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13C MAS NMR spectra of the sodium salt of the radical anion of 7,7,8,8-tetracyanoquinodimethane (NaTCNQ) show 
changes in both chemical shift position and linewidth of some resonances with temperature, and provide information 
about the nature of a phase transition a t  ca. 333 K. 

The properties of TCNQ and its radical anion salts (e.g. 1) 
have long been a topic of interest because of the remarkable 
physical properties of these charge-transfer complexes, such 
as electrical conductivity. 1-3 We now present high-resolution 

MAS NMR results on NaTCNQ,4 which are obtained 
despite the paramagnetism of the sample and allow us to 
monitor the phase transition that occurs around 333 K.5 

Fig. 1 shows the 13C MAS NMR spectra at 295 and 373 K 
acquired using both cross-polarization and conventional 
single-pulse excitation (with proton dipolar coupling) tech- 
niques. The isotropic peak positions (marked by arrows) were 
established by varying the spinning speed and using the TOSS 
sideband suppression pulse sequence. 

The spectra at 373 K appear less complex because of a large 
reduction in spinning sideband intensity compared to the 
spectra at 295 K indicating lower anisotropy. Both sets of 
specta show a combination of broad and sharp resonances, the 
location of the broad bands being highly temperature depen- 
dent. The sharp peaks change from a doublet and quartet 
pattern at 295 K (6 145.1 and 143.5; 6 126.1, 124.2, 123.8 and 
122.6, respectively) to a singlet and doublet pattern at 373 K 
( b  140.8; b 128.2 and 123.8, respectively). This is associated 

with a crystallographic phase transition from two to a half of a 
TCNQ molecule per asymmetric unit, and is considered i n  
greater detail below. It is also interesting to note that the 
broad peaks are more apparent in the spectra recorded using 
single-pulse excitation, indicating that they cross-polarize less 
efficiently than the sharp resonances. Prompted by these 
findings we extended the temperature range of the study by 
use of single-pulse excitation at room temperature and above, 
and cross-polarization below room temperature. Sideband 
suppression was employed to simplify the analysis. The results 
are shown in Fig. 2. 

At the lowest temperatures investigated (down to 233 K)  all 
the resonances are narrow, and the spectrum is approximately 
independent of temperature (below cu. 250 K ) .  An extensive 
spinning sideband pattern is evident when the spectrum is 
recorded without sideband suppression at these low tempera- 
tures reflecting a combination of paramagnetic coupling 
induced by dipolar interactions between the unpaired electron 
on TCNQ.- and 13C, and chemical shift anisotropy effects. 

To aid spectral assignment, we also recorded spectra using 
the non-quaternary suppression technique6 allowing 40 ps for 
dipolar dephasing. This established that the quartet at cu. 
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Fig. 1 '3C MAS NMR spectra of NaTCNQ at 205 and 373 K both with 
cross-polarization (CP) and single-pulse excitation (SPE): (a )  295 K,  
CP; ( h )  295 K,  SPE; ( c )  373 K .  CP; (d)  373 K, SPE. Spectra were 
acquired on a Bruker MSL-300 spcctrometcr (90" pulse = 4 ps; 
rccycle delay = 1-5 s; contact time for the C P  cxpcriments = 1-10 ms; 
spinning speed = 4.5 kHz; chemical shifts are quoted relative to 
external TMS). The sample was heatedcooled at about 5 K min-1 
with a 10 min equilibration at each temperature. The temperature 
control through thc thermocouple located close to the sample 
chamber is expected to be accurate within +2 K.  

3 2 3 K u  
------J I 1 1  L'L 296 K 

140 120 I 
F 

233 K 

I I 

200 100 0 
6 

Fig. 2 Variable temperature MAS NMR o f  NaTCNQ (spinning 
speed = 3.5-5.0 kHz). Spectra at 258 K and above were recorded 
using sideband suppression (residual sidebands are marked by *). 
Broad isotropic peaks are arrowed. The spectrum at 233K was 
recorded without sideband suppression, and has the isotropic peaks 
marked. INSET shows the expansion of the region of 6 100-150 
around the temperature o f  the phase transition. 
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6 124 in the spectrum recorded at 233 K arises from 13C with 
directly bonded protons, i.e. C1 atoms (in 1). We note that the 
low temperature form of NaTCNQ7 has two TCNQ molecules 
per asymmetric unit. It is difficult to assign the other peaks 
unambiguously from their chemical shift position alone, 
though we do  observe that the doublet around 6 146 remains 
sharp and temperature independent when warming the 
sample, and that the doublet at 6 57/54 has very few associated 
sidebands (when investigated without sideband suppression) 
compared to the other resonances. On this basis we tentatively 
assign the doublet around 6 146 to C2 sites, the doublet near 
b 55 to C3 atoms and the peaks near 6 116 (close to the CN 
value in the neutral moelcule8) to C4 sites. 

Upon warming the sample the peaks around 6 116 and 55 
broaden and shift with temperature reflecting the location of 
the unpaired electron and the paramagnetism of the sample. 
This effect is at first glance similar to Knight shift behaviour; 
these have previously been observed for the CN groups in 
conducting complexes of TCNQ with quinoline, tetrathiaful- 
valenes and N-dimethylthiomorpholine.9 However, NaTCNQ 
is a semiconductor in both its high and low temperature forms 
(with 0 2 9 ~  cu. 10-5 S cm-1)4,5~.10 and thus has no conducting 
electrons. The effect observed here must therefore result from 
the temperature dependence of the paramagnetic contribution 
to chemical shift, and from possible changes in the electron 
location with temperature. The two peaks which are affected 
by this interaction probably correspond to the C3 and C3 sites 
of the molecule, as these atomic positions are expected to be in 
close proximity to the unpaired electron.11.12 We ascribe the 
broadening of these resonances with increasing temperature 
to a shortening of the Tz relaxation times for these sites caused 
by changes in the Paramagnetic coupling with temperature, 
possibly reflecting a change in location of the unpaired 
electron. We note that it is still possible to observe a signal 
from these resonances at room temperature even when using 
recycle delays as short as 20 ms. 

It is also interesting to observe the reduction in the 
anisotropy (as manifested in the spinning sideband patterns) 
of the sharp resonances with increasing temperature. Para- 
magnetic coupling is the sum of two contributions: the Fermi 
contact shift (which is probably the major cause of the changes 
in isotropic shift position with temperature), and the pseudo- 
contact interaction (which is anisotropic and thus results in 
spinning sidebands in the MAS experiment).13 Both these 
couplings are usually inversely proportional to temperature. 
The reduction in spinning sideband intensity with temperature 
is thus in line with the expected reduction in magnitude of the 
pseudo-contact interaction. Chemical shift anisotropy will also 
contribute to spinning sideband intensity, but this is tempera- 
ture independent in the absence of any molecular motional 
processes. 

These spectra have allowed us to explore further the nature 
of the crystallgoraphic phase transition which has been 
reported to lie in the temperature range 303 < T, < 373 K.5 
The nature of this phase change has been investigated by a 
variety of methods which include: conductivity measurements 
(T,  = 347-373,s~ 3385h and 313-323 KsO; infrared spcctro- 
scopy ( T ,  = 360 Ksd); magnetic susceptibility measurements 
(T ,  = 3485~ and 345 K5f); and X-ray studies ( T ,  = 3485~ and 

Fig. 2 (inset) shows expansions of the spectral regions 
containing the sharp resonances (assigned to C, and C2) at 

332-346 K 5 ' ) .  
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323,333 and 343 K. The spectrum changes from a doublet and 
quartet pattern (at 323 K) to a singlet and doublet pattern (at 
343 K), while it appears that both phases are present in the 
spectrum at 333 K. These changes were found to  be reversible 
for both warming and cooling cycles. In the low temperature 
phase, NaTCNQ consists of dimerized TCNQ radical anions 
packed in vertical columns which alternate across the sheet in 
a perpendicular fashion, thereby achieving octahedral coordi- 
nation of the sodium ions.7 Since neighbouring columns are 
different there are two Na+ and two TCNQ*- moieties in the 
asymmetric unit. This is entirely consistent with the solid-state 
NMR spectra obtained below 333 K. Above this temperature 
the high-temperature form exists in which the two TCNQ 
columns are equivalent.5h This leads to the formation of 
uniform columns of TCNQ monomers with only one half of a 
TCNQ moiety in the asymmetric unit, though the coordina- 
tion shell around the Na+ remains unchanged. The NMR 
results are entirely in accord with this crystallographic change. 
The temperature of the transition reported here is loosely in 
agreement with that from the X-ray study of Konno and 
Saitosh which concluded that the two phases coexist between 
332 and 346 K. 

We are currently investigating similar phenomena with 
other cation salts of TCNQ. 

The solid-state NMR spectra were obtained on the Univer- 
sity of London Intercollegiate Research Services (ULTRS) 
instrument at University College London. S. C. W. acknowl- 
edges financial support from the SERC. 
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