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The electronic and dynamic changes through the phase transition in the organic conductor N,N-
dimethyl-thiomorpholinium bis-tetracyanoquinodimethane [DMTM(TCNQ),] have been investigated
with use of 'H nuclear magnetic resonance. Proton Knight shifts have been measured with multiple-
pulse, magic-angle spinning NMR as a function of temperature. Three inequivalent TCNQ 'H lines
were observed above the phase transition at 272 K, and eight below, all with negative Knight shifts,
ranging from —20 to —75 ppm, in the temperature range 190-300 K, representing an extremely large
observed 'H Knight shift. The isotropic hyperfine coupling constants and corresponding spin densities
were calculated, and an estimate of the charge redistribution at T, based upon a tentative assignment of
the lines, is made. The cation dynamics were also investigated with broadline 'H NMR which indicate a
slowing of the DMTM-cation motion upon cooling through the phase transition, while relaxation mea-
surements in the rotating frame indicate a cooperative phenomenon involving slow motions at 7. All of
these results are considered in terms of the structural changes at the phase transition.

I. INTRODUCTION

The organic conductor N,N-dimethyl-thiomorpholi-
nium bis-tetracyanoquinodimethanide [DMTM(TCNQ),]
has attracted a great deal of attention lately because of its
unusual structural phase transition.!”® Upon cooling
through T,=272 K, the conductivity increases by a fac-
tor of 500, a behavior which is inverted with respect to
the behavior of the common charge-transfer salts.”> The
relationship between the structural changes at the phase
transition and the conductivity anomaly is still unclear,
however. The complete crystal structure has been deter-
mined, by x-ray diffraction, above the phase transition—
the unit cell is monoclinic with space group P2,/m, and
the DMTM cation is located on a mirror plane between
two equivalent sheets of parallel, dimerized TCNQ
stacks."® The complete structure below T, has not yet
been performed because of the tendency of the crystals to
twin at the phase transition, though some features are
known.® The structure changes to triclinic (space group
P1 or P1), and the two TCNQ stacks are no longer crys-
tallographically equivalent. The presence of a mirror
plane, on which the DMTM’s are located, and its subse-
quent loss suggest that the cations are either statically or
dynamically disordered above the phase transition and, in
some way, ordered below it."® The directed dipole mo-

46

ment of the ordered cation could conceivably lead to in-
terstack electron transfer, tentatively proposed as an ex-
planation for the conductivity anomaly.

The measurement of Knight shifts’ in the nuclear-
magnetic-resonance (NMR) spectra of organic conduc-
tors has been shown to yield important information con-
cerning the electronic conduction, in some cases yielding
a locally resolved spin-density map of the conduction-
band orbital.®® Some high-resolution '*C studies of
Knight shifts in organic conductors have been per-
formed,” '3 but 'H NMR has been utilized much less fre-
quently. This is unfortunate, as proton Knight shifts are
more easily interpreted than '>C Knight shifts, since con-
tributions due to chemical shifts are smaller and the rela-
tionship between Knight shifts and spin densities is more
direct. Furthermore, 'H is 100% naturally abundant,
and complete studies can be made without the need for
isotopic enrichment, as is often required for'* C. The
reason for the paucity of 'H results in the literature is
that the 'H spectra of organic systems are dominated by
large '"H-'H homonuclear couplings, which obscure the
much smaller chemical and Knight shifts. Despite this,
valiant attempts to utilize the temperature and
magnetic-field dependence of the broad 'H line shape to
extract average Knight-shift information have been
made,'*!® but of course no locally resolved information
was available. Hentsch et al.® have employed multiple-
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pulse homonuclear decoupling!®!” in combination with

both magic-angle spinning (MAS) (Refs. 18 and 19) and
single-crystal measurements to obtain local Knight-shift
information on the protons in (fluoranthenyl);AsF¢. In
this case, however, the isotropic Knight shifts were very
small, on the order of —10 ppm, because of the small
paramagnetic susceptibility of (FA),AsF,. Furthermore,
as the spin susceptibility of (FA),AsF4 vanishes below the
phase transition, no information concerning the metal-
insulator transition could be gained.

In this paper we report variable-temperature high-
resolution and broadline 'H nuclear-magnetic-resonance
measurements on DMTM(TCNQ),, which give insight as
to the electronic and structural changes at the phase tran-
sition. In Sec. II we present high-resolution multiple-
pulse MAS NMR measurements of Knight shifts of the
proton resonances. Three inequivalent TCNQ 'H lines
are observed above T, and eight below, all with large
negative Knight shifts. The spin densities on the ine-
quivalent sites are calculated, and a tentative assignment
of the lines is made.

In Sec. III we present broadline '"H NMR data showing
that the DMTM disorder above T, inferred from the
presence of the mirror plane in the x-ray structure, is dy-
namic in nature and that it arises from a combination of
trans-form—trans-form conversion, methyl-group rota-
tion, and at least one uncharacterized motion. We fur-
ther show evidence for a cooperative phenomenon involv-
ing slow motions at T..

II. KNIGHT SHIFTS

A. Background

The nuclear resonance frequency is generally shifted
relative to the Larmor frequency of a bare nucleus as a
result of the local fields induced by the surrounding elec-
trons. In the case of diamagnetic materials, the shift is
due to the electronic shielding of the nucleus from the
static magnetic field B, and is termed a chemical shift as
it is closely correlated with the local chemical environ-
ment. In systems with conduction electrons, there is an
additional shift, termed the Knight shift,” which is a shift
in the nuclear magnetic resonance due to the averaged
hyperfine interaction of the conduction electrons with the
nucleus.”® As with the chemical shift, it is defined in a
field-independent manner as K =Aw/w,, relative to the
Larmor frequency w,. In general, it is a tensor quantity
and is given by

K=(x,/7.7,7A (1)

in which Y, is the spin susceptibility either per conduc-
tion electron or per molecule, depending upon conven-
tion, ¥, and y, are the gyromagnetic ratios of the elec-
tron and nucleus, respectively, and A is the hyperfine
coupling tensor. The total shift tensor 8 is the sum of the
chemical- and Knight-shift tensors, which, in general,
have different orientations with respect to one another.
The separation of chemical- and Knight-shift tensor in-
formation from the spectrum, when their relative orienta-
tions are unknown, is problematic and in practice always

involves some assumptions. For a powder under magic-
angle spinning conditions, in the fast spinning limit, the
situation is dramatically simplified as only isotropic shifts
remain. The total shift of the resonance position is then
given by?!

Siso =O0Oiso + Kiso ’ (2a)
in which
Kiso=(Xs /‘)/e'y"ﬁ)aiso . (2b)

Despite this simplification, the problem of how to
separate the chemical and Knight shifts remain, and
there are several methods in the literature which have
been used. One possibility is to use a structurally similar
neutral compound as a chemical-shift reference.'?!3 This
is the simplest approach as one only needs a single spec-
trum to obtain a value for K, but its accuracy relies on
the fact that the chemical shift of the structurally similar
neutral species is identical to that of the charge-transfer
complex. The use of a chemical-shift reference is less
problematic for 'H NMR than for 3C NMR, as the total
range of 'H chemical shifts is only ~10 ppm. The
second approach is to use the dependence of the Knight
shift on the paramagnetic susceptibility, either by reduc-
ing X, by progressive microwave saturation of the elec-
tronic spin system'*?%?® or by varying x, by performing
temperature-dependent measurements.*® In the latter
approach, plotting the shift versus y, (measured indepen-
dently versus 7) will give a line with a slope given by

Aaiso _

A—)(S—(l/yey,,h)aiso . (3)
This approach can, in principle, be quite accurate when a
wide temperature range is used so that the susceptibility
is varied by a factor of 2—3 or more. When ¥ can only be
varied over a range of 10—30 %, small errors in the sus-
ceptibility measurement, particularly when small num-
bers of data points are used, can lead to comparatively
large errors in the slopes. In such a case, using a
chemical-shift reference may be the more accurate ap-
proach. In this paper we have opted for a compromise.
The spectra were acquired over as wide a temperature
range as possible (190-300 K). Coupling constants were
calculated using TCNQ as a chemical-shift reference and
using Eq. (2b) with the published spin susceptibility as a
function of temperature,? and the results at different
temperatures were averaged. For the case of 'H Knight
shifts, which arise from the polarization of the ls core
electrons by the spin density on the directly bound car-
bon, the spin density on the bound carbon, p, may be sim-
ply calculated from the isotropic hyperfine coupling con-
stant via the McConnell relation?’

Aiso /277:PQ ’ (4)

in which Q is the McConnell constant, usually taken to
be —66.4 MHz, for sp2-hybridized carbons.?®

B. 'H Knight shifts in DMTM(TCNQ),

Figure 1 shows the 'H spectrum of a powdered sample
of DMTM(TCNQ), under conditions of MREV-8
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multiple-pulse decoupling?”?® and magic-angle spinning,

at different temperatures. The spectra of Fig. 1 represent
the highest-resolution 'H spectra of an organic conductor
ever published. The linewidths are 2—2.5 ppm, scaled, a
factor of 2 larger than usual for a diamagnetic crystalline
organic solid, but the dispersion of the lines is nearly an
order of magnitude larger than the usual dispersion due
to 'H chemical shifts. Figure 1(a) was acquired above T,
at 291 K, where four center bands are visible. The
DMTM cation’s CH, and CH; groups give rise to the in-
tense line at —1 ppm, while the three upfield lines are
due to the TCNQ protons. The TCNQ protons are clear-
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FIG. 1. '"H MREV-8 MAS spectra of DMTM(TCNQ),. The
ordinate axis is the MAS NMR intensity. The horizontal axis
(abscissa) is ppm divided by the MREV-8 scaling factor
k=0.471 and is relative to tetramethyl silane (TMS). The ordi-
nates in (b)-(d) represent vertical expansions by a factor of 5.
The spectra are not corrected for phase transient effects. (a)
T =291 K, the spinning speed was w,/27=2.20 kHz, and 16
scans were added; (b) T =248 K, w,/2m=4.10 kHz, 88 scans;
(c) T=231K, w,/27m—4.40 kHz, 128 scans, and (d) T=199 K,
w,/2m=4.05 kHz, 80 scans.
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FIG. 2. High-resolution 'H MAS spectrum of TCNQ ac-
quired under homonuclear decoupling with BR-24. The ordi-
nate axis is the MAS NMR intensity. The abscissa axis is ppm
divided by the BR-24 scaling factor k=0.384 and is relative to
TMS. Two scans were added.

o -

ly strongly Knight shifted—the spectrum of neutral
TCNQ, are shown in Fig. 2, exhibits two partially
resolved resonances at +8.06 and +7.44 ppm. The in-
tensity ratio for the TCNQ protons, in Fig. 1(a), is 2:1:1;
i.e., the line at —35 ppm represents two protons,
equivalent to within our resolution. This spectrum was
acquired at a relatively slow spinning speed w, /2m=2.2
kHz, and one can see first-order rotational sidebands, of
low intensity, in the range —10 to —30 ppm, due to the
shift anisotropy of the TCNQ protons. The spectra
below T, were acquired at a higher spinning rate to avoid
confusion among the rotational sidebands and the in-
creased number of center bands. Below T, there are nine
center bands, eight of which correspond to TCNQ pro-
tons. One can see the resolution increase substantially
with lowering temperature as the spread of isotropic
Knight shifts increases. Figure 3 shows the shifts as a
function of the temperature, for the eight TCNQ reso-
nances below T, and the three above. Note that all of the
resonances have a temperature-dependent shift, which
correlates well with the susceptibility, given as an upper
nonlinear horizontal axis. The DMTM-cation resonance
was used as a shift reference and was fixed at +1 ppm, to
remove the effects of temperature-dependent phase tran-
sients, as discussed in Sec. IV, below. Though the spectra
of Fig. 1 are uncorrected for this effect, all data discussed
subsequently have been treated in this manner. The
Knight shifts, hyperfine coupling constants, and corre-
sponding local spin densities were calculated from Egs.
(2) and (4), using the center of the TCNQ resonance of
Fig. 2, +7.75 ppm, as a chemical-shift reference, and the
resulting data are tabulated in Table I. For these calcula-
tions ), was taken as the spin susceptibility per conduc-
tion electron, i.e., per TCNQ dimer. Some previous com-
parative studies of TCNQ salts have taken Y to be the
susceptibility per TCNQ molecule, effectively normaliz-
ing the spin density to unity over one TCNQ, thus facili-
tating the comparison of results from TCNQ salts with
differing degrees of charge per site.!*!%2° Care must be
taken as to which convention has been used, in this re-
gard, when comparing results from the literature.
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FIG. 3. 'H line positions, for TCNQ protons, vs temperature.
The upper horizontal axis is a nonlinear susceptibility scale.
Shifts are given relative to TMS and are corrected for phase
transients by fixing the DMTM cation resonance at +1 ppm.
The dotted vertical line marks the phase transition at 272 K.
Measurement errors are approximately +0.5 ppm. The lines
are numbered in the text in the direction of increasing shift
from TMS (from left to right in Fig. 1, excluding the intense
leftmost signal assigned to the DMTM cation 'H’s) as follows:
above T, (1) solid triangle, (2) cross, and (3) solid diamond;
below T, (1) solid square, (2) open diamond, (3) solid triangle,
(4) plus, (5) open triangle, (6) cross, (7) solid diamond, and (8)
open circle.

The first problem is explaining how one obtains three
inequivalent lines above T, with the intensity ratio 2:1:1.
INDO calculations, using the structure of the TCNQ
molecule in DMTM(TCNQ), above T,,° predict four 'H
lines, though the expected spread of the couplings,
—1.34 to —1.38 MHz, is much smaller than observed in
Fig. 1(a).*® Clearly, the Knight-shift dispersion cannot
be a feature of the geometric distortion of the TCNQ
molecule alone, but must be related to the surrounding
crystal field. This can perhaps be explained with the help
of the crystal structure of Fig. 4(a). The labeled TCNQ
of Fig. 4(b) is related, in the following discussion, to the
center stack of Fig. 4(a) by a clockwise rotation. Note
that the 'H’s in positions 1 and 3 are oriented toward the
TCNQ sheets, along the a axis, while the 'H’s in posi-
tions 2 and 4 are pointing toward the DMTM cations in
potentially different orientations. We propose that the
protons in positions 1 and 3 are equivalent above T,
within the resolution limit, for the comparatively small
Knight-shift dispersion above T, and give rise to the line
at —35 ppm (corrected to —33 ppm) in Fig. 1(a), while
the protons at positions 2 and 4 are differentially Knight
shifted because of their different orientations with respect
to the DMTM cation.

TABLE 1. Hyperfine coupling constants and spin densities
on the directly bound carbons for the TCNQ protons in
DMTM(TCNQ),. The first three lines are the resonances above
the phase transition and the last eight are below. In both cases
the lines are numbered in order of increasing shift from TMS, as
in the caption to Fig. 3. Estimated errors are +0.1 MHz for
a;, /27 and +0.001 for p. All data are averages and are based
upon five points above T, and four below. Symbols written
{a-b),,, represent averages of the values for line Nos. a-b,
preceding.

Line No. a;, /27 (MHz) P
Above T, 1 —1.8 0.026
2 —2.0 0.030
3 —24 0.037
(1-3),, —2.0 0.030
Below T, 1 -0.9 0.014
2 -1.0 0.015
3 -1.5 0.022
4 —1.8 0.027
(1-4),, —1.3 0.019
5 —2.1 0.031
6 —2.2 0.033
7 —2.7 0.040
8 —2.8 0.042
(5-8),, —2.4 0.036

The doubling of the number of TCNQ resonances from
4 to 8, while cooling through T, if we consider the line at
—33 ppm in Fig. 1(a) to be two overlapping resonances,
has also been observed in the '3C MAS spectra of '*C-1
labeled DMTM(TCNQ),.* The doubling of the number
of CN resonances was attributed to the structural change
at T,, below which the two TCNQ stacks become ine-

L A 4
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/ = \ /C————C\
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FIG. 4. (a) Schematic crystal structure of DMTM(TCNQ),,
above T, illustrating the dimerized TCNQ stacks. The DMTM
counterions are disordered on a mirror plane between the two
stacks (Ref. 1). (b) TCNQ with 'H positions labeled.
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quivalent."® This assignment, supported by the x-ray
structure work,"® seems to be a quite reasonable assign-
ment of the 'H lines below 7T, reported here as well.

The average TCNQ hyperfine coupling constant
(a;s, ), may be obtained by averaging a;,, for lines 1
(weighted doubly), 2, and 3 above T,, where
(@i Yoy /2m=—2.010.1 MHz, and lines 1-8 below T,
where (a;y,),,/2m=—1.940.1 MHz. These values are
in good agreement with average values determined for
other TCNQ salts using broadline methods.!*!> Though
the average coupling constants and, correspondingly, the
average spin densities are identical above and below T,
the dispersion is substantially larger in the low-
temperature phase. If we tentatively assign lines 1-4 in
the low-temperature phase to one TCNQ stack and lines
5-8 to the other and calculate the average spin density
for each stack, we obtain the results summarized in the
( ),, rows of Table I. The average couplings and spin
densities in rows labeled (1-3),,, (1-4),,and (5-8),,
are the average of lines of Nos. 1-3 (above T, with No. 1
weighted doubly), 1-4 (below T,), and 5-8 respectively.
Note that we can obtain the average spin densities
(1-4),, and {(5-8),, by subtracting and adding 0.009,
respectively, to the average value above T,, (1-3),,.
This is consistent with the interstack electron transfer at
T., proposed as an explanation for the conductivity
anomaly.1 The value of 0.009, interpreted as such, corre-
sponds to an interstack transfer of 31% of the spin densi-
ty, resulting in a relative charge distribution of 0.65-0.35
between the two stacks, in close agreement with the
charge distribution (0.62-0.38) calculated from the iso-
tropic '3C-1 Knight shifts.* Of course, these values de-
pend upon the correct assignment of the lines, but this
calculation places an upper limit on such a charge redis-
tribution. The correlation of the 'H lines, on the same
stack, with each other could perhaps be made with the
use of a two-dimensional spin-diffusion experiment.>!

III. CATION MOTION IN DMTM(TCNQ),

The results reported in the previous section have all
been obtained from high-resolution spectra, acquired via
coherent averaging of the homonuclear dipolar interac-
tion. This was necessary to reveal the underlying Knight
shifts. A great deal of information can be obtained, how-
ever, from spectra dominated by large homonuclear cou-
plings. The presence and rates of motion may be moni-
tored by the change in the second moment of the proton
spectrum with temperature, a feature which has been pre-
viously exploited to characterize the cation motion in
other TCNQ salts.!*?° Since rapid spin diffusion equal-
izes the relaxation rates of the various 'H’s, the measure-
ment of relaxation rates versus temperature may yield in-
formation concerning the dominant relaxation mecha-
nism, even if it involves a small number of protons. Two
well-known examples are the 'H spin-lattice relaxation of
a macromolecule by a small number of rapidly rotating
methyl groups®? and the relaxation of protons in an entire
crystal by paramagnetic impurities on the order of a few
percent.33

Figure 5 illustrates the change in the second moment
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FIG. 5. Second moment of the 'H static powder pattern vs
temperature for DMTM(TCNQ),. Open circles are the raw
data. Solid points are the adjusted data after subtracting contri-
butions from the hyperfine interaction and the dipolar interac-
tion among the TCNQ protons and scaling up to 4.

of the 'H powder spectrum as a function of temperature.
The open circles represent the raw data, while the solid
circles represent the data corrected for contributions to
the second moment from other than the cation motion, as
discussed below. The increase in the second moment, by
a factor of 2, at the phase transition indicates a significant
slowing of motion. As the TCNQ’s are well defined in
the x-ray structure, the motion does not involve them.
The electron density of the DMTM cation, however, was
only describable, after much effort, with a superposition
of two models with occupancy 0.5.° Analysis of the
second moment of the 'H spectrum can give an indica-
tion of the type of motion occurring in each temperature
regime. Adapting the notion of Ref. 14, the second mo-
ment of the 'H spectrum is given by

My=3iM$+IMD+My, +M52, (5)

in which M, and M2, are the contributions to the
second moment from dipolar interactions among the
TCNQ and DMTM protons, respectively, M2

represents contribution from dipolar interactions between
DMTM and TCNQ 'H’s, and M,, represents the contri-
bution due to the hyperfine interaction of the protons
with the conduction electrons. The prefactors weight the
contributions by the relative number of protons involved.
M$, should not vary much from one TCNQ salt to
another and will be taken to be 56.2 kHz?.'> M2 is im-
possible to calculate exactly without knowing the details
of the motion in advance, but it is estimated to be on the
order of 5-8 kHz? or less and is therefore ignored. M,
gives a temperature-dependent correction which can be
calculated as in Refs. 14, 15, and 29, using the values
aio/2m=—2.0 MHz, dy/27m=0.90 MHz, calculated
from the results of Sec. II. d represents the anisotropic
electron-proton dipolar contribution to the hyperfine
coupling tensor. d, is given by dy~ — 9/2.5, and an
estimate is made of d,,/27=0.45 MHz.!>** Note that
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these values are different by a factor of 2 from those of
Refs. 14, 15, and 29 because of the differing spin-density
normalization convention used, as discussed in Sec. II. B.
These contributions in Eq. (5), were subtracted from the
original data, which were then scaled up by i to give the
adjusted data, represented in Fig. 5 by the solid circles,
which should have contributions only from M2,. At low
temperatures, below 200 K, the second moment is indica-
tive of methyl-group rotation only. In the range 220-260
K, M,=150-200 kHz? and fits reasonably well to a mod-
el calculation involving methyl-group rotation and trans-
form—trans-form conversion, which gives M,~145
kHz2.* The calculations were performed for MEM
(methyl-ethyl morpholinium) (TCNQ),,!* but the
differences in M,, from motional narrowing, due to the
differences between MEM and DMTM, which amounts
to the loss of one CH, group and the substitution of O
with S, are expected to be minimal. The motion con-
sidered for the MEM calculation was 7 flips of MEM
about an axis perpendicular to the N-O axis.!* As a
trans-form—trans-form conversion in DMTM is topologi-
cally equivalent to a  flip about an orthogonal axis, the
calculation should serve for this motion as well. Above
T., M, drops to 45-50 kHz? indicating that another
motion sets in. From the value of M, alone, one would
be inclined to invoke full rotations of the cation, which is
predicted to give M,~45-80 kHz>.'"* However, the x-
ray results, in this case, would give a completely smeared
out electron-density distribution for the DMTM’s, which
is not observed. Other motions which preserve the mir-
ror plane include trans-form-gauche-form and gauche-
form-gauche-form conversions and librations; however,
in the absence of further data, we are unable to character-
ize this motion. This problem could, in principle, be ad-
dressed via 2H NMR in combination with site-specific la-
beling.

Figure 6 illustrates the spin-lattice relaxation rate in
the laboratory (solid triangles) and the rotating (solid cir-
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FIG. 6. Spin-lattice relaxation rates in the rotating (solid cir-
cles) and laboratory (solid triangles) frames vs temperature for
DMTM(TCNQ),. Note the different vertical scales for 1/T,
and 1/T,.

cles) frames. Note the peak in 1/T), at T, while cooling
through the phase transition, after which the relaxation
rate in the rotating frame drops precipitously. The peak
in 1/T,, corresponds to a peak in the low-frequency
spectral density and is due to dramatically enhanced
low-frequency fluctuations at T,—a signature of a
cooperative phenomenon involving slow motions. The
principal relaxation mode, involving motions on the or-
der of 2w,/2m=10% s, also seems to vanish below T,.
An Arrhenius plot of the rotating-frame relaxation data
below T, yields an activation energy of E, =13.6 kJ/mol,
which is typical of a fairly free motion. This is likely to
be trans-form—trans-form conversions as discussed above.
The relaxation rate in the laboratory frame, 1/T,, has a
step, but as this is dominated by fluctuating hyperfine
fields produced by the conduction electrons, this has
more to do with the electronic reorganization at T, than
molecular motion.

IV. EXPERIMENTAL DETAILS

DMTM(TCNQ), was prepared by the reaction of the
cation iodide with TCNQ in boiling acetonitrile, using
the same technique as previously described for the other
TCNQ complex salts.>>3¢

The proton multiple-pulse MAS experiments were per-
formed on an Bruker MSL-200 NMR spectrometer
operating at a proton frequency of 200.1 MHz and
equipped with a Bruker variable-temperature multiple-
pulse MAS probe, with a quality factor of ~60. The 'H
7 /2 pulse length was 1.5 us, and the MREV-8 cycle time
used was 36 us. The pulse length and phases were opti-
mized using the method of Vaughan et al.*’ at Rhim
et al.,*® recently described by Gerstein.*> The MREV-8
sequence was chosen for these experiments over BR-24,%
because of the latter’s limited spectral window and sensi-
tivity to local fields, such as large shift dispersions.*’ A
word should be said about the effects of phase tran-
sients,*® among other errors, which give rise to an addi-
tional precession about the effective field, i.e., a spurious
resonance offset, in multiple-pulse experiments. The
standard tune-up procedures include a minimization of
such effects,>” ~>° though the frequency axis should be
calibrated by acquiring a multiple-pulse spectrum of a
reference sample with known 'H chemical shifts. There
are particular problems with experiments involving either
variable-temperature and/or conducting samples, both of
which can change this calibration. Experimentally, these
effects may be minimized by using a probe with a low-
quality factor ( =100) and watching for a degradation in
the resolution with changing conditions. A second possi-
bility is to include a diamagnetic compound in the sample
as a resonance-offset reference, though this may not be
feasible with a crowded spectrum. In this paper we have
used the DMTM line as such a reference, as the DMTM
line in the '*C spectrum shows no temperature depen-
dence.® The actual DMTM line position changed from
—2 to —12 ppm from 300 to 200 K and did not correlate
well with the susceptibility. In all cases we have taken
this to be +1 ppm, typical for a diamagnetic CH; group.
The effects of the phase transients on the multiple-pulse
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scaling factor were considered to be minimal, as the reso-
lution did not degrade over the temperature range inves-
tigated, and were therefore ignored.

The static 'H measurements were performed on a
homebuilt spectrometer operating at a proton frequency
of 181.5 MHz. The probe was also homebuilt and typi-
cally used '"H 7/2 pulse lengths of ~3 us. Spin-lattice
relaxation measurements in the rotating and laboratory
frames were performed with a variable-spin lock with
©,/2m=50 kHz and a inversion recovery sequence, re-
spectively, followed by detection with an echo. Echo de-
cays as a function of time were monitored with a boxcar
averager interfaced with the ASYST acquisition system
(Asyst Software Technologies, Rochester, NY). Typical-
ly, 32 values of the decay time were measured with 4-20
scans per point. Time constants were extracted via direct
fits to the exponential decays. Temperature control to
+0.5 K was accomplished via an Oxford Instruments
temperature controller (Oxford, England).

V. CONCLUSIONS

We have performed temperature-dependent high-
resolution and broadline '"H NMR measurements on the
organic conductor DMTM(TCNQ),. The high-resolution
spectra exhibit three strongly Knight-shifted lines, with
intensity ratio 2:1:1, due to TCNQ protons above T, and
eight below. These spectra were explained in terms of the
crystal structure and changes occurring at the phase

transition. The hyperfine couplings and corresponding
spin densities were calculated, and a tentative assignment
of resonances corresponding to two inequivalent stacks,
with a relative charge distribution of 0.65-0.35, has been
made. The broadline measurements confirm the model of
cation motion as an important component of the phase
transition. The second moment of the 'H line, given by
motionally averaged homonuclear couplings, displays a
step at T, indicating the loss of a motional degree of
freedom. The relaxation rate in the rotating frame exhib-
its a peak at the same temperature, indicating a coopera-
tive transition involving slow motions. The Knight-shift
and cation-motion results taken together seem to support
a model in which, at 7, a DMTM-cation motion freezes
out and the directed dipole moment of the DMTM cation
aids in an interstack electron transfer. This makes the
stacks electronically different and leads to a doubling of
the number of the Knight-shifted lines in the 'H spectra.
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