLAB_‘ .
= BBega-Sa + BB:gpSp — 2J SarSa+) — 2Jap Sa-Sh
(1)
where J is the isotropic exchange between spins A and A + 1 along
the chain A (which is equivalent to that in chain B). J,p is the

exchange coupling between the two spins on chains A and B. The
first two Zeeman terms can be written as

Fz =T+ ¥y (2)

with
7#,° = 8Bg:S ©)
#, = BB-AgS (4)

where

S=58,+35; %)
§=5,-5; (6)
g = /(ga * 25) N

and
Ag = /(ga - 88) (8)

Now it is possible to get the exchange-averaged g tensor by as-
suming the molecular g tensor and the direction cosines for the
two inequivalent sites and averaging them in the reference co-
ordinate system.!> If, for example, C is the rotation matrix
consisting of the direction cosines of the three principal axes X,
Y, and Z of one of the two inequivalent sites with respect to the
crystal axes a, b, and c*, then the rotation matrix of the other
site, which is related to the first one by a 2-fold rotation, is given

by C-D, where
= -1 00
D=0 10 ©)
0 0 -1

The corresponding two g tensors in the orthogonal reference
system, g'c ¢ and g2y, are related to the molecular g tensor, gns
by

(@]

(10)
) an

1
8 cryst *Bmol*

¢!
&

('}n

2 _ =
ocryst = D Emol*

The above expressions lead to

(glcryst)ij = (gzcryst)ij
if i + jis even and

(g]crys\)ij = —(gzcrys\)ij

if i + jis odd. The average g tensor is equal to the arithmatic
average of gl¢;,, and g2crysl and so is given by

(glcryst)n 0 (g‘cryst)xs
g= gavcryst =0 (glcryst)n 0 (12)
@ eryst) (glcryst)ss

Also we obtain

0 R (glcryst)lz 0 A
Ag=8A ~8B= 0(«5' cryst)a (&'eryst)aa ] (13)

cryst)sz
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Table I. Experimental and Calculated Principal Values of g and
Their Direction Cosines

direction cosines

g values a b c*

- Molecular Values

g = 2.021 0.257 0.772 0.581
g = 2.025 -0.395 —0.465 0.792
g. = 2.088 0.882 -0.433 0.186
Average Values (Experimental X-Band)
g = 2.024 -0.190 -0.042 0.981
g; = 2.033 0.034 0.998 0.049
g = 2.077 0.981 -0.043 0.189
Average Values (Calculated)

g1 =2.024 -0.196 0 0.981
g, = 2.034 0 1 0

g = 2.076 0.981 0 0.196

2.02+ b
l

! !
0 30 60 90 120 150 180
© (deg.}

Figure 4. Experimental and calculated angular variations of g in the ab
plane; (---) simulation for individual sites; (@) expetimental points at
Q-band; (—) simulation after averaging; (O) experimental points at
X-band.

The Ag term gives rise to nonsecular broadening, which is neg-
ligible as long as wg?, >> 1, where w, is the Zeeman frequency
and ¢, is the correlation time for the interchain spin diffusion.!
From the expression (12) it is evident that one of the principal
axes lies along the b axis while the other two are somewhere in
the ac* plane. The other two principal values and their direction
cosines can be obtained by diagonalizing the g-tensor matrix.

In the present system there is an uncertainty in the choice of
the molecular g tensor as well as its direction cosines, owing to
the nonplanarity of the Cu(mnt), unit. The presence of non-
planarity does not seem to affect the molecular g values much.
For instance, Snaathorst et al.!® have reported g, = 2.090 and g,
= 2.024 for the nonplanar system [MB],[Cu(mnt),]-(CH;),CO
while the normal values!? are g, = 2.023, g, = 2.026, and g; (=g;)
= 2.086. However, it appears that the hyperfine coupling tensor
is very sensitive to distortions. In [MB],[Cu(mnt),]-(CH;),CO
the A4 values are 10% smaller than those reported for planar
systems. The twisting of the ligands in the present nonplanar
system can be better viewed as a mutual rotation of the two chelate
planes in the opposite directions with respect to the 2-fold axis
bisecting the chelate C==C bond for £20.57° such that the normals
to the chelate planes make an angle of 41.14°. Such a twisting
should then leave the g-tensor directions with respect to the
reference axes unaltered. The g, direction is chosen along the
normal to the least-squares plane containing the whole anion while
2. is along the 2-fold axis of the chelate lying in the least-squares
plane and passing through the midpoint of the C=C bond. The
calculated and observed (after averaging) direction cosines match
very well (see Table I).

With use of the calculated direction cosines and with g, = 2.021,
g, = 2.025, and g, = 2.088 the exchange-averaged g tensor was
obtained by the procedure described above. The agreement be-
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Figure 5. Angular variation of g in the ac* plane: (—) simulated and
(O) experimental points.
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Figure 6. Angular variation of line width in the ac* plane at X-band at
300, 77, and 10 K.

tween the calculated and observed g values (X-band) is excellent
as is seen in Figure 4. In Figure 5 is shown the matching of the
observed and the simulated g values in the ac* plane where the
two sites are equivalent.

(ii) Line Width and Line Shape. The angular variation of line
width in the ac* plane, where the chains are magnetically
equivalent, is shown in Figure 6. It is evident that the dominating
interaction that is contributing to the line width anisotropy is
hyperfine whose principal axes coincide with that of the g tensor.
In this plane no significant difference in line width was observed
between X- and Q-band measurements. This might happen when
the exchange interaction J is far off from X- and Q-band fre-
quencies, i.e.

H o >> He > Hy

or
o << Hx < Hq

In the former case both secular and nonsecular components of
the hyperfine and dipolar fields will be contributing fully to the
observed line width while in the latter case only secular components
will be effective in broadening the observed line. In the inter-
mediate case, with

Fx < Hex < Ho

one would observe frequency-dependent line widths as the non-
secular contributions to the Q-band line widths are only partial.

Magnetic susceptibility measurements down to 4.2 K did not
show any magnetic ordering. Further, the variation of suscep-
tibility with temperature was found to be in accordance with the
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Figure 7. Angular variation of line width in the bc plane at X- and
Q-band frequencies.

Curie-Weiss law with negligible Weis correction.

The line shape analysis in the ac* plane showed the shape of
the resonance to be close to Lorentzian at all angles, indicating
that (i) the interactions are not purely 1-D and (ii) the exchange
interaction is sufficiently stronger than the broadening mechanisms
such as hyperfine or dipolar.

On the other hand, the bc plane line widths were observed to
be frequency dependent. The X- and Q-band line widths at room
temperature are shown in Figure 7. The Q-band line widths are
larger than the X-band line widths except when B||b or c* axis.
In this plane there must be two resonances corresponding to the
two inequivalent sites, and since the intersite exchange frequency
is larger compared to the separation between them even at Q-band
there is an incomplete averaging with the width of the resulting
line varying as roughly (splitting)?/(exchange rate). Hence a
comparison of the line widths at these two Zeeman frequencies
is used to make an estimate of the intersite exchange J’. This
is discussed in detail later in this paper.

(iii) Intrastack Exchange, J. The line width information
available in the ac* plane was used to get an estimate of the
intrastack (isotropic) exchange parameter J. Though the two sites
are equivalent in the ac* plane, the effective field due to the Ag
term in eq 13 does not vanish and is given by 4

B, = B-Ag (14)

The effective field B, is seen perpendicular to the ac* plane where
the axis of quantization defined by B-g lies and will give rise to
nonsecular broadening effects. The above effect is shown!’ to be
negligible when wgt, >> 1. In our case ¢, = 6 X 10710 s (vide
supra) and hence wyt = 5.7 at X-band and 21.0 at Q-band.
Therefore, this contribution to line width can be neglected.

In the strong exchange narrowing case the line width AB, is
given by 16

172 M,
(312 /20)AB,, = a
where M,' is the sum of dipolar and hyperfine second moments.
The full second moment is used when J >> hw,, where wy is the
Zeeman frequency. When J << hwj only the secular (Am = 0)
part of the second moment will be effective in contributing to the
observed line width. In the intermediate case one will observe
frequency-dependent nonsecular contribution and hence line width.
In the present case, as no frequency-dependent line width (in the
ac* plane) is observed, we are certainly not in the intermediate
region.
The dipolar and hyperfine second moments were calculated as
described elsewhere.>!” The variation of the secular part of the

(15)
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Figure 9. Correspondence between M;'(secular) and AB,(experimental)
in the ac* plane at 300, 77, and 10 K (cf. eq 15).

second moments is shown in Figure 8. As M,'(secular) follows
the observed line width variation in this plane, we have used only
the secular part of the second moments. This is also justified by
the successful analysis of the data.

Though the data at one orientation is sufficient to estimate J
using eq 15, we find from Figure 9 that there is good agreement
between the two quantities over the entire set of data in this plane.
The fitting gives a value of 600 = 100 G for J for the room-
temperature data in the ac* plane.

(iv) Interstack Exchange, J'. The line width data at X- and
Q-band frequencies in the bc plane were used to estimate the
effective intersite exchange field, H,, as well as J/. For J’ >
(Ag)BB/2, we would observe a single line and the theories of
exchange averaging!4 predict that the width of the line varies as
the square of the splitting AB (in gauss) of the sites

ABpp = (AB)Z/HC (16)

where H,_ is defined as the effective intersite exchange field. If
the measurements are done at two different frequencies, e.g. X-
and Q-band, then

(ABq)* - (ABy)?
H

AB,Q- AB X = (17

where ABy and AB, are the differences in the expected resonance
fields of the two sites at X- and Q-bands, respectively, in the
absence of J'. The quantity H, depends on the rate of exchange
between inequivalent sites and is given by®

(g8/h)H, = 4171(3'2/2) (18)

where 17! = 0.16A|J]/3/|71*/ is the correlation time for interchain
spin diffusions. The angular variation of X- and Q-band line
widths in the bc plane (Figure 7) can be satisfactorily fit into
expression 17 for H, = 300 = 50 G. This gives a value of (6 £
1) X 1071% s for ¢..

(17) McGregor, K. T.; Soos, Z. G. J. Chem. Phys. 1976, 64, 2506.
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Figure 10. Temperature dependence of line widths at X-band with Blla
(0), B||b (O), and B|jc* (a).

Now assuming J = 600 = 100 G obtained from the line width
data in the ac* plane at room temperature, we obtain J’ = 36 +
7 G. The ratio J//J = 6 X 107 is low enough to make the
interactions one-dimensional but at the same time sufficient enough
to cut off the long time diffusive behavior of spins in pure 1-D
chains giving rise to the observed Lorentzian line shapes.

(v) Temperature Variation. The anisotropic line widths are
strongly temperature dependent and decrease smoothly with
temperature. The line width measurements were carried out down
to 10 K at X-band. The angular variations of the line width in
the ac* plane at 77 and 10 K are found in Figure 6. The line
width, for example, when B||a decreases by ~67% at 77 K and
by ~50% at 10 K. The temperature-dependent linewidth with
magnetic field vector along the three crystallographic reference
vectors a, b, and c* is shown in Figure 10. It should be noted
that in all the three orientations the relative decrease in line widths
at different temperatures are the same. In other words the rate
of varijation of line width AB, with temperature is constant re-
gardless of orientation. This may be due to temperature-dependent
J or J7.15 We have further observed that the relative decrease
in AB,, vs. T is the same in the ab and ac* planes also. This
observatlon rules out the temperature dependence of J, since it
is expected that J’ will affect the line widths of the ab and/or bc
plane differently from that of the ac* plane at any Zeeman fre-
quency due to inequivalency of the sites. Hence, it is believed
that J’ does not increase on cooling.

Using the angular variation of AB;, at 77 K and at 10 K, in
the ac* plane we can calculate the J values as described earlier
using eq 15. The line width data at 77 K and 10 K fit quite
reasonably with J values of 800 £ 100 and 1050 £ 100 G, re-
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Figure 11. Temperature dependence of J. ® denotes J based on the
whole set of data in the ac* plane at the respective temperatures while
O denotes J based on B||c* and Blja data only.

spectively. These are shown along with the room-tempeature data
in Figure 9. We are able to further justify the temperature
dependence of J by calculating J for some intermediate tem-
peratures using the widths at Blic* and Blla. All these values of
J as a function of temperature are clearly demonstrated in Figure
11. Itis true that for intermediate temperatures no full angular
variation of ABj, has been measured.  However, it is gratifying
to note that the temperature variation of J has been clearly
demonstrated. It is necessary to mention here that an assumption
has been made that the calculated dipolar second moments based
on room temperature crystal data do not vary much on cooling.
This assumption may not be strictly valid because of the possibility
of lattice contractions at lower temperatures. It is supposed that
in the case of [NMe,],[Cu(mnt),] being of hyperfine-dominated
line width, no erroneous conclusion can be made by the above
assumption.

Summary and Conclusions

Quite unusual nonplanar geometry of the complex anion in this
lattice is comparable to what has been observed in [MB],{Cu-
(mnt),].1® The nonplanarity combined with the stacking of the
anions along the chain with a slight alternation makes it an in-
teresting system for line width studies by EPR. The lattice of
[NMe,],[Cu(mnt),] represents a quasi-1-D weak-exchange sys-
tem. Though the inter- and intrastack exchanges are weak with
J =600+ 100G and J/ = 36 £ 7 G, the ratio of J'/J = 6 X 102
is low enough to make the interactions one-dimensional but at
the same time sufficient enough to cut off the long time diffusive
behavior of spins in pure 1-D chains giving rise to the observed
Lorentzian line shapes. The temperature variation of ABy, though
indicating an increased J at lower temperatures, does not change
its quasi-1-D character considerably.
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