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With low and and high power transient methods we have found line width narrowing of the 
v0 signal o f HMT that contains small amounts o f water at 298 K. Samples were prepared by 
humidifying to moistures between 0% and 28% by weight. A minimum line width was observed 
around H M T : 1 H20  and is likely due to reduced dipole-dipole interactions arising from a 6.4% 
increase in the cell dimensions. This would account for a narrowing o f 140 Hz and when offset by 
50 Hz from broadening due to a smaller T, yields the experimental minimum line width. The 
smaller T ] also indicates a reduction in the C3 rotation barrier o f 2.2 kJ/mole. The v+ and v_ 
lines corresponding to H bonded nitrogen were found but the v0 corresponding to the R3m  
structure o f H M T: 6 H20  was not observed. The v0_of dry HMT was seen with all samples. This 
implies that humidified HMT has a predominate 143 m crystal structure. When more than 1 H:0  
per HMT was present the v0 line width was broadened in proportion. This is indicative o f a non- 
uniform H20  distribution within the lattice.

Introduction

In our experience, drying o f nitrogen bearing 
polycrystalline com pounds prior to N .Q .R . study 
has been found necessary since off-the-shelf m ois­
ture contents typically ranged between 1% and 8% 
by weight. W hile these m oistures tend to have little 
effect on resonance frequencies they usually have a 
detectable effect on the inverse line width param ­
eter, T * .

The m easurem ent o f T*  with a self-quenched
S.R.O. [1 -3 ]  is a sim ple technique. F requently the 
T*  param eter is m ore sensitive to changes in the 
crystal lattice than the resonance signal alone. Con­
sequently, an investigation was undertaken to deter­
mine the effect o f w ater on the T*  o f hexam ethyl­
enetetram ine, HM T, at room  tem perature. Line 
w idth narrowing was observed at the l4N resonance 
o f unhydrated nitrogen when w ater was present in 
small am ounts. This was unexpected and prom pted 
a full analysis em ploying pulse-FT  techniques to 
evaluate line shape changes.

The discussions consider the available crystal 
and N Q R data on hexahydrated HMT, H M T : 6 H 20 .
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Experimental

Spectrometers

Low Power Transient M ethod: A FM  self-quenched 
SRO was used [1] having an in tegrated r.f. energy of 
~ 1 0 ~ 6 J/pulse with a field o f ~ 4 G /p u ls e .  The 
T*  measurem ents were m ade at threshold quench 
frequency [2] which ranged between 800 Hz and 
1500 Hz depending on the sam ple and LC tank Q.

High Power Transient M ethod: This pulse-FT 
system, described previously [3] was used to produce 
a 0.66 rc (90°) pulse for the line shape analysis o f 
the FID-FT, and the spin lattice, T\ ,  relaxation 
times. The T {s were determ ined by progressive 
saturation. Pulse widths were 62.5 (is w ith an RMS 
power of 125 W or ~ 1 0 ~ 2 J/pu lse  and a field of 
~  30 G /pulse. W hen perform ing the line shape 
evaluation, pulse separations were 1 to 2 orders o f 
m agnitude greater than T \ .

Samples

Samples containing different am ounts o f H 20  
were prepared from +99.5%  pure polycrystalline 
HM T placed inside a sealed hum idity  cham ber. 
The cham ber air was circulated over a saturated 
aqueous salt solution selected to give the desired 
relative hum idity at 28 °C . This resulted in a 
specific moisture content w ithin the HMT.
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In each case a tared  am ount o f HMT, dried to 
constant weight (at 110°C  usually for 72 h), was 
placed in the hum idity  cham ber for 18 h. A fter­
wards the sample was removed, divided in 2 weighed 
lots, and sealed under n itrogen at 1 atm. Using this 
technique the following m oistures were achieved; 
HM T +  2.38% H20 ,  H M T +11.26%  H 20 ,  HM T + 
18.90% H 20 ,  and HM T +  27.48% H 20  by weight.

Temperature

Particularly in the case of the high power transient 
m ethod it was necessary to im m erse the tank and 
sam ple in a parafin oil bath. The bath was at room 
tem perature and m ain ta ined  at 298 K to w ithin our 
m easurem ent accuracy o f 0.05 K.

Measurements

T*  measurements, on the SRO, were m ade 1 week, 
1 m onth, and 24 m onths after the samples being 
sealed. The observed line w idth narrowing persisted 
with both high and low pow er transient methods.

with /  the average o f the k th quench frequency at 
a given setting, r* the average signal am plitude of 
the Ath m easurem ent, n the num ber o f sets, and a 
the exponent dependent on the line shape (gaussian 
a =  2 . lorentzian a =  1).

The exponent is estim ated by [4]

ö =  2 — T* (G) [In 2]U1/T \  , (2)

where T*  (G ) is calculated from ( 1) w ith a =  2.
The conversion from and to line w idth is m ade by

zl / =  2 [ln 2]u“/n  T* ( a ) . (3)

The results o f the Al  and T\ m easurem ents from the 
high power transient m ethod are given in Figs. 1 
and 2, respectively. The T*  from (1) o f the SRO 
m easurem ents are given in F igure 3. Table 1 con­
tains the aforem entioned data plus the conversions 
via (3).

The significance o f the differences between 
methods in determ ining the line w idth or T*  were 
tested using the standard  paired /-test. The results 
from the SRO and the pulse-FT  systems were found 
not to be significantly different.

Results and Calculations

The T* from the SRO m easurem ents were deter­
m ined using the Voltage D ifference M ethod [2], 
where

n

T2* =  ( ! /« )  X  [{ < ! //) ? -  ( 1//-)?!/In (F /K ,)]1' “ ( 1)
i > j

Discussion

In previous studies, crystals o f H M T :6 H 20  have 
been prepared by slowly cooling a saturated aqueous 
solution of HM T to 0 ° C  or lower. M ak [5] deter­
mined the crystal structure o f HM T • 6 H 20  to be 
R3m (C3r), Z rh =  1. He found that each HM T 
molecule occupies a cavity in the w ater fram ework

Table 1. The Line Width and Relaxation Times o f the N  (0) Atom o f HMT in the presence o f  
H20  at 298 K. The values enclosed in brackets are the std. deviations, is the number of 
measurements, and “a” is defined in (2).

Water
concentration
%H-,0 (wt.) 0 2.38
HMT: XH 20  0 0.19

Pulse-FT
n 9 6
J /(H z )  659(8) 631(7)
Calc. T *  (us) 798(10) 823(7)
7, (ms) 8.6(2.9) 3.4(1.0)

S.R.O.
a 1.93 1.80
n 12 12

7? [a] (us) 750(40) 776(30)
Calc. AI (Hz) 702(36) 669(25)

11.26 18.89 27.51
0.99 1.81 2.69

6 6 6
646(6) 644(14) 675(34)
804(8) 806(5) 771(50)

4.0(1.4) 3.8(1.6) 4.0(1.1)

1.81 1.79 1.82
12 9 12

852(55) 820(60) 793(15)
610(50) 633(46) 656(12)
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Fig. 1. The dependence o f the N ( 0) line width o f poly­
crystalline HMT on H20  content at 298 K. The high power 
transient method was used.
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Fig. 2. The dependence o f the N ( 0) spin-lattice relaxation 
time of polycrystalline HMT on H20  content at 298 K. The 
high power transient method was used.
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Fig. 3. The dependence of the yV(0) inverse line width 
parameter o f polycrystalline HMT on H20  content at 
298 K. The low power transient method was used.

of hexagonal H20  rings intra-bonded by 6 H bonds, 
inter-bonded by 3 H bonds, and bonded to the HM T 
molecules by 3 H bonds at the nitrogens. C on­
sequently, the O H —N bonds use up 3 o f the 4 avail­
able nitrogens of a molecule HMT. Two crystallo­
graphic inequivalent nitrogen sites arise. These have 
been labelled by M arino [6 ] as N ( l)  and N(2) cor­
responding to the non H bonded and the H bonded 
nitrogens, respectively. His N Q R  analysis was m ade 
at 77 K, where he observed a single resonance line 
at 3.573 MHz for the N (l)  and two lines at 3.158 MHz 
and 3.240 MHz for the N(2). The N(0) line, at 
3.407 MHz, was not observed.

In our investigation, at 25 °C , w ith the low power 
transient m ethod (SRO) we were unable to observe 
any resonances other than that o f N  (0) in the 
moisture range that we studied. This is probably 
due to our samples being prepared by hum idifica- 
tion and having low H 20  contents where the T]  
symmetry of the lattice is expected to rem ain intact. 
As shown in Table I the average num ber of H20  
molecules per HMT ranged from 0 to 2.96. Thus the 
efficiency o f H bonding would be lower relative the 
H M T :6 H 20  complex. W ith the high power tran ­
sient m ethod (pulse-FT) the N (2) resonance signals 
were detected only for the H M T : 2.96 H20  complex. 
Signals were not observed for those complexes 
containing less water. The observed N ( 2) signals 
had a S :N  that was ~ 2 :1  after 10000 averages. 
This was roughly 1000 tim es w eaker than  the V (0) 
signal with the same sample. The line widths of 
these signals ranged between 1000 Hz and 1500 Hz. 
This broadening is som ew hat lower than that ex­
pected by M arino but does dem onstrate a loss o f 
environm ental hom ogeneity at the different N ( 2 ) 
atoms. The room tem perature resonance frequencies 
were v+ =  3.146 M Hz and v_ =  3.060 MHz with 
n =  0.042. An extrapolation o f the available 77 K 
data [6 , 7] to room tem perature using a Bayer- 
Kushida-W ang model fitted to pure HM T yielded 
v+ =  3.143 MHz and v_ =  3.064 M Hz dem onstrating 
excellent agreement. Searching in the vicinity of 
3.47 MHz to the TV (1) signal proved unsuccessful. 
This may indicate that the R3m crystal structure 
does not occur to a significant degree under the 
conditions that the samples were prepared.

The data in Table I reveal that on the average the 
line width decreases as the w ater content increases 
from “bone" dry until a m inim um  line width is 
reached. This m inim um  appears to occur around 1
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molecule of H20  per HM T, after which the line 
width increases. We suspect that the inclusion of 
water into the lattice causes the cell dim ension to 
increase. This would result in a reduction in the 
dipole-dipole second m om ent since it depends on 
/•“ 6. where r is the inter atom ic distance. Clearly, 
a small change in r can have a large effect on the 
dipole-dipole line width. At room  tem perature the 
line width contribution  from the dipole-dipole 
interactions in a perfect crystal has been calculated 
as 331 Hz [4] or about half o f the total line width. 
Thus for a perfect crystal the m axim um  line width 
narrowing, if fully ascribed to reduced dipole-dipole 
interactions, would occur for a ~  5.5% increase in 
the distances between the N  (0) atom  and the 3 hy­
drogens in which it is nested. This 5.5% increase is 
probably underestim ated since an increase in the 
crystal cell dim ensions would perm it greater dynam ­
ical line w idth broadening. The observed decrease 
o f the r, values in sam ples with H 20  supports this. 
The decrease in the corresponds to a line width 
increase o f ~  50 Hz [4], If we assum e that the 
broadening and narrow ing m echanism s are com ­
petitive then the expected distance increase in the 
cell dim ension would be closer to 6.4%. The in­
creased dynam ical m otion should partially  be m ani­
fested in the rotation o f the HM T molecule about 
its 3-fold axis o f symm etry. Applying the m ethod of 
Alexander and Tzalm ona [8 ], resulted in an energy 
barrier o f 63.0 kJ/m ole  for H M T : 1 H 20  relative to
65.2 kJ/m ole for dry HMT. The increased cell d i­
mensions should also decrease the weak H bonds 
between the nested N (0) and the nearest hydrogen 
atoms though this effect should be relatively small. 
The increase o f line w idth when there is m ore than
1 molecule of H 20  per HM T may indicate a w ider

distribution of the electric field gradients at the 
N (0) atoms relative to dry HMT. It is suspected 
that this wider d istribution  relates to the uniform ity 
of the H20  diffusion into the HM T poly crystals 
during hum idification and subsequent equilibration. 
A full discussion would have to allow for A /(d ipolar) 
being less and AI (electric) occurring in a poly­
crystalline system. This is being studied.

Conclusion

In general the off-the-shelf m oisture condition of 
some m olecular crystals may yield d ifferent N Q R  
data. H um idifying HM T to up to 1 m olecule of 
H20  per HMT molecule resulted in both line w idth 
narrowing and broadening with the narrowing p re­
dom inating at 298 K. The evidence points to de­
creased dipole-dipole interactions as being the m ain 
narrowing m echanism. The decrease in dipole- 
dipole interaction is associated with an increase in 
unit cell dim ensions estim ated to ~  6.4%. The in­
crease in the line w idth observed when there is 
more than an average o f one H20  m olecule per 
HMT is believed to be related to the spread in the 
EFG at the N  (0) sites corresponding to the d if­
fusion non-uniform ity o f H 20  during hum idifica­
tion and equilibration.
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