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The dependence o f the NQR line width on the RF pulse intensity and period using a con­
tinuous steady state pulse train for polycrystalline l4N compounds shows a dependence on the 
asymmetry parameter rj, the temperature, and the crystal structure.

Introduetion

M echanisms which determ ine the line shape g  (v) 
and line width A l  in N Q R  studies are:

(i) the tim e the excess population  o f high state 
spins takes to reach the Boltzman equilib rium  after 
N Q R  excitation, the spin-lat t ice re l axat i on t im e  (T,); 
in a perfect crystal with high nuclear heterogeneity, 
T x dom inates g  (v).

(ii) The spin-spin interact ion t ime  ( T 2) which con­
tributes little to the line w idth unless the nuclear 
spin system is relatively hom ogeneous; N Q R  experi­
ments deal with im perfect crystal systems, hence 
additional line width results from

(iii) the statistical distribution  o f electric field 
gradients (EFG ) caused by crystal inhom ogeneities, 
such as lattice im purities, dislocations and order- 
disorder effects,

(iv) dislocations and order-disorder effects which 
are quite significant in polycrys ta l l ine  samples; the 
RF field has a random  orientation relative to the 
principal EFG  axes, giving a d istribution  o f rotation 
angles o f the nuclear m agnetization, and

(v) the dynam ical m otion in crystals and the 
m agnetic (dipole-dipole) interaction between nuclei.

Earlier work [ 1] showed discrepancies between 
line widths m easured with low power transient self 
quenched SRO systems [2] with FM  detection, and
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those m easured with high pow er transient pulse-FT  
systems to generate F ID ’s and spin echoes from 14N 
nuclei. Therefore the dependence of A l  on RF pulse 
intensity and pulse period for a range of polycrystal­
line nitrogen com pounds is studied, using a con­
tinuous steady-state pulse train  consisting of 0.66  rc 
pulses with the pulse-FT  system.

A continuous steady-state 90° pulse caused the 
signal function intensity and relaxation to depend 
on the pulse separation  in both polycrystalline and a 
single crystal o f parachloroaniline [3]. An intense 
R F field significantly narrow ed a line by giving a 
new angular dependence on the direction cosines of 
the vector r (/- connecting spins / and /'. This, and 
most line narrow ing studies, and theories [4 -1 0 ] 
have considered mul t i pl e  p ul se  sequences  after which 
the spin echo is averaged. This differs from the 
continuous steady-state experim ent where the FID  
is averaged after each pulse. If the initial pulse 
causes narrowing any succeeding pulse will com ­
pound the problem .

Experimental

Spe c t r ome ter s

Two transient spectrom eters were used:
(i) Low Power Transient System: a self-quenched 

SRO with FM detection [2], w ith two adjustable 
variables: (a) the peak-to-peak voltage of the RF 
pulse, (b) the quench period determ ined by adjust­
able potentiom eters which change the RC tim e 
constant o f the circuit. T * is m easured [2 ] at the 
threshold quench frequency [11] between 800 Hz 
and 3000 Hz depending [2] on the com pound and
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Table 1. Experimental parameters in the high power transient methods.

Cmpd. Temp.
(K)

Line Resonance
frequency
(MHz)

Pulse
frequency
(MHz)

R.F. power study Pulse separation study

Pulse
width
(^s)

Pulse
separation
(ms)

R.M.S. 
power 
range (w)

R.M.S.
power
(w)

Pulse
width
(US)

Pulse
separation 
range (s)

HMT 296 vo 3.3055 3.3060 10,50 20,200 4 0 -5 0 0 0 110 65.2 0 .00005-10.0
77 3.4060 3.4150 20 20 000 4 0 -4 2 0 0 400 20 0 .2 -6 0 .0

NaN O , 296 V+ 4.642 4.612 20 300 4 0 -5 0 0 0 898 45.0 0 .0 0 1 -1 0
v_ 3.539 3.604 40 200 4 0 -5 0 0 0 898 53.0 0 .0 0 1 -1 0

77 V+ 4.880/ /
v_ 3.769 3.750 60 60 000 4 0 -4 2 0 0 400 60 0 .0 6 -6 0 .0

4C H ^O - V+ 3.2860 3.2730 60 300 4 0 -5 0 0 0
c 6h 4N h 2 Zy  O

v_ 2.7220 2.7233 60 300 40 -  5000
7 7 v+ 3.2442 3.2464 25 200 4 0 -4 2 0 0
/ /

v_ 2.8854 2.8800 40 500 4 0 -4 2 0 0 1600 40 0 .00005-50

BrCN V+ 2.4650 2.4600 50 500 4 0 -5 0 0 0
z y o

v_ 2.4627 2.4600 50 500 4 0 -5 0 0 0
7 7 V+ 2.5203 2.51500 1600 40 0 .1 -1 0 0
/ /

v_ 2.5109 2.51500 1600 40 0 .1 -1 0 0
4 N H ,- 7QA V+ 2.9115 2.9120 50 250 4 0 -5 0 0 0
C6H4CN * ZVO

v_ 2.5730 2.5840 50 250 4 0 -5 0 0 0
7 7 v+ N /A N /A N /A N /A N /A N /A N /A N /A/ /

v_ N /A N /A N /A N /A N /A N /A N /A N /A

* only 4 CN studied to date.

the circuit Q. The RMS power per R F pulse was 
0.10 W yielding an RF pulse energy o f 10-6  J and a 
pulse field strength o f 4 G.

(ii) A High Power Transient System: this pulse- 
FT system [1] evaluated the continuous steady-state 
FID  from “9 0 °” pulses (0.66 n). The variables were 
the peak-to peak voltage and separation. The RMS 
power per pulse was 40 W to 5000 W, corresponding 
to a pulse field strength o f 25 G  to 260 G. Table I 
contains the experim ental param eters for each com ­
pound. The tim e averaged pulse energy, E, and the 
energy per pulse, E, were calculated [5] with the 
data in Table 1.

Temperature

The RF coil was im m ersed in a paraffin  oil bath 
at room tem perature because the high RF power 
heats the sample by 1.7 K in an hour. W ith the 
paraffin oil bath the tem perature increase in an 
hour was less than 0.1 K. Stirring the oil elim inated 
even this increase to w ithin the lim its o f accuracy 
(0.05 K).

No tem perature variation in the sam ple was 
detected with the sam ple in liquid nitrogen (77 K).

Compounds

The com pounds were: H exam ethylenetetram ine 
(HM T), Bromocyanogen (BrCN), 4-Am inobenzo- 
nitrile (4-N H 2C 6H 4CN), 4-M ethoxyaniline (4- 
C H 3O C 6H 4N H 2), and Sodium  N itrite (N a N 0 2). 
They were ground, dried in a desicator, and am- 
pouled in a 15 mm o.d. pyrex test tube under dry 
nitrogen gas. All com pounds were 99+% pure with 
exception o f 4-C H 3OCgH 4N H 2 at 97+%.

Inform ation about the mass of each sam ple and 
the total num ber o f 14N nuclei available for irrad ia­
tion is given in Table 2.

Calculations

The d istribu tion  o f nuclear spins at therm al 
equilibrium  is described by a Boltzman term  for 
each level [12] and the difference in population 
between any two spin states is then

ANtj  =  Ni  -  Nj  =  {2/(2 /  +  1)} • N T[e \ p  ( -  E J k  T) 

- e x p  ( - E / k T ) ] ,  (1)

where N T =  N t +  Nj .
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Table 2. Sample, energy, and magnetic detail about the l4N compound studied.

Compound T
- (K)

V V

(MHz)
Max energy 
capacity (T*  =  oo)

Magn. field strength

Nam e GMW

(g/m ol)

Mass

(9)

#  l4N 
Nucl. 
(1022)

A N
(1016)

f-‘-'max
(10 -"  J)

h
(s)

T f
(Us)

/ / , a
(G)

HMT 140 10 17.2 296

77

0

0

3.306

3.407

6.15

36.6

6.75

41.2

0.01

17
673

1400

0.1

0.002

296 0.001 2.465
2.463

0.909
0.909

0.74
0.74

0.5
0.5

1020
1020

0.004
0.004

BrCN 106 6 3.41 77 0.006 2.520
2.511

5.36
5.34

2.98
2.96

N /A b
N /A

N /A
N /A

N /A
N /A

4 N H 2C6H4— 
CN *

118 10 5.10 296 0.18 2.912
2.573

1.61
1.42

1.56
1.21

N /A
N /A

630
640

N /A
N /A

4C L L O -
c 6h 4n h 2 123 8 3.92 296

77

0.28

0.18

3.286
2.722
3.244
2.885

1.39
1.15
5.28
4.80

1.52
1.04
5.70
4.49

0.003
0.011
N /A
N /A

230
1500
802
725

0.3
0.3
N /A
N /A

N a N 0 2 70 10 8.60 296

77

0.38

0.40

4.642
3.539
4.880
3.769

4.32
3.29

17.5
13.5

6.60
3.86

28.3
11.2

0.09
0.20
5

60

595
725
378
517

0.2
0.3
0.002
0.002

a / / ,  =  l/y [r , ( /  +  AO ( /  - M  +  1)]- 1/2 b N /A  = not available. * only CN studied to date.

Table 3. Results o f linewidth measurement, A I, and narrowing, A {A I).

Cmpd. T rj line Pulse energy (J) =  E Time AVG pulse energy (J/s) =  E

AI intercept (Hz) A {At) 
Hz

AI intercept (Hz) A (A I) 
Hz

Rapid
narrowing

Slow
narrowing

Rapid
narrowing

Slow
narrowing

HMT 296
77

0 v0 
0 v0

753
629

752
684

1
55

770
620

750
720

20
100

BrCN

4 N H 2C6H4- C N  *

296

77

296

0.001 v+
v_

0.006 v+
v_

0.18 v+
v_

487
492

634
632

412
418

435
537

75
74

199
95

506
483
360
372
634
632

414
418
340
370
458
544

92
65
20

2
176
90

4C H 30 —C6H4N H 2 296 0.28 v+v_
2314
3631

323
381

1991
3250

2740
3968

323
328

2420
3640

77 0.18 v+v_ 800 740 60 718 600 118

N a N 0 2 296 0.38 v+v_
787
670

445
315

342
355

817
592

458
315

367
277

77 0.40 v+v_ 883 729 154 790 786 4

* only CN studied to date.
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Fig. 1. Dependence o f the line width on the energy per pulse o f  irradiation (J) 
for 4-CH3OC6H4N H 2 at 296 K. Solid circles and squares: v_ line; open circles 
and squares: v+ line; squares: SRO results.

Fig. 3. Dependence o f the line width on the energy per pulse o f irradiation (J ) 
for HMT at 296 K solid circles, and 77 K open circles. Note that the squares 
are for the SRO results measured at threshold quench frequency. Not all the 
data used in the regression analysis are shown.

Line Width Al (Hz)

Energy/PutseU)

Fig. 2. Dependence o f the line width on the energy per pulse o f  irradiation (J) 
for 4-CH3OC6H4N H 2 at 77 K. Solid circles and squares: v_ line; square: SRO 
result.
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Line Width Narrowing 
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Fig. 4. Dependence o f the 
average line width narrow­
ing A (Al) on the EFG 
asymmetry parameter rj at 
296 K. Open Circles: aver­
age RF energy per pulse 
data; open squares: time 
average RF energy data 
[12], The 4-CH3OC6H4N H 2 
solid points approach the 
line when the dipole-dipole 
second moment is used to 
scale the narrowing from 
the open points.

0 0.1 0.2 0.3 0.4 0.5 0.6 
----------- - -  — Asym m etry P aram eter r)

R. J. T
repanier 

and 
M

. A. W
hitehead 

• 
14N 

N
uclear 

Q
uadrupole 

R
esonance 

Lines 
at 296 

K 
and 

77 
K



390 R. J. Trepanier and M. A. Whitehead 14N Nuclear Quadrupole Resonance Lines at 296 K and 77 K

If an excited nucleus does not relax (i.e. the in­
verse line width param eter T*  =  oo) the m axim um  
energy absorption is

E max= \ / 2 ( E I - E J) A N U (2)

=  1/2 h VjjANjj , (3)

where v(/ is the RF causing a transition from level j  
to level /. The calculated A N  and £ max are given in 
Table II.

Excited nuclear spins relax by the m echanism s 
given in the introduction. For a regenerative oscil­
lator the m axim um  signal to noise ratio  (S /N ) for 
14N for /  =  1 occurs at the condition [13]

Vn H]  T] T*  (2 +  m — m 2) =  1 , (4)

where / / ,  is the m agnetic field due to the RF, yN the 
gyrom agnetic ratio for nitrogen =  1936 H z/G , and 
m the spin quantum  num ber of the lower state. 
W hen the l.h .s . o f (4) exceeds 1, the system 
saturates. The local optim um  fields at each ,4N 
nucleus for the com pounds evaluated are given in 
T able 2.

Results

Figures 1 to 3 present the dependence o f AI on 
the pulse energy for 4-C H 3O C 6H 4N H 2 and HM T at 
296 K and 77 K. For N a N 0 2 see reference [12]. 
A “rap id ” narrowing zone at low energies and a 
“slow” or lim ited narrowing zone at higher energies 
is observed for all com pounds.

A least squares linear regression on the data of 
each zone allowed the difference between the 
vertical intercept o f the “ rap id” narrow ing zone and 
the “slow” narrowing zone to be calculated; it is 
called the narrowing param eter, A (AI). These 
vertical intercepts correspond to the line w idth of 
the unperturbed system where the RF energy is zero. 
The intercepts and the A (AI) for each com pound 
are given in Table 3.

Discussion

The com pounds range in asym m etry param eter, 
//. from 0 to 0.40. F igure 4 shows the average A (AI) 
for each com pound as a function o f a/. D ecreased 
EFG symmetry, or increased increases the line

width narrowing. This dependence is linear, except 
for 4-C H 3O C 6H 4N H 2. The total line width is given 
by

A l { T )  =  z l/(d ipolar)

+  Al  (electric) +  Al  (d ynam ic). (5)

The intense RF field only couples with the z(/ (dip.), 
and the trends in the line width should reflect 
zl/ (d ip .) even though zl/ (el.) and zl/(dyn.) con­
tribute.

Intense RF irradiation  gives a new angular 
dependence to the direction cosines a,7 , ß tj , and y,-y 
o f the vector /-,/ connecting the spins i and j .  This 
angular dependence (a? -  ß 2,)2 does not occur in the 
ordinary d ipolar second m om ent of N Q R  lines, and 
it considerably reduces the dipolar second m om ent 
contribution to the line width [14], The line w idth 
narrowing with RF power is therefore caused by 
this effect.

The calculations were for a cubic lattice site. In a 
system of high the site will be far from cubic. The 
term  (aJ j - ß 2,)2 consequently becomes larger, re­
ducing the d ipo lar second m om ent which gives the 
observed dependence of line narrowing with RF 
power on //.

The experim ental narrowing of 4-C H 3O C 6H 4N H 2 
occurs because it has the largest d ipolar line width 
contribution by the hydrogen bonded to nitrogen in 
the N H 2 group with an N - H  bond length of 1.08 Ä. 
In a perfect crystal o f HMT the interm olecular 
dipole line width contribution caused by each 
hydrogen atom  nearest to the nitrogen and 2.08 A 
away is [15] ( A v j )  =  2370 H z 2. The second m om ent 
contributions vary as r~6, hence in C H 3O C 6H 4N H 2 
the contribution will be 8 tim es that in HMT. 
Therefore the term  (aJj -  ß 2j)2 causes a very great 
decrease in the d ipolar second m om ent contribution 
to the line width for large dipolar coupling. If the 
result for 4-C H 3O C 6H4N H 2 is divided by 8 , the 
narrowing observed falls in the region for the other 
com pounds, A(Al ) ' .  Thus at room tem perature 
(a 2j - ß 2j)2 reduces alm ost to zero the contribution 
o f the dipolar second m om ent to the line width. In 
the SRO result with weak RF power the full second 
m om ent contribution to the line width occurs.

Experim entally the line width narrows rapidly 
with RF power and, after an RF power character­
istic o f the chemical com pound, slowly narrows 
with increasing RF power. This suggests that the 
(x 2j -  ß~j)2 term  reaches a maximum with RF power.
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At liquid  nitrogen, HM T shows line broadening 
and A (Al) is negative; for 4-C H 3O C 6H 4N H 2, A (Al) 
is still slightly positive and narrows by a sim ilar 
am ount as for N a N 0 2 and BrCN. However, 
4-C H 3O C 6H 4N H 2 has a d ifferent crystal structure at 
77 K, with a phase change at [1] 244 K. The N H 2 
group now lies in a single low energy m inim um  [1] 
rather than in the room tem peratu re  double m ini­
mum. At 77 K the structure has a larger EFG 
because the N H 2 group is p lanar and it has a more- 
sym m etric environm ent [1], Therefore less reduction 
in the line width occurs due to the dipolar second 
moment. It will still exceed tha t in HM T which has 
a very sym m etric structure and is tightly bound [15].

The z//(d ip .) calculations for HM T were for a 
pure single crystal, and it was assumed that zf/(el.) 
was zero. The line w idth is therefore m axim al for 
zf/ (dip.). As the grain boundaries, dislocations and 
im purities are included, A l ( dip.) decreases since 
less interactions are possible w hile zl/ (el.) increases 
as will A l ( dyn.). Calculations o f these inter-related 
effects will be necessary to give an unam biguous 
interpretation of the present results. Al (e 1.) can vary 
dram atically with tem peratu re  and phase [16], while 
AI (dyn.) is also strongly tem peratu re  dependent.

The dependence o f A (A I) on pulse separation, r, 
was found to be quite small. W hen z >  T],  A (Al) 
was fully described by the pulse energy alone. Only 
when r <  T*  did some narrow ing occur [10], which 
was m ore effectively described by the tim e aver­
aged energy, E. For N a N 0 2 w ith a weak pulse of 
0.4 mJ the narrowing ob ta ined  when r  <  T*  was 
about 12%. As the pulse energy was increased the 
line width rem ained narrow ed regardless o f how 
large t  became. Consequently, for a continuous

steady-state pulse experim ent, where the FID  is 
averaged, the RF power dom inates the line narrow ­
ing effect.

The RF energy per pulse in the pulse-FT  system 
is 103 to 106 tim es greater than in the SRO. The 
pulse energy capacity and optim um  m agnetic field 
strength for the 14N nuclei o f each com pound 
(Table 2) show that high power transient systems 
should be operated with the narrow est pulse width 
and lowest possible RF power to detect signals. 
Small changes in pulse energy give data for a linear 
regression to zero pulse energy.

Conclusion

In l4N N Q R  pulse spectrom eter studies the initial 
pulse fully determ ines the subsequent m easured line 
widths and line w idth param eters. The line fre­
quencies are in no way affected. Unless the first 
pulse is fully defined and the line w idth recorded, 
any subsequent changes in line w idth caused by 
additional pulses becom e arb itrary  [3 -1 0 , 14]. An 
unperturbed line width w ould be m easured at zero 
RF field. If the results at low pulse power are 
projected back through the SRO result, an ap ­
proxim ate zero RF pow er line w idth m ay be ob­
tained, which may be useful in relating different 
pulse-spectrom eters studies.
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