This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 23 February 2013, At: 03:38

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Thermodynamic Studies of
Orientational Disorder in -
Molecular Compounds

Juliana Boerio-goates * & Edgar F. Westrum Jr. °

& Department of Chemistry, University of Michigan,
Ann Arbor, MI, 48109, U.S.A.
Version of record first published: 20 Apr 2011.

To cite this article: Juliana Boerio-goates & Edgar F. Westrum Jr. (1980):
Thermodynamic Studies of Orientational Disorder in rt-Molecular Compounds,
Molecular Crystals and Liquid Crystals, 60:4, 237-248

To link to this article: http://dx.doi.org/10.1080/00268948008071434

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948008071434
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 03:38 23 February 2013

whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 03:38 23 February 2013

Mol. Cryst. Lig. Cryst., 1980, Vol. 60, pp. 237-248
0026-8941/80/6004-0237504.50/0

© 1980 Gordon and Breach Science Publishers, Inc.
Printed in the U.S.A.

Thermodynamic Studies of Orientational
Disorder in n-Molecular Compounds
Il. Heat Capacity of Naphthalene-Tetracyanoethylenet

JULIANA BOERIO-GOATES and EDGAR F. WESTRUM, JR.
Department of Chemistry, University of Michigan, Ann Arbor, MI, 48109 U.S.A.

(Received November 19, 1979)

The heat capacity of naphthalene-tetracyanoethylene was determined from S to 300 K and the
smoothed thermodynamic functions reported at selected temperatures over the region of
measurement. A bifurcated peak was observed in the heat capacity near 160 K. This transition
was attributed to the crystal structure change reported elsewhere. A second anomaly overlaps
the high-temperature end of the bifurcated peak and extends to 240 K. The nature of this second
transition cannot be conclusively determined, but probably arises from the onset of reorienta-
tional motion of the naphthalene molecules. From the absence of anomalies below 160 K, it
was concluded that the motion observed by solid-state n.m.r. measurements near 77 K is
naphthalene libration and not reorientation.

INTRODUCTION

Despite considerable study by X-ray diffraction! and solid-state n.m.r.
techniques,>™* questions still remain concerning the presence of orienta-
tional disorder and molecular motion in many crystalline n-molecular
compounds. X-ray diffraction studies have been interpreted as revealing
either static positional disorder® or dynamic librational disorder® in these
compounds. More recently, n.m.r. measurements’™ have confirmed the
presence of motion and, in a few compounds, could determine its nature.
For example, n.m.r. second-moment studies® showed that the naphthalene
molecules in naphthalene-tetracyanobenzene (N-TCNB) undergo two types

+ This work has been supported in part by the Chemical Thermodynamic Program, Chem-
istry Division, National Science Foundation under Contract No. CHE-77-10049. This research
has been abstracted from a dissertation submitted in partial satisfaction of the requirements for
the Ph.D. in chemistry (J.B.-G.). The preceding paper in the series is reference 1.
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of reorientational motion. At low temperatures the hydrocarbon molecules
interconvert between two naphthalene sites, related by a 36° in-plane rota-
tion, by jumping over this small angle; at higher temperatures, the inter-
conversion between sites can take place also by a jump over the larger 144°
angle separating the orientations. The coupling of 36° and 144° jumping
motions results in a complete in-plane reorientation of the naphthalene
molecules.

For other compounds, e.g., naphthalene-tetracyanoethylene (N-TCNE),
n.m.r. measurements>* cannot distinguish between this type of reorienta-
tional motion involving two distinguishable sites and a large-amplitude
librational motion about a single site given by the average of the two orienta-
tions. Heat-capacity measurements can do so however, because for reorienta-
tional motion, the naphthalene molecules alternate between two distinct
orientations and the crystal is disordered. For molecules with only librational
motion, the crystal is ordered since the molecules occupy a single equilibrium
position. On heating the compound at low temperatures, a disordering
thermal transition would be expected in the former case but none in the
latter.

We have determined the heat capacities of several of these compounds
to resolve this uncertainty about the nature of their molecular motion; the
measurements’ on N-TCNB showed an order-disorder transition near 70 K
and supported other evidence®!! that the motion in this compound is re-
orientational. In the present paper, measurements of the heat capacity of
N-TCNE from 5 to 300 K by adiabatic calorimetric techniques are used to
ascertain the nature of the molecular motion observed by other techniques.®:#

EXPERIMENTAL

Sample preparation and characterization

The calorimetric sample of N-TCNE was prepared by Dr. Colin Fyfe of
the University of Guelph, Guelph, Ontario, Canada. Hot equimolar solu-
tions of naphthalene and tetracyanoethylene in ethyl acetate were mixed
together. Purple crystals precipitated as the mixture cooled, were removed by
filtration, and dried overnight in vacuo.

Analysis by n.m.r. and mass spectrometry in Guelph indicated that the
sample contained no solvent within the limits of detection of these techniques
(estimated to be about one percent). However, subsequent to completion
of the thermal measurements visual examination as well as microanalysis
of the sample by Spang Microanalytical Laboratory, Eagle Harbor, MI
suggested that some decomposition had taken place. The results given in
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mass percent are carbon: 73.56 (theoretical 74.99); hydrogen: 3.24 (theoreti-
cal 3.14); and nitrogen: 22.26 (theoretical 21.86). The TCNE/N ratio was
about 1.10. (Another commercial analysis reported an essentially stoichio-
metric composition for the sample, see Ref. 13 for details.) The sample
decomposition probably occurred by napthalene subliming from the
molecular compound leaving behind an excess of TCNE. Such behavior
has been observed for another naphthalene compound: naphthalene-1,3,5-
trinitrobenzene.!?

Calorimetric methods

The Mark II adiabatic cryostat described previously!* was used for the
calorimetric measurements. Approximately 35 g of N-TCNE crystals were
loaded into a gold-plated copper calorimeter (laboratory designation W-54)
with a gold-gasketed screw-type closure. The calorimeter was then evacuated
and a small amount of helium gas (0.00027 g) was added to facilitate rapid
thermal equilibration. A capsule-type, platinum-resistance thermometer
(laboratory designation A-5) was used to measure the temperature of the
sample-filled calorimeter over the entire temperature region. The therm-
ometer has been calibrated by the U.S. National Bureau of Standards
(NBS) against the textual revision of the Internaticnal Practical Temperature
Scale of 1948'3 for temperatures above 90 K, against the NBS provisional
scale from 10 to 90 K, and against a provisional scale of Chang'® below
10 K. Temperatures are judged to correspond to the thermodynamic tem-
perature scale to within 0.03 K from 10 to 90 K and to 0.04 K above 90 K.
Mass, current, and time determinations are also referred to calibrations
performed at NBS. The heat capacity of the empty calorimeter containing a
small amount of helium gas and Apiezon T grease was determined prior to
the calorimetric experiments with N-TCNE. The experimental (sample
+ calorimeter) data has been corrected using the results of the measurements
on the empty calorimeter to yield the heat capacity of N-TCNE. In these
measurements, the heat capacity of the sample represented between 65 to
88 per cent of the total heat capacity.

RESULTS

The experimental results for the heat capacity from 5 to 300 K for N-TCNE
are presented in Table 1. These are given on a molar basis assuming a 1:1
molar ratio of the components and taking a mole of complex as one mole
each of donor and acceptor molecules. Throughout this paper, 1 cal = 4.184 J.
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TABLE 1
Experimental Heat Capacities of N-TCNE (cal = 4.184 ])

T C

14

‘KcalK™ ' mol™!

T C

P

T C

P

Kcal K~ mol ™!

"Kcal K T mol !

T C

.4

"Kcal K Tmol '

Series P
118.66
126.24
134.94
143.52
151.95
158.99
165.73
173.29
181.37
190.18

Series I
181.83
190.74
199.55

208.36
217.18

226.06
235.36

Series IIP
228.35
238.02
247.66
257.35
267.04
276.62

Series IV*
146.58
AH Detn. A
176.82

Series V*
146.77
AH Detn. B
AH Detn. C
236.40

Series VI*
146.78
AH Detn. D
AH Detn. E
236.25

Series VIP
150.58
154.06
155.88
157.34

39.46°
41.42
43.55
45.68

46.44

55.84

46.57

65.40

46.52

65.36

47.59
49.25
60.09
96.03

158.56
159.95
161.65
163.51
165.36
168.57
173.91
AH Detn. F
201.38
205.81
208.88
210.62
212.34
214.06
215.76
217.45
219.12
220.80
222.47

Series VIIP
AH Detn. G
219.25
220.72
221.21
221.70
222.44
223.69
225.21
227.28
230.66
AH Detn. H
282.88
292.22
301.52

Series IX
51.60

Series X
5.01

0.134

5.62

6.32

7.24

8.23

9.15
10.01
10.98
12.06
13.26
14.56
15.89
17.41
19.14
21.02
23.18
25.41
27.49
30.30
33.68
37.10
40.92
45.06
49.66
55.07

Series XI
153.34
154.88
155.82
156.52
157.11
157.61
158.09
158.59
159.11
159.62
160.13
160.68
161.37
162.06
162.64
163.22
163.95
164.82

Series XIP
158.10
158.40
158.70
158.90
159.02

0.178
0.244

159.13
159.25
159.37

Series X1IP
154,13
155.70
156.60
157.22
157.64
157.90
158.18
158.47
158.76
159.05
159.33
159.59
159.85
160.10
160.36
160.64
160.93
161.41
161.96
162.35
162.74
163.13
163.53
163.93
164.52
165.31
166.90

Series XIV*
AH Detn. 1
155.79
156.85
157.14
157.41
157.68
157.95
158.25
158.56
158.84
159.23
159.60
159.84
160.08
161.34
AH Detn. J

51.24
50.87
50.76

49.20
52.16
66.99
77.28
38.88
86.00
78.72
76.58
77.32
79.77
84.66
88.95
93.03
92.70
86.84
79.49
70.72
59.75
55.44
33.61
52.82
52.22
52.30
52.45
52.53
52.62
53.17

54.88
70.43
80.95
86.56
34.07
78.26
78.07
74.82
81.14
91.68
93.60
99.21
93.96
63.77

 Detns. in the transition region from 150 to 240 K are not included in the curve fitting.
® Not included in the curve fitting (unreliable shield control).

¢ These Detns. were made without complete thermal equilibrations of the sample and were

not used in drawing the final heat-capacity curve.
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FIGURE 1 Experimental heat capacity of N-TCNE. The dashed line represents the lattice
heat-capacity curve.

The results are arranged in chronological order so that approximate tem-
perature increments used in each measurement usually can be inferred from
the difference between mean temperatures of adjacent determinations. These
results are shown graphically in Figure 1. The smoothed heat capacity and
thermodynamic functions obtained from polynomial-fitting of the ex-
perimental heat capacities are listed in Table II for selected temperatures.
Two interesting features are evident in the cuive: a bifurcated peak near 160 K
and a long, sloping anomaly culminating near 230 K. The region of the
bifurcated peak has been enlarged and shown in greater detail in Figure 2.
The open circles represent the results of a set of measurements made with
small temperature increments (see Series XIII in Table I). The closed circles
are from measurements (Series XIV) made after cooling the sample in exactly
the same manner as the previous series of measurements. While the total
enthalpy increment through the transition region is the same for both sets of
measurements, the curves defined by them are not coincident since the rela-
tive heights of the two peaks and the depth of the valley differ.
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TABLE 1I
Thermodynamic Functions for N-TCNE
T C, {8°(T) = §°()}  {H(T) - H(O)}} {G(T) — H'O}T
K cal K™ ! mol™! cal K™! mol™! cal mot ™! cal K™! mol !
5 0.129 0.042 0.159 0.011
10 0.887 0.316. 2.341 0.082
15 2.499 0.953 10.474 0.255
20 4.754 1.970 28,405 0.549
25 7.324 3.303 58.503 0.962
30 9.955 4872 101.75 1.480
35 12.52 6.600 157.95 2.087
40 1498 8.434 226.77 2.765
45 17.31 10.334 307.55 3.500
50 19.47 12.271 399.57 4.280
60 2334 16.17 614.1 5.937
70 26.66 20.03 864.5 7.675
80 29.58 23.78 1145.9 9.455
90 32.28 27.42 1455.4 11.250
100 34.87 30.96 1791.2 13.044
110 37.41 34.40 2152.7 14.830
120 39.91 37.76 2539.3 16.60
130 42,34 41.05 2950.7 18.36
140 44.80 4428 3386.3 20.09
150 47.41 47.45 3847.0 21.80
157.74* 92.63 50.16 4265.5 23.12
159.98* 94,93 51.34 4451.5 23.51
160 94.53 51.35 4452.4 23.52
170 53.96 54.79 5019.6 25.26
180 56.73 57.95 5626.8 26.69
190 59.56 61.10 6208.3 28.42
200 62.61 64.23 6818.9 30.14
210 65.80 67.36 7460.9 31.83
220 69.03 70.50 8135.8 33.52
222.24* 68.81 71.20 8290.5 33.90
230 64.23 73.43 8795.1 35.19
240 66.12 76.21 9397 37.06
250 68.19 78.97 10069 38.70
260 70.28 81.69 10761 40.30
270 72.40 84.38 11474 41.88
273.15 73.08 85.22 11704 42.38
280 74.56 87.05 12209 43.45
290 76.75 89.71 12966 45.00
298.15 78.57 91.86 13599 46.25
300 78.99 92.35 13744 46.53

* Peak of transition.
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FIGURE?2 Details of the bifurcated peak in N-TCNE showing experimental points. O and @
indicate experimental data from different series.
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Two sets of measurements made through the region of the bifurcated
peak are not shown in Figure 2. The results of Series XI have been excluded
because it is believed that the sample did not reach thermal equilibrium
between successive energy inputs. The measurements of Series XII have
been ignored because the sample was not cooled far enough below the
transition to cause complete conversion to the low-temperature phase to
take place.

The enthalpy determinations made through the transition regions are
summarized in Table III. Because there was no clearcut separation of the
two transition regions, 172.5 K was chosen as the endpoint for the integra-
tion of the first transition and the starting point for the second. The repro-
ducibility of the enthafpy increments of the two transition was quite good
and did not appear to be significantly affected by cooling procedures pro-
vided the sample had been cooled below 140 K.

To evaluate the AH, and AS, for the two regions, a lattice heat capacity
had to be estimated. Because no spectroscopic data are available for this
compound and the region of excess heat capacity spans 100 K, the choice
of a lattice heat capacity was somewhat arbitrary. A continuous lattice heat-
capacity curve extending over the entire region from 135 to 240 K was used.
It is shown as a dashed line in both figures. The lattice and experimental
heat-capacity curves were numerically integrated to give the values in-
dicated in Table III and AH, and AS, (obtained as the difference) yield
values of 196.6 cal K~ ! mol ! and 1.20 cal K~ ! mol~! for the region from
172.5 to 240 K. The entropies of transition of the two regions are equal,
within the estimated experimental error, and are close to R In 2, (1.38 cal
K~ ! mol~?) the value expected for an order-disorder transition involving
two distinct sites in the high-temperature phase.

DISCUSSION

Herbstein! has reported that cooling of the N-TCNE crystals to about
150 K causes them to change from the high-temperature monoclinic phase
to a low-temperature triclinic phase. No detailed crystal structure is avail-
able for the low-temperature phase since the monoclinic crystals shatter on
cooling through the phase transformation. The crystal damage noted by
Herbstein was also observed in this study. The sample, which was loaded
into the calorimeter as purple needles, was removed as a finely divided,
blackish powder after the calorimetric experiments.

The location of the bifurcated peak in the heat capacity is in good agree-
ment with the temperature observed for the monoclinic to triclinic conver-
sion, and the shape of the peak is more suggestive of the first-order character
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expected for a change in crystal structure than are other transitions observed
so far in m-molecular compounds.

The crystal structure of N-TCNE at 300 K was investigated by Williams
and Wallwork,® who deduced a monoclinic structure in which the naphtha-
lene molecules had a large thermal motion about the axis normal to the
molecular plane. Herbstein,® through an analysis of the published Debye-
Waller factors for naphthalene and TCNE in N-TCNE and an electron-
difference synthesis, concluded that the naphthalene molecules were dis-
ordered. This conclusion was supported by the constrained refinement
study of Shmueli and Goldberg!” performed using the diffraction data of
Williams and Wallwork.® The potential energy calculations of Shmueli
and Goldberg'® and of Fyfe et al.* gave two minima for the rotation of the
naphthalene molecules about the axis normal to the molecular plane which
also suggested that the naphthalene molecules should occupy two orienta-
tions in the N-TCNE crystal.

The temperature-dependence of the linewidth and second moment of the
solid-state n.m.r. spectrum of N-TCNE was interpreted by Fyfe® as suppor-
tive either of a disordered structure (like that observed at low temperatures
for N-TCNB) with the naphthalene molecules reorientating between two
sites separated by 16-20°, or of a large-amplitude librational motion over the
same angle. In the spin-lattice relaxation time measurements of Fyfe et al.,*
only one motional process was observed. It had an activation energy of
13 kcal mol™!, which is close to the 10 kcal mol™?! activation barrier for
the large-angle jumping motion in N-TCNB, and it has been attributed to
an energy barrier for a similar motion in N-TCNE.

If reorientational motion were present in N-TCNE below 77 K as in-
ferred from the n.m.r. measurements,>* a transition similar to the one
observed in N-TCNB’ should have appeared in our results for N-TCNE.
The absence of a transition in this region is reason to conclude that the
motion detected by the n.m.r. techniques at 77 K should be interpreted as
arising from an anharmonic librational motion and not a reorientational
motion of the naphthalene molecules.

Since disorder®'!® (and therefore reorientational motion) is present at
300 K, it is tempting to ascribe the anomaly culminating near 225 K to the
onset of reorientational motion with the concurrent introduction of dis-
order into the crystal. This determination cannot be made solely on the
heat-capacity measurements, however, and two other mechanisms for this
transition must be considered. The first is that the anomaly is solvent-
related. The solvent, ethyl acetate, has a melting point near 189 K so it is
not likely that this peak represents the fusion of ethyl acetate. Nevertheless,
some form of some solvent-compound interactions cannot be ruled out.
Since the analytical results indicated that excess TCNE was present in the
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sample, the possibility that a solid solution was formed between the com-
pound and the excess component had to be considered. Hence, new samples
of N-TCNE were crystallized from different solvents including acetonitrile,
methyl ethyl ketone and ethy! acetate. Elemental analyses (see Ref. 13 for
details) showed that these samples had different TCNE-N ratios indicating
decomposition had occurred by loss of naphthalene.

Differential scanning calorimetry (DSC) on these samples as well as on a
portion of the adiabatic-calorimetric sample were used to elucidate the
heat capacity behavior of N-TCNE over the region from 172 to 240 K. All
the samples showed similar peaks in this region. Since the anomaly was
observed in samples prepared from different solvents, it is unlikely that the
transition is solvent-related. If the transition arose because of the presence
of excess TCNE, it might be expected that the temperature at which the
transition was complete would be dependent on the amount of excess
TCNE. Within the error limits of our DSC temperature measurements, the
transition temperatures were the same for all four samples. This suggests
that the anomaly from 172 to 240 K is not composition-dependent but
rather, intrinsic to the molecular compound.

Since the results of the DSC studies indicate that the transition is neither
solvent nor composition dependent, it seems most likely that this anomaly
represents the gradual onset of the reorientation of the naphthalene mole-
cules. Because the heat capacity does not return to the lattice value between
the two transitions, it would appear that the disordering process may begin
once the structural (triclinic-monoclinic) conversion has taken place and
becomes complete by 240 K. This conclusion cannot be verified now, but
detailed X-ray diffraction studies would be valuable in determining if dis-
order does indeed set in as the crystal is heated from 160 to 240 K.
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