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요 약. 플라스틱 결정체인 피발산의 temperature-dependent wide-line NMR line width, second 
monent 및 spin-lattice relaxation times의 결과는 이 결정체의 특이한 운동학적 성질 및 수소결합에 

기인된 것으로 해석된다. 이 분자의 운동학적 성질은 C3—reorientation 및 self-di血sion으로 구성 

되었음을 확인했다.

Wide-line NMR 연구결과는 또한 Pople-Karasz 융해설과 비교검토되 었고, 이 이 론과의 차이점은 피 

발산의 수소결합에 기인되었음을 알아냈다.

ABSRACT. Pivalic acid, which has a globular 아lape and is a plastic crystal, has been examined 
by means of temperature-dependent with-line proton magnetic resonance spectroscopy. Results of 
temperature-dependent line width, second moment, and spin-lattice relaxation time studies of pivalic 
acid were interpreted in terms of dynamic behavior and hydrogen bonding. The dynamic behavior 
consists of superimposed reorientation of the methyl groups about their three-fold axes (C3) and of the 
molecule about the central C—C bond (C3Z), general molecular reorientation about the center of gravity, 
and molecular self-diffusion. Activation energies for the motional processes have been obtained from line 
width measurements using the modified Bloembergen, Purcell, and Pound theory and from spin-lattice 
relaxation time measurements. The results were compared with the Pople-Karasz theory of fusion and 
the agreement was found to be poor. The discrepancy was interpreted in terms of hydrogen bonding in 
this molecule.

INTRODUCTION

Since plastic crystals were recognized by Tim
mermans1, various investigations have been con
ducted on this type of crystal which has been 
viewed as a new phase of matter. Particularly, 

nuclear magnetic resonance (NMR) studies of 
plastic crystals have been the subject of consider
able interest in recent years. Previous high- 
resolution NMR studies of pivalic acid2 revealed 
molecular self-di任usion with the activation energy 
of 8.09+0.25 kcal/mole as the temperature ap- 
proches the melting points. The most recent 
relaxation time studies3 of pivalic acid between
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280c and 309.6 °K throughout the plastic 
crystalline phase have reported that the dominant 
7,1 relaxation mechanism is attributed to general 
molecular reorientation with an activation energy 
of 8.6 kcal/mole, where Tl is the spin-lattice 
relaxation time.

The room temperature X-ray cry바allographic 
investigation of pivalic acid4 revealed that the 

crystal has face-centered symmetry, containing 
four molecules in the unit cell. From symmetry 
considerations, it was concluded that the structure 
allows the 由sordered orientation of molecules4.

In this paper, we present measurements o£ line
widths, second moments, and spin-lattice relaxation 
times for pivalic acid with an interpretation in 
terms of hydrogen bonding and molecular motions. 
WideEne NMR results and further discussion of 
the Pople-Karasz theory5 for neopentyl alcoholic 
systems6 and adamantane and t',vistane7>8 will be 
presented later on.

EXPERIMEN 짜 AL

Apparatus. A Varian Associates DP一60 Model 
4200 wideline NMR spectrometer operating at 60 
MHz and slightly modified has been employed 
for most of the experimental work including the 
spin-lattice relaxation time measurements.

Sample temperature was controlled by flowing 
nitrogen gas, which was warmed or cooled, thro
ugh a large condensing copper coil and over the 
sample. The temperature, which was monitored 
in the insert by a calibrated copper-constantan 

thermocouple, was constant with maximum error 
of ±2 °C, particulariy at temperatures below 150 
°K. At higher temperatures fluctuations were 
usually less than 土 1 °C, and the equilibrium tem
perature could be kept for hours. Further details 

have been described elsewhere.9
Material. Pivalic acid, (CHDaCCOOH, was 

purchased from Aldrich Chemical Co. (Milwaukee 

Wis., U.S.A.), and was dried a교d purified by 
sublimation using a high vacuum system10 contain
ing a series of metal and glass diffusion pumps 
capable of a vacuum of 10~7mmHg. The sample 
was placed in the sample h시der using a dry box 
and then evacuated and sealed. The melting point 
of the material was measured in a sealed tube
using a melting point apparatus manufactured by 
Scientific Glass Apparatus Co. Inc. (Bloomfield, 
New Jersey, U.S. A.). The result is 35〜36°C. 
The literature value11 is 35〜36 °C.

Line Width. The line width was measured 
between points of maximum and minimum deflection 
of the derivative tracing(see Fig. 1) and the 
temperature-dependent line width data were plotted 
versus temperature (° K) (see Fig. 2). The line 
narrowing processes were analyzed using the mo
dified Bloembergen, Purcell, and Pound (BPP) 
theory42. A FORTRAN IV computer program 
calculates the correlation frequency,必 from the 

expression

2叫=" 8HE지2号g—B勺 / (萨一硏가

(1)

where a=l/(81n2), 了 is the gyromagnetic ratio, 
is the Ene width in the transition region, B

is the Ene width at temperatures higher than the 
transition region, and C is the line width at 
temperatures below the transition region. Since the 
correlation frequency, x” is assumed to obey the 
Arrhenius relation, the calculated uc is then com
puter fitted by the method of least squares to the 
Arrhenius expression

此=哄 xp (-瓦 / RT) (2)

to determine 瞄 the activation energy, 瓦，and 
its probable error. The computer program also- 
calculates the theoretical best fit to the line width 
versus temperature plot for the m시ecular motion 
producing the line narrowing.

Second Moment. The second moment is the
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Fig. 1. Experimental wideline FMR spectrum for 
pivalic acid at 77°K.
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Fig. 2. Line width versus temperature for pivalic acid.

mean-square width of the spectrum about its cen
ter and may be computed directly from the exp허 

rimental derivative curve. We employ a computer 
program for this purpose.

The NMR second moment provides a quanti
tative description of certain types of molecular 
motion in solids. Values of second moments for 
a rigid lattice13 as well as second moment values 
for nuclei undergoing 荒orient치tions about specific 
molecular axes may be calculated9314. The second 
moment consists of two parts, the intramole기ilar 

:and the intermolecular contributions. Rotational 
motion of atomic groups in solids reduces both 
contributions to the second moment, whereas 
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the effect on the second moment in the presence 
of general molecular reorientaion about the center 
of gravity is entirely intermolecular in nature. 
The gradual decrease in the second moment 
toward zero as the temperature increases is a 
result of relative translational motion of the 
molecules, i. e., molecular self-diffusion15.

Spin-Lattice Relaxation Amon잉

the various methods for measurement of T】，Lin
der's signal decay method16 has been employed in 
our work. The signal decays exponentially as a 
function of time with a time constant Twhere 
Z^~AJis the initial equilibrium signal 
amplitude and As is the partially saturated signal 
amplitude. If A is the signal amplitude at a time 
t, the equation for decay is

A—&（血一厶 s）exp （—九/7"Z* ） （3）

Because of the difficulty in measuring Aq and 
As directly from the experimental decay curve, 
Mangelsdorf^ method17 for exponential functions 
with unknown asymptotes has been utilized. This 
method provides greater reliability for Aq and As 
than is given by rough extrapolation by eye. A 
computes program calculates the slope, intercepts, 
Ao, ASi and finally T”

Bloembergen, Purcell, and Pound12 derived an 
expression for Ti which was modified by the more 
rigorous theory of Kubo and Tomita18 to give the 
result

1/Ti=CM/（1+47囲산;）

+2tc! （1 +16 兀知 o滋）］ ⑷

where C= （0.374^2^-6）, tc is a correlation time, 
h is Planck's constant divided by 2充， 厂订 is the 
internuclear distance. For short correlation times,
i.e. , 2兀旳％«1, 1/Ti is proportional to rCi 
whereas for a long correlation time, i. e., 2兀旳％ 

〉〉1, Ti is proportional to rc. Therefore, by using 
equation （4）, rc can be obtained as a function of 
temperature from data. An activation energy, 
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Ea, for reorientation can be estimated by fitting 
the results to the equation

%= roexp (E“ / RT) (5)

Therefore, a plot of h】(7\) versus 1/T(°K) 
yields two straight lines with slopes of ±EJR, 
where the positive and negative signs are decided 
by long and short correlation times, respectively. 
A discontinuity in rc indicates a co-operative 
change in molecular motion whose effects on 
spin-lattice relaxation mechanisms are well-known19.

RESULTS and DISCUSSION

Line Width. In Fig. 2 line width is plotted 

as a function of temperature in the range 77〜27° 
°K the line width becomes extremely narrow 
and chemical shifts can be observed. The meth기 

group line width measured by means of high- 
resolution NMR spectroscopy2 is given in the 

inset of Fig. 2 in the temperature range 273~ 
311 °K. Above 270 °K we could not measure 
the line width using wide-line NMR spectroscopy 
because the line shape above this temperature 
depends strongly on the modulation employed. At 
77 °K the line shape, shown in Fig. 1, exhibits 
shoulders which disappear above this temperature. 
This is associated with restricted reorientation of 
methyl groups at this temperature. The low tem
perature line-narrowing process between 77 and 
88°K is consistent with this type of motion20, 

and will be discussed later.
The line width remains constant with the value 

of 3.8 gauss in the temperature range from 90 
to 260 °K. The second line-narrowing process, 
which occurs above 260 °K, is attributed to a 
superposition of two motional processes, i. e., 
general molecular reorientation and molecular self
diffusion. High temperature high-resolution NMR2 
and the relaxation time measurement results3 are 
consistent with this view. The extreme line width 
narowing process above 270 °K was confirmed to
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Fig. 3. Second moment versus temperature for 
pivalic acid.

be associated with molecular self-diffusion with 
an activation energy3 of 8 kcal/mole, and will be 
discussed later. The solid line in Fig. 2 is the 
best fit of BPP theory12. We obtained an activa
tion energy of 2.6 kcal/mole from the line width 
data in the temperature range from 77 to 88 °K.

Second Moment. Fig. 3 presents the second 
moment plotted as a function of temperature in the 
range from 77 to 270 °K. The second monent 
value including shoulders, of 22.5 gauss2 was 
obtained at 77 °K, above which the abrupt de
crease in second moment was observed with the 
value of 2.7 gauss2 at 123 °K. Such an abrupt 
second moment decrease is associated wih the 
superimposed reorientation of the methyl groups 
about their three-fold axes(C3) and of the molecule 
about its central C一C bond (C/) and will be 
dismissed further.

The rigid lattice second moment for pivalic acid 
was calculated to be 27. 0 gauss2 using 아ructural 
data given by Oda et al.4 Therefore, we conclude 
that a rigid lattice for pivalic acid is not attained 
at 77 °K.

Reorientation of the methyl groups about their 
three-fold axes (C3) is expected to 'decrease the 
second moment to the value21 of approximately 6 
to 10 gauss2. Since above 77 °K the second mo
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ment for pivalic acid decreases to 2.7 gauss2, me
thyl group reorientations alone are not sufficient 
to reduce the second moment to this value. Si

milar behavior has been reported for Abutyl chlo
ride22, and for hexamethylethane23*24 where a 
second moment reduction occurred directly from 
the rigid lattice value to one corresponding to the 
superimposed reorientations. Therefore, on the 
same basis, we associate the low-temperature 
second moment reduction for pivalic acid with 
these two types of internal motion within the 
pivalic acid molecule.

The apparent second moment for general mole
cular reorientation about the center of gravity 
(Sreg) may be estimated25 with reasonable accu
racy for the high temperature phase since the 
crystal structural data2 at room temperature is 
known. We thus estimate 5reor=0.9 gauss2.

Above 270 °K the second moment could not 
be obtained experimentally. Since the transition 
temperature3 to the plastic phase is known to be 
280 °K? the second moment reduction must be very 
abrupt in the temperature range from 270 to 280 
°K. Therefore, the onset of general molecular 
reorientation, which leads to the plastic phase, is 
superimposed with molecular self-diffusion.

The Spin-Lattice Relaxation Time (7\) for 
Pivalic Acid. In Fig. 4, two pronounced minima 
are observed in the plot of versus 1/T in the 
range from 77 to 252°K. The appearance of a 
minimum in upon temperature variation reflects 
the existence of some molecular motion which is 
characterized by a frequency of 10 to 100 MHz19. 
If more than one minimum exists then multiple 
relaxation processes are present. In particular, the 
effect of methyl group reorientations on proton 
spin-lattice relaxation has been well-studied. 19>27, 
We associate the low-temperature results in 
pivalic acid with methyl group reorientation. The 
activation energies are calculated from the slopes 
on both sides of the minimum, of which the low- 
temperature slope yields 2.5±0.5 kcal/mole,
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Fig. 4. Ti versus 1/T(°K) for pivalic acid.

while the high-temperature slope yields 1.4+0.4' 
kcal/more. Least square analysis by computer9, 
was employed for calculating Ea and the quoted 
error is the probable error.

The second minimum in 幻 at 156 °K is at
tributed to C3Z reorientation with calculated acti
vation energies of 2.5±0.3 kcal/mole and 3.3± 
0.5 kcal/mole from the high temperature and low- 
temperature slopes, respectively. Again, similar 
behavior has been reported for ^-butyl chloride. 26

General molecular reorientation about the center 
of gravity is also well-known as an effective con
tributor to the T1 relaxation me산)anism?" Above 
195 °K another decrease in T\ is observed, which 
is assigned to general molecular reorientation from 
the slope and temperature domain. The activation 
energy is estimated to be 7.0±0.7 kcal/mole from 
the slope. The high-temperature measurement 
by Jackson and Strange3 is consistent with this 
view. They have carried out relaxation time 
measurements throughout the plastic cry어alline 
phase, and have found that T± values measured 
at 10 and 20.8 MHz are too low to be accounted 
for by self-diffusion, and the dominant rela
xation mechanism is therefore attributed to general 
molecular reorientaiton. They also calculated the 
activation energy for general molecular reorienta
tion in the plastic phase to be 8.6 kcal/mole and 
suggested that this high value was necessitated by 
the breaking of the hyd호ogen bonds. Their 
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values3 in the temperature range 280 to 309 °K 
are estimated to be of the order of 1.5 second at 
60 MHz, which is in good agreement with the 
extrapolation of our values to this temperature 
interval.

Comparison with the Pople-Karasz Theory 
of Fusion. The properties of plastic crystals1 
are related to the fact that in the plastic phase 
there is orientational disorder, and therefore, an 
analysis of the thermodynamics of these compounds 
is particularly relevant to the testing of the Pople- 
Karass theory of fusion5 which takes into account 
disorder of molecular orientation as well as of 
position.

Pople and Karasz introduced their key parameter 

Wk, which is a measure of the ratio of the energy 
needed for reorientation of a molecule to that 

needed for it to diffuse to an interstitial site. It is 
found that for su伍ciently low value of 刃*,  there 
is a rotational transition below the melting point, 
whereas for larger values of 虬巳务 there is a single 
first-order transition (i. e., melting) at which 
positional and orientational order disappear together.

Smith15»21 has associated the energy barriers to 
positional and reorientational disorder with the 
energy barriers for general molecular reorientation 
(Er) and molecular self-diffusion (Eq) , and has 
then compared the Pople-Karasz theory with NMR 
res니ts for pentaerythritol and (CH3)4X, where X 
is Si, Sn, Ge, and Pb, respectively. He found 
that the behavior21 of (CH3) 4X agreed with the 
Pople-Karasz theory whereas that of pentaery
thritol15 did not follow the Pople-Karasz theory 
and attributed this disagreement to the presence of 
hydrogen bonding.

As mentioned above, we might expect that the 
behavior of pivalic acid would not agree with the 
Pople-Karasz theory of fusion due to the presence 
of hydrogen bonding. We have correlated Er/E^ 
with the Po le-Karasz parameter (ypk) > and have 
plotted the reduced melting temperature (T* OT)

Fig. 5. and T*m versus Er/Ed for some molecular 
crystals here Piv, Penta, Tri, and Twi are, 
respectively, pivalic acid, pentaerythritol35, 
trimethylol ethane6,9, and twistane8,9. Solid 
points are T*m data, open circles are 
data. Piv* is a value obtained from Tv data. 
The solid curves are rough fits to the data 
which qualitatively agree with the behavior 
expected from the Pople-Karasz theory5.

and the reduced transition temperature versus 
Er]电 where 7퍼當=0.72 (7=/7贷 and T%= 
0.72(.T[/Tb)i and Tm and Tb are melting and 
boiling point in degrees absolute, respectively. 
Using this method we estimate T%=0.46, T* m 
=0.51, E&/Eq=0.87 or 1.1, where the value 
is 0.87 from our experimental data, and 1.1 from 
the Ti data from the references2^. In Fig. 5, it 
is shown that both results for pivalic acid do not 
agree with the behavior expectde from the Pople- 
Karasz theory and we conclude that this disagree
ment is due to the presence of hydrogen bonding. 
Our NMR studies of other systems containing 
hydrogen bonds, 'i.e., neopentyl alcoholic sys
tems6, corroborate this view, and indicate that 
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the Pople-Karasz theory of fusion should include 
an additional parameter to take into account the 
effect of hydrogen bonding. Further discussions 
concerning this subject will be presented later on6.

CONCLUSIONS

Temperature-dependent wideline PMR results of 
line width, second moment, and spin-lattice rela
xation time studies of pivalic acid were interpreted 
in terms of dynamic behavior and hydrogen bon
ding. The dynamic behavior was found to consti
tute C^-Cs reorientation and molecular self-diffu
sion. The NMR results were compared to the 
Pople-Karasz theory of fusion and the discrepancy 
was interpreted as being due to the presence of 
hydrogen bonding in pivalic acid.
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